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Like many other vertebrates, rodents communicate via pheromones, which favors intraspecies communication. In contrast, kairomones are semiochemicals involved in interspecific communication, facilitating information between organisms of different species but advantageous for the receiver. Kairomones induce behavioral, physiological, and endocrinological changes in rodents, and have been proven to activate specific neuronal pathways in one or multiple components of the olfactory system (the main olfactory system, accessory olfactory system, and Gruenberg ganglion). The sophisticated olfactory networks help rodents innately recognize kairomones and elicit appropriate behavioral (aversive, avoidance, defense, and escape mechanisms), physiological, and endocrinological changes. Thus far, odor sources (e.g., urine, feces, hair, and body rubbings) of predators, such as felines, canines, and serpentes, have been studied in rodents. Specific kairomones have been identified, behaviorally tested, and validated for their potential to induce behavioral, neuronal, and endocrinological changes in rodents. One of the most studied kairomones is the fox odor, 2,5-dihydro 2,4,5-trimethylthiazoline, although other compounds have been reported to a limited extent. This review summarizes the current knowledge on kairomones and their effects on the behavioral, neuronal, and endocrine systems of rats and mice.
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Introduction

Chemical signals are pivotal in the social communication between rodents and may impact their reproduction and survival. Pheromones are intra-species chemical signals released by one individual of the species that elicit definite neuroendocrinological changes in another individual of the same species. In nature, pheromones are secreted by either males or females and elicit the responses of their conspecifics. Pheromones are present in the urine, feces, saliva, cervical mucus, tears, and glandular secretions of rodents, and they have been extensively studied (Tirindelli et al., 2009). However, the related chemical signals, kairomones, have not received the same attention. Kairomones are chemical signals released by one organism that elicit a behavioral response in another organism of a different species and are advantageous to the receiver (Brown et al., 1970). Kairomones help the receiver in detecting and avoiding predators (Muller-Schwarze, 2006; Rajchard, 2013). This ability to detect and respond to kairomones can be critical for the survival and reproduction of the receiver species, as it allows them to exploit resources or evade threats (Tirindelli et al., 2009).

Kairomones include volatile, semi-volatile, and non-volatile organic compounds. However, kairomones are secreted into limited body fluids, such as urine, feces, and glandular secretions, and the composition of each type of secretion varies significantly (Fortes-Marco et al., 2013). Other sources, such as the fur of cats (May et al., 2012) and the skin of snakes (Papes et al., 2010), have also been reported as sources of kairomones. The various predators that have been shown to serve as sources of kairomones are shown in Figure 1. All the listed animals in the figure have been shown to be predators of rodents, excrete kairomones and are implicated in physiological/ behavioral/ endocrinological changes in rodents. Although evidence is available for rats being a predator of mice, we have not focused on this aspect in this review.
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FIGURE 1
 Predators investigated for the identification of kairomones/testing of kairomone sources with rodents.


Mammalian kairomones, particularly rodent kairomones, are secreted by other species and detected by the rodents, and are mostly nitrogen-containing amine compounds resulting from the specific metabolism of carnivores (Moine et al., 2018). Rodents have sophisticated olfactory systems that receive and process various stimuli. The highly organized olfactory systems and subsystems help rodents process both favorable and threatening stimuli through which they coordinate complex physiology and thereby survive (Liberles, 2014, 2015). Kairomones thus serve as threat stimuli and provide information about the predator and indicate the presence of the predator to the prey.

To shed light on the role of kairomones in behavioral and neurobiological effects, in this review, we focus on kairomones and their experimental evidence with common rodents (mice and rats). We aimed to provide a detailed perspective on kairomones to demonstrate the current knowledge gaps that could be addressed to develop this fascinating field and to conduct translational research to develop applications/formulations for rodent repellents.



Rodent behavioral response to kairomones

Behavioral expressions in rodents are complex and coordinated in response to stimuli. For example, sexual stimuli activate approach behaviors (Le Moene and Agmo, 2018), whereas kairomones elicit aversive behaviors and this aversion is dose-dependent (Vasudevan and Vyas, 2013). Thus, the complexity of behavior is due to the highly organized neural system that coordinates other physiological events in response to stimuli (Kingsbury et al., 2019). For instance, defense (flight behavior and lunge-and-bite attacks on opponents) is an escape mechanism exhibited by the rodents (Adams, 1980). Risk assessment behavior (stereotypical low-lying body posture) is also a type of defensive behavior in rodents (Blanchard and Blanchard, 1989). It involves a series of actions, such as verification, recognition, and spatial orientation of the threat. Avoidance is also a characteristic behavior, evidenced by withdrawal from the injurious or dangerous stimuli (Wernecke and Fendt, 2015). Brechbühl et al. (2015) measured the avoidance behavior in mice using elevated blood pressure and heart rates. Freezing is another behavior, which depends on the environmental conditions, wherein the animals explore the possibility for escaping or hiding, and remain immobile except for breathing (Taugher et al., 2015). Freezing is different from tonic immobility, which is accompanied by reduced motion, and is activated at intermediate levels of predator threat (Roelofs, 2017). This freezing behavior was noticed in rats when exposed to 2,4,5-Trimethylthiazoline (Fortes-Marco et al., 2015).

Behavioral and physiological changes of the prey also differ following acute or chronic exposure to predator odors. In acute exposure, the prey exhibit decreased activity and non-defensive behaviors (feeding, drinking, etc.), and location change by hiding and /or flight are being the most common. However, in the case of chronic exposure, sensitization and habituation are the two main realms intricately involved in the expression of complex behaviors by changing physiological, behavioral, and neuroendocrinological parameters (Hegab et al., 2015). However, a clear understanding of kairomone-associated behaviors is required before suggesting a compound is a kairomone.



Kairomones: sources and compounds

As described in more detail below, various studies have analyzed different sources of kairomones and reported potential compounds, with a few demonstrating the behavioral, endocrinological, and neuronal effects of these compounds (e.g., TMT), confirming their kairomone properties. In addition, the effects of cues from fur and feces (Grau et al., 2019), and body odor (Garvey et al., 2017; Masini et al., 2010) of ferrets, the urine of wolves (Osada et al., 2013), and wild rattlesnakes (Mendes-Gomes et al., 2020) on rodents were also noted. The most prominent sources were secretions from cats, foxes, ferrets, coyotes, and other related species. Molecules such as Feld1 and Feld4 (proteins), L-feline (amino acid derivative), 2,5-dihydro-2,4,5-trimethylthiazoline (TMT) (thiazoline compound), and 2-phenylethylamine (amine compound) have been the most tested.


Feline kairomones and trimethylthiazoline (TMT)

Cat collars were shown to induce fear behaviors, autonomic responses (unconditioned and conditioned), and endocrinological and olfactory changes in rodents, suggesting they are a potential source of kairomones (Dielenberg et al., 2001a, 2001b; McGregor et al., 2002, 2004; Staples et al., 2008b). May et al. (2012) tested fur, a collar worn by cats, and a cloth rubbed on cats, and attributed kairomone properties to the collar and rubbed cloth. Cat urine produced a repellent effect in rats, suggesting that it is a source of kairomones (Mulungu et al., 2016). Cat urine revealed the presence of felinine, a urinary molecule excreted in a sex-and age-dependent manner (Miyazaki et al., 2006). Felinine blocked pregnancy in female rats and decreased testosterone levels in male rats, rendering it a dual-purpose molecule (pheromone in cats and kairomone in rats) (Voznessenskaya, 2014; Voznessenskaya and Laktionova, 2019). Felinine is a sulfur-containing amino acid and, therefore, it would be pertinent to search for felinine-like molecules (and other amino acids) in the urine of cats to identify potentially novel kairomones. A few studies have identified protein molecules in cats as kairomones. Papes et al. (2010) demonstrated that Feld 4, a cat allergen, was a kairomone and evidenced behavioral (avoidance and risk assessment behaviors), endocrinological (release of ACTH), and olfactory effects (TrpC2-mediated vomeronasal organ (VNO) processing). In contrast, Feld1, a cat fur protein, did not evoke significant fear responses in rodents, indicating that not all cat fur proteins are kairomones (Grau et al., 2021).

Although cat odor sources were efficient in inducing multiple-level effects in rodents, putative compounds from many sources have not yet been identified. For instance, cat urine and fur have been shown to elicit fear behaviors in rodents. Nevertheless, the only identified kairomones from cats are felinine and Feld1. However, given the various biological effects of these sources, they may contain volatile, semi-volatile, and/or non-volatile compounds that need to be identified in order to search for more promising molecules as kairomones. Miyazaki et al. (2006) identified four derivatives of felinine (3-mercapto-3-methyl-1-butanol, 3-mercapto-3-methylbutyl formate, 3-methyl-3-methylthio-1-butanol, and 3-methyl-3-(2-methyldisulfanyl)-1-butanol) in cat urine, however, their separate kairomonal properties have yet to be tested. In addition, the mammary area of cats contains appeasing pheromones (a mixture of fatty acids, such as linoleic, oleic and palmitic acids) (Mills et al., 2013; Pageat, 1999) that have yet to be validated for kairomone effect.

TMT, originally identified in fox feces, induced fear in laboratory rodents (Vernet-Maury et al., 1977, 1984). Since then, various forms of TMTs (2,5-dihydro-2,4,5-trimethylthiazoline/ 2,4,5-trimethyl thiazoline/ Trimethylthiazoline/ 2,3,5-Trimethyl-3-thiazoline) have been implicated in the modulation of behavior (innate, stress, fear, and anxiety), endocrine systems, and neuronal/olfactory systems and subsystems in rodents (Morrow et al., 2000; Hebb et al., 2002; Fendt et al., 2005; Fendt and Endres, 2008; Rosen et al., 2008; Janitzky et al., 2009; Hacquemand et al., 2010). These studies have proven that TMT is an effective kairomone. However, Rampin et al. (2018) did not find TMT in fox feces, suggesting its’ presence to be inconsistent. We suggest using efficient extraction techniques (e.g., solid-phase microextraction and stir-bar sorptive extraction) to identify more potent molecules in fox feces and to test their kairomonal properties by conducting appropriate behavioral studies in rodents. Taken together, the identification and quantification of TMT in fox feces and determining which TMT is an effective kairomone remain open questions.



Other kairomone sources and compounds

Urine samples from various carnivores (foxes, bobcats, pumas, and coyotes) induced high avoidance behaviors in rodents, suggesting that they are potential sources of kairomones (Wernecke and Fendt, 2015). The puma urine induced high blood pressure in mice, advocating it as a kairomone source (Brechbühl et al., 2015). Perez-Gomez et al. (2015) observed innate aversion in mice toward four kairomone sources or compounds; TMT, cat fur odor, 2-phenylethlamine (a molecule in coyote urine), and 2-propylthietane (a molecule in stoat urine). In another study, bobcat urine induced high avoidance behaviors in rats (St-Cyr and McGowan, 2015). In addition, coyote urine and 2-phenylethylamine have also been found to possess kairomone properties (Pentkowski et al., 2022; Maestas-Olguin et al., 2021). The urine of pumas and raccoons, and the anal gland secretions of skunks, induced a high immobility index in rodents (Lopes et al., 2022), supporting the presence of potent kairomones in these sources. Wolf urine induced avoidance and freezing behavior in mice, wherein the compounds in the urine samples were identified as pyrazines (2,6-dimethylpyrazine (DMP), trimethylpyrazine (TMP), and 3-ethyl-2,5-dimethyl pyrazine (EDMP)) (Osada et al., 2013, 2015). The urine, fur, and body odor of ferrets were also tested with rodents but only in the context of behavioral modification. The effect of these odors on the physiological and neuronal systems has not been evaluated and the compounds in these sources were not identified in these studies (Grau et al., 2019; Garvey et al., 2017). Though wild rattlesnakes were directly tested with rat behavior and neuronal activation using c-fos, the responsible compounds have not been identified (Mendes-Gomes et al., 2020).

Various kairomones (compounds/sources) tested with rodent behavior are listed in Table 1, which indicates that TMT is the most widely tested kairomone compound and that the putative kairomone sources of many predators have not yet been tested and warrant further investigation. We infer from the above studies that choosing the kairomone source is crucial because rodents may assess the threat level of the predator variably, such as being most, moderate, or least threatening. A comparative analysis of various kairomones and the availability of behavioral and/or neuronal evidence are depicted in Table 2.



TABLE 1 Behavioral effects of various kairomones tested with different species and strains of rodents.
[image: Table1]



TABLE 2 Comparative table of compounds/source of kairomones tested with various rodents.
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The variables of receiver and their responses


Strain differences, and physiological and developmental conditions

The complexity of the chemical nature, synthesis rate, and excretion level of kairomones is largely dependent on the various characteristics of the predator. Similarly, it is reasonable to expect differences between the different recipient animal strains when these kairomones are perceived. Lister-Hooded and Warsaw Wild Captive Pisula Stryjek (WWCPS) rats showed differences in freezing behavior toward TMT, with increased corticosterone only in WWCPS rats (Storsberg et al., 2018). Given the above, it is expected that differences could be exhibited at the species level (mice, rats, and other rodents) toward the same kairomone/odor source. If evident, it is essential to relate the test to the desired animal species. For example, developing a repellent for house rats requires the testing of house rats with appropriate kairomones. In addition, the sensitivity to the kairomone must be tested to identify its effective concentration.

St-Cyr et al. (2018) observed an endocrine modulatory effect in the offspring of mice exposed to urine from various predators. Furthermore, during estrus and pro-estrus, rats exhibited fewer defensive behaviors and increased risk assessment behaviors than during metestrus and diestrus (Pentkowski et al., 2018), possibly indicating sex drive can modulate kairomone responses. Variations in sex hormones, together with stress hormones, may differentially regulate the endocrine system and influence behavior in females. We suggest that the exposure to kairomones could result in long-term changes in the reproductive efficiency of females (e.g., fertility rate and oocyte maturation) that warrants experimental evidence. It would be interesting to test the behavior of dams (in the presence of their pups) by keeping kairomones inside the cage. This study would highlight the role of maternal stress and vigilance toward threat stimuli in dams.



Concentration of the compounds and dimension of the test area

The concentration of kairomones determines the extent of behavioral expression in rodents. Therefore, it is essential to determine the lower threshold concentration for the kairomones. In this regard, Laska et al. (2005) evaluated different concentrations of TMT and found that rats discriminated between concentrations of 0.04 and 0.10 parts per trillion (ppt). Similarly, CD1 mice discriminated between the kairomones of six different predators below 0.1 ppm (Sarrafchi et al., 2013). In mice, 1% (10,000 ppm) and 0.1% (1,000 ppm) TMT induced behavioral changes, whereas 0.01% (100 ppm) TMT did not (Hacquemand et al., 2013). The different percentages of TMT were prepared by dissolving TMT in deionized water, and 10 microliters of each of the concentration was presented to the mice. We speculate that the detection of kairomones by prey should work even at suboptimal concentrations to ensure their survival. It is also possible that at very high concentrations, kairomones may smell like general aversive compounds. Therefore, rodents may not elicit kairomone-specific behavioral and neuronal changes. Above all, validation of sensitivity by expression studies of olfactory components is necessary for verifying concentration-based effects. However, current studies are limited in their evaluation of the concentration-based effect of kairomones on rodents.

The dimensions of the test area are critical for the induction of behavioral or neuronal changes by kairomones. Often, when a high concentration of a compound is tested in a large area, the effect produced is equivalent to the effect produced by a low concentration in a small area. In addition, the valence and chemical nature of compounds determine the behavioral expression in the receiver. For instance, highly volatile molecules can reach the receiver promptly, whereas semi-volatile and non-volatile molecules can provide persistent signals. In this way, TMT activated the medial prefrontal cortices of the amygdala in rats when tested in a small open field but failed to induce the same effect in a large open field test (Morrow et al., 2002).



Sexual dimorphism

The investigatory and grooming behaviors of female mice were lower than those of males when exposed to the urine of domestic cats and L-felinine (Voznessenskaya et al., 2016), implying a sexual dimorphism in the exhibition of behaviors towards predator odors. Exposure of male and female neonatal Sprague–Dawley rats to ferret bedding material led to the suppression of social behaviors in both sexes, while corticosterone levels increased only in males, rendering support for neonatal sexual dimorphism restricted to endocrine action (Stockman and McCarthy, 2017). However, this study used maternal bedding material as a control, which would perhaps provide an opposite response to kairomones, without any neutral responses. Notably, adult male and female Wistar rats showed no differences in behavior or corticosterone levels in response to TMT (Homiack et al., 2017), implying no pronounced sexual dimorphism in adults.

We infer that rodents perceive kairomone/threat stimuli and categorize them into multiple levels, namely low, moderate, and high. Low level threats may be defined as stimuli that are infrequently encountered or originate from smaller predators, eliciting minimal avoidance behavior. Moderate level threats may be defined as stimuli from larger predators and their kairomones, resulting in moderate avoidance behaviors and physiological stress responses. High level threats may be defined as stimuli from highly dangerous and frequently encountered predators, leading to intense fear responses and significant avoidance behavior. Categorization may depend on various factors, including the size and nature of the predator, the nature of the source of origin (e.g., urine or feces), and the age of the odor. Ultimately, this categorization may help rodents exhibit appropriate behavioral and/or physiological actions. This could explain why none of the kairomone/predator odors induced the same behavioral/physiological effects in males and females. This could also be explained in a comprehensive way by comparing various kairomone sources in a Y-maze behavior assay together with other physiological and endocrinological parameters.




Neuronal effects of kairomones/sources


Olfactory systems and subsystems

In the periphery of the olfactory system, the existence of different receptor families facilitates detection of various chemical cues and transduces them into neural signals (Trimmer and Mainland, 2017). The olfactory receptor neurons present in the olfactory epithelium receive the incoming sensory inputs via the olfactory nerve and deliver it to the main olfactory bulb that subsequently reaches the olfactory cortex. All of these parts constitute the main olfactory system (Huilgol and Tole, 2016). The processing of the odor identity and valence are based on the higher order olfactory areas, including piriform cortex. Eventually, the brain transforms the complex stimulus into a neural code and helps identify the odorants and their related attributes (Giessel and Datta, 2014).

Kobayakawa et al. (2007) evidenced that fear responses were induced through different olfactory receptor neurons (ORNs) found in the MOS. Strong fear responses in rodents were caused by the activation of multiple glomeruli in the main olfactory bulbs (MOB) (Saito et al., 2017). Olfactory bulbs have downstream projection neurons and contain mitral and tufted cells that further activate other brain areas (Smith and Bhatnagar, 2019). Sensory neurons project their axons to the olfactory bulb and exhibit control over various regions of the brain (Valverde et al., 1992). The selection of new olfactory bulb neurons is based on the odor identity received from peripheral inputs. These new neurons also receive centrifugal inputs from the olfactory cortex (OC) (Yamaguchi, 2017). The nasal cavity contains the nasal vestibular and olfactory epithelia (OE), which both receive and process kairomone signals (Fortes-Marco et al., 2013).

In addition, trace amine-associated receptor (TAAR) expression is found in the olfactory system and displays the characteristic hallmark of OR (olfactory receptors) expression (Liberles, 2015; Dewan, 2021), implying the possible involvement of the MOS in kairomone detection. Indeed, amines found in the urine of different predators, e.g., phenylethylamine and trimethylamine, activate TAARs (Gainetdinov et al., 2018). For instance, 2-phenylethylamine, which is found in the urine of lions and bobcats, activates TAAR4 (Ferrero et al., 2011). Likewise, ORs such as Olfr20, Olfr30, Olfr57, Olfr376, and Olfr491, respond to TMT and are located at the dorsal olfactory epithelium (Jiang et al., 2015), suggesting the involvement of the MOS in kairomone signaling. Many studies have suggested that the MOS mediates the signaling of airborne chemicals and is less connected to neurohormonal pathways. However, a recent review highlighted that corticotrophin-releasing hormone neurons found upstream of the olfactory cortex responded to predator odors, attesting to stress hormone responses (Shin et al., 2023). Nevertheless, further studies are warranted to validate the neuroendocrine changes associated with TAARs-mediated kairomone signaling. In addition, testing of other kairomones, particularly cat odors, with TAARs is warranted. The cat odor may also contain amine compounds, however, a detailed chemical investigation together with neuronal implications provides more insight.

In addition to the main olfactory system (MOS), rodents also possess an accessory olfactory system (epithelia containing sensory neurons of the vomeronasal or accessory olfactory system), Grueneberg ganglion (GG), and septal organ (SO) (Ennis et al., 2015).



Accessory olfactory system and Grueneberg ganglion (GG)

C-fos has been recognized as a marker of neuronal activity in rodents (Bullitt, 1990). Cat-odor-induced c-fos expression in accessory olfactory bulb (AOB) mitral cell layers indicates the involvement of the AOB in kairomone signaling (McGregor et al., 2004; Staples et al., 2008a). In addition, calcium influx in vomeronasal sensory neurons (VSNs) and early c-fos expression in the VNO epithelium attest to the role of VNO neurons in kairomone signaling. Specifically, transient receptor potential channel 2 (TrpC2) in VNO neurons is required for cat odor signaling in rodents (Papes et al., 2010). Indeed, TrpC2 is essential in social behaviors and making instinctive decisions in rodents (Zufall, 2014). Together, these studies provide direct evidence that cat odors activate the VNO and accessory components, while rat and snake odors serve as kairomones for mice and induce activation of TrpC2 channels in the VNO. However, the activation of VNO or its related components has not yet been investigated for TMT and other potential amine kairomones.

The GG was identified in 1973 (Grüneberg, 1973), but its involvement in rodent olfaction has only been established during the past two decades. Fuss et al. (2005) documented the expression of olfactory marker protein (OMP) in GG cells and their projection to the necklace glomeruli of the MOB. This finding was supported by Zimmerman and Munger (2021) and Koos and Fraser (2005). Approximately 15% of the OMP-positive GG cells in neonate rodents express distinct TAAR subtypes (Fleischer et al., 2007), and as stated earlier, TAARs are highly associated with the detection of amine compounds found in the urine of various rodent predators. Of note, Brechbühl et al. (2013) found activation of GG neurons by kairomones (2,4,5-trimethylthiazoline and 2-propylthietane), and that detection of alarm pheromones also activated GG (Brechbühl et al., 2008). In addition, 2-propylthietane (stoat kairomone) has been shown to activate GG (Perez-Gomez et al., 2015). However, evidence of the role of GG in the detection of other kairomones is limited. Fleischer (2021) also suggested investigating the connectivity between the GG and fear- and stress-associated cerebral centers to understand the neuronal circuitry. Although evidence has accumulated for the role of the GG in the detection of TMT and other kairomones, the evaluation of cat odor on the GG is yet to be performed. Brain anatomy with olfactory organs involved in kairomone signaling is depicted in Figure 2.
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FIGURE 2
 Mouse brain anatomy with olfactory organs and cerebral areas.




Synergistic action of dual organs

Inactivation (temporary) of the amygdala olfactory cortex (AOC) in rats using local microinjections of GABAA agonist (muscimol) reduced the fear behavior from exposure to fox urine, suggesting a role for AOC in kairomone signaling. Since the AOC interconnects the MOS and accessory olfactory system (AOS), the involvement of both systems has been suggested in kairomone signaling (Wernecke and Fendt, 2015). Similarly, the sensory neurons present in the dorsal and ventral olfactory epithelium were activated by phenylethylamine, implying the importance of both the MOS and GG in the detection of kairomones (Ferrero et al., 2011). Taken together, MOS, AOS, and GG have been implicated in kairomone signaling. In line with this, Takahashi and McGowan (2014) also provided evidence for the overlapping functions of different olfactory systems in rodents for predator odors and suggested a need for a detailed investigation of the neural circuits of kairomone signaling.

The detection of estrus by male mice involves the synergistic action of the MOS and VNO (Achiraman et al., 2010), as estrus detection is important for the mutual benefit of both males and females. Similarly, the detection of kairomones is crucial for determining the survival of both sexes of rodents. Therefore, it is functionally important that rodents adopt a sophisticated mechanism through the synergistic action of multiple organs (MOS/VNO, VNO/GG, GG/MOS, or all three). Nevertheless, the role of the septal organ (SO) in kairomone signaling has not been studied in rodents. Taken together, it is crucial to study the responses of all potential kairomones at various olfactory system and subsystem levels (MOS, VNO, and GG) to elucidate the molecular underpinnings of the complex signaling of kairomones and synergistic mechanisms.




Cerebral areas involved in kairomone signaling


Amygdala, the bed nucleus of stria terminalis and locus coeruleus

Various structural components, such as the amygdala, hypothalamus, hippocampus, and bed nucleus of the stria terminalis (BNST), are pivotal in processing kairomone stimuli. The BNST receives signal integration from the amygdala, hypothalamus, and hippocampus (Canteras, 2002).

The amygdala in laboratory rats was activated when exposed to TMT (Muller and Fendt, 2006). The amygdala circuitry contains many interconnected nuclei that connect various interneurons and facilitates the expression of specific behaviors associated with aversive cues in rodents (Janak and Tye, 2015). This, perhaps, suggests a role for nuclei of the amygdala in kairomone signaling. It is known that the amygdala consists of three well-defined sub-nuclei, in which the central nucleus of the amygdala (CeA) regulates fear responses (Ressler, 2010). It was evidenced that electrical stimulation of CeA resulted in conditioned fear responses, whereas lesions in the amygdala prevented the expression of such behaviors (Davis, 2000). C-fos expression was observed in the hypothalamic paraventricular nucleus (PVN) upon cat exposure, implying a role for PVN in kairomone signaling (McGregor et al., 2004). In addition, the medial amygdala (MeA) expressed two-to-five-fold increases in c-fos upon exposure to various predator odors such as recombinant Feld4, cat fur odor, 2-phenylethylamine, and 2-propylthietane, which proved the involvement of MeA in kairomone signaling. It was also evidenced that the MeA and ventromedial nucleus of the hypothalamus (VMH) are converging areas for 2-propylthietane signaling (Perez-Gomez et al., 2015). Similarly, MeA, basomedial amygdala, and BNST have been reported to provide major inputs to the defensive system in the brain, suggesting the possible role of these areas in kairomone signaling (Canteras, 2002). In contrast, however, others suggest that the CeA has minimal or no role in sensing TMT and cat odors (Takahashi et al., 2005; Martinez et al., 2011). Liu et al. (2021) documented that neurons of the basolateral amygdala (BLA) mediate the fear behavior in rats by increasing heart rate and freezing. However, the BLA and MeA were activated by cat odor exposure (Takahashi et al., 2007). Similarly, Bindi et al. (2018) found activation of the BLA nucleus in rodents exposed to live cats. We infer that the activation of different brain areas was due to the odor chemistry and individuality of the predator. We also suggest that the responses in rodents may not be well differentiated in the cerebral areas for different kairomones, unlike the differential primary reception of kairomones, which occurs in different sensory systems or subsystems. In addition, given the evidence of amygdala activation during live cat exposure, it is likely that visual signals could also serve as synergistic stimuli with olfactory stimuli, as observed in gilt responses to boar exposure (Signoret, 1971).

The BNST processes information and responds to threats through its well-connected network with other brain areas (Lebow and Chen, 2016). For example, the MeA is connected to the posterior BNST and is involved in sex differentiation. Also, the presence of estrogen receptors (alpha and beta) and androgen receptors in the anterolateral BNST imply that the regulatory mechanisms of BNST are sexually dimorphic for sustained fear and anxiety (Lebow and Chen, 2016). Stress-induced danger signals cause corticosterone-releasing factor (CRF) expression in rodents (Lucas et al., 2013), which may subsequently signal BNST. Of note, BNST has control over various neurotransmitters linked to CRF signaling and regulates social, anxiety-like, depression and feeding behaviors (Young and Tong, 2021). The BNST is also interconnected with the hypothalamus, hippocampus, and amygdala which, in coordination with other areas of the brain, controls various behavioral responses to emotion and stress (Hammack et al., 2021). Above all, c-fos expression in the BNST following predator odor exposure attested to the crucial role of the BNST in mediating kairomone-associated effects (Butler et al., 2016). The locus coeruleus (LC) has terminal projections on the BNST, and the way in which the LC projects to the BNST raises the possibility of a connection between BNST-modulated arousal, attention, and cognitive flexibility. The LC also responds to stress through CRF (Poe et al., 2020). As attested by hallmark reviews, the LC is a key component that releases noradrenergic neurotransmitters and mediates fight-or-flight responses to kairomone signaling (Charmandari et al., 2015; Morris et al., 2020). This indicates that the involvement of stress associated physiological responses in kairomone signaling is mediated by the LC. Taken together, both BNST and LC have proven roles in kairomone signaling.

Kairomone signaling in the LC and BNST, in part, influences their sexual dimorphism. However, the level at which complete establishment of sexual dimorphism occurs in kairomone signaling remains an open question. Since the BNST is connected to all major cerebral areas, it is prudent to investigate the link between the BNST and sexual dimorphism across different developmental stages in rodents.



Dorsal premammillary nucleus (PMd) and periaqueductal gray (PAG) and hypothalamus

Convincing reports are available on the role of PMd in mediating fear-associated neuronal effects. The PMd receives inputs from the anterior hypothalamus, which integrates multiple inputs from various regions (cortex, amygdala, and hippocampus) (Canteras and Swanson, 1992). Lesions in the PMd reduced risk assessment behaviors toward live cats (Markham et al., 2004). This was corroborated by Dielenberg et al. (2004), who found c-fos expression in the PAG of rats upon exposure to cat odor. Taken together, the PMd has been shown to be activated during innate fear responses towards cat odor and live cats. However, the roles of the PMd and PAG in detection of fox odor, TMT, and odors from other related predators, have yet to be elucidated.

The hypothalamus is an intermediate but essential component of neuronal signaling in response to various chemical signals, and it receives signals from many regions, including the amygdala (Davis et al., 2010). Ultimately, various cells in the hypothalamus secrete hormones that act on the pituitary gland and regulate the endocrine system (Clarke, 2015). The action of the endocrine system depends on the signals conveyed by the chemical compounds, wherein sex pheromones activate the hypothalamic–pituitary-gonadal (HPG) axis, and danger signals activate the hypothalamus-pituitary–adrenal (HPA) axis. In this sense, c-fos expression was observed in three medial hypothalamic nuclei, including the ventromedial hypothalamus, of rodents exposed to cats (Motta et al., 2009). A similar pattern has been observed for TMT through electrolytic and neurotoxic lesions induced in the anterior and ventromedial hypothalamus (Pagani and Rosen, 2009). It is important to note that the ventromedial nucleus of the hypothalamus has axonal projections from the amygdala (Yamamoto et al., 2018), which is a key organ in responding to fear stimuli, as explained earlier in this review. The behavioral and neuronal effects of various kairomones studied/verified in rodents are listed in Table 3. The kairomone-signaling brain maps and their respective pathways in rodents are shown in Figure 3.



TABLE 3 Neuronal effects of various kairomones tested with different species and strains of rodents.
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FIGURE 3
 The olfactory network of rodents that mediate kairomone signaling. Each color depicts separate pathway which are converging different locations in the coordination of the signaling events (TAAR5-Trace Amine Associated Receptor 5; CRF-Corticotropin Releasing Factor; VNO-Vomeronasal Organ; MOE-Main Olfactory Epithelium).


Overall, the neuronal pathways of kairomone signaling were assigned to possible levels, as evidenced by the sequential connection between the five key areas (amygdala, hypothalamus, BNST, PMd, and PAG), relative expression of c-fos and other genes, and pronounced endocrine changes. However, a holistic approach that includes all five areas must be considered to test for any putative or novel kairomone-odor/compound. Furthermore, shedding light on the primary sensory organ for kairomone compounds (MOS/AOB/GG) is also essential. Together, this would pave the way for understanding the perception and neuronal signaling of kairomones in rodents.




Bouquet hypothesis

It is possible, even likely, that kairomones are odor complexes and will activate multiple cerebral areas (bouquet hypothesis). Indeed, Apfelbach et al. (2015) suggested a mixture of compounds can deliver more relevant information to the receiver than a single compound, similar to the effect of signature mixtures and pheromones (Wyatt, 2010). It was also highlighted that the molecules in the signature mixtures, irrespective of their size, are perceived by the main and/ or accessory olfactory systems. The key fact is that the signature mixtures were proposed as a receiver-side phenomenon that helped them to distinguish each other (Wyatt, 2010). By taking support from these inferences, we propose the kairomone mixture can also be considered as a signature mixture at the receiver level (specifically, rodents). It is possible that the signature mixtures of kairomones can contain more than one compound, and each compound could mediate a subset of functions in the prey at the behavioral, physiological, and neurosystem levels. We also take the support for bouquet hypothesis of kairomones from Brechbühl et al. (2015), who evidenced that when presented to rodents, lion urine increased the blood pressure and heart rate and caused neuronal changes in the GG, implying that the mixture of compounds in the urine has a high potential to act as kairomones. However, a bouquet hypothesis for kairomones requires further investigation and should be explored by comparing the source vs. compound(s) in the same behavioral paradigm.



Utilizing advanced technologies for kairomone studies

Optogenetics enables precise manipulation of specific neurons using light, allowing researchers to examine neural circuits with exceptional temporal precision. Deisseroth (2015) illustrated the application of optogenetic tools to modulate neural activity, uncovering the roles of various brain regions and pathways in behavioral reactions to predator odors. Similarly, chemogenetics offers a different strategy by employing engineered receptors and custom drugs to selectively activate or inhibit particular neurons. Roth (2016) reviewed the use of DREADDs (Designer Receptors Exclusively Activated by Designer Drugs) in neuroscience, emphasizing their effectiveness in investigating complex behaviors and neural networks. Optical imaging technologies, such as genetically encoded calcium indicators, have transformed the real-time visualization of neuronal activity. In this regard, Tian et al. (2012) detailed the creation and use of these indicators, which facilitate the observation of dynamic brain processes in response to different stimuli, including predator odors.

Virus tracing techniques have enhanced our understanding of neural connectivity and the circuits involved in specific behaviors. Zingg et al. (2017) used adeno-associated virus (AAV)-mediated anterograde transsynaptic tracer tagging coupled with tracer-dependent transgene expression to map neural pathways associated with defense behaviors. It shed light on how various neuron subpopulation in the brain regions interact in response to particular stimuli. Despite the availability of these advanced techniques and approaches, not all predator odors/kairomones have been investigated using these approaches. Ultimately, utilization of these state-of-the art techniques would help understand the neuronal effect of explored and unexplored kairomones.



Concluding remarks

It is evident from the above reports that many variables are associated with kairomone testing in rodents. Behavioral differences between rodent species are evident, such as rats and mice differing in their behavior when exposed to the same kairomones. In the wild, urine, urinated matrices, and feces are prone to microbial degradation. However, the fur of predators may not be decomposed, as are other body secretions and, therefore, may carry viable information to rodents. This could explain why kairomones identified in fur elicited a heightened long-term response in rodents. However, both metabolized and non-metabolized original compounds are crucial for the detection of predators by rodents. These compounds need to be tested by comparing fresh and aged kairomone sources in behavioral assays, neuronal studies, and, most importantly, in chemical analysis. It has been suggested that cats carry kairomones mainly in their fur, and that ferrets release TMT as one of their major kairomones. However, the presence of TMT in fox feces has not been confirmed in all studies and requires further investigation. Nevertheless, the chemical identities of the odor sources of many predators remain unexplored but have the potential to be investigated beyond what was initially imagined. At the neuronal level, the activation of various cerebral areas depends on many variables, including the nature of the predator, Kairomone source/compound, and exposure conditions. The type of secretion also contributes to variations in the neuronal effects. Therefore, a comparative analysis of kairomones and their respective kairomone-olfactory brain maps would help to understand the mechanisms in a comprehensive way and foster further research.



Author contributions

DM: Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. HS: Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing, Data curation. RK: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing, Project administration, Resources, Supervision, Validation. SS: Formal analysis, Methodology, Writing – original draft, Writing – review & editing. DS: Formal analysis, Methodology, Writing – original draft, Writing – review & editing, Conceptualization, Funding acquisition, Investigation, Project administration, Resources, Supervision, Validation, Visualization.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. DS acknowledges Vellore Institute Technology (VIT), Vellore, India, for the seed grant [sanction order no. SG20230108 dated 23.06.2023].



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations


AOB, accessory olfactory bulb; AOC, amygdala olfactory cortex; AOS, accessory olfactory system; BNST, bed nucleus of the stria terminalis; CeA, central nucleus of the amygdala; CRF, corticosterone-releasing factor; DREADDs, designer receptors exclusively activated by designer drugs; GG, Grueneberg ganglion; HPA axis, hypothalamus-pituitary–adrenal axis; HPG axis, hypothalamic–pituitary-gonadal axis; BLA, basolateral amygdala; LC, locus coeruleus; MeA, medial amygdala; MOB, main olfactory bulb; MOS, main olfactory system; OE, olfactory epithelium; ORNs, olfactory receptor neurons; PAG, periaqueductal gray; 2-PEA, 2-phenylethylamine; PMd, dorsal premammillary nucleus; PVN, paraventricular nucleus; SO, septal organ; TAAR, trace amine-associated receptor; TMT, 2,5-dihydro-2,4,5-trimethylthiazoline/ 2,4,5-trimethyl thiazoline/ Trimethylthiazoline/ 2,3,5-trimethyl-3-thiazoline; VNO, vomeronasal organ; VSNs, vomeronasal sensory neurons.



References

 Achiraman, S., Ponmanickam, P., Ganesh, D. S., and Archunan, G. (2010). Detection of estrus by male mice: synergistic role of olfactory-vomeronasal system. Neurosci. Lett. 477, 144–148. doi: 10.1016/j.neulet.2010.04.051 

 Adams, D. B. (1980). Motivational systems of agonistic behavior in muroid rodents: A comparative review and neural model. Aggr. Behav. 6, 295–346. doi: 10.1002/1098-2337(1980)6:4<295::AID-AB2480060402>3.0.CO;2-Q

 Apfelbach, R., Parsons, M. H., Soini, H. A., and Novotny, M. V. (2015). Are single odorous components of a predator sufficient to elicit defensive behaviors in prey species? Front. Neurosci. 9:263. doi: 10.3389/fnins.2015.00263 

 Ayers, L. W., Asok, A., Heyward, F. D., and Rosen, J. B. (2013). Freezing to the predator odor 2,4,5 dihydro 2,5 trimethylthiazoline (TMT) is disrupted by olfactory bulb removal but not trigeminal deafferentation. Behav. Brain Res. 253, 54–59. doi: 10.1016/j.bbr.2013.06.034 

 Bindi, R. P., Baldo, M. V. C., and Canteras, N. S. (2018). Roles of the anterior basolateral amygdalar nucleus during exposure to a live predator and to a predator-associated context. Behav. Brain Res. 342, 51–56. doi: 10.1016/j.bbr.2018.01.016 

 Blanchard, R. J., and Blanchard, D. C. (1989). Attack and defense in rodents as ethoexperimental models for the study of emotion. Prog. Neuro-psychopharmacol. Biol. Psychiat. 13, S3–S14. doi: 10.1016/0278-5846(89)90105-X 

 Blanchard, D. C., Li, C. I., Hubbard, D., Markham, C. M., Yang, M., Takahashi, L. K., et al. (2003). Dorsal premammillary nucleus differentially modulates defensive behaviors induced by different threat stimuli in rats. Neurosci. Lett. 345, 145–148. doi: 10.1016/s0304-3940(03)00415-4 

 Brechbühl, J., Klaey, M., and Broillet, M. C. (2008). Grueneberg ganglion cells mediate alarm pheromone detection in mice. Science 321, 1092–1095. doi: 10.1126/science.1160770 

 Brechbühl, J., Moine, F., Klaey, M., Nenniger-Tosato, M., Hurni, N., Sporkert, F., et al. (2013). Mouse alarm pheromone shares structural similarity with predator scents. Proc. Natl. Acad. Sci. USA 110, 4762–4767. doi: 10.1073/pnas.1214249110 

 Brechbühl, J., Moine, F., Tosato, M. N., Sporkert, F., and Broillet, M. C. (2015). Identification of pyridine analogs as new predator-derived kairomones. Front. Neurosci. 9:253. doi: 10.3389/fnins.2015.00253 

 Brown, W. L., Eisner, T., and Whittaker, R. H. (1970). Allomones and Kairomones: Transspecific chemical messengers. Bioscience 20, 21–22. doi: 10.2307/1294753

 Bullitt, E. (1990). Expression of c-fos-like protein as a marker for neuronal activity following noxious stimulation in the rat. J. Comp. Neurol. 296, 517–530. doi: 10.1002/cne.902960402 

 Buron, G., Hacquemand, R., Pourie, G., Lucarz, A., Jacquot, L., and Brand, G. (2007). Comparative behavioral effects between synthetic 2,4,5-trimethylthiazoline (TMT) and the odor of natural fox (Vulpes vulpes) feces in mice. Behav. Neurosci. 121, 1063–1072. doi: 10.1037/0735-7044.121.5.1063 

 Butler, R. K., Oliver, E. M., Sharko, A. C., Parilla-Carrero, J., Kaigler, K. F., Fadel, J. R., et al. (2016). Activation of corticotropin releasing factor-containing neurons in the rat central amygdala and bed nucleus of the stria terminalis following exposure to two different anxiogenic stressors. Behav. Brain Res. 304, 92–101. doi: 10.1016/j.bbr.2016.01.051 

 Canteras, N. S. (2002). The medial hypothalamic defensive system: hodological organization and functional implications. Pharmacol. Biochem. Behav. 71, 481–491. doi: 10.1016/s0091-3057(01)00685-2 

 Canteras, N. S., and Swanson, L. W. (1992). The dorsal premammillary nucleus: an unusual component of the mammillary body. Proc. Natl. Acad. Sci. USA 89, 10089–10093. doi: 10.1073/pnas.89.21.10089 

 Charmandari, E., Tsigos, C., and Chrousos, G. (2015). Endocrinology of the stress response. Annu. Rev. Physiol. 67, 259–284. doi: 10.1146/annurev.physiol.67.040403.120816 

 Clarke, I. J. (2015). Hypothalamus as an endocrine organ. Compr. Physiol. 5, 217–253. doi: 10.1002/cphy.c140019 

 Davis, M. (2000). “The role of the amygdala in conditioned and unconditioned fear and anxiety” in The amygdala: A functional analysis. ed. J. P. Aggleton. 2nd ed (New York: Oxford University Press), 213–287.

 Davis, M., Walker, D. L., Miles, L., and Grillon, C. (2010). Phasic vs sustained fear in rats and humans: role of the extended amygdala in fear vs anxiety. Neuropsychopharmacology 35, 105–135. doi: 10.1038/npp.2009.109 

 Deisseroth, K. (2015). Optogenetics: 10 years of microbial opsins in neuroscience. Nat. Neurosci. 18, 1213–1225. doi: 10.1038/nn.4091 

 Dewan, A. (2021). Olfactory signaling via trace amine-associated receptors. Cell Tissue Res. 383, 395–407. doi: 10.1007/s00441-020-03331-5 

 Dielenberg, R. A., Carrive, P., and McGregor, I. S. (2001b). The cardiovascular and behavioral response to cat odor in rats: unconditioned and conditioned effects. Brain Res. 897, 228–237. doi: 10.1016/s0006-8993(01)02227-2 

 Dielenberg, R. A., Hunt, G. E., and McGregor, I. S. (2001a). "when a rat smells a cat": the distribution of Fos immunoreactivity in rat brain following exposure to a predatory odor. Neuroscience 104, 1085–1097. doi: 10.1016/s0306-4522(01)00150-6 

 Dielenberg, R. A., Leman, S., and Carrive, P. (2004). Effect of dorsal periaqueductal gray lesions on cardiovascular and behavioral responses to cat odor exposure in rats. Behav. Brain Res. 153, 487–496. doi: 10.1016/j.bbr.2004.01.015 

 Ennis, M., Puche, A. C., Holy, T., and Shipley, M. T. (2015). “The olfactory system” in The rat nervous system. Fourth ed (Academic Press), 761–803.

 Fendt, M., and Endres, T. (2008). 2,3,5-Trimethyl-3-thiazoline (TMT), a component of fox odor - just repugnant or really fear-inducing? Neurosci. Biobehav. Rev. 32, 1259–1266. doi: 10.1016/j.neubiorev.2008.05.010 

 Fendt, M., Endres, T., Lowry, C. A., Apfelbach, R., and McGregor, I. S. (2005). TMT-induced autonomic and behavioral changes and the neural basis of its processing. Neurosci. Biobehav. Rev. 29, 1145–1156. doi: 10.1016/j.neubiorev.2005.04.018 

 Ferrero, D. M., Lemon, J. K., Fluegge, D., Pashkovski, S. L., Korzan, W. J., Datta, S. R., et al. (2011). Detection and avoidance of a carnivore odor by prey. Proc. Natl. Acad. Sci. USA 108, 11235–11240. doi: 10.1073/pnas.1103317108 

 Fleischer, J. (2021). The Grueneberg ganglion: signal transduction and coding in an olfactory and thermosensory organ involved in the detection of alarm pheromones and predator-secreted kairomones. Cell Tissue Res. 383, 535–548. doi: 10.1007/s00441-020-03380-w 

 Fleischer, J., Schwarzenbacher, K., and Breer, H. (2007). Expression of trace amine-associated receptors in the Grueneberg ganglion. Chem. Senses 32, 623–631. doi: 10.1093/chemse/bjm032 

 Fortes-Marco, L., Lanuza, E., and Martinez-Garcia, F. (2013). Of pheromones and kairomones: what receptors mediate innate emotional responses? Anat. Rec. (Hoboken). 296, 1346–1363. doi: 10.1002/ar.22745 

 Fortes-Marco, L., Lanuza, E., Martínez-García, F., and Agustín-Pavón, C. (2015). Avoidance and contextual learning induced by a kairomone, a pheromone and a common odorant in female CD1 mice. Front. Neurosci. 9:336. doi: 10.3389/fnins.2015.00336 

 Fuss, S. H., Omura, M., and Mombaerts, P. (2005). The Grueneberg ganglion of the mouse projects axons to glomeruli in the olfactory bulb. Eur. J. Neurosci. 22, 2649–2654. doi: 10.1111/j.1460-9568.2005.04468.x 

 Gainetdinov, R. R., Hoener, M. C., and Berry, M. D. (2018). Trace amines and their receptors. Pharmacol. Rev. 70, 549–620. doi: 10.1124/pr.117.015305 

 Garvey, P. M., Glen, A. S., Clout, M. N., Wyse, S. V., Nichols, M., and Pech, R. P. (2017). Exploiting interspecific olfactory communication to monitor predators. Ecol. Appl. 27, 389–402. doi: 10.1002/eap.1483 

 Giessel, A. J., and Datta, S. R. (2014). Olfactory maps, circuits and computations. Curr. Opin. Neurobiol. 24, 120–132. doi: 10.1016/j.conb.2013.09.010 

 Grau, C., Bienboire-Frosini, C., Arroub, S., Lafont-Lecuelle, C., Leclercq, J., and Pageat, P. (2021). Sex differences in mouse exploratory behaviour to Feld 1, a cat ABP-like protein. Animals 11:3149. doi: 10.3390/ani11113149 

 Grau, C., Teruel, E., Leclercq, J., and Pageat, P. (2019). “House mouse (Mus musculus) avoidance of olfactory cues from ferrets and other mammalian and reptilian predators: preliminary results” in Chemical signals in vertebrates 14. ed. C. Buesching (Cham: Springer). doi: 10.1007/978-3-030-17616-7_13

 Grüneberg, H. (1973). A ganglion probably belonging to the N. terminalis system in the nasal mucosa of the mouse. Z. Anat. Entwicklungsgesch. 140, 39–52. doi: 10.1007/BF00520716

 Hacquemand, R., Choffat, N., Jacquot, L., and Brand, G. (2013). Comparison between low doses of TMT and cat odor exposure in anxiety-and fear-related behaviors in mice. Behav. Brain Res. 238, 227–231. doi: 10.1016/j.bbr.2012.10.014 

 Hacquemand, R., Jacquot, L., and Brand, G. (2010). Comparative fear-related behaviors to Predator odors (TMT and natural fox feces) before and after intranasal ZnSO4 treatment in mice. Front. Behav. Neurosci. 4:188. doi: 10.3389/fnbeh.2010.00188 

 Hammack, S. E., Braas, K. M., and May, V. (2021). Chemoarchitecture of the bed nucleus of the stria terminalis: Neurophenotypic diversity and function. Handb. Clin. Neurol. 179, 385–402. doi: 10.1016/B978-0-12-819975-6.00025-X 

 Hebb, A. L., Zacharko, R. M., Dominguez, H., Trudel, F., Laforest, S., and Drolet, G. (2002). Odor-induced variation in anxiety-like behavior in mice is associated with discrete and differential effects on mesocorticolimbic cholecystokinin mRNA expression. Neuropsychopharmacology 27, 744–755. doi: 10.1016/S0893-133X(02)00354-8 

 Hegab, I. M., Kong, S., Yang, S., Mohamaden, W. I., and Wei, W. (2015). The ethological relevance of predator odors to induce changes in prey species. Acta Ethologica 18, 1–9. doi: 10.1007/s10211-014-0187-3

 Homiack, D., O'Cinneide, E., Hajmurad, S., Barrileaux, B., Stanley, M., Kreutz, M. R., et al. (2017). Predator odor evokes sex-independent stress responses in male and female Wistar rats and reduces phosphorylation of cyclic-adenosine monophosphate response element binding protein in the male, but not the female hippocampus. Hippocampus 27, 1016–1029. doi: 10.1002/hipo.22749

 Hotsenpiller, G., and Williams, J. L. (1997). A synthetic predator odor (TMT) enhances conditioned analgesia and fear when paired with a benzodiazepine receptor inverse agonist (FG-7142). Psychobiology 25, 83–88. doi: 10.3758/BF03327031

 Huilgol, D., and Tole, S. (2016). Cell migration in the developing rodent olfactory system. Cell. Mol. Life Sci. 73, 2467–2490. doi: 10.1007/s00018-016-2172-7 

 Janak, P. H., and Tye, K. M. (2015). From circuits to behaviour in the amygdala. Nature 517, 284–292. doi: 10.1038/nature14188 

 Janitzky, K., Stork, O., Lux, A., Yanagawa, Y., Schwegler, H., and Linke, R. (2009). Behavioral effects and pattern of brain c-fos mRNA induced by 2,5-dihydro-2,4,5-trimethylthiazoline, a component of fox feces odor in GAD67-GFP knock-in C57BL/6 mice. Behav. Brain Res. 202, 218–224. doi: 10.1016/j.bbr.2009.03.038 

 Jiang, Y., Gong, N. N., Hu, X. S., Ni, M. J., Pasi, R., and Matsunami, H. (2015). Molecular profiling of activated olfactory neurons identifies odorant receptors for odors in vivo. Nat. Neurosci. 18, 1446–1454. doi: 10.1038/nn.4104 

 Kingsbury, L., Huang, S., Wang, J., Gu, K., Golshani, P., Wu, Y. E., et al. (2019). Correlated neural activity and encoding of behavior across brains of socially interacting animals. Cell 178, 429–446.e16. doi: 10.1016/j.cell.2019.05.022 

 Kobayakawa, K., Kobayakawa, R., Matsumoto, H., Oka, Y., Imai, T., Ikawa, M., et al. (2007). Innate versus learned odour processing in the mouse olfactory bulb. Nature 450, 503–508. doi: 10.1038/nature06281 

 Koos, D. S., and Fraser, S. E. (2005). The Grueneberg ganglion projects to the olfactory bulb. Neuroreport 16, 1929–1932. doi: 10.1097/01.wnr.0000186597.72081.10 

 Laska, M., Fendt, M., Wieser, A., Endres, T., Hernandez Salazar, L. T., and Apfelbach, R. (2005). Detecting danger—or just another odorant? Olfactory sensitivity for the fox odor component 2,4,5-trimethylthiazoline in four species of mammals. Physiol. Behav. 84, 211–215. doi: 10.1016/j.physbeh.2004.11.006 

 Le Moene, O., and Agmo, A. (2018). The neuroendocrinology of sexual attraction. Front. Neuroendocrinol. 51, 46–67. doi: 10.1016/j.yfrne.2017.12.006 

 Lebow, M. A., and Chen, A. (2016). Overshadowed by the amygdala: the bed nucleus of the stria terminalis emerges as key to psychiatric disorders. Mol. Psychiatry 21, 450–463. doi: 10.1038/mp.2016.1 

 Liberles, S. D. (2014). Mammalian pheromones. Ann. Rev. Physiol. 76, 151–175. doi: 10.1146/annurev-physiol-021113-170334 

 Liberles, S. D. (2015). Trace amine-associated receptors: ligands, neural circuits, and behaviors. Curr. Opin. Neurobiol. 34, 1–7. doi: 10.1016/j.conb.2015.01.001 

 Liu, J., Lin, L., and Wang, D. V. (2021). Representation of fear of heights by basolateral amygdala neurons. J. Neurosci. 41, 1080–1091. doi: 10.1523/JNEUROSCI.0483-20.2020 

 Lopes, A. C., Brechbühl, J., Ferreira, F., Amez-Droz, M., and Broillet, M. C. (2022). From in vitro data to in vivo interspecies danger communication: A study of Chemosensing via the mouse Grueneberg ganglion. Animals 12:356. doi: 10.3390/ani12030356 

 Lucas, M., Chen, A., and Richter-Levin, G. (2013). Hypothalamic Corticotropin-releasing factor is centrally involved in learning under moderate stress. Neuropsychopharmacology 38, 1825–1832. doi: 10.1038/npp.2013.82 

 Maestas-Olguin, C. R., Parish, M. M., and Pentkowski, N. S. (2021). Coyote urine, but not 2-phenylethylamine, induces a complete profile of unconditioned anti-predator defensive behaviors. Physiol. Behav. 229:113210. doi: 10.1016/j.physbeh.2020.113210 

 Markham, C. M., Blanchard, D. C., Canteras, N. S., Cuyno, C. D., and Blanchard, R. J. (2004). Modulation of predatory odor processing following lesions to the dorsal premammillary nucleus. Neurosci. Lett. 372, 22–26. doi: 10.1016/j.neulet.2004.09.006 

 Martinez, R. C., Carvalho-Netto, E. F., Ribeiro-Barbosa, E. R., Baldo, M. V., and Canteras, N. S. (2011). Amygdalar roles during exposure to a live predator and to a predator-associated context. J. Neurosci. 172, 314–328. doi: 10.1016/j.neuroscience.2010.10.033 

 Masini, C. V., Garcia, R. J., Sasse, S. K., Nyhuis, T. J., Day, H. E., and Campeau, S. (2010). Accessory and main olfactory systems influences on predator odor-induced behavioral and endocrine stress responses in rats. Behav. Brain Res. 207, 70–77. doi: 10.1016/j.bbr.2009.09.038 

 May, M. D., Bowen, M. T., McGregor, I. S., and Timberlake, W. (2012). Rubbings deposited by cats elicit defensive behavior in rats. Physiol. Behav. 107, 711–718. doi: 10.1016/j.physbeh.2012.03.007

 McGregor, I. S., Hargreaves, G. A., Apfelbach, R., and Hunt, G. E. (2004). Neural correlates of cat odor-induced anxiety in rats: region-specific effects of the benzodiazepine midazolam. J. Neurosci. 24, 4134–4144. doi: 10.1523/JNEUROSCI.0187-04.2004 

 McGregor, I. S., Schrama, L., Ambermoon, P., and Dielenberg, R. A. (2002). Not all ‘predator odours’ are equal: cat odour but not 2,4,5 trimethylthiazoline (TMT; fox odour) elicits specific defensive behaviours in rats. Behav. Brain Res. 129, 1–16. doi: 10.1016/S0166-4328(01)00324-2 

 Mendes-Gomes, J., Motta, S. C., Passoni Bindi, R., de Oliveira, A. R., Ullah, F., Baldo, M. V. C., et al. (2020). Defensive behaviors and brain regional activation changes in rats confronting a snake. Behav. Brain Res. 381:112469. doi: 10.1016/j.bbr.2020.112469 

 Mills, D., Bräm Dubé, M., and Zulch, H. (2013). Stress and pheromonatherapy in small animal clinical behaviour. Chichester: Wiley-Blackwell, 2013.

 Miyazaki, M., Yamashita, T., Suzuki, Y., Saito, Y., Soeta, S., Taira, H., et al. (2006). A major urinary protein of the domestic cat regulates the production of felinine, a putative pheromone precursor. Chem. Biol. 13, 1071–1079. doi: 10.1016/j.chembiol.2006.08.013 

 Moine, F., Brechbühl, J., Nenniger Tosato, M., Beaumann, M., and Broillet, M. C. (2018). Alarm pheromone and kairomone detection via bitter taste receptors in the mouse Grueneberg ganglion. BMC Biol. 16:12. doi: 10.1186/s12915-017-0479-y 

 Morris, L. S., McCall, J. G., Charney, D. S., and Murrough, J. W. (2020). The role of the locus coeruleus in the generation of pathological anxiety. Brain. Neurosci. Adv. 4:2398212820930321. doi: 10.1177/2398212820930321 

 Morrow, B. A., Elsworth, J. D., and Roth, R. H. (2002). Fear-like biochemical and behavioral responses in rats to the predator odor, TMT, are dependent on the exposure environment. Synapse 46, 11–18. doi: 10.1002/syn.10109 

 Morrow, B. A., Redmond, A. J., Roth, R. H., and Elsworth, J. D. (2000). The predator odor, TMT, displays a unique, stress-like pattern of dopaminergic and endocrinological activation in the rat. Brain Res. 864, 146–151. doi: 10.1016/S0006-8993(00)02174-0 

 Motta, S. C., Goto, M., Gouveia, F. V., Baldo, M. V., Canteras, N. S., and Swanson, L. W. (2009). Dissecting the brain's fear system reveals the hypothalamus is critical for responding in subordinate conspecific intruders. Proc. Natl. Acad. Sci. USA 106, 4870–4875. doi: 10.1073/pnas.0900939106 

 Muller, M., and Fendt, M. (2006). Temporary inactivation of the medial and basolateral amygdala differentially affects TMT-induced fear behavior in rats. Behav. Brain Res. 167, 57–62. doi: 10.1016/j.bbr.2005.08.016 

 Muller-Schwarze, D. (2006). Chemical ecology of vertebrates. Cambridge, UK: Cambridge University Press.

 Mulungu, L. S., Sabuni, C. A., Ngowo, V., Magadula, M. M., Kapingu, M., Mbukwa, E., et al. (2016). Domestic cat (Felis silvestris catus) urine odour as a potential rodent management strategy. J. Open Univ. Tanzania. 22, 132–139.

 Osada, K., Kurihara, K., Izumi, H., and Kashiwayanagi, M. (2013). Pyrazine analogues are active components of wolf urine that induce avoidance and freezing behaviours in mice. PLoS One 8:e61753. doi: 10.1371/journal.pone.0061753 

 Osada, K., Miyazono, S., and Kashiwayanagi, M. (2015). The scent of wolves: pyrazine analogs induce avoidance and vigilance behaviors in prey. Front. Neurosci. 9:363. doi: 10.3389/fnins.2015.00363 

 Pagani, J. H., and Rosen, J. B. (2009). The medial hypothalamic defensive circuit and 2,5-dihydro-2,4,5-trimethylthiazoline (TMT) induced fear: comparison of electrolytic and neurotoxic lesions. Brain Res. 1286, 133–146. doi: 10.1016/j.brainres.2009.06.062 

 Pageat, P. (1999). Pig appeasing pheromones to decrease stress, anxiety and aggressiveness. US patent no: US6169113B1

 Papes, F., Logan, D. W., and Stowers, L. (2010). The vomeronasal organ mediates interspecies defensive behaviors through detection of protein pheromone homologs. Cell 141, 692–703. doi: 10.1016/j.cell.2010.03.037 

 Pentkowski, N. S., Litvin, Y., Blanchard, D. C., and Blanchard, R. J. (2018). Effects of estrus cycle stage on defensive behavior in female long-Evans hooded rats. Physiol. Behav. 194, 41–47. doi: 10.1016/j.physbeh.2018.04.028 

 Pentkowski, N. S., Maestas-Olguin, C., and Martinez, G. (2022). Characterizing the effects of 2-phenylethylamine and coyote urine on unconditioned and conditioned defensive behaviors in adolescent male and female long-Evans hooded rats. Physiol. Behav. 248:113726. doi: 10.1016/j.physbeh.2022.113726 

 Perez-Gomez, A., Bleymehl, K., Stein, B., Pyrski, M., Birnbaumer, L., Munger, S. D., et al. (2015). Innate predator odor aversion driven by parallel olfactory subsystems that converge in the ventromedial hypothalamus. Curr. Biol. 25, 1340–1346. doi: 10.1016/j.cub.2015.03.026 

 Poe, G. R., Foote, S., Eschenko, O., Johansen, J. P., Bouret, S., Aston-Jones, G., et al. (2020). Locus coeruleus: a new look at the blue spot. Nat. Rev. Neurosci. 21, 644–659. doi: 10.1038/s41583-020-0360-9 

 Rajchard, J. (2013). Kairomones-important substances in interspecic communication in vertebrates: A review. Vet. Medicina. 58, 561–566. doi: 10.17221/7137-VETMED

 Rampin, O., Jerôme, N., Saint-Albin, A., Ouali, C., Boué, F., Meunier, N., et al. (2018). Where is the TMT? GC-MS analyses of fox feces and behavioral responses of rats to fear-inducing odors. Chem. Senses 43, 105–115. doi: 10.1093/chemse/bjx075 

 Ressler, K. J. (2010). Amygdala activity, fear, and anxiety: modulation by stress. Biol. Psychiatry 67, 1117–1119. doi: 10.1016/j.biopsych.2010.04.027 

 Roelofs, K. (2017). Freeze for action: neurobiological mechanisms in animal and human freezing. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 372:20160206. doi: 10.1098/rstb.2016.0206 

 Rosen, J. B., Pagani, J. H., Rolla, K. L., and Davis, C. (2008). Analysis of behavioral constraints and the neuroanatomy of fear to the predator odor trimethylthiazoline: a model for animal phobias. Neurosci. Biobehav. Rev. 32, 1267–1276. doi: 10.1016/j.neubiorev.2008.05.006 

 Roth, B. L. (2016). DREADDs for neuroscientists. Neuron 89, 683–694. doi: 10.1016/j.neuron.2016.01.040 

 Saito, H., Nishizumi, H., Suzuki, S., Matsumoto, H., Ieki, N., Abe, T., et al. (2017). Immobility responses are induced by photoactivation of single glomerular species responsive to fox odour TMT. Nat. Commun. 8:16011. doi: 10.1038/ncomms16011 

 Sarrafchi, A., Odhammer, A. M., Hernandez Salazar, L. T., and Laska, M. (2013). Olfactory sensitivity for six predator odorants in CD-1 mice, human subjects, and spider monkeys. PLoS One 8:e80621. doi: 10.1371/journal.pone.0080621 

 Shin, M. G., Bae, Y., Afzal, R., Kondoh, K., and Lee, E. J. (2023). Olfactory modulation of stress-response neural circuits. Exp. Mol. Med. 55, 1659–1671. doi: 10.1038/s12276-023-01048-3 

 Signoret, J. P. (1971). The reproductive behavior of pigs in relation to fertility. Vet. Rec. 88, 34–38. doi: 10.1136/vr.88.2.34 

 Smith, T. D., and Bhatnagar, K. P. (2019). Chapter 2-anatomy of the olfactory system. Handbook Clin. Neurobiol. 164, 17–28. doi: 10.1016/B978-0-444-63855-7.00002-2 

 Staples, L. G., Hunt, G. E., van Nieuwenhuijzen, P. S., and McGregor, I. S. (2008a). Cat odor, but not trimethylthiazoline (fox odor), activates accessory olfactory and defense-related brain regions in rats. Neuroscience 151, 937–947. doi: 10.1016/j.neuroscience.2007.11.039

 Staples, L. G., McGregor, I. S., Apfelbach, R., and Hunt, G. E. (2008b). Rats discriminate individual cats by their odor: possible involvement of the accessory olfactory system. Neurosci. Biobehav. Rev. 32, 1209–1217. doi: 10.1016/j.neubiorev.2008.05.011 

 St-Cyr, S., Abuaish, S., Spinieli, R. L., and McGowan, P. O. (2018). Maternal predator odor exposure in mice programs adult offspring social behavior and increases stress-induced behaviors in semi-naturalistic and commonly-used laboratory tasks. Front. Behav. Neurosci. 12:136. doi: 10.3389/fnbeh.2018.00136 

 St-Cyr, S., and McGowan, P. O. (2015). Programming of stress-related behavior and epigenetic neural gene regulation in mice offspring through maternal exposure to predator odor. Front. Behav. Neurosci. 9:145. doi: 10.3389/fnbeh.2015.00145 

 Stockman, S. L., and McCarthy, M. M. (2017). Predator odor exposure of rat pups has opposite effects on play by juvenile males and females. Pharmacol. Biochem. Behav. 152, 20–29. doi: 10.1016/j.pbb.2016.08.008 

 Storsberg, S., Stryjek, R., Modlińska, K., Gottswinter, K., D'Hanis, W., Kröber, A., et al. (2018). Predator odor induced defensive behavior in wild and laboratory rats: A comparative study. Physiol. Behav. 194, 341–347. doi: 10.1016/j.physbeh.2018.06.009 

 Takahashi, L. K., Hubbard, D. T., Lee, I., Dar, Y., and Sipes, S. M. (2007). Predator odor-induced conditioned fear involves the basolateral and medial amygdala. Behav. Neurosci. 121, 100–110. doi: 10.1037/0735-7044.121.1.100

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

 Takahashi, L. K., Nakashima, B. R., Hong, H., and Watanabe, K. (2005). The smell of danger: A behavioral and neural analysis of predator odor-induced fear. Neurosci. Biobehav. Rev. 29, 1157–1167. doi: 10.1016/j.neubiorev.2005.04.008 

 Taugher, R. J., Ghobbeh, A., Sowers, L. P., Fan, R., and Wemmie, J. A. (2015). ASIC1A in the bed nucleus of the stria terminalis mediates TMT-evoked freezing. Front. Neurosci. 9:239. doi: 10.3389/fnins.2015.00239 

 Tian, L., Hires, S. A., and Looger, L. L. (2012). Imaging neuronal activity with genetically encoded calcium indicators. Cold Spring Harb. Protoc. 2012, pdb.top069609–pdb.top069656. doi: 10.1101/pdb.top069609 

 Tirindelli, R., Dibattista, M., Pifferi, S., and Menini, A. (2009). From pheromones to behavior. Physiol. Rev. 89, 921–956. doi: 10.1152/physrev.00037.2008

 Trimmer, C., and Mainland, J. D. (2017). “Chapter 17-the olfactory system” in Conn’s translational neuroscience (The Netherlands: Academic Press), 363–367.

 Valverde, F., Santacana, M., and Heredia, M. (1992). Formation of an olfactory glomerulus: morphological aspects of development and organization. Neuroscience 49, 255–275. doi: 10.1016/0306-4522(92)90094-i 

 Vasudevan, A., and Vyas, A. (2013). Kairomonal communication in mice is concentration-dependent with a proportional discrimination threshold. F1000Res 2:195. doi: 10.12688/f1000research.2-195.v2 

 Vernet-Maury, E., Dubois, P., and Chanel, J. (1977). An attempt to isolate and synthesize fox odor. Chemoreception abstracts, 5, 55-56, the lateral amygdala. Neurobiol. Learn. Mem. 116, 1–13. doi: 10.1016/j.nlm.2014.07.008 

 Vernet-Maury, E., Polak, E. H., and Demael, A. (1984). Structure-activity relationship of stress-inducing odorants in the rat. J. Chem. Ecol. 10, 1007–1018. doi: 10.1007/BF00987509 

 Voznessenskaya, V. V. (2014). “Influence of cat odor on reproductive behavior and physiology in the house mouse (Mus musculus)” in Neurobiology of chemical communication. ed. C. Mucignat-Caretta (United Kingdom: CRC Press/Taylor & Francis), 281–301.

 Voznessenskaya, V. V., Kvasha, I. G., Klinov, A. B., and Laktionova, T. K. (2016). “Responses to domestic cat chemical signals in the house mouse are modulated by early olfactory experience” in Chemical signals in vertebrates. eds. B. Schulte, T. Goodwin, and M. Ferkin (Springer), 183–194.

 Voznessenskaya, V.V., and Laktionova, T. K. (2019). Exposures to L-felinine suppressed plasma testosterone in laboratory rats. Exp biol 2019 meeting abstract. 33, Ib566

 Wernecke, K. E., and Fendt, M. (2015). The olfactory hole-board test in rats: A new paradigm to study aversion and preferences to odors. Front. Behav. Neurosci. 9:223. doi: 10.3389/fnbeh.2015.00223 

 Wernecke, K. E., Vincenz, D., Storsberg, S., D'Hanis, W., Goldschmidt, J., and Fendt, M. (2015). Fox urine exposure induces avoidance behavior in rats and activates the amygdalar olfactory cortex. Behav. Brain Res. 279, 76–81. doi: 10.1016/j.bbr.2014.11.020 

 Wyatt, T. D. (2010). Pheromones and signature mixtures: defining species-wide signals and variable cues for identity in both invertebrates and vertebrates. J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 196, 685–700. doi: 10.1007/s00359-010-0564-y 

 Yamaguchi, M. (2017). Functional sub-circuits of the olfactory system viewed from the olfactory bulb and the olfactory tubercle. Front. Neuroanat. 11:33. doi: 10.3389/fnana.2017.00033 

 Yamamoto, R., Ahmed, N., Ito, T., Gungor, N. Z., and Pare, D. (2018). Optogenetic study of anterior BNST and Basomedial amygdala projections to the ventromedial hypothalamus. eNeuro 5, ENEURO.0204-18.2018–ENEU18.2018. doi: 10.1523/ENEURO.0204-18.2018 

 Young, C. E., and Tong, Q. (2021). Corticotropin releasing hormone signaling in the bed nuclei of the stria terminalis as a link to maladaptive behaviors. Front. Neurosci. 15:642379. doi: 10.3389/fnins.2021.642379 

 Zimmerman, A. D., and Munger, S. D. (2021). Olfactory subsystems associated with the necklace glomeruli in rodents. Cell Tissue Res. 383, 549–557. doi: 10.1007/s00441-020-03388-2

 Zingg, B., Chou, X. L., Zhang, Z. G., Mesik, L., Liang, F., Tao, H. W., et al. (2017). AAV-mediated anterograde transsynaptic tagging: mapping corticocollicular input-defined neural pathways for defense behaviors. Neuron 93, 33–47. doi: 10.1016/j.neuron.2016.11.045 

 Zufall, F. (2014). TRPs in olfaction. Handb. Exp. Pharmacol. 23, 917–933. doi: 10.1007/978-3-642-54329-2_46


Copyright
 © 2025 Manjunath, Sampath, Kirkwood, Santhosh and Sankarganesh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-19-1485312-t002.jpg
Kairomone compound/sources

tested

25-Dihydro-2,4,5 trimethylthiazoline

2,5-Dihydro-24,5-trimethylthiazoline + other

compounds

Trimethylthiazoline

245 trimethylthiazoline
24,5- trimethylthiazoline with other compounds
23,5 Trimethyl-3-thiazolin

2-phenylethylar

ne

Fox urine

Urine of mountain lion and raccoon; Urine and
anal gland secretions

from the skunk

Feldd

Feldla + Trimethylthiazoline

Cat collar

2-phenylethylamine + other compounds
coyote urine and 2- phenylethylamine
Pyrazines

Brazilian ratiler snakes

Ferret body odor

/ indicates ‘yes' and X indicates ‘nol

Test animals

Adult naive female OF1 mice
Male Sprague-Dawley rats
Male Sprague-Dawley rats
Brown Norway and Wistar rats

CSTBLIGIR]

ice
Naive wild-type male mice (CS7BL/6)
Naive male Long-Evans hooded rats
Male Sprague-Dawley rats

Australian Albino Wistar and Sprague-

Dawley rats

Australian Albino Wistar rats
Adult OF-1 mice

Adult OF-1 mice

Adult C57BL/6 mice

Male Long-Evans hooded rats
Adult Sprague- Dawley rats
Naive male Sprague-Dawley rats

OMP-GEP mice

Inbred C57BL/6] mice

CSTBLI6JR] mice

Male Wistar rats

Ship rats & Polynesian rats

Adult male Long- Evans hooded rats
(C57BL/6] mice

Long-Evans laboratory rats

Ship rats and Swiss Albino mice

Behavioral evidence
EICIELICS

(RN RN RS RN RN RN RN

RN N N N RN ENIEN

ANIENIENENE RN ENEN

Neuronal evidence
EICIELICS

N AR R THEN R RN R SRR RN

EEREN R AN





OPS/images/fnins-19-1485312-t003.jpg
Test animals

Compound/kairomone

sources used

Behaviors tested

Neuronal evidence Reference

Australian Albino Wistar

rats

Male Sprague-Dawley rats

Male Sprague-Dawley rats

Naive wild-type male mice
(C57BLIS)

Adult C57BL/6 mice
offspring

Inbred C57BL/6) mice.

Male Wistar rats

OMP-GEP mice

Naive male Sprague-

Dawley rats

“Trimethylthiazoline

24,5 dihydro 2,5 trimethylthiazoline

2,5-dihydro- 2,4,5-trimethylthiazole
with other compounds

23,5-Trimethyl-3-thiazolin

Feld4

Cat collar

Urine of mountain lion and raccoon;
Urine and anal gland secretions from
the skunk

Fox urine

Grooming and escape
behaviors

Fear-related behaviors

Freezing behavior

Avoidance, defensive
behaviors, and risk

assessment episodes.

Foraging activity,stress-
related behavior, locomotor
activity, frequency of visits,
risk assessment and escape

behavior

Avoidance behavior, risk

assessment behavior

Stimulus contact, grooming

and rearing

Walking distance index and
immobility index

Fear behaviors (locomotor
activity and avoidance

behavior)

C-Fos in the accessory olfactory | Staples etal. (20082)
bulb and its projection areas, the

main olfactory bulb and central

and cortical amygdala;

‘The bed nucleus of the stria Fendt et al. (2005)
terminalis (BNST)

Olfactory system and trigeminal | Ayers etal. (2013)

nerve system

C-Fos expression in AOB, and Perez-Gomez et al. (2015)
Ca2"-expression in anterior and

posterior AOB; necklace system;

C-Fos positive cells in the

immediate vicinity of PDE2A+

(phosphodiesterase 24)

glomeruli;c-Fos+ cellsin the

medial amygdala.

yretal. (2018)

Paraventricular nucleus of the

hypothalamus.

Vomeronasal sensory neurons; | Papes et al. (2010)
-Fos response in the anterior

AOB, posterior AOB

Fos expression in medial McGregor et al. (2004)

amygdala and bed nucleus of the

stria terminalis, prel cortex,
lateral septum, lateral and medial
preoptic areas, and dorsal
premammillary nucleus,
ventromedial hypothalamic
nucleus, paraventricular nucleus
of the hypothalamus,
periaqueductal gray, and

cuneiform nucleus.

GG neurons Lopes et al. (2022)

Amygdalar olfactory cortex

Wernecke etal. (2015)





OPS/images/fnins-19-1485312-g003.jpg
-]

Medial
Hypothalamic
responsive circuit

3-Hypothalamus
4-Periaqueductal gray (PAG)
5-Locus coeruleus (LC)
6a-Central nucleus of amygdala
6b-Basolateral amygdala

7-Bed nucleus of thestria
terminalis (BNST)
8-Paraventricular nucleus
(PVN)






OPS/images/fnins-19-1485312-t001.jpg
Kairomone compound/

kairomone source

Test animals

Behaviors tested/observed

Reference

2,5-Dihydro-24;

trimethylthiazoline

2,5-Dihydro-24,5-trimethylthiazoline + other

molecules

Trimethylthiazoline

2,4,5- trimethylthiazoline

2,4,5-Trimethylthiazoline and Toluene

2-phenylethylamine

Fox urine

Collars worn by cats, cloth rubbed over a cat, or
cat fur

Cat collar

Urine of mountain lion and raccoon; Urine and

anal gland secretions from the skunk.

Neck swab of cats, shed skin of snake, and urine

of rats

Ferret fur and feces, snake sheds, fox feces, dog

feces, and cat urine

Body odor of ferrets

Body odor of ferrets

2,6-dimethylpyrazine (DMP), trimethylpyrazine
(TMP), and 3-ethyl-2,5-dimethyl pyrazine
(EDMP)

Brazilian rattler snake

Adult naive female OF1 mice

CS7BLIGIR] mice

Sprague-Dawley rats
Brown Norway and Wistar rats

Naive Long-Evans hooded rats

Sprague-Dawley rats.

Adult OF-1 mice

Naive OF-1 mice

Long-Evans hooded rats

Adult Sprague-Dawley rats
Naive Sprague-Dawley rats

Albino Wistar rats and

female Sprague-Dawley rats

Wistar rats

OMP-GEP mice

Inbred C57BL/6] mice

Swiss albino mice

Ship rats (Rattus rattus).

Sprague Dawley rats

C57BLI6) mice

Long-Evans laboratory rats

Anxiety-like behaviors and fear-like

behaviors

Exploratory, avoidance, anti-predatory, and

fear behaviors
Fear responses

Exploration, freezing, pushing lttr,

‘grooming, resting, and position change

Avoidance and fre

ng behaviors
Freezing and fear responses

Immobiliy, freezing, velocity and distance to

odorant

Preference and avoidance test freezing and

velocity in circular open field

Number of transits, locomotor activity,
avoidance, freezing, contact, risk assessment,

rearing, and sniffing,
Avoidance behaviors

Fear behaviors (locomotor activity and

avoidance behavior)

Food consumption, latency to reach the

food, and total distance travelled
Stimulus contact, grooming and rearing

‘Walking distance index and immobility

index

Avoidance and risk assessment behavior

Avoidance behaviors

Site occupancy and additional

behaviors

Defensive behaviors and plasma

corticosterone responses

Avoidance and freezing behaviors

Freezing, sniffing, stretch attend/approach,

and grooming behaviors

Hacquemand et al. (2013)

Grau etal. (2021)

Hotsenpiller and Williams (1997)

Rampin etal. (2018)

Blanchard et a. (2003)
Rosen et al. (2008)

Buron et al. (2007)

Hacquemand et al. (2010)

Olguin etal. (2021)

Ferrero et al. (2011)

Wernecke etal. (2015)

May etal. (2012)

McGregor et al. (2004)

Lopes etal. (2022)

Papes etal. (2010)

Grau etal. (2019)

Garvey etal. (2017)

Masini etal. (2010)

Osada etal. (2013)

Mendes-Gomes et al. (2020)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Behavioral and neurobiological implications of kairomones for rodents: an updated review



		Introduction



		Rodent behavioral response to kairomones



		Kairomones: sources and compounds



		Feline kairomones and trimethylthiazoline (TMT)



		Other kairomone sources and compounds









		The variables of receiver and their responses



		Strain differences, and physiological and developmental conditions



		Concentration of the compounds and dimension of the test area



		Sexual dimorphism









		Neuronal effects of kairomones/sources



		Olfactory systems and subsystems



		Accessory olfactory system and Grueneberg ganglion (GG)



		Synergistic action of dual organs









		Cerebral areas involved in kairomone signaling



		Amygdala, the bed nucleus of stria terminalis and locus coeruleus



		Dorsal premammillary nucleus (PMd) and periaqueductal gray (PAG) and hypothalamus









		Bouquet hypothesis



		Utilizing advanced technologies for kairomone studies



		Concluding remarks



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Abbreviations



		References



















OPS/images/fnins-19-1485312-g001.jpg
Grau et al, 2019
Brechbubhl et al,, 2015

Garvey et al, 2017

Raccoon

5.3

Fory \ Lopes et al, 2022

Snow leopard
== RS

Wolf

T

Brechbuhl et al, 2015
Mountain lion

Brechbubhl et al,, 2015 \
Mendes-Gomes et al., 2020
Maestas-Olguin et al., 2021






OPS/images/fnins-19-1485312-g002.jpg
Mainofactory
oulb (M0B)

Bed Nucleus o
o] inestia
terminals BST)

==
alfactory bulb
(nok)

Mouse Brain Anatomy
Ventral and Sagittal cut





OPS/images/cover.jpg
, frontiers | Frontiers in Neuroscience

Behavioral and neurobiological
implications of kairomones for
rodents: an updated review












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neuroscience






