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Norway rat (Rattus norvegicus) is an invaluable laboratory model organism as well as one of the most common rodent pest species.
The currently used rodenticides have several significant drawbacks: toxicity to humans and non-target species, environmental harm,
the development of avoidance reactions and genetic resistance to the applied substances in rat populations. One of the proposed
approaches for rodent pest control is based on natural ways, such as predation, which could be emulated by predator scents. In
rodents, olfaction plays a key role in danger recognition, especially in detection of potential predator. Predator odors can activate the
hypothalamic-pituitary-adrenal (HPA) axis via central nervous system and thus induce the release of stress hormones. A well-
documented suppression of reproduction under psychosocial stress appears to be associated with specific interactions of HPA axis and
hypothalamus-pituitary-gonadal (HPG) axis. Hereby we review research on the influences of predator chemical cues on stress response
and reproduction in Norway rats with a special focus on long lasting and chronic effects. We describe the effects of predator odors of
fox (Vulpes vulpes), ferret (Mustela putorius) and domestic cat (Felis catus) in detail. Assessment of reproductive success in rats may
be treated as a robust experimental model to evaluate ecologically relevant stress effects of predator odors. Application of this
approach could promote development of environmentally friendly methods to control rat population density.
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Introduction

Norway rat (Rattus norvegicus) is considered to be the first animal domesticated solely for the purpose of scientific research in the
middle of the 19th century. Notably, one of the earliest published papers was related to endocrinology and described the effects of
adrenalectomy in albino rats - surgical removal of adrenal glands, organs crucial in the response to stressors (Philipeaux, 1856; Lindsey
& Baker, 2006). After that, a bulk of physiological research of the second half of the 20th century utilized laboratory bred rats as model
animals. Up to date rats remain a valuable commaodity in scientific world. Their physiology provides researchers with an opportunity to
model almost every pathological condition of human organs or systems. Laboratory rats are also widely used in behavioral and
cognitive neuroscience research including the development of models for human emotional and mental ilinesses, fields where they
cannot be replaced with animals possessing lesser complexity of the behavioral response (Whishaw, 1999). At the same time, a wild
Norway rat is one of the most common synanthropic pests. Rats transmit many infections harmful or deadly for humans such as
plague, toxoplasmosis, tularaemia, leptospirosis, etc. (e.g. Strand & Lundkvist, 2019). Harm to the local economy from the outgrowing
rat population may include destruction of property and communication lines, partial consumption of stored food or its contamination.
Increased probability of human-rat interactions in cities, where high building density and abundance of edible waste provide an ideal
environment for rodents, calls for new methods of pest control (e.g. Voznessenskaya et al., 2004; Voznessenskaya & Malanina, 2015).
Current methods could be divided into two categories: direct elimination of rodents and measures to change living environment in
order to limit propagation of rats. Chemicals used for rat extermination have a number of drawbacks, such as high toxicity for humans
and non-target species as well as environmental pollution. Moreover, rats learn fast to avoid poisoned bait and develop genetic
resistance upon application of anticoagulant rodenticides (e.g. Rylnikov et al., 1992; Buckle, 2013). Rodenticide survivors can also
exhibit reproduction spur. Thus, long-term use of chemical agents acts as a driving force for selection of more resistant animals in rat
population. For obvious reasons toxic substances cannot be applied in child facilities, hospitals and other establishments with high
number of attendees. Considering described facts, a new generation of pest control methods is in great need. One of the possible
approaches is based on natural ways of population control, such as predation, that could be emulated by introduction of predator scent
marks, thus ensuring environmentally friendly and highly specific nature of the effect. In rodents olfaction plays a key role in danger
recognition, especially in detection of potential predator. This method is in fact a special case of stress induced regulation of population
density. Modern hypotheses explaining the mechanisms of dynamics of mammalian population are directly associated with an
understanding of the role of stress. Species specificity of neuroendocrine mechanisms is of particular interest in this case (e.g. Christian
& Davies, 1964; Rogovin et al., 2003; Rogovin & Moshkin, 2007).

Literature Review

Adaptive response

In a widely accepted view, based on ideas of Selye (e.g. Selye, 1946), an integrative stress response system includes neuroanatomical
and functional elements working simultaneously to sustain state of organism equilibrium — “homeostasis”. “Stressors” in this paradigm
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are defined as factors threatening homeostasis, while any effort by the organism to counteract their affects is recognized as "adaptive
response” (e.g. Johnson et al., 1992). The adaptive response then is a sum of physiological, biochemical and behavioral neutralizing
reactions of organism. More recently, concepts of “allostasis”, “allostatic load” and “allostatic overload” were introduced to distinguish
between protective and damaging responses to stressors as well as to encompass developmental aspects (e.g. McEwen & Wingfield,
2010). Individual response to stressors depends on a multitude of factors, both external and internal. External factors are the
characteristics of the stressor itself, such as its quality (e.g. physical, emotional), intensity, and duration (e.g. acute, chronic). Internal
factors are linked to individual characteristic of a subject, species or laboratory strain, such as genetic background, living environment,
gender, age or previous encounters with the same stressor.

Activation of hypothalamic-pituitary-adrenal (HPA) axis is firmly associated with adaptive response. Upon exposure to stressor, a group
of hypothalamic neurons of the paraventricular nucleus (PVN) secretes corticotropin-releasing factor (CRF), which in turn triggers
release of adrenocorticotropic hormone (ACTH) in the anterior lobe of pituitary gland to the blood circulation. ACTH then stimulates
synthesis and release of glucocorticoids from adrenal glands (Bale & Vale, 2004). These steroid hormones are the end-product of
activation the HPA axis. In rats and mice, the predominating glucocorticoid is corticosterone. Glucocorticoid content in blood circulation
serves as good indicator of the current stage of adaptive response. Exposure to stressors causes elevation of corticosterone levels to
some extent proportional to the intensity of disturbance. As there exists a negative feedback loop, high circulating corticosterone
inhibits production of both CRF and ACTH (e.g. Keller-Wood & Dallman, 1984; Sapolsky et al., 2000).

Although activation of the HPA axis reliably reflects acute stress, value of glucocorticoids as biomarkers of chronic stress is limited. One
of the reasons for this is a methodological issue. Glucocorticoid content in blood serum and saliva reflects immediate changes in the
HPA axis activity; so that, environmental disturbances, circadian rhythms and stress response to sampling techniques may interfere
with the experimental outcome. Noninvasive monitoring of glucocorticoids in fecal and urine samples reflects a longer period of the
HPA activity (24-48 h). A perspective technique of assessment of glucocorticoid deposition in animal hair, as biomarker of long-term
HPA activity (1-2 months) so far has been applied only in a few experimental studies in Norway rats (e.g. Scorrano et al., 2015;
Uarquin et al., 2016).

HPA axis responses to predator odors in rats

Predator odors can have a profound effect on the activation of the HPA axis and induce the release of stress hormones in rats as well
as in other rodent species. Hormonal changes are expected to correlate with behavioral defensive responses (such as avoidance,
changes in feeding behavior, etc.). However, clear dissociation between behavioral and neuroendocrine responses to predator odors
was demonstrated in a number of studies (e.g. File et al., 1993; Perrot-Sinal et al., 1999). Odors from sympatric predators appear to
be more effective, so that predator-prey co-evolutionary processes may be involved (See Apfelbach et al., 2005 for review).

Reception of predator odors

The olfactory system of rodents is thought to play a key role in detection of predators. In rats, as in most mammals and reptiles, there
are two major olfactory subsystems, namely the main olfactory system (MOS) and the accessory olfactory system (AOS). Sensory
neurons of the main olfactory epithelium mostly detect volatile odorants and project to the main olfactory bulbs, from which the signal
is transmitted to the lateral amygdala, the primary olfactory cortex and to the brain areas involved in cognitive recognition of odors.
Vomeronasal organ (VNO) that is a receptive organ of the AOS mostly perceives low-volatile substances and transmits signal to the
accessory olfactory bulbs, the primary projection zone of which is the medial amygdala. In the light of current knowledge, both
olfactory systems are able to respond to general and pheromonal odor cues (Voznessenskaya et al., 2010; Mucignat-Caretta et al.,
2012 for review). Several minor chemosensory structures such as septal organ, trigeminal afferents and the Grueneberg ganglion also
aid to olfactory recognition in rodents. Thus, upon reception predator odor cues are transmitted through the main olfactory and the
accessory olfactory bulbs to the medial amygdala, particularly to its posteroventral part. Downstream the amygdala several
interconnected hypothalamic nuclei (a medial hypothalamic circuit) are activated in response to predator odors. One of this nuclei,
specifically, dorsomedial part of the ventromedial hypothalamus may be involved in the organization of endocrine stress-reactions
(Gross & Canteras, 2012).

Fox predator odors

One of the most studied predator-prey pairs is fox (Vulpes vulpes) and rat (Rattus norvegicus). Early laboratory observations of rats
fear responses to fox odors (Vernet-Maury et al.,, 1968) were later confirmed by convincing field studies. Specifically, Fenn &
MacDonald (1995) encountered a shift of activity rhythms in wild rat population under risk of fox predation. Rat is generally a nocturnal
species. However, being regularly visited by nocturnal foxes, the studied farm rat population exhibited diurnal foraging activity. A group
of rats from the same population returned to the normal nocturnal activity after being placed in the protected enclosure (Fenn &
Macdonald, 1995). Vernet-Maury et al. (1984) tested stress-effects of a number of sulfur-containing compounds, which were originally
isolated from fox feces, compared to concentrate of fox-dropping pentane extract. Of all the single molecule components 2,5-dihydro-
2,4,5-trimethylthiazoline (TMT) showed the greatest positive stress response as it was determined by the change of behavioral
parameters in the open-field test and by the increase of blood corticosterone in Wistar rats (Vernet-Maury et al., 1984). Since then, a
large body of research was accumulated on the effect of this single molecule as a model predator odor in rats (e.g. Rosen et al., 2015).
Short TMT presentations resulted in the reliable increase of corticosterone and ACTH in blood plasma of rats (Day et al., 2004; Morrow
et al., 2000). Under unescapable laboratory conditions fox odor naive rats respond to TMT with distinguishable freezing reactions and
do not habituate after repeated exposures to TMT (Wallace & Rosen, 2000). Habituation, as a non-associative form of learning, reflects
a decrease of an innate response to a stimulus after repeated or prolonged presentations of that stimulus. It is assumed that strong
innate responses will habituate slowly, if at all. However, independent groups of researchers (Wallace & Rosen, 2000; Dielenberg &
McGregor, 2001; McGregor et al., 2002; Blanchard et al., 2003) failed to observe fear conditioning with TMT odor at the behavioral
level. Classical conditioning suggests that rats would easily associate a biologically potent unconditioned stimulus (such as predator
odor) with previously conditioned neutral stimulus (e.g. novel chamber). Lack of fear conditioning may indicate that TMT is an
insufficiently specific predator odor stimulus. Another study also failed to find elevated corticosterone responses in male Wistar rats re-
introduced to the context in which TMT had been presented previously (Homiack et al., 2017). Mixed outcome from TMT studies may
also be related to genetic background of test-subjects. Rosen et al. (2006) showed that Sprague-Dawley and Long-Evans rats displayed
fear-related freezing reactions to TMT, whilst Wistar rats did not. In addition, Dias Soares et al. (2003) did not find any significant
changes in blood plasma corticosterone content one week after exposure to TMT compared to water control (i.e. they observed lack of
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sensitization) in Sprague-Dawley rats. An important criticism is that TMT is a very volatile and acrid odor even at extremely low
concentrations; so its effects may be attributed more to its noxious properties, rather than to predator signaling (Blanchard et al.,
2003). Meanwhile, olfactory bulb removal but not trigeminal nerve transection eliminated freezing behavior to TMT in rats (Ayers et al.,
2013). Thus, innate fear responses to TMT are nevertheless mediated by olfaction, not by nociception. More recently, Fendt et al.
(2018) showed that natural predator odor of fox urine elicited 22 kHz alarming calls in Sprague-Dawley rats. However, the researchers
failed to observe such ultrasonic vocalizations in response to TMT exposure (Fendt et al., 2018). Moreover, Rampin et al. (2018) found
little evidence for the presence of TMT in the fox feces using gas chromatography-mass spectrometry analyses. Taken together, the
research data still raises doubts about the potency of TMT to reflect natural predator effect in Norway rat.

Predator odors of mustelids

Representatives of carnivorous mustelids may also serve as model predators to Norway rats in laboratory and field studies (Apfelbach
et al., 2005). Perrot-Sinal et al. (1999) studied the stress-effects of acute (5 min) presentations of 2-propylthietane (main constituent
of least weasel Mustela nivalis anal gland secretion) in a relatively small group of Long-Evans hooded rats (n=24). Both male and
female rats responded with reliable increases in corticosterone and ACTH levels though without accompanying changes in locomotor
activity measures. Masini et al. (2005) tested potency of several ferret (Mustela putorius f. furo) odors to induce HPA axis activation in
Sprague-Dawley rats. 30 min of exposure to fur/skin ferret odors resulted in plasma corticosterone and ACTH elevations unlike ferret
feces, urine or anal gland secretions and control odors. Behaviorally, rats avoided ferret odors compared to the control as tested in a
defensive withdrawal paradigm (Masini et al., 2005). Further studies from the same research group showed that the behavioral
responses to ferret odor did not habituate over repeated exposures (1); HPA endocrine responses were still observed after several
repeated exposures to predator odor in the home cage (2); previous single exposure to ferret odor increased plasma ACTH and
corticosterone response (i.e. sensitization was observed) (3); ferret odor presentation did not produce associative conditioning effects
during extinction trials in the defensive withdrawal context (4) (Masini et al., 2006). Independent disruption of neither main olfactory
epithelium nor VNO could block ferret odor induced stress responses. Only combined blockade was effective, suggesting that both main
and accessory olfactory systems were involved in the processing of ferret odor in male Sprague-Dawley rats (Masini et al., 2010).

Cat predator odors

The largest body of research comes from the cat (Felis catus) — rat (Rattus norvegicus) model predator-prey studies. Rats exposed to
the cat odor show avoidance, retreat and various risk assessment behaviors involved in the monitoring of stimulus, while non-defensive
responses like grooming and feeding are inhibited (e.g. Blanchard et al., 1990; Zangrossi & File, 1992; Dielenberg & McGregor, 2001).
20 days of repeated exposures of live cat stimulus only slightly decreased defensive responses in Long-Evans hooded rats.
Furthermore, the dynamics of organ weights changes enhanced basal plasma corticosterone and reduced corticosterone response to
acute stressor suggested that repeated cat exposure is quite comparable to other intense, chronic stressors (Blanchard et al., 1998).
Exposure to cat odor leads to prolonged state of anxiety that was registered in the elevated plus maze beyond the period of odor
exposure (e.g. Zangrossi & File, 1992). File et al. (1993) documented a significant plasma corticosterone response to the 5 min
presentations of fir/skin cat odor in male Lister hooded rats. However, after 5 consecutive days of exposure, there was no difference in
plasma corticosterone concentration between experimental and control groups, suggesting habituation to the predator odor at the
hormonal level. Remarkably, one week after only a single 10-min presentation of cat urine, rats exhibited significantly increased levels
of avoidance and anxiety-like behavior in the plus-maze test, consistent with the concept of sensitization (Cohen & Zahar, 2004).
Although Dielenberg & McGregor (2001) concluded that at least 5 laboratory rat strains as well as wild-derived rats are sensitive to cat
odor exposure, genetic background of test-subjects may interfere with predator odor effects. Hogg & File (1994) described two distinct
groups of Lister hooded rats— responders and non-responders. Both they were similar in their explorative activity towards neutral odor,
but responsive or non-responsive to cat odor. Bowen et al. (2014) while exposing cat fur balls to Wistar rats also identified passive and
active responders to the predator odor. Active responders spent more time investigating stimulus and had substantially lower plasma
levels of corticosterone than passive responders. Different cat odor sources were compared. For instance, Blanchard et al. (2003)
tested cat fir/skin odor, feces and urine under the same behavioral paradigm in male Long—Evans hooded rats. They showed that only
cat fir/skin odor and feces but not urine promoted defensive behavior. And only fir/skin odor was potent enough to elicit fear
conditioning. So that, fir/skin odor may signal of immediate danger. Similarly, Voznessenskaya et al. (2003) could not find significant
differences in plasma corticosterone levels in pregnant female rats exposed to predator compared to non-predator urine. However,
plasma corticosterone measurement may not be a method of choice to evaluate predator-induced activation of HPA axis. Thus, Cinque
et al. (2018) found that a single 15 min exposure of bedding contaminated by male cat urine resulted in increased levels of fecal
corticosterone metabolite in both male and female Wistar rats compared to baseline. Urine from a bobcat (Lynx rufus), another
representative of felids, also appeared to be a potent neuroendocrine modulator, as elevated plasma corticosterone was observed in
Wistar rats upon its exposure (Whitacker & Gilpin, 2015).

In addition, strong evidence that cat odor possesses kairomone-like properties in relation to Norway rat was obtained at the neural
level. In Wistar rats cat fir/skin odor exposure promoted activation of Fos in the accessory olfactory bulb and its projection areas,
anterior olfactory nucleus, medial prefrontal cortex, striatum, and a medial hypothalamic circuit associated with defensive behavior
(McGregor et al., 2004; Staples et al., 2008). In contrast, under the same experimental conditions, of olfactory structures, TMT
activated only the glomeruli of the main olfactory bulb (Staples et al., 2008).

Another general consideration about predator odor potency to induce stress response under laboratory conditions in Norway rats is the
origin of test-subjects, more precisely the degree of their domestication. For instance, Yin et al. (2017) studied the effects of repeated
exposures of domestic cat urine in wild-derived Norway rats (F1s) in the withdrawal apparatus. The researchers observed profound
stress hormones (ACTH and corticosterone) elevations in blood serum that habituated even more slowly than defensive behavioral
responses. These results somewhat stand out from the previous research in laboratory rat strains (e.g. File et al., 1993) and may be
partially attributed to the genetic background of rat ancestors and cat, as both were captured from the wild in the same region of
China. Similarly, Storsberg et al. (2018) noticed a tendency for a more profound corticosterone response to TMT in a stock of wild-
derived Norway rats, but not in Lister hooded laboratory strain. Thus, HPA axis of wild-derived rats may be even more affected by
predator odors than that of laboratory strains.

Overall, specific domestic cat odors appear to be most potent in eliciting HPA axis activation in Norway rats, as far as they produced
the largest spectrum of short-term and long-term responses under controlled laboratory conditions. But it is obvious that odors of
predators are partial cues as they can elicit only less intense reactions than live predators. Alternatively, prey reactions may rely not
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only on predator species specificity itself, but also on common carnivorous diet metabolites as it was suggested by e.g. Nolte et al.
(1994) or Berton et al. (1998). Ferrero et al. (2011) identified 2-phenylethylamine (PEA) as a urine-derived chemical produced by a
wide range of predators and responsible for eliciting prey avoidance behavior upon detection by rodent olfactory receptor TAAR4.
Sprague-Dawley rats reliably avoided a corner of open-field arena scented with PEA, as well as developed associated acute increase in
plasma corticosterone. Intriguingly, urines of the Felidae species lion (Panthera leo) and serval (Leptailurus serval) were found to be
the most enriched in PEA content (Ferrero et al., 2011).

Effects of predator odors on reproduction in rats

Chronic exposure to the odor of natural predator negatively affects reproduction in a number of prey species, including hamsters,
voles, gerbils and mice (see Apfelbach et al., 2005 for review). In a widely accepted view, there exists the “predator induced breeding
suppression” hypothesis, which suggests a trade-off between survival and reproduction under high risk of predation. So that non-
breeding individuals are more likely to avoid predators than those in a reproductive state (e.g. Ruxton & Lima, 1997). Inhibition of
reproductive function by acute predator stress may be adaptive, leading to delay in reproduction until the onset of favorable conditions.
Meanwhile, chronic stress attributed to predator presence can result in maladaptive reproductive dysfunction.

At the endocrine level, well-documented suppression of reproduction during stress appears to be caused by specific interactions of HPA
axis and hypothalamus-pituitary-gonadal (HPG) axis. Possible interaction sites include: 1) a central inhibition of gonadotropin-releasing
hormone (GnRH) release by stress hormones (B-endorphin, CRF, glucocorticoids); 2) a decrease in pituitary responsiveness to GnRH,
resulting in decreased luteinizing hormone (LH) secretion; 3) direct gonadal effects of glucocorticoids with subsequent decrease of
responsiveness to LH. Thus, glucocorticoids negatively affect the activity of the reproductive axis at all levels, including the
hypothalamus, pituitary, gonads and target tissues of sex steroids (Johnson et al., 1992; Windfield & Sapolsky, 2003).

Effects in females

Female reproductive system appears to be more susceptible to the predator odor effects as well as to generalize stress (Apfelbach et
al., 2005; Windfield & Sapolsky, 2003). Ovarian cyclicity is a very sensitive indicator of the physiological status of the female. Certain
parameters (length, regularity, etc.) of ovarian cycles are influenced by external factors and exact values of the parameters could serve
as reliable measure. A number of studies indicate chemical signals as potential effectors (regulators) of ovarian cycles in a variety of
mammalian species, including humans (Whitten, 1957; McClintock, 1984; Sokolov et al., 1990, 1992; Voznessenskaya et al., 1992;
Koskela et al., 1996; Preti et al., 2003; Kvasha et al., 2019; Laktionova et al., 2020, etc.). Predator chemical signals are the most
potent to alter estrus cycles. For example, Koskela et al. (1996) found significant extension of the duration of estrous cycles in bank
voles (Cletrionomys glareolus) when they were exposed to least weasel (Mustela nivalis) odors. Exposure to urine odor of ferret
(Mustela putorius f. furo) significantly delayed ovulation in hamsters (Phodopus campbelli) (Apfelbach et al., 2001). Chronic exposure
of mice to cat specific chemical signal L-felinine resulted in profound increase of ovulation rate within a fixed time interval, whereas
regular intermittent exposure to the compound caused a significant reduction in a number of cycling females relative to the control
group. In the latter case, duration of the estrous cycle in ovulating females also was significantly extended. These findings indicate the
significance of chemical cues presentation rate (Kvasha et al., 2018; 2019).

Voznessenskaya et al. (1992) studied the effect of mink (Mustela vision) odor on the frequency of estrous cycles in a large cohort of
adult Wistar rats (n=120). 3-4 drops of anal sac secretions from male mink were applied on the bedding of group housed females for
24 hours every 16-20 days. Exposure of aged mink odor to rats in metestrus stage of the cycle led to the delay of next estrus for 4-12
days in 65.2% of animals. Vomeronasal organ removal, but not main olfactory epithelium oblation, reduced significantly the number of
animals with extended estrous cycles. The involvement of the accessory olfactory system may be indicative of specific predator odor
effects. Meanwhile, non-specific stress effects could not be excluded. For instance, the effect of mink odor was consistent with
observations of spontaneous cyclicity in Long-Evans rats previously subjected to maternal deprivation stress. Deprived rats exhibited
significantly more of irregular cycles than non-deprived controls (Mourlon et al., 2011). Partially, lengthening of estrous cycles in rats
may be attributed to pseudopregnancy which occurs as a result of mechanical stimulation of rat uterine cervix. In rats, adrenalectomy
extends the functional life span of the corpora lutea which is related to the duration of pseudopregnancy and luteotropic prolactin
surges (Kawaminami et al., 2002). Thus, corticosterone depletion under chronic stress conditions may result in a more frequent
occurrence of prolonged estrus cycles in rats.

Notably, prolonged stress, even if applied prior to mating in females, can negatively affect reproductive outcome. For instance,
Geraghty et al. (2015) studied the effects of the immobilization stress that was repeated for 18 days in adult female Sprague—Dawley
rats and then it was terminated 4 days prior to mating. Although the researchers did not notice any disruption of estrus cycles during
stressing, afterwards they observed a profound reproductive dysfunction, with fewer successful copulation events, fewer pregnancies,
and increased embryo resorption rate. Though the obtained negative reproductive outcome was linked rather to stress-induced rise in
the hypothalamic inhibitory peptide RFRP3 than to the corticosterone level changes (Geraghty et al., 2015).

Effects in males

Stress can disrupt male reproduction in several ways: 1) inhibition of hormones of HPG axis; 2) impairment of erectile function; 3)
extinction of normal reproductive behaviors (Wingfield & Sapolsky, 2003). A number of studies demonstrated changes in male
reproductive physiology due to prolonged predator odor exposures. Wang & Liu (2002) observed lowered frequency of copulation and
decreased reproductive organs weights in root voles (Microtus oeconomus) after 18 days of exposure to the odors of the steppe
polecat (Mustela eversmanni) under laboratory conditions. Long-term (4 weeks) exposure of two hamster species ( Criteculus triton and
Mesocricetus auratus) to the anal gland secretions of Siberian weasel (Mustela sibirica) resulted in the increased levels of plasma
cortisol (Zhang et al., 2003). Vasilieva et al. (1999) studied a possible influence of cat urine on reproductive development in male
Campbell's hamsters (Phodopus campbelli). Long lasting exposure to cat urine caused reduced body and epididymis weights and
increased relative adrenal gland weight. These observations corresponded with meiotic abnormalities in spermatocyte preparations.
Malanina & Voznessenskaya (2014) exposed male laboratory rats to intact cat urine as well as to cat specific urine compound L-felinine
(0.05%, 0.2 ml) for two weeks. Both treatments significantly suppressed plasma testosterone. The observed effect may be attributed
to the direct inhibitory effect of glucocorticoids on testicular Leydig cell function. Leydig cell sensitivity to LH is decreased by
glucocorticoids, probably due to glucocorticoid induced reductions in testicular LH receptors (Bambino & Hsue, 1981). For instance,
Charpenet et al. (1981) observed decreased plasma and testicular testosterone in rats subjected to the chronic intermittent
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immobilization stress. The researchers concluded that such stress effect was related to the suppressed Leydig cell sensitivity to
gonadotropins.

Effects on reproductive success

It has been known for a long time that stress during pregnancy, usually referred to as maternal stress, can impair reproductive
outcome in Norway rats (e.g. Pollard, 1984; Guo et al., 1993). Go&tz et al. (2008) showed that even mild stress such as daily social
confrontations during pregnancy resulted in reduced litter sizes and total lower body masses in Long—Evans rats.

Under laboratory conditions negative effects of predator odors on reproductive outcome were demonstrated in the house mouse (Mus
musculus), the Mongolian gerbil (Meriones unguiculatus) and the golden hamster (Mesocricetus auratus) (e.g. de Catanzaro, 1988;
Vasilieva et al., 2001; Voznessenskaya, 2014; Adduci et al., 2019).

The effect of predator odors on the reproductive success of Norway rats was extensively studied in V.V. Voznessenskaya research
group. According to the initial observations, naive rats from an outbred laboratory population responded with reduced litter sizes to
domestic cat (Felis catus) urine exposure during pregnancy. To address the specificity of the stressor effect during pregnancy, several
stimuli were tested, namely, urine from feral cats, normally hunting for mice and having mice regularly in their diet (1), the same cat
urine treated with HgSO,4 to remove sulfur compounds and amines (2), urine from cats maintained on the vegetarian diet (3), urine
from overcrowded rats kept on a food-restriction schedule, as a source of conspecific signals of high population density (4)
(Voznessenskaya et al., 2003). Controls were treated with either tap water or non-predator (guinea pig) urine. Urine of carnivores is
reach in sulfur compounds, which comprise products of protein digestion. Previously, Nolte et al. (1994) found that coyote urine
collected from animals on vegetarian diet and urine from meat-fed coyotes treated with HgSO4 had lost its initial aversive properties
towards several herbivore species. Similarly, Voznessenskaya et al. (2003) concluded that cat diet was important in inhibiting
reproductive outcome in rats. Females exposed to intact urine from feral cats normally hunting for mice, had the smallest litter sizes
(e.g. 4.8 £ 0.4 vs. 8.6 £ 0.2 in guinea pig urine control). All other treatments did not differ in their effects on rat reproductive outcome
from tap water control, except for the group that received urine from overcrowded rats (litter size 6.7 £+ 1.2). The last finding suggests
that urine from conspecifics can also contain reproductive inhibitory cues, possibly similar in its nature to predator odor cues. Some
explanation may rise from the results of later research in mice. Brechbiihl et al. (2013) identified sulfur-containing alarm pheromone 2-
sec-butyl-4,5-dihydrothiazole (SBT) in mice, which shares its chemical structure with TMT, a fearful substance isolated from fox feces
(Vernet-Maury et al., 1984). SBT is the major mousy odorant and present almost exclusively in male urine; it is not depleted from urine
even after repeated headspace or solvent extractions since its majority is tightly bound to the major urinary proteins (MUPs) (Kwak et
al., 2016). Interestingly, the results of another recent research indicated that TMT can also negatively affect reproductive outcome in
mice (Adduci et al., 2019). Continuing their research on the influence of cat urine on rat pregnancy outcome, Voznessenskaya et al.
(2003) aimed to determine a sensitive period for odor effects during gestation. While manipulating length and onset of cat urine
treatment, the researchers concluded that sensitive period occurs within the first half of gestation, and that 48 h exposure to predator
urine up to 3 days after mating is sufficient to reduce reproduction. Reduction in litter size under cat urine exposure could be attributed
to the reduced implantation and resorption of embryos during the early stage of gestation. Consistent with morphological observations,
plasma progesterone levels were decreased in pregnant rats under cat urine exposure. Meanwhile, corticosterone levels were not
elevated. One more important outcome is that predator odor as well as overcrowded conspecific urine produced litters biased toward
males. In accordance with theory on reproductive value, total reproductive output of males and females in diploid sexually reproducing
species is identical, as everyone has one mother and one father. If less individuals of one sex are produced, then their mean
reproductive success will be higher than that of the other sex. Under high risk of predation, males may be also “cheaper” to produce
for their mothers. Furthermore, dominance hierarchies in mature rats are more abundant in males than in females (e.g. Schweinfurth,
2020). So that non-dominant omega males normally disperse from their natal colony, and thus they could serve a kind of colony
sacrifice to predator.

Discussion

Chemical signals from Felidae family other than domestic cat urine can also affect reproductive outcome in Norway rats. For instance,
female rats from outbred laboratory population if kept in close proximity to lynx (Lynx lynx) had higher pre-implantation losses than
control groups held at greater distances. Total losses in experimental groups were twice as high as in control groups. The presence of
the predator affected pre-implantation losses, though not as much as the effects on post-implantation losses (Naidenko et al., 2004). A
putative cat pheromone precursor L-felinine (2-amino-7-hydroxy-5,5-dimethyl-4-thiaheptanoic acid) is excreted in cat urine in a sex and
age-dependent manner (Miyazaki et al., 2006). This enhances informational load of the predators scent mark from a point of view of
prey species, since L-felinine concentration is higher in urine of dominant healthy males, potentially the most effective hunters. L-
felinine was found in excretions of several close related Felidae species (Hendriks el al, 1995). Notably, this substance reliably inhibited
reproductive activity and reproductive outcome in the house mouse (Voznessenskaya, 2014). Exposure of pregnant females during
gestation to felinine (0.05%) affected sex-ratio in litters in favor of males. At weaning average body weight of pups prenatally exposed
to felinine was significantly lower (Malanina & Voznessenskaya, 2011).

Assessment of reproductive success in rats was also applied to compare the effects of urine odors from sympatric predators: domestic
dog (Canis familiaris), ferret (Mustela putorius), domestic cat (Felis catus) (Klyuchnikova et al., 2020). Females exposed to cat urine
during pregnancy had significantly smaller litter sizes. Effects of urines from other predators did not differ from control. Fewer female
than male pups were observed only in cat urine exposure group. Weight of pups at weaning was significantly lower for prenatally
exposed to cat urine and to ferret urine while dog urine exposures did not affect weight of pups. Thus, assessment of reproductive
success in rats may be treated as a robust experimental model to evaluate ecologically relevant stress effects of predator odors.
However, the impacts of a generalized response to different stressors and various effects of specific stimuli such as chemical signals are
not yet defined.

Conclusion

Here, we performed a systematic review on potency of predator chemical cues to provoke long lasting and chronic stress responses as
well as to inhibit reproduction in Norway rat (Rattus norvegicus). Predator odors of red fox (Vulpes vulpes), ferret (Mustela putorius),
domestic cat (Felis catus) and some other related species induce a specific release of glucocorticoid corticosterone in Norway rats. Data
on chronic activation of the hypothalamus-pituitary-adrenal (HPA) axis in rats under the influence of chemical signals of predators are
quite scarce and not systematic. Dissociation between the primary defensive avoidance reaction and the development of a
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neuroendocrine response may occur. However, domestic cat odors appear to be the most potent in eliciting HPA axis activation in
Norway rats, as far as they produced the largest spectrum of short-term and long-term behavioral and neuroendocrine responses
under controlled laboratory conditions. This fact may indicate that domestic cat — Norway rat relationship relies on closer predator-prey
co-evolutionary processes. The biological activity of natural predator odors also depends on their diet, gender and hormonal status, as
well as on a specific signal source (urine, feces, etc.). Interactions of HPA axis and HPG (hypothalamus-pituitary-gonadal) axis result in
a well-documented suppression of reproduction under psychological stress. Similarly, chronic exposure to domestic cat urine induced
disruption of estrous cycles and reduction of litter size in female rats as well as suppressed plasma testosterone in males. Assessment
of reproductive success in rats may be considered as a robust experimental model to evaluate ecologically relevant stress effects of
predator odors. Application of this approach could promote development of environmentally friendly methods to control rat population
density.
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