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Abstract

Background: The common grey wolf (Canis lupus) is found throughout the entire Northern hemisphere and preys on many
kinds of mammals. The urine of the wolf contains a number of volatile constituents that can potentially be used for
predator—prey chemosignalling. Although wolf urine is put to practical use to keep rabbits, rodents, deer and so on at bay,
we are unaware of any prior behavioural studies or chemical analyses regarding the fear-inducing impact of wolf urine on
laboratory mice.

Methodology/Principal Findings: Three wolf urine samples harvested at different times were used in this study. All of them
induced stereotypical fear-associated behaviors (i.e., avoidance and freezing) in female mice. The levels of certain urinary
volatiles varied widely among the samples. To identify the volatiles that provoked avoidance and freezing, behavioural,
chemical, and immunohistochemical analyses were performed. One of the urine samples (sample C) had higher levels of 2,6-
dimethylpyrazine (DMP), trimethylpyrazine (TMP), and 3-ethyl-2,5-dimethyl pyrazine (EDMP) compared with the other two
urine samples (samples A and B). In addition, sample C induced avoidance and freezing behaviours more effectively than
samples A and B. Moreover, only sample C led to pronounced expression of Fos-immunoreactive cells in the accessory
olfactory bulb (AOB) of female mice. Freezing behaviour and Fos immunoreactivity were markedly enhanced when the mice
were confronted with a mixture of purified DMP, TMP, and EDMP vs. any one pyrazine alone.

Conclusions/Significance: The current results suggest that wolf urinary volatiles can engender aversive and fear-related
responses in mice. Pyrazine analogues were identified as the predominant active components among these volatiles to
induce avoidance and freezing behaviours via stimulation of the murine AOB.

Citation: Osada K, Kurihara K, Izumi H, Kashiwayanagi M (2013) Pyrazine Analogues Are Active Components of Wolf Urine That Induce Avoidance and Freezing
Behaviours in Mice. PLoS ONE 8(4): e61753. doi:10.1371/journal.pone.0061753

Editor: Johan J. Bolhuis, Utrecht University, The Netherlands
Received December 10, 2012; Accepted March 13, 2013; Published April 24, 2013

Copyright: © 2013 Osada et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported by the Health Sciences University of Hokkaido. The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: osadak@hoku-iryo-u.ac.jp

Introduction practical matter, wolf urine is used to drive away these animals
without killing them [4,5,7,9]. Previous studies clearly indicate that
wolf urine contains semiochemicals that repel their prey. Indeed,
entire. Northern hemisphere and preys on many kinds of ¢ yrine of the wolf [10], coyote (Canis latrans) [11] and red fox
mammals, including deer, rabbits, squirrels and mice. The wolf (Vidpes vulpes L) [12] all comprise sulphurous chemicals that emit a
is a gregarious carnivore that has a more complex communication strong stench. Of these, Ag-isopentenyl methyl sulphide [13] and
system than the comparative!y solitary fox or cat [1]. The wolf its derivatives are candidate predator kairomones. However, their
utilizes visual, voc.al a'nd tactile cues, as wel.l as chenllo-olfactory capacity to provoke avoidance behaviour is limited [9,14].
modes of communication [1]. Urination provides a major mode of Therefore, we hypothesized that wolf urine contains additional

chemical communication for the wolf, and the way in that the kairomones that are used in predator-prey chemosignalling.
urine is deposited relates to behaviours displayed during marking

[2]. Urination and the chemical scent components of urine are
intimately involved in communication, not only among individuals
of the same species (conspecific communication), but probably also
between individuals belonging to different species (interspecific
communication).

Wolf urine induces avoidance behaviour in cattle [3], wild
animals [4-7] and rats [8]. Wild animals frequently leave their
natural surroundings and infiltrate into human habitats. As a

The common grey wolf (Canis lupus) is found throughout the

The current study systematically analysed the avoidance
behaviour [8,15] and freezing behaviour [16-19] of female mice
in response to wolf urine. We also employed gas chromatography-
mass spectrometry (GC-MS) to characterize the volatile com-
pounds in three different wolf urine samples. By comparing the
results between the three samples, candidate fear-inducing
pyrazine analogues were identified. Additional behavioural and
immunohistochemical studies were performed to show that these
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candidate pyrazine analogues, and especially combinations there-
of, encouraged significant freezing behaviour in mice, in part by
the stimulation of the murine accessory olfactory bulb (AOB).
These results support the proposition that wolf urine contains
novel kairomones that mediate predator-prey chemosignalling.
Notably, a cocktail of pyrazine analogues had a similar effect to
that of the urine itself, suggesting that the cocktail may prove
useful in applications to disperse wild animals.

Results

(a) Behavioural Studies

We first conducted an avoidance test for the three wolf urine
samples, A, B and C. These samples were harvested in November
2009 (sample A), January 2010 (Sample B) and March 2010
(sample C) (see details in the Materials and Methods section).
Different concentrations of wolf urine (undiluted, 5-fold diluted
and 15-fold diluted) were tested for their ability to induce
avoidance behaviour in female mice (Figure 1). The average time
spent in the short arm of the Y maze that contained either the wolf
urine sample or the control odour (water) during the 3 min test
varied between 100.7 sec and 128.4 sec. All three undiluted wolf
urine samples elicited significant avoidance activity from the mice
compared with the control (water vs. water) (sample A, 62.4+9.7,
P<0.01; sample B, 63.9%3.0, P<<0.01; sample C, 69.9%9.1,
P<0.001 vs. control, 48.9%4.9; one-way analysis of variance
(ANOVA) followed by Dunnett’s post-hoc test. The entire data set
for the three undiluted samples was subjected to repeated-measure
ANOVA. This analysis revealed a significant main effect of the
wolf urine samples on avoidance activity (F(3, 20)=7.478,
P<0.01). Fisher’s protected least squares difference (PLSD) post-
hoc test indicated that the avoidance activity of sample C was
higher than that of sample A (P<<0.05) or sample B (P<<0.05).
Although the avoidance rate for all three samples tended to
decrease with dilution, diluted sample C continued to demonstrate
significantly higher aversive effects toward the mice than the other
two urine samples.

Next, a test for freezing (i.e., immobilization) was performed
with the three wolf urine samples. Figures 2a and b show the mean
time spent freezing during a 3 min exposure to wolf urine. An
overall ANOVA with odour as a between-subject factor revealed a
significant main effect of wolf urine odour on freezing behaviour
(undiluted urine samples, F(3,44)=4.006, P<<0.05; 5-fold diluted
samples, F(3,41) = 3.400, P<<0.05). Dunnett’s post-hoc test showed
that all three wolf urine samples induced significantly more
freezing behaviour than the water control (P<<0.05 for sample A,
and P<<0.01 for samples B and C). On the other hand, when the
samples were diluted 5-fold, only sample C vyielded freezing
behaviour that was significantly different from that elicited by the
water control (P<<0.01; Figure 2b).

(b) Fos Immunoreactivity in the AOB after Exposure to
Wolf Urine Samples

To explore the signalling pathway elicited by wolf urine
odorants, we examined immunoreactivity for Fos, a marker of
neuronal excitation, in the main olfactory bulb (MOB) and the
AOB. Figure 3 shows that Fos immunoreactivity was particularly
intense in the AOB after exposure to the 5-fold diluted wolf urine.
Therefore, we focused on the AOB in the following immunohis-
tochemical investigations.

Exposure of the vomeronasal organ (VNO) of female mice to
urine excreted from female mice induced moderate Fos expression
in the AOB (Figure 3A), while exposure to the 5-fold diluted wolf
urine sample C resulted in stronger Fos expression (Figure 3B).
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After exposure to the 5-fold diluted wolf urine, Fos-immunoreac-
tive cells were found in the posterior granule cell (PGC) layer, the
mitral cell (MTC) layer and the granule cell (GC) layer. The
greatest density of labelled cells was observed in the GC layer.
These results suggest that substances contained in wolf urine
provoke excitation of the vomeronasal system.

Figure 4 shows the density of Fos-immunoreactive cells
(number/mm?) in serial sagittal sections of the AOB of female
mice after exposure to various wolf urine samples. The data from
each group were analysed via two-factor ANOVA with urine
samples and regions (anterior MTC (AMT) layer, posterior MTC
(PMT) layer, anterior GC (AGC) layer and PGC layer) as
independent factors. This analysis revealed a significant main
effect of urine samples on overall cell density in the AOB (I (3,
32)=4.877, P<0.01). Fisher’s PLSD post-hoc test indicated that
the density of Fos-immunoreactive cells was higher after exposure
to diluted sample C than that after exposure to diluted sample A
(P<<0.05) or diluted sample B (P<<0.005). The test also indicated
that the density of Fos-immunoreactive cells was higher after
exposure to undiluted sample C than that after exposure to diluted
sample B (P<<0.01).

(c) Chemical Studies

Typical examples of the GC-MS chromatograms of the three
wolf urine samples are shown in Figure 5. Over 50 representative
peaks were chosen for comparison because we could reliably
detect these peaks in at least two of the three samples. Of these, 34
were positively or tentatively identified by GC-quadropole MS
(Table 1, Figure 5). Methyl isopentyl sulphide (peak #6), A®-
isopentenyl methyl sulphide (peak #S8), 4-methyl-3-heptanone
(peak #11), etc., were previously identified in a report detailing the
volatile constituents of wolf urine [10]. However, these chemicals
were not enriched in sample C relative to samples A and B.
Instead, sample C differed significantly from samples A and B in
terms of nine peak areas that were higher in sample C and three
peak areas that were lower (Table 1). DMP (2,6-dimethylpyrazine),
TMP (trimethylpyrazine) and EDMP (3-ethyl-2,5-dimethyl pyr-
azine) were among the nine compounds that were found at high
levels in sample C (Table 1). The concentrations (mean*SD) of
these chemicals in urine sample C were as follows: DMP,
3.0x1.3 ppm; TMP, 0.6%£0.1 ppm, DEMP, 0.9+0.2 ppm.

Although 2,5-dimethylpyrazine (not 2,6-dimethylpyrazine) has
been reported to be a mouse pheromone and has been used in
previous studies [20,21], there is little evidence of the presence of
DMP, TMP or EDMP in mouse urine [22-28], and only one
study has detected trace levels of DMP and TMP in mouse urine
[29]. In addition, although these volatile pyrazines are character-
ized by a strong odour, they do not appear to facilitate conspecific
communication among canines [10,12]. Therefore, it is conceiv-
able that DMP, TMP and EDMP are novel fear-inducing
kairomones that are unique to the urine of predators, including
wolves. On the other hand, acetophenone, 4-methyl phenol, 4-
ethyl phenol and propanol (also found at high levels in wolf urine
sample C, Table 1) exist ubiquitously in the urine of all
mammalian species [22-28], and there is no evidence to suggest
that they play a role in chemosignalling [30,31]. Therefore, we
next conducted additional behavioural and immunohistochemical
studies specifically for DMP, TMP and EDMP.

(d) Behavioural Studies for DMP, TMP and EDMP

Figure 6 shows the mean time spent freezing during exposure to
purified DMP, TMP or EDMP (50 pl of each, 1% v/v), or to a
mixture of DMP, TMP and EDMP (pyrazine cocktail; 50 ul total,
0.33% v/v of each). An overall ANOVA with odour as a between-
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Figure 1. Avoidance rate during exposure of mice to wolf urine samples A, B and C. The avoidance rate was defined as the amount of time
spent in the short arm of the Y maze with the control odour (water) divided by the total amount of time spent in both short arms with the wolf urine
odour or the control odour. The statistical significance of the differences between the avoidance rates elicited by each of the wolf urine samples was
assessed by repeated-measured ANOVA followed by Fisher’s PLSD post-hoc test.

doi:10.1371/journal.pone.0061753.g001
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Figure 2. Comparison of freezing (immobilization) duration in
mice during a 3 min exposure to (a) undiluted wolf urine
samples and (b) 5-fold diluted wolf urine samples. The statistical
significance of the differences between the freezing duration in
response to wolf urine samples compared with control (water) was
assessed by ANOVA followed by Fisher's PLSD post-hoc test (*P<<0.05,
**P<0.01 vs. control).

doi:10.1371/journal.pone.0061753.g002
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subject factor revealed a significant effect of odour on freezing
behaviour [F(6,38)=3.688, P<<0.01 for a 5 min observation
period, F(6,38)=6.096, P<<0.001 for a 10 min observation
period]. Dunnett’s post-hoc test also showed that these chemicals
induced significantly more freezing behaviour than water [P<<0.05
for DMP (10 min observation period) and TMP (5 min observa-
tion period); P<<0.001 for the pyrazine cocktail (5 and 10 min
observations periods)]. Moreover, the pyrazine-mediated freezing
effects were stronger than those instigated by 2,5-dihydro-2,4,5-
trimethylthiazoline (TMT; 1%), a fear-inducing stimulus identified
in fox faeces [19,32]. Furthermore, the mixture of TMP, DMP
and EDMP was more effective than any pyrazine by itself and,
indeed, was more efficacious than 10% TMT.

(e) Fos Immunoreactivity in the AOB after Exposure to
Urine-derived Chemicals

Figure 7 shows the density of Fos-immunoreactive cells
(number/mm?) in the AOB of female mice after exposure to the
pyrazine cocktail or the control (water). The data from each group
were analysed by two-factor ANOVA, with the samples and
mvestigated regions (AMT, PMT, AGC and PGC layers) as
independent factors. This analysis revealed a significant main
effect of sample [F (2, 68)=25.302, P<0.001], but not of region.
Fisher’s PLSD post-hoc test indicated that the density of Fos-
immunoreactive cells in the AOB after exposure to the pyrazine
cocktail was higher than that after exposure to water (P<<0.001).

Discussion

The present study shows that wolf urine odours are aversive and
fear-inducing to female mice (Figures 1, 2) and that this is due, at
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Figure 3. Sagittal section of the AOB of female mice stained with an antibody against Fos after exposure to female murine urine (A)
or 5-fold diluted wolf urine sample C (B). PTC, periglomerular cell layer; MTC, mitral cell layer; GC, granule cell layer.

doi:10.1371/journal.pone.0061753.g003

least in part, to changes in the levels of specific volatile urinary
compounds (Table 1, Figure 5). To the best of our knowledge, this
is the first investigation to show that wolf urine can evoke fear in
mice.

This study was conducted with three different wolf urine
samples, A, B and C. The results of our behavioural experiments
indicate that there are significant differences in the fear-inducing
effects between wolf urine sample C and samples A and B
(Figures 1 and 2), with sample C having the most pronounced
activity. Moreover, immunohistochemical analyses indicated that
exposure to sample C significantly increased the density of Fos-
immunoreactive cells in the murine AOB compared with murine
urine (Figure 3) or samples A and B (Figure 4). Furthermore,

chemical analyses revealed that the levels of pyrazine analogues,
namely, DMP, TMP and EDMP, were significantly higher in
sample C relative to samples A and B (Table 1, Figure 5). Notably,
the pyrazine analogues mimicked the ability of wolf urine to
induce freezing behaviour (Figure 6), especially when combined in
a pyrazine cocktail. Therefore, our present study indicated that
pyrazine chemicals identified in wolf urine comprise a set of novel
kairomones that initiate defensive behaviour in mice.

Other predator-derived odorants also elicit powerful aversion
and freezing responses in the rodent. For example, naive rats and
mice exposed to the odour of foxes or TMT [16,32], the most
effective fear-inducing component in fox faeces, showed species-
specific defensive responses, such as freezing-in-place [17-19,33].
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Figure 4. Density of Fos-immunoreactive cells (number of cells/mm?) in the MTC and GC layers in the anterior and posterior regions
of the AOB after exposure to undiluted wolf urine sample C (sample C/1) or 5-fold diluted samples A, B or C (sample A/5, sample B/
5, sample C/5). The statistical significance of the differences between sample C vs. samples A and B was assessed by ANOVA followed by Fisher’s
PLSD post-hoc test. The density of Fos-immunoreactive (Fos-ir) cells in the anterior GC layer was higher after exposure to diluted sample C relative to
diluted sample A (P<<0.01) or diluted sample B (P<<0.01); similarly, the density of Fos-immunoreactive cells in the posterior GC layer was higher after
exposure to diluted sample C vs. diluted sample A (P<<0.05) or diluted sample B (P<<0.01). Furthermore, the density of Fos-immunoreactive cells was
higher after exposure to undiluted sample C vs. diluted sample A (P<0.01) or diluted sample B (P<<0.005). AMT and PMT, anterior and posterior mitral
cell layer; AGC and PGC, anterior and posterior granule cell layer.

doi:10.1371/journal.pone.0061753.g004
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Figure 5. Chromatograms from GC-MS analyses of wolf urine samples. Numbers refer to the following compounds: (8) A-isopentenyl
methyl sulphide; (9) 1-(methylthio)-2-methylbut-2-ene; (10) 3-buten-1-ol, 3-methyl-; (11) 4-methyl-3-heptanone; (12) 2,4-dithiapentane*; (13) 1-
pentanol, 2-methyl-; (14) pyrazine, 2,6-dimethyl- (DMP)*; (15) dimethyl trisulphide*; (16) pyrazine, trimethyl- (TMP)*; (17) pyrazine, 3-ethyl-2,5-

dimethyl (EDMP)*; (18) acetic acid*. *Identified by GC-MS (n=6) and a comparison with the retention times of identified chemicals.

doi:10.1371/journal.pone.0061753.g005

Similarly, rodents exposed to cat-derived odours demonstrated
dose-dependent fear-related responses, including freezing, avoid-
ance and the elevation of stress hormones [34-36]. In addition,
Ferrero et al. reported that 2-phenylethylamine (2-PEA), a
common constituent of carnivore urine (including lion, serval,
tiger and jaguar urine), is a key component of an odorant blend
that triggers hard-wired aversion circuits in the rodent brain [15].
In the present study, we did not identify 2-phenylethylamine as an
avoidance odour chemical. This discrepancy is likely due to
differences in the analytical methods used, namely head space
solid phase micro-extraction (HS-SPME) and extraction with an
organic solvent. In some cases, these two sampling approaches are
complementary and can generate different results [37,38].

The chemicals in the above studies [25-33] exerted their actions
by stimulating the main olfactory system. Although the pyrazine
volatiles identified in the current study primarily affected Fos
immunoreactivity in the murine AOB, it is conceivable that they
also stimulated the MOB to evoke freezing behaviour. DMP,
TMP and EDMP are all volatile chemicals that emit a pungent
odour, and freezing behaviour is only observed in response to
repugnant predator odours, such as TMT. Notably, the activity of
the pyrazine cocktail (0.33% v/v of each) was stronger than that of
10% TMT, suggesting that the putative wolf urine-derived
pyrazine kairomones have a more pronounced fear-inducing
effect than TMT, at least in mice. However, TMT is more
effective in inducing fear in rats than mice [19,39,40]; therefore,
further investigation is needed to clarify how these wolf urine-
derived pyrazine kairomones induce fear in rats.

As noted above, the pyrazine cocktail, like wolf urine sample C,
increased Fos expression in the AOB of female mice (Figure 7).
The rodent vomeronasal system plays a crucial role in mediating
pheromone-evoked social and sexual behaviours [41]. Recent
studies demonstrated that the VINO and its synaptic target, the
AOB, are involved not only in conspecific pheromone perception,
but also in the interspecific detection of kairomones. For example,
Ben-Shaul et al. [42] identified a significant fraction of murine
AOB neurons that responded robustly and selectively to predator
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cues. In addition, the exposure of rodents to cat odours augmented
the number of Fos-positive cells in the AOB [43].

Until recently, the chemical basis for AOB stimulation by cat
odours remained elusive. However, Papes et al. [44] demonstrated
that rat lipocalin encoded by the Mup 13 gene and recombinant
feline Mup (based on Mup Feld4 in cat saliva) are sufficient to
activate VNO and AOB neurons and initiate defensive behaviour
(but not freezing behaviour) in mice. In addition, cat odour alone
activates the rat AOB and its projection areas in the extended
amygdala, as well as a medial hypothalamic circuit that is strongly
assoclated with defensive behaviour [43]. On the other hand, little
is understood in terms of chemical mechanisms behind cat odour-
induced freezing behaviour. In this regard, the present observa-
tions are the first to identify volatile urinary chemosignals (i.e.,
pyrazine analogues) that provoke fear-associated immobilization
and stimulate the rodent AOB, and perhaps the MOB as well.

The mechanism(s) that might underlie the formation of pyrazine
analogues in wolf urine is unknown. However, an intriguing
possible explanation is related to the glycation which occurs in
living animals [45,46]. Alkylpyrazines are a typical class of
glycation compound [47], and TMP and DMP are formed
between glycine oligopeptides and reducing sugars [48]. Impor-
tantly, food-derived oligopeptides are detected in the blood flow
after oral ingestion of meat and collagen [49,50]. Therefore, high
amounts of amino compounds in prey or foods containing meat or
connective tissue may be the source from which pyrazine
analogues are generated in carnivores (including wolf).

Our observations also raise the question of why sample C
contains salient amounts of pyrazine analogues. A likely explana-
tion is related to the harvest season of the urine samples. Raymer
et al. [10] reported that several wolf urine-derived compounds
displayed seasonal dependence, with levels of certain compounds
increasing in March, one month after the conclusion of the
breeding season. Sample C was harvested in March, whereas
samples A and B were harvested in November and January,
respectively. This suggests that pyrazine analogue levels may also
increase in the urine near the end of the breeding season.
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Alternatively, harvest season-associated changes in food quan-
tity or quality may affect the urinary content of pyrazine
analogues; indeed, considerable evidence indicates that short-term
fluctuations in urinary content and odour can result from dietary
changes [28,51,52]. Moreover, Nolte et al. [11] demonstrated that
diet composition and sulphurous metabolites of meat digestion are
important factors for the repellency of predator odours against
potential prey. Therefore, seasonal changes in food quality could
account for alterations in pyrazine analogue concentrations in the
urine of donor wolves. Finally, wolf urine constituents can be
modified by gender and social status [53]. In our study, the
influences of gender and social hierarchy within the pack cannot
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Table 1. Analysis of peak areas (as a per cent of the total) for 35 representative constituents of wolf urine samples A, B and C.
Sample A Sample B Sample C
Interquartile Interquartile interquartile
ID# Peak identity RT average range average range average range p<0.05
1 Dimethyl sulfide* 1.8 0.00 0.00-0.00 3.25 3.03-3.58 1.48 1.30-1.61
2 acetone* 24 0.52 0.36-0.93 0.24 0.13-0.35 0.00 0.00-0.01
3 Methyl propyl sulfide 3.9 0.15 0.01-0.37 8.27 7.43-9.06 0.19 0.05-0.27
4 Methyl butyl sulfide 6.6 0.09 0.06-0.12 2.01 1.57-2.77 0.07 0.06-0.09
5 1-Propanol/Toluene* 7.2 0.27 0.10-0.58 0.43 0.06-0.74 9.07 5.94-18.06 ¥
6 Methyl isopentyl sulfide* 7.9 0.07 0.05-0.12 0.30 0.19-0.41 0.08 0.07-0.10
7 Disulfide, dimethyl* 8.0 1.71 1.52-2.13 0.54 0.39-0.74 0.05 0.01-0.11 #
8 A3-Isopentenyl methyl sulfide 9.8 16.75 9.79-22.84 9.84 7.20-14.49 6.22 3.85-8.89
9 1-(Methylthio)-2-methylbut-2-ene 10.1 0.22 0.02-0.74 0.12 0.04-0.19 0.52 0.37-0.63
10 3-Buten-1-ol, 3-methyl- 1.7 1.17 0.96-1.67 0.62 0.51-0.83 0.29 0.16-0.45 #
11 4-methyl-3-heptanone 11.8 0.22 0.00-0.86 0.00 0.00-0.00 0.00 0.00-0.01
12 2,4-Dithiapentane* 12.2 0.52 0.41-0.71 0.99 0.81-1.19 0.14 0.12-0.15 #
13 1-Pentanol, 2-methyl- 124 0.03 0.00-0.10 0.13 0.00-0.31 0.21 0.17-0.23
14 Pyrazine, 2,6-dimethyl-* 13.0 0.68 0.33-1.64 1.09 1.00-1.21 4.16 3.56-4.68 F
15 Dimethyl trisulfide* 13.7 1.26 0.66-2.39 252 2.25-3.08 0.08 0.01-0.13
16 Pyrazine, trimethyl-* 14.1 0.19 0.13-0.34 0.34 0.32-0.36 0.66 0.58-0.79 F
17 Pyrazine, 3-ethyl-2,5-dimethyl-*  14.6 0.04 0.02-0.09 0.09 0.07-0.10 1.04 0.95-1.16 F
18 Acetic acid* 14.7 1.04 0.17-2.28 2.70 0.11-5.04 0.01 0.01-0.01
19 1-Hexanol, 2-ethyl- 15.1 0.20 0.00-0.47 1.03 0.79-1.35 528 0.39-10.44
20 Geranyl nitrile 15.2 12.41 10.64-13.67 10.29 7.31-14.11 9.34 5.64-11.55
21 Unknown 153 0.00 0.00-0.00 0.03 0.00-0.08 217 1.74-2.59 F
22 Propanoic acid* 159 0.09 0.00-0.19 0.17 0.02-0.29 0.01 0.01-0.01
23 Acetophenone* 17.5 1.40 0.94-1.99 1.19 0.97-1.62 5.84 5.48-6.49 ¥
24 Oxirane, [(1-methylethoxy)methyl]-18.3 0.80 0.45-1.64 2.62 0.12-5.63 0.62 0.34-0.93
25 Acetamide* 184 0.29 0.09-0.64 0.02 0.00-0.05 0.00 0.00-0.00
26 Aniline* 18.7 0.00 0.00-0.01 0.15 0.02-0.24 0.75 0.65-0.85
27 Benzenemethanol 19.3 0.85 0.66-1.37 0.68 0.64-0.73 2.49 2.11-2.69
28 4,6-Dimethyl-[1,2,3]trithiane 19.9 524 0.00-12.34 7.80 3.30-13.31 7.36 1.80-11.70
29 Quinoline, 2-methyl-* 21.2 11.62 0.96-16.28 12.42 10.81-15.92 14.52 13.48-17.00
30 Phenol* 214 20.41 18.35-23.35 22.01 19.78-23.94 10.81 9.95-11.75
31 Phenol, 4-methyl-* 222 1.18 0.74-2.28 3.69 2.59-4.46 7.64 6.92-8.85 F
32 Phenol, 4-ethyl-* 233 0.00 0.00-0.00 0.01 0.00-0.05 2.08 1.71-2.72 F
33 Benzoic acid* 26.8 0.24 0.12-0.39 0.02 0.00-0.04 0.00 0.00-0.00
34 Indole* 27.0 19.32 17.84-20.60 434 3.36-5.78 5.95 1.92-8.57
The median area is shown for six MS experiments. *Positively identified by GC-quadropole MS and by matching the retention times against identified chemicals in wolf
urine. The chemicals without symbols were tentatively rather than positively identified by GC-quadropole MS. TSignifies a significantly higher peak area, whereas
#signifies a significantly lower peak area, in sample C compared with either sample A or B, as assessed by the Kruskal-Wallis test and the Steel-Dwass post-hoc test.
doi:10.1371/journal.pone.0061753.t001

be excluded. Clearly, further investigation is needed to clarify why
pyrazine levels are elevated in certain wolf urine samples.

In conclusion, our findings clearly illustrate the following points.
1) Wolf urine odours induce aversive and fear-related responses in
female mice. 2) These activities are mainly due to the presence of
particular volatile pyrazine compounds, namely, DMP, TMP and
EDMP, in wolf urine. 3) The mixture of DMP, TMP and EDMP
is more potent than any one component alone. 4) Wolf urine and
the pyrazine mixture both stimulate the murine vomeronasal
system.

Regarding this final point, we note that although wolf urine has
been put to practical use for the eradication of wild animals from
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Figure 6. Comparison of freezing duration in mice during a 5 or
10 min exposure to pyrazine compounds. The statistical signifi-
cance of the differences between the freezing duration in response to
pyrazines vs. water (control) was assessed by ANOVA followed by
Fisher’s PLSD post-hoc test (*P<0.05, **P<<0.01, ***P<<0.001 vs. control).
doi:10.1371/journal.pone.0061753.g006

residential areas, pyrazine analogues are readily available and
hence more convenient for this application than wolf urine.
However, further studies are required to confirm whether pyrazine
analogues can mimic the dispersive actions of wolf urine.
Moreover, the current discovery that pyrazine analogues provoke
repugnance in mice provides a strong rationale for additional
studies of odorant-induced behaviours and the neurophysiological
mechanisms thereof.

Materials and Methods

(@) Animals

The animals were cared for in accordance with the National
Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals. The Animal Ethics and Research Committee
of the Health Sciences University of Hokkaido approved the
experimental protocols prior to the initiation of the study (approval
ID: 035).

Experimental animals were female C57BL/6] mice, unless
otherwise stated [19]. Male mice showed identical responses to
female mice as analyzed by c-Fos expression and behaviour (data
not shown). Animals were upheld in a room maintained at 22°C
with a photoperiod of 12 h:12 h (non-reversed 12 h light/dark
cycle). The mice were housed in polycarbonate cages (two to three
animals per cage) in a sterile animal facility. They were also
provided with ad libitum access to a standard murine diet (Lab
Chow, MF, Oriental Yeast, Tokyo, Japan) and water.

(b) Wolf urine Samples

Wolf urine samples were purchased from PredatorPee, Inc.
(Bangor, ME, USA). The urine samples harvested from both male
and female wolves (n >10) belonging to the same pack. The urine
was collected via floor collection drains in cages, and the animals
were consistently treated in the most humane manner possible.
The urine samples were harvested on average 3—4 weeks before
sale [54]. The three different wolf urine samples (samples A, B and
C; six bottles of each) employed in this study were purchased in
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Figure 7. Density of Fos-immunoreactive cells (number of cells/
mm?) in the GC and MTC layers in the anterior and posterior
regions of the AOB after exposure to water or pyrazine
cocktail. The density of Fos-immunoreactive (Fos-ir) cells in the AMT,
AGC and PGC layers was higher after exposure to the pyrazine cocktail
vs. the water control (P<0.001).
doi:10.1371/journal.pone.0061753.g007

December 2009, February 2010 and April 2010, shortly after their
harvest. Therefore, the approximate harvest dates were November
2009 (sample A), January 2010 (Sample B) and March 2010
(sample C). Because wolves consume much more water in a hot
environment, which then dilutes the urine, urine samples collected
during the summer months were not employed in this study. The
urine samples were stored in sterile tubes at —20°C until use; they
were then employed as undiluted samples, or alternatively, they
were diluted with MilliQ) water just before use.

(c) Overall Design of GC-MS Experiments

The differences between the three wolf urine samples were
determined in terms of their volatile components by using GC-MS
analysis. The peak areas of 34 representative compounds present
in each of the three samples were investigated.

(d) Preparation of Samples for GC-MS Analysis by Head
Space Solid Phase Micro-extraction (HS-SPME)

Samples were prepared for GC-MS analysis by using HS-
SPME. To concentrate the volatiles in each urine sample, a SPME
fibre (2 cm, 50/30 pm divinylbenzene (DVB)/carboxen/polydi-
methylsiloxane (PDMS) StableFlex fiber; Supelco, Bellefonte, PA,
USA) was inserted for 30 min into the head space of a 4 ml vial
with a Teflon septum (Supelco) containing wolf urine (150 pl). The
urine sample was then saturated with NaCl and mildly heated to
37-40°C with constant stirring.

(e) Chemical Analysis Performed with GC-MS

The identification of odorants was performed by using a GC-
quadropole MS PARVUM 2 System (Shimadzu Corporation,
Kyoto, Japan). The gas chromatograph was fitted with a Restek
Stabilwax column (30 mx0.32 umx0.5 um; Restek, Bellefonte,
PA, USA). Helium was used as the carrier gas, and the column
flow was 2.4 ml/min. The oven temperature was maintained at
40°C for 5 min, increased by 10°C/min to 200°C, and finally
elevated by 5°C/min to 240°C. The injector temperature was held
constant at 230°C.
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The identification of structures corresponding to the represen-
tative peaks was performed by using both the National Institute of
Standards and Technology (NIST) Mass Spectral 08 Library and a
manual interpretation of the mass spectra based on comparisons
with those reported in the literature [10]. In addition, a
comparison was performed with the relative retention times and
mass spectra of purified DMP, TMP and EDMP. These pyrazines
were kindly supplied by Takasago International Corporation
(Tokyo, Japan) and preserved as glycerol triacetate solutions (1%
v/v) in a deep freezer until use.

The statistical significance of differences between samples A, B
and C in terms of chemical constituents was assessed by the
Kruskal-Wallis test, followed by the Steel-Dwass post-hoc test (see
Table 1).

(f) Avoidance Behaviour in Response to Wolf Urine

Samples

Twenty-four sexually inexperienced 2- to 5-month-old mice
served as the test animals. Test mice were assigned to one of the
three wolf urine sample groups (A, B or C) or to the control group
(water) (n=6 per group). The mice were employed in three
separate avoidance tests involving exposure to 1) undiluted, 2) 5-
fold diluted and 3) 15-fold diluted urine. The tests were conducted
once per day, and each series of tests was conducted one week
after the previous series. The mice were confronted with the urine
samples in descending order of concentration.

The aversion tests were conducted in a Y maze. A custom-made
Y maze (long arm length, 450 mm; short arm length, 400 mm;
arm width, 100 mm) was constructed from Plexiglas (1 cm thick).
The design of the Y maze used in this study is described in detail
elsewhere [52,55]. Before the initiation of the experiment, the
mice were habituated to the Y maze for 3 min. The next day,
bedding material (15 g) was mixed with wolf urine (10 ml), placed
into a plastic dish (7x7 cm), and inserted into the odour box at the
back of one of the short arms. The same amount of bedding was
mixed with water (control, 10 ml) and inserted into the odour box
at the back of the other short arm. Next, the amount of time that
the mouse spent in each of short arms of the Y maze, which were
directly connected to the odour boxes, was measured over a period
of 3 min. The odour sources were inserted at random into one
odour box or the other adjoined to the short arms of the Y maze.

Each test was conducted between 12:00 noon and 17:00. The
floor of the test area was replaced with a clean bench coat between
each trial to eliminate residual odorant cues. All behavioural
studies were performed as blind tests. To demonstrate the
avoidance of wolf urine samples by the mice, the behavioural
data were processed as follows. The avoidance rate was taken to be
the amount of time spent in the short arm with the control odour
divided by the total amount of time spent in the both short
arms(control vs. wolf urine), then multiplied it by 100. Water was
substituted for wolf urine in control experiments (control vs.
control). The statistical significance of the differences between the
avoidance rates elicited by each wolf urine sample was assessed by
ANOVA followed by Fisher’s PLSD post-hoc test. Data are given
as the means * the SEM.

(g) Freezing Behaviour in Response to Wolf Urine
Samples

Sexually inexperienced 2- to 5-month-old mice (n = 132) served
as the test animals. To explore the fear-inducing properties of the
wolf urine samples and the purified pyrazines, freezing-in-place
tests were conducted in a rectangular, open-bottomed polycar-
bonate chamber (27 cm x 17 cm x 14 cm). An aluminium
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exhaust duct (11 cm in diameter) attached to the polyethylene
mesh on the inlet was connected from the upper centre of the
chamber to the exhaust port in the experimental room.

The mice were first familiarized to the chamber by placing them
inside for 5 min on each of two consecutive days. On the third
day, 15 g of bedding was mixed with either 10 ml of undiluted
urine sample, 5-fold diluted urine sample or water (control). The
beddings were placed into plastic dishes (7x7 cm) and inserted
into the chamber. Alternatively, individual pyrazines (DMP, TMP
and EDMP) identified in the wolf urine samples (50 pL of each,
1% v/v) or a mixture of DMP, TMP and EDMP (50 uL total
volume, 0.33% v/v of each component) were applied to pieces of
filter paper (2x2 cm), placed into Petri dishes, and inserted into
the chamber. The freezing duration was compared with that
induced by an identified fear-inducing compound in fox faeces,
TMT (1% and 10%) [16-18,32]. To avoid confounding the data
due to learning, the female mice were only tested once.

The statistical significance of differences between odour samples
was assessed by ANOVA followed by Fisher’s PLSD post-hoc test.
Data are given as the means * the SEM.

(h) Tissue Processing and Immunohistochemistry

Adult mice (> than 6 months old; n=27) were exposed for
90 min to urine samples or pyrazine cocktail (5 ml of each, applied
with a cosmetic atomizer) in the form of paper-soiled bedding
(Japan SLC, Hamamatsu, Japan). The animals were then deeply
anaesthetized with pentobarbital sodium (35 mg/kg) at 75 min
after exposure to the urine samples or the pyrazine stimulus. The
animals were perfused through the heart with phosphate-buffered
saline (PBS), followed by fixation with 4% paraformaldehyde. The
olfactory bulbs including the AOB, still connected to the brain,
were removed, and the tissue samples were soaked in PBS/4%
paraformaldehyde fixative overnight. They were then were sliced
into serial sections on a vibratome at a thickness of 100 um. The
free-floating sagittal sections were first treated with 0.3% hydrogen
peroxide (HyOyg) for 15 min in PBS with 0.4% Triton X-100
(PBSx), followed by two washes with PBS. After incubation for 1 h
in 3% normal goat serum, the sections were incubated overnight
at room temperature with anti-Fos polyclonal antibody (1:8000,
Ab-5; Calbiochem, La Jolla, CA, USA) in PBSx. The sections
treated in this manner were then rinsed with PBSx and incubated
with biotinylated goat anti-rabbit IgG (1:200; Vector, Burlingame,
CA) for 1 h. The sections were again rinsed with PBSx, incubated
with ABC reagent (ABC Elite kit, Vector) for 1 h, and developed
with DAB/H504 (0.05% DAB and 0.003% HyO, in 0.05 M Tris-
HCI buffer) for 12 min. The sections were rinsed with water and
mounted.

The Fos-immunoreactive cells in the AOB were counted under
a microscope by an individual blinded to the experimental
protocol. The areas corresponding to the MTC and GC layers
were measured in photographs taken of all stained sections of the
AOB by using SigmaScan Pro software (SPSS Inc., Chicago, IL,
USA). Three sections through larger areas of the AOB were
employed to calculate the average density of the Fos-immunore-
active cells in the AOB of individual mice. Differences in the
density of Fos-immunoreactive cells as a function of urine sample
were analysed by ANOVA followed by Fisher’s PLSD post-hoc
test. Data are given as the means = the SEM.

Author Contributions

Conceived and designed the experiments: KO KK MK. Performed the
experiments: KO MK. Analyzed the data: KO MK. Contributed
reagents/materials/analysis tools: KO KK HI MK. Wrote the paper: KO.

April 2013 | Volume 8 | Issue 4 | 61753



References

1.

22.

23.

24.

26.

27.

Fox M, Cohen J (1977) How animals Communicate. Bloomington, IN: Indiana
University Press.

. Peters RP, Mech LD (1975) Scent-marking in wolves. Am Sci 63: 628-37.
. Kluever BM, Howery LD, Breck SW, Bergman DL (2009) Predator and

heterospecific stimuli alter behaviour in cattle. Behav Processes 81: 85-91.
Sullivan TP, Nordstrom LO, Sullivan DS (1985) Use of predator odors as
repellents to reduce feeding damage by herbivores. II. Block Tailed
Dear(Odocoileus hemionus columbianus). J Chem Ecol 11: 921-935.

Sullivan TP, Nordstrom LO, Sullivan DS (1985) Use of predator odors as
repellents to reduce feeding damage by herbivores. I. Snow shoe Hares(Lepus
americanus). J Chem Ecol 11: 903-919.

. Parsons MH, Blumstein DT (2010) Familiarity breeds contempt: kangaroos

persistently avoid areas with experimentally deployed dingo scents. PLoS One 5:
¢10403.

Severud W], Belant JL, Bruggink JG, Windels SK (2011) Predator cues reduce
American beaver use of foraging trails. Human-Wildlife Interactions 5: 296-305.

. Fendt M (2006) Exposure to urine of canids and felids, but not of herbivores,

induces defensive behavior in laboratory rats. J Chem Ecol 32: 2617-27.

. Lindgren PMF, Sullivan TP, Crump DR (1995) 1995 Review of Synthetic

Predator Odor Semiochemicals as Repellents for Wildlife?Management in the
Pacific Northwest. National Wildlife Research Center Repellents Conference
1995. 217-230. Available: http://digitalcommons.unl.edu/cgi/viewcontent.
cgi?article = 1023&context = nwrerepellants. Accessed 2013 Mar 29.

. Raymer J, Wiesler D, Novotny M, Asa C, Seal US, et al. (1984) Volatile

constituents of wolf (Canis lupus) urine as related to gender and season.
Experientia 40: 707-9.

. Nolte DL, Mason JR, Epple G, Aronov E, Campbell DL (1994) Why are

predator urines aversive to prey? J] Chem Ecol 20: 1505-1516.

. Jorgenson JW, Novotny M, Carmack M, Copland GB, Wilson SR, et al. (1978)

Chemical Scent Constituents in the Urine of the Red Fox (Vulpes vulpes L.)
During the Winter Season. Science 199: 796-8.

. Wilson SR, Carmack M, Novotny M, Jorgenson JW, Whitten WK (1978) D3-

Isopentenyl Methyl Sulfide. A New Terpenoid in the Scent Mark of the Red
Fox. J. Org.Chem. 43: 4675-76.

. Nolte DL, Shipley LA, Wagner KK (2001) Efficacy of Wolfin to Repel Black-

Tailed Deer. West J Appl For 16: 182-186.

. Ferrero DM, Lemon JK, Fluegge D, Pashkovski SL, Korzan W], et al. (2011)

Detection and avoidance of a carnivore odor by prey. Proc Natl Acad Sci U S A

108: 11235-40.

. Fendt M, Endres T, Lowry CA, Apfelbach R, McGregor IS (2005) TMT-

induced autonomic and behavioral changes and the neural basis of its
processing. Neurosci Biobehav Rev 29: 1145-56.

. Fendt M, 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:
1259-66.

. Wallace KJ, Rosen JB (2000) Predator odor as an unconditioned fear stimulus in

rats: elicitation of freezing by trimethylthiazoline, a component of fox feces.
Behav Neurosci 114: 912-22.

. Buron G, Hacquemand R, Pourie G, Lucarz A, Jacquot L, et al. (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: 1063-72.

. Andreolini F, Jemiolo B, Novotny M (1987) Dynamics of excretion of urinary

chemosignals in the house mouse (Mus musculus) during the natural estrous
cycle. Experientia 43: 998-1002.

. Novotny M, Jemiolo B, Harvey S, Wiesler D, Marchlewska-Koj A (1986)

Adrenal-mediated endogenous metabolites inhibit puberty in female mice.
Science 231: 722-5.

Schwende FJ, Wiesler D, Jorgenson JW, Carmack M, Novotny M (1986)
Urinary volatile constituents of the house mouse, Mus musculus, and their
endocrine dependency. J Chem Ecol 12: 277-296.

Novotny MV, Soini HA, Koyama S, Wiesler D, Bruce KE, et al. (2007)
Chemical identification of MHC-influenced volatile compounds in mouse urine.
I: Quantitative Proportions of Major Chemosignals. J] Chem Ecol 33: 417-34.
Osada K, Tashiro T, Mori K, Izumi H (2008) The identification of attractive

volatiles in aged male mouse urine. Chem Senses 33: 815-23.

. Osada K, Yamazaki K, Curran M, Bard J, Smith BP, et al. (2003) The scent of

age. Proc R Soc Lond B Biol Sci 270: 929-33.

Zhang JX, Rao XP, Sun L, Zhao CH, Qin XW (2007) Putative chemical signals
about sex, individuality, and genetic background in the preputial gland and
urine of the house mouse (Mus musculus). Chem Senses 32: 293-303.
Matsumura K, Opickun M, Oka H, Vachani A, Albelda SM, et al. (2009)
Urinary volatile compounds as biomarkers for lung cancer: a proof of principle
study using odor signatures in mouse models of lung cancer. PLoS One 5: ¢8819.

. Kwak J, Willse A, Matsumura K, Curran Opieckun M, Yi W, et al. (2008)

Genetically-based olfactory signatures persist despite dietary variation. PLoS

One 3: e3591.

PLOS ONE | www.plosone.org

30.

32.

34.

36.

37.

38.

39.

40.

41.

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

The Novel Putative Kiromones of Wolf Urine

. Kwak J, Josue ], Faranda A, Opickun MC, Preti G, et al. (2011) Butylated

hydroxytoluene is a ligand of urinary proteins derived from female mice. Chem
Senses 36: 443-52.

Singer AG, Beauchamp GK, Yamazaki K (1997) Volatile signals of the major
histocompatibility complex in male mouse urine. Proc Natl Acad Sci U S A 94:
2210-4.

. Lin DY, Zhang SZ, Block E, Katz LC (2005) Encoding social signals in the

mouse main olfactory bulb. Nature 434: 470-7.

Vernet-Maury E, Polak E, Demael A (1984) Stracture-Activity Relationship of
Stress-Inducing odorants in the rat. J Chem Ecol 10: 1007-1018.

Janitzky K, Stork O, Lux A, Yanagawa Y, Schwegler H, et al. (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: 218-24.

Takahashi LK, Nakashima BR, Hong H, Watanabe K (2005) The smell of
danger: a behavioral and neural analysis of predator odor-induced fear. Neurosci
Biobehav Rev 29: 1157-67.

. Takahashi LK, Hubbard DT, Lee I, Dar Y, Sipes SM (2007) Predator odor-

induced conditioned fear involves the basolateral and medial amygdala. Behav
Neurosci 121: 100-10.

Takahashi LK, Chan MM, Pilar ML (2008) Predator odor fear conditioning:
current perspectives and new directions. Neurosci Biobehav Rev 32: 1218-27.
Gallagher M, Wysocki CJ, Leyden JJ, Spielman Al, Sun X, et al. (2008) Analyses
of volatile organic compounds from human skin. Br J Dermatol 159: 780-91.
Holland M, Rhodes G, DalleAve M, Wiesler D, Novotny M (1983) Urinary
profiles of volatile and acid metabolites in germfree and conventional rats. Life
Sci 32: 787-94.

Hebb AL, Zacharko RM, Dominguez H, Trudel F, Laforest S, et al. (2002)
Odor-induced variation in anxiety-like behavior in mice is associated with
discrete and differential effects on mesocorticolimbic cholecystokinin mRNA
expression. Neuropsychopharmacology 27: 744-55.

Endres T, Fendt M (2009) Aversion- vs fear-inducing properties of 2,4,5-
trimethyl-3-thiazoline, a component of fox odor, in comparison with those of
butyric acid. J Exp Biol 212: 2324-7.

Brennan PA, Keverne EB (2004) Something in the air? New insights into
mammalian pheromones. Curr Biol 14: R81-9.

. Ben-Shaul Y, Katz LC, Mooney R, Dulac C (2010) In vivo vomeronasal

stimulation reveals sensory encoding of conspecific and allospecific cues by the
mouse accessory olfactory bulb. Proc Natl Acad Sci U S A 107: 5172-7.
Staples LG, McGregor IS, Apfelbach R, Hunt GE (2008) Cat odor, but not
trimethylthiazoline (fox odor), activates accessory olfactory and defense-related
brain regions in rats. Neuroscience 151: 937-47.

Papes F, Logan DW, Stowers L (2010) The vomeronasal organ mediates
interspecies defensive behaviors through detection of protein pheromone
homologs. Cell 141: 692-703.

. McPherson JD, Shilton BH, Walton DJ (1988) Role of fructose in glycation and

cross-linking of proteins. Biochemistry 27: 1901-7.

Fu MX, Knecht KJ, Thorpe SR, Baynes JW (1992) Role of oxygen in cross-
linking and chemical modification of collagen by glucose. Diabetes 41 Suppl 2:
42-8.

Adams A, Polizzi V, van Boekel M, De Kimpe N (2008) Formation of pyrazines
and a novel pyrrole in Maillard model systems of 1,3-dihydroxyacetone and 2-
oxopropanal. J Agric Food Chem 56: 2147-53.

Lu CY, Hao Z, Payne R, Ho CT (2005) Effects of water content on volatile
generation and peptide degradation in the maillard reaction of glycine, diglycine,
and triglycine. J Agric Food Chem 53: 6443-7.

Iwai K, Hasegawa T, Taguchi Y, Morimatsu F, Sato K, et al. (2005)
Identification of food-derived collagen peptides in human blood after oral
ingestion of gelatin hydrolysates. J Agric Food Chem 53: 6531-6.

Bauchart C, Savary-Auzeloux I, Paturecau Mirand P, Thomas E, Morzel M, et
al. (2007) Carnosine concentration of ingested meat affects carnosine net release
into the portal vein of minipigs. ] Nutr 137: 589-93.

Beauchamp GK (1976) Diet influences attractiveness of urine in guinea pigs.
Nature 263: 587-8.

Osada K, Hanawa M, Tsunoda K, Izumi H (2011) Alteration of mouse urinary
odor by ingestion of the xenobiotic monoterpene citronellal. Chem Senses 36:
137-47.

Asa CS, Mech LD, Seal US, Plotka ED (1990) The influence of social and
endocrine factors on urine-marking by captive wolves (Canis lupus). Horm
Behav 24: 497-509.

PredatorPee, Inc. website. Available:http://www.predatorpee.com/. Accessed
2012 Oct 28. and Personal communication from PredatorPee, Inc. (2012 Oct
31).

. Yamaguchi M, Yamazaki K, Beauchamp GK, Bard J, Thomas L, et al. (1981)

Distinctive urinary odors governed by the major histocompatibility locus of the
mouse. Proc Natl Acad Sci U S A 78: 5817-20.

April 2013 | Volume 8 | Issue 4 | 61753



