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Abstract Our previous studies identified alkyl pyrazine ana-
logs in wolf urine that act as novel kairomones and induce a
series of fear-associated behaviors in mice. A mixture of these
alkyl pyrazines also effectively suppressed the approach of
deer to a feeding area, and animals that did approach the
marked area exhibited fear-associated behaviors. To investi-
gate structure-activity relationships of alkyl pyrazines, four
fear-associated behaviors - freezing, locomotion activity, odor
investigation, and avoidance - were measured in experiments
on female C57BL/6 J mice. Of the 17 compounds tested, 2,3-
diethylpyrazine, 3-ethyl-2,5-dimethylpyrazine, and 3-ethyl-
2,5-dimethylpyrazine induced all four fear-associated behav-
iors. 2,3,5-Trimethylpyrazine also induced three of the fear-
associated behaviors, but did not decrease locomotion.
Multivalent analysis of behaviors clearly demonstrated that
these four compounds formed an independent cluster and
were the most active. Structure-activity relationships revealed
that active alkyl pyrazines inducing all four fear-associated
behaviors had methyl or ethyl group(s), but not longer carbon
chains, and alkyl side chains consisting of four carbon atoms
in total were present in the most potent analogs. This study is
the first experimental investigation of structure-activity rela-
tionships between alkyl pyrazine analogs and fear-associated
behaviors in mice.
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Introduction

The common gray wolf (Canis lupus) is found throughout the
entire Northern hemisphere and preys on various mammals
including deer, rabbits, squirrels, and mice. The wolf is a gre-
garious carnivore that mainly utilizes chemo-olfactory modes
of communication (Fox and Cohen 1977). Wolf urine induces
avoidance behavior in cattle (Kluever et al. 2009), wild ani-
mals (Parsons and Blumstein 2010; Severud et al. 2011;
Sullivan et al. 1985a, b), and laboratory rats (Fendt 2006).

We previously reported that odors in the urine of the gray
wolf induce aversive and fear-associated responses in mice in
an experimental setting (Osada et al. 2013). These responses
are mainly caused by the presence of certain volatile pyrazine
compounds, namely, 2,6-dimethylpyrazine (2,6-DMPz),
2,3,5-trimethylpyrazine (2,3,5-TMPz), and 2,5-dimethyl-3-
ethylpyrazine (3-EDMPz). A recent study by Brechbühl
et al. (2015) also demonstrated that some pyridine and pyr-
azine analogs, including those described above, were present
in the urine ofmountain lion (Puma concolor). In other studies
by our group (Osada et al. 2014, 2015), Hokkaido deer
(Cervus nippon yesoensis) were found to be repelled by a
cocktail of the alkyl pyrazines in wolf urine, and this odor
significantly inhibited their approach to a feeding area.
Additionally, vigilance behaviors such as tail-flagging, flight,
and jumping were significantly higher in the presence of this
pyrazine cocktail, and the effects lasted at least one month
after commencement of the experiment.

There are several examples of alkyl pyrazine analogues that
act as semiochemicals in plants (Bohman et al. 2012, 2014),
insects (Derstine et al. 2012; Nilsson and Bengtsson 2004;
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Sharma et al. 2011; Tentschert et al. 2000; Vander Meer et al.
2010; Yu et al. 2014), terrestrial vertebrates (Daev et al. 2012;
Jemiolo and Novotny 1994; Novotny et al. 1986; Woolfson
and Rothschild 1990; Zhang et al. 2005), and marine organ-
isms (Dickschat et al. 2005). Therefore, it is conceivable that
there may be additional, as-yet-unidentified alkyl pyrazine
analogues that trigger fear-associated responses in mice.
Although several semiochemicals may be potentially toxic
(Kaufman et al. 2010; Kumar and Gautam 2008; Poiner
et al. 2007; Tierney et al. 2010), these alkyl pyrazine ana-
logues are not expected to be toxic. Pyrazine analogs contrib-
ute to the characteristic roasted aromas in various foods
where they are safe for human consumption, they are non-
carcinogenic, and they have low acute toxicity (Burdock
and Carabin 2008; EFSA Panel on Food Contact
Materials and (CEF). 2011). Alkyl pyrazine analogs may
therefore function as effective kairomones for manipulat-
ing the behavior of herbivores without destroying natural
habitats or disrupting agriculture.

To investigate the structure-activity correlation between 17
alkyl pyrazine analogs, we investigated four different types of
fear-associated behavior in mice: duration of freezing, innate
investigation of the odor source, locomotor activity, and
avoidance of each pyrazine analog. We aimed to determine
the chemical structures of the most active alkyl pyrazine ana-
logs, and to identify novel compounds that induce fear-
associated behaviors more effectively than naturally occurring
pyrazines present in wolf urine.

Methods and Materials

Experimental Animals Mice 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
initiation of the study (approval ID: 059).

Experimental animals were female C57BL/6 J mice.
Animals were kept in a room maintained at 22 °C with a
photoperiod of 12 h:12 h (non-reversed 12 h light/dark cycle).
Mice were housed in polycarbonate cages (two to three ani-
mals per cage) in a sterile animal facility and provided with ad
libitum access to a standard murine diet (Lab Chow, MF,
Oriental Yeast, Tokyo, Japan) and water.

Odorants for Behavioral Tests Seventeen alkylpyrazines (1–
17) with different alkyl substituents (Table 1) were tested for
their ability to stimulate fear-associated behaviors in mice. In
addition, four analogs (18–21, Fig. 1) of 2,3-diethylpyrazine
(14) were tested to explore the effect of a 3-ethyl group
on fear-associated behaviors. All chemicals were of an-
alytical grade and were obtained from Tokyo Chemical

Industry Co., Ltd. (Tokyo, Japan) or Alfa Aesar
(Lancashire, United Kingdom).

Compounds were diluted to 10% with distilled water (1–
17) or diethyl phthalate (Wako Pure Chemical Industries,
LTD, Osaka, Japan) (18–21) because the latter test com-
pounds were not completely soluble in water alone. We there-
fore included each of the solvents in control experiments.
These solvents induced very weak fear-associated behaviors.
For example, there were no significant differences in freezing
duration between water (17.1 ± 2.5 s/10 min), diethyl phthal-
ate (21.0 ± 4.2 s/10 min), and herbivore (Oryctolagus
cuniculus) urine (22.8 ± 2.7 s/10 min) (N = 6 per group).

Fear-Associated Behavioral Tests in anOpenArenaA total
of 144 sexually inexperienced, 2–5 month old female mice
(N = 6 per group) served as test animals and were exposed
to 17 pyrazine analogues (1–17, Table 1). All behavioral stud-
ies were performed as blind tests. To avoid complicating the
data due to learning effects, mice were only tested once. To
explore the fear-inducing properties of the alkyl pyrazines,
freezing-in-place, odor source investigation, and locomotor
activity assessments were conducted simultaneously in a rect-
angular, open-bot tomed polycarbonate chamber
(27 × 17 × 14 cm). An aluminum exhaust duct (11 cm diam-
eter) attached to the polyethylene mesh on the inlet was con-
nected from the upper center of the chamber to the exhaust
port in the experimental room. This experimental chamber
was connected to an Animex activity meter Model DSE
(LKB, Muromachi Kikai Co., Ltd. Tokyo, Japan). Mice were
first familiarized to the chamber by placing them inside for
5 min on each of two consecutive days. On the third day,
individual alkyl pyrazine analogs (10 μl of 10% v/v) were
applied to pieces of filter paper (2.5 × 2.5 cm), placed into
Petri dishes (35 mm diameter), and inserted into the chamber
of the Animex activity meter.

All animal behavior was recordedwith a video camera (Ivis
HF R42, Canon, Tokyo, Japan), and the investigation time for
filter paper tests was 5–10 min. An animal was considered to
be investigating the odor source when its snout was oriented
towards the filter paper and held within 1 cm of it (Osada et al.
2008). Freezing (immobilization) duration was measured, and
freezing was defined as adopting a crouched posture with no
bodymovement other than that essential for breathing (Endres
and Fendt 2009). Locomotor activity was measured and quan-
tified using an Animex activity meter. Mice were placed on
top of the meter, and each movement produced a signal due to
variations in inductance and capacity of the apparatus reso-
nance circuit. The sensitivity of the activity meter was adjust-
ed to record mainly locomotion. These signals were automat-
ically converted to numerical data.

Y-Maze Avoidance Behavior To confirm the above results in
a different experimental setting, independent Y-maze
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Table 1 Compounds tested in the behavioral experiments

# Structure Name (abbr.)
Carbon 

Atom(s)
a

Vapor Pressure 

(mmHg at 25 )
b

1 2-methylpyrazine (2-MPz) 1 9.7±0.2

2 2-ethylpyrazine (2-EPz) 2 4.0±0.3

3
2,3-dimethylpyrazine 

(2,3-DMPz)
2 3.4±0.3

4
2,6-dimethylpyrazine 

(2,6-DMPz)
2 3.9±0.2

5 2-propylpyrazine (2-PPz) 3 1.4±0.3

6
2-isopropylpyrazine

(2-IPPz)
3 2.0±0.3

7
2-ethyl-3-methyl pyrazine

(2-E-3-MPz)
3 1.7±0.3

8
2,3,5-trimethylpyrazine 

(2,3,5-TMPz)
3 1.7±0.3

9
2-tert-butylpyrazine 

(2-t-BPz)
4 1.2±0.3

10
2-propyl-3-methyl pyrazine 

(2-P-3-MPz)
4 0.8±0.3

11

6,7-dihydro-5H-5-methyl-c

yclopentapyrazine

(5-M-CPPz)

4 0.3±0.4

12
2,3-dimethyl-5-ethyl 

pyrazine (5-EDMPz)
4 0.7±0.4
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avoidance was investigated using sexually inexperienced 2–5-
month-old mice (N = 82). Test mice (N > 6 per group) were
assigned to one of 11 alkyl pyrazines, which included nine
compounds that induced at least one fear-associated behavior
in the open arena tests described above. Again, mice were
only tested once to avoid complications from the effects of
learning. Avoidance tests were conducted in a blind manner in
a custom-made Y-maze (long arm length 450 mm, short arm
length 110 mm to the polypropylene gate, arm width 100 mm,
airflow 138 ml/min) as described by Osada et al. (2011).
Before initiation of the experiment, mice were habituated to
the Y-maze for 4 min, and, on the next day, 10 μl of the 10%
solution of the test alkyl pyrazine was applied to pieces of
filter paper (2.5 × 2.5 cm), placed into Petri dishes, and
inserted into the short arm of the Y-maze. Filter papers
of the same size but spotted with water (10 μl) served
as controls and were simultaneously inserted into the
other short arm of the Y-maze. Animals were then
inserted into a long arm of the Y-maze. To prevent

direct contact between mouse noses and filter papers,
polypropylene gates with holes (1 cm diameter) were
placed between them.

Thus, test mice were denied almost all sensory information
except for olfactory-mediated stimulation from the odor
source. Animal behavior was recorded with a video camera
as above. The amount of time spent in each of the short arms
of the Y-maze was measured over a period of 4 min. Odor
sources were inserted at random into either short arm. Each
test was conducted between 12:00 noon and 17:00 h. The
floor of the test area was replaced with a clean bench coat
(Whatman protector sheets Cat No. 2300 916, Whatman,
Maidstone, UK) between each trial to eliminate residual odor-
ant cues. The avoidance rate was taken to be the
amount of time spent in the short arm containing the
control odor divided by the total amount of time spent
in both short arms (control vs. pyrazine analog), multi-
plied by 100. Water was substituted for pyrazine ana-
logs in control experiments (control vs. control).

Table 1 (Continued)

13
2,5-dimethyl-3-ethyl 

pyrazine (3-EDMPz)
4 1.2±0.3

14
2,3-diethylpyrazine      

(2,3-DEPz)
4 1.0±0.3

15
2,3-diethyl-5-methyl 

pyrazine (5-M-DEPz)
5 0.5±0.4

16
2-isobutyl-3-methyl 

pyrazine (2-IB-3-MPz)
5 0.3±0.4

17
2-butyl-3-methyl pyrazine 

(2-B-3-MPz)
5 0.2±0.4

Chemicals with italic numbers are present in wolf urine (Osada et al. 2013)
a Total number of carbon atoms forming the functional group(s) attached to the pyrazine ring
b Vapor pressure data were obtained from the Chemspider homepage (http://www.chemspider.com)
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 2-ethyl-3-acetyl pyrazine (2E-3AcPz)

Fig. 1 Analogs of 2,3-
diethylpyrazine (2,3-DEPz) tested
in behavioral experiments
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Statistical Analysis Data are given as means ± SEM. The
statistical significance of differences elicited by each of the
pyrazine analogs was assessed by ANOVA followed by
Dunnett’s post-hoc test. In addition, the Pearson r value was
used for determining the statistical significance of the correla-
tion analysis between fear-associated behaviors and distance
measurements. Hierarchical cluster analysis was performed
using the average linkage method for squared Euclidian dis-
tances, and shows relatively homogeneous clusters of cases
based on the characteristics measured. The hierarchical clus-
tering process is represented as a tree in which each step in the
clustering process is illustrated by a branch. The horizontal
scale corresponds to the linkage distances (LDs) obtained
from the analysis.

Results

Relationship between Freezing Duration, Investigation
Time, and Locomotor Activity We first analyzed the inter-
relationship between the three types of fear-associated behav-
ior induced by the 17 alkyl pyrazine analogs (Table 1). There
was a significant correlation between freezing duration and
locomotor activities (Fig. 2a): the longer the freezing duration
of mice confronted with a particular pyrazine analogue, the
lower was the locomotor activity detected by the Animex
apparatus (r = −0.907; P < 0.001). A similar relationship
was apparent between freezing and investigation duration at
both 5 min (r = −0.375; P < 0.001) and 10 min (r = −0.380;
P < 0.001; Fig. 2b). There was also a positive correlation
between sniffing duration and locomotor activity at high
sensitivity (data not shown; r = 0.285; P < 0.05). These
results provide clear evidence of a correlation between
fear-induced behaviors.

Effects of Alkylpyrazine Analogs on Fear-Associated
Behaviors As shown in Fig. 2, ANOVA of the mean time
spent frozen (not moving) during 5 and 10 min exposures to
each of the alkyl pyrazine analogs revealed a significant effect
on freezing behavior (5 min, F17,90 = 4.034, P < 0.001;
10 min, F17,90 = 5.673, P < 0.001). Dunnett’s post-hoc tests

showed that 2,3,5-TMPz (8; P = 0.002), 5-EDMPz (12;
P = 0.003), 3-EDMPz (13; P < 0.001), and 2,3-DEPz (14;
P < 0.001) all had a significant effect on increasing freezing
behavior, relative to water controls (Fig. 3).

ANOVA of the mean investigation time revealed that alkyl
pyrazine odor had a significant effect by decreasing locomotor
activity (F17,90 = 3.339, P < 0.001). Additionally, Dunnett’s
post-hoc test showed that compounds 12 (P = 0.023), 13
(P = 0.004), and 14 (P = 0.005) had the greatest effect on
reducing locomotor activity (Fig. 4), consistent with the freez-
ing results above.

We simultaneously performed innate olfactory preference
tests for each of the 17 alkyl pyrazine analogs and the mean
investigation times for 5 and 10 min exposures are shown in
Fig. 5. ANOVA revealed a significant influence of the com-
pounds on investigation time (5 min, F17,90 = 2.758, P < 0.01;
10 min, F17,90 = 3.979, P < 0.001). Dunnett’s post-hoc tests
showed that 9 of the 17 compounds were investigated for
significantly less time than were the water controls (Fig. 5),
namely, 5 (P = 0.001), 6 (P = 0.025), 7 (P = 0.013), 8
(P < 0.001), 12 (P = 0.002), 13 (P < 0.001), 14 (P < 0.001),
15 (P = 0.002), and 16 (P < 0.001).

Y-Maze Avoidance Behavior To confirm the above results in
a different experimental setting, we conducted avoidance tests
using a Y-maze. ANOVA revealed a significant influence of
the compounds on the avoidance rate (F11,62 = 2.806,
P < 0.01). Dunnett’s post-hoc tests showed that 5 of the 11
alkyl pyrazines (including nine compounds that induced at
least one fear-associated behavior in the open arena tests) were
significantly avoided by mice. These were 5 (P = 0.024), 8
(P = 0.047), 12 (P = 0.035), 13 (P = 0.006), and 14
(P = 0.004). These chemicals also induced freezing more
strongly than the other compounds (Fig. 3). In addition
to these highly active compounds, compound 5 also
induced avoidance but not freezing and locomotion ac-
tivities (Figs. 3 and 4).

Multivalent Analysis of Fear-Associated Behaviors
Induced by Alkylpyrazine Analogs Alkylpyrazine analogs
(11 out of 17) and the control group were subjected to all four
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behavioral analyses. In total, 12 groups were subjected to
hierarchical cluster analysis of the response of fear-
associated behaviors. The results indicated two large clusters
(Fig. 7). Initially, branches corresponding to 12, 13, and 14
formed one distinct cluster consistent with the fear-associated
behavioral data, and 8 was located alone but was part of the
same cluster as 12, 13, and 14. The LD between 12, 13, 14,
and 8was 5.0. Secondly, alkyl pyrazines 1, 5, 6, 15, 16, and 18
formed a large cluster with the control group, and a small
cluster consisting of 4 and 7 formed a neighboring cluster
together with the control group (LD = 3.0). The LD between
these two large clusters was 25.0.

Behavioural Effects of Analogs of 2,3-Diethylpyrazine (14)
The above results indicated that 2,3-DEPz (14) was among the
most powerful alkyl pyrazine inducers of fear-associated be-
havior (Figs. 3, 4, 5, 6, and 7). Four additional 2,3-DEPz

analogs (18–21; Fig. 1) were tested in open arena tests and
did not induce higher fear-associated responses than 14. In
particular, analog 18 failed to induce any of the three behav-
ioral responses measured. Although less active than 14, com-
pounds 19, 20, and 21 induced at least one fear-associated
behavior relative to controls (increased freezing duration: 14,
P < 0.001, 20, P < 0.05; reduced investigation time: 14,
P < 0.001, 19, P < 0.01, 20, P < 0.001, 21, P < 0.01; reduced
locomotion activity: 14, P < 0.05).

Discussion

Induction of Fear-Associated Behaviors by Alkyl Pyrazine
Analogs The present study demonstrates that a single appli-
cation of various pyrazine analogs could induce fear-
associated behaviors in C57BL/6j mice. Of the 17 alkyl
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pyrazine analogs tested, 5-EDMPz (12), 3-EDMPz (13), 2,3-
DEPz (14), and 2,3,5-TMPz (8) increased the freezing dura-
tion by 436%, 500%, 610%, and 400% compared with control
group animals (Fig. 3). Of these four active compounds, 8 and
13 are known kairomones from wolf urine that initiate defen-
sive behavior in mice (Osada et al. 2013). In the present study,
we successfully reproduced these findings, then went on to
identify novel active pyrazine analogues (12 and 14) not
found in wolf urine. Compound 14 in particular was equiva-
lent to or even stronger in fear-inducing activity than previ-
ously characterized wolf urine kairomones (8 and 13). These
results demonstrate that pyrazine analogs that are more potent
than naturally occurring kairomones can be developed.

We also investigated the effects of the compounds on loco-
motion activity, and found that 12, 13, and 14 significantly
decreased this behavior (80%, 82%, and 78% relative to

controls), while 8 (86% relative to controls) also had a mar-
ginal but not statistically significant effect. These four com-
pounds also elicited a significantly longer freezing duration
than was observed in control animals. It is conceivable that
this decrease in locomotor activity was at least partly due to an
increase in freezing duration. To test this hypothesis, we ana-
lyzed the relationship between three different fear-associated
behaviors induced by the pyrazine analogues, and confirmed a
significant correlation between freezing duration and locomo-
tor activities.

Previous studies demonstrated that trimethylthiazoline
(TMT) induces a number of fear-associated responses, includ-
ing a decrease in vertical and horizontal locomotion activities,
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and a decrease in the time spent in the center of an open field
area (Vernet-Maury et al. 1984). In addition to locomotion
activity, freezing behavior is widely used in behavioral studies
to indicate fear (Fanselow and Helmstetter 1988; Fendt
et al. 2005; Wallace and Rosen 2000). Moreover, recent
studies demonstrated that 2-s-butyl-3,4-dihydrothiazole
(SBT) and various pyridine analogues could increase
freezing duration and decrease walking distance. For
example, SBT increased the freezing duration by 188%
and the walking distance reduced to 64.4% that of con-
trol animals (Brechbühl et al. 2008, 2013). Although the
chemical structures of these kairomones are different,
the behavioral changes observed in these previous stud-
ies are consistent with those observed in the present
work. An increase in freezing behavior and a simulta-
neous decrease in locomotion activity therefore appear
to be typical fear-associated behaviors induced by
kairomones in mice.

In addition, recent neuro-pharmacological studies indicated
a negative correlation between freezing duration and locomo-
tor activity, following pharmacological treatment of mice. For
instance, small conductance Ca2+-activated K+ channel (SK
channel) activators produced a transient decline in locomotor
behavior and an increase in immobility (Vick et al. 2010).
Furthermore, chronic restraint stress facilitates synaptic plas-
ticity in the anterior cingulate cortex via increased excitability
due to preventing the inhibition of GABAA receptor signaling,
which may underlie induction of behavioral hyper-locomotive
activity and reduced freezing behavior following chronic re-
straint stress (Ito et al. 2010). Pharmacological studies such as
these may help us to understand the perception and behavioral
induction mechanisms underlying the effects of kairomones
on mice and other prey animals.

In addition to freezing duration and locomotor activity, we
assessed the time spent investigating the odor source in an
open arena as well as odor avoidance in a Y-tube bioassay.
Nine pyrazine analogs, including the four that induced freez-
ing behavior described above, were avoided to a greater extent
than the control odor, and all pyrazine analogs were unattrac-
tive to mice to some extent. Interestingly, mice avoided inves-
tigating 9 out of 17 compounds, whereas only four com-
pounds induced freezing behavior. This finding indicates that
a decrease in odor investigation behavior was provoked not
only through fear induction, but also through the simple innate
avoidance of noxious compounds. Thus, the correlation coef-
ficient between investigation time and freezing duration was
significant, but smaller than that between freezing duration
and locomotor activities. In a previous study that evaluated
the odor investigation behavior of mice in response to
kairomones, mice avoided investigating odors not only due
to the presence of the fear inducer TMT, but also due to the
presence of various noxious chemicals such as butyric acid
(Kobayakawa et al. 2007). Together, the results of the innate

odor avoidance tests indicate that mice respond sensitively but
less specifically to kairomone odors than they do in freezing
and locomotor activity tests.

Structure-Activity Relationships of Alkyl Pyrazine
Analogs From the results of the behavioral experiments and
the multivariate analysis, 2,3-DEPz (14), 3-EDMPz (13), and
5-EDMPz (12) were the three most active alkyl pyrazine an-
alogs. A recent study demonstrated that 2-methylthiazoline (2-
MT), a derivative of TMT, induced freezing behavior more
than did TMT (Isosaka et al. 2015). The vapor pressure of 2-
MT is six times higher than that of TMT, and while the mech-
anism underlying the neurophysiological potency of 2-MT
remains unknown, the higher freezing activity may be attrib-
utable to the higher vapor pressure. Similarly, it has been
postulated that the relatively low molecular weight and con-
sequent high vapor pressure and gas phase concentration of
alkyl pyrazines may be of relevance to their fear-inducing
activity (Laska et al. 2009; Sarrafchi et al. 2013). However,
the smaller molecular-weight analogs in the present study
possessing one or two carbon atoms in their alkyl chains did
not induce fear-associated behaviors, suggesting that the fear-
inducing activity of alkyl pyrazines is not simply due to their
high vapor pressure.

The alkyl side chains of the most potent analogues
contained four carbon atoms (12, 13, and 14; Table 1).
Comparing the activity of 14 with 7, when the ethyl group
of 14was substituted by a methyl group, three of the four fear-
associated behaviors were stimulated to a lesser extent.
Similarly, comparing the activities of 14 and 15, attachment
of an additional methyl group to generate a 5-carbon chain in
15 did not enhance activity compared with 14. Moreover,
substituting the ethyl group of 12 or 13 to a methyl group in
8 failed to decrease locomotor activity. These results suggest
that the total number of carbon atoms in the alkyl chain groups
attached to the alkyl pyrazine analogs can have an effect on
the induction of fear-associated behaviors.

However, other analogues (9, 10, and 11) possessing longer
alkyl chain groups (propyl, butyl, etc.) did not induce fear-
associated behaviors, even when the functional groups
consisted of four carbon atoms. Taken together, our results
suggest that a pyrazine with one or more methyl or ethyl
groups consisting in total of four carbon atoms is necessary
for eliciting full fear-associated behavioral activities.

To explore further the structure-activity relationships of
alkyl pyrazine analogs, we conducted behavioral studies using
2,3-DEPz (14) and analogs with additional acetyl, methoxy,
ethoxy, and methylthio groups (18–21). The results showed
that all substituted analogs had a lower fear-inducing activity
than compound 14, suggesting that two ethyl groups attached
to 14may be optimal for inducing fear-associated behavior in
mice. However, we cannot preclude the possibility that pyr-
azine analogues with other substituents may bemore powerful
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fear inducers, especially since 19, 20, and 21 were able to
induce fear-associated behaviors in more than one test.
Future studies should explore a wider range of substituted
alkyl pyrazine analogs.

The neurological mechanisms underlying the potent fear-
inducing activity of alkyl pyrazine analogs are not known.
Previous studies for other kairomones indicated that TMT
and 2-phenylethylamine stimulate the main olfactory bulb
(Ferrero et al. 2011; Kobayakawa et al. 2007). Major urinary
proteins (MUPs) in rat urine (MUP-13) or cat saliva (MUP
Feld4) stimulate the accessory olfactory bulb (Papes et al.
2010), and all induce fear-associated behaviors. Further re-
search is needed to determine the neurophysiological mecha-
nisms involved.

In conclusion, the results of the current study revealed the
following: (1) a significant negative correlation between freez-
ing duration and both investigation time and locomotor activ-
ity; (2) 5-EDMPz (12), 3-EDMPz (13), and 2,3-DEPz (14)
were the most active components inducing fear-associated
behaviors, and 2,3-DEPz was even more effective than natu-
rally occurring compounds present in wolf urine; (3) the at-
tachment to pyrazine of one or moremethyl or ethyl groups up
to a total of four carbon atoms is required to induce full fear-
associated behavioral activities. Thus, it is anticipated that
these active pyrazine analogs may be employed as novel and
powerful repellents for controlling wild animals. Moreover,
our approach could be used to explore additional potentially
more effective, non-naturally occurring pyrazine kairomones,
and further study will be required to clarify their activities in
other prey animals.
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