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The acoustic startle reflex as a tool for assessment of
odor environment effects on affective states in
laboratory mice
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Abstract: Apart from self and conspecific odors, odors from other species also influence the affective states in
laboratory mice (Mus musculus musculus) in their home cages and during experimental procedures, possibly
inducing confusion and inconsistency in experimental data. Thus, it is important to detect the types of animal odors
associated with housing, husbandry, and laboratory practice that can arouse different types of affective changes
in mice. Here, we aimed to test the effectiveness of the acoustic startle reflex (ASR) in detecting changes in the
affective states of laboratory mice due to animal-derived-odor as it has a non-zero baseline, and can be enhanced
or attenuated by positive or negative affective shifts, respectively. We used ASR to examine the affective changes
in mice that were induced by bedding odors and an alarm pheromone. The odor of bedding obtained from the mice’
home cages significantly attenuated the ASR, suggesting positive affective shifts in the test mice, whereas that
from bedding obtained from rat cages significantly enhanced the ASR, suggesting negative affective shifts. No
significant changes in ASR were observed in mice presented with the odor of bedding obtained from cages of
unfamiliar conspecifics. In contrast, there was significant ASR enhancement in mice exposed to volatile components
of alarm pheromones trapped in water, suggesting negative affective shifts. Thus, our findings show that ASR may
be a valuable tool in assessing the effects of odors on the affective states in laboratory mice.
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procedures.
Odors are widely involved in a variety of major be-

Introduction

Various routine husbandry and laboratory procedures
can influence the physiology and behaviors of labora-
tory mice (Mus musculus musculus). For example, cage
transport, individual housing, fasting, tail-tip sampling,
and intraperitoneal injection significantly influence heart
rate, blood pressure, body temperature, blood glucose
level, and locomotor activity [1]. Furthermore, bio-
chemical, hematological, and metabolic/endocrine pa-
rameters in mice are considerably influenced by cage
density, diet, fasting duration, and venipuncture [2].
These facts suggest that the outcomes of physiological
and/or behavioral experiments with laboratory mice are
obviously affected by routine husbandry and laboratory

haviors associated with the affective changes in mice
such as territory marking, mating, food acquisition,
alarm responses, and predation defenses [3—5]. There-
fore, it has been considered that not only self and con-
specific odors (e.g., bedding odor and alarm pheromone),
but also odors from other species (e.g., odor from rats)
influence affective states in laboratory mice, both in their
home cages and during experimental procedures. This
possibly induces confusion and inconsistency in ex-
perimental data obtained through physiological and/or
behavioral test paradigms [4, 6, 7]. Thus, the detection
of the different types of animal odors associated with
housing, husbandry, and laboratory practice that can

(Received 1 August 2020 / Accepted 21 September 2020 / Published online in J-STAGE 26 October 2020)

Corresponding author: H. Inagaki. e-mail: ahina@aichi-med-u.ac.jp

@@@@ This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives
BY NC ND

(by-nc-nd) License <http://creativecommons.org/licenses/by-nc-nd/4.0/>.

©2021 Japanese Association for Laboratory Animal Science


http://creativecommons.org/licenses/by-nc-nd/4.0/

H. INAGAKI, ET AL.

induce affective changes in mice should be an important
aspect of experimental studies. However, quantitative
and temporal regulation of sample presentation is com-
paratively difficult if conscious, free-moving mice are
exposed to odors, particularly volatiles, in experiments
to assess their affective states. Thus, there remain many
issues to be addressed and understood about the effects
of animal-derived odor on the affective states of labora-
tory mice.

The acoustic startle reflex (ASR) is a contraction of
facial and skeletal muscles with eyelid closure, which is
regulated by a simple reflexive neural pathway, in re-
sponse to an abrupt and intense auditory stimulus, and
has been demonstrated in humans and non-human mam-
mals, including mice [8]. The ASR has a non-zero base-
line and can be enhanced or attenuated by positive or
negative affective shifts, respectively, in mice [8]. For
example, enhanced ASR in mice was observed in the
presence of an aversive conditioned cue generated by
means of Pavlovian fear conditioning, termed “fear-
potentiated startle” [9, 10]. However, the ASR in mice
was reduced by the presentation of a neutral stimulus
cue associated with a reward in an appetitive-condition-
ing procedure, termed “pleasure-attenuated startle” [11].
In most ASR tests, startle amplitudes are recorded from
mice placed inside a small animal holder wherein move-
ment of the subject mouse is greatly limited [12]. Such
experimental procedures for ASR tests are generally
conducted in a relatively small soundproof test chamber,
which can be easily closed and promptly ventilated [12].
Thus, we hypothesized that such experimental designs
for ASR testing were suitable for data acquisition to
assess affective changes in conscious, free-moving mice
exposed to volatile stimuli derived from laboratory en-
vironment in a quantitatively and temporally regulated
manner.

The aim of this study was to assess the effectiveness
of the ASR test as a valuable tool to detect animal-de-
rived volatiles that can possibly confuse experimental
results by causing changes in the affective states of
laboratory mice. We selected bedding odors and an alarm
pheromone as common factors influencing the affective
states in mice during routine laboratory protocols [4, 6,
7] and examined the ASR changes induced by these
stimuli.

Materials and Methods

Experimental animals

Fifty eight, 8-week-old, adult male mice (Slc:ddY;
Japan SLC, Shizuoka, Japan) were used as subjects in
this study. All animals were housed in pairs in wire-
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topped transparent cages (320 mm length x 210 mm
width x 130 mm height) with paper bedding. Mice were
provided with water and food ad libitum and maintained
on a 12 h light—dark cycle with the light extinguished at
1945 h. Cages were maintained at a constant temperature
(23 £ 1°C) and humidity (45—60%). This study was ap-
proved by the Animal Experiment Committee of Aichi
Medical University. All animal care and experiments
were performed in accordance with the committee’s
guidelines.

Preparation and presentation of sample bedding

Three kinds of paper bedding were prepared as test
samples i.e. (1) Self bedding, obtained from home cag-
es containing a male subject and its male pair partner;
(2) Other bedding, obtained from other cages containing
two 8-week-old male mice, neither of which were sub-
jects of the ASR test; (3) Rat bedding, obtained from rat
cages containing two 9-week-old male rats. All test
sample beddings were collected 7 d after cage cleaning.

In each ASR test, a piece of sample paper bedding (10
mm length, 5 mm diameter) placed on a small disposable
aluminum dish was presented to each subject (Self bed-
ding, n=8; Other bedding, n=8; Rat bedding, n=8). In
addition, a piece of clean, unused bedding was present-
ed as a control sample bedding.

Preparation and presentation of sample water

As the mouse alarm pheromone is considered to be
volatile and water soluble [13, 14], we trapped volatiles
released from stressed mice in water droplets and used
these as sample water, termed Stress water. Adult male
mice (Slc:ddY, 9 weeks old, n=6) were used as phero-
mone donors, all of which were unfamiliar to subjects
used in the experiments. Each donor was placed inside
a polypropylene 50 ml screw-cap conical tube (Eppen-
dorf; Westbury, NY, USA) with 76 perforations (4 mm
diameter). Subsequently, the conical tube containing the
donor was set inside an acrylic box (100 mm length x100
mm width x 50 mm height; 2 mm thickness), the ceiling
of which was sprayed with purified water (1 ml). Im-
mediately after that, 5 min tactile stimuli (each force of
about 180 g) with an interstimulus interval of 2 s (i.e.,
total 150 stimuli) were delivered to each donor’s back
using a stainless wire (500 mm length, 1 mm diameter)
inserted through a hole (5 mm diameter) in the middle
of the ceiling of the acrylic box and a perforated hole in
the conical tube (Fig. 1), based on the same principle as
that of the von Frey test [15]. The conical tube contain-
ing the donor mouse was removed 2 min after the last
tactile stimulation. Then, the water droplets on the ceil-
ing that contained the alarm pheromone were collected
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Fig. 1. A schematic diagram of the procedure for trapping volatile
components of mouse alarm pheromone in purified water.

in a 2 ml polypropylene tube (Eppendorf) using a glass
bar and were stored at —30°C until the next test day.
Using the same procedure as that used for preparing
Stress water, we prepared two additional types of sample
water, termed Non-stress water and No animal water,
using male mice (Slc:ddY, 9 weeks old, n=5) anesthe-
tized with medetomidine hydrochloride (Domitol;
Meiji Seika Pharma Co., Ltd., Tokyo, Japan; 0.3 mg/kg,
ip), midazolam (Dormicum; Astellas Pharma Inc., To-
kyo, Japan; 4.0 mg/kg, ip), and butorphanol (Vetorphale;
Meiji Seika Pharma Co., Ltd.; 5.0 mg/kg, ip) [16] for
the former and no mice for the latter instead of stressed
male mice.

In each ASR test, sample water (0.45 ml) was dropped
onto three sheets of clean, unused filter paper (30 mm
length x 20 mm width, laid one on top of another) on a
disposable aluminum dish and presented to each subject
(Stress water, n=12; Non-stress water, n=10; No animal
water, n=12). Purified water was used as control sample
water.

The ASR test

The startle apparatus and software (StartleReflexSys-
tem 2004; O’Hara & Co., Tokyo, Japan) were used in
this study. The subjects were 58 adult, 8-week-old male
mice. The experiment lasted for five consecutive days.
On days 1 and 2, each subject was handled for 5 min in
the experimental room (temperature 23 + 1°C, humidity
45-60%). Then, the subject was acclimatized to the
animal holder and the experimental apparatus. The
holder consisted of a plastic inner cylinder (110 mm
length, 30 mm outside diameter, 28 mm inside diameter,
1 mm thickness), an acrylic outer cylinder (200 mm
length, 50 mm outside diameter, 46 mm inside diameter,
2 mm thickness), and an acrylic bottom plate (230 mm

length x 120 mm width; 2 mm wall thickness) to support
the outer cylinder. We inserted each subject into the in-
ner cylinder of the animal holder head first, which was
fixed inside the outer cylinder. Immediately after that,
the animal holder containing the subject was attached to
a platform in a dark, soundproof test chamber (480 mm
length, 350 mm width, 370 mm height) with background
noise (65 dB white noise), which was produced by a
speaker located at the rear of the test chamber ceiling,
and maintained there for 10 min. On day 3, subjects were
handled for 5 min, followed by acclimatization to the
entire ASR test procedure in the experimental room.
Each mouse was placed inside the same individual ani-
mal holder as that used on days 1 and 2. Then, the animal
holder containing each subject was attached to the plat-
form in the dark soundproof test chamber with back-
ground noise, as on days 1 and 2. Following this, the
ASR test, consisting of a baseline trial and a test trial,
was initiated. During the baseline trial, after an initial
300 s acclimation period, each subject was exposed to
50 auditory stimuli (120 dB, 40 ms white noise) with a
randomized interstimulus interval of 10-20 s. The audi-
tory stimuli were delivered through a speaker on the
ceiling of the test chamber, located 140 mm above the
top of the animal holder. All auditory stimuli were made
through an interface (WP-1020; O’Hara & Co.) under
the control of the software on a personal computer. Sub-
sequently, we set a control sample across the perforated
front of the inner cylinder (eight perforations, each of 2
mm diameter) of the animal holder at a distance of about
25 mm below the nose of the mouse. After that, the test
trial was conducted in the same manner as the baseline
trial. The sample was left at a distance of about 25 mm
below the nose of the mouse during the test trial. On
days 4 and 5, the subjects underwent the same ASR test,
which consisted of the presentation of control samples
or test samples during the test trials, in a counterbalanced
order. During the baseline and test trials, ASR data were
recorded. In short, the subject’s movements within the
holder resulted in displacements of an accelerometer
affixed to the platform, and the voltage output of the
accelerometer was digitized and recorded via the per-
sonal computer software. The startle amplitude was
defined as the maximal peak-to-peak voltage that oc-
curred during the first 0.2 s after the onset of the startle-
eliciting auditory stimulus. All experimental procedures
were conducted between 1300 and 1700 h.

Data analysis

For data analyses, we defined individual baseline and
test data as the mean amplitude of the last 40 responses
in each trial, because we considered the habituation of
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each subject to the auditory stimuli and eliminated the
first 10 responses. The percentage increase in amplitude
between the test data (7) and baseline data (B) was cal-
culated as (7/B — 1) x 100 for each subject. All data were
displayed as the mean + SE. Data on days 4 and 5 were
statistically compared within each experimental group
using Wilcoxon signed-rank test (EZR statistical soft-
ware [17]). The criterion for statistical significance was
set at P<0.05 for all comparisons.

The presentation of Self bedding to mice (n=8) in-
duced a significant percentage decrease in ASR values
as compared to those presented with control bedding
(P<0.05; Fig. 2A), whereas no significant difference was
observed in the mice (n=8) presented with Other bedding
(Fig. 2B). The presentation of Rat bedding to mice (n=8)
induced a significant percentage increase in ASR values
as compared to those presented with control bedding
(P<0.05; Fig. 20)

When Stress water was presented to mice (n=12), there
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Fig. 2. The percentage increase in amplitude between the baseline
data and test data for acoustic startle reflex (ASR). Subject
mice were presented with sample bedding or control bed-
ding (clean and unused bedding) in counterbalanced order
between the baseline trial and the test trial during two con-
secutive experimental days. Samples presented were as
follows: Self bedding, obtained from home cages containing
a subject and its male pair partner (A Self, n=8); Other
bedding, obtained from other cages containing two male
mice, both of whom were not subjects of the ASR test (B
Other, n=8); Rat bedding, obtained from rat cages contain-
ing two male rats (C Rat, n=8). Each bar represents the mean
+ SE; *¥P<0.05 versus control (Wilcoxon signed-rank test).
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was a significant percentage increase in ASR values
compared to those presented with control water (£<0.05;
Fig. 3A); however, no significant differences were ob-
served when both Non-stress water (n=10) and No ani-
mal water (n=12) were presented to the subjects (Figs.
3B and C).

In the present study, we assessed ASR changes in mice
induced by bedding odors and an alarm pheromone, both
of which are typical animal-derived odor stimuli associ-
ated with routine laboratory protocols. After presentation
with three kinds of bedding odors, three different ASR
test results were obtained. The odor of bedding obtained
from the subjects’ home cages significantly attenuated
the ASR, suggesting positive affective shifts in the sub-
ject mice. In contrast, the odor of bedding obtained from
rat cages significantly enhanced the ASR, suggesting
negative affective shifts in the subject mice. No signifi-
cant changes in ASR were observed in mice presented
with the odor of bedding obtained from cages of unfa-
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Fig. 3. The percentage increase in amplitude between the baseline
data and test data for acoustic startle reflex (ASR). Subject
mice were presented with sample water or control water
(purified water) in counterbalanced order between the base-
line trial and the test trial during two consecutive experi-
mental days. Samples presented were as follows: Stress
water, trapping volatiles released from stressed mice (A
Stress, n=12); Non-stress water, trapping volatiles released
from anesthetized mice (B Non-stress, n=10); No animal
water, trapping volatiles in air without animals (C No
animal, n=12). Each bar represents the mean + SE; *P<0.05
versus control (Wilcoxon signed-rank test).
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miliar conspecifics. However, there was significant ASR
enhancement in subject mice exposed to volatile com-
ponents of the alarm pheromone trapped in water, sug-
gesting negative affective shifts in mice.

The present data demonstrate that the ASR test may
be an effective paradigm to investigate the kinds of
volatiles from beddings that can influence affective states
in mice. In this study, the attenuation of ASR in mice,
suggesting a positive affective shift, was observed when
subjects were presented with volatiles from beddings of
their home cages. This phenomenon may be explained
as “social buffering”, or a reduction of stress responses
in animals induced by signals from social conspecific
partners [18]. In the case of mice, olfaction is one of the
important senses in relation to social buffering [19],
wherein only volatiles obtained from familiar animals
can induce reduction of stress responses [20]. These facts
correspond to the present findings that unfamiliar vola-
tiles derived from beddings in other cages could not
change ASR, but familiar ones from home cages with
one cage mate decreased it. In contrast, the enhancement
of ASR in mice, suggesting negative affective shift, was
observed when subjects were presented with volatiles
from beddings in rat cages. This finding reflects the fact
that one of the well-known predators of mice is the rat
[3], which can induce anxiety-related defensive respons-
es in mice, even when subjects were exposed to rats
indirectly (e.g., across wire mesh barrier) in experimen-
tal conditions [21-23]. This experimental design indi-
cates that olfaction is probably a main sensory modality
related to negative affective shifts in mice on the basis
of detection of volatiles released from rats, although
possible contributions of other senses such as vision and
hearing are also considered. Taken together, it is strong-
ly suggested that the ASR test is a reliable tool to assess
the effects of bedding-derived volatiles on affective states
in mice during routine laboratory protocols that can pos-
sibly confuse the results of experiments that use labora-
tory mice.

This study also demonstrated that the ASR test may
be effective in investigating the anxiogenic effects of the
alarm pheromone in mice. The alarm pheromone is
known to be released from mice in stressful conditions
and to induce anxiety-related behaviors and high corti-
costerone levels in receiver mice [13, 14]. It is shown
that neurons of the Grueneberg ganglion, an olfactory
subsystem located at the tip of the nose, detect the main
component of this pheromone that is volatile and water-
soluble [13, 14, 24]. The corresponding results regarding
such biological and chemical characteristics were also
shown in this study, namely, volatiles released from
stressed mice were trapped in water droplets without

direct contact and could induce significant ASR enhance-
ment in receivers presented with sample water at a dis-
tance of a few centimeters from the nose. In reference
to chemical alarm communication in laboratory animals,
the ASR test is moreover indicated to be an effective
paradigm to investigate anxiogenic effects of the alarm
pheromone in rats. The rat alarm pheromone is released
from the perianal region of donor rats and is trapped in
water droplets without direct contact [25]. In line with
these facts, two kinds of aldehydes, volatile and water-
soluble, have been identified as the main pheromone
components that are presumably perceived simultane-
ously by recipient rats via the main olfactory and vom-
eronasal systems, respectively [26]. The rat alarm
pheromone can induce ASR enhancement in receiver
rats presented with pheromone-containing sample water
at a distance from the nose in the same manner as the
mouse alarm pheromone in this study [27]. Thus, there
is a possibility that the ASR test is a very useful paradigm
to assess negative affective changes in laboratory animals
that are caused by alarm pheromones of conspecifics that
are handled, moved, or restrained during ordinary labo-
ratory protocols and may confuse experimental results.

The changes in the ASR observed in this study can be
attributed to the neuromechanism related to affective
shifts via olfaction. The attenuation of ASR amplitude
could be explained by the social-buffering effect of home
cage odor. Moreover, it was considered that the enhance-
ment in ASR amplitude was caused by predator odor and
alarm pheromone. The odor-induced social buffering in
rodents is suggested to be mainly mediated by the neural
root from the main olfactory system to the amygdala in
the limbic system [18], and this is also suggested to have
an important role in affective shifts in mice evoked by
predator odor [28]. The vomeronasal system and limbic
system including the amygdala are considered the main
contributors to the biological effects of rat alarm phero-
mone [26, 29]. The amygdala is also a functionally sig-
nificant brain region in terms of changes in the ASR
amplitude reflecting the affective states (e.g., fear) in rats
[30]. Overall, it is presumable that the amygdala is one
of the most important brain regions mainly involved in
the modulation of changes in the ASR observed in this
study. However, further studies are necessary to clarify
this issue.

It has been reported that alarm pheromones could be
produced by laboratory mice under various types of
stress conditions. Several studies have revealed the re-
lease of volatile alarm substances from mice that re-
ceived substantial aversive stimuli; for example, intra-
peritoneal injection of hypertonic saline, electric foot
shook, CO, euthanasia, confinement stress, and cold
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stress [13, 14, 31, 32]. In the present study, pheromone
donor mice were confined and received tactile stimuli,
also considered as considerable stress. However, it is
unclear if more mild stresses such as low-intensity han-
dling can elicit the release of alarm pheromone in mice.
It is necessary to address this issue in future studies, as
husbandry and laboratory protocols routinely include
such mild handling of mice, which should be performed
more carefully to prevent presumable confusion of
physiological and/or behavioral experimental data,
given that alarm pheromone release could be induced by
such routine procedures.

In conclusion, we showed that the ASR test might be
effective in assessing affective changes in laboratory
mice exposed to volatile components of odors from cage
beddings and the alarm pheromone. In ASR tests, pre-
sentation of volatile samples seems to be easy to perform
in a quantitatively and temporally regulated manner.
Therefore, it is suggested that the ASR test can become
one of the valuable tools for detecting animal-derived
odors that confuse experimental results and reduce the
validity of experimental data by causing unknown effects
on the affective states of mice during routine laboratory
protocols. This would result in a reduction in the number
of animals used and an improvement in laboratory ani-
mal welfare. Nevertheless, our present study has limita-
tions and a number of questions remain to be answered;
for example, clarifying the effect of not only human odor
during husbandry procedures or experiments but also
non-animal odor, such as disinfectants, on the affective
states in laboratory mice.
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