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Abstract

Conditioned place preference (CPP) tests in rodents have been well established to measure
preference induced by secondary reinforcing properties, but conventional assays are not
sensitive enough to measure innate, weak preference, or the primary reinforcing property of
a conditioned stimulus. We designed a novel CPP assay with better sensitivity and effi-
ciency in quantifying and ranking preference of particular sounds among multiple alterna-
tives. Each test tone was presented according to the location of free-moving rats in the
arena, where assignment of location to each tone changed in every 20-s session. We dem-
onstrated that our assay was able to rank tone preference among 4 alternatives within 12.5
min (125 s (habituation) + 25 s/sessions x 25 sessions). In order to measure and rank sound
preference, we attempted to use sojourn times with each test sound (T), and a preference
index (P1) based on transition matrices of initial and end sounds in every session. Both T
and Pl revealed similar trends of innate preference in which rats preferred test conditions

in the following order: silence, 40-, 20-, then 10-kHz tones. Further, rats exhibited a change
in preference after an classical conditioning of the 20-kHz tone with a rewarding microstimu-
lation of the dopaminergic system. We also demonstrated that Pl was a more robust and
sensitive indicator than T when the locomotion activity level of rats became low due to habit-
uation to the assay repeated over sessions. Thus, our assay offers a novel method of evalu-
ating auditory preference that is superior to conventional CPP assays, offering promising
prospects in the field of sensory neuroscience.

Introduction

Preferences are shaped both by innate characteristics of the sensory system and by personal
experience throughout life and, in turn, may affect neural activities in the brain. Therefore,
gauging preference in animal studies offers valuable insights into neural representation.

For visual stimuli, alternative forced choice tasks have proven to be valuable tools for deter-
mining preference in animals. For example, monkeys have exhibited preference for complex
visual stimuli [1-3], symmetrical and regular patterns [4], movies rather than still images [5],
and social contents, such as conspecific faces [2, 6, 7], female perinea, and faces of high-status
monkeys [8]. Additionally, rodents have exhibited visual preference for novel objects [9, 10]

PLOS ONE | https://doi.org/10.1371/journal.pone.0197361 June 13,2018 1/13


https://doi.org/10.1371/journal.pone.0197361
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197361&domain=pdf&date_stamp=2018-06-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197361&domain=pdf&date_stamp=2018-06-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197361&domain=pdf&date_stamp=2018-06-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197361&domain=pdf&date_stamp=2018-06-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197361&domain=pdf&date_stamp=2018-06-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197361&domain=pdf&date_stamp=2018-06-13
https://doi.org/10.1371/journal.pone.0197361
http://creativecommons.org/licenses/by/4.0/
https://www.jsps.go.jp/english/index.html
https://www.jsps.go.jp/english/index.html
http://www.tateisi-f.org/
http://www.tateisi-f.org/

@° PLOS | ONE

Preference test of sound among multiple alternatives in rats

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

and movies of conspecific social behaviors [11]. Further, alternative force choice tasks have
been used to show that preference for a particular style of painting can be induced in pigeons
[12-15], and surprisingly, that mice [16] and songbirds [17] may have certain innate visual
preferences. However, to measure preference in these alternative forced choice tasks requires
that alternatives appear simultaneously, which makes this methodology difficult to apply to
non-visual fields.

Conditioned place preference (CPP) is another well-established test that, since the discov-
ery of rewarding effects of brain stimulation [18], has been often used to characterize rein-
forcement effects, specifically for drugs of abuse [19-21]. In the CPP test, one compartment in
a test arena is paired with a primary reinforcer and, following conditioning, the secondary
reinforcing properties become associated with the compartment due to Pavlovian contingency;
consequently, sojourn time within the compartment becomes a measure of this reinforcing.
The CPP test is often modified to measure preference for a conditioned context. For example,
odor served as an effective contextual conditioned stimulus in rats [22], as has music in gold-
fish [23], songbirds [24], pigeons [25], rats [26-29], and monkeys [30]. Thus, these assays
have proven valuable methods for measuring preference as induced by secondary reinforcing
properties. However, traditional CPP tests are not sensitive enough to measure innate, weak
preferences or to measure preference for the primary reinforcing property of a conditioned
stimulus.

Current applications of CPP tests have several problems that if addressed, would improve
these assays. First, because differences in sojourn time across the two compartments are usu-
ally quantified as a measure of preference in a pairwise manner, CPP is too time-consuming to
rank preferences of multiple alternatives. Second, locomotion activity has a profound effect in
these assays [19]. Specifically, locomotion is often much more costly for the test subjects than
the value of the reinforcing properties of contextual stimulus. Further, during the test, locomo-
tion activity level decreases with time [31], and a strong initial bias of preference is sometimes
observed, which can complicate interpretation of reinforcing effects of the conditioned stimu-
lus [21, 32].

To address these limitations of current application of CPP, we designed a novel CPP assay
that would allow quantification and preference ranking of multiple alternatives of test tones
with better sensitivity and efficiency. In this novel assay, rats were allowed free movement
throughout the arena where each tone was presented according to specific location, but where
the assignment of location to each tone changed with every 20-s session. We hypothesized
that rats would stay longer in locations with preferred tones, would seek preferred tones, and
would move away from uncomfortable tones. In addition to sojourn times for each test tone,
we derived a preference index (PI) based on transition matrices of initial and end tones in
every session. We hypothesized that locomotion activity level of test rats would have less influ-
ence over PI than over sojourn time because the index places a greater emphasis on self-active
sessions than on motionless sessions. Using our novel assay, we first sought to confirm that in
our setup rats still indicated their well-documented preference for silence over meaningless,
unfamiliar sounds [28, 33, 34]. Next, we examined whether our assay was sufficiently sensitive
to reveal preference among rats for particular test tones. We then demonstrated that our assay
could detect modifications of this preference when a particular tone was paired with rewarding
microstimulation of the dopaminergic system in the midbrain [35-37].

Material and methods

This study was conducted in strict accordance with “Guiding Principles for the Care and Use
of Animals in the Field of Physiological Science” published by the Japanese Physiological
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Society. The experimental protocol was approved by the Committee on the Ethics of Animal
Experiments at the Research Center for Advanced Science and Technology, the University of
Tokyo (Permit Number: RAC130107). All surgery was performed under isoflurane anesthesia,
and all efforts were made to minimize suffering. During experiments, each animal was individ-
ually housed in a polycarbonate cage (276x445x204 mm?) (CL-0108-1; CLEA Japan, Inc.,
Tokyo, Japan) with 4-cm-thick nesting material. The breading area was constantly kept at
21°C and under a 12:12 hours day-night cycle. Dry food and water was provided ad libitum.
At the termination of experiment, animals were euthanized with an overdose of pentobarbital
sodium (160 mg/kg, i.p.).

Design of experimental setup

Fig 1A depicts the schema of our experimental setup. Behavioral experiments were conducted
using a custom-made chamber (35x35x35 cm?®) (OPFZ-3001; O’hara & Co. Ltd., Tokyo,
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Fig 1. Experimental setup and design. (a) Schema of setup. A camera tracked the position of a test rat in the arena,
where a square pillar stood at the center. The arena was virtually divided into eight subfields, to each of which a
different auditory environment was assigned. One of these tones was presented depending on the location of the
gravity center of a test rat shown by a red dot. (b) Daily protocol. A habituation period was given first. A single session
of sound preference test lasted 20 s, and 25 trials were repeated daily. Each session had a different spatial assignment of
tone frequency. Each session was interleaved by a 5-s white noise period. (c) Schedule of the experiments. Preference
was measured daily. Day 0 was defined as the first day of conditioning, which associated a 20-kHz tone with rewarding
microstimulation of the dopaminergic system. Innate preference was characterized on day 0. A preference test on day
1 or later examined whether and how the conditioning modified the innate preference.

https://doi.org/10.1371/journal.pone.0197361.9001
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Japan) placed in a soundproof booth (80x70x70 cm®) (Japan Shield Enclosure Co. Ltd., Osaka,
Japan). A camera on the chamber ceiling tracked the position of test rat and captured images
every 60 ms. These images were binarized to identify the gravity center of the silhouette, which
defined the position of the rat. A square pillar (7x7x25 cm?) was placed at the center of the
arena and the rat moved freely around the pillar. A speaker mounted above the chamber
(Technics EAS-10TH800; Matsushita Electric Industrial Co. Ltd., Osaka, Japan) provided
sound stimuli. Prior to the experiments, acoustic calibration was performed with a 1/4-inch
microphone (4939; Briiel & Kjaer, Neerum, Denmark) at the center of the arena at a height of 3
cm (i.e., head height of rats). We then measured sound intensity at multiple locations in the
arena and confirmed that the difference of intensity was less than 3 dB.

In daily tests, rats were first habituated to the arena for 125-625 s without any sound pre-
sentation, and 25 sessions of preference testing were carried out. The arena around the pillar
was virtually divided into 8 subfields and, based on the specific subfield in which a test rat was
located, one of the following acoustic environments was given: continuous tones at 60 dB
sound pressure level (SPL) of (i) 10 kHz; (ii) 20 kHz; (iii) 40 kHz; or (iv) silence (Fig 1A). The
allocation of particular acoustic environments to each subfield changed randomly every ses-
sion, with the restriction that the tone at the beginning of the session be different from the
tone at the end of last session (Fig 1B). A single session was 20 s long and was interleaved with
while noise at 30 dB SPL for 5 s.

Indices of preference

To quantify preference in rats for particular auditory environment, normalized sojourn time
(T) and preference index (PI) were defined. Similar to previous studies utilizing conventional
CPP assays [19-21], the use of T as an indicator of preference is based on the hypothesis that
rats would stay longer in subfields presenting the preferred auditory environment of the ani-
mal. However, because the rats often sat still and did not move at all during a session, the initial
condition of the rat might profoundly bias sojourn times. To avoid this bias, T was derived for
each condition such that a time rate spent in each condition was normalized with the probabil-
ity of initial condition: i.e.,

T(X) = Pr(X)
Pr(S =X)
where X denotes the condition of auditory environment, and S denotes the initial condition in
each session. To derive the time rate spent in each condition, i.e., Pr(X), the sojourn time of X
during test was divided by the total time, i.e., 500 s for 25 sessions. An initial condition in each
session was chosen with care to equal the probability of each initial condition at the end of
daily test, i.e., Pr(S = X) = 1/4. Yet, this was not always possible because of the restriction that
each initial condition be different from the end condition of the last session. To compensate
this bias in the initial condition, Pr(X) was finally normalized by Pr(S = X).

However, even with this normalization, T could not evaluate preference adequately when
rats sat still in most sessions. Therefore, PI was designed to put more weight on self-active ses-
sions. Rats might actively seek out and find a subfield with their preferred auditory environ-
ment, as opposed to moving away from a subfield with their non-preferred environment. To
evaluate this tendency, PI was defined as

PI(X) = Pr(G = X|S = X) — Pr(G = X|$ = X)

where X is the condition of auditory environment, and S and G are the initial and end auditory
conditions in each session, respectively, and X is the complementary condition of X (e.g.,
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when X is 10 kHz, X consists of silence, 20 kHz and 40 kHz). Pr(G = X|S = X) and Pr(G =
X|S = X) were the inflow and outflow probability of X, respectively, which were obtained
daily at the end of all sessions, i.e., 25 sessions. PI(X) = 1 when rats always ended sessions
within the subfield presenting X, i.e., G = X, while PI(X) = -1 when G = X in all sessions.

Innate preference test

Using the experimental setup and indices defined above, we tested 41 naive male Wistar rats
(Tokyo Laboratory Animals Science Co., Ltd., Tokyo, Japan), at postnatal week 9 or 10 and
with a body weight of 250 to 350 g, to examine preference of naive rats.

Modification of preference through classical conditioning

Classical condition was done by pairing a 20-kHz tone with stimulation of the ventral tegmental
area (VTA). In 31 of the rats used in our innate preference testing, a custom-made bipolar elec-
trode was implanted in the VTA to electrically activate the dopaminergic system as a reward.

For implantation, rats were anesthetized with isoflurane (3.5% at induction and 3% for
maintenance) and were fixed in a stereotaxic frame (SR-50; Narishige Group, Tokyo, Japan)
using ear bars. Atropine sulfate (0.1mg/kg) was administered at the beginning of the surgery
to reduce the viscosity of bronchial secretions. A skin incision was made at the beginning of
the surgery under local anesthesia of xylocaine (0.5 ml), and the parietal cranium was surgi-
cally exposed. The cranium and dura over the target site were removed, and 3 small cranioto-
mies were conducted to implant anchoring screws. An electrode bundle was inserted into the
right VTA (-5.2 mm anterior-posterior (AP) and 0.95 mm medio-lateral (ML) from bregma at
a depth of 8.5 mm from the surface of brain). The electrode bundle was composed of a pair
of Teflon-insulated stainless wires with the bare diameter of 110 pm (Nilaco Corp., Tokyo,
Japan). The wires were inserted into a 26 gauge injection needle serving as a guide cannula.
The cannula and anchoring screws were fixed together on the skull with dental cement (Uni-
fast Trad; GC Corp., Tokyo, Japan).

A post-operative recovery period was given for 3 days or more. Once animals had recovered
from surgery, self-stimulation behaviors were quantified for 3 min to confirm effectiveness of
VTA stimulation. The self-stimulation experiments were carried out in an operant chamber
(12x25x35 cm®) (O’hara & Co. Ltd.), which had a 2.5-cm diameter nose-poke (NP) hole on
the wall. Each NP triggered VTA stimulation, which was a 200-ms, 100-Hz train of charge-bal-
anced biphasic pulses each with a current of 0.4 mA and duration of 0.2 ms. Rats exhibiting
more than 75 nose poking during 3-min period of testing were included in the classical condi-
tioning group. Consequently, the rats with the top 10 highest NP frequencies were used as the
classical conditioning group.

For classical conditioning, we paired a 20-kHz tone with VTA stimulation, and examined
whether preference was modified through conditioning. The conditioning was conducted in
another experiment chamber (35 x 35 x 35 cm’) (O’hara & Co. Ltd.). In the conditioning, a
20-kHz, 60-dB SPL tone was presented for 30 s as a conditioned stimulus (CS), and the last
200 ms of the CS was presented with the unconditioned stimulus (US), VTA stimulation, to
create an association between the two stimuli. The parameters of VT A stimulation were identi-
cal to those delivered during self-stimulation. These CS-US pairs were presented 200 times
daily during the conditioning with an inter-stimulus interval between each CS-US pairing of
31-35ss. The total duration of a conditioning session was approximately 100 min.

For the first 2 days or more, innate preference was characterized. Thereafter, the classical
conditioning above was conducted, followed by a daily preference test; hence, the effect of con-
ditioning would appear in the preference test on the next day. We defined day 0 as the first day
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of conditioning, when innate preference was characterized; thereafter (i.e., day 1 or later), we
quantified whether and how the conditioning modified preference (Fig 1C).

Results

Fig 2A depicts representative paths from 25 sessions on a given day in the innate preference
test, from which the behavioral indices, T and PI, were derived. From this representative data,
a matrix of the initial and end conditions from each session was examined to derive PI. In this
example, a PI of silence was derived as 7/18-1/7 = 0.25. A positive PI indicates the inflow of
the test animals to a given condition during the session was more frequent than their outflow.
Diagonal elements in the matrix were ignored in PI derivation, because most of these elements
corresponded to motionless sessions.

In the innate preference test (Fig 3A), significant differences between the conditions were
observed both in PI (Lilliefors test for normality, p > 0.05; one-way ANOVA, F; 17, = 11.05,

p = l.1le-6) and in T (Lilliefors test for normality, p > 0.05; one-way ANOVA, F; ,,, =7.32,

p = 1.2e-4). Consistent with previous studies using classical CPP assays, an innate preference
was observed for silence in PI (post-hoc t-test with Bonferroni correction: silence vs. 10 k,

p = 0.00083; silence vs. 20 k, p = 0.0013) and in T (silence vs. 10 k, p = 0.0028); furthermore, P
suggested preference difference among tone frequencies, 40-kHz tone being preferred to
10-kHz and 20-kHz tones (40 kHz vs. 10 kHz, p = 0.00032; 40 kHz vs. 20 kHz, p = 0.0019).

We next attempted to modify this innate preference through classical conditioning. NP fre-
quency in the self-stimulation experiment was examined to confirm how effectively VTA stim-
ulation served as a reward. In 31 test rats, the frequency of NP over 3 min ranged widely from
0 to 350 (median, 68; interquartile range, 33-147). Among them, 14 rats that made NP more
than 75 times over 3 min were included in the classical conditioning group, in which a 20-kHz
tone was paired with VTA stimulation to modify the innate preference in these animals. In

O—= Sito Si (Inflow)
Si to Si (Outflow)

(----+y SitoSi

Sito Si

Si
Matrix to derive PI
of silence (Si)

End cond.

S Si
“““ 5
o 6 1
©
e} -
c Si 7 11

Fig 2. Representative data. Representative paths of 25 sessions on a given day. Circles and triangles indicate initial
and end positions, respectively, in a given session. Solid and broken paths indicate self-active and motionless sessions,
respectively. To derive the preference index (PI) of silence (Si), a transition matrix of initial and end conditions was
used, as shown in the lower right section of the figure. Si consisted of 10-, 20-, and 40-kHz tones. From self-active
sessions (i.e., the non-diagonal components), the frequency of inflow (black) and outflow (gray) was quantified, and
the difference between the inflow and outflow rate was defined as the PI of silence; in this example, PI = 7/18-1/
7=0.25.

https://doi.org/10.1371/journal.pone.0197361.9002
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Fig 3. Innate and modified preference of rats for specific tones. (a) Innate preference. (i) Preference index (PI)
measurement. (ii) Normalized sojourn time (T) measurement. The means and standard errors are given. Dots indicate
data from individual subjects. Asterisks indicate statistical significance among test conditions (one-way ANOVA). (b)
Modified preference. PI and T were measured after 4 days of classical conditioning, where a 20-kHz tone was paired
with rewarding microstimulation to the ventral tegmental area (VTA). For comparison, square symbols indicate innate
preference adapted from (a). (c) Daily data of preference test. Conditioning induced a significant difference in PI, but
notin T (two-way ANOVA). Plus marks indicate significant increase of preference for the 20-kHz tone on a given day
as compared to day 0 (post-hoc t-test with Bonferroni correction).

https://doi.org/10.1371/journal.pone.0197361.g003

this conditioning group, 4 rats were excluded from the following analyses because stimulation
electrodes were damaged during experiments, and thus 10 rats were eventually investigated.

Fig 3B shows scatter plots of P and T on day 4, suggesting that preference of 20-kHz tone
selectively increased as compared to that in the innate preference test. For statistical tests, two-
way ANOVA quantified effects in the auditory condition and conditioning day. For P, signifi-
cant main effects were observed in both the auditory condition (F3, 385 = 5.39, p = 0.0138; post-
hoc power analysis, 1- B = 0.259) and the conditioning day (Fs 333 = 4.20, p = 0.0004; 1- B =
0.429) (Fig 3C). Further, PIs of 20 kHz on days 3-5 were significantly higher than the innate
PI of 20 kHz (post-hoc t-tests with Bonferroni correction: day 3, p = 0.0486; day 4, p = 0.0015;
day 5, p = 0.027; scatter plots on day 4 in Fig 3B). In contrast, no significant main effects were
observed for T of either the auditory conditions (Fs, 335 = 0.107, p = 0.107; 1- B = 0.119) and
day (Fs, 333 = 0.03, p = 0.99; 1- B = 0.0829). Thus, PI appeared to be more sensitive than T as a
measure of preference.
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Fig 4. Effects of locomotion activity on preference test. (a) Proportion of the session in which the rats was
motionless. The means and standard deviations are given. (b) Path length of locomotion. The mean across subjects in a
given session on a given day is shown. Locomotion activity decreased over sessions within a given day, but not over
days of conditioning (two-way ANOVA). (c) Innate preference derived from the last 1/3 of the sessions (18-25), in
which locomotion activity was low. Innate preference was still uncovered in PI (i), but not in T (ii) (one-way
ANOVA).

https://doi.org/10.1371/journal.pone.0197361.9004

The poor power of T in the preference test was likely due to low locomotion activity with
repetition of the tests. In the preference tests, rats did not move beyond a given subfield
(S = G) in approximately 70% of sessions (Fig 4A). The length of the locomotion path
decreased over the sessions in a given day, but did not change across the days (Fig 4B) (two-
way ANOVA: Foy 2424 =6.99,p < 107 for session; F; 2404 =0.81, p = 0.581 for day). We
reevaluated innate preference from the last 1/3 of the sessions (18-25) on day 0, where the
total length of locomotion (mean * s.d. = 529 + 249 mm) was significantly shorter than that of
the first 1/3 of the sessions (384 + 202 mm) (t-test, p = 3.2e-6). We found that PI still varied
across the auditory conditions (one-way ANOVA, F; 1,5 =4.7, p = 0.0035; 1- B = 0.906), while
T showed no significant difference (Fs, 175 = 1.37, p = 0.25; 1- B = 0.376). These data support
our hypothesis that preference can be better measured from self-active sessions, and that PI is
therefore better than T to measure preference in our CPP assays.
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Discussion

We designed a novel CPP assay to quantify and rank preference of auditory stimuli among
multiple alternatives (Fig 1). Each test tone was presented according to the location of free-
moving rats in the arena, where the assignment of location changed for each tone every 20-s
session. Preference was quantified by sojourn times (T') within each test tone location and by
preference index (PI) based on transition matrices of initial and end tones in every session (Fig
2). Both T and PI revealed a similar trend of innate preference, showing that rats preferred
auditory conditions in the following order: silence, 40-, 20-, and 10-kHz tones. Further, both
T and PI detected a change in preference after the classical conditioning in which a 20-kHz
tone was paired with VT A microstimulation (Fig 3). PI was a more robust and sensitive indica-
tor of preference than T under conditions when the locomotion activity level of the rats
became low due to habituation to the assay repeated over sessions (Fig 4). These results dem-
onstrated the ability of our assay to evaluate auditory preference more efficiently than a con-
ventional CPP assay.

Consistent with results from previous studies, our data showed that rats preferred silence to
meaningless, unfamiliar sounds [28, 33, 34] (Fig 3A). Furthermore, according to our data, rats
exhibited innate preference among different tones, with rats preferring the 40-kHz tone over
the 10-kHz tone. For these tones, negative PIs indicate that an outflow from a given tone sub-
field was more frequently observed than an inflow to the field, suggesting that the resultant
ranking quantified the repulsiveness of a tone the rat wished to avoid rather than preference
for a tone the rat wished to encounter. This degree of repulsiveness is likely to correspond to
perceptual loudness because emotionally negative stimuli are perceived as louder than positive
stimuli [38]. Some physiological properties in the auditory system of rats could make 10-kHz
tone seem louder than others. Specifically, at the level of the auditory cortex in rats, high-inten-
sity, mid-frequency tones (e.g., 80 dB SPL, 8 kHz) recruited the largest number of neurons
[39-42]. This property of recruitment function originates partially in the mechanical charac-
teristics of cochlea [43, 44]. Thus, the innate preference observed in rats during the present
experiments supports previous findings that rats prefer a quiet environment.

In our assay, classical conditioning pairing a 20-kHz tone with VT'A microstimulation
increased preference of conditioned stimulus (Fig 3). Interestingly, preference for the 20-kHz
tone evolved gradually and became most obvious on day 4; yet this statistical significance dis-
appeared on day 6. In our assay, because the classical conditioning was conducted in a differ-
ent chamber than the CPP test, repetitions of the CPP test over days were likely to cause
extinction in the CPP apparatus (i.e., rats learned and became aware that no reward was pro-
vided) [45].

Our assay has several advantages over conventional CPP assays. First, our assay was able to
rank preference among 4 alternatives within 12.5 min (125 s (habituation) + 25 s/sessions x 25
sessions) (Fig 1B). Conventionally, test duration of CPP is typically 10-15 min, in which
sojourn times among two compartments are usually quantified as a measure of preference;
therefore, to rank 4 alternatives in a pairwise manner would take 60-90 min over multiple
days in conventional CPP assays [19]. Second, our apparatus was able to exclude an initial
bias, because the relationship between place and conditioned stimuli was randomly assigned
and varied every 25 s. Conventional CPP tests commonly used a shuttle box with two highly
distinctive compartments (e.g., black vs. white), and thus, a strong initial bias of preference is
sometimes observed, which may have profound effects on CPP test results [21, 32]. Third, our
PI index was more robust over locomotion activity than sojourn time (Fig 4), because our PI
placed more emphasis on self-active sessions rather than motionless sessions. Locomotion
activity level commonly decreases during the test as time proceeds [19, 31]. When the cost of
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locomotion for test subjects becomes more expensive than reinforcing properties of contextual
stimulus, sojourn time is not an adequate measure of preference.

Yet, there is a possibility that our assay measures a different aspect from the conventional
CPP tests. Subjects in our assay made an active choice among possible tones during tests, and
therefore, the behavior under test was essentially conditioned reinforcement. On the other
hand, the conventional CPP consisted of pre- and post-tests without stimulus presentation to
provide evidence of place or context preference being made. Further experiments is still
required to address whether and how our assay is different from conventional CPP tests in
preference measurements.

We believe that gauging preference using this novel assay will offer valuable insights in ani-
mal studies. For example, consonance is preferred either innately [46] or due to cultural expo-
sure [47], while hard sounds of a sharp object scraping across a slate surface are innately
uncomfortable [48]; these preferences may be produced by a particular neural representation
in the sensory system, and therefore may be preserved across species [49]. Humans also have
long enjoyed music [50-52]. Conventional preference tests have demonstrated that various
species are able to discriminate different music as context stimuli [23-30], but the detection
power of these tests is still not sufficient to uncover whether and how a specific spatio-tempo-
ral structure in particular samples of music has primary reinforcing properties. Furthermore,
individual differences of innate preference may emerge depending on early experience. In
rodents, biased preference has been shown to develop with early music exposure between post-
natal days 15 and 24 [33, 34], but not with exposure to tone pulse patterns [53]. Further, expo-
sure to music in the perinatal period altered signaling of brain-derived neurotrophic factor
and enhanced learning performance in mice [54, 55], suggesting that specific spatio-temporal
structures of sounds are able to appeal to sensory systems in the brain and develop preference.
Thus, the present behavioral assay combined with physiological experiments offers promising
prospects for elucidating the underlying neural mechanisms of the development of these previ-
ously demonstrated responses to sound.

Supporting information

S1 Fig. Dataset.
(XLSX)

Acknowledgments

This work was partially supported by KAKENHI grants (26242040, 16H01604, 17K20090) and
Tateisi Science and Technology Foundation.

Author Contributions

Conceptualization: Ryo Soga, Hirokazu Takahashi.

Formal analysis: Ryo Soga, Hirokazu Takahashi.

Funding acquisition: Tomoyo Isoguchi Shiramatsu, Hirokazu Takahashi.
Investigation: Ryo Soga, Tomoyo Isoguchi Shiramatsu.

Methodology: Ryo Soga, Tomoyo Isoguchi Shiramatsu.

Supervision: Hirokazu Takahashi.

Validation: Hirokazu Takahashi.

PLOS ONE | https://doi.org/10.1371/journal.pone.0197361 June 13,2018 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197361.s001
https://doi.org/10.1371/journal.pone.0197361

@° PLOS | ONE

Preference test of sound among multiple alternatives in rats

Writing - original draft: Ryo Soga, Hirokazu Takahashi.

Writing - review & editing: Hirokazu Takahashi.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Takebayashi M, Funahashi S. Monkeys Exhibit Preference for Biologically Non-Significant Visual Sti-
muli. Psychologia. 2009; 52(2):147-61.

Wilson FAW, Goldmanrakic PS. Viewing Preferences of Rhesus-Monkeys Related to Memory for Com-
plex Pictures, Colors and Faces. Behav Brain Res. 1994; 60(1):79-89. PMID: 8185855

Humphrey NK. ’Interest’ and 'pleasure’: two determinants of a monkey’s visual preferences. Perception.
1972; 1(4):395-416. https://doi.org/10.1068/p010395 PMID: 4680941

Anderson JR, Kuwahata H, Kuroshima H, Leighty KA, Fuijita K. Are monkeys aesthetists? Rensch
(1957) revisited. Journal of experimental psychology Animal behavior processes. 2005; 31(1):71-8.
https://doi.org/10.1037/0097-7403.31.1.71 PMID: 15656728

Blatter K, Schultz W. Rewarding properties of visual stimuli. Exp Brain Res. 2006; 168(4):541-6. hitps://
doi.org/10.1007/s00221-005-0114-y PMID: 16151778

Fujita K, Watanabe K. Visual Preference for Closely-Related Species by Sulawesi Macaques. Am J Pri-
matol. 1995; 37(3):253-61.

Fujita K. Species recognition by five macaque monkeys. Primates. 1987; 28(3):353—66.

Deaner RO, Khera AV, Platt ML. Monkeys pay per view: Adaptive valuation of social images by rhesus
macagques. Curr Biol. 2005; 15(6):543-8. https://doi.org/10.1016/j.cub.2005.01.044 PMID: 15797023

Berlyne DE. Novelty and Curiosity as Determinants of Exploratory Behaviour. B J Psychol-Gen Sect.
1950; 41:68-80.

Leger M, Quiedeville A, Bouet V, Haelewyn B, Boulouard M, Schumann-Bard P, et al. Object recogni-
tion test in mice. Nat Protocols. 2013; 8(12):2531-7. https://doi.org/10.1038/nprot.2013.155 PMID:
24263092

Watanabe S, Shinozuka K, Kikusui T. Preference for and discrimination of videos of conspecific social
behavior in mice. Anim Cogn. 2016; 19(3):523-31. https://doi.org/10.1007/s10071-016-0953-x PMID:
26801496

Watanabe S, Sakamoto J, Wakita M. Pigeons’ discrimination of paintings by Monet and Picasso. J Exp
Anal Behav. 1995; 63(2):165—74. https://doi.org/10.1901/jeab.1995.63-165 PMID: 16812755

Watanabe S. Van Gogh, Chagall and pigeons: picture discrimination in pigeons and humans. Anim
Cogn. 2001; 4(3—4):147-51. https://doi.org/10.1007/s100710100112 PMID: 24777504

Watanabe S. Pigeons can discriminate "good" and "bad" paintings by children. Anim Cogn. 2010; 13
(1):75-85. https://doi.org/10.1007/s10071-009-0246-8 PMID: 19533184

Watanabe S. Discrimination of painting style and quality: pigeons use different strategies for different
tasks. Anim Cogn. 2011; 14(6):797—-808. https://doi.org/10.1007/s10071-011-0412-7 PMID: 21556705

Watanabe S. Preference for and Discrimination of Paintings by Mice. Plos One. 2013; 8(6).

Ikkatai Y, Watanabe S. Discriminative and reinforcing properties of paintings in Java sparrows (Padda
oryzivora). Anim Cogn. 2011; 14(2):227-34. https://doi.org/10.1007/s10071-010-0356-3 PMID:
21132449

Olds J, Milner P. Positive reinforcement produced by electrical stimulation of septal area and other
regions of rat brain. Journal of comparative and physiological psychology. 1954; 47(6):419. PMID:
13233369

Bardo MT, Rowlett JK, Harris MJ. Conditioned Place Preference Using Opiate and Stimulant-Drugs—a
Metaanalysis. Neurosci Biobehav R. 1995; 19(1):39-51.

Tzschentke TM. Measuring reward with the conditioned place preference paradigm: a comprehensive
review of drug effects, recent progress and new issues. Prog Neurobiol. 1998; 56(6):613—72. PMID:
9871940

Huston JP, Silva MAD, Topic B, Muller CP. What'’s conditioned in conditioned place preference? Trends
Pharmacol Sci. 2013; 34(3):162—6. https://doi.org/10.1016/j.tips.2013.01.004 PMID: 23384389

Johanson IB, Teicher MH. Classical-Conditioning of an Odor Preference in 3-Day-Old Rats. Behav
Neural Biol. 1980; 29(1):132—6. PMID: 7387583

Shinozuka K, Ono H, Watanabe S. Reinforcing and discriminative stimulus properties of music in gold-
fish. Behav Process. 2013; 99:26-33.

PLOS ONE | https://doi.org/10.1371/journal.pone.0197361 June 13,2018 11/13


http://www.ncbi.nlm.nih.gov/pubmed/8185855
https://doi.org/10.1068/p010395
http://www.ncbi.nlm.nih.gov/pubmed/4680941
https://doi.org/10.1037/0097-7403.31.1.71
http://www.ncbi.nlm.nih.gov/pubmed/15656728
https://doi.org/10.1007/s00221-005-0114-y
https://doi.org/10.1007/s00221-005-0114-y
http://www.ncbi.nlm.nih.gov/pubmed/16151778
https://doi.org/10.1016/j.cub.2005.01.044
http://www.ncbi.nlm.nih.gov/pubmed/15797023
https://doi.org/10.1038/nprot.2013.155
http://www.ncbi.nlm.nih.gov/pubmed/24263092
https://doi.org/10.1007/s10071-016-0953-x
http://www.ncbi.nlm.nih.gov/pubmed/26801496
https://doi.org/10.1901/jeab.1995.63-165
http://www.ncbi.nlm.nih.gov/pubmed/16812755
https://doi.org/10.1007/s100710100112
http://www.ncbi.nlm.nih.gov/pubmed/24777504
https://doi.org/10.1007/s10071-009-0246-8
http://www.ncbi.nlm.nih.gov/pubmed/19533184
https://doi.org/10.1007/s10071-011-0412-7
http://www.ncbi.nlm.nih.gov/pubmed/21556705
https://doi.org/10.1007/s10071-010-0356-3
http://www.ncbi.nlm.nih.gov/pubmed/21132449
http://www.ncbi.nlm.nih.gov/pubmed/13233369
http://www.ncbi.nlm.nih.gov/pubmed/9871940
https://doi.org/10.1016/j.tips.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23384389
http://www.ncbi.nlm.nih.gov/pubmed/7387583
https://doi.org/10.1371/journal.pone.0197361

@° PLOS | ONE

Preference test of sound among multiple alternatives in rats

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

Watanabe S, Nemoto M. Reinforcing property of music in Java sparrows (Padda oryzivora). Behav Pro-
cesses. 1998; 43(2):211-8. PMID: 24896007

Watanabe S, Suzuki T, Yamazaki Y. Reinforcing property of music for non-human animals: Analysis
with pigeons. Philosophy. 2009; 121:1-21.

Feduccia AA, Duvauchelle CL. Auditory stimuli enhance MDMA-conditioned reward and MDMA-
induced nucleus accumbens dopamine, serotonin and locomotor responses. Brain Res Bull. 2008; 77
(4):189-96. https://doi.org/10.1016/j.brainresbull.2008.07.007 PMID: 18722516

Otsuka Y, Yanagi J, Watanabe S. Discriminative and reinforcing stimulus properties of music for rats.
Behav Processes. 2009; 80(2):121-7. https://doi.org/10.1016/j.beproc.2008.10.009 PMID: 19022358

Polston JE, Glick SD. Music-Induced Context Preference Following Cocaine Conditioning in Rats.
Behav Neurosci. 2011; 125(4):674-80. https://doi.org/10.1037/a0024341 PMID: 21688895

Polston JE, Rubbinaccio HY, Morra JT, Sell EM, Glick SD. Music and methamphetamine: conditioned
cue-induced increases in locomotor activity and dopamine release in rats. Pharmacology, biochemistry,
and behavior. 2011; 98(1):54—61. hitps://doi.org/10.1016/j.pbb.2010.11.024 PMID: 21145911

Hauser MD, McDermott J. The evolution of the music faculty: a comparative perspective. Nat Neurosci.
20083; 6(7):663-8. https://doi.org/10.1038/nn1080 PMID: 12830156

Vezina P, Stewart J. Morphine conditioned place preference and locomotion: the effect of confinement
during training. Psychopharmacology. 1987; 93(2):257—-60. PMID: 3122259

Hasenohrl RU, OitzI MS, Huston JP. Conditioned Place Preference in the Corral—a Procedure for Mea-
suring Reinforcing Properties of Drugs. J Neurosci Meth. 1989; 30(2):141-6.

Yang E-J, Lin EW, Hensch TK. Critical period for acoustic preference in mice. Proceedings of the
National Academy of Sciences. 2012; 109:17213-20.

Jouhaneau J, Bagady A. Effect of Early Auditory-Stimulation on the Choice of Acoustical Environment
by Adult Swiss Albino Mice (Mus-Musculus). Journal of comparative psychology. 1984; 98(3):318—26.
PMID: 6478786

Bao S, Chan V, Merzenich M. Cortical remodelling induced by activity of ventral tegmental dopamine
neurons. Nature. 2001; 412:79-83. https://doi.org/10.1038/35083586 PMID: 11452310

Bao SW, Chang EF, Woods J, Merzenich MM. Temporal plasticity in the primary auditory cortex
induced by operant perceptual learning. Nat Neurosci. 2004; 7(9):974—81. https://doi.org/10.1038/
nn1293 PMID: 15286790

Polley DB, Heiser MA, Blake DT, Schreiner CE, Merzenich MM. Associative learning shapes the neural
code for stimulus magnitude in primary auditory cortex. Proceedings of the National Academy of Sci-
ences of the United States of America. 2004; 101:16351-6. https://doi.org/10.1073/pnas.0407586101
PMID: 15534214

Aeschlimann M, Knebel J-F, Murray MM, Clarke S. Emotional pre-eminence of human vocalizations.
Brain Topogr. 2008; 20(4):239-48. https://doi.org/10.1007/s10548-008-0051-8 PMID: 18347967

Takahashi H, Yokota R, Funamizu A, Kose H, Kanzaki R. Learning-stage-dependent, field-specific,
map plasticity in the rat auditory cortex during appetitive operant conditioning. Neuroscience. 2011;
199:243-58. https://doi.org/10.1016/j.neuroscience.2011.09.046 PMID: 21985937

Funamizu A, Kanzaki R, Takahashi H. Pre-Attentive, Context-Specific Representation of Fear Memory
in the Auditory Cortex of Rat. Plos One. 2013; 8(5):€63655. https://doi.org/10.1371/journal.pone.
0063655 PMID: 23671691

Polley DB, Read HL, Storace DA, Merzenich MM. Multiparametric auditory receptive field organization
across five cortical fields in the albino rat. Journal of neurophysiology. 2007; 97:3621-38. https://doi.
org/10.1152/jn.01298.2006 PMID: 17376842

Kilgard MP, Merzenich MM. Cortical Map Reorganization Enabled by Nucleus Basalis Activity. Science.
1998; 279:1714-8. PMID: 9497289

Robles L, Ruggero MA. Mechanics of the mammalian cochlea. Physiol Rev. 2001; 81(3):1305-52.
https://doi.org/10.1152/physrev.2001.81.3.1305 PMID: 11427697

Ulfendahl M. Mechanical responses of the mammalian cochlea. Prog Neurobiol. 1997; 53(3):331-80.
PMID: 9364616

Bouton ME, Moody EW. Memory processes in classical conditioning. Neurosci Biobehav R. 2004; 28
(7):663-74.

Trainor LJ, Tsang CD, Cheung VH. Preference for sensory consonance in 2-and 4-month-old infants.
Music Perception: An Interdisciplinary Journal. 2002; 20(2):187-94.

McDermott JH, Schultz AF, Undurraga EA, Godoy RA. Indifference to dissonance in native Amazonians
reveals cultural variation in music perception. Nature. 2016;advance online publication.

PLOS ONE | https://doi.org/10.1371/journal.pone.0197361 June 13,2018 12/13


http://www.ncbi.nlm.nih.gov/pubmed/24896007
https://doi.org/10.1016/j.brainresbull.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18722516
https://doi.org/10.1016/j.beproc.2008.10.009
http://www.ncbi.nlm.nih.gov/pubmed/19022358
https://doi.org/10.1037/a0024341
http://www.ncbi.nlm.nih.gov/pubmed/21688895
https://doi.org/10.1016/j.pbb.2010.11.024
http://www.ncbi.nlm.nih.gov/pubmed/21145911
https://doi.org/10.1038/nn1080
http://www.ncbi.nlm.nih.gov/pubmed/12830156
http://www.ncbi.nlm.nih.gov/pubmed/3122259
http://www.ncbi.nlm.nih.gov/pubmed/6478786
https://doi.org/10.1038/35083586
http://www.ncbi.nlm.nih.gov/pubmed/11452310
https://doi.org/10.1038/nn1293
https://doi.org/10.1038/nn1293
http://www.ncbi.nlm.nih.gov/pubmed/15286790
https://doi.org/10.1073/pnas.0407586101
http://www.ncbi.nlm.nih.gov/pubmed/15534214
https://doi.org/10.1007/s10548-008-0051-8
http://www.ncbi.nlm.nih.gov/pubmed/18347967
https://doi.org/10.1016/j.neuroscience.2011.09.046
http://www.ncbi.nlm.nih.gov/pubmed/21985937
https://doi.org/10.1371/journal.pone.0063655
https://doi.org/10.1371/journal.pone.0063655
http://www.ncbi.nlm.nih.gov/pubmed/23671691
https://doi.org/10.1152/jn.01298.2006
https://doi.org/10.1152/jn.01298.2006
http://www.ncbi.nlm.nih.gov/pubmed/17376842
http://www.ncbi.nlm.nih.gov/pubmed/9497289
https://doi.org/10.1152/physrev.2001.81.3.1305
http://www.ncbi.nlm.nih.gov/pubmed/11427697
http://www.ncbi.nlm.nih.gov/pubmed/9364616
https://doi.org/10.1371/journal.pone.0197361

@° PLOS | ONE

Preference test of sound among multiple alternatives in rats

48.

49.

50.

51.

52,

53.

54.

55.

Halpern DL, Blake R, Hillenbrand J. Psychoacoustics of a chilling sound. Perception, & Psychophysics.
1986; 39(2):77-80.

Sugimoto T, Kobayashi H, Nobuyoshi N, Kiriyama Y, Takeshita H, Nakamura T, et al. Preference for
consonant music over dissonant music by an infant chimpanzee. Primates. 2010; 51(1):7. https://doi.
org/10.1007/s10329-009-0160-3 PMID: 19626392

Hauser MD, McDermott J. The evolution of the music faculty: A comparative perspective. Nat Neurosci.
2003; 6(7):663. https://doi.org/10.1038/nn1080 PMID: 12830156

Brattico P, Brattico E, Vuust P. Global Sensory Qualities and Aesthetic Experience in Music. Frontiers
in Neuroscience. 2017; 11.

Koelsch S. Brain correlates of music-evoked emotions. Nat Rev Neurosci. 2014; 15(3):170-80. https://
doi.org/10.1038/nrn3666 PMID: 24552785

Oswalt RM, Herrick S, Hale A. Preferences of rats given early temporal auditory patterns. Percept
Motor Skill. 1973; 36(3):907—10.

Marzban M, Shahbazi A, Tondar M, Soleimani M, Bakhshayesh M, Moshkforoush A, et al. Effect of
Mozart music on hippocampal content of BDNF in postnatal rats. Basic and Clinical Neuroscience.
2011; 2(3):21-6.

Chikahisa S, Sei H, Morishima M, Sano A, Kitaoka K, Nakaya Y, et al. Exposure to music in the perinatal
period enhances learning performance and alters BDNF/TrkB signaling in mice as adults. Behav Brain
Res. 2006; 169(2):312-9. https://doi.org/10.1016/j.bbr.2006.01.021 PMID: 16530277

PLOS ONE | https://doi.org/10.1371/journal.pone.0197361 June 13,2018 13/13


https://doi.org/10.1007/s10329-009-0160-3
https://doi.org/10.1007/s10329-009-0160-3
http://www.ncbi.nlm.nih.gov/pubmed/19626392
https://doi.org/10.1038/nn1080
http://www.ncbi.nlm.nih.gov/pubmed/12830156
https://doi.org/10.1038/nrn3666
https://doi.org/10.1038/nrn3666
http://www.ncbi.nlm.nih.gov/pubmed/24552785
https://doi.org/10.1016/j.bbr.2006.01.021
http://www.ncbi.nlm.nih.gov/pubmed/16530277
https://doi.org/10.1371/journal.pone.0197361

