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Octopamine neurons mediate reward
signals in social learning in an insect

Yuma Segi,1 Kohei Hashimoto,1 and Makoto Mizunami2,3,*

SUMMARY

Social learning is found in many animals, but its mechanisms are not understood.
We previously showed that a cricket that was trained to observe a conspecific
staying at a drinking apparatus exhibited an increased preference for the odor
of that drinking apparatus. Here we investigated a hypothesis that this learning
is achieved by second-order conditioning (SOC), i.e., by associating conspecifics
at a drinking bottle with water reward during group drinking in the rearing stage
and then associating an odor with a conspecific in training. Injection of an octop-
amine receptor antagonist before training or testing impaired the learning or
response to the learned odor, as we reported for SOC, thereby supporting the
hypothesis. Notably, the SOC hypothesis predicts that octopamine neurons
that respond to water in the group-rearing stage also respond to a conspecific
in training,without the learner itself drinkingwater, and suchmirror-like activities
mediate social learning. This awaits future investigation.

INTRODUCTION

Social learning refers to learning that is facilitated by the observation of, or interaction with, another indi-

vidual or its products.1 Social learning has been reported in many animals2,3 including insects.4–6 Examples

of social learning in insects are that bumblebees learn profitable flowers7,8 or avoid flowers that harbored

predators by observing a nestmate’s flower choice9 and that female fruit flies copy mate-choice of other

females.10 Efforts have been made to clarify the neural basis of social learning in mammals11–14 and

insects.15,16

We recently reported that crickets exhibit appetitive and aversive forms of social learning.17 For the appe-

titive social learning, a demonstrator cricket was allowed to freely visit drinking apparatus that contain wa-

ter or saltwater and emit apple or banana odors. The demonstrator cricket spent most of the time at the

drinking apparatus containing water. Learner crickets were allowed to observe the demonstrator room

through a plastic net. After training, the learner preferred the odor of the water-containing apparatus at

which the demonstrator spent most of the time. The effect of 8-min training was maintained for at least

24 h. The study showed that crickets have excellent capability for social learning. Since detailed experi-

mental manipulations such as pharmacology, RNAi, and genome editing18–21 are possible in crickets,

crickets may offer useful materials for the study of neural mechanisms of social learning.

In our previous study, we showed that crickets that received social learning training and were then given

water until satiation before the post-training test exhibited no increased preference for the learned

odor. We reasoned that the response is governed by the odor-water association,17 since we showed

that such water devaluation reduces the response to the odor associated with water reward but not that

to the odor associated with sucrose reward.22 If this reasoning is correct, the learner forms an odor-water

association by the observation of a conspecific staying at a drinking apparatus, even though the learner it-

self does not drink water in the training.

The simplest mechanism to achieve such an association is second-order conditioning (SOC) (Figure 1). The

SOC hypothesis assumes that crickets learn to associate conspecifics (conditioned stimulus 1 or CS1) stay-

ing at the drinking bottle with water reward (unconditioned stimulus, US) during group drinking in the pre-

ceding laboratory rearing stage. Then they learn to associate the odor of the drinking apparatus (CS2) with

a conspecific (CS1) staying at the drinking apparatus in training. By combining these experiences, an odor

(CS2)-water (US) association is achieved even though the crickets did not experience these two stimuli
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together in training. Notably, SOC has been proposed to account for social learning in bumblebees, in

which foragers learn to select the color of artificial flower at which nestmates stayed.7,23,24 In that case, it

is hypothesized that the nestmate foragers in the flower serve as CS1, the color of the flower serves as

CS2 and sucrose solution placed in the flower serves as US. Dawson et al.7 observed that foragers that

luck the experience of observing conspecifics in the artificial flower did not select the color of artificial

flower at which nestmate stayed conspecifics, thereby supporting the SOC hypothesis.

The aim of this study was to investigate the SOC hypothesis of social learning by use of pharmacological

analysis on the basis of our knowledge of the roles of octopamine (OA) neurons, the invertebrate counter-

part of noradrenaline neurons,25 in the SOC.26 We previously found that the activation of OA neurons that

mediate water (US) signals is needed for the second stage of SOC training and for the execution of the

conditioned response (CR), and we proposed a neural circuit model of the roles of OA neurons in SOC

training and the test (Figure S1, A neural circuit model for SOC, Related to Figure 1).26 Notably, the

SOC hypothesis of social learning, combined with the neural circuit model, indicates that OA neurons

that are activated when a cricket drinks water in group-rearing stage are also activated when a cricket ob-

serves a water-associated conspecific staying at the drinking apparatus, just as when the cricket itself drinks

water, and such mirror-like activities of OA neurons mediate social learning, as shown in Figure 1. Here we

tested the effect of the injection of epinastine, an OA receptor antagonist,27,28 before the second stage of

SOC and before the final test and investigated if the results match the SOC hypothesis of social learning.

RESULTS

Social learning demonstrated with modified experimental procedures

In this study, we used experimental proceduresmodified from those used in our previous study,17 the details of

which are described in the STAR Methods. In short, crickets were trained in a box consisting of two rooms, a

Figure 1. Second-order conditioning hypothesis to account for social learning

In stage 1, a learner cricket associates conspecifics (CS1) staying at the drinking bottle with water (US) during group

drinking in laboratory rearing. In stage 2, a learner cricket associates odor 1 (CS2) of a drinking apparatus with a

conspecific (CS1) staying at the drinking apparatus. By combining these two experiences, crickets achieve conditioning of

odor 1 (CS2) with water (US) and hence explore the odor 1 (CS2) source when thirsty. The hypothetical roles of a class of

OA neurons (OA2 neurons in the model shown in Figure S1A) in the first stage and the second stage of SOC and the test

are described at the bottom. The model contains another class of OA neurons (OA1 neurons), which signal US and

mediate conditioning of CS1 with the US in the first stage of SOC, but we do not refer to these neurons since it is assumed

that these neurons do not participate in the second stage of SOC and in the execution of the CR in the test.
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demonstrator room and a learner room, separated by a transparent wall (Figure 2A). The wall had many small

holes in front of the two drinking apparatus (Figure 2B) in the demonstrator room, so that the learner could

sense odor and water vapor being emitted from the drinking apparatus (Figure 2C). Crickets in the two groups

(experimental and control groups) received training with different stimulus arrangements. In the experimental

group, two drinking apparatus, one containing 20% sucrose solution and emitting peppermint odor and the

other containing 20% sodium chloride solution and emitting vanilla odor, were placed in the demonstrator

room. In the control group, two apparatus containing 20% saltwater, one emitting peppermint odor and

the other emitting vanilla odor, were placed. A demonstrator cricket was released into the demonstrator

room and allowed to freely explore the drinking apparatus. For a period of 8 min, we measured the time

that the demonstrators in the experimental group and the control group stayed at each drinking apparatus

(Figure 3A). The demonstrators in the experimental group spent most of the time at the sucrose-containing

apparatus that emitted peppermint odor. The stay time was significantly longer at the peppermint odor

source than at the vanilla odor source (Welch t-test, n = 23, p = 2.2e�15). In contrast, the demonstrators in

the control group spent little time at either apparatus. The stay time at the peppermint odor source and

that at the vanilla odor source did not significantly differ (Welch t-test, n = 24, p = 0.15).

A

B C

Figure 2. Apparatuses for social learning training and testing

(A) Training arena. The arena consisted of two rooms, a learner room and a demonstrator room, separated by a plastic

transparent wall. The wall hadmany holes in front of the drinking apparatus in the demonstrator room. A waiting roomwas

attached to each room so that the learner and the demonstrator could acclimate to the arena.

(B) Drinking apparatus. At the center of the apparatus, there was a hole in which there was a gauze net soaked with 20%

sucrose solution or 20% NaCl solution. A small piece of filter paper soaked with peppermint or vanilla essence, diluted

with deionized water, was placed underneath the apparatus. The periphery of the apparatus had many small holes so that

odor diffusion was ensured. The floor of the learner room was 1.6 cm higher than that of the demonstrator room, helping

the learner to observe the demonstrator’s behavior at the drinking apparatus.

(C) Test arena. The arena consisted of a waiting room and a training room separated by a door. There were two holes in

the floor of the training room, which connected the floor with the two containers that contained filter papers soaked with

peppermint or vanilla essence diluted with deionized water. The top of the container was covered with a gauze net. Three

containers are mounted on a rotating holder, so that two of them could be presented at the same time.
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Shortly after a demonstrator was released into the demonstrator room, a learner was released into the

learner room. The learner often touched the wall in front of the drinking apparatus of the demonstrator

room with its antennae or palpi (Video S1, An example of learner’s behavior in the training arena, Related

to Figure 2A). In Figure 3B, the time that the learner spent touching the wall in front of the two apparatus,

one containing sucrose solution and emitting peppermint odor and the other containing saltwater and

emitting apple odor, for a period of 8 min is shown. The stay time of the learners in front of the two appa-

ratus did not significantly differ in the experimental group (Welch t-test, n = 62, p = 0.93) and in the control

group (Welch t-test, n = 62, p = 0.11, Figure 3B). Thus, the learners explored the peppermint and vanilla

odor sources almost equally in the training.

At 24 h after training, the learners in the experimental and control groups were tested with a relative pref-

erence between the peppermint odor and vanilla odor. Relative preference for the peppermint odor was

significantly greater in the experimental group than in the control group (M�W test, p = 0.033, Figure 4).

This indicates that the learner in the experimental group exhibited an increased preference for the odor of

the drinking apparatus at which the demonstrator stayed for a longer period of time and thus social

learning was achieved. In subsequent sections, we refer to the experimental group also as peppermint

odor-demonstrated group and the control group also as no odor-demonstrated group to clarify the

different stimulus arrangements of the two groups.

One of the simplest mechanisms to account for this social learning is sensitization or stimulus enhancement,29

in which the learner is attracted to a conspecific and is exposed to a stimulus associated with the conspecific

and this produces an increased response to that stimulus by the sensitization of that odor. Since the stay time

of the learner in front of the peppermint source and that in front of the vanilla source did not significantly differ,

increased preference for the peppermint odor is not accounted for by sensitization.

Results of our previous experiments suggested that the association between odor and water reward under-

lies responses to the learnt odor and we proposed a hypothesis that this association is achieved by SOC.17

Our studies on SOC in crickets showed that intact synaptic transmission from OA neurons is needed at the

second stage of SOC training and for the execution of learned action.26 We deduced that if social learning

is based on SOC, the same results could be found. We investigated this possibility.

Effects of blockade of synaptic transmission from octopamine neurons in training

We first studied the effects of the injection of epinastine (a potent antagonist of the insect OA recep-

tor27,28) before training. The dose of epinastine was determined on the basis of our previous

A B

Figure 3. Assessments of the behavior of demonstrators and learners in training

(A) Stay time of demonstrators in the control group (for which drinking apparatus containing NaCl solution and emitting

peppermint or vanilla odors were placed) and that of demonstrators in the experimental group (for which a drinking apparatus

containing sucrose and emitting peppermint odor and an apparatus containing NaCl and emitting vanilla odor were placed).

(B) Search time of learners in front of the drinking apparatus emitting peppermint odor or vanilla odor. The search time is

the time that the learner spent touching the wall in front of the apparatus with its antennae, palpi, or mouth (see STAR

Methods). The search times are shown as means and standard deviation. Student’s t test was used for statistical

comparison between them (***: p < 0.001; NS: p > 0.05).
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experiments.18,19,26 Our RNAi studies suggested that the effect of epinastine to impair appetitive

learning is mediated by blockade of OA1-like receptors in crickets.21 At first, learners in the two groups

were injected with saline into the head hemolymph. Thirty minutes later, crickets in the experimental

group received training in which a demonstrator stayed at the drinking apparatus with peppermint

odor and crickets in the control group received training in which a demonstrator stayed at neither of

the odor sources. Relative preference of the learners in the experimental group for the peppermint

odor was significantly greater than that of the learners in the control group (M�W test, p = 0.013, Fig-

ure 5A), indicating that the injection of saline did not impair social learning. In the next experiment, on

the other hand, learners that were injected with epinastine and then received training to demonstrate

peppermint (experimental group) exhibited no significantly different odor preference from that of

crickets in the control group that received epinastine injection and then received no odor-demonstrated

training, indicating that the injection of epinastine impaired social learning (M�W test, p = 0.76, Fig-

ure 5B). This impairment was not due to the impairment of sensory functions necessary for achieving so-

cial learning, since we observed, at first, that behavioral reactions of epinastine-injected crickets to a

conspecific did not differ from those of intact or saline-injected crickets, indicating that their perception

of conspecific was intact. In addition, we showed that epinastine does not impair the discrimination of

peppermint and vanilla odors22,30 or motivation to drink water.18,19,26 We thus conclude that intact syn-

aptic transmission from OA neurons in training is needed for achieving social learning per se, in accor-

dance with a prediction from the SOC hypothesis of social learning.

Effects of blockage of synaptic transmission from octopamine neurons in the test

In the final experiment, learners in the two groups received training to demonstrate peppermint odor

(experimental group) or to demonstrate no odor (control group) and 24 h after training, they were injected

with saline 30 min before the final test. Learners in another two groups received training to demonstrate

peppermint odor or to demonstrate no odor and 24 h after training, they were injected with saline contain-

ing epinastine. Learners injected with saline in the experimental group exhibited significantly greater pref-

erence for the peppermint odor than did learners in the control group (M�W test, p = 0.012, Figure 6A),

indicating that response to the learned odor is not impaired by the injection of saline. On the other

hand, learners injected with epinastine in the experimental group exhibited no significantly different

Figure 4. Odor preferences of the control and experimental groups that received training with different stimulus

arrangements

Learners in the control group (no odor-demonstrated group) and the experimental group (odor-demonstrated group)

were tested for their relative odor preference between the peppermint and vanilla odors 24 h after training. Relative

preferences for the peppermint odor are shown as boxplots. The Mann-Whitney U-test was used for statistical

comparison (*: p < 0.05).
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preference for the peppermint odor from that of learners in the control group (M�W test, p = 0.84, Fig-

ure 6B), indicating that learners injected with epinastine exhibit no response to the learned odor. We

thus conclude that intact synaptic transmission from OA neurons is needed for the execution of response

to the learned odor.We showed that epinastine does not impair locomotory functions necessary for visiting

odor sources.18,19,26 Therefore, we conclude that epinastine impaired execution of the conditioned

response to the learned odor, in accordance with the SOC hypothesis of social learning (Figure S1, A neural

circuit model for SOC, Related to Figure 1).

DISCUSSION

Results of pharmacological analysis support the second-order conditioning hypothesis for

social learning

The results of the present study on the effects of injection of an OA receptor antagonist in training

and testing were in accordance with the SOC hypothesis for social learning in crickets, shown in Fig-

ure 1.17 The hypothesis assumes that the presence of a conspecific at the drinking apparatus allowed

an odor-water association by associative mechanisms of SOC, namely, crickets learn to associate con-

specifics (CS1) at the drinking bottle with water (US) during the laboratory rearing stage and then they

learn to associate the odor (CS2) of the drinking apparatus with a conspecific (CS1) that stays at the

apparatus in training. The odor (CS2)-water (US) association is achieved by combining experiences in

these stages. Injection of epinastine before training or the post-training test impaired learning and

execution of response to the learned odor, respectively, in accordance with predictions from the

SOC hypothesis.

A remaining issue for the confirmation of the SOC hypotheses is the investigation of whether the formation

of an association between conspecifics at the drinking bottle (CS1) and water (US) in the laboratory rearing

stage is essential for achieving social learning. Unfortunately, experimental demonstration of this is not

easy, since the demonstration of this may require rearing of individual crickets in isolation until they

grew into the adult stage, but such long-term isolation is known to impair the development of general

capability of social communication in crickets.31 Hence, experiments need to be designed to prevent

group drinking experience but not prevent other forms of social interactions.

A B

Figure 5. Effects of injection of saline or saline containing epinastine before training in the control and

experimental groups

(A) Learners in the two groups were injected with saline before training to demonstrate no odor (control group) or

peppermint odor (experimental group).

(B) Learners in the two groups were injected with saline containing epinastine before training to demonstrate no odor

(control group) or peppermint odor (experimental group). Relative preferences for the peppermint odor in the test are

shown as boxplots. The Mann-Whitney U-test was used for statistical comparison (*: p < 0.05; N.S.: p > 0.05).
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Since the requirement of the first stage of SOC for achieving social learning has not yet been experimen-

tally demonstrated, we would also like to consider the possibility that social learning is achieved without

the first stage of SOC, namely, first-order Pavlovian conditioning in which the odor serves as CS and the

conspecific at the drinking apparatus serves as the appetitive US. Following this hypothesis, adult male

crickets have innate preference to conspecific adult males at the drinking apparatus and this attraction is

transferred to the odor of the drinking apparatus. Unfortunately, the present pharmacological analysis

using an OA receptor antagonist did not discriminate first-order conditioning and second-order condi-

tioning following the model we proposed (Figure S1, A neural circuit model of SOC, Related to Fig-

ure 1).26 The first-order conditioning hypothesis, however, does not match our previous finding that

water devaluation abolishes the response to the learnt odor after social learning training, which suggests

that the association between the odor and water, not that between the odor and conspecific, underlies

the response to the learned odor.17 Moreover, the assumption that adult male crickets are innately at-

tracted to conspecific adult males is not in accordance with an observation that adult males, in general,

exhibit aggression to adult males when they approached too close. Hence, it is very difficult to speculate

that first-order conditioning is involved in this social leaning, but experiments are needed to fully rule out

this possibility.

Mirror-like activities of octopamine neurons mediate social learning in crickets

The SOC hypothesis of social learning shown in Figures 1 and S1 indicates that a class of OA neurons that

mediate water US signals play critical roles in social learning. Specifically, the SOC hypothesis indicates that

(1) a class of OA neurons are activated when a learner drink water in the rearing stage, (2) these neurons are

also activated when the learner observes a conspecific (CS1) at the drinking apparatus in training, without

itself drinking water, (3) activation of these neurons produces conditioning of odor (CS2) with water (US),

and (4) these neurons are also activated in response to the learned odor (CS2) and control execution of

the CR in accordance with current value of the US.22 Most notably, these OA neurons are activated

when the learner drinks water (in group-rearing stage) and when it observes a conspecific staying at a drink-

ing apparatus (in training), which are analogous to that mirror neurons in the premotor cortex and the pos-

terior parietal cortex of primates are activated both when an animal makes a certain action and when the

animal observes another animal’s similar action.32,33 Following our SOC hypothesis of social leaning, we

suggest that mirror-like activities of OA neurons mediate social learning in crickets.

In rodents, it has been reported that neurons in the anterior cingulate cortex (ACC) exhibit mirror-like ac-

tivities and encode the pain of the self and others,34 and such mirror-like activities are considered as the

A B

Figure 6. Effects of injection of saline or saline containing epinastine before the test in the control and

experimental groups

Learners in the two groups received training to demonstrate no odor (control groups). Learners in another two groups

received training to demonstrate peppermint odor (experimental groups). They were injected with saline (A) or saline

containing epinastine (B) before testing. Relative preferences for the peppermint odor are shown as boxplots. The Mann-

Whitney U-test was used for statistical comparison (*: p < 0.05; N.S.: p > 0.05).
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basis of fear learning by the observation of others.14 In humans, it has been reported that the ACC responds

when witnessing pain in others and that it responds when experiencing pain in the self,35,36 which are likely

to be the basis of observational fear learning. Social leaning in crickets and observational fear learning in

mammals differ in their complexity and sophistication, i.e., the former is based on simple conditioning

mechanisms and the latter involves sharing the emotional experiences of others. Nevertheless, this study

suggests that they share common neural principles, i.e., vicarious activation of US signals (water in the case

of crickets and pain in the case of mammals) by the observation of others is critical for mediating social

leaning.

Limitation of the study

Further physiological studies are needed to determine which OA neurons participate in social learning

and whether their neural activities match to the predictions from the SOC hypothesis of social learning.

Watanabe et al.37 established the transgenic reporter system of activities of brain neurons in crickets,

which is driven by immediate-early gene promotor, and they successfully visualized OA neurons that

are activated in response to the presentation of sucrose solution to the mouth. Our next step is to

use that reporter system and investigate which OA neurons are activated by the observation of a conspe-

cific in social learning.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Makoto Mizunami (mizunami@es.hokudai.ac.jp).

Materials availability

Hokudai WT strain of the cricketGryllus binmaculatus is available from Dr. Watanabe Takayuki in Sokendai

(Watanabe_takayuki@soken.ac.jp).

Data and code availability

d All raw data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

d All data reported in this study have been deposited at Zenode and are publicly available as of the data of

publication. The URL is: https://doi.org/10.5281/zenodo.7732358.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

A wild-type strain of two-spotted crickets (Gryllus bimaculatus) has been inbred for several decades in our

laboratory (Hokudai WT strain). Adult male crickets at 1 week after the imaginal molt were used in this

study. They were reared in a 12h:12h light: dark cycle at 27G2 �C and were fed a diet of insect pellets

and water ad libitum. Water was supplied by a glass bottle (4 cm in diameter x 12 cm in length) tightly

plugged with cotton wool. At 3-4 days before the training, the crickets were isolated and deprived of water

to enhance their motivation to search for water.

METHOD DETAILS

Training procedure

Social learning training was performed in an arena (Figure 2A). The arena consisted of four rooms. Two of

the rooms were a demonstrator room and a learner room separated by a plastic transparent wall with many

small holes in front of the drinking apparatuses in the demonstrator room. The other two rooms were wait-

ing rooms for the demonstrator room and the learner room, separated by sliding doors. A demonstrator

cricket was placed in a waiting room for acclimation for a few minutes and then gently pushed into the

demonstrator room. There were two drinking apparatuses in the demonstrator room. At the center of

the drinking apparatus there was a hole that contained a gauze net soaked with 20% sucrose solution or

20% NaCl solution (Figure 2B). Underneath the apparatus, a small piece of filter paper soaked with pepper-

mint or vanilla essence, diluted with deionized water, was placed. The periphery of the apparatus hadmany

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals

epinastine hydrochloride Sigma-Aldrich 108929-04-0

peppermint essence Mikoya-Kosho (Tokyo) N/A

vanilla essence Meiji-ya (Tokyo) N/A

Software and algorithms

R The R Foundation http:/www.r-project.org/
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small holes so that odor diffusion is ensured. The demonstrator was allowed to freely visit the apparatuses.

A learner cricket was also placed in a waiting room and gently pushed into the learner room. It was allowed

to observe the behavior of the demonstrator through a transparent wall for 8 min. For experiments, crickets

in two groups (experimental group and control group) received training with different stimulus arrange-

ments. For training of the experimental group (peppermint odor-demonstrated group), a sucrose-contain-

ing apparatus emitting peppermint odor and an NaCl-containing apparatus emitting vanilla odor were

placed in the demonstrator room. For training of the control group (no odor-demonstrated group), two

apparatuses containing NaCl solution, one emitting peppermint odor and the other emitting vanilla

odor, were placed in the demonstrator room. Air was continuously sucked out from a duct placed above

the training arena. The arena was illuminated by a fluorescent lamp (1000-2000 lux). The behavior of the

learner and the demonstrator in training and the behavior of the learner in testing were recorded by

web camera.

The demonstrator cricket that visited the sucrose-containing apparatus often touched the gauze net that

contained sucrose with its palpi or mouth and then drank it. In contrast, the demonstrator that visited the

NaCl-containing apparatus left the apparatus soon after touching the NaCl-containing gauze net with its

palpi or mouth. The typical behavior of the learner in front of the drinking apparatus at which the demon-

strator stayed was as follows. The learner (1) approaches the wall just in front of the apparatus where the

demonstrator stays, (2) touches the wall with its antennae and then (3) touches the wall with its palpi or

mouth. Then the learner (4) stops touching the wall and (5) leaves the place or resumes touching the

wall.17 We refer to ‘‘search time’’ as the time that the learner spent touching the wall in front of the appa-

ratus with its antennae, palpi or mouth.

The experimental procedure used in this study was modified from that used in a previous social learning

experiment.17 The modifications in this study were: (1) the demonstrator and learner rooms were separated

by a plastic transparent wall with many small holes, instead of a plastic net used in the previous study, in

order to avoid direct contact between a learner and a demonstrator with their antennae or palpi, (2) waiting

rooms were added to the training arena so that the learner and the demonstrator could acclimate to the

arena, (3) peppermint and vanilla odors (Crickets prefer vanilla odor over peppermint odor) were used in

this study, instead of apple and banana odors (Crickets equally prefer these odors) used in the previous

study, (4) the experiment was designed to compare two groups, a peppermint odor-demonstrated group

and a no odor-demonstrated group, instead of a comparison among three groups, vanilla odor-demon-

strated group, peppermint odor-demonstrated group and no-odor demonstrated group in the previous

study, for allowing statistical evaluation of data with a relatively small sample size, and (5) drinking appa-

ratuses containing 20% sucrose solution and 20% NaCl solution were used in this study, instead of appa-

ratuses containing water and 20%NaCl solution used in the previous study, to assure that the demonstrator

stays for a longer period of time at the drinking apparatus.

Procedure for the odor preference test

The methods used for the preference test were described previously.18,38 The test was performed in a test

arena (Figure 2C) in which there were two holes in the floor connecting the floor with two containers that

contained filter papers soaked with peppermint or vanilla essence diluted with deionized water. The upper

part of the container was covered with a gauze net. In the test, a cricket was released in the test arena and

allowed to freely visit the odor sources for 4 minutes. The relative positions of the odors were exchanged

2 min after the start of the test by rotating the container holder on which three containers were mounted.

The time that the cricket spent touching the gauze net covering each container with its mouth or palpi was

measured cumulatively.

Pharmacology

Crickets were injected with 3 ml of physiological saline39 or saline containing 2 mMepinastine (Sigma, Tokyo,

Japan) into the head hemolymph at 30 min before training or the preference test. The timing of injection

and the concentrations of drugs used are based on our previous studies.18,19 RNAi studies suggest that

impairment of appetitive conditioning by epinastine is through blockade of OA1-like receptors,21 although

possible involvement of other types of OA receptors has not been ruled out.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Stay time of the demonstrator and search time of the learner in front of the drinking apparatuses were sta-

tistically evaluated by Welch’s t-test. The relative preference between peppermint and vanilla odors was

measured by the preference index for peppermint odor, which is the percentage of the search time for

peppermint odor divided by the total search time for peppermint and vanilla odors. If the total time to visit

the odor sources was less than 10 sec, we considered that the cricket was less motivated to visit odor sour-

ces, possibly due to a poor physical condition, and the data were discarded. Such crickets were less than

10% of the tested crickets. The Mann–Whitney U test was used for statistical evaluation of the data. The

data were considered statistically significant when P<0.05.
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