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研究成果の概要（和文）：尻振りダンスの追随バチは、尻振り相の時間から蜜源への距離を算出している。本研
究では、尻振りダンス特有のパルス状空気振動を触角に与えた時の、脳内振動応答性ニューロン応答特性を調べ
た。DL-Int-1は、自発発火をする性質があり、連続する複数の振動パルス刺激の間、活動電位の持続的な抑制応
答が見られる。DL-Int-1は、GABAを伝達物質とする抑制性ニューロンであり、その後シナプスニューロンである
DL-Int-2はこの連続振動パルス刺激の間、持続的な興奮が見られる。これらの結果より、ミツバチの尻振りダン
スの距離の符号化には、抑制性ニューロンによる正確な時間計測のメカニズムが存在することがわかった。

研究成果の概要（英文）：The follower of honeybee waggle dance decipher the distance information to 
the profitable flower from the duration of waggle phase. On this study the morphological and 
electrophysiological properties of vibration sensitive interneuron in the primary auditory center in
 the brain have been analyzed in  responding to the waggle dance sound mimicked vibration pulse 
stimuli to the antenna and its possible neural circuit was suggested by experimental and theoretical
 evidences. DL-Int-1 has spontaneous activities and shows a tonic inhibition during waggle dance 
sound mimicked vibration pulse stimuli. Anti-GABA immunohistochemical experiment suggested that 
D-Int-1 is a GABAergic inhibitory neuron. The putative postsynaptic neuron DL-Int-2 shows a tonic 
excitation during the waggle dance sound mimicked vibration pulse stimuli. These results suggest 
that disinhibition from the sensory neuron to the DL-Int-2 through DL-Int-1 might be a key neural 
network to encode the distance information.

研究分野：神経行動学

キーワード： 脳・神経　行動学　神経科学　昆虫　生理学
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１．研究開始当初の背景 
Karl von Frisch demonstrated that honeybees 

use a type of movement called the “waggle 

dance” to direct their nest mates to a remote food 

source (von Frisch, 1967). The duration of the 

phase of the “waggle” movement changes 

linearly with the distance to the food source, 

suggesting that this distance information is 

encoded in a physical parameter of the movement 

that changes with the duration (von Frisch, 1967). 

Although it is possible that substrate-borne 

vibration elicited by the waggle movement 

conveys spatial information regarding the food 

source (Michelsen, 2003), air-borne vibration is 

thought to be the most probable sensory cue 

delivered during waggle dance communication 

(Judd, 1995) where wing-beats produce local 

air-jet flows. During the waggle phase of the 

dance, the wingbeats of the dancer produce a 

train of vibration pulses that pass from the tail 

end of the dancer to a follower bee, which 

follows behind the dancer. For a fixed target 

location, the duration and interval of vibration 

pulses are constant at around 16ms and 33ms 

respectively, independent of the quality of the 

food source (Hrncir et al., 2011). However, the 

precise feature of the train of vibration pulses 

elicited during the waggle dance that encodes 

distance information is unclear. Two plausible 

parameters are (1) the duration of the train of 

vibration pulses and (2) the number of vibration 

pulses per waggle phase. These parameters are 

linearly related because the rate of the pulsed 

vibration is nearly constant. 

Waggle dance followers detect air-borne 

vibrations via Johnston’s organ (JO), which is 

located at the second segment (pedicel) of the 

antenna (Towne and Kirchner, 1989; Kirchner et 

al., 1991; Dreller and Kirchner, 1993). The 

structural characteristics of the antenna and the 

response of JO neurons suggest that mature 

honeybee antennae and JO neurons are tuned to 

250-300 Hz, which matches the frequency of 

wingbeat generated during the waggle dance 

(Tsujiuchi et al., 2007).  JO afferent fibers are 

spatially segregated in the medial posterior 

protocerebral lobe (mPPL) and the dorsal 

lobe/dorsal subesophageal ganglion (DL-dSEG) 

(Ai et al., 2007). The dSEG also receives sensory 

afferents from neck hairs that are thought to be 

gravity sensors (Brockmann and Robinson, 2007). 

This suggests that the dSEG integrates vector 

information about the waggle dance, i.e., distance 

information coded in air vibrations and direction 

information coded in the dancer's orientation 

relative to gravity (Ai and Hagio, 2013).  
２．研究の目的 

Our goal is to understand how distance and 

direction information are encoded in the 

honeybee brain. Accordingly, we are interested in 

characterizing the distribution and location of 

neurons that exhibit appropriate response 

properties for processing distance or direction 

information. Recently, we identified two 

interneuron types, DL-Int-1 and DL-Int-2, that 

receive JO input and are located in the primary 

auditory center (PAC) of the honeybee. We 

demonstrated that these interneurons are 

responsive to antennal stimulation (Ai et al., 

2009, Ai, 2010, Ai and Itoh, 2012). In the present 

report, we describe the above-mentioned 

interneurons as well as a newly identified neuron 

type, the Bilateral DL-dSEG-LP. We investigated 

the morphology, GABA immunoreactivity, and 

physiology of these three cell types in the PAC, 

with a particular focus on their responses to trains 

of vibration pulses with temporal properties 

similar to those elicited during the waggle dance. 

This work represents a first step towards 

understanding the role of these neurons in the 



encoding of distance information in the honeybee 

brain. 
３．研究の方法 
Intracellular recording and staining 

To investigate the processing of the sound 

produced during the waggle dance, we collected 

auditory interneurons in the PAC, including the 

previously described interneuron types DL-Int-1 

and DL-Int-2 (Ai et al., 2009). 

Sensory stimulation 

For vibratory stimulation of the JO, the right 

antenna was inserted into a glass capillary (length, 

10 mm; inner diameter of the tip, 200 m). The 

opposite tip of the capillary was connected to a 

piezo-actuator. We used vibrations with 

frequencies ranging from 100 to 400 Hz and 

amplitudes (peak to peak) ranging from 0 to 50 

m and 10 or 20 trains of vibration pulses with 

the interval ranging from 20 to 100 ms and with 

the duration ranging from 4 to 50 ms. 
４．研究成果 

During the waggle phase the dancer produces 

trains of vibration pulses, which are detected by 

the follower bees via Johnston’s organ located on 

the antennae. To uncover the neural mechanisms 

underlying the encoding of distance information 

in the waggle dance follower, we investigated 

morphology, physiology, and 

immunohistochemistry of interneurons arborizing 

in the primary auditory center of the honeybee 

(Apis mellifera). We identified major interneuron 

types, DL-Int-1, DL-Int-2, and Bilateral 

DL-dSEG-LP (Fig. 1), that responded with 

different spiking patterns to vibration pulses 

applied to the antennae. Experimental (Figs. 2 

and 3) and computational analyses (Figs. 4 and 5) 

suggest that inhibitory connection plays a role in 

encoding and processing the duration of vibration 

pulse trains in the primary auditory center of the 

honeybee. Our results are critical for 

understanding how the honeybee deciphers 

information from the sound produced by the 

waggle dance and provide new insights regarding 

how common neural mechanisms are used by 

different species to achieve communication. 

 

Fig. 1 Left: To inform their hivemates about the 

location of profitable flowers, a honeybee 

performs the waggle dance with specific 

vibration patterns. 

Right: Composite image of three interneurons in 

the honeybee brain which show unique responses 

to such vibrations. Magenta: DL-Int-1; Blue: 

DL-Int-2; Yellow: Bilateral DL-dSEG-LP. 

 
Fig. 2 Responses of DL-Int-1 to trains of 

vibration pulses. A, Single responses of two 

example neurons to pulse stimuli applied to the 

antenna with different temporal patterns. 

DL-Int-1 neurons showed tonic inhibitory 

responses for shorter pulse durations (less than 



50 ms). B, Instantaneous spike frequencies 

(Spike counts in bins of 0.1 sec) of DL-Int-1 (N = 

7). Asterisks indicate statistical differences with 

the spontaneous activity in the 1 s interval before 

each record (*: P < 0.01).  

 

Fig. 3 Responses of DL-Int-2 neurons to trains of 

vibration pulses. A, Single responses of an 

example neuron to pulse train stimuli applied to 

the antenna with different temporal patterns. 

DL-Int-2 neurons showed tonic excitatory 

responses during trains of vibratory pulses with 

different temporal patterns. B, Instantaneous 

spike frequencies of DL-Int-2 neurons before, 

during, and after the train of pulses (N = 6).  

Fig. 4, A putative network model of vibration 

processing during waggle dance hypothesized by 

the experimental results. 

Fig. 5 A, Summary of the experimental 

physiology of JO (bottom), DL-Int-1 (middle), 

and DL-Int-2 (top) neurons shown using 

schematic membrane traces for stimuli with 

shorter (around 30 ms. left column) and longer 

(around 100 ms, right column) pulse interval 

values. Note that the shorter intervals correspond 

to the vibration elicited during the honeybee 

waggle dance. JO sensory neurons tend to spike 

at a fixed phase of the input sinusoidal stimulus, 

showing spike frequency adaptation for later 

pulses. DL-Int-1 neurons show inhibition that is 

stronger for stimuli with shorterer pulse intervals 

than for stimuli with longer pulse intervals, 

intermittent spikes occur during a train of pulses 

for long pulse intervals. DL-Int-2 neurons show 

on-phasic and tonic excitation, with the latter 

being weaker for stimuli with longer pulse 

intervals, suggesting it arises from disinhibition 

due to the tonic inhibition of DL-Int-1. B, 

Simulation results of the network model in Fig. 4 

for the same stimuli as in A. JO sensory neurons 

were assumed to spike regularly at a fixed phase 

of the sinusoidal stimulus applied to the antenna 

(bottom row). These spikes are indicated by 



vertical lines at the top in the bottom row and at 

the bottom in the middle and top rows. DL-Int-2 

shows subthreshold EPSPs evoked by 

disinhibition through DL-Int-1. The network 

model could qualitatively reproduce the different 

spiking profiles for the two stimulus conditions. 
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