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Abstract 34 

Female honeybees use the 'waggle dance' to communicate the location of nectar sources 35 

to their hive mates. Distance information is encoded in the duration of the waggle phase 36 

(von Frisch, 1967). During the waggle phase the dancer produces trains of vibration 37 

pulses, which are detected by the follower bees via Johnston’s organ located on the 38 

antennae. To uncover the neural mechanisms underlying the encoding of distance 39 

information in the waggle dance follower, we investigated morphology, physiology, and 40 

immunohistochemistry of interneurons arborizing in the primary auditory center of the 41 

honeybee (Apis mellifera). We identified major interneuron types, DL-Int-1, DL-Int-2, 42 

and Bilateral DL-dSEG-LP, that responded with different spiking patterns to vibration 43 

pulses applied to the antennae. Experimental and computational analyses suggest that 44 

inhibitory connection plays a role in encoding and processing the duration of vibration 45 

pulse trains in the primary auditory center of the honeybee.  46 

  47 

  48 
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Significance statement 49 

The waggle dance represents a form of symbolic communication used by honeybees to 50 

convey the location of food sources via species-specific sound. The brain mechanisms 51 

used to decipher this symbolic information are unknown. We examined interneurons in 52 

the honeybee primary auditory center and identified different neuron types with specific 53 

properties. The results of our computational analyses suggest that inhibitory connection 54 

plays a role in encoding waggle dance signals. Our results are critical for understanding 55 

how the honeybee deciphers information from the sound produced by the waggle dance 56 

and provide new insights regarding how common neural mechanisms are used by 57 

different species to achieve communication.  58 
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Introduction  59 

Karl von Frisch demonstrated that honeybees use a type of movement called the 60 

“waggle dance” to direct their nest mates to a remote food source (von Frisch, 1967). 61 

The duration of the phase of the “waggle” movement changes linearly with the distance 62 

to the food source, suggesting that this distance information is encoded in a physical 63 

parameter of the movement that changes with the duration (von Frisch, 1967). Although 64 

it is possible that substrate-borne vibration elicited by the waggle movement conveys 65 

spatial information regarding the food source (Michelsen, 2003), air-borne vibration is 66 

thought to be the most probable sensory cue delivered during waggle dance 67 

communication (Judd, 1995) where wing-beats produce local air-jet flows. During the 68 

waggle phase of the dance, the wingbeats of the dancer produce a train of vibration 69 

pulses that pass from the tail end of the dancer to a follower bee, which follows behind 70 

the dancer. For a fixed target location, the duration of the waggle phase is constant, as 71 

are pulse rate (29 Hz) and waggle frequency (14.5 Hz), independent of the quality of the 72 

food source (Hrncir et al., 2011). However, the precise feature of the train of vibration 73 

pulses elicited during the waggle dance that encodes distance information is unclear. 74 

Two plausible parameters are (1) the duration of the train of vibration pulses and (2) the 75 
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number of vibration pulses per waggle phase. These parameters are linearly related 76 

because the rate of the pulsed vibration is nearly constant. 77 

Waggle dance followers detect air-borne vibrations via Johnston’s organ (JO), which 78 

is located at the second segment (pedicel) of the antenna (Towne and Kirchner, 1989; 79 

Kirchner et al., 1991; Dreller and Kirchner, 1993). The structural characteristics of the 80 

antenna and the response of JO neurons suggest that mature honeybee antennae and JO 81 

neurons are tuned to 250-300 Hz, which matches the frequency of sound generated 82 

during the waggle dance (Tsujiuchi et al., 2007).  JO afferent fibers are spatially 83 

segregated in the medial posterior protocerebral lobe (mPPL) and the dorsal lobe/dorsal 84 

subesophageal ganglion (DL-dSEG) (Ai et al., 2007). The dSEG also receives sensory 85 

afferents from neck hairs that are thought to be gravity sensors (Brockmann and 86 

Robinson, 2007). This suggests that the dSEG integrates vector information about the 87 

waggle dance, i.e., distance information coded in air vibrations and direction 88 

information coded in the dancer's orientation relative to gravity (Ai and Hagio, 2013).  89 

Our goal is to understand how distance and direction information are encoded in the 90 

honeybee brain. Accordingly, we are interested in characterizing the distribution and 91 

location of neurons that exhibit appropriate response properties for processing distance 92 
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or direction information. Recently, we identified two interneuron types, DL-Int-1 and 93 

DL-Int-2, that receive JO input and are located in the primary auditory center (PAC) of 94 

the honeybee. We demonstrated that these interneurons are responsive to antennal 95 

stimulation (Ai et al., 2009, Ai, 2010, Ai and Itoh, 2012). In the present report, we 96 

describe the above-mentioned interneurons as well as a newly identified neuron type, 97 

the Bilateral DL-dSEG-LP. We investigated the morphology, GABA immunoreactivity, 98 

and physiology of these three cell types in the PAC, with a particular focus on their 99 

responses to trains of vibration pulses with temporal properties similar to those elicited 100 

during the waggle dance. This work represents a first step towards understanding the 101 

role of these neurons in the encoding of distance information in the honeybee brain. 102 
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 103 

Materials and Methods 104 

 105 

Preparation 106 

Honeybees (Apis mellifera L., NCBITaxon:7460) were reared in hives placed on 107 

the Fukuoka University campus. The data reported here were collected between the 108 

months of April and September from 2013 to 2015. Female worker bees that were 109 

returning back to the hive after foraging and had pollen on their hindlegs were caught at 110 

the hive entrance and used in this study. 111 

 112 

Intracellular recording and staining 113 

To investigate the processing of the sound produced during the waggle dance, we 114 

collected auditory interneurons in the PAC, including the previously described 115 

interneuron types DL-Int-1 and DL-Int-2 (Ai et al., 2009). The procedure for each 116 

subject was as follows. An individual bee was immobilized by placing it in a cold 117 

environment, and then mounting it in an acrylic chamber.  The bee was then given 1 M 118 

sucrose solution as food and kept overnight in a dark room with high humidity and a 119 
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temperature of 20°C.  The next day, the head of the bee was fixed in place with wax and 120 

the frontal surface of the brain was exposed by cutting away a small rectangular window 121 

between the compound eyes. The glands and tracheal sheaths on top of the brain were 122 

removed, and the mouthparts, including the mandibles, were cut off to expose and 123 

enable the removal of the esophagus. Small droplets of bee physiological saline (in mM: 124 

137 NaCl, 3 KCl, 1 CaCl2, 4 Na2HPO4, 2 KH2PO4, 100 sucrose, pH 6.7) were applied to 125 

wash away any residue in the esophagus and to enhance electrical contact with a 126 

platinum ground electrode placed in the head capsule next to the brain. 127 

Borosilicate glass electrodes were pulled using a laser puller (P-2000, Sutter 128 

Instruments, Novato, CA), and filled at the tip with 3% Lucifer Yellow CH Dilithium 129 

salt (Sigma-Aldrich Cat# L0529, PubChem SID: 24896250) dissolved in 100 mM KCl, 130 

yielding DC resistances in the range of 150 to 300 MΩ.  We also used a dextran-131 

tetramethylrhodamine solution (3000 MW, anionic, lysine fixable; Thermo Fisher 132 

Scientific Cat# D3308) and Alexa 647 hydrazide (Thermo Fisher Scientific Cat# 133 

A20502) for this injection. After removing a small section of the neural sheath and 134 

neurilemma, we inserted electrodes into the dorsal lobe/dorsal subesophageal ganglion 135 

(DL-dSEG) and the medial posterior protocerebral lobe (mPPL) and began recording 136 
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electrical activity from individual neurons. Electrical signals were amplified with an 137 

amplifier (MEZ 8301, Nihon Kohden, Tokyo, Japan) and displayed on an oscilloscope. 138 

Data were recorded and analyzed using the data acquisition and analysis software 139 

Spike2 (Cambridge Electronic Design, Cambridge, UK; RRID: SCR_000903). After 140 

recording electrical activity, we applied a hyperpolarizing current (2-5 nA for 2-10 141 

minutes) to fill the neurons with Lucifer Yellow. Thereafter, the brains were dissected 142 

out, fixed in 4% paraformaldehyde for 4 hours at room temperature, and then rinsed in 143 

phosphate buffer solution, dehydrated, and cleared in methyl salicylate for subsequent 144 

observation.  145 

To identify vibration-sensitive neurons, we applied a continuous vibration to the 146 

right antenna and recorded the responses intracellularly. When a neuron was responsive 147 

to the vibration, we applied a continuous vibration at different frequencies. These 148 

frequencies included 265 Hz, which is the fundamental frequency of the waggle dance 149 

sound. We also applied single vibration pulses and trains of vibration pulses with 150 

varying pulse durations and intervals (see below). When the recording became unstable 151 

(e.g., fluctuating membrane potential or spike amplitude), we stopped applying the 152 

vibration stimuli and injected fluorescence dye into the neuron for morphological 153 



 
 
 
 
 

11 
 

 
 
 
 

analysis. 154 

 155 

Sensory stimulation 156 

First, both antennal scapes of each honeybee were fixed to the acrylic chamber with 157 

wax. For vibratory stimulation of the JO, the right antenna was inserted into a glass 158 

capillary (length, 10 mm; inner diameter of the tip, 200 m) up to the second segment 159 

of the flagellum and then fixed to the tip of the capillary with wax. The opposite tip of 160 

the capillary was connected to a piezo-actuator (Miniature Piezo Flexure 161 

NanoPositioners, P780.20, PI Japan). The piezo-actuator was programmed to move with 162 

a specific temporal pattern, which was controlled using the Spike2 software. This 163 

movement created a vibratory stimulation. We used vibrations with frequencies ranging 164 

from 100 to 400 Hz and amplitudes (peak to peak) ranging from 0 to 50 m and 10 or 165 

20 trains of vibration pulses with the interval ranging from 20 to 100 ms and with the 166 

duration ranging from 4 to 50 ms. The recorded neural activities and signals sent to the 167 

actuator were simultaneously recorded and stored on a PC. 168 

 169 

GABA immunocytochemistry 170 
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After identifying the interneurons that had been filled with Lucifer Yellow dye, the 171 

preparations including our marked target neurons were selected for GABA 172 

immunocytochemistry. The preparations were rehydrated through a series of ethanol 173 

steps and 0.1 M PBS containing 0.5% Triton X-100 (PBST; pH 7.4). The tissue was 174 

then sliced into 100- m-thick vibratome sections. Next, the sections were incubated in 175 

5% normal goat serum (NGS; Sigma-Aldrich Cat# G9023) in PBST (PBST-NGS) for 1 176 

hour at room temperature to block nonspecific staining, and then incubated in primary 177 

antiserum, rabbit anti-GABA (Sigma-Aldrich Cat# A2052, RRID: AB_477652; 1:1000 178 

in PBST-NGS), and mouse anti-SYNORF1 (DSHB 3C11, RRID: AB_528479; 1: 1000 179 

in PBST-NGS) for 3 days at 4°C in a shaking incubator. The anti-GABA was produced 180 

using GABA-bovine serum albumin (BSA; Sigma-Aldrich Cat# A2153-10G) as the 181 

immunogen. The antibody was isolated from the antiserum using immunospecific 182 

methods of purification. Antigen-specific affinity isolation removes essentially all rabbit 183 

serum proteins, including immunoglobulins that do not specifically bind to GABA. 184 

Rabbit anti-GABA exhibited positive binding with GABA and GABA-keyhole limpet 185 

hemocyanin (KLH) in a dot blot assay, and negative binding with BSA. We used 1 mM 186 

GABA to remove all background staining after pre-adsorption of the primary antibody. 187 
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The sections were then washed in PBST and incubated in an Alexa 647-conjugated goat 188 

anti-rabbit IgG antibody (Thermo Fisher Scientific Cat# A11034, RRID: AB_2576217; 189 

1:1000 in PBST-NGS) and an Alexa 555 goat anti-mouse IgG antibody (Thermo Fisher 190 

Scientific Cat# A21424, RRID: AB_141780; 1:1000 in PBST-NGS) overnight at 4°C. 191 

As controls, some preparations were processed without the anti-GABA antibody. 192 

Finally, after washing, the sections were mounted on slide glasses using 193 

VECTASHIELD (Vector Laboratories Cat# H-1000, RRID: AB_2336789). 194 

 195 

Confocal microscopy 196 

    The cleared specimens containing intracellularly stained neurons were viewed from 197 

the posterior side of the brain under a confocal laser-scanning microscope (LSM 510, 198 

Carl Zeiss, Jena, Germany) with a Zeiss Plan-Apochromat 25X/NA 0.8 oil lens 199 

objective (working distance 0.57 mm) for low-magnified images or with a Zeiss Plan-200 

Apochromat 40X/NA 1.4 oil lens objective (working distance 0.13 mm) for high-201 

magnified images. Alexa 555 and Alexa 647 were excited by the 543-nm and 633-nm 202 

spectral lines of a HeNe laser, respectively, while Lucifer Yellow was excited by the 203 

488-nm spectral line of an argon laser. Optical sections were made at 3 m (in low-204 
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magnified images) or 1.5 m (in high-magnified images) throughout the entire depth of 205 

each specimen. The image resolution was 1024 x 1024 pixels.   206 

 207 

Nomenclature 208 

    We use the terms proposed by Mobbs (1982) and Milde (1988) to describe the 209 

neuropilar regions in the SEG of the honeybee brain.  The orientation of neuronal 210 

structures is given according to the body axis. 211 

 212 

Experimental Design and Statistical Analysis 213 

 To evaluate the significant responses induced by vibration of the antenna, we 214 

calculated time-resolved spike frequency rates before (0.5 s before the onset of each 215 

train), during, and after the stimulation, and statistically analyzed the differences 216 

between the responses (Wilcoxon signed rank test) using the software R ver. 3.4.0 217 

(RRID:SCR_001905). To characterize the responses to different temporal patterns of 218 

pulse stimulation, we calculated the spike numbers, spike frequency, latency of the first 219 

spike, EPSPs, and IPSPs after the pulse stimulus for different pulse durations and 220 

intervals, and statistically analyzed the differences (Wilcoxon signed rank test). The 221 
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criterion for all statistical tests was P < 0.01. 222 

 223 

Modeling and simulation 224 

Membrane potentials of DL-Int-1 and DL-Int-2 neurons were modeled using the 225 

Adaptive Exponential Integrate-and-fire (AdExp) model (Brette and Gerstner, 2005; 226 

Fig. 8-1A). Membrane potential calculations included synaptic input currents, which 227 

were calculated from synaptic conductances. Synaptic conductances were simulated 228 

using difference-of-exponentials functions (Fig 8-1C), based on the Exp2Syn model of 229 

the simulator NEURON (Carnevale and Hines, 2006; RRID:SCR_005393). Neuron and 230 

synapse parameters were adjusted to qualitatively reproduce the response properties of 231 

DL-Int-1 and DL-Int-2 neurons as determined in our electrophysiological experiments 232 

(Fig. 8-1B and D). The network of DL-Int-1 and DL-Int-2 neurons was implemented 233 

using the simulator Brian version 2.0.1 (Stimberg et al., 2014; RRID:SCR_002998) in 234 

Python. The code is available at https://web.gin.g-node.org/ajkumaraswamy/HB-235 

PAC_disinhibitory_network (doi: 10.12751/g-node.1090f8). An integration step size of 236 

0.1 ms was used and all simulation runs had a “settling time” of 600 ms, after which 237 

stimuli were applied. Network inputs were modeled as spikes from JO sensory neurons 238 
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spiking at the positive peak of the sinusoidal antennal vibration stimulus. Like the 239 

stimuli in our experiments, model stimuli were continuous sinusoidal vibration with 240 

frequency 265 Hz, and trains of sinusoidal pulses of 265 Hz vibrations with 16 ms pulse 241 

durations and 33 ms inter-pulse-intervals (IPI), values close to those observed in 242 

honeybee waggle dance. In addition, pulse trains with 100 ms IPI were used in the 243 

simulations to investigate the model results for longer pulse intervals, as used in the 244 

experiments.  245 
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 Results   246 

 247 

Categories of vibration pulse-sensitive interneurons arborizing in the PAC 248 

We identified 119 vibration sensitive interneurons arborizing in the PAC, DL, 249 

dSEG, and/or mPPL (Table 1). Of those, DL-Int-1 and DL-Int-2 neurons have been 250 

described previously (Ai et al., 2009), but the results reported here were obtained from 251 

neurons collected exclusively for the present study. We categorized the interneurons 252 

based on their arborization and on their response patterns to continuous vibration. Based 253 

on their general arborizing features, they were classified into three categories: PAC 254 

local interneurons, PAC output neurons, and PAC bilateral neurons.  255 

1. PAC local interneurons 256 

PAC interneurons had arborizations mainly inside the PAC, i.e., in the DL, dSEG, 257 

and/or mPPL. Based on arborization patterns, we identified five groups of neurons. 258 

These were further divided in subgroups based on response patterns (Table 1). Neurons 259 

in the largest group, DL-Int-1, showed arborizations in the DL, dSEG, and mPPL, and 260 

showed on-off phasic excitation and tonic inhibition to continuous vibration stimuli 261 

applied to the ipsilateral antenna. While DL-dSEG-mPPL neurons arborized in the same 262 
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neuropils as DL-Int-1 neurons, individual DL-dSEG-mPPL neurons showed different 263 

response patterns to vibration stimuli, such as tonic inhibition, tonic excitation, on-264 

phasic excitation, on-off-phasic inhibition, or no response (Table 1). We found several 265 

other minor neuron groups in this category that arborized in different neuropils in the 266 

PAC (DL-dSEG, DL-mPPL, and DL local).  267 

2. PAC output neurons 268 

PAC output neurons had arborizations in the primary auditory center and sent their 269 

axons into the other neuropils of the PAC. Four groups were identified. Neurons in the 270 

main group, DL-Int-2, had arborizations in the DL and dSEG, and sent their axons to 271 

the secondary auditory center, the lateral protocerebrum (LP). They showed excitatory 272 

responses to continuous vibration stimuli applied to the ipsilateral antenna. Moreover, 273 

we found several other minor neuron groups in this category (DL-LP, DL-dSEG-LP, 274 

and DL-whole PPL) (see Table 1). 275 

3. PAC bilateral neuron 276 

PAC bilateral neurons had arborizations in the PACs of both hemispheres and also 277 

sent their axons to the other neuropils in the PAC. Four groups were identified. Neurons 278 

in the main group, termed Bilateral DL-dSEG-LP, were newly identified in this study. 279 
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These neurons had arborizations in both the DL and dSEG, and sent their axons to both 280 

LPs. They showed on-phasic excitation to continuous vibration stimuli applied to the 281 

ipsilateral antenna. We found several other minor neuron groups in this category 282 

(Bilateral DL-dSEG-mPPL, Bilateral DL-dSEG-PPL, and Bilateral mPPL-LP) (see 283 

Table 1). 284 

 285 

Categories of vibration pulse-sensitive interneurons arborizing in the PAC 286 

In 48 of the 119 preparations, the recording was stable for sufficiently long to apply 287 

a number of stimulation pulses with different combinations of vibration frequency, 288 

pulse duration, and pulse intervals. The data from those 48 neurons were used for 289 

further analysis. Of those, 27 neurons were from one of the main groups, DL-Int-1, DL-290 

Int-2, or Bilateral DL-dSEG-LP. We focused on these neurons for our analysis. While 291 

we report findings for neurons from the other groups as well, in many cases, only one or 292 

two examples of these interneurons were recorded (Table 1). 293 

 294 

Morphologies of PAC interneurons 295 

The main PAC local interneurons, termed DL-Int-1 and DL-dSEG-mPPL (Figs. 1A 296 
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and B), connected the neuropils in the PAC: the DL, the dSEG, and the mPPL. DL-Int-1 297 

neurons had two branches. One branch arborized with fine terminals in the mPPL. The 298 

other branch arborized with fine terminals as well as boutons in the DL and dSEG (inset 299 

in Fig. 1A). DL-dSEG-mPPL neurons had a similar arborization pattern. The somata of 300 

DL-Int-1 neurons were located dorsally from the central body (CB, while the somata of 301 

DL-dSEG-mPPL neurons were located more laterally (Figs. 1A, B). The other local 302 

interneurons arborized in subsets of the PAC neuropils. DL-dSEG neurons had 303 

arborizations in the DL and dSEG but not in the mPPL. DL-mPPL neurons had 304 

arborizations in the DL and mPPL but not in the dSEG. DL-local neurons arborized 305 

inside the DL (Figs. 1C-E).  306 

The PAC output neurons sent axons from the PAC to the other neuropils, mainly LP 307 

and PPL (Figs. 1F-I). All of the soma positions were located in the lateral DL. DL-Int-2 308 

neurons had dense arborization in the DL-dSEG, with fine spines, and sparse and 309 

diverse arborization in the LP with boutons (Fig. 1F).  310 

PAC bilateral neurons had dendritic arborizations in a PAC neuropil (either DL or 311 

mPPL) and sent processes to both hemispheres of the brain. Most of these neurons had 312 

arborizations in the DL, while two of them had arborizations in the mPPL, but not in the 313 
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DL (Table 1). The neurons in this group arborized in the DL, dSEG, LP, and PPL. Most 314 

of these neurons were categorized as Bilateral DL-dSEG-LP. Bilateral DL-dSEG-LP 315 

neurons had symmetrical arborizations in the DLs and LPs of both hemispheres, with 316 

fine spines in the DL and sparse and diverse arborization in the LP, as well as boutons 317 

(Fig. 1J). We also found several other minor groups with different arborization patterns 318 

in this category (Bilateral DL-dSEG-mPPL, Bilateral DL-dSEG-PPL, and Bilateral 319 

mPPL-LP, Figs. 1K-M). 320 

 321 

GABA-immunohistochemistry of PAC interneurons  322 

We performed GABA immunohistochemical experiments with the PAC interneuron 323 

preparations (Fig. 2). The soma of each DL-Int-1 neuron was clearly visible in the 324 

dorso-posterior protocerebrum (DPP, Fig. 2A), and the locations of these neurons 325 

coincided with a GABA immunoreactive spot, indicating that DL-Int-1 neurons are 326 

anti-GABA positive (Fig. 2B-E). In contrast, the soma locations of DL-Int-2 (Figs. 2F-327 

J) and Bilateral DL-dSEG-LP neurons (Figs. 2K-O) did not overlap with a GABA 328 

immunoreactive spot, indicating that DL-Int-2 and Bilateral DL-dSEG-LP neurons are 329 

not anti-GABA positive. 330 
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 331 

Responses of PAC interneurons to trains of vibration pulses 332 

Neurons of one of the major PAC local interneuron types, DL-Int-1, exhibited 333 

spontaneous activity, with rates ranging between 0 and 80 Hz, depending on the 334 

preparation (Ai et al., 2009). When a train of vibration pulses was applied to the 335 

antenna, DL-Int-1 neurons showed tonic inhibition (Fig. 3A): The spike rate was 336 

suppressed below the spontaneous level, and spikes were typically not observed during 337 

stimulation. We only observed intermittent spikes during trains of vibration pulses for 338 

pulse trains with long inter-pulse-intervals (IPI) of 100 ms, which is far above the 14 to 339 

30 ms IPI observed during the waggle dance. Statistical analysis revealed that spike 340 

rates significantly decreased during stimulation for pulse durations up to 16 ms and 341 

pulse intervals up to 33 ms (Wilcoxon signed rank test, n = 14, Fig. 3C).  342 

Similar to DL-Int-1 neurons, DL-dSEG-mPPL neurons showed tonic inhibitory 343 

responses to trains of pulses. These responses were more pronounced for long pulse 344 

intervals of 100 ms (Fig. 3B). Statistical analysis revealed that spike rates significantly 345 

decreased during stimulation for pulse intervals of 50ms and above (Wilcoxon signed 346 

rank test, n = 6, Fig. 3D). It is not clear whether this tonic inhibition also occurs for 347 
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pulse intervals less than 50 ms because data could not be obtained for these stimuli.  348 

In contrast to DL-Int-1 and DL-dSEG-mPPL neurons, excitatory responses were 349 

observed in DL-Int-2 neurons (Fig. 4A). Specifically, the temporal response profiles of 350 

DL-Int-2 neurons showed remarkable on-phasic excitation up to rates above 70 Hz, as 351 

well as tonic excitatory responses to trains of pulses with durations of 16 ms and pulse 352 

intervals of 33 ms (Wilcoxon signed rank test, n = 5, Fig. 4B). Bilateral DL-dSEG-LP 353 

neurons also showed excitatory responses to trains of vibration pulses. In these neurons, 354 

each pulse onset elicited a single spike or EPSP, regardless of pulse duration and IPI 355 

(Fig. 5).  356 

 357 

Response profiles of PAC neurons in response to a single pulse 358 

To evaluate the response characteristics of PAC neurons, we analyzed the temporal 359 

response patterns induced by single pulses of different durations. We compared the 360 

spike counts, spike rates and latencies of the first spikes of DL-Int-1 (Figs. 6A-E), DL-361 

Int-2 (Figs. 6F-I) and Bilateral DL-dSEG-LP neurons (Figs. 6J, K) evoked by single 362 

pulses with different pulse durations. The number of DL-Int-1 spikes elicited by a single 363 

vibration pulse gradually increased with the pulse duration up to 20 ms, and was 364 
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saturated for pulse durations above 20 ms (1.1 ± 0.6 at a pulse duration of 4 ms and 2.8 365 

± 1.0 at pulse durations of 20, 30, and 50 ms, Fig. 6B, Wilcoxon signed rank test, n = 366 

46). However, for values above 10 ms, the average spike rate for the phasic spikes 367 

gradually decreased as the pulse duration increased (180 ± 26 Hz at 10-ms pulse 368 

duration and 134 ± 53 Hz at 50-ms pulse duration, Fig. 6C, Wilcoxon signed rank test, n 369 

= 67), indicating the presence of tonic inhibition during the pulse stimulation. The 370 

latency of the first DL-Int-1 neuron spike after the onset of a single pulse (Fig. 6A) was 371 

constant, independent of pulse duration, for pulses less than 50 ms (7.5 ± 1.4 ms, Fig. 372 

6D, Wilcoxon signed rank test, n = 34). The latency of the first spike after the offset of a 373 

single pulse was also constant, independent of pulse duration, for pulses less than 50 ms 374 

(57 ± 14 ms, Fig. 6E, Wilcoxon signed rank test, n = 34). For DL-Int-2 neurons, the 375 

number of spikes was significantly different for pulse durations of 4 ms vs. 10 ms and 376 

was saturated for values greater than 10 ms (1.4 ± 1.0 at a pulse duration of 4 ms and 377 

2.8 ± 0.5 for pulse durations of more than 10 ms, Fig. 6G, Wilcoxon signed rank test, n 378 

= 18), while spike rates and spike latency were constant independent of pulse duration 379 

(Figs. 6F, H, and I, 107 ± 19 Hz spike frequency and 9.3 ± 1.7 ms for the latency of the 380 

first spike for DL-Int-2 neuron, Wilcoxon signed rank test, n = 49). The latencies of the 381 
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EPSPs of Bilateral DL-dSEG-LP neurons were also constant, independent of the pulse 382 

duration (5.2 ± 1.2 ms, Wilcoxon signed rank test, Figs. 6J and K).  383 

 384 

Response profiles of PAC neurons in response to pulse trains 385 

For stimulation with trains of vibration pulses, the latencies of the first IPSPs of DL-386 

Int-1 neurons (Fig. 7A) were constant (13.3 ± 6.3 ms), independent of either pulse 387 

duration (Fig. 7B, Wilcoxon signed rank test, n = 35) or pulse interval (Fig. 7C, 388 

Wilcoxon signed rank test, n = 35). The first spike latencies of DL-Int-2 neurons (Fig. 389 

7D) were also constant, independent of pulse duration (10.4 ± 2.0 ms, Fig. 7E, 390 

Wilcoxon signed rank test, n = 35) or pulse interval (Fig. 7F, Wilcoxon signed rank test, 391 

n = 35). Bilateral DL-dSEG-LP neurons showed no spontaneous activity, but trains of 392 

vibration pulses applied to the antenna reliably elicited spikes or EPSPs during the 393 

pulsed vibration (Fig. 7G). The spikes or EPSPs corresponded in a one-to-one fashion to 394 

the vibration pulses and followed the pulses even if the temporal pattern of the stimulus 395 

changed. This indicates that Bilateral DL-dSEG-LP neurons generate phase-locked 396 

spikes or EPSPs in response to trains of vibration pulses. EPSP latencies during a train 397 

of pulses were constant (20 pulse trains for each n = 5), independent of pulse duration 398 
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(Fig. 7H, Wilcoxon signed rank test, n = 20), pulse interval (Fig. 7I, Wilcoxon signed 399 

rank test, n = 20), or the number of pulses in the train (Fig. 7J, Wilcoxon signed rank 400 

test, n = 10). However, these latencies showed slight variations depending on individual 401 

preparations (6.4 ± 0.8 ms for 130514-1LY, 8.3 ± 1.0 ms for 130529-2LY, 5.6 ± 0.8 ms 402 

for 130822-2LY, Fig. 7K, P < 0.01, Wilcoxon-signed rank test, 10 pulses for each 403 

individual). 404 

 405 

Model of inhibitory network in the PAC 406 

The projection patterns of DL-Int-1 and DL-Int-2 (Fig 8A) along with their 407 

immunocytochemistry (Fig. 2) and response properties, including their relative onset 408 

latencies to single pulses stimulations (Figs. 7A, D, F and I), suggest a network with 409 

inhibitory connections from DL-Int-1 to DL-Int-2. (Figs. 8B, C). The observed response 410 

properties of DL-Int-2, with tonic excitation decreasing for increasing pulse intervals, 411 

could be a result of disinhibition due to the decreasing tonic inhibition of DL-Int-1 (Fig. 412 

8D). To test the plausibility of such a network in the PAC, we implemented a model of 413 

DL-Int-1 and DL-Int-2 neurons in a circuitry with corresponding excitatory and 414 

inhibitory connections (Fig. 8C) and investigated its responses to continuous and pulse 415 
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train sinusoidal stimuli at waggle dance frequency (265 Hz). 416 

When continuous vibration stimuli were used, model DL-Int-1 neurons in the network 417 

showed phasic excitation in response to vibration onset, followed by spikeless tonic 418 

inhibition (data not shown), in accordance with known properties of DL-Int-1 neurons 419 

(Ai et al, 2009). When the network was stimulated with vibration pulses with pulse 420 

intervals around 30 ms, similar to waggle dance vibration pulses, model DL-Int-1 421 

neurons exhibited no spikes during stimulation and weak rebound spikes after 422 

stimulation offset (Fig. 8E). When vibration pulses were separated by longer pulse 423 

intervals around 100 ms, intermediate spikes occurred during stimulation pulses (Fig. 424 

8E), similar to what was observed experimentally (Fig. 8D). Model DL-Int-2 neurons 425 

showed on-phasic excitation and tonic spiking responses during pulse train stimulation 426 

with waggle dance-like short pulse intervals (Fig. 8E).  For pulse trains with longer 427 

pulse intervals, the tonic component was reduced and, while subthreshold EPSPs were 428 

present during stimulation, spikes occurred only sporadically (Figs. 8E). Thus, like for 429 

DL-Int-1, the response behavior of model DL-Int-2 neurons was similar to the 430 

experimentally observed responses. In summary, the activity of the model neurons 431 

qualitatively reproduced the experimental findings, indicating that the proposed network 432 
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is compatible with the data.  433 

  434 
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Discussion 435 

Extending previous work (Ai et al., 2009, Ai and Itoh, 2012), we investigated three 436 

main types of interneurons, DL-Int-1, DL-Int-2 and Bilateral DL-dSEG-LP, using 437 

vibration pulses similar to those produced by honeybees during their waggle dance. DL-438 

Int-1 neurons showed on-off phasic excitation and tonic inhibition, while DL-Int-2 and 439 

Bilateral DL-dSEG-LP neurons showed on-phasic excitation. While the temporal 440 

responses differed qualitatively between these neuron types, their quantitative 441 

properties, including spike count, rate, and latencies, were largely independent of pulse 442 

parameters, suggesting that these auditory interneurons have a stereotyped response 443 

pattern. In particular, Bilateral DL-dSEG-LP neurons retained a precise response 444 

pattern, even throughout stimulation with trains of pulses. This indicates that the PAC 445 

might encode the temporal patterns of the sound produced by the waggle dance, along 446 

with other information that requires precise timing, such as the body angle of the 447 

follower relative to the direction of the waggle dance (see below).  448 

That DL-Int-1 neurons exhibited a specific temporal response with a spike count that 449 

increased with pulse duration for short pulses, but produced a constant number of 450 

evoked spikes for pulses longer than 20 ms (Fig. 6B) suggests that these neurons receive 451 
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not only excitatory input from JO afferents but also slow inhibitory input from a yet 452 

unknown inhibitory interneuron (Fig. 8C). This is also consistent with the disappearance 453 

of the on-off phasic excitation for pulse trains with short pulse intervals (Figs. 3A and 454 

C). The latencies of the first spikes produced by DL-Int-2 neurons (Fig. 6I), which were 455 

also constant and longer than those of DL-Int-1 neurons (Fig. 6D), suggest that DL-Int-456 

2 neurons might receive input from DL-Int-1 neurons.  457 

 458 

Possible neural mechanisms of the encoding of waggle-dance information 459 

Based on the current and previous experimental findings, we can speculate about the 460 

possible neural mechanisms underlying the response behavior of the identified 461 

vibration-sensitive interneurons to waggle dance-like trains of vibration pulses.  462 

1. Distance information 463 

The duration of the waggle phase increases with the distance to the food source (von 464 

Frisch, 1967). During the waggle phase, the dancer produces vibration pulses during the 465 

moments at which her tail end passes in front of the follower. There are two possible 466 

parameters for encoding the distance: the duration of the train of vibration pulses and 467 

the number of pulses.  468 
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Based on the responses of DL-Int-1 neurons to continuous vibration, we previously 469 

proposed (Ai et al., 2009) that these neurons could encode the duration of vibration 470 

during the waggle phase. The present results demonstrate that DL-Int-1 neuron also 471 

shows tonic inhibition during trains of vibration pulses, and that it is an inhibitory 472 

interneuron, while the response pattern of DL-Int-2 neuron is characterized by tonic 473 

excitation to a train of vibration pulses. Both neurons show precise latencies after onset 474 

of a vibration pulse train (Fig. 7), but the response to stimulus offset is more precise in 475 

DL-Int-1 neurons than in DL-Int-2 neurons. This indicates that DL-Int-1 neurons are 476 

more accurate in encoding the waggle phase duration, and that DL-Int-2 neurons might 477 

be  postsynaptic to DL-Int-1 neurons. A previous spatial proximity analysis of dendrites 478 

indicated that DL-Int-2 neurons might receive direct input from JO afferents (Ai, 2010). 479 

Together, this may suggest that DL-Int-2 neurons receive disinhibitory input through 480 

DL-Int-1 neurons. As our model simulations (Fig. 8) indicate, the responses of these 481 

neurons are consistent with the presence of inhibition from DL-Int-1 neuron to DL-Int-2 482 

neuron, however further studies are needed to experimentally assess the synaptic 483 

contacts and transmission properties of PAC neurons. If honeybees use the duration of 484 

the waggle phase to describe the distance to the food source, then DL-Int-1 and DL-Int-485 
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2 neurons are potential candidates for processing this information.  486 

Bilateral DL-dSEG-LP neurons reliably produced spikes or EPSPs in response to 487 

each pulse in a train-of-pulses stimulus, and followed the vibration pulses even if the 488 

temporal pattern of the stimuli changed. The short onset latency suggests that this type 489 

of neuron receives direct inputs from JO afferents of both antennae. If honeybees use 490 

the number of pulses to encode distance, then the Bilateral DL-dSEG-LP neuron is a 491 

potential candidate for processing this information. However, there is also a possible 492 

role for the Bilateral DL-dSEG-LP neuron in encoding direction (see below).  493 

2. Direction information 494 

 The waggle dancer communicates the direction of a profitable flower by the angle 495 

of the waggle run relative to the vertical, corresponding to the angle between the 496 

direction of the food source and the sun (von Frisch, 1967). The receivers of the 497 

information, the follower bees, are located at various positions around the line of 498 

wagging of the dancer and therefore must determine the difference between their body 499 

angle and that of the dancer during the waggle phase to decode the direction. Exactly 500 

how the follower bees achieve this computation is unclear. Michelsen (2003) 501 

hypothesized that the follower could perceive its orientation relative to the wagging run 502 
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by assessing differences in the temporal patterns of airflow, specifically in terms of the 503 

difference in the intervals of the vibration pulses between both antennae. Such 504 

processing would require highly precise encoding and comparison of very short time 505 

lags. Since the Bilateral DL-dSEG-LP neuron shows relatively precise spike timing in 506 

response to vibration pulses, this neuron is a candidate for encoding information about 507 

the direction of the food source. To test this possibility, it is necessary to clarify whether 508 

the Bilateral DL-dSEG-LP neuron can encode differences between the timing of the 509 

airflow at the two antennae. 510 

 511 

Significance of an inhibitory network in the DL 512 

DL-Int-1 IPSPs tend to occur with similar latencies as DL-Int-2 spikes (Figs. 7A-F). It 513 

is possible that a synaptic contact connects DL-Int-1 neurons to DL-Int-2 neurons, and 514 

that the tonic excitation of DL-Int-2 neurons is caused by disinhibition from DL-Int-1 515 

neurons. Interestingly, an inhibitory network has been found in the primary olfactory 516 

center, i.e., the antennal lobe (AL), of the tobacco horn moth (Christensen et al., 1988), 517 

where a GABAergic inhibitory local interneuron induces phase-locked bursts of 518 

projection neurons (PN) encoding intermittent odor stimuli. An analogous inhibitory 519 
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network might exist in the honeybee, consisting of DL-Int-1 and DL-Int-2 neurons, for 520 

encoding waggle dance vibration pulses. 521 

The network model (Figs. 8B, C) qualitatively replicated the experimentally 522 

observed differences in the response behavior of DL-Int-1 and DL-Int-2 neurons (Figs. 523 

8D, E). Thus, although further studies are needed to model the responses of these 524 

neurons in more quantitative detail, these results support the existence of an inhibitory 525 

network in the PAC.  526 

 527 

Comparison of vibration-processing interneurons between the honeybee and other 528 

invertebrates 529 

Invertebrate sensory processing typically consists of a rapid transition from coarse 530 

representations into perceptual and behavioral features over relatively few processing 531 

stages (Hildebrandt, 2014). It is very likely that a similar strategy is used for processing 532 

auditory signals in the honeybee. Our results indicate that neurons encoding different 533 

types of features arborize in the same region, the DL.  Bilateral DL-dSEG-LP neurons 534 

closely follow stimuli with phase locked spike responses, while the responses of DL-535 

Int-1 and DL-Int-2 neurons are tuned to the behaviorally relevant features of waggle 536 
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dance communication. 537 

The interplay between excitation, delayed inhibition, and the resulting rebound 538 

depolarization have been shown in several species to be important in neural circuits that 539 

extract temporal features of sensory signals (Pollack 2002, Large and Crawford 2002, 540 

Alluri et al., 2016, Schöneich et al., 2015). In the honeybee, the DL-Int-1 neuron has a 541 

response consisting of on-phasic excitation, tonic inhibition, and rebound 542 

depolarization, which could result from the superimposition of an excitation and a 543 

delayed inhibition. These characteristics strongly indicate that the DL-Int-1 neuron is 544 

part of a network that extracts distance information that is temporally encoded in 545 

waggle dance communication signals. 546 

A number of vibration-processing interneurons and neural pathways have been 547 

comprehensively identified in Drosophila, particularly in the PAC and the antennal 548 

mechanosensory and motor center (AMMC, Kamikouchi et al., 2009: Lai et al., 2012; 549 

Vaughan et al., 2014; Matsuo et al., 2016). Some of these pathways are related to 550 

courtship song detection (Vaughan et al., 2014).  551 

The male Drosophila produces an airborne vibration with a species-specific pulse 552 

song for attracting conspecific females (Ewing and Bennet-Clark, 1968; Cowling and 553 
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Burnet, 1981). The honeybee uses pulses of airborne vibration for waggle dance 554 

communication. This analogy between the auditory behaviors of these two species 555 

suggests the presence of common characteristics in the central processing of vibration 556 

pulses. Comparison of the neurons involved in processing vibration signals in the two 557 

insects reveals a number of common characteristics, such as inhibitory networks in the 558 

PAC, a secondary auditory center located in the lateral protocerebrum, which is also the 559 

secondary olfactory center, and bilateral interneurons connecting the PACs of both 560 

hemispheres. 561 

However, further research is necessary to conclusively determine the role of 562 

interneurons in courtship song detection in the fly as well as the roles of DL-Int-1, DL-563 

Int-2, and Bilateral DL-dSEG-LP neurons in the encoding of vector information in the 564 

honeybee. Specifically, we hope to clarify the precise neural circuitry underlying the 565 

encoding of waggle-dance vector information in the honeybee brain.   566 
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 651 

Figure captions 652 

 653 

Fig. 1, Morphology of PAC interneurons.  654 

Stained examples of the different neuron types investigated in this study (see also Table 655 

1). A-E: Local interneurons arborized in the PAC neuropils DL, dSEG, and 656 

mPPL. A, DL-Int-1 This neuron type has dense arborizations in the DL and dSEG with 657 

fine spines and boutons (arrowhead), while in the medial PPL it has fine spines. The 658 

inset shows a magnification of the DL region. B-E, Four neuron types named DL-659 

dSEG-mPPL, DL-dSEG, DL-mPPL, and DL local according to the neuropils of 660 

arborization. F-I: Output neurons arborized in the PAC. Output neurons have 661 

dendritic arborizations in the primary JO center, DL, and/or dSEG, and axon terminals 662 

in the LP and/or PPL. F, DL-Int-2 has a soma in the lateral cell cluster of the DL and 663 

arborizes with fine spines in the DL and dSEG, and with boutons in the LP 664 

(arrowheads). G-I, Three neuron types named DL-LP, DL-dSEG-LP, and DL-dSEG-665 

wholePPL according to the neuropils of arborization. J-M: Bilateral neurons 666 

arborized in the PAC. Bilateral neurons have dendritic arborization in the bilateral 667 
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PAC, DL, dSEG, or mPPL. J, Bilateral DL-dSEG-LP neurons have symmetrical 668 

arborization in both the DL and LP. This neuron type has a spine branch in the DL-669 

dSEG and terminals with boutons in the LP (arrowheads). K-M, Three neuron types 670 

named bilateral DL-dSEG-mPPL, bilateral DL-dSEG-PPL, and bilateral mPPL-LP 671 

according to the neuropils of arborization. 672 
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Fig. 2, GABA immunoreactivity of PAC interneurons.  675 

Immunohistochemically stained examples of DL-Int-1, DL-Int-2, and Bilateral DL-676 

dSEG-LP neurons. A, Whole morphology of DL-Int-1 neuron (Preparation HB130822-677 

1). B-E, GABA immunoreactivity of DL-Int-1, the same optical section is visualized 678 

using different staining techniques. B, Image of LY-injected soma of DL-Int-1 neuron. 679 

C, Anti-Synapsin labeling. D, Anti-GABA labeling. E, Merged images of B-D. Arrows 680 

indicate the position of the DL-Int-1 soma. An anti-GABA labeled spot coincides with 681 

the soma, suggesting the DL-Int-1 is GABAergic. mCa, medial calyx; o.t., ocellar tract; 682 

P.B., Protocerebral Bridge. F, Whole morphology of DL-Int-2 (Prep. 131217-2). G-J, 683 

GABA immunoreactivity of DL-Int-2, the same optical section is visualized using 684 

different staining techniques. G, DL-Int-2 soma. H, Anti-Synapsin labeling. I, Anti-685 

GABA labeling. J, Merged images of G-I. The DL-Int-2 soma location (arrow in G and 686 

I) does not overlap with GABA immunoreactivity, suggesting DL-Int-2  is not 687 

GABAergic. K, Whole morphology of a Bilateral DL-dSEG-LP neuron (Prep. 130612-688 

3). L-O, GABA immunoreactivity of Bilateral DL-dSEG-LP, the same optical section is 689 

visualized using different staining techniques. L, Bilateral DL-dSEG-LP soma. M, 690 

Anti-Synapsin labeling. N, Anti-GABA labeling. O, Merged images of L-N. The 691 
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Bilateral DL-dSEG-LP soma does not overlap with GABA immunoreactivity, 692 

suggesting the Bilateral DL-dSEG-LP is not GABAergic. 693 
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Fig. 3, Responses of DL-Int-1 and DL-dSEG-mPPL neurons to trains of vibration 696 

pulses. Each of the records in A and B presents the data obtained from one animal.  A-697 

B, Single responses of two example neurons (Prep. HB141121-1AL and HB130226-698 

1Rh) to pulse stimuli applied to the antenna with different temporal patterns. Pulse 699 

durations were varied between 4 and 50 ms, pulse intervals were varied between 20 and 700 

100 ms. The carrier frequency of the pulse vibration was 265 Hz. DL-Int-1 neurons 701 

showed tonic inhibitory responses for shorter pulse durations (less than 50 ms), while 702 

DL-dSEG-mPPL neurons showed this response as well as a response to pulses with a 703 

longer pulse duration (100 ms). C-D, Instantaneous spike frequencies (Spike counts 704 

in bins of 0.1 sec) of DL-Int-1 (C) and DL-dSEG-mPPL neurons (D)(N = 7). The 705 

horizontal bars indicate the duration of a train of pulses. Asterisks indicate statistical 706 

differences with the spontaneous activity in the 1 s interval before each record (*: P < 707 

0.01). DL-Int-1 neurons respond with a tonic inhibitory response to trains of pulses with 708 

a pulse interval up to 33 ms, while in DL-dSEG-mPPL neurons we also observed tonic 709 

inhibition for longer pulse durations, such as 100 ms. (Note that owing to experimental 710 

conditions, responses to stimulation with shorter pulse durations (20 and 33 ms) were 711 

not recorded for DL-dSEG-mPPL neurons). 712 
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Fig. 4, Responses of DL-Int-2 neurons to trains of vibration pulses. A, Single 713 

responses of an example neuron to pulse train stimuli applied to the antenna with 714 

different temporal patterns (Prep. HB140605-2Rh). All records present the data 715 

obtained in one animal. DL-Int-2 neurons showed tonic excitatory responses during 716 

trains of vibratory pulses with different temporal patterns. B, Instantaneous spike 717 

frequencies of DL-Int-2 neurons before, during, and after the train of pulses (N = 718 

6). The bin size was 0.1 sec. The horizontal bars indicate the duration of a train of 719 

pulses. Asterisks indicate statistical differences compared with the spontaneous activity 720 

collected just before each record (*: P < 0.01). DL-Int-2 neurons responded with a tonic 721 

excitatory response to a train of pulses with a duration of 16 ms and interval of 33 ms. 722 

(Note that owing to experimental conditions, responses to stimulation with shorter (20 723 

ms) and longer (100 ms) pulse intervals and with shorter (4 ms) pulse durations were 724 

recorded in only one preparation for DL-Int-2). 725 

 726 

  727 
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Fig. 5, Responses of Bilateral DL-dSEG-LP neuron to trains of vibration pulses. 728 

Single responses of an example neuron to pulse train stimuli applied to the antenna with 729 

different temporal patterns (Prep. HB140522-1AL). All records present the data 730 

obtained from the same neuron in one animal. This neuron type does not show 731 

spontaneous activity, but in response to pulse stimuli reliably shows EPSPs or spikes. 732 

Spikes or EPSPs were phase locked to the vibration pulses, even if the temporal pattern 733 

of stimuli changed (see Figs. 7H and I). 734 

 735 

  736 
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Fig. 6 Responses characteristics evoked by single pulses (A-E: DL-Int-1, F-I: DL-737 

Int-2, J and K: Bilateral DL-dSEG-LP) 738 

A, Example of the on-off phasic excitation of DL-Int-1 neuron to a single pulse with 739 

duration 100 ms. Latencies of the spike after onset and offset of the pulse stimulus are 740 

indicated by  and by , respectively. B and C, number (B) and frequency (C) of 741 

spikes evoked by a vibration pulse. Within each plot, different letters (a, b) indicate 742 

significant differences between values.  D and E, latencies of the spikes after stimulus-743 

on (D) and stimulus-off (E) are not significantly different for the different pulse 744 

durations. F, Example of the response of DL-Int-2 neuron to a single pulse with a 745 

duration of 10 ms. The latency of the spike after pulse stimulus-on is indicated by the 746 

time lag between the two vertical dashed lines. G and H, spike number (G) and spike 747 

frequency (H) evoked by single pulses with different durations. I, the latencies after 748 

pulse stimulus-on were not significantly different for different pulse durations. J, 749 

Example of the response of Bilateral DL-dSEG-LP neuron to a single pulse with a 750 

duration of 10 ms. The latency of the spike after pulse stimulus-on is indicated by the 751 

time lag between the two vertical dashed lines. K, The EPSP or spike latencies after 752 

pulse onset. Latencies were not significantly different for different pulse durations. 753 
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Fig. 7 Response characteristics evoked by pulse trains (A-C: DL-Int-1, D-F: DL-754 

Int-2, G-K: Bilateral DL-dSEG-LP neurons).  755 

A, example of the first IPSP of DL-Int-1 neuron evoked by a train of 15-ms pulses. The 756 

latency of the IPSP is indicated by the time lag between the two vertical dashed lines. B 757 

and C, the mean latencies of the IPSPs over recordings from different preparations 758 

were not significantly different for different pulse durations (B) or pulse intervals (C). 759 

D, example of the first spike of a DL-Int-2 neuron induced by a train of 15-ms pulses. 760 

The latency of the first spike is indicated by the time lag between the two vertical 761 

dashed lines. E and F, latencies were not significantly different for different pulse 762 

durations (E) or pulse intervals (F). G, example of the response of a Bilateral DL-763 

dSEG-LP neuron to a train of 20-ms pulses. The latencies of the EPSPs after the pulse 764 

stimulus-on is indicated by the pairs of vertical dashed lines. H and I, The latencies of 765 

the EPSPs after pulse stimulus-on were not significantly different for different pulse 766 

durations (H) or intervals (I). J, latencies of the EPSPs after each pulse stimulus-on in a 767 

train of pulses (no significant differences). K, EPSP latencies of three different neurons 768 

for different pulse durations (no significant differences). 769 
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Fig 8, PAC network model based on the arborization and response patterns of 771 

interneurons. A, Summary of projection patterns of neurons arborizing in the PAC. 772 

Since DL-Int-1 neurons project to the DL-dSEG where DL-Int-2 neurons arborize, DL-773 

Int-1 neurons could have a synapse onto DL-Int-2 neurons. B, Subset of neural 774 

projections in A with putative synaptic connections (dotted lines). DL-Int-1  and DL-775 

Int-2 neurons are assumed to have direct excitatory input from JO sensory afferents in 776 

the DL and dSEG.  Since DL-Int-1 neurons are GABAergic, DL-Int-2 neurons are 777 

assumed to have an inhibitory synapse from DL-Int-1 in the DL and dSEG. C, Neurons 778 

and synapses in B represented as a network model. Synapses shown in B indicating the 779 

same connectivity in the DL and dSEG are represented by single synapses. An unknown 780 

inhibitory neuron is added between JO and DL-Int-1 to account for its inhibitory 781 

response. D, Summary of the experimental physiology of JO (bottom), DL-Int-1 782 

(middle), and DL-Int-2 (top) neurons shown using schematic membrane traces for 783 

stimuli with shorter (around 30 ms. left column) and longer (around 100 ms, right 784 

column) pulse interval values. Note that the shorter intervals correspond to the vibration 785 

elicited during the honeybee waggle dance. JO sensory neurons tend to spike at a fixed 786 

phase of the input sinusoidal stimulus, showing spike frequency adaptation for later 787 



 
 
 
 
 

52 
 

 
 
 
 

pulses. DL-Int-1 neurons show inhibition that is stronger for stimuli with shorterer pulse 788 

intervals than for stimuli with longer pulse intervals, intermittent spikes occur during a 789 

train of pulses for long pulse intervals. DL-Int-2 neurons show on-phasic and tonic 790 

excitation, with the latter being weaker for stimuli with longerer pulse intervals, 791 

suggesting it arises from disinhibition due to the tonic inhibition of DL-Int-1. E, 792 

Simulation results of the network model in C for the same stimuli as in D. JO sensory 793 

neurons were assumed to spike regularly at a fixed phase of the sinusoidal stimulus 794 

applied to the antenna (bottom row). These spikes are indicated by vertical lines at the 795 

top in the bottom row and at the bottom in the middle and top rows. DL-Int-2 shows 796 

subthreshold EPSPs evoked by disinhibition through DL-Int-1. The network model 797 

could qualitatively reproduce the different spiking profiles for the two stimulus 798 

conditions.  799 
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 801 

Fig 8-1, Model of PAC interneurons. A, Equations of the Adaptive Exponential 802 

Integrate-and-fire (AdExp) model, used for modeling membrane potentials of DL-Int-1 803 

and DL-Int-2. B, Parameter values used for the model in A. (V: membrane potential; w: 804 

adaptation current; a,b: adaptation parameters; EL: leak reversal potential; Vt: spiking 805 

threshold voltage; Vr: post-spike reset potential; Vp: peak spike potential; Iinh: 806 

Inhibitory synaptic current; Iexc: Excitatory synaptic current; gL: membrane leak 807 

conductance; C: membrane capacitance; τw: decay time constant of w). C, Equations 808 

used for modeling inhibitory and excitatory synaptic conductances of DL-Int-1 and DL-809 

Int-2. D, Parameter values used for the model in C (Ipost,syn: post-synaptic current; 810 

gpost,syn: post-synaptic conductance; Vpost: post-synaptic membrane potential; τd: 811 

decay time constant; τr: rise time constant; Esyn: synaptic reversal potential; wsyn: 812 

synaptic strength). 813 

 814 

 815 

 816 



Table 1 List of PAC interneurons 

category group name neuron name 
arborized 

neuropiles 

response pattern to 

continuous vibration 
N

total
 N

ana
 

local 

interneurons 

DL-Int-1 DL-Int-1 
DL, dSEG, 

medPPL 

on-off phasic E  

& tonic I 
36 14 

DL-dSEG-mPPL 

DL-dSEG-mPPL1 

DL, dSEG, 

mPPL 

tonic I 17 6 

DL-dSEG-mPPL2 tonic E 3 2 

DL-dSEG-mPPL3 on-phasic E 3 0 

DL-dSEG-mPPL4 on-phasic I 1 0 

DL-dSEG-mPPL5 no response 3 0 

DL-dSEG DL-dSEG DL, dSEG tonic I 5 2 

DL-mPPL DL-mPPL DL, mPPL tonic E 1 1 

DL-local 
DL-local1 

DL 
tonic E 3 3 

DL-local2 tonic I 1 1 

output 

neurons 

DL-Int-2 DL-Int-2 
DL, dSEG, 

LP, cPPL 

on phasic E  

or tonic E 
14 5 

DL-LP DL-LP DL, LP tonic I 6 1 

DL-dSEG-LP 

DL-dSEG-LP1 
DL, dSEG, 

LP 

tonic I 3 2 

DL-dSEG-LP2 on-phasic E 2 0 

DL-dSEG-LP3 no response 1 0 

DL-whole PPL 

DL-whole PPL1 
DL, whole 

PPL 

on-phasic I 2 0 

DL-whole PPL2 on-phasic E 1 0 

DL-whole PPL3 tonic E 1 0 

bilateral 

neurons 

Bilateral  

DL-dSEG-LP 

Bilateral  

DL-dSEG-LP 

DL, dSEG, 

LP 
on-phasic E 12 8 

Bilateral  

DL-dSEG-mPPL 

Bilateral  

DL-dSEG-mPPL 

DL, dSEG, 

mPPL 
phasic tonic E 1 1 

Bilateral  

DL-dSEG-PPL 

Bilateral  

DL-dSEG-PPL 

DL, dSEG, 

PPL 
tonic E 1 1 

Bilateral  

mPPL-LP 

Bilateral  

mPPL-LP 
mPPL, LP tonic I 2 1 



Ntotal: Number of preparations of PAC neurons responding to vibration stimuli;  

Nana: Number of preparations with sufficient response data used for analysis 

E: excitation; I: inhibition; DL: dorsal lobe; dSEG: dorsal subesophageal ganglion;  

mPPL: medial posterior protocerebral lobe; PAC: primary auditory center 


















