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Interneurons in the Honeybee Primary Auditory Center
Responding to Waggle Dance-Like Vibration Pulses
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Female honeybees use the “waggle dance” to communicate the location of nectar sources to their hive mates. Distance information is
encoded in the duration of the waggle phase (von Frisch, 1967). 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, named
DL-Int-1, DL-Int-2, and bilateral DL-dSEG-LP, that responded with different spiking patterns to vibration pulses applied to the antennae.
Experimental and computational analyses 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.
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ignificance Statement

The waggle dance represents a form of symbolic communication used by honeybees to convey the location of food sources via
species-specific sound. The brain mechanisms used to decipher this symbolic information are unknown. We examined interneu-
rons in the honeybee primary auditory center and identified different neuron types with specific properties. The results of our
computational analyses suggest that inhibitory connection plays a role in encoding waggle dance signals. 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.
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Introduction

Karl von Frisch demonstrated that honeybees use a type of move-
ment 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 en-
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coded 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 con-
veys spatial information regarding the food source (Michelsen,
2003), air-borne vibration is thought to be the most probable sen-
sory 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 of the waggle phase is constant, as
are pulse rate (29 Hz) and waggle frequency (14.5 Hz), indepen-
dent of the quality of the food source (Hrncir et al., 2011). How-
ever, 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 John-
ston’s organ (JO), which is located at the second segment (pedi-



Ai et al. ® Vibration-Sensitive Honeybee Interneurons

cel) 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 sound generated during the waggle
dance (Tsujiuchi et al., 2007). JO afferent fibers are spatially seg-
regated in the medial posterior protocerebral lobe (mPPL) and
the dorsal lobe (DL)-dorsal subesophageal ganglion (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
orientation of the dancer relative to gravity; Ai and Hagio, 2013).
Our goal is to understand how distance and direction infor-
mation is encoded in the honeybee brain. Accordingly, we are
interested in characterizing the distribution and location of neu-
rons that exhibit appropriate response properties for processing
distance or direction information. Recently, we identified two
interneuron (Int) 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 respon-
sive 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 bilat-
eral DL-dSEG-lateral protocerebrum (LP). We investigated the
morphology, GABA immunoreactivity, and physiology of these
three cell types in the PAC, with a particular focus on their re-
sponses to trains of vibration pulses with temporal properties
similar to those elicited during the waggle dance. This work rep-
resents a first step toward understanding the role of these neurons
in the encoding of distance information in the honeybee brain.

Materials and Methods

Preparation. Honeybees (Apis mellifera L., NCBITaxon:7460) were
reared in hives placed on the Fukuoka University campus. The data
reported here were collected between the months of April and September
from 2013 to 2015. Female worker bees that were returning to the hive
after foraging and had pollen on their hindlegs were caught at the hive
entrance and used in this study.

Intracellular recording and staining. To investigate the processing of
the sound produced during the waggle dance, we collected auditory in-
terneurons in the PAC, including the previously described interneuron
types DL-Int-1 and DL-Int-2 (Ai et al., 2009). The procedure for each
subject was as follows. An individual bee was immobilized by placingitin
a cold environment and then mounting it in an acrylic chamber. The bee
was then given a 1 M sucrose solution as food and kept overnight in a dark
room with high humidity and a temperature of 20°C. The next day, the
head of the bee was fixed in place with wax and the frontal surface of the
brain was exposed by cutting away a small rectangular window between
the compound eyes. The glands and tracheal sheaths on top of the brain
were removed, and the mouthparts, including the mandibles, were cut
off to expose and enable the removal of the esophagus. Small droplets of
bee physiological saline (in mm: 137 NaCl, 3 KCl, 1 CaCl,, 4 Na,HPO,,
2KH,PO,, 100 sucrose, pH 6.7) were applied to wash away any residue in
the esophagus and to enhance electrical contact with a platinum ground
electrode placed in the head capsule next to the brain.

Borosilicate glass electrodes were pulled using a laser puller (P-2000,
Sutter Instruments), and filled at the tip with 3% Lucifer Yellow CH
dilithium salt (catalog #L0259, Sigma-Aldrich; PubChem substance ac-
cession identifier: 24896250) dissolved in 100 mm KCl, yielding DC
resistances in the range of 150-300 M(). We also used a dextran-
tetramethylrhodamine solution (3000 molecular weight, anionic, lysine
fixable; catalog #D3308, Thermo Fisher Scientific) and Alexa Fluor 647
hydrazide (catalog #A20502, Thermo Fisher Scientific) for this injection.
After removing a small section of the neural sheath and neurilemma, we
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inserted electrodes into the DL-dSEG and the mPPL and began recording
electrical activity from individual neurons. Electrical signals were ampli-
fied with an amplifier (MEZ 8301, Nihon Kohden) and were displayed on
an oscilloscope. Data were recorded and analyzed using the data acqui-
sition and analysis software Spike2 (Cambridge Electronic Design; RRID:
SCR_000903). After recording electrical activity, we applied a hyperpo-
larizing current (2-5 nA for 2-10 min) to fill the neurons with Lucifer
yellow. Thereafter, the brains were dissected out, fixed in 4% paraformal-
dehyde for 4 h at room temperature, then rinsed in phosphate buffer
solution, dehydrated, and cleared in methyl salicylate for subsequent
observation.

To identify vibration-sensitive neurons, we applied a continuous vi-
bration to the right antenna and recorded the responses intracellularly.
When a neuron was responsive to the vibration, we applied a continuous
vibration at different frequencies. These frequencies included 265 Hz,
which is the fundamental frequency of the waggle dance sound. We also
applied single vibration pulses and trains of vibration pulses with varying
pulse durations and intervals (see below). When the recording became
unstable (e.g., fluctuating membrane potential or spike amplitude), we
stopped applying the vibration stimuli and injected fluorescence dye into
the neuron for morphological analysis.

Sensory stimulation. First, both antennal scapes of each honeybee were
fixed to the acrylic chamber with wax. For vibratory stimulation of the
JO, the right antenna was inserted into a glass capillary (length, 10 mm;
inner diameter of the tip, 200 wm) up to the second segment of the
flagellum and then fixed to the tip of the capillary with wax. The opposite
tip of the capillary was connected to a piezo-actuator (Miniature Piezo
Flexure NanoPositioners, catalog #P780.20, PI Japan). The piezo-actuator
was programmed to move with a specific temporal pattern, which was con-
trolled using the Spike2 software. This movement created a vibratory
stimulation. We used vibrations with frequencies ranging from 100 to
400 Hz and amplitudes (peak to peak) ranging from 0 to 50 wm 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. The recorded neural
activities and signals sent to the actuator were simultaneously recorded
and stored on a PC.

GABA immunocytochemistry. After identifying the interneurons that
had been filled with Lucifer yellow dye, the preparations including our
marked target neurons were selected for GABA immunocytochemistry.
The preparations were rehydrated through a series of ethanol steps and
0.1 M PBS containing 0.5% Triton X-100 (PBST), pH 7.4. The tissue was
then sliced into 100-um-thick vibratome sections. Next, the sections
were incubated in 5% normal goat serum (NGS; catalog #G9023, Sigma-
Aldrich) in PBST (PBST-NGS) for 1 h at room temperature to block
nonspecific staining and then incubated in primary antiserum, rabbit
anti-GABA (1:1000 in PBST-NGS; catalog #A2052, Sigma-Aldrich;
RRID:AB_477652), and mouse anti-SYNORF1 (1:1000 in PBST-NGS;
DSHB 3Cl11; RRID:AB_528479) for 3 d at 4°C in a shaking incubator.
The anti-GABA was produced using GABA-bovine serum albumin
(BSA; catalog #A2153-10G; Sigma-Aldrich) as the immunogen. The an-
tibody was isolated from the antiserum using immunospecific methods
of purification. Antigen-specific affinity isolation removes essentially all
rabbit serum proteins, including Igs that do not specifically bind to
GABA. Rabbit anti-GABA exhibited positive binding with GABA and
GABA-keyholelimpet hemocyanin in a dot blot assay, and negative bind-
ing with BSA. We used 1 mm GABA to remove all background staining
after preadsorption of the primary antibody. The sections were then
washed in PBST and incubated in an Alexa Fluor 647-conjugated goat
anti-rabbit IgG antibody (1:1000 in PBST-NGS; catalog #A11034, Thermo
Fisher Scientific; RRID:AB_2576217) and an Alexa Fluor 555 goat anti-
mouse IgG antibody (1:1000 in PBST-NGS; catalog #A21424, Thermo
Fisher Scientific; RRID:AB_141780) overnight at 4°C. As controls, some
preparations were processed without the anti-GABA antibody. Finally, after
washing, the sections were mounted on slide glasses using VECTASHIELD
(catalog #H-1000, Vector Laboratories; RRID:AB_2336789).

Confocal microscopy. The cleared specimens containing intracellularly
stained neurons were viewed from the posterior side of the brain under a
confocal laser-scanning microscope (LSM 510, Carl Zeiss) with a Zeiss
Plan-Apochromat 25X /numerical aperture (NA) 0.8 oil lens objective
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Table 1. List of PACinterneurons
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Category Group name Neuron name Arborized neuropils Response pattern to continuous vibration Neotal N,
Local interneurons DL-Int-1 DL-Int-1 DL, dSEG, mPPL On-off phasic E and tonic| 36 14
DL-dSEG-mPPL DL-dSEG-mPPL1 DL, dSEG, mPPL Tonic| 17 6
DL-dSEG-mPPL2 TonicE 3 2
DL-dSEG-mPPL3 On-phasicE 3 0
DL-dSEG-mPPL4 On-phasic| 1 0
DL-dSEG-mPPL5 No response 3 0
DL-dSEG DL-dSEG DL, dSEG Tonicl 5 2
DL-mPPL DL-mPPL DL, mPPL TonicE 1 1
DL-local DL-locall DL TonicE 3 3
DL-local2 Tonic| 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| 6 1
DL-dSEG-LP DL-dSEG-LP1 DL, dSEG, LP Tonic| 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| 2 0
DL-whole PPL2 On-phasic E 1 0
DL-whole PPL3 TonicE 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 TonicE 1 1
Bilateral mPPL-LP Bilateral mPPL-LP mPPL, LP Tonicl 2 1

Nygrars Number of prep of PAC neurons resp

(working distance, 0.57 mm) for low-magnification images or with a
Zeiss Plan-Apochromat 40 X/NA 1.4 oil lens objective (working distance,
0.13 mm) for high-magnification images. Alexa Fluor 555 and Alexa
Fluor 647 were excited by the 543 and 633 nm spectral lines of an HeNe
laser, respectively, while Lucifer yellow was excited by the 488 nm
spectral line of an argon laser. Optical sections were made at 3 um (in
low-magnification images) or 1.5 um (in high-magnification images)
throughout the entire depth of each specimen. The image resolution was
1024 X 1024 pixels.

Nomenclature. We use the terms proposed by Mobbs (1982) and Milde
(1988) to describe the neuropilar regions in the SEG of the honeybee
brain. The orientation of neuronal structures is given according to the
body axis.

Experimental design and statistical analysis. To evaluate the significant
responses induced by vibration of the antenna, we calculated time-
resolved spike frequency rates before (0.5 s before the onset of each
train), during, and after the stimulation, and statistically analyzed the
differences between the responses (Wilcoxon signed rank test) using the
software R version 3.4.0 (RRID:SCR_001905). To characterize the re-
sponses to different temporal patterns of pulse stimulation, we calculated
the spike numbers, spike frequency, latency of the first spike, EPSPs, and
IPSPs after the pulse stimulus for different pulse durations and intervals,
and statistically analyzed the differences (Wilcoxon signed rank test).
The criterion for all statistical tests was p < 0.01.

Modeling and simulation. Membrane potentials of DL-Int-1 and DL-
Int-2 neurons were modeled using the Adaptive Exponential Integrate-
and-Fire (AdExp) model (Brette and Gerstner, 2005; Fig. 8-1 available
at https://doi.org/10.1523/JNEUROSCI.0044-17.2017.18-1). Mem-
brane potential calculations included synaptic input currents, which
were calculated from synaptic conductances. Synaptic conductances
were simulated using difference-of-exponentials functions (Fig. 8-1C
available at https://doi.org/10.1523/JNEUROSCI.0044-17.2017.f8-1),
based on the Exp2Syn model of the simulator NEURON (Carnevale and
Hines, 2006; RRID:SCR_005393). Neuron and synapse parameters were
adjusted to qualitatively reproduce the response properties of DL-Int-1
and DL-Int-2 neurons as determined in our electrophysiological exper-
iments (Fig. 8-1B,D available at https://doi.org/10.1523/JNEUROSCIL.
0044-17.2017.f8-1). The network of DL-Int-1 and DL-Int-2 neurons was
implemented using the simulator Brian version 2.0.1 (Stimberg et al.,
2014; RRID:SCR_002998) in Python. The code is available at https://web.
gin.g-node.org/ajkumaraswamy/HB-PAC_disinhibitory_network (doi:
10.12751/g-node.1090£8). An integration step size of 0.1 ms was used,

ding to vibration stimuli; N,,,, Number of preparations with sufficient response data used for analysis; E, excitation; |, inhibition; cPPL, central posterior protocerebral lobe.

and all simulation runs had a “settling time” of 600 ms, after which
stimuli were applied. Network inputs were modeled as spikes from JO
sensory neurons spiking at the positive peak of the sinusoidal antennal
vibration stimulus. Like the stimuli in our experiments, model stimuli
were continuous sinusoidal vibrations with a frequency of 265 Hz and
trains of sinusoidal pulses of 265 Hz vibrations with 16 ms pulse dura-
tions and 33 ms interpulse intervals (IPIs), values close to those observed
in the honeybee waggle dance. In addition, pulse trains with 100 ms IPIs
were used in the simulations to investigate the model results for longer
pulse intervals, as used in the experiments.

Results

Categories of vibration pulse-sensitive interneurons
arborizing in the PAC

We identified 119 vibration-sensitive interneurons arborizing in
the PAC, DL, dSEG, and/or mPPL (Table 1). Of those, DL-Int-1
and DL-Int-2 neurons have been described previously (Ai et al.,
2009), but the results reported here were obtained from neurons
collected exclusively for the present study. We categorized the
interneurons based on their arborization and on their response
patterns to continuous vibration. Based on their general arboriz-
ing features, they were classified into the following three catego-
ries: PAC local interneurons, PAC output neurons, and PAC
bilateral neurons.

PAC local interneurons

PAC interneurons had arborizations mainly inside the PAC (i.e.,
in the DL, dSEG, and/or mPPL). Based on arborization patterns,
we identified five groups of neurons. These were further divided
into subgroups based on response patterns (Table 1). Neurons in
the largest group, DL-Int-1, showed arborizations in the DL,
dSEG, and mPPL, and showed on-off phasic excitation and tonic
inhibition to continuous vibration stimuli applied to the ipsilat-
eral antenna. While DL-dSEG-mPPL neurons arborized in the
same neuropils as DL-Int-1 neurons, individual DL-dSEG-mPPL
neurons showed different response patterns to vibration stimuli,
such as tonic inhibition, tonic excitation, on-phasic excitation,
on-off phasic inhibition, or no response (Table 1). We found
several other minor neuron groups in this category that arborized
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Figure 1.

Morphology of PACinterneurons. Stained examples of the different neuron types investigated in this study (Table 1). A-E, Local interneurons arborized in the PAC neuropils DL, dSEG,

and mPPL. 4, DL-Int-1. This neuron type has dense arborizations in the DL and dSEG with fine spines and boutons (arrowhead), while in the medial PPL it has fine spines. The inset shows a
magpnification of the DL region. B—E, Four neuron types were named DL-dSEG-mPPL, DL-dSEG, DL-mPPL, and DL local according to the neuropils of arborization. F~I, Output neurons arborized in
the PAC. Output neurons have dendritic arborizations in the PAC neuropiles, DL, and/or dSEG, and axon terminals in the LP and/or PPL. F, DL-Int-2 has a soma in the lateral cell cluster of the DL and
arborizes with fine spines in the DL and dSEG, and with boutons in the LP (arrowheads). G-/, Three neuron types named DL-LP, DL-dSEG-LP, and DL-dSEG-wholePPL according to the neuropils of
arborization. J-M, Bilateral neurons arborized in the PAC. Bilateral neurons have dendritic arborization in the bilateral PAC, DL, dSEG, or mPPL. J, Bilateral DL-dSEG-LP neurons have symmetrical
arborization in both the DL and LP. This neuron type has a spine branch in the DL-dSEG and terminals with boutons in the LP (arrowheads). KM, Three neuron types named bilateral DL-dSEG-mPPL,

bilateral DL-dSEG-PPL, and bilateral mPPL-LP according to the neuropils of arborization.

in different neuropils in the PAC (DL-dSEG, DL-mPPL, and DL
local).

PAC output neurons
PAC output neurons had arborizations in the primary auditory cen-

ter and sent their axons into the other neuropils of the PAC. Four
groups were identified. Neurons in the main group, DL-Int-2, had
arborizations in the DL and dSEG and sent their axons to the sec-
ondary auditory center, the LP. They showed excitatory responses
to continuous vibration stimuli applied to the ipsilateral antenna.
Moreover, we found several other minor neuron groups in this cat-
egory (DL-LP, DL-dSEG-LP, and DL-whole PPL; Table 1).

PAC bilateral neurons

PAC bilateral neurons had arborizations in the PACs of both
hemispheres and also sent their axons to the other neuropils in
the PAC. Four groups were identified. Neurons in the main
group, termed the bilateral DL-dSEG-LP, were newly identified
in this study. These neurons had arborizations in both the DL and
dSEG and sent their axons to both LPs. They showed on-phasic
excitation to continuous vibration stimuli applied to the ipsilat-
eral antenna. We found several other minor neuron groups in

this category (bilateral DL-dSEG-mPPL, bilateral DL-dSEG-PPL,
and bilateral mPPL-LP; Table 1).

Categories of vibration pulse-sensitive interneurons
arborizing in the PAC

In 48 of the 119 preparations, the recording was stable for suffi-
ciently long to apply a number of stimulation pulses with differ-
ent combinations of vibration frequency, pulse duration, and
pulse intervals. The data from those 48 neurons were used for
further analysis. Of those, 27 neurons were from one of the main
groups, DL-Int-1, DL-Int-2, or bilateral DL-dSEG-LP. We focused
on these neurons for our analysis. While we report findings for neu-
rons from the other groups as well, in many cases, only one or two
examples of these interneurons were recorded (Table 1).

Morphologies of PAC interneurons

The main PAC local interneurons, termed DL-Int-1 and DL-
dSEG-mPPL (Fig. 1A, B), connected the following neuropils in
the PAC: the DL, the dSEG, and the mPPL. DL-Int-1 neurons had
two branches. One branch arborized with fine terminals in the
mPPL. The other branch arborized with fine terminals as well as



10628 - J. Neurosci., November 1, 2017 - 37(44):10624 —10635

<

DL-Int-1 soma

.

B soma marked by LY [ anti‘synapsin

e

| antiGABA o

DL-Int-2 soma

Figure 2.

o.t

Ai et al. @ Vibration-Sensitive Honeybee Interneurons

0 merge of B-D

GABA immunoreactivity of PACinterneurons. Immunohistochemically stained examples of DL-Int-1, DL-Int-2, and bilateral DL-dSEG-LP neurons. 4, Whole morphology of the DL-Int-1

neuron (preparation HB130822-1). B—E, GABA immunoreactivity of DL-Int-1; the same optical section is visualized using different staining techniques. B, Image of LY-injected soma of DL-Int-1
neuron. C, Anti-synapsin labeling. D, Anti-GABA labeling. E, Merged images of B-D. Arrows indicate the position of the DL-Int-1 soma. An anti-GABA-labeled spot coincides with the soma,
suggesting that the DL-Int-11is GABAergic. mCa, Medial calyx; o.t., ocellar tract; P.B., protocerebral bridge. F, Whole morphology of DL-Int-2 (preparation 131217-2). G-J, GABA immunoreactivity
of DL-Int-2; the same optical section is visualized using different staining techniques. G, DL-Int-2 soma. H, Anti-Synapsin labeling. /, Anti-GABA labeling. J, Merged images of G—I. The DL-Int-2 soma
location (arrow in G and /) does not overlap with GABA immunoreactivity, suggesting DL-Int-2 is not GABAergic. K, Whole morphology of a bilateral DL-dSEG-LP neuron (preparation 130612-3).
L-0, GABA immunoreactivity of bilateral DL-dSEG-LP; the same optical section is visualized using different staining techniques. L, Bilateral DL-dSEG-LP soma. M, Anti-Synapsin labeling.
N, Anti-GABA labeling. 0, Merged images of L—N. The bilateral DL-dSEG-LP soma does not overlap with GABA immunoreactivity, suggesting that the bilateral DL-dSEG-LP is not GABAergic.

boutons in the DL and dSEG (Fig. 1A, inset). DL-dSEG-mPPL
neurons had a similar arborization pattern. The somata of DL-
Int-1 neurons were located dorsally from the central body, while
the somata of DL-dSEG-mPPL neurons were located more later-
ally (Fig. 1A, B). The other local interneurons arborized in sub-
sets of the PAC neuropils. DL-dSEG neurons had arborizations in
the DL and dSEG but not in the mPPL. DL-mPPL neurons had
arborizations in the DL and mPPL but not in the dSEG. DL-local
neurons arborized inside the DL (Fig. 1C-E).

The PAC output neurons sent axons from the PAC to the
other neuropils, mainly LP and PPL (Fig. 1F-I). All of the soma
positions were located in the lateral DL. DL-Int-2 neurons had
dense arborization in the DL-dSEG, with fine spines, and sparse
and diverse arborization in the LP with boutons (Fig. 1F).

PAC bilateral neurons had dendritic arborizations in a PAC
neuropil (either DL or mPPL) and sent processes to both hemi-
spheres of the brain. Most of these neurons had arborizations in
the DL, while two of them had arborizations in the mPPL, but not
in the DL (Table 1). The neurons in this group arborized in the
DL, dSEG, LP, and PPL. Most of these neurons were categorized
as bilateral DL-dSEG-LP. Bilateral DL-dSEG-LP neurons had
symmetrical arborizations in the DLs and LPs of both hemi-
spheres, with fine spines in the DL and sparse and diverse ar-

borization in the LP, as well as boutons (Fig. 1]). We also found
several other minor groups with different arborization patterns
in this category (bilateral DL-dSEG-mPPL, bilateral DL-dSEG-
PPL, and bilateral mPPL-LP; Fig. 1K-M).

GABA-immunohistochemistry of PAC interneurons

We performed GABA immunohistochemical experiments with
the PAC interneuron preparations (Fig. 2). The soma of each
DL-Int-1 neuron was clearly visible in the dorsoposterior proto-
cerebrum (Fig. 2A), and the locations of these neurons coincided
with a GABA-immunoreactive spot, indicating that DL-Int-1 neu-
rons are anti-GABA positive (Fig. 2B—E). In contrast, the soma loca-
tions of DL-Int-2 (Fig. 2F-]) and bilateral DL-dSEG-LP neurons
(Fig. 2K=0) did not overlap with a GABA-immunoreactive spot,
indicating that DL-Int-2 and bilateral DL-dSEG-LP neurons are not
anti-GABA positive.

Responses of PAC interneurons to trains of vibration pulses

Neurons of one of the major PAClocal interneuron types, DL-Int-1,
exhibited spontaneous activity, with rates ranging between 0 and 80 Hz,
depending on the preparation (Ai et al., 2009). When a train of
vibration pulses was applied to the antenna, DL-Int-1 neurons
showed tonic inhibition (Fig. 3A): The spike rate was suppressed
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Figure3. Responses of DL-Int-1and DL-dSEG-mPPL neurons to trains of vibration pulses. Each of the records in Aand B presents the data obtained from one animal. 4, B, Single responses of two

example neurons (preparations HB141121-1AL and HB130226-1Rh) to pulse stimuli applied to the antenna with different temporal patterns. Pulse durations were varied between 4 and 50 ms, and
pulse intervals were varied between 20 and 100 ms. The carrier frequency of the pulse vibration was 265 Hz. DL-Int-1 neurons showed tonic inhibitory responses for shorter pulse durations (<50 ms),
while DL-dSEG-mPPL neurons showed this response as well as a response to pulses with a longer pulse duration (100 ms). €, D, Instantaneous spike frequencies (spike counts in bins of 0.1s) of
DL-Int-1(€) and DL-dSEG-mPPL neurons (D; N = 7). The horizontal bars indicate the duration of a train of pulses. Asterisks indicate statistical differences with the spontaneous activity in the 1s
interval before each record (*p << 0.01). DL-Int-1 neurons respond with a tonic inhibitory response to trains of pulses with a pulse interval up to 33 ms, while in DL-dSEG-mPPL neurons we also
observed tonic inhibition for longer pulse durations, such as 100 ms. [Note that, owing to experimental conditions, responses to stimulation with shorter pulse durations (20 and 33 ms) were not

recorded for DL-dSEG-mPPL neurons].

below the spontaneous level, and spikes were typically not observed
during stimulation. We only observed intermittent spikes during
trains of vibration pulses for pulse trains with long IPIs of 100 ms,
which is far above the 14-30 ms IPI observed during the waggle
dance. Statistical analysis revealed that spike rates significantly de-
creased during stimulation for pulse durations up to 16 ms and pulse
intervals up to 33 ms (Wilcoxon signed rank test, n = 14; Fig. 3C).

Similar to DL-Int-1 neurons, DL-dSEG-mPPL neurons showed
tonic inhibitory responses to trains of pulses. These responses were
more pronounced for long-pulse intervals of 100 ms (Fig. 3B). Sta-
tistical analysis revealed that spike rates significantly decreased
during stimulation for pulse intervals of =50 ms (Wilcoxon
signed rank test, n = 6; Fig. 3D). It is not clear whether this tonic
inhibition also occurs for pulse intervals <50 ms because data
could not be obtained for these stimuli.

In contrast to DL-Int-1 and DL-dSEG-mPPL neurons, excit-
atory responses were observed in DL-Int-2 neurons (Fig. 4A).
Specifically, the temporal response profiles of DL-Int-2 neurons

showed remarkable on-phasic excitation up to rates of >70 Hz,
as well as tonic excitatory responses to trains of pulses with du-
rations of 16 ms and pulse intervals of 33 ms (Wilcoxon signed
rank test, n = 5; Fig. 4B). Bilateral DL-dSEG-LP neurons also
showed excitatory responses to trains of vibration pulses. In these
neurons, each pulse onset elicited a single spike or EPSP, regard-
less of pulse duration and IPI (Fig. 5).

Response profiles of PAC neurons in response to a single pulse

To evaluate the response characteristics of PAC neurons, we an-
alyzed the temporal response patterns induced by single pulses of
different durations. We compared the spike counts, spike rates,
and latencies of the first spikes of DL-Int-1 (Fig. 6A—E), DL-Int-2
(Fig. 6F-I), and bilateral DL-dSEG-LP neurons (Fig. 6],K)
evoked by single pulses with different pulse durations. The num-
ber of DL-Int-1 spikes elicited by a single vibration pulse gradu-
ally increased with the pulse duration up to 20 ms, and was
saturated for pulse durations >20 ms (1.1 = 0.6 at a pulse dura-
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Figure 4.

Responses of DL-Int-2 neurons to trains of vibration pulses. 4, Single responses of an example neuron to pulse train stimuli applied to the antenna with different temporal patterns

(preparation HB140605-2Rh). All records present the data obtained in one animal. 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 (V = 6). The bin size was 0.1 s. The horizontal bars indicate the duration of a train of
pulses. Asterisks indicate statistical differences compared with the spontaneous activity collected just before each record (*p << 0.01). DL-Int-2 neurons responded with a tonic excitatory response
toatrain of pulses with a duration of 16 ms and interval of 33 ms. [Note that owing to experimental conditions, responses to stimulation with shorter (20 ms) and longer (100 ms) pulse intervals and

with shorter (4 ms) pulse durations were recorded in only one preparation for DL-Int-2.]

tion of 4 ms and 2.8 = 1.0 at pulse durations of 20, 30, and 50 ms,
Fig. 6B; Wilcoxon signed rank test, n = 46). However, for values
of >10 ms, the average spike rate for the phasic spikes gradually
decreased as the pulse duration increased (180 = 26 Hz at 10 ms
pulse duration and 134 * 53 Hz at 50 ms pulse duration; Fig. 6C;
Wilcoxon signed rank test, n = 67), indicating the presence of
tonic inhibition during the pulse stimulation. The latency of the
first DL-Int-1 neuron spike after the onset of a single pulse (Fig.
6A) was constant, independent of pulse duration, for pulses <50 ms
(7.5 = 1.4 ms; Fig. 6D; Wilcoxon signed rank test, n = 34). The
latency of the first spike after the offset of a single pulse was also
constant, independent of pulse duration, for pulses of <50 ms

(57 = 14 ms; Fig. 6E; Wilcoxon signed rank test, n = 34). For
DL-Int-2 neurons, the number of spikes was significantly differ-
ent for pulse durations of 4 versus 10 ms and was saturated for
values of >10 ms (1.4 = 1.0 at a pulse duration of 4 msand 2.8 =
0.5 for pulse durations of >10 ms; Fig. 6G; Wilcoxon signed rank
test, n = 18), while spike rates and spike latency were constant
independent of pulse duration (Fig. 6 F,H,I; 107 = 19 Hz spike
frequency and 9.3 * 1.7 ms for the latency of the first spike for
DL-Int-2 neuron, Wilcoxon signed rank test, n = 49). The laten-
cies of the EPSPs of bilateral DL-dSEG-LP neurons were also
constant, independent of the pulse duration (5.2 = 1.2 ms, Wil-
coxon signed rank test; Fig. 6],K).
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stimulus-on is indicated by the time lag between the two vertical dashed lines. K, The EPSP or spike latencies after pulse onset. Latencies were not significantly different for different pulse durations.
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Figure7. A-K, Response characteristics evoked by pulse trains (A—C, DL-Int-1; D-F, DL-Int-2; G—K, bilateral DL-dSEG-LP neurons). A, Example of the first IPSP of the DL-Int-1 neuron evoked by
a train of 15 ms pulses. The latency of the IPSP is indicated by the time lag between the two vertical dashed lines. B, (, The mean latencies of the IPSPs over recordings from different preparations
were not significantly different for different pulse durations (B) or pulse intervals (C). D, Example of the first spike of a DL-Int-2 neuron induced by a train of 15 ms pulses. The latency of the first spike
is indicated by the time lag between the two vertical dashed lines. E, F, latencies were not significantly different for different pulse durations () or pulse intervals (F). G, Example of the response
of a bilateral DL-dSEG-LP neuron to a train of 20 ms pulses. The latencies of the EPSPs after the pulse stimulus-on is indicated by the pairs of vertical dashed lines. H, I, The latencies of the EPSPs after
pulse stimulus-on were not significantly different for different pulse durations (H) orintervals (/). J, latencies of the EPSPs after each pulse stimulus-on in a train of pulses (no significant differences).
K, EPSP latencies of three different neurons for different pulse durations (no significant differences).

Response profiles of PAC neurons in response to pulse trains
For stimulation with trains of vibration pulses, the latencies of the
first IPSPs of DL-Int-1 neurons (Fig. 7A) were constant (13.3 =
6.3 ms), independent of either pulse duration (Fig. 7B; Wilcoxon
signed rank test, n = 35) or pulse interval (Fig. 7C; Wilcoxon
signed rank test, n = 35). The first spike latencies of DL-Int-2
neurons (Fig. 7D) were also constant, independent of pulse du-
ration (10.4 = 2.0 ms; Fig. 7E; Wilcoxon signed rank test, n = 35)
or pulse interval (Fig. 7F; Wilcoxon signed rank test, n = 35).
Bilateral DL-dSEG-LP neurons showed no spontaneous activity,
but trains of vibration pulses applied to the antenna reliably elic-
ited spikes or EPSPs during the pulsed vibration (Fig. 7G). The
spikes or EPSPs corresponded in a one-to-one fashion to the
vibration pulses and followed the pulses even if the temporal
pattern of the stimulus changed. This indicates that bilateral DL-
dSEG-LP neurons generate phase-locked spikes or EPSPs in re-
sponse to trains of vibration pulses. EPSP latencies during a train
of pulses were constant (20 pulse trains for each, n = 5), inde-
pendent of pulse duration (Fig. 7H; Wilcoxon signed rank test,
n = 20), pulse interval (Fig. 7I; Wilcoxon signed rank test, n =
20), or the number of pulses in the train (Fig. 7J; Wilcoxon signed
rank test, n = 10). However, these latencies showed slight varia-
tions depending on individual preparations (6.4 = 0.8 ms for
preparation 130514—1LY; 8.3 = 1.0 ms for preparation 130529—
2LY; 5.6 * 0.8 ms for preparation 130822-2LY; Fig. 7K; p < 0.01,
Wilcoxon-signed rank test; 10 pulses for each individual).

Model of inhibitory network in the PAC

The projection patterns of DL-Int-1 and DL-Int-2 (Fig. 84) along
with their immunocytochemistry (Fig. 2) and response properties,
including their relative onset latencies to single-pulse stimulations
(Fig. 7A,D,F,I), suggest a network with inhibitory connections
from DL-Int-1 to DL-Int-2. (Fig. 8 B,C). The observed response
properties of DL-Int-2, with tonic excitation decreasing for increas-
ing pulse intervals, could be a result of disinhibition due to the
decreasing tonic inhibition of DL-Int-1 (Fig. 8D). To test the plau-
sibility of such a network in the PAC, we implemented a model of
DL-Int-1 and DL-Int-2 neurons in a circuitry with corresponding
excitatory and inhibitory connections (Fig. 8C) and investigated its
responses to continuous and pulse train sinusoidal stimuli at waggle
dance frequency (265 Hz).

When continuous vibration stimuli were used, model DL-
Int-1 neurons in the network showed phasic excitation in re-
sponse to vibration onset, followed by spikeless tonic inhibition
(data not shown), in accordance with known properties of DL-
Int-1 neurons (Ai et al., 2009). When the network was stimulated
with vibration pulses with pulse intervals ~30 ms, similar to waggle
dance vibration pulses, model DL-Int-1 neurons exhibited no
spikes during stimulation and weak rebound spikes after stimu-
lation offset (Fig. 8E). When vibration pulses were separated by
longer pulse intervals ~100 ms, intermediate spikes occurred
during stimulation pulses (Fig. 8E), similar to what was observed
experimentally (Fig. 8D). Model DL-Int-2 neurons showed on-
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of JO (bottom), DL-Int-1 (middle), and DL-Int-2 (top) neurons shown using schematic membrane traces for stimuli with shorter (~30 ms, left column) and longer (~100 ms, right column) pulse
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stimulus conditions.

phasic excitation and tonic spiking responses during pulse train
stimulation with waggle dance-like short pulse intervals (Fig. 8E).
For pulse trains with longer pulse intervals, the tonic component
was reduced, and, while subthreshold EPSPs were present during
stimulation, spikes occurred only sporadically (Fig. 8E). Thus,
like for DL-Int-1, the response behavior of model DL-Int-2 neu-
rons was similar to the experimentally observed responses. In
summary, the activity of the model neurons qualitatively repro-
duced the experimental findings, indicating that the proposed
network is compatible with the data.

Discussion

Extending previous work (Ai et al., 2009; Ai and Itoh, 2012), we
investigated three main types of interneurons, DL-Int-1, DL-
Int-2, and bilateral DL-dSEG-LP, using vibration pulses similar
to those produced by honeybees during their waggle dance. DL-
Int-1 neurons showed on-off phasic excitation and tonic inhibi-
tion, while DL-Int-2 and bilateral DL-dSEG-LP neurons showed
on-phasic excitation. While the temporal responses differed qualita-
tively between these neuron types, their quantitative properties, in-
cluding spike count, rate, and latencies, were largely independent
of pulse parameters, suggesting that these auditory interneurons
have a stereotyped response pattern. In particular, bilateral DL-

dSEG-LP neurons retained a precise response pattern, even
throughout stimulation with trains of pulses. This indicates that
the PAC might encode the temporal patterns of the sound pro-
duced by the waggle dance, along with other information that
requires precise timing, such as the body angle of the follower
relative to the direction of the waggle dance (see below).

That DL-Int-1 neurons exhibited a specific temporal response
with a spike count that increased with pulse duration for short
pulses but produced a constant number of evoked spikes for
pulses >20 ms (Fig. 6B) suggests that these neurons receive not
only excitatory input from JO afferents but also slow inhibitory
input from a yet unknown inhibitory interneuron (Fig. 8C). This
is also consistent with the disappearance of the on-off phasic
excitation for pulse trains with short pulse intervals (Fig. 3A,C).
The latencies of the first spikes produced by DL-Int-2 neurons
(Fig. 6I), which were also constant and longer than those of DL-
Int-1 neurons (Fig. 6D), suggest that DL-Int-2 neurons might
receive input from DL-Int-1 neurons.

Possible neural mechanisms of the encoding of waggle

dance information

Based on the current and previous experimental findings, we can
speculate about the possible neural mechanisms underlying the
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response behavior of the identified vibration-sensitive interneu-
rons to waggle dance-like trains of vibration pulses.

Distance information

The duration of the waggle phase increases with the distance to
the food source (von Frisch, 1967). During the waggle phase, the
dancer produces vibration pulses during the moments at which
her tail end passes in front of the follower. There are two possible
parameters for encoding the distance: the duration of the train of
vibration pulses and the number of pulses.

Based on the responses of DL-Int-1 neurons to continuous
vibration, we previously proposed (Ai et al., 2009) that these
neurons could encode the duration of vibration during the wag-
gle phase. The present results demonstrate that the DL-Int-1 neu-
ron also shows tonic inhibition during trains of vibration pulses
and that it is an inhibitory interneuron, while the response pat-
tern of the DL-Int-2 neuron is characterized by tonic excitation to
a train of vibration pulses. Both neurons show precise latencies
after the onset of a vibration pulse train (Fig. 7), but the response
to stimulus offset is more precise in DL-Int-1 neurons than in
DL-Int-2 neurons. This indicates that DL-Int-1 neurons are
more accurate in encoding the waggle phase duration and that
DL-Int-2 neurons might be postsynaptic to DL-Int-1 neurons. A
previous spatial proximity analysis of dendrites indicated that
DL-Int-2 neurons might receive direct input from JO afferents
(Ai, 2010). Together, this may suggest that DL-Int-2 neurons
receive disinhibitory input through DL-Int-1 neurons. As our
model simulations (Fig. 8) indicate, the responses of these neu-
rons are consistent with the presence of inhibition from DL-Int-1
neuron to DL-Int-2 neuron; however, further studies are needed
to experimentally assess the synaptic contacts and transmission
properties of PAC neurons. If honeybees use the duration of the
waggle phase to describe the distance to the food source, then
DL-Int-1 and DL-Int-2 neurons are potential candidates for pro-
cessing this information.

Bilateral DL-dSEG-LP neurons reliably produced spikes or
EPSPs in response to each pulse in a train-of-pulses stimulus and
followed the vibration pulses even if the temporal pattern of the
stimuli changed. The short onset latency suggests that this type of
neuron receives direct inputs from JO afferents of both antennae.
If honeybees use the number of pulses to encode distance, then
the bilateral DL-dSEG-LP neuron is a potential candidate for
processing this information. However, there is also a possible role
for the bilateral DL-dSEG-LP neuron in encoding direction (see
below).

Direction information

The waggle dancer communicates the direction of a profitable
flower by the angle of the waggle run relative to the vertical,
corresponding to the angle between the direction of the food
source and the sun (von Frisch, 1967). The receivers of the infor-
mation, the follower bees, are located at various positions around
the line of wagging of the dancer and therefore must determine
the difference between their body angle and that of the dancer
during the waggle phase to decode the direction. Exactly how the
follower bees achieve this computation is unclear. Michelsen
(2003) hypothesized that the follower could perceive its orienta-
tion relative to the wagging run by assessing differences in the
temporal patterns of airflow, specifically in terms of the differ-
ence in the intervals of the vibration pulses between both anten-
nae. Such processing would require highly precise encoding and
comparison of very short time lags. Since the bilateral DL-dSEG-LP
neuron shows relatively precise spike timing in response to vibration
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pulses, this neuron is a candidate for encoding information about
the direction of the food source. To test this possibility, it is necessary
to clarify whether the bilateral DL-dSEG-LP neuron can encode dif-
ferences between the timing of the airflow at the two antennae.

Significance of an inhibitory network in the DL

DL-Int-1 IPSPs tend to occur with similar latencies as DL-Int-2
spikes (Fig. 7A—F). It is possible that a synaptic contact connects
DL-Int-1 neurons to DL-Int-2 neurons and that the tonic excitation
of DL-Int-2 neurons is caused by disinhibition from DL-Int-1 neu-
rons. Interestingly, an inhibitory network has been found in the
primary olfactory center [i.e., the antennal lobe (AL)] of the
tobacco horn moth (Christensen et al., 1998), where a GABAe-
rgic inhibitory local interneuron induces phase-locked bursts
of projection neurons encoding intermittent odor stimuli. An
analogous inhibitory network might exist in the honeybee, con-
sisting of DL-Int-1 and DL-Int-2 neurons, for encoding waggle
dance vibration pulses.

The network model (Fig. 8 B,C) qualitatively replicated the
experimentally observed differences in the response behavior of
DL-Int-1 and DL-Int-2 neurons (Fig. 8 D, E). Thus, although fur-
ther studies are needed to model the responses of these neurons
in more quantitative detail, these results support the existence of
an inhibitory network in the PAC.

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

Invertebrate sensory processing typically consists of a rapid tran-
sition from coarse representations into perceptual and behavioral
features over relatively few processing stages (Hildebrandt, 2014). It
is very likely that a similar strategy is used for processing auditory
signals in the honeybee. Our results indicate that neurons encod-
ing different types of features arborize in the same region, the DL.
Bilateral DL-dSEG-LP neurons closely follow stimuli with phase-
locked spike responses, while the responses of DL-Int-1 and DL-
Int-2 neurons are tuned to the behaviorally relevant features of
waggle dance communication.

The interplay between excitation, delayed inhibition, and the
resulting rebound depolarization have been shown in several spe-
cies to be important in neural circuits that extract temporal fea-
tures of sensory signals (Pollack, 2001; Large and Crawford, 2002;
Alluri et al., 2016; Schoneich et al., 2015). In the honeybee, the
DL-Int-1 neuron has a response consisting of on-phasic excita-
tion, tonic inhibition, and rebound depolarization, which could
result from the superimposition of an excitation and a delayed
inhibition. These characteristics strongly indicate that the DL-
Int-1 neuron is part of a network that extracts distance informa-
tion that is temporally encoded in waggle dance communication
signals.

A number of vibration-processing interneurons and neural
pathways have been comprehensively identified in Drosophila,
particularly in the PAC and the antennal mechanosensory and
motor center (Kamikouchi et al., 2006; Lai et al., 2012; Vaughan
et al., 2014; Matsuo et al., 2016). Some of these pathways are
related to courtship song detection (Vaughan et al., 2014).

The male Drosophila produces an airborne vibration with a
species-specific pulse song for attracting conspecific females
(Ewing and Bennet-Clark, 1968; Cowling and Burnet, 1981). The
honeybee uses pulses of airborne vibration for waggle dance com-
munication. This analogy between the auditory behaviors of these
two species suggests the presence of common characteristics in the
central processing of vibration pulses. Comparison of the neurons
involved in processing vibration signals in the two insects reveals a
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number of common characteristics, such as inhibitory networks in
the PAC, a secondary auditory center located in the lateral pro-
tocerebrum, which is also the secondary olfactory center, and
bilateral interneurons connecting the PACs of both hemispheres.

However, further research is necessary to conclusively deter-
mine the role of interneurons in courtship song detection in the
fly as well as the roles of DL-Int-1, DL-Int-2, and bilateral DL-
dSEG-LP neurons in the encoding of vector information in the
honeybee. Specifically, we hope to clarify the precise neural cir-
cuitry underlying the encoding of waggle dance vector informa-
tion in the honeybee brain.
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