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Abstract

Two auditory neurons, TN-1 and ON-1, in the bush-cricket, Mecopoda elongata, have large dendritic arborisations which
receive excitatory synaptic inputs from tonotopically organised axonal terminals of auditory afferents in the prothoracic
ganglion. By combining intracellular microelectrode recording with calcium imaging we demonstrate that the dendrites of
both neurons show a clear Ca>* signal in response to broad-frequency species-specific chirps. Due to the organisation of the
afferents frequency specific auditory activation should lead to local Ca>" increases in their dendrites. In response to 20 ms
sound pulses the dendrites of both neurons showed tonotopically organised Ca** increases. In ON-1 we found no evidence
for a tonotopic organisation of the Ca>* signal related to axonal spike activity or for a Ca>* response related to contralateral
inhibition. The tonotopic organisation of the afferents may facilitate frequency-specific adaptation in these auditory neurons
through localised Ca* increases in their dendrites. By combining 10 and 40 kHz test pulses and adaptation series, we pro-
vide evidence for frequency-specific adaptation in TN-1 and ON-1. By reversible deactivating of the auditory afferents and
removing contralateral inhibition, we show that in ON-1 spike activity and Ca>* responses increased but frequency-specific

adaptation was not evident.
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Introduction

To understand the role of a single neuron within a network,
the location of its synaptic inputs and the processing within
its dendrites need to be studied (review: London and H&u-
sser 2005). Topographic maps, which are found ubiquitously
in the nervous systems of mammals (Thivierge and Marcus
2007; Derdikman and Moser 2010) and insects (Murphey et al.
1980; Peron et al. 2009; Hildebrandt 2014), can facilitate effi-
cient processing of synaptic inputs to a neuron’s dendrites.
If a neuron receives synaptic inputs from different regions
of a sensory map on separate dendritic branches, this allows
for localised post-synaptic dendritic processing (Koch and
Segev 2000; London and Héusser 2005; Peron et al. 2009).
Topographic maps occur in brain regions which respond to
auditory stimulation, where neurons are commonly arranged
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into maps of frequency, known as tonotopic maps (e.g., mice:
Issa et al. 2014; gerbils: Budinger et al. 2013; humans: Saenz
and Langers 2014). Tonotopic maps also occur in the audi-
tory neuropiles of insects (review: Hildebrandt 2014; Hed-
wig and Stumpner 2016). In bush-crickets, auditory afferents
from the ears on the forelegs project to an auditory neuro-
pile in the prothoracic ganglion and their axons are arranged
such that low-to-high frequency sound is represented in an
anterior-to-posterior direction (Oldfield 1983; Romer 1983;
Stolting and Stumpner 1998; Baden and Hedwig 2010). Sev-
eral interneurons responding to auditory stimulation have
large dendritic arborisations (extending over ~300 pm), which
overlap with this neuropile (Romer et al. 1988; Stumpner and
Molina 2006). It is therefore likely that these large interneu-
rons receive synaptic input from auditory afferents tuned to
different frequencies in spatially separate dendrites, arranged
according to the tonotopic organisation of the auditory affer-
ents. Previous work has used imaging techniques to identify
sound-induced Ca®* increases in two auditory neurons in
Orthoptera: an inter-segmental auditory neuron, TN-1, in the
bush-cricket, Neoconocephalus triops (Triblehorn and Schul
2013; Presern et al. 2015) and a local auditory neuron, ON-1,
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in the cricket (Sobel and Tank 1994; Baden and Hedwig 2007).
In both neurons, Ca** has been implicated to cause a reduc-
tion in neuronal excitability through the activation of Ca®*
-sensitive K* channels. These channels are associated with
activity-dependent spike-rate reduction in a wide range of ani-
mals (reviews: Faber and Sah 2003; Stocker 2004), including
both invertebrates (Sobel and Tank 1994; Peron and Gabbi-
ani 2009; Wessel et al. 1999), and vertebrates (Sanchez-Vives
et al. 2000; Savi¢ et al. 2001). If the activation of auditory
afferents induces a Ca>* increase in the dendrites of auditory
interneurons at the position of synaptic input, this increase
should be organised according to the tonotopic arrangement of
the afferents. If Ca>* activates K* channels, this would result
in a reduced response only in dendrites receiving input from
afferents tuned to a particular frequency range, and so should
allow for frequency-specific dendritic adaptation at the level
of the interneuron (Presern et al. 2015), in addition to adapta-
tion at the level of the afferent population. Previous studies in
the bush-cricket, N. retusus, have shown that the large audi-
tory interneuron TN-1 adapts to the conspecific call, a rapidly
repeated series of pulses in the range of 15 kHz, but remains
able to respond to the 30-50 kHz calls of predatory bats (Schul
et al. 2012). In a separate context, bush-crickets often inhabit
areas with high levels of background noise, such as rainforests,
and several interneurons have been shown to adapt to the back-
ground noise whilst remaining able to respond to the signals
of conspecifics (Schmidt and Romer 2011; Hartbauer et al.
2012a). Frequency-specific adaptation has also been observed
in other species including the barn owl (Gutfreund and Knud-
sen 2005) and rat (Malmierca et al. 2009) and is often used to
study the general principles of stimulus-specific adaptation and
novelty detection, which are widespread in sensory process-
ing (Nelken and Ulanovsky 2007; Nelken 2014). As a step
towards understanding dendritic processing in the auditory
system of the bush-cricket, Mecopoda elongata, which use
a broad band communication signal (Siegert et al. 2013), we
analysed two interneurons, TN-1 and ON-1, which have exten-
sive dendritic arborisations in the auditory neuropile of the
prothoracic ganglion. By iontophoretic injection of the calcium
indicator, Oregon Green BAPTA-1, the spatio-temporal pat-
terns of Ca®* increases have been characterised in response to
species-specific chirps and pure tone stimulation. Intracellular
recordings allowed a comparison between the Ca** signals and
the spiking activity of each neuron.

Materials and methods
Experimental animals
Bush-crickets (Mecopoda elongata) were taken from a col-

ony in the Department of Zoology, University of Cambridge,
and originally derived from Malaysia. Animals were kept at
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21-23°C on a 12:12 h light:dark cycle and fed with iceberg
lettuce, muesli and fish flakes.

Dissection

Bush-crickets were restrained ventral-side up in a small non-
conducting plastic dish containing Plasticine (Fig. 1a), this
was necessary to isolate the animals electrically from Pel-
tier elements used to cool the forelegs. The ventral protho-
racic cuticle was removed before spreading the coxae of the
forelegs to provide sufficient space for a water-immersion
objective for imaging. Melted wax was used to build a ring
around the opening, avoiding excessive heat which would
damage the auditory afferents. The ganglion was covered
with saline which had mM ionic concentrations of: NaCl-35,
KCI-10, CaCI2-7, NaHCO3-8, MgCl2-1, TES-4.8, treha-
lose—4.4. Tracheae and fatty tissue were removed to expose
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Fig.1 a Experimental setup for intracellular recording and optical
imaging in the bush-cricket Mecopoda elongata. The prothoracic
ganglion was exposed to record from TN-1 or ON-1. Peltier ele-
ments attached to the tibiae allowed reversible cooling of the auditory
afferents. b Intracellular recording from an auditory afferent during
cooling and repetitive stimulation with 70 dB SPL, 10 kHz tones (not
shown), cessation of spiking occurred at 7-10°C. ci, ii Morphology
of TN-1 and ON-1 after staining with Alexa-568 and clearing. Posi-
tion of electrodes in the large dendrites indicated. Arrowhead points
to putative position of spike-generating zone (SGZ) in ON-1. di and
ei Morphology of TN-1 and ON-1 revealed after fixation and clear-
ing, image taken with wide-field microscopy. dii and eii In vivo Ca?*
signal as indicated by intracellular OGB-1 staining, averaged from
50 frames of imaging camera with dendrites and axon of ON-1 indi-
cated. Scale bars: 100 pm
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the prothoracic ganglion. All prothoracic nerves and con-
nectives were cut, except for nerve five containing the audi-
tory afferents; the meso- and metathoracic ganglia were also
removed. Although severing prothoracic nerves and connec-
tives may have an impact on the response properties of the
neurons studied, it was necessary as the mechanical stability
of the prothoracic ganglion was essential for imaging. A
stainless-steel platform was slid under the prothoracic gan-
glion, and a metal ring was sometimes pushed gently on top
to improve stability.

Reversible deactivation of auditory afferents

In crickets ON-1 receives inhibition from its contralateral
partner neuron (Selverston et al. 1985). To analyse the effect
of contralateral inhibition in the M. elongata ON-1, the audi-
tory afferents within each foreleg were reversibly deactivated
by cooling (Baden and Hedwig 2010; Zhang and Hedwig
2019). The tibia was held 90° from the horizontal with the
tarsi waxed to a thin wire and the femur of each foreleg
was secured against a 10 X 10mm Peltier element (Peltron
Technik, Fiirth, Germany) using Plasticine. Temperatures of
5-10°C were sufficient for total and reversible cold deactiva-
tion of auditory afferents (Fig. 1b).

Sound stimulation

Sound patterns were generated in Cool Edit Pro 2.0 (Syntril-
lium now, Adobe Audition Systems, CA, USA). A Monitor
02 US sound card was used (Musiland Audio Labs, Beijing,
China), capable of 24-bit 192kHz sample rate playback.
Sounds were presented from a single NEO 13 s speaker
(Sinuslive, Conrad Electronik, Kaltenkirchen, Germany)
placed directly in front of the animal, 10 cm from both ears.
Sound was calibrated to + 1 dB SPL with a 4939 micro-
phone and 2610 amplifier (Bruel & Kjaer UK Ltd., Royston,
UK). To test for harmonic distortion, the sound signal was
recorded with a Powerlab 8/30 data acquisition system (AD
Instruments, Oxford, UK) at 100kHz and analysed in Cool
Edit Pro. No distortion was discernible above background
noise for any frequency used. For playback, natural species-
specific chirps (Siegert et al. 2013) were presented at 70
dB SPL. To test for tonotopic Ca** signals during imaging,
sound pulses were presented of 5-20kHz in 5 kHz steps, or
10-40kHz frequency in 10kHz steps; three of four record-
ings of ON-1 were tested with 5-20kHz pulses, and one
with 10-40kHz pulses, where all three recordings of TN-1
were tested with 10-40kHz pulses. Short, 20 ms sound
pulses were used to elicit Ca>* responses. Pulses were pre-
sented at 6s intervals. To test for frequency-specific adapta-
tion during intracellular recordings, a series of 10ms pulses
was first presented, repeated at 20 ms intervals. After 2.5, a
second series of pulses was presented in the silent intervals

between the pulses of the first series, repeated at 200 ms
intervals. The frequency of the pulses of the first and second
series was varied, details given in the text.

Electrophysiology

Microelectrodes were made from borosilicate glass capillar-
ies (Hilgenberg GmbH, Malsfeld, Germany) of 1 mm outer
diameter and 0.7 mm inner diameter, pulled to 40-60 MQ
resistance using a Zeitz DMZ Universal Puller (Zeitz Instru-
ments GmbH, Martinsried, Germany). These electrodes
allowed for better passage of dye, as standard thick-walled
electrodes tended to become blocked when used with cal-
cium indicators. For imaging experiments, electrode tips
were back-filled with a mixture of 450 uM Oregon Green
BAPTA-1 (OGB-1, Molecular Probes, Life Technologies
Ltd. Paisley, UK) and 0.1% Alexa Fluor®-568 (Alexa-
568, Molecular Probes), with 1 M KAc (Sigma-Aldrich,
Gillingham, Dorset) in the shaft. Dyes were dissolved in
UltraPure™ water (Invitrogen, Life Technologies Ltd. Pais-
ley, UK), to ensure a low Ca** concentration and to avoid
crystallisation of OGB-1. To obtain low-noise intracellu-
lar recordings, electrodes were filled only with 1 M KAc.
The prothoracic ganglion was viewed using a Leica DM-
LFS microscope (Leica Microsystems, Wetzlar Germany),
with the electrode positioned with a Leitz micromanipula-
tor (Leica Microsystems). To soften the ganglion sheath, a
few crystals of protease (Type XIV, Sigma-Aldrich) were
dissolved in the saline surrounding the ganglion for 15s.
The ganglion was then thoroughly rinsed with saline to
avoid damage to tissue. Neurons were identified from their
response properties and recorded in their dendrites (Fig. 1c).
The electrode signal was amplified with a SEC-10x ampli-
fier (npi electronic GmbH, Tamm, Germany) and sampled
at 50kHz for analysis offline in Spike2 software (Cambridge
Electronic Design, Cambridge, UK). Depth measurements
of the electrode tip position were made using a Mitutoyo
543-251B gauge (Mitutoyo Ltd., Andover, UK). Dyes were
introduced with 3-5 nA hyperpolarising current for at least
15 min. Imaging was conducted 30—-60 min after filling to
allow the dye to spread. To view the neurons after dye-filling
and imaging (Fig. 1d, e), the ganglion was removed and
fixed in 5% paraformaldehyde, then dehydrated in a series
of 70, 90, 95 and 100% ethanol for 30 min each, and cleared
in methyl-salicylate (Sigma-Aldrich).

Optical imaging

Experiments used a DM-LFS microscope (Leica Microsys-
tems, Wetzlar, Germany) equipped with long distance 4x
and 10x air objectives and 10x and 20X water-immersion
objectives. The focal plane was adjusted to achieve maxi-
mum acuity for the dendrites of interest. An Optoscan
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monochromator (Cairn Research Ltd., Kent, UK) was used
to emit light of 488 + 15 nm (for OGB-1) or 568 + 15 nm
(for Alexa-568), uniformly onto the sample. Light passed
through either a GFP (525 + 50 nm range, Leica Microsys-
tems), or Texas Red (630475 nm range, Chroma Technol-
ogy, Vermont, USA) emission filter, before being captured
by an iXon DV887DCS-BV cooled CCD camera (Andor
Technology Ltd., Belfast, UK) at frame rates of 20 or 50 Hz.
Pixels were averaged 2x or 4x across the x and y plane,
providing 256 X 256 or 128 X 128 pixel resolution, respec-
tively. For synchronisation, trigger pulses drove the capture
mode of the camera and were recorded simultaneously with
electrophysiological data. Images were acquired using iQ 2
software (Andor). Images were further analysed in ImageJ
(National Institutes of Health, Bethesda, MD, USA) and
Spike2. Images were stabilised for deviations in the x and
y dimensions in ImageJ. The outline of the dendrites could
clearly be seen and guided hand-drawn regions of interest
(ROISs). From these, fluorescence values were extracted and
are expressed as the relative percentage change in fluores-
cence from baseline fluorescence without stimulation, AF/F
(%). The mid-point of fluorescence in the antero-posterior
axis of the neurons was calculated for a subset of experi-
ments based on calculations for the centre of mass of an
object. For a rectangular ROI, the mean relative fluorescence
change for all rows of pixels parallel to the medio-lateral axis
was calculated. This mean relative fluorescence change was
used as a weighting factor. Multiplication of the distance
from the anterior-most position by the weighting factor, and
division by the sum of all weighting factors, provided the
mid-point of fluorescence change in the antero-posterior axis
(details: Bayley and Hedwig 2018).

Data analysis

Data were processed in Spike2 (Cambridge Electronic
Design, Cambridge, UK), ImageJ and Excel (Microsoft
Corporation, Redmond, WA, USA). Statistical tests were
carried out in R (R Foundation, Vienna, Austria). Data were
tested with a Shapiro—Wilk test, due to the small sample size
confirmation of normality may require cautious interpreta-
tion. Paired and unpaired two-tailed two-sample t-tests were
used, and data are presented as mean + standard error, unless
otherwise stated.

Results
Time course of Ca2* responses
Based on previous imaging experiments (Baden and Hed-

wig 2007, 2010), we expected auditory evoked Ca’" sig-
nals in the two auditory interneurons, TN-1 and ON-1. To
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characterise the response of each neuron, a large dendrite
was intracellularly impaled with a microelectrode (Fig. 1c¢),
and the calcium indicator OGB-1 was introduced to moni-
tor intracellular Ca?* dynamics (Fig. 1d, e). The position of
the putative spike-generating zone (SGZ) in ON-1 was esti-
mated relative to the dendrites and primary neurite (arrow-
head in Fig. lc ii; cf. Baden and Hedwig 2007).

We first tested Ca2* induced fluorescence response to a
species-specific chirp of 280 ms duration. The exact timing
of the stimulus onset could not be measured, as each chirp
commences with a gradual increase in amplitude (Fig. 2c).
In both neurons, Ca*" increased with the gradual onset of
a chirp, reaching its maximum within 40-60 ms of the end
of a chirp, or 2-3 frames of imaging. In the dendritic field
of TN-1 (Fig. 2a, b), playback of a chirp induced a peak
AF/F of 1.9 +£0.8%, occurring within 330+ 10 ms (Fig. 2c,
d; Movie 1; N=3, 10-20 presentations per experiment).
The decay of fluorescence was uniform across the dendritic
regions of the cell, with a time-constant T4 of 1.1 +0.2s
(Fig. 2e, ).

In the local neuron ON-1 the response of different com-
partments could be compared (Fig. 3a, b). The fluores-
cence increase to a chirp was larger than in TN-1, and dif-
fered in amplitude throughout the neuron; the axon gave
4.5+ 1.9% AF/F, occurring within 330 + 20 ms; the dendrite
gave 3.6 +2.0% AF/F, occurring within 310 + 30 ms; and
the putative spike-generating zone (SGZ) gave 8.2+4.9%
AF/F, occurring within 320+ 30 ms (Fig. 3c, d, f; Movie
2; N=3, 10-20 presentations per animal). Relative to the
dendritic region, the axon showed 1.4 +0.3 times greater
AF/F (p=0.031 dendrite, paired t-test), whereas the SGZ
showed 1.8 +£0.3 times greater AF/F (p=0.027 dendrite;
p=0.61 axon). Neither of these were significantly different
from each other after Bonferroni correction (p=0.025). The
rate of decay of fluorescence also varied between the axon
with 7,4 0f 0.7+ 0.1 s; the dendrites with T, of 1.2+0.1 s; and
the SGZ with 7,4 of 1.9+0.4 s (Fig. 3c, e, f). Of these, 74 of
the SGZ differed significantly from the dendrite (p =0.03;
SGZ dendrite, p=0.30; axon dendrite, p=0.55, ANOVA,
Tukey post-hoc). Overall, in both neurons, a significant rapid
Ca** increase occurred in response to sound, which decayed
more slowly.

Tonotopy in the Ca?* response of TN-1

TN-1 and ON-1 both receive excitatory inputs from the
axonal terminals of the auditory afferents, which are
arranged tonotopically; low frequency is represented in ante-
rior regions and high frequency in posterior regions of the
auditory neuropil (Oldfield 1983; Romer 1983; Stolting and
Stumpner 1998; Baden and Hedwig 2010). Therefore, the
possibility of localised Ca>* signals in the dendrites of both
TN-1 and ON-1 was examined (Figs. 4 and 5; Movie 3, 4).
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TN-1

Fig.2 Ca®" response in TN-1 to presentation of a chirp. a Baseline
fluorescence without stimulation of OGB-1 in a live preparation,
averaged from 100 frames before stimulus presentation, ROI drawn
around dendrites. b Drawing of TN-1 from Alexa-568 staining in the
same animal after fixation and clearing. Dendritic region highlighted
in red corresponds to ROI in (a). ¢ Mean AF/F from 12 presentations

of a chirp in one animal. d Mean AF/F, and e time constant of decay
for Ca** signal after presentation of a chirp (N=3). Axes scaled for
comparison with ON-1 (Fig. 3). f Snapshots of fluorescence on pres-
entation of a chirp, mean of 12 presentations in one animal. Numbers
refer to time from peak Ca®* fluorescence in seconds. Dashed line
corresponds to ROl in (a). Scale bars: 100 pm

ON-1

Fig.3 Ca”" response in ON-1 to presentation of a chirp. a Baseline
fluorescence without stimulation in live preparation, averaged from
100 frames before stimulus presentation, with ROIs indicated around
dendrites (red), axonal neurites (blue) and putative SGZ (green). b
Drawing of ON-1 from Alexa-568 staining after fixation and clearing,
with highlighted areas corresponding to ROIs in (a). ¢ Mean AF/F

— Dendrite
— Axon
— SGZ
) AF/F
f ¢ Chirp %
Dendrite Axon Time —p—p— T
0 1 2

(%) 44V S

o

from 19 presentations of a chirp in one animal. d Mean AF/F and e
time constant of decay for presentation of a chirp (N =3), for dendrite
(red), axon (blue) and putative SGZ (green). f Time-course of fluo-
rescence decay on presentation of a chirp, mean of 19 presentations
in one animal. Numbers refer to time from peak Ca’* fluorescence
signal. Dashed lines correspond to ROIs in (a). Scale bar: 100 pm
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To test the Ca®* response in TN-1, 20 ms pulses of
10-40 kHz were presented in steps of 10 kHz. First, the
amplitude of the fluorescence increase across the entire
dendritic region was measured (Fig. 4a—c). A pulse
of 10 kHz induced an increase of 0.4 +0.2%; 20 kHz,
1.5+0.4%; 30 kHz, 0.8 £0.2%; and 40 kHz, 0.9+0.1%
(N =3, 3-5 presentations per frequency). The Ca’*
increase started within the same frame as the onset of each
sound pulse, and reached its peak intensity within 40-60
ms, or 2-3 frames of imaging. The decay of Ca*" was
much slower, occurring within 2 s (74 was not measured).
When investigating the spatial distribution of the Ca** sig-
nals in the dendrites of TN-1, the highest AF/F in response
to a 10 kHz pulse occurred in its anterior regions (Fig. 4d,
top; Movie 3), to 20 and 30 kHz pulses, it occurred in a

10 kHz

20 kHz

Time (s)

30 kHz

y=19x+ 104
R2=0.82 -0

=
O,
«Q
=
g
- 100 2
g
S
| @
¢ | |40 kHz
® 3
o
- 200 =
3
—T—T 1

10 20 30 40
Frequency (kHz)

Fig.4 Ca>* response of TN-1 to pure-tone sound pulses. a Image of
Alexa-568 staining after fixation and clearing, with ROI indicated
around dendrite. b Baseline fluorescence of OGB-1 without stimula-
tion in live preparation averaged from 100 frames prior to stimula-
tion. Arrowheads indicate marks on ganglion surface which are not
part of the neuron. ¢ Mean AF/F in single animal from ROI indicated
in (b) after presentation of 20ms, 70dB SPL sound pulses of 10, 20,
30 and 40kHz frequency indicated by grey bars, 3-5 presentations
per frequency. d Mean AF/F from 3-5 presentations of 20 ms, 70 dB
SPL pulses. Numbers correspond to time after presentation of pulse
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broad central region (Fig. 4d, middle), and to a 40 kHz
pulse, it occurred in its posterior regions (Fig. 4d, bottom).
To quantify the position of the Ca®* increase, the weighted
mid-point of the fluorescence distribution was calculated
for the peak response to each pulse (Fig. 4d, right; see
Materials and Methods); e.g. on presentation of a 10 kHz
pulse, the mid-point of fluorescence occurred 118 +£3 pm
from the anterior tip of the dendritic field, whereas for
20 kHz stimulation, it occurred 152 + 10 pm from the ante-
rior tip. In accordance with this pattern, the antero-pos-
terior position of the fluorescence mid-point was linearly
correlated with the frequency of sound presented, with
high frequency sound inducing responses more posteriorly
at an increment of 1.9 um per kHz (Fig. 4e, R>=0.82,
p<1074.

in seconds. Signal is averaged 2.5 pixels in x and y dimensions, and
2.5 frames through time. Image labelled ‘peak’ (right) corresponds to
mean of 5 frames of peak fluorescence, averaged 5 pixels in x and
y, only showing pixels with >50% maximum AF/F. Dots represent
weighted mid-point of fluorescence (see Materials and Methods). e
Position of weighted mid-point of fluorescence plotted against fre-
quency of pulses; data from each animal indicated by shade of grey
(N=3, at least 5 presentations per animal). Alexa-568 staining shown
to scale for comparison. Scale bars: 100 pm
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Fig.5 Ca’* response of ON-1 to pure-tone sound pulses. a Single
z-plane image from Alexa-568 staining after fixation and clearing,
with ROIs indicated around dendrite and axon. b Baseline fluores-
cence of OGB-1 without stimulation in live preparation averaged
from 100 frames prior to stimulation. ¢ Mean AF/F in single animal
for the dendritic field (left) and axonal arborisations (right) after pres-
entation of 20 ms, 70 dB SPL sound pulses of 10, 20, 30 and 40 kHz
indicated by grey bars, 5-10 presentations per frequency. d Mean
Ca?* fluorescence from 5-10 presentations of sound pulses. Numbers
correspond to time after presentation of pulse in seconds. Signal is

Tonotopy in the Ca* response of ON-1

The dendrites and the axonal arborisations of ON-1 were
simultaneously imaged. As the auditory afferents only pro-
vide inputs to the dendrites, we expected that tonotopic Ca>*
signals should only occur along ON-1’s dendritic region,
and not its axonal arborisations. To test for localised Ca>*

Dendrite

1 2 3 AF/F (%)
€eji  Axon
y =0.75x + 188
R2=0.16 —

— 100

— 200

(wm) sousosalony-piw payybiapn

]

10 20 30 40
Frequency (kHz)

averaged 2.5 pixels in x and y dimensions, and 2.5 frames through
time. Scale bar indicated in bottom row. Image labelled ‘peak’ (right)
corresponds to mean of 5 frames of peak fluorescence, averaged 5
pixels in x and y, only showing pixels with >50% maximum AF/F.
Dots represent weighted mid-point of fluorescence. ei, ii Position
of weighted mid-point of fluorescence plotted against frequency of
pulses for the dendritic field and the axonal terminals; data from each
animal indicated by shade of grey (N=4, at least 5 presentations per
animal). Alexa-568 staining shown to scale for comparison. Scale
bars: 100 pm

signals, 20 ms pulses were presented of either 5-20 kHz in
5 kHz steps (N=3), or 10-40 kHz in 10 kHz steps (N=1).
First, the amplitude of fluorescence increase across the
whole dendritic region was measured (Fig. 5a—c): a pulse of
5 kHz induced a mean Ca®" increase of 1.4 +1.0% (N=3);
10 kHz, 1.7+0.9% (N=4); 15 kHz, 2.2+ 1.5% (N=3);
20kHz, 2.1+1.3% (N=4); 30 kHz, 1.4+ 0.4% (N=1); and
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40 kHz, 1.4+ 0.4% (N=1). In the axonal arborisations a
pulse of 5 kHz induced a mean AF/F of 1.4+ 1.0% (N=3);
10 kHz, 1.6 +0.8% (N=4); 15 kHz, 1.8 £1.4% (N =3);
20kHz, 1.7+0.9% (N=4); 30 kHz, 1.5+0.5% (N=1); and
40 kHz, 1.4 +£0.4% (N =1). The response in both the den-
dritic and axonal arborisations started within the same frame
as the onset of sound, and reached its peak intensity within
40-60 ms, or 2-3 frames of imaging. The decay was slower,
occurring within 2 s (t4 was not measured).

Similar to TN-1, the regions of the dendritic arborisa-
tions showing the highest AF/F differed depending on the
sound frequency presented: a 10 kHz pulse induced a Ca**
increase in anterior regions (Fig. 5d, top; Movie 4), whereas
20 and 30 kHz pulses induced a broadly distributed Ca®*
increase over central regions (Fig. 5d, middle), and a 40 kHz
pulse induced a Ca?* increase in posterior regions (Fig. 5d,
bottom). The antero-posterior position of the midpoint of
fluorescence was linearly correlated with the frequency
of the presented pulse, with an increment of 4.0 pm to the
posterior per kHz (Fig. 5e i, R*=0.69, p=2.6 x 10 — 4).
For example, the weighted fluorescence mid-point (Fig. 5d,
right), upon stimulation with a 10 kHz pulse, fell 115+3 pm
from the anterior tip of the dendrites, whereas to a 20 kHz
pulse, it fell 193 + 16 pm from the anterior tip. Unlike in the
dendrites, in the axonal arborisations, the region with the
highest AF/F did not differ with the frequency of the pulse
presented; a Ca®" increase occurred in posterior regions in
response to pulses of all frequencies tested (Fig. 5d). There
was no correlation between the antero-posterior position of
the fluorescence mid-point and the sound frequency of pulse
presented (Fig. 5e ii, R*>=0.16, p=0.19). For example, the
weighted mid-point of fluorescence (Fig. 5d, right), upon
stimulation with a 10 kHz pulse, fell 193 + 17 pm from the
anterior tip of the axonal terminals, and upon stimulation
with a 20 kHz pulse, fell 205 + 15 pm from the anterior tip.
Together, these results indicate that localised Ca®* increases
occur in the dendrites of both TN-1 and ON-1, where they
follow the tonotopic arrangement of the auditory afferents.
Tonotopic Ca** signals did not occur in the axonal arborisa-
tions of ON-1. Note that the fluorescence mid-points overall
cover the same anterior—posterior range in TN-1 and ON-1,
however with a different steepness of the fitted regression
function.

Comparison of spiking response and Ca?* signals

For comparison with the Ca*" signals the neurons’ spiking
responses were recorded to the same stimuli used for imag-
ing. In TN-1, a 20 ms pulse of 10 kHz frequency induced
2.8 +0.5 spikes; 20 kHz, 4.8 + 1.1 spikes; 30 kHz, 2.7 +0.5
spikes; and 40 kHz, 2.5+ 0.9 spikes (Fig. 6ai, N=4). ON-1
generated a lower number of spikes, with 5 kHz stimulation
inducing 0.8 + 0.4 spikes; 10 kHz, 1.4+ 0.4 spikes; 15 kHz,
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1.5+0.5 spikes; and 20 kHz, 2.0 +0.5 spikes (Fig. 6aii,

=4). ON-1 responses to 30 and 40 kHz stimulation were
not tested as imaging information was only available for one
animal.

When also considering the response to a species-specific
chirp, to which TN-1 produced 10.6 +0.4 spikes (Fig. 6¢i),
and ON-1 produced 15.0+ 1.3 spikes (Fig. 6c¢ii), both TN-1
and ON-1 showed a logarithmic increase in mean AF/F in
their dendritic arborisations with the spike count: in TN-1,
AF/F varied with 0.9 x In(spike count) (Fig. 6bi, grey line,
R?>=0.8. N=3); and in ON-1, it varied with 0.74 x In(spike
count), (Fig. 6bii, grey line, R?>=0.96, N=4). This suggests
a saturating function, with AF/F reaching a plateau with
higher spike counts at around 12—15 spikes per chirp. For
both TN-1 and ON-1, the Ca’* signal is aligned with the
intracellular signal in response to a chirp for comparison
(Fig. 6¢).

Contralateral inhibition in ON-1-afferent cold
deactivation and neuronal response

In crickets the bilateral ON-1 neurons in the prothoracic
ganglion reciprocally inhibit each other. In bush-crickets

Sound —l— —l—
40 kHz

o~1JL,L_LJﬁo}s

Sound F —l—
20 kHz

ON1

= Chirp

*10 20
Pulses (| kHz)
2 {% i
e
= N 3

0||||||| |||'

bi TN-1 i
39410 6.
01 o 5

Pulses (kHz)

AFIF (%)

AFIF (%)
"P*\._{_‘
z

w

Spike count Sp[ke count

ci

Caz J\\«,\ﬂ___\ﬂ
(&F/F)

‘ 15mV | 20mv

—— Dendrite
Axon

Intra Y
Sound—+4

;g

500ms

Fig.6 Comparison of Ca®* signals and spiking responses. ai, ii Rep-
resentative intracellular recording of TN-1 and ON-1 to 20 ms, 70
dB SPL pulses of different frequencies. bi, ii Mean AF/F (%) plot-
ted against mean spike count in TN-1 and ON-1 to pulses of differ-
ent frequencies, and species-specific chirp. Exponential fit through
responses to pulses and chirp is shown (grey line). ci, ii Spiking
response of TN-1, and ON-1 to a species-specific chirp. Raw Ca?*
signal shown above, in AF/F (%). Signal measured from ROIs in
Fig. 4b for TN-1 and Fig. 5b for ON-1. Representative intracellular
recordings and imaging data were not obtained simultaneously
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contralateral inhibition of the ON-1 neurons occurs and may
be mediated by direct reciprocal inhibition and/or an indi-
rect pathway. Reciprocal inhibition reduces the response to
background stimulation and increases the contrast between
the left and right ON-1 response (Kleindienst et al. 1981;
Selverston et al. 1985). To assess the role of contralateral
inhibition on processing in the M. elongata ON-1, the audi-
tory afferents contralateral or ipsilateral to the dendrites and
cell body of the recorded ON-1, were reversibly cooled, and
so deactivated (Fig. 7a). We correspondingly refer to the
afferents as ‘contralateral’ and ‘ipsilateral’.

In this paradigm the tuning of ON-1 before and during
cooling of ipsilateral or contralateral afferents was compared
within a wide frequency range, from 6 to 40 kHz in 2 kHz
steps (Fig. 7b—e). Normally, ON-1 showed a fairly flat fre-
quency tuning between 8 and 40 kHz, generating between
1 and 2 spikes per stimulus (Fig. 7bi, c). When the con-
tralateral ear was cooled, the number of spikes increased
to between 2 and 4 spikes, with a particularly increased
response to frequencies over 20 kHz (Fig. 7bii, ¢, N=5).
When the ipsilateral side was cooled, spikes were abol-
ished and the response was dominated by hyperpolarisa-
tion, indicative of compound IPSPs (Fig. 7biii), which had
mean amplitudes of up to 2 mV and were largest at frequen-
cies over 20 kHz (Fig. 7d, N=4). This is in-line with ON-1
receiving a contralateral inhibition and suggests complete
deactivation of the auditory afferents when cooling the
tibia with the hearing organ. The spike count in ON-1 when
deactivating the contralateral afferents was highly correlated
with compound IPSP size when deactivating the ipsilateral
afferents, with a mean IPSP size of 0.12+0.01 mV/spike
(Fig. 7e, R*>=0.60, p=7X 10~'2 pooled data from 3 ani-
mals), with each spike corresponding to 0.12+0.01 mV of
inhibition.

In TN-1, no IPSPs were observed when deactivating the
ipsilateral afferents (Fig. 7f), indicating that the neuron does
not receive a contralateral inhibition; therefore, the response
of TN-1 was not further examined.
Contralateral inhibition in ON-1—Ca?* signals
To test the influence of contralateral inhibition on the
Ca®* response of ON-1, and to identify any. contralaterally
derived Ca* signals, ON-1 was imaged before and dur-
ing deactivation of the contralateral or ipsilateral afferents
(Fig. 8). When the contralateral afferents were deactivated,
a large fluorescence increase occurred in ON-1 in response
to a chirp (Fig. 8ai, ci, d; N=3). Compared with the normal
response AF/F was greater in all regions of the neuron, with
the axon showing 1.6 +0.3 times greater AF/F, and both
the dendrite and SGZ showing 1.6 +0.4 times greater AF/F
(Fig. 8d; p=0.05, 0.04, 0.05, respectively, paired t-tests,
N =3). The increased AF/F is likely due to the stronger
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Fig. 7 Effect of contralateral inhibition on the response of ON-1. a
Diagram showing reciprocal inhibition between ON-1 neurons and
the effect of afferent deactivation. Afferents are labelled ipsilateral
(Ipsi), and contralateral (Contra) to the dendrites of the recorded
ON-1. Afferents provide excitatory input to ON-1s (plus signs),
which can be reversibly deactivated by cooling (crosses). Each ON-1
provides inhibition to the contralateral ON-1 (minus signs). b Spik-
ing response of ON-1 to 10ms pulses of different frequencies when:
i intact; ii the contralateral auditory afferents deactivated, and iii the
ipsilateral auditory afferents deactivated. ¢ Mean spiking response
of ON-1 in five animals to 6—40 kHz stimulation when intact (black
circles) and when the contralateral afferents were deactivated (grey
circles). d Mean frequency tuning of IPSP size while the ipsilateral
afferents were deactivated (N=4). e Pooled data from three animals
showing correlation between spike number when contralateral affer-
ents were deactivated, and IPSP size when ipsilateral afferents were
deactivated. Points represent mean response to one frequency (at least
3 pulses per point). f Response of TN-1 to a chirp when intact (left),
and when the ipsilateral afferents were deactivated (right). No hyper-
polarisation was observed

depolarisation and higher number of spikes when contralat-
eral inhibition was blocked.

When the ipsilateral afferents were deactivated, no fluo-
rescence increase was discernible in response to a chirp in
any region of the neuron (Fig. 8aii, cii, d); peak AF/F in
the dendrite was reduced to 0.07 +0.01%; in the axon, to
0.05+0.01%; and in the SGZ, to 0.02+0.01% (Fig. 8d).
This implies that all Ca>" increases to acoustic stimulation
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Asterisks represent significant difference from control. *p <0.0025,
*#*%p <0.0005: paired t-tests. Scale bar: 100 pm

are due to ipsilateral excitatory inputs to the dendrites of
ON-1 and that contralateral inhibitory inputs do not induce
a Ca?* change.

Forward masking in ON-1

In the auditory interneurons of bush-crickets (Triblehorn
and Schul 2013; Presern et al. 2015), and crickets (Sobel and
Tank 1994; Baden and Hedwig 2007), acoustically induced
Ca®" increases drive the activation of Ca**-sensitive K*
channels to cause a short-term reduction in spiking. This
provides forward masking; a period of time after a stimulus
in which the response to a subsequent stimulus is reduced.
To test for forward masking in ON-1, pairs of chirps were
presented at intervals of 200—-1000 ms (350 ms, Fig. 9a).
To test for any effect of contralateral inhibition on for-
ward masking, the response to a chirp after 200 ms interval
was compared in a control condition and when the contralat-
eral afferents were cold deactivated. In the control condition
the spike count to the first chirp was 14.9 + 1 reducing to
8.3 + 1.1 spikes to the second chirp (p=0.01, paired t-tests,
N =4). When the contralateral afferents were cold deacti-
vated, the number of spikes to the first chirp increased to
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23.4+4.5 spikes, reducing to 15.8 +2.7 spikes in response to
the second chirp at 200 ms interval (Fig. 9b, p=0.05, paired
t-test, N=4). In both cases the drop in spike count gradu-
ally reduced with increasing chirp intervals (Fig. 9b). This
indicates that in ON-1 ipsilateral mechanisms contribute to
forward masking which is in line with the activation of Ca®*
-sensitive K* channels. Besides this, adaptation in the audi-
tory afferents may also have an impact (Ocker and Hedwig
1993; Nabatiyan et al. 2003), although this was not tested.

Frequency-specific adaptation

Given the tonotopically organised Ca?* increases (Figs. 4
and 5), any calcium derived adaptation effects in the den-
drites should only occur in a restricted region. We therefore
tested for frequency-specific adaptation in TN-1 and ON-1.
To distinguish adaptation in TN-1 and ON-1 from adaptation
in the auditory afferents intracellular recordings were also
made from single afferents (not shown). Across all frequen-
cies tested (10, 20, 30, and 40 kHz) a similar degree of adap-
tation occurred with the spike count reduced to 72 +15% of
the initial response after 1 s stimulation with a pure-tone
stimulus at 70 dB SPL (N =3, 5 presentations per animal).

TN-1

Before testing for frequency specificity of adaptation in
TN-1, its responseto isolated tone pulses was measured.
An isolated pulse of 70 dB SPL and 10 msduration gave
4.2 + 0.6 spikes at 10 kHz and at 40 kHz it gave 2.7 +
0.4 spikes(Fig. 10a). The inter-dependence of adaptation
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to pulses of 10 and 40 kHz wasthen tested. First, a series
of pulses (10 ms duration, 10 ms interpulse interval(i.e. 20
ms pulse period) was presented to drive adaptation in the
neuron ateither 10 or 40 kHz (Fig. 10b). After 2.5 s we then
presented 10 kHz test pulsesduring the 40 kHz adaptation
series, and we presented 40 kHz test pulses duringthe 10
kHz series (Fig. 10c, d). These were given in the silent inter-
vals betweenthe pulses of the adaptation series and repeated
at 200 ms intervals (Fig. 10ci,bottom). The number of spikes
in response to the 10 or 40 kHz test pulses wasmeasured
and compared. When the frequency of the test pulses was
different tothe adaptation frequency, the response of TN-1
to the test pulses wassignificantly different. A 10 kHz test
pulse combined with a series of 10 kHzpulses induced 0.2
+ 0.6 spikes, i.e. 4.7% of the initial response (Fig. 10ci, ei)
and combined with a series of 40 kHz pulses it induced 2.8
+ 0.5 spikes (Fig.10cii, ei) giving a significantly different
response (p = 0.029, unpaired t-test,N=3). A 40 kHz test
pulse combined with a series of 40 kHz pulses induced 0.3
+0.0 spikes, i.e. 11.1% of the initial response (Fig. 10di, eii),
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Response to series of 10 ms pulses of 10 and 40 kHz, presented at 20
ms pulse period. Instantaneous spike rate plots are shown below. c,
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and combined with aseries of 10 kHz pulses it induced 3.3
+ 0.3 spikes (Fig. 10dii, eii) and showed asignificant differ-
ence (p = 0.6 x107*, unpaired t-test, N=3). This suggests
thatfrequency-specific adaptation does occur in TN-1, i.e.,
adaptation to a 10 kHz isindependent of processing 40 kHz
signals and adaptation to 40 kHz signals isindependent of
processing 10 kHz signals. Overall the adaptation in TN1
was anorder of magnitude greater than in the afferents.

ON-1

Before adaptation, ON-1 generated an initial response of
2.0+0.0 spikes to a 10 kHz pulse (Fig. 11ai, N=35), and
2.2+0.7 spikes to a 40 kHz pulse (Fig. 11aii, N=5). To
measure adaptation, a 2.5 s series of pulses was presented
at the same frequency. At the end of a series of 10 kHz
pulses the response adapted to 0.7 +0.2 spikes/pulse, i.e.
35% of the initial response (Fig. 11ai, ei), and at the end of
a series of 40 kHz pulses the response adapted to 0.9 +0.2
spikes/pulse, i.e. 40.9% of the initial response (Fig. 11aii,

300

100 ms

10 kHz =0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0

"‘NLMIL._,

number 10

Spikes/bin 1 1 I:I 50 ms
40 k}-?
z-00-0-0-0-0-0- 00— -O0————
Sound gy —

—0-0-0-0-0-0-0-0-0—
40 kHz with 40 kHz 40 kHz with 10 kHz

ei i
N=3
2 * ek
24 4
£
%
EZ 2
S
n
0 N N 0 N N
: % 3 I
10kHz £ 2 40kHz 2 Z
: g :
SR E—

pulses. Top trace: intracellular recording. Middle: occurrence of
spikes over trials. Bottom trace: frequency plot of the spike response.
di, ii Response to a test pulse of 40 kHz after adaptation to a series
of 40 kHz pulses and after adaptation to a series of 10 kHz pulses.
ei Mean spike count for a 10 kHz test pulse presented with a series
of 10 kHz pulses and with a series of 40 kHz pulses. eii Mean spike
count for a 40 kHz test pulse presented with a series of 40 kHz pulses
and with a series of 10 kHz pulses. Asterisks represent significant dif-
ference of responses. *p <0.05, ***p <0.001; unpaired t-tests
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eii). When testing for frequency-specific adaptation a
10 kHz pulse was presented after adaptation to a series of
40 kHz pulses, which generated 1.6 +0.2 spikes (Fig. 11ci,
ei), and was significantly different to the response in com-
bination with 10 kHz pulses (p =0.013, unpaired t-test,
N=5). A 40 kHz pulse presented after a series of 10 kHz
pulses generated 1.8 +0.6 spikes (Fig. 11cii, eii), which
was not different to the response in combination with
40 kHz pulses (p =0.385, unpaired t-test, N=35). Thus,
compared with TN-1, frequency-specific adaptation in
ON-1 was less pronounced, and occurred only to a similar
degree that in the afferents.

Considering the effect of contralateral inhibition in
ON-1, evidence for frequency-specific adaptation was
tested during cold deactivating the contralateral afferents.
With contralateral inhibition abolished, the response to
stimuli presented alone significantly increased to 4.2 +0.5
spikes for a 10 kHz pulse (Fig. 11bi), and to 3.4 +0.6
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Fig. 11 Frequency specific adaptation in ON-1, and the impact of
contralateral inhibition on adaptation. a Response of ON-1 to a series
of 10 ms, 70 dB SPL sound pulses at 20 ms pulse period for pulses of
10 kHz (i) and 40 kHz (ii). Instantaneous spike rate plots are shown
below; note the different scales for 10 and 40 kHz stimulation. b
As (a) but with contralateral afferents deactivated. ci Response to a
test pulse of 10 kHz frequency, after adaptation to series of 40 kHz
pulses; cii Response to test pulse of 40 kHz after adaptation to a
series of 10 kHz pulses. Stimulus paradigm as in Fig. 10c. Top trace:
intracellular recording. Middle: occurrence of spikes over trials.
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spikes for a 40 kHz pulse (Fig. 11bii, p=0.01, p=0.03,
respectively, paired t-tests, N=35).

Adaptation still occurred, with the response after a 2.5 s
series of 10 kHz pulses adapting to 2.4 +0.7 spikes/pulse,
(Fig. 11bi, fi, N=5), i.e. 57% of the initial response. The
response to 40 kHz stimulation adapted to 1.6 +0.6 spikes/
pulse (Fig. 11bii, fii, N=5), i.e. 47% of the initial response.
This shows that when contralateral inhibition is removed,
there is an over-all increase in ON-1 spike activity, but adap-
tation still occurs, indicating that ipsilateral mechanisms
contribute significantly to adaptation. With the contralat-
eral afferents deactivated, a 10 kHz pulse combined with
a series of 40 kHz pulses generated 1.7 +0.3 (Fig. 11di, fi
N=5), which was not significantly different to the response
in a series of 10 kHz pulses (p=0.39, unpaired t-test, N=35).
A 40 kHz pulse over a series of 10 kHz pulses generated
1.3+ 1.2 spikes (Fig. 11dii, fii, N=135), also this response
was not significantly different to the response with a series of
40 kHz pulses (p =0.83, unpaired t-test, N=35). Thus, after
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tion series. eii Response to a 40 kHz test pulse correspondingly. f As
for (e) but with contralateral afferents deactivated. In (i) values are
given for 10 kHz test pulse presented with a series of 10 kHz pulses
or a series of 40 kHz pulses. In (ii) data are for 40 kHz test pulses
presented with a series of 40 kHz pulses or with a series of 10 kHz
pulses. Asterisk represents significant difference between responses
*p <0.05, unpaired t-tests
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removal of the contralateral inhibition frequency-specific
adaptation was not evident in ON-1.

Discussion

We combined intracellular recordings and optical imaging
to study processing of neural activity in identified auditory
interneurons of a bush cricket, after loading the neurons
with a calcium sensitive indicator. The large size of the
Mecopoda interneurons allow the study of the integration
of sensory information across the entire dendritic and axonal
arborisations.

Modes of Ca?* signals

After dye loading, the neurons revealed clear fluorescence
responses to acoustic stimuli. The timescales of Ca®* signals
observed are likely to be influenced by the presence of the
calcium indicator, which acts as a chelator of Ca2*, slowing
down its removal from the cytosol (Helmchen et al. 1997;
Sabatini et al. 2002; Augustine et al. 2003). To minimise
this effect and to obtain an even distribution throughout the
neuron, the dye was used in low concentrations and allowed
to spread for 30—60 min. Imaging of fluorescence changes
in the dendrites during acoustic stimulation revealed an
increase in the fluorescence signal which reached its maxi-
mum within 330 ms followed by a long decay over a time
of 1-2 s. These changes were like those seen in the cricket
auditory pathway when low-affinity indicators were used,
to capture the temporal dynamics of the Ca>* signals more
closely (Baden and Hedwig 2007, 2010). This suggests that
the indicator effects on the timing and especially the spatial
pattern of Ca** signals were minor.

In the dendrites of both TN-1 and ON-1, Ca** influx
is likely to be mediated by ligand-gated channels. Crick-
ets have cholinergic auditory afferents (Stout et al. 1998),
and bush-crickets likely as well. Nicotinic acetylcholine
receptors allow the entry of Ca?" (Decker and Dani 1990;
Wegener et al. 2004), so synaptic transmission between audi-
tory afferents and interneurons should cause a Ca** influx
into the dendrites. A local excitatory post-synaptic potential
will decay passively within a cell’s dendrites, and only a
restricted region will be influenced by this potential (Cuntz
et al. 2003). However this will be complicated when spikes
passively back-propagate into the neurites and the cell body
(Gwilliam and Burrows 1980). Actively invading spikes
would impact the whole dendritic field and should mask
any tonotopic responses; similar to what is observed in the
axonal arborisations of ON-1 (Fig. 8). As for the dendrites of
TN-1 or ON-1 (Figs. 4d and 5d) a masking of the tonotopic
organisation by spiking activity was not observed, suggest-
ing that spike derived membrane potential changes do not

act alone to drive the Ca®* increase in their dendrites. In-line
with this, Ca®* increases may be mediated by the concur-
rence of a neurotransmitter and membrane depolarisation, as
reported in vertebrates (Nakamura et al. 1999). A separation
of synaptic and spike mediated calcium responses can be
achieved by a combination of intracellular recordings and
Ca®* imaging: for example, in the dendrites of cricket cer-
cal giant interneurons there is no increase of the Ca** sig-
nal upon stimulation leading to subthreshold EPSPs while
a Ca" signal occurs when single spikes are evoked (Ogawa
and Mitani 2015). These giant neurons however likely have
multiple spike initiating zones which may occur in their den-
dritic field, making a separation of dendritic and spiking
processes more complex.

Upon blocking the ipsilateral excitatory inputs in experi-
ments with ON-1, the contralateral inhibition, which acts
on the dendrites, did not lead to a change in the calcium
response, indicating that inhibitory inputs are not reflected in
the fluorescence signal. A decrease in the fluorescence signal
of ON-1 during contralateral inhibition as reported in a field
cricket (Baden and Hedwig 2007) was rather mediated by a
simultaneous reduced spiking response.

For the local ON-1 the Ca** signal could be compared
between regions of the cell. As previously observed in the
cricket ON-1 (Baden and Hedwig 2007), the highest magni-
tude and slowest decrease of Ca”" signals always occurred in
the SGZ. The increased signal in the SGZ and also the axon
is likely due to voltage-gated Ca>* channels, or a voltage-
mediated release of Ca?* from internal stores (Ryglewski
et al. 2007). The SGZ does not overlap with afferents, so
likely has no synaptic contacts with them, suggesting no
ligand gated channels will be present in this region. The
reason for the longer decay time in the SGZ is not clear, but
it may be due to the higher volume and/or lower surface area
in this region, which could both contribute to slower removal
of Ca®* (De Schutter and Smolen 1999). The presence of
Ca* in the SGZ suggests that it may have a dampening
effect on spike initiation if it activates Ca**-sensitive K*
channels.

The Ca®* signal in the axonal arborisations (Fig. 5) is
likely driven by spike driven voltage-gated channels or a
release from internal stores. This is corroborated by the
lack of a Ca®* increase in the axonal arborisations when
the ipsilateral afferents were silenced, and spiking prevented
(Fig. 8aii). Overall, a detailed picture can only be obtained
when the Ca®*-conductances over the neuronal compart-
ments are precisely mapped.

Possible effects of Ca*
Ca”* is known to impact many processes within cells, from

depolarisation and Ca>* spikes to metabolism, microtubule
dynamics, and gene expression (review: Branco and Héusser
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2010). This means that Ca>* could have a wide range of
long-term and short-term effects in the neurons. Cytosolic
Ca’* has a crucial influence on a neuron’s function (review:
Konieczny et al. 2012) it enters the cytosol through ligand
or voltage-gated channels or from internal stores.

Ca”* entry during neuron depolarisation can have a wide
variety of impacts. Ca**-dependent hyperpolarisation has
been observed in several studies; as Ca2t accumulates and
activates Ca®*-sensitive K* channels, it causes hyperpolari-
sation, a decrease in membrane resistance, and contributes
to adaptation of the neuron (Wessel et al. 1999; Savi€ et al.
2001). This mode of action has previously been implicated
in ON-1 of crickets (Baden and Hedwig 2007; Pollack
1988; Sobel and Tank 1994), and TN-1 of the bush-cricket
N. triops (Triblehorn and Schul 2013; Presern et al. 2015)
and attributed to selective attention in the auditory pathway
(Pollack 1988). Likewise the frequency-specific adaptation
in this study (Figs. 10 and 11) may be induced through the
activation of Ca2* sensitive potassium channels linked to
localised Ca** increases in the dendrites. Such a mode of
activation is also suggested for some cricket cercal giant
interneurons, where stimulus specific adaptation to wind
stimuli from specific directions appears to be linked to local
dendritic Ca** increases (Ogawa and Oka 2015).

Ca?* signals mirror the tonotopic organisation
of the auditory neuropil

TN-1 and ON-1 showed a spatially restricted Ca** increase
in their dendritic field when pure-tone pulses were pre-
sented, such that low-frequency pulses (< 10 kHz) elicited
a response in anterior regions, pulses of 20-30 kHz activated
the middle area and high-frequency pulses (40 kHz) elic-
ited a response in posterior regions (Figs. 4 and 5; Movie
3, 4). The anterior-to-posterior arrangement of low-to-high
frequency sound reflects the tonotopic organisation of the
axonal terminals of auditory afferents in the auditory neuro-
pil. Moreover, the spatial dimensions of the Ca* responses
match the spatial dimensions of the afferent axonal arborisa-
tions. Low- frequency and high-frequency afferents occupy a
more restricted range in the anterior and posterior neuropil,
respectively, while afferents responding to the midrange of
frequencies, show a wider arborisation in the centre of the
neuropil (Oldfield 1983; Romer 1983; Stolting and Stumpner
1998; Baden and Hedwig 2010). In contrast at the axonal
arborisations of ON-1 the spatial distribution of the Ca®*
signal for different frequencies was uniform, like in the field
cricket (Baden and Hedwig 2007). Therefore any reciprocal
inhibitory inputs to the ON-1 neurons should be uniform
across frequencies.

Localised Ca®* signals have been observed in auditory
neurons in another species of bush-cricket (Presern et al.
2015), and a cricket (Baden and Hedwig 2007). They
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have also been reported for insect neurons which receive
inputs from maps of different modalities, including neurons
responding to antennal stimulation (Bayley and Hedwig
2018) or wind stimulation of the cerci in crickets (Ogawa
et al. 2008; Ogawa and Oka 2015) and to visual stimulation
of the eyes in flies (Borst and Egelhaaf 1992; Spalthoff et al.
2010) and locusts (Peron et al. 2009). Local topographically
organised Ca”* signals have also been reported in neurons
of vertebrates, including Purkinje fibres in the cerebellum,
which overlap with a somatosensory map (Kitamura and
Héausser 2011); CA1 pyramidal neurons in the hippocampus,
which overlap with a spatial map (Sheffield and Dombeck
2014); and layer 2/3 pyramidal neurons in the cortex which
overlap with a visual map (Jia et al. 2010) pointing to the
relevance of spatial organisation of synapses underlying
local dendritic processing as a common principle in nerv-
ous systems.

The impact of contralateral inhibition

In crickets reciprocal inhibition between the ON-1 neurons
on the left and right side of the prothoracic ganglion has
been suggested to enhance directional sensitivity (Klein-
dienst et al. 1981; Selverston et al. 1985). Inhibition in
bush-cricket ON-1 neurons has been reported for Tettigonia
viridissima (Schul 1997) and contralateral inhibition has
been implicated as a gain control mechanism (Romer and
Krusch 2000). We tested the role of contralateral inhibition
in activity-dependent response reduction for both forward
masking after a species-specific chirp (Fig. 9), and adapta-
tion to a rapidly repeated series of pure-tone pulses (Fig. 11).
A higher spike count and Ca>* signal (Fig. 8) was observed
when contralateral inhibition was removed. However, activ-
ity-dependent response reduction still occurred, both during
forward masking (Fig. 9), and adaptation to a series of pure-
tone stimuli (Fig. 11). This suggests that activity-dependent
response reduction is not the result of binaural mechanisms,
but rather due to intrinsic Ca** dynamics, as reported for
modelling ON-1 activity (Ponnath and Farris 2010).

A contralateral mediated response reduction linked to
inhibition had been suggested in TN-1 of Gampsocleis
burger (Suga and Katsuki 1961), but removing the contralat-
eral afferent activity had no effect on TN-1 response in N.
retusus (Schul et al. 2012), and our intracellular recordings
also provide no supporting evidence for a contralateral medi-
ated inhibition of TN-1 (Fig. 7f).

Forward masking to chirps

When the bush crickets were stimulated with two chirps
in rapid succession, the second resulted in fewer spikes in
ON-1 (Fig. 9). The effect on spiking to the second chirp
lasted around 1 s. In M. elongata species-specific chirp
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repetition rate is around 2 s (Hartbauer et al. 2005), which
could suggest that males produce chirps at a rate to avoid
forward masking and habituation in the female auditory sys-
tem. Forward masking may be shaped by the activation of
K" channels by Ca**, as both TN-1 and ON-1 produced a
Ca®" increase in response to a species-specific chirp, with
a time-constant of decay of around 1-2 s (Figs. 2 and 3;
Movie 1, 2). Forward masking is also important in the con-
text of chorusing. Male M. elongata temporally couple their
songs to those of other males, with one male calling slightly
before another (Nityananda and Balakrishnan 2008; (Hart-
bauer et al. 2012b).

Female bush-crickets preferentially approach the male
whose call is leading in a chorus (Fertschai et al. 2007).
Forward masking is likely to influence this preference, as
the response to the lagging male will be reduced. In ON-1,
the bias to approach a leading male has previously been
attributed to contralateral inhibition, but only with short
inter-chirp intervals (< 300 ms), and only when chirps were
directed to each ear independently (Romer et al. 2002). The
work here suggests that, in ON-1, two mechanisms may
work in tandem to reduce the response to a lagging male in
a chorus: ipsilaterally derived forward masking, and con-
tralateral inhibition.

Frequency-specific adaptation

The spatial organisation of the dendritic Ca** responses
imply specific processing of different sound frequencies,
in a similar way as wind direction is matched onto the
Ca”* responses of dendritic fields in cricket cercal giant
interneurons (Ogawa and Oka 2015). Our data indicate that
frequency-specific adaptation occurs in TN-1 (Fig. 10); after
adaptation to one frequency (either 10 or 40 kHz), a test
pulse elicits a greater number of spikes when played with
repetitive pulses of a different frequency (i.e. 10 kHz with
40 kHz, or 40 kHz with 10 kHz), than when played with
repetitive pulses of the same frequency (i.e. 10 kHz with
10 kHz, 40 kHz with 40 kHz). To distinguish this from adap-
tation in the auditory afferents, their degree of adaptation
was tested. We observed a drop to 72 + 15% of the initial
spike rate after 1 s stimulation with a pure-tone stimulus at
70 dB SPL. In TN-1, adaptation drove a reduction to around
7.9% of the initial response, where in ON-1, the reduction
was to around 38% of the initial response. Adaptation in
TN-1 is therefore an order of magnitude greater than that of
the auditory afferents, the same cannot be said about ON-1.
Also, in N. retusus frequency-specific adaptation in TN-1
is not due to the adaptation of the auditory afferents (Schul
et al. 2012).

Frequency-specific adaptation has been previously
described in TN-1 of the bush-cricket, N. retusus (Schul
and Sheridan 2006; Schul et al. 2012) and has been

implicated in the neuron’s ability to respond to bat calls
at 30-50 kHz, while exposed to the species’ calling song,
with a highest intensity around 15 kHz (Schul and Sheri-
dan 2006; Schul et al. 2012). The calling song of M. elon-
gata, has a broad frequency spectrum (Siegert et al. 2013),
therefore the separation of calling song and bat calls in the
frequency domain is less pronounced. Frequency-specific
adaptation, however, could be important for the insects’
ability to detect species-specific chirps over background
noise ((Hartbauer et al. 2012a). In chirping M. elongata
TN-1 and ON-1 adapt to the rapidly repeated trills of one
sub-species, whilst remaining able to respond to sparsely
repeated chirps of their own presented simultaneously
(Siegert et al. 2013). If a characteristic 2 kHz peak in the
chirps of the species is removed, the neurons no longer
respond, suggesting that frequency-specific adaptation to
the signal of the trilling sub-species could contribute the
ability of the chirping species to detect its own song in
a situation exposed to masking noise by the trilling sub-
species. These processes point to a possible role of the
recently described prothoracic auditory DUM neurons of
bush-crickets (Lefebvre et al. 2018), which project bilater-
ally into the auditory neuropil and function as a frequency
filter bank.

Conclusion

The experiments provide a deeper insight into the tono-
topic organisation and processing of auditory inputs to the
dendrites of the bush-cricket auditory interneurons TN-1
and ON-1 by Ca®* imaging. In both neurons frequency
specific adaptation likely occurs at the level of dendritic
processing. Contralateral inhibition shapes the Ca** and
spiking responses of ON-1.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00359-023-01638-6.

Acknowledgements We thank Dr M. Nowotny/Frankfurt and Dr M.
Hartbauer/Graz for providing bush-crickets, and Dr M. Siegert/Graz for
providing sound recordings of Mecopoda elongata chirps for playback.

Author contributions TB performed the experiments, data analysis,
designed the figures and wrote the manuscript. TB and BH edited the
final manuscript.

Funding TB was funded by a MRC stipend, the equipment was funded

by grants of the Marmaduke Sheild Fund, the Royal Society and the
BBSRC to BH.

Declarations

Conflict of interest The authors declare no competing interests for this
work.

@ Springer


https://doi.org/10.1007/s00359-023-01638-6

Journal of Comparative Physiology A

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Augustine GJ, Santamaria F, Tanaka K (2003) Local calcium signal-
ing in neurons. Neuron 40(2):331-346. https://doi.org/10.1016/
S0896-6273(03)00639-1

Baden T, Hedwig B (2007) Neurite-specific Ca’* dynamics underly-
ing sound processing in an auditory interneurone. Dev Neuro-
biol 67:68-80. https://doi.org/10.1002/neu

Baden T, Hedwig B (2010) Primary afferent depolarization
and frequency processing in auditory afferents. J Neurosci
30(44):14862-14869. https://doi.org/10.1523/JNEUROSCI.
2734-10.2010

Bayley TG, Hedwig B (2018) Dendritic Ca’* dynamics and multi-
modal processing in a cricket antennal interneuron. J Neuro-
physiol 120:910-919. https://doi.org/10.1152/jn.00663.2017

Borst A, Egelhaaf M (1992) In vivo imaging of calcium accumula-
tion in fly interneurons as elicited by visual motion stimulation.
Proc Natl Acad Sci 89(9):4139-4143

Branco T, Hausser M (2010) The single dendritic branch as a funda-
mental functional unit in the nervous system. Curr Opin Neu-
robiol 20:494-502. https://doi.org/10.1016/j.conb.2010.07.009

Budinger E, Brosch M, Scheich H, Mylius J (2013) The subcorti-
cal auditory structures in the mongolian gerbil: II. Frequency-
related topography of the connections with cortical field Al J
Comp Neurol 521:2772-2797

Cuntz H, Haag J, Borst A (2003) Neural image processing by den-
dritic networks. Proc Natl Acad Sci USA 100:11082-11085

De Schutter E, Smolen P (1999) Calcium dynamics in large neu-
ronal models. In: Koch C, Segev I (eds) Methods in neuronal
modeling: from ions to networks. The MIT Press, Cambridge,
pp 1-44

Decker ER, Dani JA (1990) Calcium permeability of the nicotinic
acetylcholine receptor: the single-channel calcium influx is sig-
nificant. J Neurosci 10(10):3413-3420

Derdikman D, Moser EI (2010) A manifold of spatial maps in the
brain. Trends Cogn Sci 14:561-569

Faber ESL, Sah P (2003) Calcium-activated potassium channels: mul-
tiple contributions to neuronal function. Neuroscientist 9:181-194

Fertschai I, Stradner J, Romer H (2007) Neuroethology of female
preference in the synchronously singing bushcricket Mecopoda
elongata (Tettigoniidae; Orthoptera): why do followers call at all?
J Exp Biol 210(3):465-476. https://doi.org/10.1242/jeb.02655

Gutfreund Y, Knudsen EI (2005) Adaptation in the auditory space
map of the barn owl. J Neurophysiol 96:813-825

Gwilliam G, Burrows M (1980) Electrical characteristics of the
membrane of an identified insect motor neurone. J Exp Biol
86(1):49-61

Hartbauer M, Kratzer S, Steiner K, Romer H (2005) Mechanisms
for synchrony and alternation in song interactions of the bush-
cricket mecopoda elongata (Tettigoniidae: Orthoptera). J Comp
Physiol A 191:175-188

@ Springer

Hartbauer M, Siegert ME, Fertschai I, Romer H (2012a) Acoustic
signal perception in a noisy habitat: lessons from synchronising
insects. J Comp Physiol A 198:397-409

Hartbauer M, Stabentheiner A, Romer H (2012b) Signalling plastic-
ity and energy saving in a tropical bush-cricket. ] Comp Physiol
A 198:203-217

Hedwig B, Stumpner A (2016) Central neural processing of sound
signals in insects. In: Pollack GS, Mason AC, Popper A, Fay RF
(eds) Springer handbook of auditory research: insect hearing,
Chap. 8. Springer, Cham, pp. 177-214. https://doi.org/10.1007/
978-3-319-28890-1_8

Helmchen F, Borst JG, Sakmann B (1997) Calcium dynamics associ-
ated with a single action potential in a CNS presynaptic termi-
nal. Biophys J 72:1458-1471

Hildebrandt KJ (2014) Neural maps in insect versus vertebrate audi-
tory systems. Curr Opin Neurobiol 24:82—-87. https://doi.org/10.
1016/j.conb.2013.08.020

Issa JB, Haeffele BD, Agarwal A, Bergles DE, Young ED, Yue DT
(2014) Multiscale optical Ca>**"*P'imaging of tonal organiza-
tion in mouse auditory cortex. Neuron 83:944-959

Jia H, Rochefort NL, Chen X, Konnerth A (2010) Dendritic organi-
zation of sensory input to cortical neurons in vivo. Neuroforum
16:236-237

Kitamura K, Hidusser M (2011) Dendritic calcium signaling trig-
gered by spontaneous and sensory evoked climbing fiber input
to cerebellar Purkinje cells in vivo. J Neurosci 31:10847-10858

Kleindienst HU, Koch UT, Wohlers DW (1981) Analysis of the
cricket auditory system by acoustic stimulation using a closed
sound field. ] Comp Physiol A 141(3):283-296

Koch C, Segev I (2000) The role of single neurons in information
processing. Nat Neurosci 3:1171-1177

Konieczny V, Keebler MV, Taylor CW (2012) Spatial organization of
intracellular Ca?**"Pisignals. Semin Cell Dev Biol 23:172-180

Lefebvre PC, Seifert M, Stumpner A (2018) Auditory DUM neurons
in a bush-cricket: a filter bank for carrier frequency. J Comp
Neurol 526(7):1166—-1182

London M, Héusser M (2005) Dendritic computation. Annu Rev
Neurosci 28:503-532. https://doi.org/10.1146/annurev.neuro.
28.061604.135703

Malmierca MS, Cristaudo S, Pérez-Gonzalez D, Covey E (2009)
Stimulus-specific adaptation in the inferior colliculus of the
anesthetized rat. J Neurosci 29:5483-5493

Murphey RK, Jacklet A, Schuster L (1980) A topographic map of
sensory cell terminal arborizations in the cricket CNS; corre-
lation with birthday and position in a sensory array. J] Comp
Neurol 191:53-64

Nabatiyan A, Poulet JFA, de Polavieja GG, Hedwig B (2003) Tempo-
ral pattern recognition based on instantaneous spike rate coding
in a simple auditory system. J Neurophysiol 90:2484-2493

Nakamura T, Barbara JG, Nakamura K, Ross WN (1999) Synergistic
release of Ca+&"Pifrom IP3-sensitive stores evoked by syn-
aptic activation of mGluRs paired with backpropagating action
potentials. Neuron 24:727-737

Nelken I (2014) Stimulus-specific adaptation and deviance detection
in the auditory system: experiments and models. Biol Cybern
108:655-663

Nelken I, Ulanovsky N (2007) Mismatch negativity and stimu-
lus-specific adaptation in animal models. J Psychophysiol
21:214-223

Nityananda V, Balakrishnan R (2008) Leaders and followers in Katy-
did choruses in the field: call intensity, spacing and consistency.
Anim Behav 76:723-735

Ocker W-G, Hedwig B (1993) Serial response decrement in the audi-
tory pathway of the locust. Zool Jb Physiol 97:312-326


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0896-6273(03)00639-1
https://doi.org/10.1016/S0896-6273(03)00639-1
https://doi.org/10.1002/neu
https://doi.org/10.1523/JNEUROSCI.2734-10.2010
https://doi.org/10.1523/JNEUROSCI.2734-10.2010
https://doi.org/10.1152/jn.00663.2017
https://doi.org/10.1016/j.conb.2010.07.009
https://doi.org/10.1242/jeb.02655
https://doi.org/10.1007/978-3-319-28890-1_8
https://doi.org/10.1007/978-3-319-28890-1_8
https://doi.org/10.1016/j.conb.2013.08.020
https://doi.org/10.1016/j.conb.2013.08.020
https://doi.org/10.1146/annurev.neuro.28.061604.135703
https://doi.org/10.1146/annurev.neuro.28.061604.135703

Journal of Comparative Physiology A

Ogawa H, Mitani R (2015) Spatial dynamics of action potentials
estimated by dendritic Ca** signals in insect projection neurons.
Biochem Biophys Res Commun 467:185-190

Ogawa H, Oka K (2015) Direction-specific adaptation in neuronal
and behavioral responses of an insect mechanosensory system.
J Neurosci 35(33):11644-11655

Ogawa H, Cummins G, Jacobs GA, Oka K (2008) Dendritic design
implements algorithm for synaptic extraction of sensory infor-
mation. J Neurosci 28(18):4592-4603

Oldfield BP (1983) Central projections of primary auditory fibres
in Tettigoniidae (Orthoptera: Ensifera). J] Comp Physiol A
151:389-395

Peron S, Gabbiani F (2009) Spike frequency adaptation mediates
looming stimulus selectivity in a collision-detecting neuron.
Nat Neurosci 12:318-326

Peron SP, Jones PW, Gabbiani F (2009) Precise subcellular input reti-
notopy and its computational consequences in an identified visual
interneuron. Neuron 63:830-842

Pollack GS (1988) Selective attention in an insect auditory neuron.
J Neurosci 8:2635-2639. https://doi.org/10.1523/JINEUROSCI.
08-07-02635.1988

Ponnath A, Farris HE (2010) Calcium-dependent control of tem-
poral processing in an auditory interneuron: a computational
analysis. J] Comp Physiol A 196:1-16. https://doi.org/10.1007/
$00359-010-0547-z

Presern J, Triblehorn JD, Schul J (2015) Dynamic dendritic compart-
mentalization underlies stimulus specific adaptation in an insect
neuron. J Neurophysiol 113(10):3787-3787. https://doi.org/10.
1152/jn.00945.2014

Romer H (1983) Tonotopic organization of the auditory neuropile in
the bushcricket Tettigonia viridissima. Nature 306:60-62

Romer H, Krusch M (2000) A gain-control mechanism for processing
of chorus sounds in the afferent auditory pathway of the bush-
cricket Tettigonia viridissima (Orthoptera; Tettigoniidae). J Comp
Physiol A 186(2):181-191

Romer H, Marquart V, Hardt M (1988) Organization of a sensory neu-
ropile in the auditory pathway of two groups of Orthoptera. J
Comp Neurol 275:201-215

Romer H, Hedwig B, Ott SR (2002) Contralateral inhibition as a sen-
sory bias: the neural basis for a female preference in a synchro-
nously calling bushcricket, Mecopoda elongata. Eur J Neurosci
15(10):1655-1662. https://doi.org/10.1046/j.1460-9568.2002.
02003.x

Ryglewski S, Pfliiger HJ, Duch C (2007) Expanding the neuron’s
calcium signaling repertoire: intracellular calcium release via
voltage-induced PLC and IP3R activation. PLOS Biol 5:818-827

Sabatini BL, Oertner TG, Svoboda K (2002) The life cycle of Ca?t
ions in dendritic spines. Neuron 33(3):439-452. https://doi.org/
10.1016/S0896-6273(02)00573-1

Saenz M, Langers DRM (2014) Tonotopic mapping of human auditory
cortex. Hear Res 307:42-52

Sanchez-Vives MV, Nowak LG, McCormick DA (2000) Cellular
mechanisms of long-lasting adaptation in visual cortical neurons
in vitro. J Neurosci 20:4286-4299

Savi¢ N, Pedarzani P, Sciancalepore M (2001) Medium afterhyperpo-
larization and firing pattern modulation in interneurons of stra-
tum radiatum in the CA3 hippocampal region. J] Neurophysiol
85(5):1986-1997

Schmidt AKD, Romer H (2011) Solutions to the cocktail party problem
in insects: selective filters, spatial release from masking and gain
control in tropical crickets. PLOS One 6:628593

Schul J (1997) Neuronal basis of phonotactic behaviour in 7Tettigo-
nia viridissima: processing of behaviourally relevant signals by
auditory afferents and thoracic interneurons. J] Comp Physiol A
180(5):573-583

Schul J, Sheridan RA (2006) Auditory stream segregation in an insect.
Neuroscience 138:1-4

Schul J, Mayo AM, Triblehorn JD (2012) Auditory change detection by
a single neuron in an insect. ] Comp Physiol A 198(9):695-704.
https://doi.org/10.1007/s00359-012-0740-3

Selverston Al, Kleindienst HU, Huber F (1985) Synaptic connectiv-
ity between cricket auditory interneurons as studied by selective
photoinactivation. J Neurosci 5(5):1283-1292

Sheffield MEJ, Dombeck DA (2014) Calcium transient prevalence
across the dendritic arbour predicts place field properties. Nature
517:200-204

Siegert M, Romer H, Hartbauer M (2013) Maintaining acoustic com-
munication at a cocktail party: heterospecific masking noise
improves signal detection through frequency separation. J Exp
Biol 216(24):4655-4665. https://doi.org/10.1242/jeb.089888

Sobel E, Tank D (1994) In vivo Ca?* dynamics in a cricket audi-
tory neuron: an example of chemical computation. Science
263(5148):823-826

Spalthoff C, Egelhaaf M, Tinnefeld P, Kurtz R (2010) Localized direc-
tion selective responses in the dendrites of visual interneurons of
the fly. BMC Biol 8:36

Stocker M (2004) Ca?*-activated K* channels: molecular determinants
and function of the SK family. Nat Rev Neurosci 5:758-770

Stolting H, Stumpner A (1998) Tonotopic organization of auditory
receptors of the bushcricket pholidoptera griseoaptera (Tettigo-
niidae, Decticinae). Cell Tissue Res 294:377-386

Stout J, Hao J, Coburn P, Standish T, Heinrich C, Atkins G (1998)
Correlation of nicotinic receptor-like mRNA expression with
excitatory input into the behaviorally important L1 and L3 audi-
tory interneurons of the cricket, Acheta domesticus. J Exp Zool
281(2):109-123

Stumpner A, Molina J (2006) Diversity of intersegmental auditory neu-
rons in a bush cricket. J] Comp Physiol A 192(12):1359-1376.
https://doi.org/10.1007/s00359-006-0164-z

Suga N, Katsuki Y (1961) Central mechanism of hearing in insects. J
Exp Biol 38(3):545-558

Thivierge J-P, Marcus GF (2007) The topographic brain: from neural
connectivity to cognition. Trends Neurosci 30:251-259

Triblehorn JD, Schul J (2013) Dendritic mechanisms contribute to
stimulus-specific adaptation in an insect neuron. J Neurophysiol
110(9):2217-2226. https://doi.org/10.1152/jn.00057.2013

Wegener C, Hamasaka Y, Nassel DR (2004) Acetylcholine increases
intracellular Ca?* via nicotinic receptors in cultured PDF-contain-
ing clock neurons of Drosophila. J Neurophysiol 91(2):912-923.
https://doi.org/10.1152/jn.00678.2003

Wessel R, Kristan W, Kleinfeld D (1999) Dendritic Ca?*%"*P>_activated
K+&msPiconductances regulate electrical signal propagation in an
invertebrate neuron. J Neurosci 19(19):8319-8326

Zhang X, Hedwig B (2019) Bilateral auditory processing studied by
selective cold deactivation of cricket hearing organs. J Exp Biol
222:jeb210799. https://doi.org/10.1242/jeb.210799

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1523/JNEUROSCI.08-07-02635.1988
https://doi.org/10.1523/JNEUROSCI.08-07-02635.1988
https://doi.org/10.1007/s00359-010-0547-z
https://doi.org/10.1007/s00359-010-0547-z
https://doi.org/10.1152/jn.00945.2014
https://doi.org/10.1152/jn.00945.2014
https://doi.org/10.1046/j.1460-9568.2002.02003.x
https://doi.org/10.1046/j.1460-9568.2002.02003.x
https://doi.org/10.1016/S0896-6273(02)00573-1
https://doi.org/10.1016/S0896-6273(02)00573-1
https://doi.org/10.1007/s00359-012-0740-3
https://doi.org/10.1242/jeb.089888
https://doi.org/10.1007/s00359-006-0164-z
https://doi.org/10.1152/jn.00057.2013
https://doi.org/10.1152/jn.00678.2003
https://doi.org/10.1242/jeb.210799

	Tonotopic Ca2+ dynamics and sound processing in auditory interneurons of the bush-cricket Mecopoda elongata
	Abstract
	Introduction
	Materials and methods
	Experimental animals
	Dissection
	Reversible deactivation of auditory afferents
	Sound stimulation
	Electrophysiology
	Optical imaging
	Data analysis

	Results
	Time course of Ca2+ responses
	Tonotopy in the Ca2+ response of TN-1
	Tonotopy in the Ca2+ response of ON-1
	Comparison of spiking response and Ca2+ signals
	Contralateral inhibition in ON-1-afferent cold deactivation and neuronal response
	Contralateral inhibition in ON-1—Ca2+ signals
	Forward masking in ON-1
	Frequency-specific adaptation
	TN-1
	ON-1

	Discussion
	Modes of Ca2+ signals
	Possible effects of Ca2+
	Ca2+ signals mirror the tonotopic organisation of the auditory neuropil
	The impact of contralateral inhibition
	Forward masking to chirps
	Frequency-specific adaptation

	Conclusion
	Acknowledgements 
	References


