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Abstract 41 

 The evolution of species-specific song patterns is a driving force in the speciation of 42 

acoustic communicating insects. It must be closely linked to adaptations of the neuronal 43 

network controlling the underlying singing motor activity.  What are the cellular and network 44 

properties that allow generating different songs? In five cricket species, we analyzed the 45 

structure and activity of the identified abdominal ascending opener interneuron, a 46 

homologous key component of the singing central pattern generator. The structure of the 47 

interneuron, based on the position of the cell body, ascending axon, dendritic arborization 48 

pattern, and dye-coupling is highly similar across species. The neuron’s spike activity shows 49 

a tight coupling to the singing motor activity. In all species, current injection into the 50 

interneuron drives artificial song patterns, highlighting the key functional role of this neuron. 51 

However, the pattern of the membrane depolarization during singing, the fine dendritic and 52 

axonal ramifications and the number of dye-coupled neurons, indicate species-specific 53 

adaptations of the neuronal network, which might be closely linked to the evolution of 54 

species-specific singing. 55 

 56 

Key words: singing-CPG, species-specific behavior, activity patterns, neuronal mechanisms, 57 

evolutionary neurobiology 58 

 59 

Significance Statement: A fundamental question in evolutionary neuroscience is how 60 

species-specific behaviors arise in closely-related species. We demonstrate behavioral, 61 

neurophysiological and morphological evidence for homology of one key identified 62 

interneuron of the singing central pattern generator in five cricket species. Across species 63 

differences of this interneuron are also observed, which might be important to the generation 64 

of the species-specific song patterns. This work offers a comprehensive and detailed 65 
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comparative analysis addressing the neuronal basis of species-specific behavior. 66 
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Introduction 67 

Behavioral changes in signaling for mate attraction and courtship are very important 68 

in speciation processes (Muller 1939; Kaneshiro 1980; Endler and Basolo 1998; Boughman 69 

2002; Ritchie 2007). Changes in species-specific behavior can be achieved by altering the 70 

signal type e.g. converting between sound and vibration (ter Hofstede et al. 2015), 71 

modifications of peripheral structures, while keeping the motor patterns (Elsner and Wasser 72 

1995; Vedenina et al. 2012), or adaptations at the level of the nervous system that lead to 73 

different motor patterns (Katz and Harris-Warrick 1999). Comparing identified neurons and 74 

network properties in closely related species that just differ in the motor patterns used to 75 

generate sexual communication signals (Arbas et al. 1991; Crews 1997; Katz and Harris-76 

Warrick 1999; Ritchie 2007) provides the chance to gain insights into evolutionary 77 

specializations of neural circuits. 78 

Two of the most impressive examples of species-specific motor patterns separating species 79 

occur in acoustically communicating insects on Hawaii, within the “picture-winged” 80 

Drosophila species group (Hoy et al. 1988; Hoikkala et al. 1989), and the crickets of the 81 

genus Laupala (Shaw 1996; Mendelson and Shaw 2002). In both groups sister species may 82 

be morphologically identical but the temporal patterns of the male song, closely linked to the 83 

female signal preferences, drove speciation (Hoikkala et al. 1994; Mendelson and Shaw 84 

2005). The temporal structure of the signal patterns is under the control of the nervous 85 

system, by the activity of central pattern generators (CPGs; Capranica 1992; Chagnaud et al. 86 

2011; Schöneich and Hedwig 2012). Recently the neuronal basis for the singing-CPG in 87 

Drosophila (Clyne and Miesenböck 2008; von Philipsborn et al. 2011, 2014, Shirangi et al. 88 

2013, 2016, Ding et al. 2016) has been explored with genetic approaches. Crickets, however 89 

offer advantages given the detailed knowledge of the song circuitry and its 90 

electrophysiological properties (Bentley 1969; Hennig 1989, Kutsch and Huber 1989; 1990; 91 
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Schöneich et al. 2011; Schöneich and Hedwig 2012). Furthermore, the specific genetic tools 92 

in Drosophila that allow labelling of single neurons are for the most part limited to one 93 

species.  94 

Crickets display species-specific song patterns, identical in their role as a far field 95 

communication signal to attract females. This supports the homology of the acoustic behavior 96 

in crickets (Alexander 1962; Otte 1992), offering the opportunity to identify and compare 97 

homologous neurons across species, in order to gain insights into the neural basis of signaling 98 

behavior and its species-specific neural specializations during evolution.  99 

Male crickets sing by rhythmically opening and closing their front wings. This movement 100 

is generated by the activity of wing-opener and wing-closer muscles and motoneurons, their 101 

activity mirrors the species-specific pulse pattern in fictive singing (Kutsch and Huber 1989; 102 

Poulet and Hedwig 2003). Songs can be described by the carrier frequency and the pulse 103 

pattern. Within the temporal domain, each closing movement generates a short sound pulse, 104 

and in a song, these are organized in a species-specific manner in groups or sequences of 105 

pulses i.e. chirps and trills. Although the wing size and shape can affect sound production 106 

(Montealegre-Z. et al. 2011), these parameters are only weakly correlated with calling song 107 

structure (Blankers et al. 2017), pointing to the importance of the temporal parameters that 108 

are under control of the CPG. 109 

Therefore, in order to understand how species-specific behaviors, arise in closely-related 110 

species we analyzed the abdominal ascending opener interneuron (A3-AO), an identified 111 

singing-CPG interneuron in bispotted field crickets, Gryllus bimaculatus (Schöneich and 112 

Hedwig 2011, 2012), across different species. We compared the structure, activity patterns 113 

and effect on singing motor pattern generation of A3-AO in five cricket species. 114 

 115 

Material and methods 116 
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Animals 117 

We used male crickets of Gryllus bimaculatus DeGeer; Gryllus assimilis Fabricius; 118 

Gryllus rubens Scudder; Teleogryllus oceanicus Le Guillou; and Teleogryllus commodus 119 

(Walker). Males were kept individually in plastic containers at 26-28ºC with a 12h light:dark 120 

cycle and were used from 7-21 days post-ecdysis. A mixture of protein-rich food, and water 121 

was provided ad-libitum. Experiments were carried out at 23-24ºC and complied with the 122 

principles of Laboratory Animal Care (ASAB Ethics Committee 1997). 123 

 124 

Song recordings 125 

 Songs of individual males of each species were recorded for two to three nights with a 126 

PC microphone (Omni type; Maplin Electronics, Rotherham, UK) at a sampling rate of 48 127 

kHz using Cool Edit 2000 software (Syntrillium Software Corporation, Phoenix, AZ, USA). 128 

See Jacob and Hedwig (2016) for details. 129 

 130 

Dissection and pharmacological brain stimulation 131 

Prior to experiments crickets were cooled down and were placed dorsal side up on a 132 

Plasticine ™ block by restraining all legs with metal clamps. The head was waxed to a metal 133 

holder and opened to access the brain. We accessed the central nervous system by a dorsal 134 

midline incision along the abdomen and thorax, peripheral nerves to the thoracic and 135 

abdominal ganglia were cut, except for the mesothoracic wing nerve 3A (meso-Nv3A), and 136 

the cercal nerves. See Jacob and Hedwig (2015) for details.  137 

Exposed nervous tissue was rinsed with saline (in mmol l
-1

: NaCl 140; KCl 10; CaCl2 138 

7; NaHCO3 8; MgCl2 1; TES 5; D-trehalose dehydrate 4) adjusted to pH 7.4. To elicit fictive 139 

singing, glass capillaries filled with either eserine salicylate (10
-2

 mol l
-1

) for Gryllus, or a 140 

mixture of eserine salicylate (10
-2

 mol l
-1

) and nicotine (10
-3 

mol l
-1

; Sigma-Aldrich, St Louis, 141 
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MO, USA) for Teleogryllus, in saline were inserted into the ventral protocerebrum and the 142 

solution was pressure injected (Pneumatic PicoPump PV820, WPI, Sarasota, FL, USA). See 143 

Wenzel and Hedwig (1999) and Schöneich and Hedwig (2012) for details. The efficacy of 144 

pharmacological stimulation in Gryllus species was 80%; in Teleogryllus 50% of males 145 

generated a mixture of all song types, and 24% of males generated a pure calling song 146 

(N=34). 147 

The singing motor pattern was recorded from the meso-Nv3A, see Jacob and Hedwig, 148 

(2015) for details, which contains the axons of the front wing opener and closer motoneurons 149 

(Kutsch and Huber 1989; Poulet and Hedwig 2003). During singing the nerve recording 150 

reliable showed the rhythmically alternating spike activity of these two types of motoneurons. 151 

We identified the opener-motoneurons as the one that were always activated first and 152 

followed by the activity of the closer-motoneurons. We used a double-hook electrode made 153 

from 100 µm platinum wire and amplified the signal with a differential AC amplifier (Model 154 

1700; A-M Systems, Sequim, WA, USA).  155 

 156 

Intracellular recordings of the ascending opener interneuron in the A3 abdominal ganglion 157 

The A3 ganglion was stabilized between a stainless-steel platform and a tungsten ring. 158 

Microcapillaries were pulled (DMZ-Universal Puller, Zeitz-Instruments, Martinsried, 159 

Germany) from thick-walled borosilicate glass tubes (ID 0.58 mm, OD 1.0 mm; Hilgenberg 160 

GmbH, Malsfeld, Germany). Intracellular recordings were made in bridge mode (SEC10-161 

05LX amplifier; NPI, Tamm, Germany), sampled at 40 kHz per channel (Micro1401 mk II, 162 

CED, Cambridge, U.K.). A3-AO interneurons were recorded at the midline in the posterior 163 

region of the A3 ganglion at a depth of 25-40 m and along the main neurite at a depth of 70-164 

100 m; measured with an Absolute Digimatic Depth Gauge (Mitutoyo UK, Coventry, U.K.) 165 

attached to the micromanipulator. 166 
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The neurons identified in this work were considered to belong to the singing-CPG 167 

according to criteria established by Marder and Calabrese (1996): 1) The neurons are active 168 

in time with the singing motor pattern; 2) The neurons initiate, terminate, or change the 169 

expression of the ongoing singing motor activity; 3) The neurons have direct or oligosynaptic 170 

connections with the relevant motoneurons. 171 

 172 

Neuron morphology 173 

Fluorescent dyes were iontophoretically injected into recorded neurons by constant 174 

hyperpolarizing current injection (0.5–5 nA, up to 20 min; for 0.5% Alexa 568 hydrazide 175 

sodium salt [Molecular Probes Inc., Eugene, OR, USA] or 1% Lucifer Yellow [Sigma-176 

Aldrich, St Louis, MO, USA]) or by depolarizing pulses (2-3 nA, 200 ms duration, 3 Hz, up 177 

to 60 min; for 2-4% neurobiotin [Vector Laboratories, Burlingame, CA, USA]). Histological 178 

processing followed conventional protocols (Schöneich et al. 2011; Schöneich and Hedwig 179 

2012). The whole-mount preparations were scanned with a confocal laser-scanning 180 

microscope (Leica SP5, Wetzlar, Germany). The morphology of neurons was reconstructed 181 

from the confocal image stacks using the Simple Neurite Tracer plugin in ImageJ (National 182 

Institutes of Health, Bethesda, MD, USA). All neurons presented here were stained with 183 

neurobiotin, unless otherwise stated. Since, the neurons are dye-coupled a short 10 min 184 

protocol of neurobiotin injection was performed. This was sufficient to stain the neuron up to 185 

T2 but not the dye-coupled neuron.  The images obtained were compared with stainings 186 

obtained with Alexa 568 and Lucifer Yellow (data not shown), which are less reliable in 187 

showing dye-coupling between neurons when they are carried out for a few minutes. 188 

“Ipsilateral” and “contralateral” are used in relation to the neuron’s cell body. We will refer 189 

to the A3-AO homologues of the species as A3-AOspecies, e.g. the A3-AO in G. bimaculatus 190 

will be labelled A3-AObimac and in G. assimilis A3-AOassim. 191 
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 192 

 193 

Data analysis 194 

 Neurophysiological recordings were analyzed with CED Spike2 software (CED, 195 

Cambridge, UK) and with NEUROLAB (Knepper and Hedwig 1997). In case of song 196 

recordings for each male, three 10-minute time-windows with stable singing activity at the 197 

beginning, middle and end of one overnight singing period were chosen and the mean and 198 

standard deviation (�̅�±SD) of song parameters were calculated using the burst analysis 199 

feature of Spike 2 (Jacob and Hedwig 2016). 200 

For analysis of A3-AO activity, the onsets of wing-opener and wing-closer 201 

motoneuron activity were used as temporal references. In the fictive singing motor pattern, 202 

the pulse period corresponds to the time between the first spike of two consecutive wing-203 

closer bursts. The start of the ramp depolarization before singing episodes was established as 204 

the moment when the membrane potential differed by one SD from the mean resting 205 

amplitude for 10 ms subsequently. The duration of the ramp was measured from its start to 206 

the moment when the rising phase of the burst depolarization of the A3-AO started, the final 207 

amplitude of the ramp was also measured at this point. The rising phase was identified 208 

visually by the much faster membrane potential change of the neuron. 209 

During the rhythmic membrane potential changes two features of the neuronal activity 210 

were measured. First, the time from the peak of the hyperpolarization to the moment of 211 

transition, named here hyperpolarization-to-transition time (H-to-T). Second, the time from 212 

the transition to the first spike of the burst depolarization, named here transition-to-spike (T-213 

to-S). The transition moment was identified based on the speed of the rising membrane 214 

potential of the A3-AO, the arrowheads mark the transition point. Given the duration of the 215 
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T-to-S interval and the corresponding change in the depolarization, we calculated the rate of 216 

membrane potential change (mV/ms) at the start of a spike burst.  217 

For the rebound depolarization after a hyperpolarization induced by current injection, 218 

the latency was measured between the end of the hyperpolarization current pulse and the 219 

occurrence of the 1
st
 spike of the rebound. The amplitude of the rebound was measured 220 

between the resting membrane potential and the peak of the depolarization. 221 

Normally distributed data are given as �̅�±SD; when normality tests failed the median 222 

and interquartile range (IQR: 25
th

 percentile / 75
th

 percentile) is presented. In pooled data 223 

sets, each contributing animal is equally represented (N, number of animals; n, number of 224 

stimulations or events). For statistical analysis, we used GraphPad Prism 6 (GraphPad 225 

Software, Inc., La Jolla, CA, USA). 226 

 227 

Results  228 

 Five cricket species were chosen due to their very distinctive calling song patterns, 229 

with pulses grouped in chirps or complex songs with chirps and trills (Figure 1). They were 230 

selected from the genus, Teleogryllus or Gryllus, with Gryllus species from the European or 231 

North American clade (Huang et al. 2000; Figure 1A), recordings of the calling songs are 232 

shown in Figure 1B. 233 

In the calling songs of G. bimaculatus and G. assimilis sound pulses with a constant 234 

pulse rate are grouped in chirps, which are repeated regularly. For G. rubens trills are typical, 235 

i.e. long sequences of sound pulses with a constant pulse rate (Figure 1B). In T. commodus 236 

the calling song consists of two subsections, a chirp followed by one or four long trills. Also, 237 

in T. oceanicus, the song has two subsections; a trill is followed by a series of chirps. In both 238 

species the pulse rate differs between chirps and trills, and the two different subsections are 239 

arranged into a larger repeating unit of the song, called a phrase (Figure 1B), according to the 240 
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classification of song subsections by Bentley and Hoy (1972). A summary of the song 241 

characteristics is presented in Table 1. 242 

During fictive singing the pulse pattern is revealed in the rhythmic neuronal activity 243 

of meso-Nv3A with alternating bursts of wing-opener and wing-closer motoneurons (Figure 244 

1C). 245 

 246 

Comparative morphology of the ascending opener interneuron (A3-AO)  247 

The A3-AO neuron has a very similar structure in all the studied species (Figure 2). The 248 

cell body is located ventrally in the posterior lateral margin of the A3 ganglion (Figure 2A, 249 

arrow 1). The primary neurite ascends from the cell body to the neuropil 70-100 m below 250 

the dorsal surface; it runs towards the midline and crosses to the contralateral side (Figure 251 

2A, arrow 2). At the midline an extensive dendritic branching pattern spreads from the 252 

primary neurite anteriorly 25-40 m beneath the surface (Figure 2A, arrow 3), and some finer 253 

dendrites project posteriorly (Figure 2A, arrow 4). The axon arises from the primary neurite, 254 

it bends laterally towards anterior and projects at the margin of the contralateral connective 255 

towards the thoracic ganglia (Figure 2A, arrow 5). In the metathoracic ganglion complex 256 

(T3A1/A2), 4 to 7 prominent axon collaterals project dorsally towards the midline (Figure 2A, 257 

arrow 6), in the mesothoracic ganglion (T2) a further 2 to 5 smaller collaterals project in a 258 

similar manner (Figure 2A, arrow 7). The axon continues to the prothoracic ganglion (T1); 259 

however, details of the structure could not be revealed. In all Gryllus species, the A3-AO 260 

occurs as one bilateral pair of neurons, showing dye coupling.  261 

Besides these similarities among the A3-AO neurons in Gryllus, there are also some 262 

differences. A3-AObimac (N=5; Figure 2A) has a very symmetrical dendritic branching pattern 263 

in the anterior region of the A3 ganglion, however in the two North-American species 264 

dendrites are more branched on the contralateral side. In the T3A1/A2, the A3-AOassim has 265 
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fewer and finer dendrites, restricted to the midline of the ganglion (N=8; Figure 2A). In A3-266 

AOrubens, several axon collaterals in the T3A1/A2 project towards the lateral region of the 267 

ganglion (N=8; Figure 2A). The extensive dendritic arborization in the A3 ganglion and axon 268 

collaterals in Teleogryllus are very similar to the A3-AObimac. As a fundamental difference to 269 

Gryllus, in Teleogryllus the number of A3-AO neurons is higher. In T. commodus a second 270 

pair of bilateral interneurons was always stained via dye coupling in recordings with 271 

neurobiotin (N=2) or Alexa 568 and LY (N=2). In three out of four T. oceanicus stainings of 272 

A3-AOocean with neurobiotin (N=2) or with Alexa 568 (N=1) three cell bodies (Figure 2C, left 273 

panel) were labelled, whereas in one animal two cell bodies were labelled on the same side 274 

(Figure 2C, right panel; Alexa 568).  275 

 276 

Activity of A3-AO interneuron during fictive calling song  277 

The stereotypical pattern of the motor activity allowed an identification of the 278 

corresponding song patterns (Figure 1C) and to quantify the features of the singing activity 279 

(Table 1). During fictive singing the pulse period across the species increased by 4-30%, 280 

however the characteristics and temporal organization of the fictive calling song 281 

corresponded to the natural calling song of each species (Table 1).  282 

In the genus Gryllus, brain stimulation induces reliably calling song motor pattern. 283 

However, in the genus Teleogryllus that was not the case. In T. commodus (N=17), only 4 284 

generated sustained period of calling song with 13 male generating mixed motor patterns, i.e. 285 

the production of long chirps, resembling the aggressive song or a mixture of calling and 286 

courtship songs (Loher and Rence 1978; Paripovic et al. 1996). In T. oceanicus, 4 out of 17 287 

generated sustained periods of fictive calling song. 288 

In all species, the A3-AO interneuron was identified by its rhythmic activity in phase 289 

with the wing-opener motor pattern (Figure 3). Prior to each singing episode (chirps or trills) 290 
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a gradual increase in membrane potential (ramp depolarization) occurred that culminated 291 

with the start of the burst depolarization of the A3-AO (Figure 3, Figure 4 highlighted in 292 

blue, and Table 2). During the intervals between singing episodes spiking ceased and there 293 

was only weak synaptic activity. A single opener-closer cycle is characterized by a rapid 294 

depolarization of A3-AO, preceding the wing-opener activity (Figure 3Aii-Eii, open circles), 295 

followed by a hyperpolarization, preceding the wing-closer activity (Figure 3Aii-Eii, closed 296 

circles). Recordings from the main neurite revealed a burst of spikes of 0.3-1.2 mV amplitude 297 

riding on top of a 10-18 mV amplitude depolarization (arrowheads in Figure 3Aii-Eii). In all 298 

species, the latency between the first spike of an A3-AO burst and the subsequent wing-299 

opener activity is very short and stable (9-12 ms; Table 3). Besides these general features, the 300 

neurons exhibit species-specific characteristics, which are summarized in Figure 3, Figure 4, 301 

Table 2 and 3. 302 

 In G. bimaculatus, each chirp is initiated by a gradual ramp depolarisation, it starts 303 

42±6.4 ms before a chirp and reaches an amplitude of 6±0.5 mV at the beginning of the pulse 304 

pattern (Figure 3Aii, 4Ai blue highlight; Table 2; N=5 animals, n=50 chirps). For each pulse 305 

period the membrane potential oscillations of A3-AObimac (Figure 3A, 4A) consist of a 306 

17.5±2.1 mV amplitude depolarization generating a burst of 4-6 spikes followed by a 9.2±2.5 307 

mV hyperpolarization (Table 3). The hyperpolarisation-to-transition (H-to-T) took 17±6.7 ms 308 

and the transition-to-spike (T-to-S) took 4.1±1.7 ms (N=5, n=50; Table 2), the rise of the 309 

membrane potential to the first spike of a burst occurred with 4.3 mV/ms. 310 

In G. assimilis, the ramp depolarisation starts 40±7 ms before a chirp and reaches an 311 

amplitude of 4.3±1.3 mV (Figure 3Bii, 4Bi and Table 2; N=10, n=100). During a chirp the 312 

membrane potential is maintained at 2-4 mV above the resting potential while the activity of 313 

A3-AOassim (Figure 3B) varies during the chirp pattern. A sequence of 5-8 pronounced 314 

depolarization-repolarization cycles is superimposed on the elevated membrane potential. 315 
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The depolarization amplitude of the first and last pulse is the smallest, 11±2 mV and 10.4±3.1 316 

mV, respectively (Table 3; N=10 animals, n=100 chirps), while the middle pulses have a 317 

mean amplitude of 14.9±4.6 mV (Figure 3B and Table 3: N=10, n=100). The last burst is 318 

terminated by a pronounced transient hyperpolarization of 11.7±3.1 mV preceding the final 319 

closer activity (N=10, n=100; Table 3). As the second burst has the most pronounced 320 

depolarisation its transition phase was analysed in detail. For this burst the H-to-T took 321 

9.1±0.6 ms, the T-to-S was 1.9±0.5 ms (N=10, n=100; Table 2), and the rise of the membrane 322 

potential to the first spike of this burst occurred with 7.6 mV/ms. 323 

 In G. rubens, the ramp depolarisation begins 21±2.1 ms before a trill and reaches 324 

2.9±0.4 mV (Figure 4Ci and Table 2; N=10, n=70). During a trill, the A3-AOrubens membrane 325 

potential rhythmically oscillates in phase with the pulse pattern (Figure 3C). Preceding each 326 

subsequent opener activity, the neuron generates a 10.5±4.7 mV amplitude depolarization 327 

with 2-4 spikes (Table 3; N=10, n=70 trills). Each depolarization is followed by a 328 

hyperpolarization of 8.1±3.5 mV (Table 3; N=10, n=70) preceding the following closer 329 

activity. H-to-T takes12±3.3 ms and T-to-S takes 4.7±2.3 ms (N=10, n=70; Table 2); at the 330 

start of a burst the membrane potential changes at a rate of 2.3 mV/ms. 331 

 In T. commodus (Figure 3D) the rhythmic activity of A3-AOcomm mirrors the chirp 332 

and trill sections. The ramp depolarisation starts 101±11 ms before a chirp and reaches an 333 

amplitude of 4.1±2.2 mV (Figure 4Di and Table 2; N=4, n=40). During chirps each 334 

depolarization of 16.4±4.1 mV (Table 3; N=4, n=40 song phrases) generates 3-7 spikes 335 

followed by a hyperpolarization of 10.1±3.2 mV (Table 3: N=4, n=40). During trills, the 336 

amplitude of the depolarization is 13.4±3.8 mV (Table 3; N=4, n=40), with 3-9 spikes, 337 

followed by a 6.5±2.5 mV hyperpolarization (Table 3; N=4, n=40). The H-to-T interval is 338 

35±4 ms during a chirp and 14±2.1 ms during a trill, the T-to-S interval is 7.5±0.5 ms during 339 

a chirp and 4.5±1.2 ms during a trill (N=4, n=40; Table 2). The membrane potential at the 340 
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beginning of a burst increases with 2.2 mV/ms during a chirp and with 3 mV/ms during a 341 

trill; N=4, n=40).  342 

 In T. oceanicus, (Figure 3E) the rhythmic activity of A3-AOocean clearly reveals the 343 

trill and the chirp sections of the song (Figure 3E). The ramp depolarisation begins 51±15 ms 344 

before a trill reaching an amplitude of 2.8±0.1 mV (Figure 4Ei and Table 2; N=4, n=40). 345 

During the trill the rhythmic depolarization preceding the opener activity is 15.9±5.2 mV in 346 

amplitude (Table 3; N=4, n=40 song phrases) generating 4-6 spikes, each depolarization is 347 

followed by a hyperpolarization of 9.2±3.9 mV (Table 3; N=4, n=40). During the chirps the 348 

depolarization has an amplitude of 13.6±4.2 mV (Table 3; N=4, n=40) generating 2-5 spikes, 349 

followed by a hyperpolarization of 7.2±3.3 mV (Table 3; N=4, n=40). H-to-T interval is 35±4 350 

ms during the trill section and 18±0.1 ms in the chirp section. The T-to-S interval is 4.2±0.4 351 

ms in the trill section and 3.8±0.2 ms in the chirp section (N=4, n=40; Table 2). At the 352 

beginning of a burst the membrane potential increases with 3.7 mV/ms in the trills and with 353 

3.6 mV/ms during the chirps.  354 

 355 

Initiation and modulation of singing motor patterns by intracellular A3-AO stimulation  356 

In all species, injection of depolarizing current (4 nA, 155 ms) into the main neurite of 357 

the A3-AO interneuron elicited oscillations of the membrane potential (Figure 5A-E) 358 

accompanied by alternating opener–closer motoneuron activity in the meso-Nv3A. Motor 359 

activity ceased with the end of the current injection.  360 

We analyzed the pulse periods and compared the motor activity of the fictive song 361 

pattern (blue) with the activity induced by A3-AO current injection (orange), taking the wing-362 

closer activity as reference (see inset Figure 5Aiii). In Gryllus species, the pulse periods of 363 

fictive singing as elicited by pharmacological brain stimulation (see Methods) were not 364 

significantly different from the pulse periods elicited by A3-AO stimulation. In G. 365 
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bimaculatus, the median pulse period during fictive singing was 42 ms (IQR: 39.2 ms/44.8 366 

ms, N=4), and for A3-AO stimulation 39.9 ms (IQR: 36.4 ms/45.5 ms; Kolmogorov-Smirnov 367 

test for equality of distribution functions: p=0.485, N=4, n=5 stimuli/animal, Figure 5Aiii). In 368 

G. assimilis, the median pulse period during fictive singing was 20.3 ms (IQR: 16.1 ms/23.8 369 

ms; N=4) and during A3-AO stimulation 20.3 ms (IQR: 16.8 ms/23.8 ms; Kolmogorov-370 

Smirnov test: p=0.541, N=4, n=5 stimuli/animal, Figure 5Biii). For G. rubens, the median 371 

pulse period of fictive singing was 26 ms (IQR: 25 ms/27 ms; N=4) and for A3-AO current 372 

injection 24 ms (IQR: 21 ms/26 ms; Kolmogorov-Smirnov test: p=0.159, N=4, n=10 373 

stimuli/animal, Figure 5Ciii).  374 

In Teleogryllus species the fictive calling song elicited by brain stimulation had a 375 

bimodal distribution of pulse periods due to the generation of chirps and trills (Figure 5Di-376 

Ei). In both species, the first peak of the distribution corresponds to the song phrase, with the 377 

highest pulse rate (T. commodus: median 41.8 ms [IQR: 37.4 ms/46.2]; T. oceanicus: median 378 

47.3 ms [IQR: 40.7 ms/50.6 ms]; Figure 5Diii-Eiii, orange; N=4). The second peak of the 379 

distribution corresponds to the song phrase with the lowest pulse rate (T. commodus: median 380 

72.6 ms [IQR: 66 ms/79.2 ms]; T. oceanicus median 70.4 ms [IQR: 66 ms/ 77 ms]; Figure 381 

5Diii-Eiii, blue; N=4). Intracellular A3-AO stimulation induced shorter pulse periods than 382 

either of these: the median pulse period was 28.6 ms (IQR: 25.3ms/30.8 ms) in T. commodus 383 

and 34.1 ms (IQR: 28.6 ms/42.9 ms) in T. oceanicus. The pulse periods correspond most 384 

closely to the faster sections of the fictive song but they were significantly shorter 385 

(Kolmogorov-Smirnov test: T. commodus p=0.002, N=4, n=10 stimuli/animal, Figure 5Diii; 386 

T. oceanicus p=0.032, N=4, n=10 current stimulations per animal, Figure 5Eiii). 387 

In the fictive motor pattern, slower song sections, in terms of pulse period, always 388 

precede the faster sections. We subsequently tested the response of A3-AO to 3.4 s current 389 

pulses of +3 nA, to determine if both the slow and fast sections of the songs could be elicited. 390 
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In both Teleogryllus species, sustained injection of depolarizing current in A3-AO induced 391 

different pulse periods. 392 

In T. commodus (Figure 6Ai), three different types of membrane potential oscillations 393 

occurred during long A3-AO depolarisation. The motor pattern started with a fast section 394 

composed of 3-6 pulses (Figure 6Aii, see figure legend for details on median pulse period), 395 

followed by a slow section with 5-10 pulses (Figure 6Aii), and a subsequent continuous fast 396 

section (Figure 6Aii). The fast sections had a pulse period similar to a trill section and the 397 

slow sections had pulse periods similar to a chirp section. 398 

Three different types of membrane potential oscillations representing the pulse pattern 399 

also occurred in T. oceanicus (Figure 6Bi) following intracellular A3-AO stimulation. As 400 

compared to fictive singing, activity started with an unusually fast rhythm (Figure 6Bii, see 401 

figure legend for details on median pulse period), followed by a slower section (Figure 6Bii) 402 

and finally by section with an intermediate rhythm (Figure 6Bii). The intermediate section 403 

had a pulse period similar to a chirp section and the slow sections had pulse periods similar to 404 

a trill section. The fast section elicited by the current injection is surprising in the context of 405 

the calling song of T. oceanicus. 406 

 Besides this the organization of the resulting song pattern was different from the 407 

fictive calling song since the silent intervals between the trills and chirps were lacking 408 

(Figure 6).  409 

 410 

Current injection in A3-AO imposes artificial song patterns 411 

Spike activity of A3-AO is sufficient to determine the temporal structure of song 412 

episodes in all five species, as demonstrated by intracellular injection of +4 nA current of 413 

different duration and rates (Figure 7). In species with short chirps like G. bimaculatus and G. 414 

assimilis, depolarization for 1.6 s caused the membrane potential of A3-AObimac and A3-415 
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AOassim to oscillate continuously in the species-specific pulse pattern accompanied by singing 416 

motor activity. Fictive singing activity, however, was not organized in chirps; its duration 417 

rather was determined by the current injection pattern (Figure 7Ai-Bi). In the species with 418 

long calling songs, G. rubens and both Teleogryllus species, short current pulses (170 ms in 419 

G. rubens and T. oceanicus and 300 ms in T. commodus) elicited A3-AO membrane potential 420 

oscillations during the current injection, accompanied by short bouts of singing motor activity 421 

that normally would not occur (Figure 7Ci-Ei).  422 

In all species tested the duration of singing episodes was controlled by activation of 423 

the A3-AO, the intracellular current pulses set the temporal structure of the singing pattern. 424 

Furthermore, in Teleogryllus, the fast and slow sections of the song were induced by long 425 

current injection. These data suggest that the normal organization of chirps and trills is not 426 

determined just by the A3-AO activity but by additional neurons within the network which 427 

control and drive the A3-AO interneuron.  428 

 429 

Reset of chirp pattern 430 

 In Gryllus species, depolarizing A3-AO with current pulses (4nA, 100 ms and 500 ms 431 

duration) during fictive singing modified the ongoing song pattern (Figure 8). In G. 432 

bimaculatus and G. assimilis the stimulation reset the ongoing chirp rhythm (Figure 8A-B). 433 

Injection of 100 ms (G. bimaculatus: N=5, n=88; G. assimilis: N=6, n=97) and 500 ms (G. 434 

bimaculatus: N=3, n=30; G. assimilis: N=6, n=53) pulses at different moments of the chirp 435 

cycle revealed a linear relationship between the stimulation phase within the chirp cycle and 436 

the shift of the chirp rhythm (Figure 8Aii-Bii). In G. rubens there was a linear relationship 437 

between the stimulation phase and the shift of the trill rhythm for 500 ms current pulses 438 

(y=2.375x+0.042, r
2
=0.18, N=5, n=62 trills) but not for the 100 ms pulses (y=0.749x+0.203, 439 

r
2
=0.11, N=6, n=86 trills; Figure 8Ci,ii). In both cases r

2
 was low, which could be due to the 440 
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intrinsic variability in the fictive trill pattern in this species. In Teleogryllus species, current 441 

injection altered the ongoing singing activity (not shown), however the variability of the 442 

fictive calling song pattern did not allow us to calculate a reliable phase-response curve.  443 

Response of A3-AO to hyperpolarizing current pulses  444 

 In G. bimaculatus, hyperpolarizing current injection in the main dendrite of A3-AO 445 

demonstrated a post-inhibitory rebound that subsequently initiated the generation of singing 446 

motor activity (Schöneich and Hedwig 2012). We analyzed to what degree the A3-AO 447 

interneuron of the species shared this property. 448 

In all five species injections of -5 nA pulses for 1s in the main dendrite were followed 449 

by cycles of depolarization and hyperpolarization accompanied by wing-opener and wing-450 

closer motor neuron activity. The rebound depolarization as measured from the resting 451 

membrane potential to the peak of the rebound had an amplitude of 3-10 mV (Figure 9, 452 

vertical arrows) and elicited 1-3 spikes. The subsequent hyperpolarization had an amplitude 453 

of 0.5-3 mV (Figure 9Ai-Ei). However, the shape and amplitude of the elicited 454 

depolarization-hyperpolarization cycles were smaller in comparison to the membrane 455 

potential oscillations during fictive singing. 456 

We measured the latency of the first spike generated after release from 457 

hyperpolarization by -0.5 nA to -10 nA (Figure 9Aii-Eii, horizontal arrows) and calculated 458 

the linear regression functions for the data. In all Gryllus species, the regression functions 459 

indicate a tendency for larger amplitude negative currents inducing longer rebound latencies 460 

(Figure 9Aii-Cii) in Teleogryllus data were more variable and a clear tendency cannot be 461 

reported (Figure 9 Dii, Eii).  462 

 463 

Discussion 464 
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We analyzed the structure and function of the A3-AO neurons in five cricket species that 465 

generate different calling songs to reveal if and how species-specific behavior is reflected at 466 

the level of an identified CPG-interneuron. 467 

The study of neuronal homology across closely-related species requires combining 468 

different levels of evidence (Weiss and Kupfermann 1976; Arbas et al. 1991; Katz 2007, 469 

2015, 2016; Niven and Chittka 2016; Katz and Hale 2017). Here, we use comprehensive 470 

behavioral, neurophysiological and structural data to reveal the homology of the A3-AO 471 

neuron in crickets. Our results suggest that in all five species, the interneuron can be 472 

considered to belong to the singing-CPG according to the criteria for identifying CPG 473 

components set out by Marder and Calabrese (1996). 474 

 475 

Neurophysiological evidence for homology of function 476 

The A3-AO interneuron showed similar neurophysiological characteristics across the 477 

five species and at least four shared features can be surmised:  478 

1) A ramp depolarization of the membrane potential occurs before the start of chirps or 479 

trills. A gradual ramp depolarization of the A3-AO preceded the generation of a chirp or trill. 480 

This depolarization could be imparted by the descending command neurons, driving the 481 

singing-CPG with tonic spike activity (Hedwig 2000), similarly to the swimming-CPG in 482 

Tritonia (Frost and Katz 1996). Alternatively, the ramp depolarization may be controlled by 483 

neurons of the singing network, housed in the posterior ganglia (Jacob and Hedwig 2016), 484 

which control the chirp pattern of the songs.  485 

2) Activity is tightly coupled to the calling song pattern. Depolarization and spike 486 

activity precede the wing-opener motoneuron activity followed by a 487 

repolarization/hyperpolarization preceding the wing-closer motoneurons. The depolarization 488 

and spike burst of A3-AO is always in phase with the wing-opener activity and the 489 
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hyperpolarization to the wing-closer activity. Additionally, the neurons show species-specific 490 

characteristics, in terms of the shape of the membrane potential oscillations, the steepness and 491 

amplitude of the start of the bursts and the number of action potentials per depolarization. 492 

These differences might be crucial for the timing of the species-specific pulse patterns since 493 

the activity of the A3-AO seems to inhibit the closer-interneurons during the opener-phase. 494 

This subsequently triggers the closer-interneuron activity (Schöneich and Hedwig 2012), 495 

which drives the closer-motoneurons to produce a sound pulse.  496 

At the current level of analysis, it is impossible to reveal to what degree the species-497 

specific characteristics of membrane potential changes are due to intrinsic properties of the 498 

A3-AO or due to synaptic inputs driving the neuron. We expect that a combination of specific 499 

adaptations of A3-AO conductances and network properties will contribute to the species-500 

specific patterns (Selverston 1980). 501 

3) A3-AO is an element of the singing CPG. Its activity elicits the species-specific pulse-502 

pattern of the calling song; in Gryllus it resets the timing of the chirps/trills. Activation of the 503 

interneuron by current injection was sufficient to initiate and maintain rhythmic activity of 504 

the wing motoneurons typical of the species-specific singing motor pattern and to reset the 505 

chirp pattern in the Gryllus species. In Teleogryllus, three significantly different pulse periods 506 

occurred upon long current injections. In T. commodus, the structure of the induced motor 507 

pattern had a trill-chirp-trill organization and resembled the courtship song (Loher and Rence 508 

1978; Paripovic et al. 1996).   509 

Moreover, stimulation of the neuron with sequences of current injections imposed an 510 

artificial song structure in all species. The A3-AO interneuron could be a network element 511 

that determines the temporal structure of species-specific song patterns. However, while the 512 

timing of song episodes is determined by A3-AO activation, the neuron depends on other 513 

synaptic inputs from the singing network to organize the chirp/trill pattern and stabilize the 514 
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normal song pattern. This is in accordance with the finding, that the A3 ganglion in G. 515 

bimaculatus houses part of the pulse-timer network for singing, whereas the temporal pattern 516 

of the chirps is controlled by the posterior ganglia (Jacob and Hedwig 2016).  517 

4) The neuron generates a rebound depolarization after inhibition. The function of the 518 

singing-CPG is thought to be based on a reciprocal inhibitory network (Bentley 1969; 519 

Schöneich and Hedwig 2012). The ion channels involved in driving the rebound are not yet 520 

identified. Our data shows, there is a tendency for the latency of the first spike of the rebound 521 

depolarization to become longer with the amplitude of the hyperpolarizing current in the 522 

Gryllus species; the effect is quite variable and appears to plateau at -8 nA. Precluding any 523 

final conclusion, this might point to the presence of the transient potassium current IA 524 

(Hartline and Gassie 1979; Harris-Warrick et al. 1995a, 1995b; Pirtle and Satterlie 2004). 525 

These currents are known to be involved in the modulation of the timing of activity of 526 

neurons in several motor networks (Tierney and Harris-Warrick 1992; Harris-Warrick et al. 527 

1995a; Ping et al. 2011). The ion channels involved in driving the rebound will need to be 528 

analyzed using voltage-clamp and pharmacological experiments. 529 

 530 

Structural evidence for homology and functional implications 531 

Homology based on conserved neuron morphology across species is common and 532 

accepted in invertebrate motor (Wilson et al. 1982; Arbas 1983a, 1983b; Schütze and Elsner 533 

2001) and sensory systems, for example the Omega-neuron 1 in the auditory pathway of 534 

crickets (Casaday and Hoy 1977; Römer et al. 1988; Stumpner and von Helversen 2001; 535 

Farris et al. 2004). The shared structural features of the A3-AO neuron support homology as 536 

the most parsimonious explanation: 1) the conserved position of the cell body, located on the 537 

posterior ventral side of the A3 ganglion. 2) The location and shape of the extensive anterior 538 

dendritic branches and the small posterior dendrites dorsally in A3. 3) The axon projection 539 
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through the most lateral part of the contralateral connective towards the prothoracic ganglion. 540 

4) Axon collaterals present in ganglion T3 and T2. 5) Dye coupling that reliably occurs 541 

between the left-right neurons. 542 

A comparison of the A3-AO structure indicates that its “gestalt” is the same across 543 

species, which must be embedded in the species-specific organization of the singing network. 544 

The neurons are likely subject to a conserved developmental program, determining the 545 

position of the cell body and the shape of the dendritic and axonal ramifications. Specific 546 

differences in this program may facilitate the evolution of song patterns. A final proof for 547 

homology would require tracing the A3-AO to the same ganglion mother cell (Bate et al. 548 

1981; Pearson et al. 1985). 549 

In Gryllus species dye coupling revealed that A3-AO neurons are present as one pair of 550 

bilateral neurons (Schöneich and Hedwig 2011, 2012). Also, our data support the presence of 551 

a single pair of bilateral A3-AO neurons, however due to the nature of the experiments, the 552 

presence of a second pair of the A3-AO neuron cannot be excluded. In Teleogryllus dye 553 

coupling demonstrated the existence of at least 2 pairs of A3-AO neurons, we hypothesise 554 

that this might be related to the different song rhythms in Teleogryllus species, pointing to a 555 

difference between the clades of Gryllus and Teleogryllus (Huang et al. 2000; Desutter-556 

Grandcolas and Robillard 2001). The larger number of neurons involved in pattern generation 557 

might be a way of increasing the synaptic strength to drive postsynaptic neurons, or 558 

increasing the reliability of song pattern generation, or allowing more flexibility for the 559 

generation of trills and chirps and point to different evolutionary ways to adjust network 560 

properties. 561 

Species-specific differences in the dendritic branching pattern may reflect the strength of 562 

synaptic connectivity (Macagno et al. 1973; Goodman 1978; Arbas et al. 1991). Within the 563 

singing network there is clear evidence for species-specific differences in the distribution, 564 
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size and density of dendrites and axon collaterals within the neuropil of the A3 and thoracic 565 

ganglia, respectively.  566 

 567 

Axon collaterals and activity of the A3-AO interneuron 568 

Across all species the A3-AO neuron showed characteristic projections of its axon 569 

collaterals towards the midline of the T3A1/A2 ganglion, which may overlap with descending 570 

interneurons of the singing network (Hennig 1989, 1990; Schöneich and Hedwig 2012). The 571 

arrangement and density of the main axonal collaterals in the T3A1/A2 have characteristic 572 

species-specific differences, in contrast to the more similar axonal branching pattern in A3 573 

and in T2. The A3-AO axon gives off small collaterals in the dorsal neuropil of the T2 574 

ganglion, which are remarkably similar in the different species. These collaterals could 575 

overlap with the dorsal dendrites of the wing-opener motoneurons (Ewing and Hoyle 1965; 576 

Bentley and Kutsch 1966; Hennig 1989; Kutsch and Huber 1989), and A3-AO could be a 577 

“premotor” interneuron (Robertson and Pearson 1983, 1985; Robertson 1987). Although 578 

evidence for synaptic connections has not yet been obtained, in all species the latency of the 579 

A3-AO spike and the wing-opener motoneuron activity, as recorded in meso-Nv3A, was 580 

short and stable. This might be an indicator for a direct link between the A3-AO interneuron 581 

and the motoneurons. As at this stage of processing the pulse pattern is already determined, 582 

an A3-AO to motoneuron connection could be a highly conserved part of the singing network 583 

with little species-specific adaptations. 584 

 585 

Conclusions for species-specific adaptations underlying singing 586 

In an evolutionary neurobiological approach, significant species-specific differences 587 

between CPG-networks need to be revealed to understand the evolutionary mechanisms 588 

leading to novel motor patterns. As the fundamental characteristics of the A3-AO are 589 
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conserved, our data indicates that the fine-tuning of cellular and network properties are key to 590 

understand how species-specific song patterns emerged. This imposes a fundamental problem 591 

of such a network analysis, which will require the combination of neurophysiological and 592 

neurogenetic tools to be achieved.  593 

594 
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Figure legends 772 

 773 

Figure 1. Phylogenetic relationship of cricket species studied and their natural and fictive calling song 774 

patterns. 775 

Simplified cricket phylogenetic tree derived from Huang et al. (2000), representing the species used in this 776 

study. (B) Sound recordings of the male calling songs with low (top) and high temporal resolution (below). (C) 777 

Extracellular recordings of the meso-Nv3A during fictive singing in the species studied. The wing-opener 778 

motoneuron activity is represented by open circles and the wing-closer motoneuron activity is represented by 779 

closed circles. The paired wing-opener and closer activity represents one pulse-period, i.e. the silent pulse-780 

interval and the pulse. In each species the motor pattern of the fictive calling song reflects accurately the pattern 781 

of the natural calling song. 782 

 783 

Figure 2. Structure of the abdominal ascending opener-interneuron A3-AO in cricket species. 784 

(A) Morphology of A3-AO with cell body and dendrites in A3 and axonal projections in thoracic ganglia T2 and 785 

T3A1/A2 (dorsal view). (B) Maximum intensity projections of confocal image stacks showing the fluorescence-786 

labelled (Lucifer Yellow, green [Bi] and Alexa 568, red [Bii]) arborizations of the two pairs of bilateral 787 

symmetrical A3-AO in T. commodus. Both stainings reveal dye-coupling between the left and right neurons. 788 

The intracellular injection of the two dyes was performed in the same animal in different regions of the A3 789 

ganglion. The merge (Biii) of the two projections shows a perfect correspondence between the two stainings. 790 

Arrows mark the cell bodies. Scale bars 150 m. (C) In T. oceanicus, maximum intensity projections of 791 

confocal image stacks of staining a single interneuron with neurobiotin-avidinCy3 revealed the arborizations of 792 

two pairs of bilateral A3-AO interneurons. (Ci) In one animal two cell bodies occurred unilaterally on the left-793 

hand side and one cell body on the right-hand side. (Cii) Another staining revealed two cell bodies unilaterally 794 

on the left-hand side. Arrows mark the cell bodies. Scale bars 150 m. 795 

  796 

Figure 3. Intracellularly recorded activity of A3-AO in the different cricket species. 797 

(A-E) Activity of the A3-AO (top trace) and singing motor pattern (meso-Nv3A, lower trace). (Ai-Ei) The black 798 

dashed box shows the section highlighted at higher temporal resolution in Aii-Eii, the grey horizontal dashed 799 

line represents the resting membrane potential. (Aii-Eii) During fictive singing A3-AO depolarized and spiked 800 

in phase with wing-opener activity (open circles) and was hyperpolarized in phase with the wing-closer activity 801 

(closed circles). Arrows, indicate small spikes riding on a large excitatory post-synaptic potential (EPSP). The 802 

ramp depolarization is marked in blue in Aii and Bii.  803 

 804 

Figure 4. Ramp depolarization and membrane potential changes in A3-AO.  805 

(A-E) Intracellular recordings of the A3-AO show a gradual increase in the membrane potential above the 806 

resting potential (horizontal dashed line). This ramp depolarization (blue section) occurred at the start of singing 807 

activity before the generation of the first burst depolarization. A horizontal arrow marks the duration of the ramp 808 

and vertical stippled lines mark the points used to calculate the amplitude of the ramp, i.e. the resting membrane 809 

potential and the start of the burst depolarization. (Ai-Ei) The first two burst depolarizations of a singing 810 
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episode, with details of the membrane potential changes. The peak hyperpolarization is followed by a transition 811 

phase (H-to-T, horizontal dashed line), followed by a fast rise in membrane potential that triggers the first spike 812 

of the burst (T-to-S, vertical dashed line), as indicated by arrows. 813 

 814 

Figure 5. Injection of depolarizing current pulses in A3-AO elicits singing activity. 815 

Ai-Ei: In all species intracellular injection of +4 nA for 155 ms (red bar, top trace) elicited rhythmic A3-AO 816 

activity (middle trace) with depolarization–hyperpolarization cycles and the corresponding singing motor 817 

pattern (lower trace). (Aii-Eii) The response driven by the current pulse at a high temporal resolution. (Aiii-Eiii) 818 

Probability distribution of pulse periods, as calculated from the start of wing-closer bursts, see inset in Aii. 819 

Pulse periods induced by pharmacological brain stimulation are represented in blue and the ones induced by A3-820 

AO current injection in orange, bins are 10 ms. Each distribution was sampled from 4 animals. For the brain 821 

stimulation and current injection, the number of pulse periods analyzed were: in G. bimaculatus 1138 and 1840; 822 

in G. assimilis 1459 and 1834; in G. rubens 1247 and 1508; in T. commodus 1816 and 1198 and T. oceanicus 823 

1788 and 1891. Note, the outline of the background histogram (orange) is superimposed over the foreground 824 

histogram (blue) in order to make both histograms clear. 825 

 826 

Figure 6. Stimulating A3-AO with long current pulses generates different phases of the song pattern in 827 

Teleogryllus species. 828 

(Ai-Bi) Sustained intracellular injection of +3 nA for 3.4 s (red bar, top trace) elicited rhythmic A3-AO activity 829 

(middle trace) and rhythmic singing motor pattern (lower trace) until the current injection ceased. In T. 830 

commodus, three different types of membrane potential oscillations occurred during long A3-AO depolarization. 831 

The motor pattern started with a fast section composed of 3-6 pulses (1st Fast Section; median pulse period: 34.9 832 

ms, IQR: 31.7 ms/37.6 ms), followed by a slow section with 5-10 pulses (Slow Section; median pulse period: 833 

60.5 ms, IQR: 56.6 ms/64.3 ms), and a subsequent continuous fast section (2nd Fast Section; median pulse 834 

period: 41.3 ms, IQR: 38.3 ms/44.4 ms). In T. oceanicus, activity started with an unusually fast rhythm (Fast 835 

Section; median pulse period: 27.7 ms, IQR: 25.1 ms/30.5 ms), followed by a slower section (Slow Section; 836 

median pulse period: 63.4 ms, IQR: 57.4 ms/69.1 ms) and finally by section with an intermediate rhythm 837 

(Intermediate Section; median pulse period: 42.5 ms, IQR: 39.4 ms/46.3 ms). (Aii-Bii) Frequency distribution of 838 

pulse periods as calculated from the start of wing-closer bursts. The different phases of the singing episode are 839 

identified based on the pulse periods. Duration of pulse period (x-axis) plotted against the number of 840 

occurrences of each pulse period, bin width 10 ms. In both species, three sections could be identified based on 841 

the pulse period, which significantly differed between the sections (Kruskal-Wallis: p<0.0001; Dunn’s multiple 842 

comparison test, p<0.0001; N=4, n=10 stimuli/animal). 843 

 844 

Figure 7. Rhythmic depolarization of A3-AO determines temporal structure of singing episodes. 845 

 (Ai-Ei) Depolarization of A3-AO with current pulses of 4 nA (red bar, top trace) elicits rhythmic activity in the 846 

interneuron (middle trace) and corresponding fictive singing motor activity (lower trace). Different current 847 

durations were used for the different species, the A3-AO interneuron is only active for the duration of the 848 

current injection. In all five species the temporal structure of the singing activity is determined by the temporal 849 

pattern of the current-imposed A3-AO activity. In G. rubens and T. oceanicus motor activity in the Meso-Nv3A 850 
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(indicated by grey *) is not related to singing, it lacks rhythmicity, it is different in amplitude and the A3-AO is 851 

not active at the same time.    852 

 853 

 854 

Figure 8. Depolarization of A3-AO resets the chirp pattern in Gryllus species.  855 

(Ai-Ci) Reset of Gryllus chirp patterns by depolarizing current injection in A3-AO; 4 nA, 100 ms or 500 ms. 856 

Grey boxes indicate the chirp pattern before stimulation and the predicted subsequent timing. A3-AO 857 

stimulation causes shifts in the chirp activity relative to the expected timing. Note, concurrent to the current 858 

stimulation, a stimulus artifact occurs. (Aii-Cii) Phase-response diagrams for current pulses of 100 ms (grey 859 

circles) and 500 ms (black circles) show that the shift of the chirp pattern depends linearly on the stimulus phase 860 

and current duration, except for 100 ms current injection in G. rubens. Inset: Tn-1 is the chirp period before 861 

stimulation; t is the time from the beginning of the chirp to the time of the current pulse; Tn is the chirp period 862 

after stimulation.  863 

 864 

Figure 9. Post-inhibitory rebound in A3-AO. 865 

(Ai-Ei) A hyperpolarization (-5 nA, 1s; blue bar; top trace) of the A3-AO (middle trace) was followed by a 866 

rebound depolarization and rhythmic membrane potential oscillations with burst spike activity, which elicited 867 

rhythmic wing-opener and wing-closer activity (lower trace). The latency of the rebound depolarization was 868 

measured from the end of the current pulse and the first spike of the following depolarization (horizontal arrow). 869 

The rebound depolarization amplitude was measured, for each depolarization, from the resting membrane 870 

potential and the peak of the depolarization (vertical arrows). (Aii-Eii) The latency of the rebound 871 

depolarization is plotted against different hyperpolarizing current amplitude steps from -0.5 nA to -10 nA. 872 

Latency was determined from the end of the current pulse to the first A3-AO spike elicited. 873 

 874 

Table legends 875 

Table 1. Song properties and fictive motor pattern in the cricket species studied.  876 

Table 2. Properties of the A3-AO: Ramp depolarisation and membrane potential changes. 877 

Table 3. Properties of the A3-AO: Spike and burst activity 878 
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Tables 

Table 1. Song properties and fictive motor pattern in the cricket species studied. 

 

 

 

Species 

(N song/fictive 

pattern) 

Pulse Duration Pulse Period Number of Pulses Song/phrase
3
 Duration 

Song/phrase
3
 

Period 

Song (ms) Fictive1(ms) Song (ms) Fictive2(ms) Song Fictive Song Fictive Song Fictive 

G. bimaculatus 

(N=5/5) 
18.6±3.2 20.9±2.9 38.2±3.2 43±3.6 

3.8±0.5 

pulses/chirp 
4.5±1 pulses/chirp 130±24 ms 188±5 ms 

408±51 

ms 

459±92 

ms 

G. assimilis 

(N=8/8) 
8.1±1.3 8.5±2.5 16.7±1.5 23.8±5.4 

6.3±1.1 

pulses/chirp 
6.8±1 pulses/chirp 102±14 ms 142±22 ms 1.5±0.4 s 1.1±0.4 s 

G. rubens 

(N=8/8) 
11.1±2.2 14.8±3 26.3±4 27.3±6.6 62±34 pulses/trill 44±19 pulses/trill 1.5±0.7 s 1.1±0.7 s 2±1 s 1.3±0.7 s 

T. commodus 

(N=8/4) 

Chirp 

30.4±2.4 

Trill: 22.4±2 

Chirp: 

21.8±5.5 

Trill: 15.4±3.6 

Chirp: 

60.9±4.5 

Trill: 

33.9±1.9 

Chirp: 

71.1±11 

Trill: 42.2±7.8 

Chirp:.5±0.4 

pulses/chirp 

Trill: 9±1.1 

pulses/trill 

Chirp: 9.1±2 

pulses/chirp 

Trill: 10.3±6 

pulses/trill 

Chirp: 

303±38 ms 

Trill: 1.4±0.5 

s 

Chirp: 

600±22 ms 

Trill: 

611±472 ms 

2.2±1 s 4.2±1.7 s 

T. oceanicus 

(N=8/4) 

Trill: 29±4.3 

Chirp: 

23.6±4.2 

Trill: 23.2±0.9 

Chirp: 

16.8±1.2 

Trill: 

62.5±7.7 

Chirp: 

39.6±5.1 

Trill: 70.3±15 

Chirp: 

53.3±9.3 

Trill: 5.5±0.5 

pulses/trill 

Chirp: 2±0.1 

pulses/chirp 

Trill: 8.8±4.3 

pulses/trill 

Chirp: 2±1.1 

pulses/chirp 

Trill: 313±49 

ms 

Chirp: 

1.5±0.5 s 

Trill: 632±75 

ms 

Chirp: 

1.5±0.7 s 

2±0.5 s 2.3±1.9 s 

1 time between the start of the wing-opener to the start of wing-closer motoneuron activity 

2 time between the start of two consecutive wing-closer motoneuron activity 

3in species of the genus Teleogryllus, with complex songs, phrase corresponds to both sections of the song 
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Table 2. Properties of the A3-AO: Ramp depolarisation and membrane potential changes. 

Table 3. Properties of the A3-AO: Spike and burst activity 

 

Species (N) 

Start Ramp 

Depolarization 

(ms)
 

Amplitude Ramp 

Depolarization 

(mV)
 

H-to-T 

interval 

(ms) 

T-to-S 

interval  

(ms) 

Rate of membrane 

potential change 

(mV/ms) 

G. bimaculatus 

(N=5; n=50 

chirps) 

42±6.4 6±0.5 17±6.7 4.1±1.7 4.3 

G. assimilis 

(N=10; n=100 

chirps) 

40±7 4.3±1.3 9.1±0.6 1.9±0.5 7.6 

G. rubens 

(N=10; n=70 

trills) 

21±2.1 2.9±0.4 12±3.3 4.7±2.3 2.3 

T. commodus 

(N=4; n=40 

chirps/trills) 

Chirp:101±11 

Trill:47±5.5 

Chirp:4.1±2.2 

Trill:4.7±1.4 

Chirp:35±4 

Trill:14±2.1 

Chirp:7.5±0.5 

Trill:4.5±1.2 

Chirp:2.2 

Trill:3 

T. oceanicus 

(N=4; n=40 

chirps/trills) 

Trill:51±15 

Chirp: Not 

analysed, chirp 

intervals < 100ms 

Trill:2.8±0.1 

Chirp: Not 

analysed, chirp 

intervals < 100 ms 

Trill:35±4 

Chirp:18±0.1 

Trill:4.2±0.4 

Chirp:3.8±0.2 

Chirp:3.7 

Trill:3.6 

Species Spikes per pulse 
Spike delay to wing opener-

motoneurons (ms) �̅� ± 𝑆𝐷 

Depolarizations 

Amplitude (mV) 

Hyperpolarization 

Amplitude (mV) 

G. bimaculatus 

(N=5) 
4-6 10.4±1.2 17.5±2.1 9.2±2.5 

G. assimilis 

(N=10) 
3-6 8.9±1.2 

1st: 11±2.0 1st: 9.8±2.7 

Middle: 14.9±4.6 Middle: 7.5±1.4 

Last: 10.4±3.1 Last: 11.7±3.1 

G. rubens 

(N=10) 
2-4 9.8±1.4 10.5±4.7 8.1±3.5 

T. commodus 

(N=4) 

Chirp: 3-7 Chirp: 11.6±1.4 Chirp: 16.4±4.1 Chirp: 10.1±3.2 

Trill: 3-9 Trill: 11.2±1.3 Trill: 13.4±3.8 Trill: 6.5±2.5 

T. oceanicus 

(N=4) 

Trill: 4-6 Trill: 10.9±2.3 Trill: 15.9±5.2 Trill: 9.5±3.9 

Chirp: 2-5  Chirp: 11.0±2.3  Chirp: 13.6±4.2 Chirp: 7.2±3.3 
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