Chapter 11
Processing of Species-Specific Signals
in the Auditory Pathway of Grasshoppers

Bernhard Ronacher

Abstract Species-specific acoustic signals of grasshoppers serve to attract mates;
they are pivotal in avoiding hybridisation with sympatric species and to evaluate a
potential mate’s quality. This necessitates a high precision of neuronal processing,
which is constrained by the noisy nature of neuronal activity. Applying a spike train
metric to estimate the variability of auditory responses, we quantified the respective
impacts that external degradation of acoustic signals and intrinsic neuronal noise exert
on signal processing. Unexpectedly, the variability of spike patterns increases from
the afferents to the neurons whose axons ascend to the brain and reduces their ability
to discriminate between similar communication signals. Between thoracic local and
ascending neurons a change of coding principles seems to occur, leading to a popula-
tion code with labelled-line characteristics. Thoracic auditory processing is conserved
between distantly related species, suggesting that during evolution the communication
signals have been adapted to match properties of the receiver’s sensory system.

11.1 Introduction

Many species of acridid grasshoppers produce acoustic signals in the context of
mate attraction, and this communication is pivotal to avoid hybridisation with
sympatric species (von Helversen and von Helversen 1975a, b; Stumpner and
von Helversen 1994; Gottsberger and Mayer 2007). Hence, a high premium lies
upon a reliable neuronal processing of these signals, allowing for their identifica-
tion and classification. What cues of acoustic signals do grasshoppers use to infer
species identity? The production as well as the recognition of songs is a geneti-
cally inherited, species-specific trait (von Helversen and von Helversen 1975a, b).
Grasshopper ears exhibit only a poorly developed frequency resolution (Rémer
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1976; Stumpner and von Helversen 2001; Hennig et al. 2004). In addition, the
frequency spectra of songs, generated by rubbing the hind legs against the front
wings, overlap considerably between species (Meyer and Elsner 1996). Hence it is
unlikely that frequency analysis contributes substantially to species identification.
Indeed, the major differences between the songs of different species reside in the
species-specific patterns of amplitude modulations produced by the characteristic
patterns of hind leg movements underlying sound production (e.g. Elsner 1974;
Elsner and Popov 1978; von Helversen 1986; Hedwig 1992, 1994; Stumpner and
von Helversen 1994; Mayer et al. 2010). In a pioneering study on Chorthippus
biguttulus Dagmar von Helversen showed that it is indeed the pattern of ampli-
tude modulations, i.e. the sound envelope, which provides the major cues for spe-
cies identification (von Helversen 1972; see also Stumpner and von Helversen
1992; von Helversen and von Helversen 1994, 1997, 1998; Klappert and Reinhold
2003). C. biguttulus females respond in a band-pass like manner to simple song
models that are composed of block-like sound syllables separated by pauses
(Fig. 11.1b), and they seem to evaluate the ratio between syllable and pause dura-
tions (von Helversen 1979; von Helversen and von Helversen 1994).

There is evidence that specific features of acoustic signals may also be used
in the context of sexual selection, i.e. for evaluating a potential mate’s quality
(Kriegbaum 1989; Kriegbaum and von Helversen 1992; Klappert and Reinhold
2003, 2005; Einhaupl et al. 2011; Stange and Ronacher 2012). To achieve this, the
grasshoppers’ auditory system must be able to detect subtle differences between
songs of conspecifics which is obviously more difficult than to discriminate
against the dissimilar signals of other species. We may therefore expect that the
auditory system of these grasshoppers is particularly well adapted to process spe-
cies-specific sound patterns. Indeed, behavioural experiments revealed an aston-
ishing temporal resolution of the grasshoppers’ auditory system: C. biguttulus
females reject the songs of males that have lost one hind leg. The syllables of these
males contain short silent gaps—which in intact males do not occur due to a phase
shift between the movements of left and right hind leg (Elsner 1974). The spe-
cific rejection of such gappy songs demonstrates that grasshopper females detect
gaps as small as 2-3 ms (Fig. 11.1; von Helversen 1972, 1979; von Helversen
and von Helversen 1997). Thus, their auditory system resolves very fast ampli-
tude modulations, and with respect to gap detection these insects are not inferior to
most vertebrates (for a detailed comparison see Prinz and Ronacher 2002). Hence,
grasshoppers became a well-established model system for investigating the pro-
cessing of acoustic signals in a small nervous system.

The songs’ temporal pattern of amplitude modulations is crucial for signal recog-
nition and mate choice in grasshoppers. Starting from the observation of a remark-
able gap detection capacity, I will focus in this review on the following questions:

(1) How are the acoustic signals represented in the auditory system and how do
the animals achieve such a high temporal resolution with a small number of
auditory neurons and in spite of rather unreliable neuronal signals?
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Fig. 11.1 a Hindleg movements and song pattern of an intact Chorthippus biguttulus male (top)
and detail of a male song produced with only one hind leg (bottom). Since sound is not produced
at the upper and lower reversal points of the leg movement, small gaps result if only one leg is
used for sound production (lower trace in a). In the syllables of intact males there are no silent
gaps due to a phase shift between the movements of the two legs. b Responses of ten females to
model songs (rectangularly modulated broadband noise, syllable duration 80 ms). ¢ Response
of a female to song models containing gaps of different durations (stippled curve) and relative
responses of three AN4-neurons to these stimuli. a combined from Ronacher et al. (2004), Krahe
and Ronacher (1993); b Striter and Ronacher unpublished; ¢ combined after von Helversen
(1972) and Franz and Ronacher (2002)

(2) How well can similar signals be discriminated—a question that is particularly
relevant in the context of sexual selection? What coding strategies are used at
different stages of the auditory pathway?

(3) How are the acoustic signals and the receiver’s auditory pathway mutually
adapted to each other, to guarantee an effective communication?
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11.2 High Temporal Resolution in Spite of Variable Spike
Trains

11.2.1 Basic Features of the Auditory System of Grasshoppers

The ears of acridid grasshoppers are located on both sides of the first abdominal
segment. About 60—-80 receptor cells assembled in Miiller’s organ attach to the
inside of each tympanum. The majority of them is tuned to the range between
4 and 7 kHz, only around 10-15 afferent neurons are tuned to high frequen-
cies, above 15 kHz (Michelsen 1971; Romer 1976; Halex et al. 1988; Jacobs
et al. 1999). The axons of the sensory afferents enter the metathoracic ganglion
complex and form an auditory neuropil with thoracic interneurons (Fig. 11.2a).
Several interneuron types have been identified on the basis of their characteris-
tic morphologies and activity patterns (Romer and Marquart 1984; Stumpner and
Ronacher 1991). This auditory neuropil harbours an important stage of processing
(Ronacher et al. 1986; Stumpner and Ronacher 1991; Stumpner et al. 1991). The
basic organisation seems to be a 3-layer feed-forward network with afferent neu-
rons connected to about 15 types of local neurons which in turn forward activity to
about 20 different ascending neurons that send their axons to the brain (Marquart
1985; Romer et al. 1988; Stumpner 1988; Stumpner and Ronacher 1991; Boyan
1999; Vogel and Ronacher 2007). At least some afferent axons ascend even to the
meso- and prothoracic ganglia (Halex et al. 1988; Romer et al. 1988; Stumpner
1988; Stumpner and Ronacher 1991), however, lesion experiments showed that
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Fig. 11.2 a Schematic diagram of the auditory pathway of grasshoppers. Aff primary afferent
neurons, LN local neurons, AN neurons with an axon ascending to the brain. b Spike raster plot
of the responses of a local neuron and an ascending neuron to eight repeated presentations of an
identical stimulus, a section of a C. biguttulus male song. Each small bar represents the timing of
an action potential. b from Ronacher et al. (2008), with permission
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these anterior projections of the sensory neurons are not necessary for song recognition
(Ronacher et al. 1986). The spike patterns of ascending interneurons thus are the only
activity which is forwarded to auditory networks in the brain and available to decide
whether or not to accept a mating signal (Bauer and von Helversen 1987). A variety of
physiological response types exists among thoracic interneurons, ranging from tonic,
phasic-tonic and strongly phasic responses with different combinations of inhibition
and excitation patterns (Romer and Marquart 1984, Romer et al. 1988; Stumpner and
Ronacher 1991, Stumpner et al. 1991; Vogel et al. 2005; Vogel and Ronacher 2007).

For any recognition of acoustic signals based on the processing of amplitude
modulations, the precision and reliability of a neuron’s spike patterns is fundamental.
It is a general observation that auditory neurons do not produce identical responses if
one and the same sensory stimulus is presented repeatedly. The responses vary in the
timing of spikes, in spike count, or in both (Fig. 11.2b). This trial-to-trial variability
results from stochastic events at different stages of the sensory pathway, e.g. stochas-
tic ion channel openings during sensory transduction and spike generation and sto-
chastic transmitter release at synapses (e.g. Zador 1998; White et al. 2000). For the
central nervous system that has to decide how the animal should react to objects and
events in the outer world this “intrinsic” variability of spike trains poses a potentially
difficult problem: if two spike trains differ to some extent, do they still represent the
same object or different ones? To pursue this question we must take the view point
of the central nervous system that has no other information about the surrounding
world than the spike trains provided by sensory neurons. In other words, the question
of whether two similar acoustic signals can be discriminated or not, converts to the
question: are the sensory spike trains corresponding to the two acoustic signals suf-
ficiently different to be distinguishable for down-stream neurons?

11.2.2 Comparing the Respective Impacts of Intrinsic
and External Noise Sources

We first have to consider how relevant the intrinsic neuronal noise really is for
the animals. As a rule, acoustic signals arriving at the receiver’s ears will often
be severely degraded compared to the emitted signal, due to a variety of exter-
nal noise sources acting on sound transmission in the biotope (e.g. Michelsen and
Larsen 1983; Lang 2000; Romer 2001; Brumm and Slabbekoorn 2005; Kostarakos
and Romer 2010; Schmidt and Romer 2011). Conceivably, the intrinsic noise
may play only a secondary role when we compare it with a strong degradation of
acoustic signals occurring on the way between sender and receiver?

To compare the respective impacts of intrinsic neuronal noise versus exter-
nal signal degradation we stimulated grasshopper males with a female song
whose envelope was degraded by different amounts of random amplitude fluc-
tuations (Fig. 11.3a). We quantified the dissimilarities between spike trains by
means of a spike train metric (van Rossum 2001) and compared the spike trains
that were elicited by the normal song with the spike trains produced in response
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to increasingly degraded songs (Neuhofer et al. 2011). The spike train metric
describes the dissimilarity between two spike trains by a single number—small
values indicating a high similarity (van Rossum 2001; Ronacher et al. 2008;
Ronacher and Stange 2012). As the results for an auditory afferent and two tho-
racic interneurons show (Fig. 11.3b) the spike train distances increased linearly
with increasing degradation level but they started already at a rather high distance
value even for the normal stimulus (marked with orig at the abscissa). This dis-
tance value (filled arrow) reflects the trial-to-trial variation of the spike trains in
response to repeated presentations of an identical stimulus. Most remarkably, even
at the highest degradation levels the contribution of external signal degradation to
the total spike train distance (open arrow in Fig. 11.3b) was not larger than the
intrinsic distance. These examples clearly demonstrate that the intrinsic neuronal
noise cannot be neglected in relation to the signal degradation imposed by external
noise from the environment. Using this experimental approach, our original inten-
tion was to establish a kind of ‘noise titration’ by which we could determine that
amount of external acoustic noise that would be equivalent to the contribution of
intrinsic neuronal noise. However, in many neurons this ‘titration” was not possible
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since the intrinsic noise was too dominant (Neuhofer et al. 2011). This was the
case in most ascending neurons, for which the contribution of intrinsic noise to
spike train distance was particularly strong compared to the additional distance
introduced by external signal degradation (see Fig. 11.2 in Neuhofer et al. 2011).
We now can ask how this strong influence of intrinsic noise may affect the repre-
sentation of acoustic signals in the auditory pathway, and in particular the resolution of
fast amplitude modulations which are crucial for signal recognition as well as discrimi-
nating signals in the context of mate choice. The precision of spiking will influence the
detection of subtle changes between signals—and thus the discrimination of similar
songs—as well as the limits of temporal resolution, which will be discussed next.

11.2.3 Modulation Transfer Functions Only Partly Reveal the
Temporal Resolution Capacities of Auditory Neurons

A widely applied method to measure the temporal resolution of time varying stimuli by
sensory systems or by behaving animals is the modulation transfer function (MTF) par-
adigm (for reviews see Viemeister and Plack 1993; Joris et al. 2004). Using stimuli with
sinusoidal amplitude modulations of different frequencies one can figure out if there
are specific modulation frequencies to which the system responds particularly well, and
what range of modulation frequencies the system is able to represent (Fig. 11.4a).
Applying the MTF paradigm to neuronal data one can focus on two varia-
bles: rate-MTF (rMTF) evaluate spike rates measured over a longer time period,
while temporal-MTF (tMTF) describe how well spikes are phase locked to the
stimulus envelope (Fig. 11.4b, c¢). tMTF of auditory neurons cover a wide range
between all-pass, band-pass and band-stop characteristics (Weschke and Ronacher
2008; Wohlgemuth et al. 2011). Focusing on the question how well auditory neu-
rons may resolve fast amplitude modulations, the tMTF paradigm reveals how
well spikes are locked to the stimulus envelope in period histograms. The vector
strength of the response is calculated and the upper limit of temporal resolution is
described by the corner frequency, i.e. the upper limit up to which the spike pat-
tern still follows the amplitude modulations (details in Prinz and Ronacher 2002;
Weschke and Ronacher 2008; Wohlgemuth et al. 2011). Examples for the vec-
tor strength-based tMTF of an afferent, a local, and an ascending interneuron are
shown in Fig. 11.4c. The two auditory interneurons show both a band-pass charac-
teristic in their tMTF, but differ strongly in their corner frequencies, indicated by
the vertical line. When the corner frequencies of a large sample of neurons belong-
ing to different processing stages are compiled (Fig. 11.4d) an interesting picture
is revealed: afferents and local neurons with primary-like responses have a high
temporal resolution capacity, median corner frequencies are around 150 Hz. Other
local neurons exhibit a shift to a somewhat reduced temporal resolution (median
131 Hz) but operate still up to the same frequency range. However, the ascending
neurons differ markedly by occupying a much lower range of modulation frequen-
cies (median 48 Hz). This graph thus reveals a major result: the upper limits of
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Fig. 11.4 Assessing temporal resolution with modulation transfer functions (MTF). a Response
of a local neuron (BSN1) to a broadband noise stimulus with sinusoidal amplitude modulations
of 20 and 40 Hz. b, ¢ Rate and temporal MTFs of an afferent neuron, a local and an ascending
neuron; vertical lines in ¢ indicate the respective corner frequencies (for details see Wohlgemuth
and Ronacher 2007). d Corner frequencies of auditory afferents (N = 14), local neurons of
the primary-like response type (N = 24), other local neurons (N = 18) and ascending neurons
(N = 28). Boxes indicate medians and quartile ranges; the corner frequencies of ANs are dif-
ferent from all others (p < 0.001), whereas all other data do not differ significantly (Kruskal—
Wallis). a—c from Ronacher et al. (2008), with permission; d data combined from Weschke and
Ronacher (2008) and Wohlgemuth et al. (2011)
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temporal resolution are drastically reduced at the level of ascending neurons, as
their median corner frequency of ~50 Hz corresponds to a time scale of 20 ms.
This reduction of temporal resolution at the level of ascending neurons—which
are the bottleneck for the information transfer to the brain—seems at odds with the
capacity of behaving animals to detect gaps of 2-3 ms duration (see Fig. 11.1b).
How can we reconcile this specific behavioural response of the grasshop-
per females with the low corner frequencies of ascending neurons? The solution is
found in the characteristic response type of an ascending neuron AN4 (Ronacher and
Stumpner 1988). This neuron responds to a stimulus onset first with a pronounced
IPSP preceding the spike response (arrows in Fig. 11.5a). However, if a continu-
ous sound stimulus is interrupted by small gaps, this IPSP is triggered anew by each
steep intensity rise, which leads to a quite efficient suppression of the neuron’s spike
response (bottom trace in Fig. 11.5a). When tested with different gap durations the
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spike activity of the AN4 neuron closely parallels the behaviour of females, with a
substantial reduction of spike count at 2-3 ms gap duration (Fig. 11.1c)—in spite
of its low corner frequency (median: 58 Hz). The answer to this apparent contradic-
tion is found in Fig. 11.5b. This neuron may signal the presence of silent gaps larger
than 2-3 ms by the reduction of its spike activity—likely in combination with at least
one other neuron that signals whether sound is at all present. However, in suppressing
its spike response to gappy stimuli AN4 activity disregards any specific information
about the details of a stimulus’ temporal structure: it represents a large range of com-
binations of pulse and gap durations always in the same way, i.e. by a spike rate close
to zero (Fig. 11.5b). This highlights a specific filter property of this neuron, which
is due to the characteristic inhibitory input to this neuron. Unfortunately, so far the
source of this inhibitory input has not yet been identified.

The characterisation of neurons by means of the MTF paradigm also intended
to explore if in these insects a kind of filter bank exists for the evaluation of ampli-
tude modulations, similar as it has been proposed for the auditory system of mam-
mals (Langner and Schreiner 1988; Joris et al. 2004). This relates to the question
of whether the amplitude modulations of acoustic signals are processed in the time
domain or possibly in the frequency domain (von Helversen and von Helversen
1998). However, in a large sample of rtMTF obtained from identified neuron types we
found no indication for a filter bank (Weschke and Ronacher 2008; Wohlgemuth et
al. 2011). Furthermore, also behavioural experiments indicate that acoustic commu-
nication signals in grasshoppers are processed in the time domain and not in the fre-
quency domain of amplitude modulations (von Helversen and von Helversen 1998;
Schmidt et al. 2008, for a similar result in crickets see also Hennig 2009).

11.3 Discrimination of Signals in the Context of Sexual
Selection

The spike train metric method and the MTF paradigm differ in one important aspect:
the latter neglects the trial-to-trial variability by assessing spike rates over a longer time
period (rMTF) or by using period histograms that sample spike times over many peri-
ods as basis for the tMTF evaluation. Therefore, if we want to estimate how well two
similar signals can be discriminated on the basis of sensory spike trains, the knowledge
of the MTF does not always help and the spike train metric is the better option.

11.3.1 Afferent Responses Allow a Good Discrimination
of Similar Signals

Auditory afferents exhibit tonic responses and faithfully represent the sound enve-
lope in their spiking pattern, up to high modulation frequencies (Fig. 11.4). Their
response is rather precise and reliable, although some trial-to-trial variability is
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observed, depending on sound intensity and envelope characteristics (Krahe and
Ronacher 1993; Machens et al. 2001; Rokem et al. 2006). Among the population
of local neurons we can discern those with primary-like responses that resemble the
afferents in their firing pattern and precision. Others, e.g. the BSN1 neuron show
phasic-tonic to phasic firing patterns and intermediate levels of reliability and preci-
sion (Stumpner 1989; Wohlgemuth and Ronacher 2007). In contrast, the responses
of ascending neurons are definitely less precise and less reliable, which seems at
odds with their function to provide the brain with essential information about audi-
tory events (Fig. 11.2 and Vogel et al. 2005; Wohlgemuth and Ronacher 2007).

An efficient signal representation should enable the discrimination of relevant
signals. Returning to the discrimination of similar communication signals in the
context of sexual selection, we address the question posed above: if two spike
trains differ to some extent, do they still represent the same object? Whether
two similar acoustic signals can be discriminated or not depends on whether the
respective sensory spike trains are sufficiently different to be distinguished by
down-stream neurons.

Using the songs of eight C. biguttulus males, we investigated how well natural
calling songs of this species can be discriminated on the basis of the spike trains
of auditory afferents. To remove spectral and intensity cues, the envelopes of these
songs were filled with the carrier frequency spectrum of one male and presented at
the same maximum intensity. In addition the length of the subunits (syllable plus
pause) was equalised to remove the interindividual differences of the subunit peri-
ods as potential cues for discrimination (Machens et al. 2003). In behavioural tests
C. biguttulus females still discriminated between these modified songs (Einhdupl
et al. 2011). The same songs were used in electrophysiological recordings from
auditory receptors (Machens et al. 2003) and interneurons (Wohlgemuth 2008) and
it was tested how well the respective spike trains could be assigned to the different
songs. For each of the eight songs one spike train was chosen as a template, and
all other spike trains were assigned to that template to which they had the smallest
distance according to the spike train metric. The procedure was then repeated for
different template spike trains, yielding an average classification success for the
song stimuli. The classification success thus indicates the proportion of the spike
trains that were correctly assigned to the corresponding acoustic stimulus (for
details of the procedure see Wohlgemuth and Ronacher 2007).

The result obtained with spike trains of auditory afferent neurons was remark-
able: in spite of the trial-to-trial variability already single spike trains of a single
afferent neuron allowed for a very good discrimination of the eight songs (clas-
sification success in the range of 90 % correct, Machens et al. 2003). This was
confirmed in a study using stimuli comprising sinusoidal amplitude modulations
(Wohlgemuth and Ronacher 2007, cf. Fig. 11.4a). Here the maximum classifica-
tion success was somewhat lower, around 80 %, due to the fact that a third of the
stimuli were amplitude modulated at high frequencies, which were beyond the
corner frequencies of most neurons. The high average classification success indi-
cates that the remaining modulation frequencies (between 10 and 167 Hz) could
be perfectly discriminated on the basis of auditory afferents (Fig. 11.6). Thus, at
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Fig. 11.6 Discrimination of amplitude modulated stimuli at different stages of the auditory path-
way (AFF auditory afferents, p-I LN local neurons with primary-like responses, other LN other local
neurons, AN ascending neurons). The percentage of correct classifications (discrimination success)
of nine sinusoidally amplitude-modulated stimuli was determined on the basis of spike train dis-
tances evaluated with the van Rossum (2001) metric at different temporal resolutions (for details see
Wohlgemuth and Ronacher 2007). Black columns show the contribution of spike count differences to
the classification success, and grey columns the contribution of spike timing differences. The stippled
horizontal line indicates chance level. From receptors to ascending neurons the overall classification
success, and in particular the impact of spike timing information, is reduced while at the same time
spike count differences become more important; adapted from Wohlgemuth and Ronacher (2007)

the input level of the system, even a single auditory afferent conveys surprisingly
reliable information in its responses.

Local neurons with primary-like responses performed with the same discrimi-
nation accuracy of ~80 % correct classifications (Fig. 11.6). However, the picture
changed particularly at the third processing stage, the ascending neurons: here
the classification success—again based on single neurons—dropped markedly to
values around 50 % correct (Fig. 11.6). This reduction was obviously due to the
increased spike train variability in these neurons: both interspike interval variabil-
ity as well as spike count variability increase from afferents to local interneurons
and ascending interneurons (see Fig. 11.2b and Vogel et al. 2005; Wohlgemuth and
Ronacher 2007; Wohlgemuth 2008).

11.3.2 The Coding Principle Changes Between Local
and Ascending Neurons

The spike train metric offers the advantage to explore a continuum of different
neural coding schemes. By varying the width T of the filter function by which the
spikes are replaced for the spike metric evaluation (van Rossum 2001; Machens
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et al. 2003) one can adjust the temporal resolution of the spike train metric, to
focus, for example, on the two special cases of a rate code, in which only spike
numbers are relevant, or on a spike time code, in which the temporal position
of spikes as well as differences in spike count are evaluated (van Rossum 2001;
Ronacher et al. 2008; Ronacher and Stange 2012). This allowed us to disentangle
the respective contributions of spike count differences and spike timing to the total
stimulus discrimination success (black and grey parts of columns in Fig. 11.6). For
receptor neurons and local neurons with primary-like responses the discrimina-
tion depended almost exclusively on the timing of spikes. In contrast, spike count
differences became more important among ascending neurons, and their contribu-
tion to the—overall lower—classification success became approximately equal to
the contribution of spike timing cues (Fig. 11.6, Wohlgemuth and Ronacher 2007;
Wohlgemuth 2008).

The increased relevance of spike count and the decreased contribution of spike
timing among ascending neurons suggest a change of coding principles at the out-
put stage of the thoracic processing module. Ascending neurons exhibit a higher
diversity of feature selectivity and seem to be specialised to encode different fea-
tures of auditory stimuli with an emphasis on rate coding. They seem to trade the
“when” for “what” in their spike response wherefore the reduced spike timing pre-
cision (Fig. 11.2) becomes tolerable (Clemens et al. 2012). Prominent examples
are AN4 which may signal the presence or absence of gaps (Fig. 11.5) in its spike
rate, or AN12 which is thought to encode the duration of the pauses that sepa-
rate the sound syllables (Fig. 11.1; Creutzig et al. 2009, 2010). The specific filter
properties of other ascending neurons are less obvious, but see below. Thus, the
information about a sound stimulus’ envelope appears to be distributed among the
set of ascending neurons. Indeed, applying a multi-neuron metric (Houghton and
Sen 2008) yielded quantitative evidence for such a change of coding principles,
i.e. that among ascending neurons a population code based on neurons with dis-
tinct filter properties is implemented (Clemens et al. 2011).

Unfortunately, our knowledge of the recognition centres in the brain is frag-
mentary. So far, no neurons with distinct species-specific filter characteristics have
been described in C. biguttulus (in contrast to the cricket’s brain: Schildberger
1994, Zorovi¢ and Hedwig 2011). However, in this context a recent modelling
study on grasshoppers’ song recognition has to be mentioned. Using a genetic
learning algorithm (Mitchell 1998), Jan Clemens trained a set of classifiers on
behavioural data obtained with a large set of artificial song stimuli. Starting from
a set of 500 random solutions the feature detectors “evolved” to reproduce the
behavioural data (for details see Clemens and Ronacher 2013). A characteristic of
this classifier model was that the output of each feature detector was integrated
over time, to yield a single value. Thus, any information about the exact tempo-
ral position of a specific song feature was omitted. The temporal integration was
motivated by behavioural data with artificial songs in which syllable and pause
durations were scrambled without destroying their attractiveness (von Helversen
and von Helversen 1998), and fits also to the reduced spike timing precision
observed in ascending neurons (Vogel et al. 2005; Wohlgemuth and Ronacher
2007; Wohlgemuth et al. 2011).
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This modelling study yielded two interesting results: (i) Already two fea-
ture detectors—one excitatory, the other suppressive—sufficed to reproduce
the behavioural data very well (for example the band pass tuning for pause dura-
tion, Fig. 11.1b, and additional parameters as the influence of intensity and onset
accentuation), explaining 87 % of their variance (Clemens and Ronacher 2013).
Inclusion of a third detector only led to a marginally further improved performance.
Thus, the model gives a hint that the decision centres in the brain may rely on some
cross-fibre patterns of the ascending neurons, with a focus on a spike rate code.
In that scenario, the ascending neurons serve as filters that extract certain features
from the sound envelopes, which then are evaluated in the brain for species-specific
feature combinations. (ii) While the output of one detector showed a significant cor-
relation with the behavioural data, the second detector, taken per se, did not corre-
late at all with the behavioural data. Only by a linear combination of both detectors
the high performance of ~90 % was achieved (Clemens and Ronacher 2012). This
result has important consequences when we search for neuronal correlates of
behaviour: a neuron’s tuning may be highly relevant for behavioural decisions, but
nonetheless show no obvious correlation to the usual test stimuli. By considering
each neuron in isolation we may overlook neurons with inconspicuous or variable
responses that nevertheless contribute significantly to signal recognition.

11.4 The Auditory Pathway is Highly Conserved Between
Grasshopper Species: Consequences for Signal
Evolution

For successful communication it is essential that sender and receiver are matched
to each other to at least some degree (von Helversen and von Helversen 1994). As
mating success and reproduction are at the stake for grasshoppers, we could expect
that their auditory pathway is specialised to process the species-specific signal
patterns particularly well. The efficient coding hypothesis (Barlow 1961) pre-
dicts that coding properties of sensory neurons are optimised with respect to the
relevant natural stimuli they process (Simoncelli and Olshausen 2001; Machens
et al. 2005). We compared the coding properties of identified, homologous audi-
tory neurons in two grasshoppers, C. biguttulus and the locust Locusta migrato-
ria; two species which differ strongly in the relevance of acoustic signals for mate
finding. For a most stringent, quantitative comparison we applied the van Rossum
spike train metric to recordings from identified neurons. Both species were stimu-
lated with the song of C. biguttulus, which is evidently not relevant for the locust.
We recorded from several specimens of both species and compared the spike train
similarities between homologous neurons in different specimens of the same spe-
cies as well as between both species. Remarkably, the spike trains of one neuron
type were not more different if we determined distances between the two species
as compared to the intraspecific distances (Fig. 11.7; Neuhofer et al. 2008). This
agreement suggests that the thoracic neurons and network properties were strongly
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Fig. 11.7 Comparison of coding properties of homologous neurons of two grasshopper species
(Locusta migratoria, Chorthippus biguttulus). Top: spike raster plots of responses of 5 AN12
neurons recorded in both species to repeated presentations of a natural song of C. biguttulus.
Each point indicates the occurrence of an action potential. Distances between two spike trains
were determined at high temporal resolution (r = 5 ms) for all possible combinations of spike
trains with the van Rossum metric. Bottom: Distribution of distances between spike train combi-
nations comparing different specimens of AN12 neurons of the locust (L.m., green), or between
AN12 neurons of C. biguttulus (C. big. orange), or between C. biguttulus and L. migratoria
(inter, black). Note that the interspecific comparison yielded no larger values than the intraspe-
cific comparisons. This result was also observed with six additional neuron types. Figure from
Neuhofer et al. (2008), with permission

conserved during evolution, although C. biguttulus and L. migratoria are not
closely related: locusts and gomphocerine grasshoppers have been separated since
about 50 Mio years (Flook and Rowell 1997). This has an interesting evolution-
ary implication: probably the communication signals have evolved to optimally
match the properties of the sensory pathway of the receiver. The same conclusion
was also drawn in relation to intensity invariance properties of grasshopper audi-
tory neurons (Clemens et al. 2010). In contrast, according to the ‘efficient coding
hypothesis’ (Barlow 1961; Machens et al. 2005) one would rather postulate the
reverse sequence, i.e. that the processing capacities of the auditory pathway would
have adapted to these highly relevant natural signals.

The postulate of the ‘efficient coding hypothesis’—that sensory neurons should
adjust their specific coding properties to the statistics of relevant natural stimuli—
fits to the typical situation in evolution driven by natural selection, as a sensory
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system can not influence the properties of environmental signals. In communica-
tion systems, however, the situation may be different: the necessity for a match
between signals and receiver properties entails a reciprocal coevolutionary adapta-
tion of both parts driven by sexual selection. Thus, it depends on the respective
plasticity of sender and receiver properties and on the selective pressures acting
on both, whether the signals or the receiver properties may evolve more easily
(Clemens et al. 2010). The neuronal hardware of the thoracic auditory pathway
is obviously a highly conserved trait in grasshoppers (Neuhofer et al. 2008). In
contrast, the specific communication signals of many acridid grasshopper species
seem to have evolved rather recently, for example many species of the European
C. biguttulus group underwent a rapid radiation only after the last glacial epoch
(Bugrov et al. 2006; Mayer et al. 2010; Berger et al. 2010). This recent radiation
may have been based on an evolution of the acoustic communication signals to
match the properties of the auditory pathway of the receiver in a sensory exploita-
tion scenario (e.g. Ryan et al. 2001; Arnqvist 2000).

The manifold of at least twenty identified types of ascending neurons in grass-
hoppers (Fig. 11.2a) is remarkable if we compare it with the auditory system of
crickets and bush crickets, for which in general only two to three neurons have
been found that ascend to the brain (Wohlers and Huber 1982; Romer et al. 1988;
Stumpner and von Helversen 2001; Stumpner and Molina 2006; Triblehorn and
Schul 2009). This difference between the auditory systems of Caelifera and
Ensifera suggests an expansion of the parameter space which is potentially avail-
able for communication signals in grasshoppers. The capacity of a more sophis-
ticated analysis of sound patterns may have enabled the evolution of highly
complex songs in acridid grasshoppers, while crickets and bush crickets mostly
produce rather simple song patterns (von Helversen 1986; Stumpner and von
Helversen 1992; Gerhardt and Huber 2002; Vedenina et al. 2007; for bushcricket
songs see, e.g. Heller 1988; Schul 1998; Bush et al. 2009).
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