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Summary

A recently proposed biophysical model for directional those measured previously. The measurements presented
hearing in grasshoppers was tested using complex stimulus here indicate high inter-individual variability of the
situations, with two loudspeakers, one on either side of the parameters of the internal pathway, with a range of 60 ° for
animal, synchronously emitting sinusoids with defined the internal phase delay. Calculating the directional
phase and amplitude relationships. Hearing responses were characteristics using this range of values for the internal
determined from whole nerve recordings and compared delay indicated that sufficient directional information was
with the predictions of the model. InSchistocerca gregaria  available down to 5kHz. Increasing the value of the
there were only minor differences between the predictions internal delay over that measured in an earlier study
of the model and measurements and, by reducing the value therefore provides an explanation for the discrepancy
of the gain of the internal sound path measured previously, between the poor directional information attributed to C.

a close agreement was achieved between model andbiguttulus in that study and the excellent lateralization
measured hearing responses. IrChorthippus biguttulus  ability of males of this species at 5kHz.

larger discrepancies between model calculations using the

values measured previously and neuronal response

functions were found in both shape and amplitude. A better Key words: hearing, bioacoustic mode$chistocerca gregaria
fit between measurements and model predictions was Chorthippus biguttulus directional hearing, sound localization,
achieved by increasing the values of the internal delay over pressure difference receiver.

Introduction

Directional hearing in small animals, with body sizesVarious investigators, using biophysical and
smaller than the wavelength of the sounds of interest, iseurophysiological methods, have suggested that the locust ear
achieved by ears that act as pressure difference (gradiemits as a pressure gradient receiver at low frequencies and as
receivers (for a review, see Michelsen, 1994), with sound pressure receiver at higher frequencies (Michelsen, 1971b;
acting on both sides of a tympanum. The phase and amplitu®mer, 1976; Miller, 1977). Recently, Michelsen and
of the sound pressures acting on the internal and externBbhrseitz (1995) investigated the physical mechanisms
surfaces of the tympanum depend on the direction of souridvolved in directional hearing iSchistocerca gregariand
incidence, resulting in directional responses of the ear. Th@horthippus biguttulus Using laser vibrometry, they
hearing systems of acridids (grasshoppers and locusts) addtermined the amplitude and phase relationships (their
gryllids have been particularly well investigated. In the cricketdependence on sound frequency and angle of incidence) for
hearing is tuned in both sensitivity and directionality to thesound reaching the tympanum directly from the outside and
frequency range of the pure tone calling song (Michelsen et athrough the interaural pathway. Using these data, they were
1994a; Michelsen and Lohe, 1995). In the grasshoppeable to calculate a model for the directional characteristic of
however, the situation is more complex: here, the stridulatorthe ear. For the larger inse@.(gregarid, this model was a
songs are usually non-resonant and therefore cover a brogdod predictor of the directionality as measured by laser
frequency range. An ear with a directionality tuned to one/ibrometry and was in close agreement with the results of
narrow frequency band is unlikely to be ideal for these insectgarlier investigations.

The ears of grasshoppers and locusts are located on each sideor the smaller insectC( biguttulug, Michelsen and
of the first abdominal segment. A sclerotized ring encircles thRohrseitz (1995) found the measured phase delay at low
tympanal membrane, to which Muller's organ, containingfrequencies too short to be physically meaningful. Using these
60-80 receptor cells, is attached. Between the ears are air-filleteasured values, the model of Michelsen and Rohrseitz (1995)
tracheal sacs, constituting an interaural sound pathwapredicted few if any directional cues at 5kHz, which
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contradicted direct measurements of directionality and alsgregaria 1.5 mm forC. biguttulug with a wax/resin mixture.
behavioural studies demonstrating tliat biguttulusmales  All wounds caused by the removal of the legs were sealed with
could reliably localize a song with this carrier frequencythe wax/resin mixture to prevent the insects from drying out.
(Fig. 1). Predictions of model calculations based on longeiVhole nerve recordings of the tympanic nerve were used to
more realistic, phase delays were in good agreement with theletermine the hearing responses. The preparations used in the
measured directionality at this frequency. Whether théwo species were slightly different. 81 gregaria an opening
complications involved in calculating directional hearin@€in  was cut into the metathoracic sternite, exposing both tympanic
biguttuluswere due to problems encountered in measuring theerves close to their point of entry into the metathoracic
phase of the internally transmitted sound or instead to moiganglion. Both nerves were placed on electrolytically
general problems concerning the assumptions used Bharpened tungsten hook electrodes. The electrodes were
modelling the grasshopper hearing system was not clear. attached to a brass rod (8 mm diameter) placed 10cm behind
In the present study, we challenge the model of Michelsethe insect. The recording sites were sealed and insulated with
and Rohrseitz (1995) by comparing the predictions calculategetroleum jelly. InC. biguttulus only one tympanal nerve was
according to their model, for complex stimulus situations, witrexposed by removing lateral parts of the mesothoracic sternite
electrophysiologically determined auditory responses. Thand apodeme. A thin steel wire (100 in diameter) was
stimulation followed the experimental arrangement used iplaced under the tympanic nerve and insulated and sealed with
behavioural experiments wit. biguttulugvon Helversen and a silicone paste (Bayer Baysilone). The wire was glued to the
Rheinlaender, 1988) with the insect placed between twanimal holder; thus, no additional electrode holder was present
loudspeakers that emitted sound synchronously. Thig the sound field. A silver wire inserted into the abdomen
experimental arrangement allows the amplitude and phase sérved as an indifferent electrode in both preparations. The
the two signals to be manipulated independently and theecorded signals were amplified using custom-made amplifiers
dependence of the auditory responses on these parametergx#00), bandpass-filtered (100—3000Hz) and stored on digital
be measured directly. The aim of the present study is taudio tape (Sony PC 208A). A trigger signal was recorded on
determine whether the model of Michelsen and Rohrseita separate track for off-line synchronization of stimulus and
(1995) is able to explain directional hearing in acridids andesponse.
whether modifications to the values of phase and amplitude of
the sound transmitted through the internal pathway, similar to Stimulation
those suggested by Michelsen and Rohrseitz (1995), help toThe stimuli were deliveredia two loudspeakers (Technics
resolve the contradictions mentioned above. 10TH400C), each positioned 45cm from either side of the
insect, perpendicular to its body axis (Fig. 2A). Signals were
generated using computer-aided D/A converter systems (12- or
16-bit resolution, 200 or 250 kHz sampling rate). The signals
Animal preparations were amplified and their amplitude was controlled with the aid
Adult male insects of Schistocerca gregariaand of a computer. The stimuli were pure tone pulses of various
Chorthippus biguttuluswere used in the experimentS. frequencies (5—12kHz) with a 10ms plateau and 1 ms rise and
gregaria came from a culture in the University of Konstanz,fall time. Stimulus repetition rate was 1 Hz for all experiments.
C. biguttulusvere taken from wild populations in Bavaria. The The entire apparatus was lined with sound-absorbing material.
animals were briefly anaesthetized with£2@d, after removal Because the loudspeakers faced each other, the front was also
of all legs and wings, they were fixed ventral side up on a bras®vered with sound-absorbing material, except for the sound-
support (height 0.4mm, length 60mm, width 5mm &r radiating slits. Nevertheless, slight echoes with maximum

Materials and methods

Fig. 1. (A) Directional pattern p B C

for a right ear ofChorthippus 0° 100 __ 100+

biguttulus at 5kHz calculated < 80 g 80

according to the model of S @

Michelsen and  Rohrseitz 8 60 S 60

(1995). 0° corresponds to the S 40— @_ 40

front, 90 ° to the right-hand side270° 90° § B

of the insect. (B) Percentage of 20— 5 20+

synthetic female songs evoking 0 O 0

turning responses of mal€. 4 5638 10 12 4 5638 10 12
biguttulus at different stimulus 5 dB Stimulus frequency (kHz) Stimulus frequency (kHz)

centre frequencies. The songs 180°
consisted of bandpass-filtered noise (one-third octave bandwidth). (C) Percentage of correct turns towards the loudspeaakeredponses
to the different stimulus centre frequencies. (B,C) Pooled data from five males, 145-424 stimulations per centre frequeatyn $tom
90° lateral at 52-57 dB SPL (D. von Helversen, unpublished observations). At 5kHz, stimuli were not attractive and evokszh&=s (83,
but all five males were able to localize these stimuli, since hardly any mistakes occurred in those cases where theyCgsponded (
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amplitudes below-30dB were unavoidable (Fig. 2B). The frequency, the sound pressure in the centre depends on the
sound field was tested for homogeneity using a probphase relationship between the two sine waves. For 0° phase
microphone (Bruel & Kjaer 4182) and a sound level metedifference, the amplitude in the middle should be twice the
(B&K 2209). All sound amplitudes were calibrated using itsamplitude of one sine wave alone; with a phase shift of 180 °,
‘peak hold’ function, and are given as dB peak sound pressutiee two signals should cancel each other, and the recorded
level (SPL) (re. 10N m3). amplitude should be at a minimum. Using a small microphone
The insect, attached to a free-standing holder (bras§probe B&K 4182 or 1/8inch B&K 4138), the position of
diameter 5mm), was placed midway between theminimum amplitude was determined for a phase difference of
loudspeakers, 3—4 cm above the bottom lining (Fig. 2A). Tha80°, and the midline of the insect was placed below the
exact centre of the apparatus was determined acousticallyiicrophone (Fig. 2B). The homogeneity of the sound field was
during simultaneous playback of two sine waves of identicaverified prior to each experiment by checking the centre
position using at least two frequencies (5kHz and 8 or 12 kHz).
All phase and amplitude relationships for simultaneously

A B presented stimuli refer to the central position between the
45cm e loudspeakers.
o’ In S. gregaria the responses of the two tympanic nerves

recorded in the same preparation showed a high degree of
similarity during both experimental situations (see below),
which also demonstrates the symmetry of the sound field. In
C. biguttulus where only one nerve of each preparation was
used, there were no qualitative differences in response between
Mic preparations in which recordings were made from the left or

A 180° the right tympanal nerve.

% Stimulus protocol
/\I/VV\T/\ An amplitude/response function (reference function) was

N~
/a

1

o
°

=3 cm constructed with ipsilateral stimulation for each frequency
used, over a range of 45dB in steps of 4.5dB. This function
was used to convert the recorded responses to sound pressure
levels during two-loudspeaker stimulation (see below). Two
sets of experiments were conducted with each species.

C Reference function
1LSipsi 0dB271 dB SPL . Phase experiment

& T T e - wJUUVv W\)Lﬁ“’ Test In this experiment, the phase relationship between the two
§ 100, | e | —re| e W ML] 2LS0dB simultaneously presented stimuli was varied. In practice, the
2 go 'N\/\/\’ phase of one loudspeaker (the reference speaker) was held
= constant, while the phase of the other loudspeaker was varied.
g 60 : Signals of 5kHz were used for the phase experiment in both
@ 40 Response=61.2 species. FoC. biguttulus the amplitudes of the two signals
5 20 were identical during the phase experiment; Sorgregaria
§ +5-8_<L the amplitude of the loudspeaker with the modified phase was
x 0_27 18 9 0 o 18 lower by 5dB relative to the reference loudspeaker.

Relative amplitude (dB) Amplitude experiment

Fig. 2. (A) Schematic drawing (not to scale) of the experimental In this experiment, the simultaneously replayed signals had
arrangement (Mic, microphone). (B) Oscillograms of an 8kHzno phase shift, but were varied in amplitude: the amplitude of
stimulus recorded at the position of the insect. Stimulation with ongne loudspeaker was held constant (and set to 0dB), while the
loudspeaker (LS) (top) or two loudspeakers with a phase relationshgpmp"tude of the other was reduced stepwise from 0dB to
of 180° (bottom). (C) The dependence of the neuronal response on5 4B S. gregarid or -21dB (. biguttuluy. The

e e e o e of e s flquencies used here were Sk Srregaraand SKH:.
P ymp 9 Hz and 12kHz foC. biguttulus

the response. To convert the responses during a test situation w

two loudspeakers into sound pressure, we used the trace length of thé)ur'ing'both phase and amp"t_Ude gxperiments, all S“”‘H'US
response (in this example 61.2) to interpolate the Correspondir@)omblnatlons were presented twice, with loudspeaker positions

sound pressure level resulting in the same response magnitude (fversed. The amplitude of the qudspeaker he'd constant was
this case +5.8dB). ipsi, ipsilateral. For further explanation, see thé1dB SPL in both types of experiments us{bgbiguttulus
text. and at 59dB SPL or 71dB SPL, depending on the dynamic
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range .of the reference function, for experiments wth A pu(abg a-+B+y)
gregaria /

All stimulus combinations were presented 50 times. $or
gregaria the 50 repetitions of each stimulus were presente
consecutively. At the beginning and end of each experimen
the reference function was tested to check for the effects
changes in recording quality. I6. biguttulus a different
protocol was used: all stimulus combinations including the
reference function were presented once, and the who
sequence was repeated 50 times. This procedure guarantt B
almost simultaneous measurement of all  stimulu Pre(Ls2)

combinations, thus excluding effects due to changes i Ls1 ( x LS2

Data evaluation

The whole-nerve recordings were digitized (12-bit A/D
converter, 10kHz sampling rate), and the 50 responses
each stimulus were averaged. Averaged responses Wiig. 3. Schematic drawing of the sound paths in the grasshopper
above threshold resembled damped oscillations (Fig. 2Cauditory system. This model (adapted from Michelsen and
The length of the trace during the 30 ms following stimulusRohrseitz, 1995) was used to predict the excitation of the ear of the
onset was taken as a measure of response magnitude. Tgrasshopper. Sound paths for stimulation by one loudspeaker (LS)
measure provided a larger dynamic range for thdA) and by two loudspeakers (B). (A) Two forces act on the
amplitude/response  function than the peak—to-peatympanum:_pf on theT external surface, arpig on the internal
amplitude (see Léhe and Kleindienst, 1994). For each te‘surface.pb is determined by the forcpsc acting on the extern_al
situation (with two-loudspeaker stimulation), the respons'sun‘ace of the contralateral tympanum and the transfer function of

magnitude was used to read out the correspondin sowthe internal sound pathwags. (B) For the two-loudspeaker
9 . . P . g_ situation, the forces acting on the external surface of both tympana
pressure level required in the one-loudspeaker situation.

! . . . > ‘(pf and ptc) are the vector sum of the signals from the two
practice, interpolation was carried out if the response feloydspeakerspisi)andpre(sz) for pr, andprs2) and preqsa) for
within the dynamic range of the reference function (Fig. 2C)py.). For further explanation, see the teat.stimulus amplitude;

In both phase and amplitude experiments, the amplitude b, internal gain;c, external gainj, stimulus phaseB, internal
the signal that was held constant and presented alone frcdelay;y, external delay.

the ipsilateral loudspeaker was used as the referen

amplitude (i.e. 0dB). The data were evaluated separately f

the ear ipsilateral to the loudspeaker held constant and feibrations and are given in Figs 5 and 8 in Michelsen and
the ear ipsilateral to the loudspeaker varied in phase dRohrseitz (1995).

amplitude. To calculate the interaural response difference, For our model calculations, we used the stimulus
the animal was assumed to be perfectly symmetrical, angarameters to descrilpe, the vector acting on the outside of
differences between responses of one ear to reciproctle tympanum: for the stimulus held constant in our

pre(ac, aty)

Pfe(LS)

stimulus situations were computed. experiments, we set the amplitudd (0 1 and the phase)
_ to 0°; for the manipulated stimulus, the amplitude and phase
Model calculations were set relative to the parameters of the constant stimulus.

The model of Michelsen and Rohrseitz (1995) is based ofihe sound pressure acting on the outside of the contralateral
the assumption that the tympanum is driven by twdympanum is determined by the parameters of the stimulus
components: one componept)(is the sound wave acting on (a, a) and the transmission of the sound around the insect,
the external surface, the oth@n) is the sound wave acting with an amplitude (=gainc) and a phase (=delayy)
from the inside (Fig. 3A), witlpy originating only from sound component. The value gfic was calculated by multiplying
entering through the contralateral tympanum and not througiie amplitudes gc) and summing the phase components
other possible sound inputs. These two sound pressures darty). The values ot andy were taken from Figs 4 and 7 in
be conveniently represented as vectors, thus allowing the totslichelsen and Rohrseitz (1995) as the difference between the
sound pressuréP] driving the tympanum to be calculated by values given for the right (ipsilateral) ear and the left
summing these two sound pressures (Fig. 3A). Thécontralateral) ear for 90 ° sound incidence (in their notation,
amplitudes and phases of the sound pressures acting on the right side). Values needed for our model calculations that
outside of the tympana were measured by Michelsen angere not measured by Michelsen and Rohrseitz (1995) (8 kHz
Rohrseitz (1995; Figs 4, 7) using a probe microphone. Thand 12 kHz stimuli foiC. biguttulu3 were interpolated from
transmission gainbj and the phase shiff) of the internal their measurements.
pathway were calculated from measurements of the tympanal The sound pressure acting on the inner surface of the
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tympanummpy, is the sound pressure acting on the outside of themall (e.g. because of impedance mismatches), so that it is
contralateral tympanunps. modified by the internal sound reasonable not to include them into the model.
pathway B), which is again described by an amplitude (=gain,

b) and phase (=dela@) component (Figs 5 and 8 in Michelsen Calculation of directionality

and Rohrseitz, 1995). To calculatg, the amplitudes opyc Using the model described above, we calculated the
(=ac) andB (=b) were multiplied, and their phasesHy; 3,  directionality for one tympanal organ @f. biguttulus The
respectively) were summed (Fig. 3A). sound pressures acting on the two tympanaridpsc) for the

Finally, we determined the driving force acting on thedifferent directions of sound incidence were taken from Fig. 7
tympanum by vector summation pf andpp. To account for in Michelsen and Rohrseitz (1995). The calculation of the
the different signs opr and pp (which act on opposing sides driving forces on one tympanum was performed according to
of the tympanum), 180 ° was added to the phase angle of tiige scheme given above. Interaural sensitivity differences were
internal pathway. The total sound pressBracting at the determined as the difference between the directionality of one
contralateral tympanum was determined in an analogowsar and its mirror image. Directionalities were calculated using
manner. the model parameters determined by Michelsen and Rohrseitz

Each phase shifi(3) can also be expressed as a delay. Fo(1995) and also using modified parameters for the internal
the external phase shiff)( 0° means that the sound reachespathway.
the ipsilateral and the contralateral tympana at the same time;
for the internal phase shiftB), 180° means that sound
propagates from one ear to the other instantaneously. Smaller
or negative phase shifts mean that sound propagation takes a
certain time. Phase experiment

For our purposes, we introduced a second loudspeaker (LS)In this experiment, the phase and amplitude of the signal
to the model. Therefore, the forces acting on the externdélom one of the loudspeakers (taken as reference) were kept
surfaces of the tympangi(and pr) had to be adapted constant, while the phase of the signal from the contralateral
(Fig. 3B). They were calculated by vector summation of thespeaker was varied and its amplitude set at a value 5dB lower
vectors representing the sound pressures from the twban that of the reference. Fig. 4A shows the responses of the
loudspeakers reaching one ear, pewas the sum opsLs1)  ear ipsilateral to the reference loudspeaker for different phase
andpreLs2) (Fig. 3B). The individual vectors were calculated relationships of the two signals. The response function was
according to the scheme given above. After calculatiopr of rather flat, with maximum responses appearing between 60 °
andptc, the procedure to determine the driving force acting adnd 120° phase shift, and minimum responses at 240°. The
one tympanum K) was identical to the one-loudspeakerpeak-to-peak amplitude was approximately 5-8dB for the
situation. individual preparations. The responses of the ear contralateral

We normalized the model calculations for the two-to the reference had a distinctly larger range of 15-20dB
loudspeaker situations, in that we defined 0dB total sounffig. 4B). Minimum responses were found for a phase shift of
pressure acting on the tympanum as the sound pressut20 °, and the maximum appeared at approximately 300 °. The
calculated for ipsilateral presentation alone of the signal helmhteraural response difference, i.e. the difference between the
constant in the different experiments. This procedure wasesponses shown in Fig. 4A and Fig. 4B, is given in Fig. 4C.
equivalent to the normalization applied to theHere, the peak-to-peak amplitude ranges for the individual
neurophysiological results, where the responses measured famrves fell between 10 and 25dB, with a difference of 15dB
the ipsilateral presentation of the signal held constant in theetween the peaks of the averaged responses.
different experiments was set to 0 dB (see above). The shapes of the curves for the averaged responses exhibit

The model responses are therefore determined by foilnigh congruence with those of the model calculations based on
parameters describing the biophysical properties of ththe values determined by Michelsen and Rohrseitz (1995).
grasshopper: the gain and delay of the external sound pathwilpwever, although the maxima and minima of both curves
(c,y) and the gain and delay of the internal transmissiof)(b, appeared at approximately the same values of phase shift, a
We calculated model predictions for all our experimentalistinct difference in amplitude occurred, with the model
situations using the parameters determined by Michelsen amdedicting much smaller values than those found in our
Rohrseitz (1995). Additionally, we made calculations formeasurements; for example, in the difference curve, a
models using modified parameter values in order to achievaeasured mean amplitude of 15dB contrasts with a predicted
better congruence between experimental and theoreticamplitude of 9dB (Fig. 4C).
results. The influence of the four model parameters on the

The model suggested by Michelsen and Rohrseitz (1995) wedictions for interaural response difference is shown in
approximative in nature, since it does not consider othefig. 5. We varied one parameter at a time, while holding the
possible factors that might influence the driving force on thether three at the original values. Changes in both external and
tympana. Such a factor could be sound being reflected on tivgernal delay \ and 3 in Fig. 3A) resulted in a shift of the
internal surfaces of the tympana. These factors are likely to heeak values of phase shift, but no clear changes in amplitude

Results
Schistocerca gregaria
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occurred (Fig. 5B,D). Changing the external and internal gaidmplitude experiment

(c and b in Fig. 3A) resulted in changes in the response In this experiment, the phase relationship of the two signals
amplitude only (Fig. 5A,C). While the external gain had onlyremained constant at 0 °, while the amplitude of one signal was
moderate effects on the amplitude (Fig. 5A), a decrease in tlatenuated from 0dB down t15dB. The interaural response
internal gain led to a large increase in amplitude (Fig. 5C)ifference, i.e. the response of the ear ipsilateral to the
Adjusting the internal gain from the Michelsen and Rohrseitattenuated signal subtracted from the response of the ear
(1995) value of 0.45 down to 0.25 predicts an amplitude oipsilateral to the constant signal, is shown in Fig. 7. Up to
approximately 20dB. The curves predicted by the model usingmplitude differences of 10dB, the mean response difference
this modified value of 0.25 for the internal gain show an almogs slightly greater than half the magnitude of the amplitude
perfect match with our measured response curves (Fig. 6). difference between the speakers. For greater amplitude

Schistocerca gregaria

A
Ear ipsilateral to loudspeaker at O dB
g 10— B [ ] Measurement
@ — Mode
] |
®
g 5- .
-10— _
B
Ear contralateral to loudspeaker at 0 dB
5— —
g o - E 5
3 "
5 5- s
Fig. 4. Tympanic responses of @-
Schistocerca gregarito two synchronous S B
5kHz tones differing in phase (phase=
experiment) measured and calculategs | B
according to Michelsen and Rohrseitz
(1995). The neuronal responses were 20
converted to sound pressure levels using "~ -
the calibration procedure shown in
Fig. 2C. The phase angle of one signal C
(with 0dB amplitude) was held constant, Difference (ipsilateral—contralateral)

while the phase angle of the other (with 20—
-5dB amplitude) was varied. __

(A) Response of the ear ipsilateral to thel8 .. |
signal at 0dB. (B) Response of the earTg
contralateral to the signal at 0dB. &
(C) Response difference between the ear®
ipsilateral and contralateral to the signal ats
0dB. Results for individual preparations@
are shown on the left, averaged respons |
and predictions according to the model ar§ E
shown on the right. The error bars indicate

standard deviationsNE12). The model 5— : : : : : | | : : : : : : |
Values determine by Michelsen and O 60 120 19 240 300 %0 0 60 120 18 240 30 30

Rohrseitz (1995). Phase shift (degrees)

10—
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Schistocerca gregaria Schistocerca gregaria
A ; o i
0. External gainc External delay y ) 15 ori%]i naIW\I/aIues
--------------- -96° é’ — Model with modified
_ = internal gain b
5 10+
. =
8 5

— jon
. o
8 1 g o
Q
Q _ _
g > S l w w w w |
R 0 60 120 180 240 300 360
5 C _ D Phase angle (degrees)
o) Internal gain b Internal delay B . ) ) .
520 L 025 1 e 90° Fig. 6. Averaged interaural response difference during the phase
g' 154 N et -0.35 | —— - 100‘; experiment irSchistocerca gregariasompared with the prediction of
x 045 110 a model using the original parameters of Michelsen and Rohrseitz

; \\ S - 0% e, 120 (1995; dashed line) and a model using an internal gain of 0.25

instead of 0.45 (solid line). These are the same measurements as
those presented in Fig. 4C. Measured values are means M=12.

51

T T T T 1 ~
0 60 120 180 240 300 360 (5 é) 1‘20 1é0 24‘10 3(50 3(%0
Phase shift (degrees)

0.45, proposed by Michelsen and Rohrseitz (1995), had a
similar shape but, as in the phase experiment, was quite
different in amplitude. In this case, the predicted amplitudes
Fig. 5. Influence of the four model parameters describing the extern#ere approximately twice as large as those measured.
and internal sound path on the model predictions for the phasgpplying the same modifications to the model calculation (a
experiment inSchistocerca gregariéor a frequency of 5kHz. One reduction of the internal gain from 0.45 to 0.25) resulted in an
parameter was changed at a time, while the three others were kepiagftnost perfect match between measurements and model
the original values determined by Michelsen and Rohrseitz (1995[3redictions.
(M&R). Solid line: original parametersciggr=0.71, yer=-76", Thus, the neurophysiological responses of the ea.of
IE';"&R;)O'(A:BS)‘%';":F;%;?I;I' (lj\:lacln:mcagor;k?f (A) the leXt‘?mal gaéno:(; gregariain both the phase and amplitude experiments are in
9. 2), W( (C) the Internal gainbf and (D) close agreement with the model of Michelsen and Rohrseitz
the internal delayf). See the text for further details. . . .
(1995) when the gain of the interaural pathway for 5kHz is
reduced from 0.45 to 0.25.

differences, the steepness of the response difference function Chorthippus biguttulus

decreases, reaching a response difference of 7dB at Bhase experiment

amplitude difference of 15dB between the stimuli. The curve The phase experiment wit@. biguttuluswas conducted
predicted by the model using the original value of internal gainyith the signals from both the loudspeakers presented at the

Fig. 7. The dependence of the tympanic Schistocerca gregaria

responses obchistocerca gregarian the B Measurement

amplitude  relationships  of  two@m o7 159 - - - Mode with

synchronous  5kHz tones (amplitudez |, | ol (l\)/rlléq(ljglalw\ilaurﬁ)dified 3
experiment). The amplitude of one sign internal gain b .7

was held constant (at 0dB), while thes 9-
amplitude of the other was varied,; th%
phase relationship of the two tones wa§
0°. The response difference between the , |
ear ipsilateral and the ear contralateral 15'
the signal at 0dB is shown. Results fdF o-
individual preparations are shown on the

left, and averaged response and model
predictions are shown on the right. The Amplitude difference (dB)

error bars indicate standard deviations

(N=16). The predictions are calculated using the original parameter values (dashed line) and using an intewfad.g&irgsolid line) instead
of bmgr=0.45, the original value determined by Michelsen and Rohrseitz (1995).
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same amplitude, resulting in mirror-imaged functions for theaminima of individual curves, the averaged response (Fig. 8B)
ears ipsilateral and contralateral to the signal kept at 0°. Whad a peak-to-peak amplitude of only 6.1 dB.

therefore present only the measurements for the ipsilateral ear.Calculations using the parameter values given by Michelsen
The responses of the different preparations showed higind Rohrseitz (1995) predicted tRatbiguttulusvould exhibit
variability (Fig. 8A). The phase shift resulting in minimum a minimum response at a phase shift of 270° at 5kHz, with a
responses varied from 180° to 300°, while that resulting idifference between the maximum and minimum responses of
maximum responses varied from 330° to 180°. The peak-t@pproximately 21dB (Fig. 8B). This predicted curve differs
peak amplitude ranged from 3dB to 14dB (9.8+3.0dB, meamarkedly from both our individual and averaged

+ s.0.; N=13) for different preparations. Owing to shifts in the measurements in both position and amplitude. The influence
of the four model parameters measured by Michelsen and
Rohrseitz (1995) on the predictions of the model is shown in
Fig. 9. Modifications of the values of the external delay and
the internal gain shift the position of the minimum, but have
only a small effect on the peak-to-peak amplitude (Fig. 9B,C).
Changes in the external gain cause a decrease in amplitude, but
have no effect on the position of the minimum (Fig. 9A). Both
parameters of the predicted response were influenced by
increasing the internal delay (Fig. 9D): increasing the delay by
20° (to 160° instead of the value of 180° measured by
Michelsen and Rohrseitz, 1995) reduces the peak-to-peak
amplitude to 9dB. When the delay is further increased to 80 °,
additional changes in amplitude occur, and the position of the

Chorthippus biguttulus

@ minimum moves from 280° towards 180°. The predicted
5;’ responses of models with the internal delay increased by
:
E) Chorthippus biguttulus
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Fig. 8. Tympanic responses dEfhorthippus biguttulusto two ——— -
synchronous 5kHz stimuli differing with respect to their phase 0 60 120 180 240 300 360 0 60 120 180 240 300 360
relationship (phase experiment). The phase angle of one signal w Phase shift (degrees)

held constant, while the phase angle of the other was varied; boui

signals had an identical amplitude. (A) Responses of individueFig. 9. The influence of the four model parameters describing the
preparations ipsilateral to the signal with 0° phase angle. (B) Meaexternal and internal sound path on the model predictions for the
(+ s.b., N=13) values of the responses shown in A and modephase experiment i€horthippus biguttulusitt a sound frequency of
predictions based upon the original values measured by Michels&&kHz. One parameter was changed at a time, while the other three
and Rohrseitz (1995). (C) Mean (gp., N=13) values of the were kept at the original values determined by Michelsen and
responses shown in A and predictions of the model with varieRohrseitz (1995). Solid line: original parametersveR=0.91,
internal delayB. The original phase anglBngr=180°) measured by ymer=-34°, bmer=0.56, Bmar=180°). Modification of (A) the
Michelsen and Rohrseitz (1995) was reduced by 20-80°, i.e. trexternal gain€in Fig. 3) (B) the external delay)( (C) the internal
delay was increased. gain @) and (D) the internal delag).
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20-80° span a large part of the range of variability of thémplitude experiment

individual responses (Fig. 8A,C). The mean response fitted We conducted the amplitude experimenCirbiguttulusfor

well with the model assuming a 40° increase in the delathree frequencies (5, 8 and 12kHz). As in the phase
(Fig. 8C). In another approach, we determined the internadxperiment, the results were highly variable between
delays that corresponded best to each individual measuremeindividual preparations. At 5kHz (Fig. 10A), the response
We approximated the best fits by minimizing the sum ofifference between the ear ipsilateral to the loudspeaker held
squares of the deviations between modified model andt 0dB and the ear ipsilateral to the attenuated loudspeaker
measurement. The mean internal phase shift determined in thigreased with increasing amplitude difference, with the mean
way was 138.5°. This value corresponds to an increase in thalue reaching saturation at a stimulus difference of 12—15dB
delay of 41.5° over the value measured by Michelsen an(for 15dB, 7.4+2.5dB, meangp.; N=13). Calculations using
Rohrseitz (1995) and is within the range they assumed to ltke parameter values given in Michelsen and Rohrseitz (1995)
realistic. predicted a response difference not exceeding 1.5dB
throughout the experiment, reflecting the poor directionality
they found at this frequency. Model calculations with internal
delay values increased by 20-80° resulted in predicted
A _ a= response differences of 6-8dB (Fig. 10A), in close agreement
B=Pumer—20° with the mean response measured.

At 8kHz, the variability of the measurements was even
more pronounced (Fig. 10B). In some animals, the response
differences had optimum characteristics, reaching a
maximum at a stimulus difference of approximately 12 dB. In
others, however, the response differences increased over the
complete range tested, and in some they saturated in a pattern
similar to the response differences found at 5kHz. The
original model for 8 kHz predicted an optimum function with
a maximum at 6dB stimulus difference, once again outside
the range of our measurements (Fig. 10B). Applying the same
changes to the model as for 5kHz transformed its responses
towards the measured values: with an increase in the internal
delay of 20°, the maximum of the response function
increased and moved to a stimulus difference of 14dB. A
further increase in the internal delay transformed the
predicted response function into a linear rise throughout the
range of interest (at 40° increase) and finally to a saturating
curve (at 60-80 ° increase).

At 12kHz, the situation was similar to that described at
8kHz. Response differences with optimum characteristics
were found, together with linear and saturating characteristics
(Fig. 10C). Increasing the internal delay by between 20° and
80° predicted curves similar to the neurophysiologically
measured curves. A model calculation using the original values
/ of Michelsen and Rohrseitz (1995) produced a curve outside
0 6 12 18 the measured range of variability.

Amplitude difference (dB) In C. biguttulus the results of both the phase and amplitude

experiments fit the predictions of the model suggested by

Fig. 10. Tympanic responses Ghorthippus biguttulugor different  Michelsen and Rohrseitz (1995) quite well if the delay of the
amplitude relationships of two synchronous tones of 5kHz (A)internal pathway is assumed to be 20-80° larger than that
8kHz (B) and 12kHz (C) (amplitude experiment). One signal wasneasured by them. The responses of two individual insects to

held constant in amplitude (at 0dB), while the amplitude of the otheé” four experiments are shown in Fig. 11. In each of the two
was varied; the phase relationship of the two sine waves was 0°. T%_‘ o

Chorthippus biguttulus

Response difference (dB)

response difference between the ear ipsilateral and the ?eparatlons shown, the internal delay had to be increased by

contralateral to the signal at 0dB is shown. Results for individua e Sam,e phase shift for all three. frgquenmes to achieve a good
preparations are shown on the left; and averaged resporse.,(+ corrglatlgn betwepn model predlctlon§ and measurements. In
N=12-15) and model predictions are shown on the right. Thé&he firstinsect (Fig. 11A-D), a phase increase of 40° resulted

predictions are calculated using the original parameter values (solil 900d agreement between measurements and predictions; for
line) and using modified internal delgy$dashed linesPuer isthe  the second insect (Fig. 11E-G), a phase shift of 80 ° resulted

original internal delay measured by Michelsen and Rohrseitz (1995)in a better fit. For five out of ten preparations in which all four
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experiments were successfully carried out, a good fit for all Calculation of directionality irChorthippus biguttulus

three frequencies could be obtained using phase shifts differing The values for the biophysical parameters measured by
by less than 20° from each other (see DiscussionMichelsen and Rohrseitz (1995) . biguttulus predicted
Nevertheless, there were also a few individuals for which nalmost no directionality at 5 kHz but, during behavioural tests,
model fitted convincingly when only the internal phase washe insects were easily able to detect the direction of a song
modified. with this carrier frequency (see Fig. 1). According to the

Chorthippus biguttulus

Fig. 11. Responses of two preparations of
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measurementg presented here, it should be assumgd that Chorthippus biguttulus
internal delay is 20—-80° greater than that found by Michelse A 0°

and Rohrseitz (1995). We calculated the directionality of ths

ear over a range of values for the internal delay (Fig. 12A). N
directionality was apparent for the original value (delay 180 °)
Increasing the internal delay increased directionality mainly b
decreasing the total sound pressure at the ear for sounds fri

the contralateral hemisphere.

The directional information available to the animal is the
interaural sensitivity difference, i.e the difference between th
directional characteristic and its mirror image. The interaure 5700
sensitivity difference was close to zero for the unmodifiec
model, but reached maximum values when the internal dele
was increased by 40-60° (Fig. 12B). Nevertheless, a
interaural amplitude difference of at least 4 dB was found witl
a delay of 20°. This value of 4dB occurred at an angle of onl
30° from the longitudinal axis of the insect. Michelsen anc
Rohrseitz (1995) measured similar values by determining th
directionality of tympanal vibrations directly and showed that
model calculations using an increased internal delay predict
directionality of comparable magnitude (Figs9 and 11 ir

Michelsen and Rohrseitz, 1995). B —5- B=Bmar
—+— PB=Bmer=20°

Sensitivity (dB)

180°

10+ —v— B=Bmgr—40°
Discussion 2 —&— B=Bygr—60°
. . . . ; EE —o— B_B _800
Our results from neurophysiological recordings using a morg S ~PM&R
complex acoustic stimulus situation in principle support the® 8 5
model of the biophysical mechanisms involved in directiona® %
hearing in grasshoppers prqposed by Michelsen.and Rohrseg %
(1995). However, a comparison of our results with the mode< 0

predictions based on the parameter values measured
Michelsen and Rohrseitz (1995) revealed remarkabl 6 éo 1‘20 1‘80
discrepancies both Bchistocerca gregariand inChorthippus o

biguttulus In both species, modification of the value of a single Angle of sound incidence (degrees)

model 'pe.\ramet.er led to .a better fit: & gregar.ia the Fig. 12. (A) Directional pattern at 5kHz @horthippus biguttulus
transmission gain, and @. biguttulusthe delay of the internal = caiculated from models with different internal delgysThe model

pathway, had to be modified. FQr. biguttulus our results using the original valueB1er=180°) of Michelsen and Rohrseitz
support the assumption of Michelsen and Rohrseitz (1995) th(1995) shows almost no directionality (open squares), while
the internal delay had to be increased over their measured valdirectionality is more pronounced for increased values of delay.
For S. gregaria our measurements were quite consistent(B) Interaural sensitivity differences for the directional patterns in A,
with only moderate inter-individual variation. The results ofcalculated as the difference between each directional pattern and its
Michelsen and Rohrseitz (1995) for this species were alsM!"or image.
unambiguous. The directional characteristic they obtained &
direct measurement of tympanal vibrations was in goodain and phase values for the external sound pathway. Because
agreement with that predicted by their model. However, theref the small body sizes, however, the diffraction of the sound
were differences between the measured and modelled respomszs rather low at 5kHz in both the species used and for higher
functions, mainly in amplitude. The differences in the value ofrequencies irC. biguttulus The phase shifts of the external
the internal gain found by Michelsen and Rohrseitz (1995) angdathway were mainly due to the different time of arrival of the
in the present study may be due more to differences betwesnund at the ear (Michelsen and Rohrseitz, 1995), which
the animals used than to differences between the experimengdlould not be influenced by the posture of the insect.
arrangements. Therefore, it seems unlikely that large differences between
The most marked difference between our experimentdhese two studies were caused by the different postures of the
procedure and that of Michelsen and Rohrseitz (1995) was thigisects, although this possibility cannot be excluded. In
we fixed the insects ventral side up on a free-standing holdeaddition, our model calculations (Fig. 5A,B) indicate that
while Michelsen and Rohrseitz (1995) fixed the insect ventrathanges to the external pathway should have no great effect on
side down on a cork platform, which could result in differentthe responses in our stimulus situations.
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To expose the tympanic nerves3n gregaria only small  Rohrseitz (1995) measured, for frequencies below 7kHz,
incisions in the cuticle were necessary, and no muscles phase shifts of the internal pathway greater than 180 °, which
apodemes had to be removed. Furthermore, the incisions weseuld correspond to a negative travel time of sound. They
filed and sealed with petroleum jelly. Nevertheless, the@ecognized and considered this problem for their model
preparation could possibly influence the internal pathway. Thealculations, but did not discuss possible sources of this error.
most likely explanation, however, is that the differencedMichelsen and Rohrseitz (1995) used a wall of beeswax placed
between the internal gain measured by Michelsen andn the dorsal side of the animal to reduce the transmission of
Rohrseitz (1995) and the value fitting our measurements asound from the local sound source to the opposite tympanum.
due to the quantity of fat in the insect. Michelsen (1971b)his wall may have influenced the mechanical properties of the
found large variations in hearing sensitivity depending on theuticle, resulting in alterations to the properties of the internal
amount of fat within the locust, and Miller (1977) sound pathway. Furthermore, Michelsen (1971b) demonstrated
demonstrated that this factor influences the gain of the interntilat a considerable amount of sound energy can be transmitted
pathway. Thus, different rearing conditions alone may béhrough the cuticle outside the tympanum. This sound pathway
sufficient to explain the differences found f8r gregaria was probably also altered by the wall of beeswax placed on the
between the two studies. The model suggested by Michelsémsect. This effect would probably be greateCinbiguttulus
and Rohrseitz (1995) seems, therefore, to be a godtlan inS. gregariabecause of its smaller body size.
approximation of directional hearing $ gregariaat 5kHz. A major problem in determining the driving forces on the

Our measurements i@. biguttulusshowed a much greater tympanum using laser vibrometry may involve the different
range of variation than i8. gregaria particularly in the phase vibrational modes of the tympanum: Michelsen (1971a)
experiment (compare Figs 4, 8). This could be due to the fademonstrated that, with variation of the stimulus frequency,
that the preparation of. biguttuluswas more invasive than different vibrational modes with different centres of vibration
that ofS. gregaria owing to the smaller size of the insect. Partappear on the tympanum. Nodal lines, i.e. lines with no
of the metathoracic apodeme and the attached muscles haddtsplacement, were found at the tympanum, with their
be removed to expose the tympanic nerve, and this procedysesitions changing at different stimulus frequencies (Breckow
may have affected the mechanical properties of the cuticiend Sippel, 1985). Laser vibrometry picks up only the
more than irS. gregaria We attempted to prepare the different vibrational amplitudes in the direction of the laser beam (i.e.
insects in an identical manner, and no systematic differencésthis case perpendicular to the tympanum). The receptor cells
were found between preparations of the right and left easf Miuller's organ are most probably stimulated by
(which differed slightly as a result of the handedness of thdisplacement of their cell bodies relative to their dendritic
experimenter). Since the measurements of the transmissiattachment sites. These relative movements are not necessarily
gain of the interaural pathway i@. biguttulusalso showed linked to large amplitudes of movement of the tympanum,
considerable variation (Fig. 8 in Michelsen and Rohrseitzwhich would be picked up by laser vibrometry (Breckow and
1995), we are confident that the variation in the responses 8ippel, 1985). This mechanism of signal transduction may
C. biguttulusn our study was not due to experimental artefacténterfere with the prerequisite of using this method, which is
but reflects differences between individual animals (seéhatthe tympanal vibrations as picked up by the laser faithfully
below). reflect the driving force acting on the tympanum.

The experimental results of Michelsen and Rohrseitz (1993)nfortunately, Michelsen and Rohrseitz (1995) did not present
for C. biguttuluswere not as clear as f&. gregaria There data proving that this prerequisite was always met. This
were considerable discrepancies between the directionptoblem could be the reason for the difficulties encountered in
patterns measured directly by means of laser vibrometry arapplying this method, which has been used successfully in
the calculations of directional patterns based on theiother insects (e.g. Michelsen et al., 1994a,b) and frogs (e.g.
measurements of the different sound pathways. Thesksrgensen et al., 1991), to grasshoppers.
discrepancies were particularly pronounced at lower Whether the dubious phase measurements of Michelsen and
frequencies (5-10kHz), but even at higher frequencieRohrseitz (1995) were caused by methodological problems or
calculated and measured characteristics differed by up to 6 dB the inadequacies of the two-input model for the grasshopper
(at 17kHz) and 9dB (at 12kHz) for some angles of sounéar (e.g. the presence of additional sites of sound input besides
incidence. In addition, the conclusion of Michelsen andhe two tympana) cannot be determined from the data so far
Rohrseitz (1995) that the ear 6f biguttulusprovides poor available. Because measurements of the sound pressures acting
directional information at 5kHz contradicts the behaviour ofon the outer surface of the two tympana are not affected in
the insect: behavioural results demonstrate that the males aiher case, it is justifiable to modify the parameters of the
able to lateralize a 5 kHz signal with almost no errors (Fig. 1C)nternal sound pathway to achieve a better fit between the
whereas frequencies above 8kHz which, according tmeasurements and the model -calculations. The good
Michelsen and Rohrseitz (1995), are suited for songorrelation between our measurements and the predictions
localization, are much less effective in eliciting male responsesalculated using an internal delay modified in the direction as
(Fig. 1B; von Helversen and von Helversen, 1997). suggested by Michelsen and Rohrseitz (1995) supports the

In their experiments ornC. biguttulus Michelsen and two-input model of the grasshopper ear and the calculation
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procedures used by Michelsen and Rohrseitz (1995) and in ooreasurements suggest a considerably larger delay for the
study. internal pathway irC. biguttulus resulting in good directional

For C. biguttulus we achieved the best match between thénearing at low frequencies. In the light of the behavioural
model and our measurements by assuming a mean phase aqgeformance of these insects, this situation seems to be
of the internal pathway of 138.5° at 5kHz, i.e. the delay hadhiologically meaningful.
to be increased by approximately 40 ° over the value given by
Michelsen and Rohrseitz (1995). The calculation of the we wish to thank A. Michelsen and K. Rohrseitz for their
directional pattern using this value resulted in an interaurahtensive discussion of our results. Our thanks are also due to
sensitivity difference of 9dB (Fig. 12), which is consistentH.-U. Kleindienst for commenting on the manuscript and to S.
with the interaural response difference for large-amplitude . Bush and R. Balakrishnan for linguistic help.
differences found here (Fig. 10A) and also with the directional
pattern for 5 kHz measured by Michelsen and Rohrseitz (1995,
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