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Summary. 1. Removing the anterior tympanic
membrane of the tettigoniid Caedicia simplex did
not significantly alter either the tuning or the inten-
sity-response characteristics of individual auditory
fibers recorded in the leg nerve (Figs.2 and 3).
However, this operation did make the auditory
sensilla in the crista acustica accessible for physio-
logical recording.

2. The physiological responses of individual au-
ditory receptors in the crista acustica have been
recorded and the frequency-threshold characteris-
tics of identified sensilla have been measured for
sound frequencies between 1 kHz and 40 kHz.

3. In response to an acoustic stimulus a slow
hyperpolarising potential (1-2 mV), lasting the du-
ration of the tone and superimposed hyperpolar-
ising spike potentials (2-4 mV) were recorded in
the attachment cell of the sensillum (Fig. 4A). In
two of the 28 sensilla from which recordings were
obtained, depolarising spike potentials were re-
corded superimposed on the hyperpolarising po-
tential (Fig. 4B). On rare occasions, depolarising
spike potentials were recorded in the absence of
any slow potential. Lucifer Yellow was successfully
injected into the attachment cell of a sensillum only
when the slow potential was recorded (Fig. 6).

4. Each sensillum has a typical V shaped tuning
curve with the most sensitive sensilla tuned to
sound frequencies between 7 kHz and 18 kHz
(Figs. 7 and 8). The sensilla of the crista acustica
are tonotopically organised with the more proxi-
mal receptors tuned to the lower sound frequencies
(Figs. 6-8). The frequencies of optimal sensitivity
of adjacent sensilla are separated by an interval
of approximately 1 kHz (Fig. 8).

Introduction

The auditory receptors of tettigoniids (Orthoptera,
Tettigoniidae) are located in the proximal portion

of each prothoracic leg tibia. In this region there
are three mechanosensory organs; the subgenual
organ, the intermediate organ and the crista acus-
tica. These organs were first described by Graber
(1876) and later by Schwabe (1906). A more recent
anatomical investigation (Schumacher 1979) has
not significantly altered these original descriptions.
Each organ contains chordotonal sensilla similar
to those described by Gray (1960). The crista acus-
tica however, has a highly organised arrangement
of these sensory elements. In the crista the sensilla
form a linear array in which the size of the attach-
ment cells and the length of the sensory dendrites,
distal to the soma, decrease from the proximal to
the distal end of the array. The location of the
crista acustica on the leg trachea between the two
auditory tympana caused speculation that the sen-
silla of this organ may respond to air-borne sound
(Schwabe 1906).

The pioneering work of Autrum (1940, 1941)
demonstrated physiologically that the crista acus-
tica of tettigoniids responds to sound frequencies
higher than 1 kHz with greater sensitivity than ei-
ther the subgenual or intermediate organs. Since
the work of Autrum, there has been some progress
toward defining the physiological characteristics of
the auditory sensilla of tettigoniids. Zhantiev
(1971), Rheinlaender (1975) and Kalmring et al.
(1978) have measured the frequency and intensity
characteristics of individual auditory fibers in the
tympanal nerve. Their work, however, did not re-
veal the peripheral origin of the axons from which
they were recording. They were unable, therefore,
to associate physiological characteristics of specific
axons with particular sensilla in the crista acustica.
Rheinlaender (1975) and Kalmring et al. (1978)
concluded that the more sharply tuned and sensi-
tive auditory units recorded in the tympanal nerve
could be the axonal projections of sensilla in the
crista. The figure of Zhantiev and Korsunovskaya
(1978, Fig. 1, p. 1013) implies that the tonotopic
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organization of the crista acustica has been demon-
strated. The arrows in their figure, however, indi-
cate the position in the tympanal nerve where sin-
gle unit recordings were obtained. The positioning
of the tuning curves along the receptor array was
based on the assumption that a single unit record
was obtained when the electrode tip was near the
point of insertion of the receptor axon into the
tympanal nerve. Single unit recordings of auditory
receptor responses can be obtained at any point
along the tympanal nerve and even in the protho-
racic ganglion. Their work therefore, like that of
Zhantiev (1971), Rheinlaender (1975) and Kalm-
ring et al. (1978), did not demonstrate the peripher-
al origin of the axons from which they were record-
ing. In order to attribute specific frequency and
intensity characteristics to particular receptors in
the crista acustica, it is necessary to record from
identified sensilla. In this paper I describe the phys-
iological response and frequency characteristics of
identified sensilla in the crista acustica of a tetti-
goniid and demonstrate the tonotopic organisation
of this organ.

Materials and Methods

Experiments were conducted on 66 wild adult male and female
Caedicia simplex (Walker), formerly C. longipennis (Hill and
Oldfield 1981), caught on vegetation in Canberra. Each prepa-
ration was mounted ventral side up with the forelegs supported
so that the anterior tympanic membranes, which are fully ex-
posed (e.g. Nocke 1975), were accessible for dissection. Follow-
ing the removal of a small portion of the pronotal flap that
partially covers the prothoracic spiracles, perspex emitter
probes were manipulated next to each spiracle. The acoustic
stimulus was presented to the preparation via an electromag-
netic transducer fitted into each emitter probe. Each probe had
an internal diameter of 1.5 mm at the tip and 15 mm at the
transducer. The overall length of each probe was 60 mm with
an approximately uniform wall thickness of 1 mm. The fre-
quency response of each probe was measured with a */,” Briiel
and Kjaer condenser microphone (type 4316), Briiel and
Kjaer measuring amplifier (type 2607) and passband filter
(type 1614). For a constant input voltage the output of each
probe varied by 20 dB for sound frequencies between 1 kHz
and 40 kHz. The attenuation levels required to flatten this fre-
quency response were incorporated into the software routines
used to control the intensity of the stimulus. The linearity of
the probes was established by varying the level of the input
voltage and monitoring the output of each probe. For sound
frequencies between 1 kHz and 40 kHz the output varied by
an amount that corresponded to the variation in the input volt-
age.

Acoustic Stimulus. The acoustic stimulus, a 50 ms pure tone
pulse with 10 ms rise and decay times presented at a rate of
1 Hz to 2 Hz, was produced by amplitude modulating (Schone-
mann 1172/04) the sine wave output of an audio oscillator
(General Radio 1309). The temporal parameters of the pulse
were chosen after recording (Nagra TV ST recorder, !/,” Briiel
and Kjaer condenser microphone) and analysing (Nihon Koh-
den oscilloscope camera, Tektronix 5103N oscilloscope) the in-
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Fig. 1. Photomicrograph of the auditory sensilla in the crista
acustica of the tettigoniid C. simplex a the portion of the crista
that was visible through the opening in the leg (arrowed) left
after the removal of the anterior tympanum. Scale: 50 pm.
b Longitudinal section through three sensilla in the crista acus-
tica. Scale: 12.5 pm. Note the location of the scolopale cell
nucleus and the close anatomical association of the attachment
cell and the cap cell into which the sensory cilinm inserts.
A attachment cell; AN attachment cell nucleus; AS auditory
sensilla; L lumen; C leg cuticle; PT prothoracic leg trachea;
S scolopale cap; SC scolopale cell; SN scolopale cell nucleus

sect’s call. The level of stimulation was adjusted in 1 dB steps
(programmable attenuator, self constructed).

Physiological Recording from Primary Auditory Axons. Prior
to physiological recording, the insect’s mandibles, the cuticle
covering the prothoracic and oesophageal region and the major
muscle groups of the prothorax were removed. A silver spoon,
which acted as the indifferent electrode, was placed under the
prothoracic ganglion and insect ringer (Fielden 1960, plus 3 g/1
glucose) was applied. To reduce movements of the leg nerve,
in which the auditory axons are located, it was sometimes neces-
sary to remove the anterior portion of the insects’ gut. When
this procedure was adopted care was taken to prevent the gut
contents from coming into contact with the nervous system.
Auditory responses to the acoustic stimulus in primary au-
ditory axons were recorded with glass microelectrodes filled
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with 3 M potassium acetate (tip resistance 70~80 MQ). The re-
sponses were amplified (Thomas 1977), monitored with head-
phones and an oscilloscope (Tektronix 5112) and recorded on
magnetic tape (Hewlett Packard instrumentation recorder
3964 A). The frequency-threshold characteristic of each axon
was quantified in terms of the sound pressure required to pro-
duce an average (n=>5) of 6-7 action potentials per stimulus.
The intensity-response characteristic of each axon was quanti-
fied in terms of the average (n=35) number of action potentials
per stimulus for various sound pressure levels. In both cases
the analysis was done on line by a microprocessor (Synertek
6502) that also controlled the amplitude and rate of stimulation.

Physiological Recording from the Crista Acustica. To record
from the auditory sensilla of the crista acustica the darkly pig-
mented region of the anterior tympanum was removed. Insect
Ringer solution was then applied and a silver wire, which acted
as the indifferent electrode, inserted into the insects abdomen.
The physiological responses of individual sensilla were recorded
with glass microelectrodes, the tips of which were filled with
a 5% aqueous solution of Lucifer Yellow CH (tip resistances
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Fig. 2. A Frequency-threshold curves for several primary
auditory neurons recorded in the leg nerve. Each point
represents the sound pressure required to elicit 6-7 action
potentials in the sensory axon. Note the lower thresholds of
cells tuned to sound frequencies between 7 kHz and 18 kHz.
B Frequency-threshold curves of a primary auditory neuron
recorded in the leg nerve (v) before and (v) after the removal
of the anterior tympanum. Note that the cell maintained
maximum sensitivity to sound frequencies between 16 kHz
and 18 kHz after the removal of the tympanum.

C Frequency-threshold curves for several primary auditory
neurons following the removal of the anterior tympanum.
Note that all the cells maintained a tuned response and that
the most sensitive cells were those tuned to sound frequencies
between 7 kHz and 18 kHz

180-160 MQ). The responses were amplified, monitored, re-
corded and the spike trains were analysed in the same way
as recordings from the auditory axons. The slow hyperpolaris-
ing potentials (see Results) were analysed from chart recordings
of the replayed responses (Watanabe V linear recorder).

To establish the position of the recording site in the crista
acustica Lucifer Yellow was injected into the sensillum by ap-
plying 5 nA of negative current for 500 to 800 ms at a rate
of 1 Hz for 1 to 2 min. The prothoracic leg was then removed
from the insect and prepared as a whole mount by fixing for
30 min in 4% formaldehyde in 0.2 mol/l phosphate buffer at
pH 7.2, dehydrated in an ethanol series and cleared in methyl
salicylate. It was examined by fluorescence microscopy using
a Zeiss photomicroscope. Several cristac were prepared for thin
section microscopy. The prothoracic legs were removed from
several insects and fixed for 2 h at 4 °C in 2.5% gluteraldehyde,
2% formaldehyde in 0.1 mol/l sucrose buffer (pH 7.2) contain-
ing 2 mmol/l CaCl. The material was then rinsed in buffer solu-
tion and post fixed in 1% osmium for 1 h, dehydrated in an
acetone series and infiltrated with Spurr’s resin. Longitudinal
sections were then cut, 2 pm, stained with toluidine blue and
examined with a Zeiss photomicroscope.
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Results

Anatomy of the Crista Acustica

Figure 1a shows a photomicrograph of the crista
acustica of C. simplex. The anatomical arrange-
ment of the sensilla is similar to that described
for other tettigoniid species (Graber 1876; Schu-
macher 1979). The crista acustica contains 35 sen-
silla with each sensillum composed of three cells,
the attachment cell, the scolopale cell and the sen-
sory neuron. The sensilla become smaller progres-
sively from the proximal to the distal end of the
array. This variation in size is predominantly due
to a decrease in the volume of the attachment cell
and the length of the distal portion of the sensory
dendrite. The size of the scolopale cap, the length
of the scolopale rods and the size of the lumen
containing the sensory cilium (Fig. 1b) show less
overall variation.

Physiological Characteristics
of Primary Afferent Fibres

In order to record from the sensilla of the crista
acustica (see below) it was necessary to remove
the anterior tympanum. To characterise the physi-
ological response of the auditory receptors in the
intact preparation and verify that this operation
did not alter these characteristics, recordings were
obtained from several auditory neurons in the leg
nerve before and after the removal of the tym-
panum.

The frequency-threshold curves of several pri-
mary auditory neurons in intact preparations are
shown in Fig. 2A. The most sensitive neurons are
those tuned to sound frequencies between 7 kHz
and 18 kHz. Neurons tuned to sound frequencies
outside of this range have higher absolute thres-
holds. Neurons tuned to sound frequencies above
7kHz have symmetrical frequency-threshold
curves with roll-offs in sensitivity of 20 dB to
30 dB/octave. Neurons with optimal sensitivity to
sound frequencies below 7 kHz have asymmetrical
frequency-threshold curves with low and high fre-
quency roll-offs of 40 dB and 20 dB or less/octave,
respectively.

Figure 2B shows the frequency-threshold
curves for a primary auditory neuron before and
after the removal of the anterior tympanum. The
cell showed a decrease in sensitivity of 10 dB for
sound frequencies near 16 kHz and 20 dB for
sound frequencies one octave or more below
16 kHz. The cell remained, however, tuned to
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Fig. 3. A Intensity-response curves of a primary auditory
neuron recorded in the leg nerve of an intact preparation. Note
that the slope and maximum number of action potentials for
each sound frequency is similar. Jnsert shows the response of
a cell in an intact preparation to 18 kHz (33 dB), 20 kHz
(40 dB), 30 kHz (64 dB). B Intensity-response curves from the
same primary auditory neuron after the removal of the anterior
tympanum. Note that the slope and maximum number of action
potentials produced are similar for each sound frequency and
similar to that of the intact preparation. Insert shows the re-
sponse of the cell to 20 kHz (43 dB), 16 kHz (56 dB), 30 kHz
(61 dB). (a) 5 kHz, (m) 8 kHz, (») 20 kHz, (n) 30 kHz

sound frequencies between 16 kHz and 18 kHz
after the removal of the anterior tympanum. Simi-
lar results were obtained from 5 preparations.

Figure 2C shows the frequency-threshold
curves of several primary auditory neurons after
the anterior tympanum had been removed. The
most sensitive cells were, as in the intact prepara-
tion, those tuned to sound frequencies between
7 kHz and 18 kHz. For several cells that were most
sensitive to sound frequencies below 7 kHz the
asymmetry in the frequency-threshold characteris-
tics, noted previously, disappears following the re-
moval of the anterior tympanum.
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Fig. 4A, B. Physiological recordings from an auditory sensil-
lum. A Typical response (as recorded from 26 sensilla) showing
a slow hyperpolarising potential and hyperpolarising spike po-
tentials. B Atypical response (as recorded from 2 sensilla)
showing depolarising spike potentials. The sound pulse dura-
tion in both diagrams is 50 ms

Figure 3 A shows the intensity-response curves
of a primary auditory neuron for several sound
frequencies in the intact preparation. Figure 3B
shows corresponding curves for the same cell fol-
lowing the removal of the anterior tympanum.
Both sets of intensity-response curves have the typ-
ical sigmoidal shape. The maximum number of ac-
tion potentials in the response and the slope of
the curves were similar in both the intact and oper-
ated preparation. The intensity-response curves for
an individual cell were similar for each sound fre-
quency.
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Fig. 5. Intensity-response characteristic of an auditory sensil-
lum quantified in terms of A the magnitude of the slow poten-
tial; B the number of hyperpolarizing spike potentials

Physiological Responses of Identified Sensilla
in the Crista Acustica

After removing the anterior tympanum, the audi-
tory sensilla of the crista acustica and in particular
their attachment cells can be seen through a dis-
secting microscope. Recordings were obtained by
advancing the electrode tip toward the attachment
cell of a specific sensillum while gently tapping the
micromanipulator. No auditory responses were re-
corded until the electrode tip was in contact with
or had penetrated the sensillum. Figure 4 A shows
the typical response obtained from an auditory
sensillum in the crista acustica of C. simplex. To
a low, but suprathreshold sound pressure, a 1 mV
hyperpolarising slow potential that lasts the dura-
tion of the stimulus and, superimposed on this po-
tential, 2 to 4 mV rapid hyperpolarising potentials
of 1-2ms duration (spike potentials) were re-
corded. As the sound intensity was increased both
the magnitude of the slow potential and the
number of spike potentials increased until the re-'
sponse became saturated (Fig. 5). Following each
sound pulse the attachment cell briefly depolarised
by 1 to 2 mV before regaining its resting membrane
potential (—30 to — 50 mV). The duration of the
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Fig. 6. Photomicrograph of the receptor array in the ctista acustica of C. simplex (a). The arrangement and relative location
of auditory sensilla visible through the dissecting microscope (bi-3). Corresponding portions of the crista from three different
insects photographed under ultraviolet light showing the relative location of three auditory receptors stained with Lucifer Yellow.
Note that the dye is located in the attachment cell and the scolopale cell nucleus at the base of the sensillum and that, even
though a considerable amount of dye has been injected, no sensory axons were stained. Scale: 50 pm

recovery period was dependent on the level of stim-
ulation. During the recovery period, the number
of spontaneous spike potentials decreased.

In two of the 28 sensilla from which recordings
were obtained (Fig. 4B), depolarising spike poten-
tials were recorded superimposed on a hyperpolar-
ising slow potential. On the rare occasions when
spike potentials were recorded in the absence of
the slow potential, dye injection failed to stain the
sensillum. Sensilla were stained only when the slow

potential was recorded and then only one sensillum
in the crista was marked.

Figure 6a shows a photomicrograph of the por-
tion of the crista acustica of C. simplex that was
visible through the dissecting microscope. Figure
6b shows three cristae from different preparations
each containing a cell that was stained with Lucifer
Yellow. Typically, the dye was concentrated in the
attachment cell and the scolopale cell nucleus at
the base of the sensillum. On the occasions when
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dye was injected for a period of less than 1 min,
due to the loss of the recording during dye injec-
tion, only the attachment cell was stained. The dye
marking confirms that the attachment cell was the
site of the physiological recordings reported in this
paper.

Figure 7 shows the tuning curves obtained from
the three auditory sensilla shown in Fig. 6b. All
three receptors had typical V shaped tuning curves
with cells 1 and 2 having approximately 20 dB to
30 dB/octave rolloffs in sensitivity above and be-
low their optimal sound frequency (i.e. characteris-
tic frequency or CF). The CFs of the three cells
were 9.5 kHz (1), 13.5 kHz (2) and 16 kHz (3), with
the most proximal sensillum having the lowest and
the most distal the highest CF. Threshold curves
obtained from 11 other marked auditory sensilla,
four of which having the same optimal frequency
and the same position in the crista, confirmed this
relationship between the position of the sensillum
in the receptor array and the sound frequency of
maximum sensitivity. Figure 8 shows tuning curves
from identified auditory sensilla in the crista acus-
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tica of C. simplex and their position in the receptor
array.

Discussion

This study demonstrates that the sensilla in the
crista acustica of tettigoniids are tonotopically or-
ganised. For C. simplex the sensilla in the crista
are tuned to sound frequencies between 1 kHz and
35 kHz with an interval of approximately 1 kHz
between the CFs of adjacent sensilla (Figs. 6-8).

The frequency-threshold characteristics of the
primary auditory axons of C. simplex (Fig. 2A)
are consistent with the single unit responses of the
group-a type-R units described by Rheinlaender
(1975) and the pure auditory units described by
Kalmring et al. (1978). These auditory units, like
those reported here, were sensitive to sound fre-
quencies between 3 kHz and 40 kHz, with the most
sensitive units tuned to sound frequencies greater
than 7 kHz. Similarly, the intensity-response
curves reported here (Fig. 3A) have similar slopes
to some of the intensity functions of auditory fibers
reported by Rheinlaender (1975) and Kalmring
et al. (1978). The recordings I have presented from
the auditory sensilla confirm that at least some
of the primary auditory units recorded by Rhein-
laender (1975) and Kalmring et al. (1978) were the
axonal projections from receptors in the crista
acustica.

The variation in the absolute thresholds of au-
ditory receptors (Fig. 2 A) indicates that the acous-
tic transmission properties of the prothoracic tra-
chea (Hill and Oldfield 1981, Fig. 10, p. 176) deter-
mine the overall auditory sensitivity of the crista
acustica. Receptors tuned to sound frequencies be-
low the cut-off frequency of the trachea (about
6 kHz for C. simplex) are 20 dB to 30 dB less sensi-
tive at their CF than those tuned to sound frequen-
cies between 7 kHz and 18 kHz (Fig. 2). The re-
duced sensitivity of receptors tuned to sound fre-
quencies above 18 kHz (Fig. 2A) is consistent with
the reduced transmission of sound in the protho-
racic trachea at high sound frequencies. Individual
receptors are obviously more sharply tuned
(Figs. 2, 7 and 8) than the broad band frequency
characteristic of the trachea (Hill and Oldfield
1981). This enhanced frequency selectivity must be
due either to properties intrinsic to the individual
receptor or to an as yet undescribed mechanical
frequency analyser. It is clear from the anatomical
data presented here (Fig. 1 and 6) and elsewhere
(Graber 1876; Schwabe 1906; Schumacher 1979)
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that the auditory sensilla in the crista acustica are
coupled by a supporting membrane. The fre-
quency-threshold characteristics of individual au-
ditory sensilla may result, therefore, from the char-
acteristic vibration patterns of this membrane in
a manner analogous to the mammalian basilar
membrane. This issue will remain unresolved until
the effective stimulus at the auditory sensillum is
identified.

Because the sensory dendrite within the sensil-
lum is continuous with the auditory axon in the
leg nerve (Schumacher 1979) and the axon pro-
duces depolarising action potentials (Fig. 3A, B),
the sensory dendrite must depolarise in response
to a sound stimulus. The slow hyperpolarising po-
tential recorded in the attachment cell (Fig. 4),
therefore, most probably is an extracellular record-
ing of the receptor potential. The ability to record
this slow potential and the spike potentials extra-
cellularly is most probably a consequence of the
tight physical coupling between the attachment cell
and the sensory dendrite (Fig. 1). Similar poten-
tials have been recorded by Suga (1960, Fig. 4D,
p- 538) in Miillers organ of the locust Locusta mi-
gratoria danica. He reports that this type of record-
ing was rare and difficult to maintain since slight
movements of the electrode resulted in the loss of
the recording. The *““negative monophasic slow po-
tential” reported by Suga (1960) may have been
obtained from the attachment cell of a sensillum
in Miillers organ.
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