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Summary. 1. The activity and the response to audi-
tory stimulation of the auditory nerve, of single
receptor fibres and of thoracic auditory interneu-
rons were recorded and analysed in resting and
in tethered flying locusts (Locusta migratoria).
During the behavior in the auditory system (I)
flight induced activity and (II) modulations of the
auditory response to sound pulses occurred. It was
analysed whether flight-induced activity and the
modulations of the auditory response were due to
influences affecting the auditory receptors and/or
interneurons.

2. Flight evoked tonic and phasic activity in
the tympanal nerve and in single auditory recep-
tors. Receptor activity was caused by thoracic
movements stimulating the auditory organ and ad-
ditionally by flight noise (Figs. 1-3).

3. Auditory interneurons also received excitato-
ry input during flight. The activity of the interneu-
rons was either markedly reduced or totally elimi-
nated when the auditory organ was destroyed.
Thus flight activity in auditory interneurons was
largely or entirely caused by the auditory receptors
(Fig. 4). No evidence was found for the flight pat-
tern generator having a discrete effect on auditory
interneurons.

4. The summed nerve response to auditory
stimuli (10 ms, 70 dB SPL white noise) was re-
duced to 19% during flight. This corresponded to
a decrease in sensitivity of 20 dB. Appropriate re-
ductions of the auditory response also occurred
in single receptor fibres (Figs. 1, 3).

5. The response of interneurons to sound pulses
was reduced during flight to 26-35% of the re-

Abbreviations: AP{s action potential(s) per second; AP/Stim
action potential(s) per stimulus
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sponse at rest (Figs. 5, 6). If the auditory organ
was destroyed and the auditory nerve was stimu-
lated electrically, no reduction of the electrically
evoked response occurred (Fig. 7). Thus the audi-
tory response reduction during flight must be due
to influences affecting the auditory organ.

6. In one auditory interneuron flight enhanced
the response to auditory stimulation and to electri-
cal stimulation of the auditory nerve due to an
additional sensory excitation of the neuron
(Figs. 5-7).

Introduction

The auditory pathway of locusts has been subject
of intense investigations dealing with the peripher-
al and central elements involved in auditory infor-
mation processing. Some of the analysed peripher-
al properties have been the biophysics of the tym-
panal organ (Michelsen 1971b, 1973; Stephen and
Bennet-Clark 1982; Breckow and Sippel 1985) and
receptor structure and physiology (Gray 1960; Mi-
chelsen 1971 a; Rehbein 1976; Rehbein et al. 1974;
Romer 1976, 1985; Sippel and Breckow 1984). As-
pects of the central elements that have been investi-
gated were the physiological and morphological
properties of interneurons (Kalmring 1975a, b;
Kalmring et al. 1972, 1978a, b; Rehbein 1976;
Rehbein et al. 1974; Romer et al. 1981; Romer and
Marquart 1984) and synaptic processing and con-
nections within the system (Romer and Dronse
1982; Marquart 1985b). These investigations have
given a detailed picture about many functional
properties within the auditory pathway. However,
in these experiments restricted immobilized prepa-
rations were used to obtain optimal acoustic and
recording conditions. Thus it remains an open
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question whether auditory information processing
during ongoing behavior is maintained as in the
restricted preparation. In grasshoppers ventilatory
and hindleg movements actually influence auditory
receptor activity (Hedwig 1988; Hedwig et al
1988). Further there is additional evidence in grass-
hoppers (Wolf and Helversen 1986; Hedwig 1986)
and also in crickets (Stout and Huber 1972; Schild-
berger et al. 1987) that auditory responses are sub-
Jject to modulatory influences which depend on the
behavior of the animal. Peripheral modulations,
1.e. influences on the auditory organ and its recep-
tors, and central modulations, i.e. influences on
auditory interneurons, may occuf.

Although flying locusts respond to sound stim-
uli (Weis-Fogh 1956; Haskell 1957; Yinon et al.
1971), problems for sound processing during flight
may be present. Flight behavior is accompanied
by sonorous wing-beat noise when the wings hit
the legs during take off and by low amplitude flight
noise at normal level flight (Haskell 1957). The
modulatory influence of wind and of sound with
the same spectrum as wing-beat noise has been
studied (Boyan 1986). But also strong thoracic
movements and forces are produced by the muscle
contractions. Knowing the enormous sensitivity of
tympanic receptors towards vibrations (Michelsen
and Larsen 1978) it seemed likely that auditory
information processing must be influenced by
flight. Thus the experiments presented here were
designed to examine peripheral and central modu-
lations of auditory information processing in teth-
ered flying locusts and compare the activity and
the response of auditory receptors and interneu-
rons during rest and flight.

Materials and methods

Animals. Experiments were performed at room temperature on
female mature Locusta migratoria aged three weeks after the
imaginal moult. The animals were obtained from a colony at
the University of Alberta.

Preparation. To record intracellularly from auditory interneu-
rons a preparation was used which was similar to that devel-
oped by Wolf and Pearson (1987). The legs of the animals
were amputated and the animals were waxed upside down to
a holder which allowed normal movements of the wings. The
ventral cuticle was removed above the meso- and metathoracic
ganglia. The ganglia were supported by one metal spoon and
stabilized by a second ring-like spoon gently pressed on their
ventral surfaces. The metathoracic Nv6 contralateral to the
stimulation and recording side was cut and the ipsilateral Nv6
lifted on a pair of hook clectrodes. To abolish capacitive cou-
pling between the microelectrode and the wing movements two
thin copper plates were placed parallel to the body’s length
axis and so shielded the recording site from wing movements.
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Recording and staining. EMG recordings were obtained from
mesothoracic depressor muscles by inserting copper wires
(0.1 mm in diameter) into their ventral attachment sites. These
served as references for flight.

In some experiments only the summed nerve response of
Nv6 was recorded with hook electrodes. The recording site was
insulated with silicon grease and Nv6 was cut close to the meta-
thoracic ganglion.

Intracellular recordings of auditory interneurons in the
meso- and metathoracic ganglion were obtained with glass mi-
croelectrodes. The electrode tip was filled with 5% Lucifer Yel-
low and the electrode resistances were between 80-120 MQ.
Neurons were stained iontophoretically by applying a hyperpo-
larizing current of 2-4 nA for 3-5 min. After dye injection the
ganglia were removed, processed by standard histological tech-
niques and viewed under a fluorescence microscope.

Single cell recordings from auditory receptors were made
in the frontal auditory neuropil of the metathoracic ganglion.
Lucifer Yellow was used to trace their anatomy in the metatho-
racic ganglion and to identify them as auditory receptors.

Acoustic stimulation. Acoustic stimuli were presented using a
piezoelectric  high-frequency loudspeaker (Motorola type
PH10). The loudspeaker was placed at a distance of 31 cm
at the same level of the tympanum 45° frontal to the animal.
The acoustic stimulator and the loudspeaker were calibrated
for 4 kHz, 12 kHz and white noise from 50 to 85dB SPL in
5 dB steps by means of a Briiel & Kjaer microphone (type 4133)
connected to a Briicl & Kjaer measurement amplifier
(type 2608). If not otherwise indicated a 70 dB SPL white noise
stimulus of 10 ms duration was given at intervals of 100 ms.

Destruction of the tympanal organ. The auditory organ could
be reliably abolished by destroying the tympanal membrane
with a hot needle and putting a drop of hot wax in its outer
cavity. The tympanal receptors were killed by this at once and
auditory activity in Nvé ceased immediately.

Electrical stimulation. After destruction of the auditory organ
Nv6 was stimulated electrically via hook electrodes (ROmer
and Rheinlaender 1983). Stimulus trains of 10 ms duration were
given at 100 ms intervals (Grass S88 stimulator). Stimulus am-
plitude, duration and repetition rate within a train were ad-
justed to elicit a response in the intracellularly recorded neuron
that was similar to the acoustically elicited response. The stimuli
were not recorded on tape. The times of stimulus presentation
(Figs. 5-7) were determined from the stimulus artefacts.

Data evaluation. All single cell recordings were stored on tape.
Action potentials were transformed into TTL pulses by a win-
dow discriminator (WPI model 121). Together with a trigger
pulse, marking the beginning of the acoustic or electrical stimu-
lus, they were fed into a computer (Dec LSI 11/23). PST histo-
grams with bin-width of 2 ms were calculated and plotted for
the time after the onset of sound or electrical stimulation. The
histograms were normalized to a single stimulus, their ampli-
tudes are thus directly comparable. The number of stimuli (N)
and the number of action potentials (AP) are given in each
histogram.

Synaptic responses to the stimuli were averaged for a time
of 80 ms after stimulus onset using a Biomac 1000 averager.
Bin-width was 7.8 us. Summed nerve responses to the auditory
stimulus were amplified 1000 fold, full wave rectified and fed
on-line into the averager using the same time parameters as
above. Full wave rectifying was used to evaluate positive and
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negative components of the signal. The amplitude of the aver-
aged summed nerve response and of synaptic potentials was
measured with a u80 microline system (Lab. Company Systems)
as the integral of the response over time. For the auditory
responses obtained during flight, only the signal component
above the flight related background activity was evaluated as
an auditory response.

Terminology. The interneurons presented here have been re-
corded and described under different names. The neurons TN1,
BSN1, AN1 (Rémer and Marquart 1984) and G (Rehbein 1976)
have also been named 601, 530, 531 and 714 (Robertson and
Pearson 1983; Pearson and Robertson 1987). AN1 has been
described as B1 neuron (Rehbein 1976) and TN1 has been de-
scribed as thoracic low frequency neuron (Rehbein et al. 1974).
In this paper the terminology of Rémer and Marquart (1984)
was used.

Results
Recordings of auditory receptors

The auditory organ of locusts is located in the
pleura of the first abdominal segment. The audito-
ry nerve (Nv6, tympanal nerve) runs from the audi-
tory organ to the metathoracic ganglion, where the
receptors make connections with auditory inter-
neurons in the caudal and frontal auditory neu-
ropils (Rehbein et al. 1974).

Auditory nerve recordings. In initial experiments
modulations in the periphery of the auditory path-
way were analysed. The tympanal nerve was cut
at the metathoracic ganglion and the summed
nerve respone to auditory stimulation was re-
corded and compared in resting and flying locusts.
Because the wind stimulus used contained acoustic
components (Boyan 1986) flight was always eli-
cited in the preparations with brief wind pulses
only. As soon as flight started no further wind
was given and auditory stimuli were applied.

In the resting locust recordings of the tympanal
nerve showed the summed nerve response to audi-
tory stimulation (Fig. 1 A). With a latency of about
4.5 ms the response started and showed four activi-
ty peaks. These activity peaks corresponded to the
synchronous activity of a large number of recep-
tors (Autrum etal. 1961; Roémer 1976; Adam
1977a, b; Ronacher and Rémer 1985). They were
also present in the average of the response
(Fig. 1B). Due to rectification (see Methods) the
activity peaks revealed two peaks being separated
by 1.5 ms. In addition to the auditory response
there was also some non-auditory background ac-
tivity, which arose from the discharge of auditory
receptors in response to ventilatory movements.
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Flight caused an activity pattern in the tym-
panal nerve (Fig. 1C) which gave in the average
a tonic component with one or two broad phasic
peaks after depressor activity (Fig. 1G). Simulta-
neous auditory stimulation evoked no obvious au-
ditory response in the tympanal nerve (compare
Fig. 1C with response in the resting animal,
Fig. 1 A). Only the averaged signal showed the ex-
istence of an auditory response in the activity pat-
tern (Fig. 1D). Compared to the resting animal
the response in the mean was reduced to 19% and
additionally flight-evoked activity summed up to
a high level of background activity. To examine
more quantitatively the changes of the auditory
response, pulses of 50 to 85 dB SPL white noise
were given at rest and during flight. The average
of the summed nerve response in each case was
obtained and normalized to the response to 70 dB
SPL at rest, which was set equal to 1 (Fig. 1E).
During flight a reduction of the auditory response
occurred which corresponded to a decrease in audi-
tory sensitivity of 20 dB, i.e. a signal of 70 dB SPL
white noise gave the same response as a 50 dB SPL
white noise signal at rest (Fig. 1F), but during
flight the response appeared on top of a high back-
ground activity (compare Fig. 1D and 1F). This
background noise corresponded to 60 dB SPL in
the average because the same activity level in Nv6
as during flight could be obtained by a tonic audi-
tory stimulus of 60 dB SPL white noise. In differ-
ent animals the flight induced activity in the tym-
panal nerve varied and was equivalent to a tonic
acoustic stimulus of 55-65 dB SPL.

If the tympanal organ was destroyed neither
the auditory response nor the flight-evoked activity
could be recorded (Fig. 2A). Corresponding to this
the average signal also showed no activity
(Fig. 2B). Thus the reduction in the auditory re-
sponse as well as the activity in Nvé during flight
had to be related to the activity of the auditory
organ itself.

In these experiments Nv6 had been cut at the
metathoracic ganglion, ruling out any contribution
of efferent activity on the response pattern. But
flight-induced activity and the reduction of the au-
ditory response remained unchanged when the
tympanal nerve was not cut at the metathoracic
ganglion.

Effects of wind and muscle contractions. The flight-
evoked activity in the auditory nerve could be
caused by flight noise and wind, produced by the
moving wings, or it could be the result of a me-
chanical stimulation of the auditory organ. In an
attempt to reduce any self-generated auditory and
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Fig. 1 A-G. Activity and summed nerve response of Nv6 to acoustic stimulation in resting and flying locusts (left) and the average
of the response (right). A Summed nerve response to auditory stimulation at rest. B Average of the full wave rectified summed
nerve response to auditory stimulation at rest. C Activity and summed nerve response to auditory stimulation during flight.
D Average of the summed nerve response to auditory stimulation during flight. E Relative amplitude of the summed nerve
response in resting and flying locusts. According to the response amplitude the sensitivity during flight is reduced by 20 dB,
i.e. the 70 dB SPL response during flight is equivalent to the 50 dB SPL response at rest. All amplitudes have been normalized
to the 70 dB SPL response at rest. Vertical bars indicate half mean error, N number of animals tested. F Average of the summed
nerve response to auditory stimulation with 50 dB SPL white noise at rest. Compare with the response to 70 dB SPL white
noise at flight (D). The responses are equivalent, but the response during flight occurs on top of a high background activity.
G Average of Nv6 flight activity after mesothoracic depressor activity. Traces: Nv6, recording of the tympanal nerve; Sound,
auditory stimulus, 70 dB SPL white noise, 10 ms duration, 100 ms interval; EMG, electromyogram of mesothoracic depressor
flight muscle. The average of the summed nerve response is given for 256 stimuli (B, D, F) or for 256 flight cycles (G). Scale
bars: horizontal 100 ms, vertical 0.5 mV for Nv6

wind stimulation the wings were cut down to few cles without any accompanying sound and wind
millimeters. This was unsuccessful, however, be- were tested. To do this the thoracic flight muscles
cause the wingstumps produced a sound when they  in the vicinity of the auditory organ were stimu-
hit the body. Furthermore flight performance was  lated electrically at frequencies, similar to flight
very variable and only short flight sequences were  frequency. The forces and movements in the thorax
elicited which were difficult to compare with the  induced with this method were obviously smaller
intact behavior. Nevertheless, even in this situation than those occurring during flight. Nonetheless
some animals gave the same (reduced) auditory  muscle contractions in the vicinity of the tympanal
response as flying with intact wings. Thus no state- organ always elicited activity in the tympanal
ments about the influence of flight noise were pos-  nerve. The auditory response was only reduced half
sible. But these experiments indicate that the wind  as much as during flight. Tt is doubtful that stron-
produced by the wings was not the decisive factor  ger response reductions can be obtained with this

for flight related receptor activity and reduced au-  method because the vigor of the actual flight pat-
ditory responsiveness. tern could not be evoked. But when stronger move-
The effects on the auditory organ of mechani- ments were elicited by stimulating the metathoracic

cal stimulation by contractions of the flight mus-  nerves 1, 3 and 4 (Fig. 2C), which contain motor
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are an important factor affecting the auditory or-
gan during flight.

Single receptor recordings. The summed nerve re-
cordings gave no information about whether single
auditory receptors were influenced in the same way
as the summed nerve response. Therefore a survey
on auditory fibres was made by recording from
the axons of single receptors. Stable recordings
during flight were difficult to obtain, so that only
nine fibres were examined. No systematic auditory
stimulation was done to relate the fibres to any
groups of auditory receptors described by Michel-
sen (1971a) and Romer (1976). Eight of these re-
ceptors matched the summed nerve response, data
for two of them are given in Fig. 3A-F. During
flight they were almost tonically active with dis-
charge rates up to 120 AP/s (action potentials per
second) (Fig. 3A) but additional phasic modula-
tion in the flight rhythm occurred (Fig. 3D). In
the resting animal they gave a clear response to
the auditory stimulus (70 dB SPL, white noise)
with 2-3 AP/Stim (action potentials per stimulus)
(Fig. 3B, E). During flight the response to the au-
ditory stimulus was almost completely (Fig. 3C)
or distinctly reduced (Fig. 3F) and at the same
time flight-induced discharges of 120 AP/s oc-
curred in the first receptor and of 75 AP/s in the
second receptor. This activity additionally masked
the reduced auditory response. At 80 and 85 dB

Sound and Flight
C
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N=152
AP=923
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Fig. 3A-J. Responses of three
different auditory receptors
(horizontal rows) to flight (left),
to auditory stimulation at rest
(middle) and to auditory
stimulation during flight (right).
A, D, G Phase histogram of
receptor activity during flight.
B, E, H PST histogram of the
auditory response at rest.

C, F, I PST histogram of the
auditory response during flight.
Auditory stimulus for the first
and second receptor 70 dB SPL
white noise and for the third
receptor 80 dB SPL white noise.
Number of evaluated flight cycles
or stimuli is given by N, number
of action potentials by AP
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SPL sound intensity the receptors generally
showed an increased response to the auditory stim-
ulus. But at least one low frequency fibre gave
no auditory response at all, even at intensities of
90 dB SPL. The activity patterns of these receptors
thus corresponded well to the data obtained from
summed nerve recordings.

An exception was one auditory receptor
(Fig. 3G-I). Its threshold was so high that at 70 dB
SPL white noise it did not respond at all. Tt gave
2.1 AP/Stim, when the stimulus intensity was in-
creased to 80 dB SPL. During flight its activity
was only 4 AP/s and much lower than in the other
receptors, also the auditory response did not de-
crease but increased to 2.6 AP/Stim. The fibre re-
sponded to 12 kHz sound but not to 4 kHz. The
observations on this single receptor indicated that
additional there may be receptors which are only
slightly influenced by flight behavior.

Recordings of auditory interneurons

To analyse any central modulations in the follow-
ing experiments the activity and auditory responses
of auditory interneurons were recorded intraceliu-
larly and compared in resting and flying animals.
In the metathoracic ganglion the neurons TN1,
BSN1 and AN1 with the soma ipsilateral to the
side of stimulation were recorded 3 to 5 times in
the frontal auditory neuropil. All these fibres have
arborizations in the auditory neuropil of the meta-
thoracic ganglion and an ascending axon which
projects up to the brain (TN1, AN1) or to the
mesothoracic ganglion (BSN1) only. In the meso-
thoracic ganglion the ipsi- and contralateral G neu-
ron was recorded 15 times in the main neurite of
the cell. The G neuron is a T-shaped fibre, the
main axon ascends to the brain and one axon
branch projects back to the metathoracic ganglion.
The response patterns in ipsi- and contralateral G
neurons were qualitatively similar but with unilat-
cral stimulation the contralateral G neuron usually
had a lower threshold and showed a stronger re-
sponse than the ipsilateral one (Rehbein 1976).
Data presented were therefore based on the G neu-
ron with the soma contralateral to the side of stim-
ulation. First the flight related activity of the inter-
neurons will be presented and then the influence
of flight on auditory information processing will
be described.

Flight-evoked activity. Flight caused excitatory ac-
tivity in the interneurons TN1, BSN1, G and AN1
which was strongest in TN1 and BSN1. These
neurons showed discharge rates of 95 AP/s and
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55 AP/s, respectively (Fig. 4A, C). In addition to
EPSPs IPSPs of 2mV also occurred in BSN1
(Fig. 4C arrows). In G flight-induced activity var-
ied in different animals. Numerous EPSPs were
always evoked. These compound EPSPs could be
5-7 mV in amplitude and suprathreshold. In some
animals even spike activity at rates up to 30 AP/s
was elicited, but generally the excitation remained
subthreshold (Fig. 4F). In these three neurons
spikes and EPSPs were in part phasically coupled
to the flight rhythm. In BSN1 and G the greatest
compound EPSPs occurred in phase with depres-
sor activity and in TN1 the discharge rate was tran-
siently higher after depressor activity. AN1 dis-
charged approximately 7 AP/s during flight but the
activity was not obviously in phase with the flight
rhythm (Fig. 4G).

After destruction of the auditory organ almost
all spike activity ceased in the neurons (Fig. 4B,
D, F, H). In TN1 flight still elicited excitation and
EPSPs were recorded, but these were almost al-
ways subthreshold and spikes were only elicited
at a rate of about 1 AP/s. Spike activity was absent
in BSN1 and G (Fig. 4D, F). In BSN1 only minor
EPSPs and no IPSPs were recorded whereas in G
a constant input of EPSPs with 2-3 mV amplitude
remained. Spikes still occurred in AN1 (Fig. 4H)
but the discharge rate decreased to about 3 AP/s.
These findings indicate that most of the synaptic
input to these neurons occurring during flight was
mediated by the auditory organ. There was no in-
dication of a direct input from the flight central
pattern generator to these neurons. The remaining
excitation in TN1 and G was probably due to the
posterior chordotonal organ in the joint of the
hindwing. This organ is activated during flight and
makes excitatory monosynaptic connections to
TN1 and polysynaptic connections to G (Pearson
and Hedwig, unpublished).

Auditory responses at rest. Although characteristics
of these interneurons to auditory stimulation have
been described previously (Rehbein et al. 1974;
Kalmring et al. 1978a, b; Rdmer and Marquart
1984) their response patterns will briefly be de-
scribed to allow a comparison in quiescent and
flying animals. In general in the resting animal all
interneurons showed a regular and constant re-
sponse to auditory stimulation and only little back-
ground excitation. The neurons TN1, BSN1 and
G gave an excitatory response whereas AN1
showed an inhibitory response to the auditory
stimulus.

Interneuron TN1 could easily be recognized
during the recordings because of its unique re-
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sponse pattern of large spikes and small EPSPs.
Because TN1 is most sensitive to low frequency
sound (Rehbein et al. 1974) 4 kHz pulses instead
of white noise were used for stimulation. TN1 re-
sponded with 3.0 AP/Stim to a 75 dB SPL pulse.
This response occurred from 10 to 20 ms after the
stimulus and gave a clear peak in the PST histo-
gram (Fig. 5A, B).

For all other interneurons a 70 dB SPL white
noise stimulus of 10 ms duration and 100 ms inter-
val was used. In BSN1 stimulation evoked a small
IPSP which was followed by a large prominent
EPSP (Fig. 5C). The EPSP had an initial peak and
a more tonic component thereafter. The stimulus
elicited on average 7.8 AP/Stim with a PST histo-
gram shown in Fig. 5D. The histogram reflects the
two phases of the synaptic potential in the number
of AP/bin and shows a maximum followed by a
more tonic level of activity. Auditory stimulation
evoked compound EPSPs in G which started with
a latency of 15 ms and lasted for about 30 ms. The
mean number of spikes they clicited was almost
constant in every animal, but it varied in different
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Fig. 4A-H. Intracellularly
recorded activity of auditory
interneurons in flying locusts with
intact tympanum (left) and after
the tympanum has been destroyed
(right). Note the decrease in
activity after destruction of the
auditory organ. A, B Interneuron
TN1. C, D Interneuron BSNI1.

E, F Interneuron G.

G, H Interneuron ANI1. Scale
bars: horizontal 100 ms, vertical
for intracellular recordings 20 mV
(A, B), 10 mV (E-H) and S mV

animals from 0.8 to 2.1 AP/Stim. An example with
1.3 AP/Stim is shown in Fig. 5SE. The compound
EPSP had two peaks, the first was usually sub-
threshold and the second was above threshold.
Thus the initiation of spike activity was delayed
with respect to the onset of the synaptic potential.
The maximum of the response revealed by the PST
histogram occurred with a latency of 36 ms
(Fig. 5F). Unilateral stimulation ipsilateral to the
soma site elicited in AN1 an inhibitory response
(Marquart 1985a). The IPSP had an amplitude of
up to 9 mV and was biphasic with a second compo-
nent in the rising phase of the potential (Fig. 5G).
There was no stimulus related excitation, the spikes
in the recording were due to spontaneous activity.
The average maximal amplitude of the IPSP was
7.5mV (Fig. 5H), the average also showed the bi-
phasic inhibition.

Auditory responses during flight. During flight the
same auditory stimuli were presented as in the rest-
ing animal (Fig. 6). Because of the strong flight
activity in TN1, any auditory responses were al-
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most totally masked (Fig. 6A). Only the PST histo-
gram revealed that there was still an auditory re-
ponse of 0.8 AP/Stim as calculated from the histo-
gram (Fig. 6B). This is 26% of the response in
the quiescent animal. A similar change occurred
in BSN1. During flight the auditory-evoked EPSP
was reduced in amplitude and duration and gener-
ated only 2.8 AP/Stim (Fig. 6C). This is 30% of
the response in the resting animal. As the PST
histogram revealed (Fig. 6 D) the initial maximum
as well as the tonic response component were both
decreased. Furthermore IPSPs occurred at all
phases of the recording rather than only after the
onset of auditory stimulation (Fig. 6C arrow).

In G the auditory-evoked EPSP always showed
a much greater variability than in the resting ani-
mal (Fig. 6E, F). Usually also the first peak of
the EPSP elicited spikes but sometimes the first
or the second component were missing, leading to
a synaptic potential of only 20 ms duration
(Fig. 6E arrow). The EPSPs could also be consid-
erably reduced (Fig. 6 E left) or sometimes generate

20 40 60 80

Time after Sound (ms)

N=479
AP=613

A

Fig. 5A-H. Intracellularly recorded
responses of auditory interneurons to
auditory stimulation in resting locusts
(left) and PST histograms or average
synaptic potential of the response (right).
A, B Interneuron TN1. C, D Interneuron
BSN1 hyperpolarized by 1.5 nA.

E, F Interneuron G. G, H Interncuron
N=64 AN1. Sound stimulus: 75 dB SPL 4 kHz
in A else 70 dB SPL white noise, 10 ms
duration, 100 ms interval. Scale bars:
horizontal 100 ms, vertical for
intracellular recordings 20 mV (A),

10 mV (E, G) and 5 mV (C)

up to three spikes and additional flight-evoked
EPSPs occurred. Corresponding to this increased
variability of the synaptic response during flight
the standard deviation for the number AP/Stim
was 0.8, what was double the deviation seen at
rest. The PST histogram showed a shorter latency
of only 22 ms for the suprathreshold response and
reflected the two peaks of the EPSP in two maxima
of spike activity. In contrast to TN1 and BSN1
the mean number of AP/Stim was enhanced from
1.3 to 1.5 AP/Stim. The response increase was
especially clear when 50 ms pulses were given be-
cause then the number of AP/Stim increased by
60% from 3.2 to 5.3 AP/Stim. An increase in the
auditory response could be observed in most G
neurons with subthreshold flight activity. But in
one example, where flight evoked spike activity of
30 AP/s in G, the auditory response was reduced
by 50%.

In AN1 the response to auditory stimulation
also became very variable (Fig. 6G). Obviously the
IPSP sometimes failed totally (Fig. 6G left) and
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it never was as high as in the resting animal, but
its biphasic nature was still present. The average
amplitude of the IPSP was 2.8 mV (Fig. 6H) and
the total response was 37% of the response in the
resting animal.

Electrically evoked responses during flight. The ac-
tivity of the interneurons revealed basically the
same features as the auditory receptors. During
flight they were activated and showed a decrease
in their auditory response. Thus the interneurons
reflected the receptor activity, this was already
shown for the flight-evoked activity (see Fig. 4).
To examine the reason for the auditory response
reduction in interneurons any modulations of the
signal by the auditory organ had to be prevented.
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Fig. 6 A-H. Intracellularly recorded
responses of auditory interneurons to

auditory stimulation in flying locusts
(left) and PST histograms or average
synaptic potential of the response (right).
A, B Interneuron TN1. C, D Interneuron
BSN1 hyperpolarized by 1.5 nA.

E, F Interneuron G. G, H Interneuron
AN1. Sound stimulus: 75 dB SPL 4 kHz
in A, else 70 dB SPL white noise, 10 ms
duration, 100 ms interval. Scale bars:
horizontal 100 ms, vertical for

0

Time after Sound (ms)

intracellular recordings 20 mV (A),
10 mV (E, G) and 5 mV (C)

Therefore the auditory organ was destroyed and
auditory stimulation was replaced by electrical
stimulation of Nv6 (Rémer and Rheinlaender
1983). Trains of 10 ms with several pulses were
used to elicit a response in the interneurons which
was similar to the auditory response. Electrical
stimulation evoked very constant responses in the
resting animals. These responses remained un-
changed during flight (Fig. 7). As described above
(Fig. 4) little flight-evoked activity remained in the
interneurons, but this had no effect on the electri-
cally-evoked responses in TN1, BSN1 and ANT1.
Electrical stimulation elicited 2-3 spikes in TN1
(Fig. 7A, B), an EPSP with 9-10 spikes in BSN1
(Fig. 7C, D) and an IPSP in AN1 (Fig. 7G, H).
These responses did not change during flight. Nei-
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ther were the electrically-evoked responses re-
duced, nor were they masked by flight activity.
The responses were very similar to the auditory
responses of the neurons at rest and they were quite
different to the auditory responses during flight
(compare Fig. 7 with Figs. 5 and 6). In G electrical
_stimulation elicited an EPSP with mostly 2 spikes
in the quiescent animal. During flight some flight-
evoked excitation remained after destruction of the
auditory organ (see Fig. 4). As with auditory stim-
ulation, this excitation enhanced the electrically-
evoked response by 22% from 2.3 AP/Stim in the
resting animal to 2.8 AP/Stim during flight
(Fig. 7E, F). When stimulus trains of 30 ms dura-
tion were used, the increase in the number of AP/
Stim even recached 71%. However, the standard
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Fig. 7A-H. Intracellularly recorded
responses of auditory interneurons to
electrical stimulation of Nv6 in flying locusts
(left) and PST histograms or average
synaptic potential of the response (right).

A, B Interneuron TN1. C, D Interneuron
BSN1 hyperpolarized by 1.5 nA. Events in
the first three bins of the histogram are due
to stimulus artefacts. E, F Interneuron G.

electrical stimulation of Nv6, train duration
10 ms, intervals 100 ms. Scale bars:
horizontal 100 ms, vertical for intraceliular
recordings 20 mV (A), 10 mV (E, G) and

[+] 20 40 60 80
+5 N=32 G, H Interneuron AN1. Traces: Stim,
20 40 60 80

Time after Stim. (ms) 5mV (C)

deviation for the mean number of AP/Stim and
the latency of the response remained the same at
rest and flight, indicating that the response oc-
curred with the same regularity.

Thus the reduced response to auditory stimula-
tion during flight in interneurons TN1, BSN1 and
AN1 and the increased variability of the response
in interneuron G had to be due to influences on
the auditory organ only.

Discussion

The purpose of the experiments was to examine
auditory information processing during flight and
to analyse activity and modulations of auditory
responses occurring in peripheral and central ele-



B. Hedwig: Audition in flight

ments of the auditory system, i.e., the auditory or-
gan with the receptors and auditory interneurons,
respectively. Two phenomena in receptors and in-
terneurons were obvious. (I) During flight auditory
receptors and interneurons were activated, and (II)
auditory responses were generally reduced or at
least more variable. In the following section the
flight activity in auditory receptors and interneu-
rons will first be considered followed by a discus-~
sion of the reduction of the auditory response.

Flight activity in auditory receptors and interneurons

Summed nerve recordings, single receptor record-
ings and intracellular recordings of auditory inter-
neurons revealed flight-induced activity in the au-
ditory system. The activity of auditory receptors
during flight could have two sources. One was the
flight noise and the other was a mechanical stimu-
lation of the auditory organ by movements and
forces in the thorax.

Flight noise was not measured in the experi-
ments and its effect on the auditory system could
not be directly analysed. However, flight noise in
locusts has been analysed by Haskell (1957). He
distinguished the wing-beat noise in tethered flying
locusts, when the wings hit the trailing legs, from
the noise produced during normal level flight. The
former he determined to be 67 dB SPL, the latter
was much lower and was not detectable with his
devices which had a threshold of 51 dB SPL. The
influence of wing-beat noise and its modulatory
effects on the auditory system has been analysed
with two-tone experiments (Boyan 1986). In the
present experiments the hindlegs of the animals
had been removed. Any contact between the mov-
ing wings and the hindlegs can be excluded and
therefore the noise generated by the animals must
be the low amplitude noise generated in normal
level flight. Nevertheless whether this is a signifi-
cant factor contributing to the flight-induced activ-
ity in the auditory organ and its receptors remains
unclear.

By contrast, mechanical activation of the tym-
panal organ obviously evoked activity in the audi-
tory receptors and reduced the auditory response.
This finding is supported by the results that the

receptors are also activated by ventilatory move-

ments and by passive movements of the hindlegs
(Hedwig 1988; Hedwig et al. 1988). A major com-
ponent in auditory receptor stimulation are relative
movements between Miiller’s organ and the tym-
panum (Michelsen 1971b; Stephen and Bennet-
Clark 1982; Breckow and Sippel 1985). Usually
these movements are caused by sound stimuli.
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However, when the tympanal membrane and
Miiller’s organ were driven by mechanically ap-
plied vibrations they also could be set into oscilla-
tions at frequencies much lower than 100 Hz (Mi-
chelsen 1973). These are the prerequisites that low
frequency vibrations generated in the moving
thorax may cause receptor stimulation. The ampli-
tude of the low frequency vibrations caused by
motor stimulation was probably much lower than
during actual flight because flight motor activity
could not be simulated completely. Thus the me-
chanical influence on the auditory organ may be
even stronger during the behavior.

In interneurons TN1, BSN1, G and AN1 flight-
evoked activity occurred in intact animals but it
was considerably decreased and only weak excita-
tion remained when the auditory organ was de-
stroyed. Thus flight-evoked activity in the inter-
neurons was caused by activity of the auditory re-
ceptors. The remaining excitation in the inter-
neurons TN1 and G may well be due to input
from other sense organs. TN1 and G are excited
by the posterior chordotonal organ of the hind-
wing joint (Pearson and Hedwig, unpublished).
There is no evidence for excitation or inhibition
to these auditory interneurons mediated directly
by the central flight pattern generator. This is con-
sistent with the results Boyan (1986) obtained in
a deafferented locust flight preparation.

Auditory response reduction in receptors
and interneurons

The summed nerve response to auditory stimuli
was strongly reduced during flight, a 70 dB SPL
pulse gave the same response as a 50 dB SPL pulse
at rest. Similar response reductions occurred in au-
ditory receptors and in the interneurons TNI,
BSN1 and AN1. The reduction in the auditory
receptors may be attributed to biophysical and
physiological mechanisms.

As the auditory organ responds to mechani-
cally induced vibrations, any behaviourally in-
duced vibrations acting on the organ must interfere
with those induced by sound. It is conceivable that
flight induced forces vibrate Miiller’s organ and
change the compliance and dynamic properties of
the tympanal membrane in such a way that higher
sound intensities are needed to produce a certain
displacement between Miiller’s organ and the tym-
panum or that the displacement to a given sound
intensity is reduced (see Michelsen 1971 ¢; Stephen
and Bennet-Clark 1982; Hedwig 1988). Under
these circumstances receptor activity would be de-
termined by the interactions of both sources of



420

stimulation and the effectiveness of sound would
be reduced as long as mechanical vibrations are
influencing the auditory organ. This idea is sup-
ported by the reduction of receptor responses dur-
ing ventilatory and passive leg movements which
also exert a mechanical action on the auditory or-
gan (Hedwig 1988; Hedwig et al. 1988). The de-
tailed biophysical mechanisms in the organ which
are respounsible for this effect are yet unknown.
They can only be analysed by highly sensitive mea-
surements of the vibrations and forces interacting
at the tympanum (Michelsen 1982).

Physiological properties of the receptors are an
other important factor for the response reduction.
Auditory receptors are saturated at discharge rates
of 280 to 380 AP/s (Romer 1976). Flight induced
discharge rates of up to 120 AP/s in the receptors.
Thus during flight receptor cells are already active
with one third of their saturation level. Under these
circumstances their dynamic range to respond to
auditory stimuli must definitely be decreased and
the tomnic activity will prevent a full amplitude re-
sponse of the sense cell.

Two questions related to the reduction of audi-
tory responses during flight have not yet been ans-
wered. Firstly the phenomenon may occur con-
stantly during flight but it also could be that sensi-
tive and insensitive periods for sound perception
occur during the flight cycle. Such sensitive time
windows to auditory stimuli exist in the stridula-
tory behavior of grasshoppers (Hedwig 1986,
Meier et al. 1987), but time windows cannot be
recognized on the bases of the PST histograms be-
cause these accumulate the data over the entire
duration of the flight sequences. Secondly Gray
(1960), Michelsen (1971a) and Romer (1976) de-
scribe four receptor groups in Miiller’s organ
which respond to different sound frequencies. In-
deed Boyan (1986) described a frequency depen-
dent modulation of the auditory responsiveness by
wind. The receptor cells recorded during flight mo-
tor activity showed a similar response pattern, but
there was also one receptor which was quite differ-
ent. In this study a frequency specific analysis was
not attempted and white noise stimuli were used.
Thus the recordings so far provide no clear answer
as to whether the different receptor groups are
equal with respect to how they are influenced by
flight.

The auditory internecurons TN1, BSN1 and
AN1 showed qualitatively similar response reduc-
tions as the auditory receptors. These reductions
did not occur when the auditory organ was de-
stroyed and the auditory stimulus was replaced by
electrical stimulation of the tympanal nerve. Thus

B. Hedwig: Audition in flight

the reduction of the auditory response was caused
by modulations in the auditory organ and was not
due to influences on the interneurons themselves.
Also due to modulations of the auditory organ
in G the auditory-evoked EPSP was more variable
during flight than the electrically-evoked EPSP.
But further in G the mean spike response to sound
and also to electrical stimulation increased and was
thus different to TN1, BSN1, and AN1. The rea-
son for this was probably that G still received a
certain excitation after the tympanal organ was
destroyed. This excitation summed with the audi-
tory and electrical responses and generally in-
creased the number of AP/Stim. A similar form
of synaptic summation occurs in this neuron in
the processing of vibratory and auditory signals
(Cokl et al. 1977).

Behavior and auditory information processing

The reactions of locusts towards sound pulses are
a sudden increase in the flight activity (Weis-Fogh
1956; Haskell 1957). For such a reaction even the
impaired auditory system may be sufficient. There
are no reports on phonotactic flight behavior in
locusts and the results suggest this may be unlikely.
The loss of auditory sensitivity and the increase
in variability of the auditory response make it rath-
er unlikely that the animals could produce a pre-
cisely oriented reaction towards a sound source.
During flight the number of spikes per stimulus
and the latency of the response of auditory inter-
neurons probably vary too much for these parame-
ters to be able to provide reliable information en-
coding the sound direction as suggested by Mor-
chen etal. (1978), Rheinlaender and Morchen
(1979) and Moérchen (1980). The auditory system
has been analysed only with unilateral stimulation
but it is possible that the effects of flight on the
system may not necessarily be depressive when the
information of both auditory organs is processed.
However, recordings from G in animals with both
tympanal organs intact showed the same variabili-
ty of the auditory response during flight as ob-
served in unilateral deafened animals. It is also
conceivable that central influences on the auditory
system which may improve information processing
are not expressed at the level of thoracic ascending
interneurons but occur in the signal processing of
auditory brain neurons. The specificity with which
these neurons respond to the time pattern of the
species specific song indicates that complex pro-
cessing mechanisms exist at this level (Schildberger
1984; Rémer and Seikowski 1985).
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A coupling between flight movements and au-
ditory receptor activity also implies that the prob-
lems studied here are not limited to locust flight
but will apply to any motor performance of these
animals. Presumably evolutionary demands have
favoured the development of auditory receptors
which are highly sensitive to external stimuli but
this creates the problem that they will also respond
to the animal’s own behavior. Thus an important
question is what kind of strategies may be used
to deal with this problem, particularly when there
is no efferent control of the sense organ and pe-
ripheral modulations are not compensated by cen-
tral neuronal mechanisms as has been demon-
strated in this study. One solution may be to adapt
the behavior to the sensitivity of the sense organ
and to stop movements, whenever precise auditory
reactions are demanded. Examples for this may
be the antiphonal stridulation of acridid grasshop-
pers like Chorthippus (Faber 1933; Weih 1951),
where the male performs pattern recognition and
phonotaxis after it has listened motionless to the
female’s song (Rheinlaender 1984). Also the pho-
notactic walking pattern of some crickets shows
movement pauses during which the animals local-
ize the sound source (Murphey and Zaretsky 1972;
Bailey and Thompson 1977). A similar strategy
may also occur in mammals, where chewing behav-
ior or breathing are at least stopped for a short
time, so as not to impair auditory information pro-
cessing.
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