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Summary
We have studied auditory responses in two species of the best ultrasonic frequency sensitivity inS. borellii. This

mole cricket (Scapteriscus borelliand S. abbreviatus to
determine (1) whether they show sensitivity to ultrasound,
(2) whether their hearing (at both low and high
frequencies) is based on the same neural circuitry as that
of true crickets, and (3) whether ultrasound sensitivity in
different mole cricket species varies with their ability to fly.
S. borellii are sensitive to ultrasonic frequencies. There
is evidence of a segregation of frequency bands in
prothoracic auditory neurons. There are two pairs of
omega neurons (ONs) with similar morphology to ON1 of
true crickets. The two pairs of ONs differ in tuning. One
pair has two sensitivity peaks: at the frequency of the
calling song of this species (3kHz), and in the ultrasonic
range (25kHz). The other pair lacks the high-frequency
sensitivity and responds exclusively to frequencies in the

cell showed a broad tuning to ultrasonic frequencies and
was inhibited by low-frequency stimuli. A morphologically
similar neuron was also recorded inS. abbreviatus but
lacked the high-frequency sensitivity peak of that inS.
borellii.

We also assessed the responses of flyiBg borellii to
ultrasound using field playbacks to free-flying animals. The
attractiveness of broadcast calling song was diminished by
the addition of an ultrasound signal, indicating that S.
borellii avoid high-frequency sound.

The results indicate that mole crickets process low-
frequency auditory stimuli using mechanisms similar to
those of true crickets. They show a negative behavioural
response to high-frequency stimuli, as do true crickets, but
the organization of ultrasound-sensitive auditory circuitry

range of the species song. These two types are notin mole crickets differs from that of true crickets.
morphologically distinguishable. InS. abbreviatusonly one

class of ON was foundS. abbreviatusONs are narrowly  Key words: Orthoptera, mole cricketScapteriscus borellii
tuned to the frequency of the species’ calls. A T-neuron had Scapteriscus abbreviatusearing, ultrasound, evolution.

Introduction

Auditory processing in ensiferan insects has beeintraspecific acoustic signals (Mason and Schildberger, 1993;
extensively studied from the perspective of both intraspecifitvohlers and Huber, 1982). The true crickets and katydids
acoustic communication (Kalmringt al. 1997) and the appear to be less similar, however, in the organization of their
detection of predators (Hoy, 1992; Libersat and Hoy, 1991\ltrasound-sensitive  auditory  circuitry.  Specifically,
The majority of these studies have concentrated on twoltrasound-elicited acoustic startle responses (ASRs), which
common families of Ensifera, the true crickets (Gryllidae) andhave been associated with the avoidance of echolocating bat
the katydids (Tettigoniidae). Comparative studies of othepredators in both these families, are mediated by different
families in this suborder of the Orthoptera have been fewarentral auditory neurons in true crickets and katydids (Libersat
(Ball and Field, 1981; Coldt al.1995; Fieldet al.1980; Jeram and Hoy, 1991; Nolen and Hoy, 1984).
et al. 1995; Mason, 1991; Mason and Schildberger, 1993) and The mole crickets (Gryllotalpidae) are the ensiferan family
have been confined to the tettigoniid clade (Gwynne, 1995).most closely related to the true crickets (Gwynne, 1995) but,

This work has established that, despite considerablalthough mole cricket acoustic behaviour has been studied
variation between the Gryllidae and the Tettigoniidae inBennet-Clark, 1987; Dawst al. 1996; Forrest, 1980, 1983,
peripheral auditory anatomy (Bailey, 1993; Batlal. 1989) 1986, 1991; Forrest and Green, 1991; Ulagaraj and Walker,
and signal characteristics (Bennet-Clark, 1989; Kalmeirg).  1973; Walker and Forrest, 1989), less is known about their
1997; Morris et al. 1988, 1994), these distantly related hearing. Suga (1968) found that the hearing of several mole
ensiferan families (Gwynne, 1995) show a remarkablericket species was most sensitive to ultrasound frequencies
similarity in the central neural circuitry devoted to processingand speculated that this was related to the high-frequency
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content in their songs. Subsequent studies of mole cricketere attenuated (Tucker Davis PA4), amplified (Harman
sound production have found their songs to contain exclusivelgardon HK660) and broadcasia loudspeakers (Realistic
low frequencies (Bennet-Clark, 1989; Forrest, 1983), so thatiezo tweeter or 4inch woofer) placed 50 cm from the position
this interpretation is not supported. Many species of molef the preparation. The frequency range of both systems was
cricket are frequent nighttime fliers, however, and are likely td—70kHz. Stimulus levels at the position of the animal were
be subject to predation by bats. Because mole crickets, unlikalibrated with continuous tones, using a microphone (B&K
true crickets, have no social signals that contain hightype 4135 or 4138) and sound level meter (B&K type 2209) or
frequency components (cf. true cricket courtship calls; Bennetmeasuring amplifier (B&K type 2606). Unless otherwise
Clark, 1989; Libersagt al. 1994), the most plausible context indicated, sound intensities are given in dB SPL (rgPd).
in which ultrasound hearing could have evolved in this group
is for the detection of non-social (predator-related) cues. Wileurophysiology
have therefore undertaken a study of auditory sensitivity and Auditory neurons were located using a search stimulus
anatomy in mole crickets with the following aims. (1) To consisting of two temporally offset tone pulses of different
determine the relative sensitivity of mole crickets to high- andrequencies (3 and 25 kHz). We recorded responses to acoustic
low-frequency sound, and to characterize central auditorgtimuli from interneurons in the prothoracic ganglion. After
neurons on the basis of their possible roles in processimg@moving the wings, we mounted the animals ventral side up
intraspecific songs and ultrasound. (2) Another goal wasn a metal platform using low-melting-point wax. We removed
therefore to compare the central auditory anatomy of moléhe ventral cuticle of the prothorax, lifted the ganglion onto a
crickets and true crickets, in particular to establish whetherhlorided silver spoon that served as reference electrode, and
high-frequency hearing in the two groups is based on similagoftened the ganglionic sheath using an enzyme (Sigma
neural elements. (3) To determine whether there arpronase) to facilitate electrode penetration. Recording
behavioural correlates or interspecific differences betweealectrodes were electrolyte-filled (0.1nm@dIILiCl), thin-
flying and flightless mole cricket species that are consistentalled (1.0 mm o0.d.) glass micropipettes the tips of which were
with the use of high-frequency hearing for the detection of batsilled with 2.5% Lucifer Yellow (Sigma). Electrode resistance
This would be expected if high-frequency hearing in this grouparied from 50 to 1002. Neural responses were amplified
evolved solely in the context of bat predation and(Axoclamp 2A), digitized (Data Translation DT2821 or Tucker
independently of its origin in true crickets. Davis AD3 and APOS Il) and stored on disk. Following
recording, we stained cells with Lucifer Yellow by injection of
. 0.5-2.5nA of hyperpolarizing current. Ganglia in which cells
Mawnmsgndnmﬂmds had been stained were removed, fixed in 4 % paraformaldehyde
Animals for 12-24h, dehydrated in an alcohol series, and cleared in
We used adultScapteriscus borelli(Giglio-Tos) andS.  methyl salicylate. Filled neurons were photographed as whole
abbreviatus(Scudder) of either sex in all experimen&. mounts using a Leitz Dialux 20 or captured as digital images
borellii were collected from the field. As adults, members ofysing a BioRad MRC-600 confocal microscope.
this species make dispersal flights each night during their Recordings of the summed activity in the neck connectives
breeding seasonS. borelliiwere collected by attracting them were made from some animals using silver wire hook
to traps broadcasting their species’ calling song during theilectrodes.
nightly dispersal flight (see below). We obtained specimens of
S. abbreviatusa flightless species, from a laboratory colony at Behaviour
the University of Florida. We tested the behavioural significance of ultrasound
sensitivity inS. borelliiin a field study. We used two sound
traps (Walker, 1982) to test whether ultrasound influenced the
Acoustic stimuli phonotactic behaviour of flying. borellii In this species,
Acoustic stimuli were tone pulses of 20 ms duration withindividuals of both sexes are attracted to conspecific calling
1ms rise/fall times. Typically, single pulses were delivered asong during evening dispersal flights.
arate of 23!, but in some cases we created trains of 10 pulses The two traps were placed 10m apart at the University of
with varying repetition rates and presented these at a rate Blorida’s Green Acres Farm (Alachua Co., FL, USA). Each trap
1sL Stimuli were generated using either of two systems. (1gonsisted of a 1.5m diameter sheet metal funnel. Centred in the
We used a microcomputer and D/A board (IBM PC-opening of each funnel was a Motorola piezoelectric horn tweeter
compatible, Data Translation DT2821) to set a voltagethat broadcast simulated calling songs of ngalborellii Flying
controlled oscillator (Tektronix FG501), the output of whichcrickets attracted to the songs and landing near the speaker fell
was connected to a custom-built pulse shaper that wasto the funnel and were collected in a 191 plastic bucket beneath
modulated by a square-pulse generator (Tucker Davis TG6¢ach funnel (Fig. 1). The Motorola speakers broadcast the same
(2) Stimulus pulses were synthesized with a DSP boargynthetic calling song: a 2.7 kHz carrier having a 50 % duty cycle
(Tucker Davis APOS IlI) and output through a D/A interfacemodulated at 50 Hz with 20 % raised-cosine ramps on the onset
(Tucker Davis DA3-2). With both systems, the tone pulsesnd offset of each pulse. However, the two broadcasts of calling

Hearing



Hearing in mole cricketsl969

randomly assigned to one of the traps. To control for the effects
of trap positions, the speakers broadcasting the high-intensity

@ L iy calling song and ultrasound were switched to the other trap and
iﬁ s Speaker the experiment continued until approximately equal numbers of
— 2.7kHz

Funnel crickets were caught while ultrasound was broadcast from each
trapping location. Results were analyzed using logistic
regression (SAS Institute, 1985).

o — AkHz ]
}7 10m 4‘
Results
Fig. 1. Schematic diagram of the sound-trapping apparatus used to Characterized neurons

measure the effect of ultrasound on flyiBgapteriscus borrelliin
the field. Both speakers broadcast synthetic calling song (2.7 kHZ\)/\’/

re recorded and stained in bo® borelli and S.
one 6dB louder than the other. The louder speaker also broadca%b . B | tharvil ill desi
ultrasound (40kHz) with a temporal pattern similar to that of the? reviatus By analogy withGryllus spp., we will designate

synthetic calling song. Flyin§. borelliiattracted to the calling song N€Urons inScapteriscususing ‘canonical’ names. Omega
from one of the speakers landed in the funnel and were captured gUrons (ONs; Fig. 2A) and T-neurons (TNs; Fig. 2B)Sin
the bucket. With no effect of ultrasound, the louder source of callingporellii (but notS. abbreviatusresponded to high-frequency
song was a more attractive stimulus, such that one would predict thatimuli. Detailed data for these will be presented below.
only 17 % of mole crickets collected should be caught in the quieter All descending neurons were narrowly tuned to the species’
trap (Forrest, 1980; Forrest and Raspet, 1994). We measured thgll frequencies and had similar responses in the two species.
responses o8. borelliito ultrasound by recording the proportion of A have bilateral projections in the auditory neuropil and soma-
mole crickets actually captured in the quieter trap as a function of thgyntralateral axons. The cell shown in Fig. 2C is identifiable as
energy of ultrasound added to the louder trap. DN1, which has previously been described in true crickets
(Wohlers and Huber, 1982) and haglids (Mason and
Schildberger, 1993). DN1 has its main dendritic projection in
song differed in level by 6dB (106 and 100dB SPL at 15cmthe soma-contralateral auditory neuropil. A secondary branch
adjusted at each speaker). The proportion of crickets attractedatses from the axon and crosses the midline posterior to the
the low-intensity trap is predicted to be approximately 17 %lendritic region to project to the soma-ipsilateral neuropil. The
(Forrest and Raspet, 1994). Empirical results support thigeuron shown in Fig. 2D (mDN) has a medially located soma
prediction (16 %N=2979; Forrest, 1980). Along with the high- and similar projection areas to DN1, but differs primarily in the
intensity calling song, we simultaneously broadcast a 5merigin of the secondary branch, which in mDN arises from the
duration ultrasound stimulus (40kHz carrier with 1 ms raiseddrimary neurite anterior to the main dendritic projection. These
cosine ramps) from a Panasonic piezoelectric ultrasourivo neurons are also distinguished by the nature of their
transducer (P-9934). The level of the ultrasound was theesponses to acoustic stimuli. Auditory neurons similar to mDN
independent variable in the experiment, and we measured thave been recorded in haglids (A. C. Mason, unpublished data).
attraction of mole crickets to the two calling songs as a functioPN1 shows tonic responses with bursts of spikes for tone pulses
of the energy of ultrasound relative to the calling song. If théind accurate copying of pulse trains, whereas the responses of
phonotactic behaviour of flying mole crickets is negativelymDN are phasic, with only a single spike per sound pulse and
influenced by ultrasound (bat predation), we predicted that thgoor temporal following. The third descending neuron type
relative number of crickets collected at the trap broadcasting loWpDN, Fig. 2E) lies entirely in the posterior half of the ganglion.
intensity calling song would increase significantly as weThe soma of pDN lies near the base of the posterior connective.
increased the level of the ultrasound in the other trap. All stimulThe neurite gives rise to a large soma-ipsilateral dendritic
were computer-generated using custom-built software and playdganch and a mid-line crossing segment which branches
back through 16-bit D/A converters (TDT, Quikki D/A contralaterally into the descending axon and a smaller
converter) at a sampling frequency of 100kHz. Anti-aliasingdrojection which is nearly symmetrical with the main dendritic
filters with a roll-off of more than 90 dB per octave were used tdranch. Despite apparently less overlap with auditory neuropil,
remove aliased frequencies from the broadcast. The soupdN receives strong auditory input, responding to tone pulses
pressure levels of the calling song and ultrasound were calibratedth bursts of spikes and accurately copying temporal patterns.
prior to each broadcast using a Larsen-Davis model 2520 1/4inch .
microphone located 15cm above each speaker. The total Response properties of omega and T-neurons
harmonic distortion of the broadcast system was be@®dB  Scapteriscus borellii
relative to the broadcast signals. Both sexes of5. borelliiengage in nightly dispersal flights
On each of seven nights (28 April to 4 May 1996), broadcasturing their breeding seasons (Forrest, 1980). The auditory
from the two traps began at about sunset and continugdsponses oB. borelliiindicated strong ultrasound sensitivity
throughout the nightly flying period (Forrest, 1983). Each nightin this species. While some prothoracic interneurons were
the broadcast of ultrasound and high-intensity calling song waaned only to frequencies in the range of the species’ calling

Fig. 2 shows the anatomy of auditory interneuron types that
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Fig. 2. Anatomy of prothoracic -
auditory interneurons recorded in 200pm
both Scapteriscus borelliiand S.
abbreviatus (A) Omega neurons
(ONs). The left-hand (LON) and C [ D
middle (HON) examples are frof. S

|

S. abbreviatus(B) T-neurons (hfTs)

with high-frequency sensitivity is.

borellii (left) and only weak

auditory input in S. abbreviatus

(right). (C-E) Descending neurons: \\
DN1 (C), mDN (D) and pDN (E). 140

borellii, the right-hand ON is from /
,./

_m\..

\\
(//

song, others exhibited tuning curves with two sensitivityfrequency-tuned omega cells (LON$y=12), thresholds
peaks: one corresponding to the species’ call and the otheriimcreased continuously for higher frequencies and were above
the ultrasonic range (20-30kHz). 80dB SPL in the ultrasonic range. High-frequency-sensitive
Omega neuronsTwo classes of omega neurons wereomega cells (HONsSN=13) had W-shaped threshold curves,
discovered in the prothoracic ganglion®fborellii as in true  with absolute thresholds of approximately 60dB SPL for
crickets, which also possess two bilateral pairs of omegiequencies of 20—30 kHz.
neurons, ON1 and ON2 (Wohlers and Huber, 1982). Unlike true Both ON types responded to trills with phasic bursts of
crickets, there was no consistent morphological differencepikes that copied the temporal pattern of the stimulus at
between the two pairs of omega cellsSinborellii However, repetition rates up to 50 pulse$ {Fig. 3C) and responded
double stains of both cells in a single preparation confirmed th&tnically to long-duration tones at song frequencies (data not
these were distinct cell types. The omega neurofs bbrellii ~ shown). But while LONs showed weak excitation for some
were anatomically similar to ON1 of true crickets. Their axonailtrasound frequencies (up to 25-30kHz), they did not copy
connect the auditory neuropils of the two hemiganglia, and bothills or long tones at these frequencies (Fig. 3C). HONs copied
dendritic and axonal arborizations extend laterally from thisemporal patterns equally well at audio and ultrasonic
region towards the leg nerves (Fig. 2A). frequencies (Fig. 3C). Omega neurons of both types responded
In S. borellii the two omega cell types differed in their to variations in stimulus amplitude with a wide dynamic range
frequency tuning (Fig. 3A). One type showed two sensitivity(over 50 dB at low frequencies) with responses varying in both
peaks, at calling song frequencies and at ultrasonic frequenciespike number and latency (Fig. 3B,D). HONs had dynamic
Absolute sensitivity at low frequencies was similar in bothranges of approximately 30dB for 25kHz stimuli (Fig. 3B)
omega cell classes, with thresholds at the species’ sornd responded with fewer spikes per stimulus than for low
frequency (3kHz) of approximately 50dB SPL. For the low-frequencies but with a similar latency shift (Fig. 3E).
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In some ON recordings, inhibitory potentials were visible.at low intensities. In contrast, high-frequency stimuli evoked
In HONSs, inhibition was not frequency-dependent and wahibitory potentials in some preparations in the absence of any
present over a wide range of intensities. The depth afxcitatory response, for both ipsi- and contralateral presentation
hyperpolarization was greater for contralateral than foand over a wide range of intensities (Fig. 5).
ipsilateral stimuli at all intensities and had a wider dynamic High-frequency-tuned T-neuran®ne type of auditory unit
range. Contralaterally evoked inhibitory postsynapticwith a single sensitivity peak in the ultrasound range was
potentials (IPSPs) were also larger when stimuli eliciting equakcorded inS. borellii This was a T-neuron (Fig. 2B left),
numbers of spikes were compared (Fig. 4). characterised by two large soma-contralateral dendritic

In LONSs, inhibitory potentials in response to low frequenciedranches and soma-contralateral axons in the medial
were more easily observed for contralateral stimulus presentatioonnectives. The two dendritic branches are displaced from
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Fig. 3. Response characteristics of omega
neurons in Scapteriscus borellii In all C
panels, data shown in blue are for low-
frequency-tuned omega neurons (LONSs)

H\\
and data shown in red are for high- *JHJU“\UJUUJ\ 25 kHz —~
frequency-tuned omega neurons (HONS). L, 0
(A) Mean frequency—tuning curves &b.) W g
for the two types of omega cell. 32 33
(B) Intensity—response functions for 3kHz 20mv 3(')— e
(circles) and 25kHz (triangles; HONSs »NW m " ' H ms I
only). Data points are global means for ‘U\ \J ‘ \ .5 50| -
each cell typeN=12 LONs,N=13 HON's, A A b=
five repetitiqns_ o_f ga_ch stimulus yalue 3 KHz 68:- 3
averaged within individual cells). Lines

were generated by LOWESS curve-fitting
with the stiffness parameter set to 0.6 M’m‘mme%gl Latency (ms)
(Wilkinson et al. 1992). (C) Temporal

pattern copying by the two ON types. On

the left are sample traces (spikes clipped)

showing responses to trains at 50 pulséss 407 DD 40 E
of 3 and 25kHz tone bursts (upper, LON; 3 kHz 25 kHz
lower, HON). On the right is a raster plot 350 . 35f

showing spike times for responses to two
pulse repetition rates (33 and 50 pulsdss ‘@ 30|
Responses of both HONs and LONs a
shown for 3kHz stimuli and for HONs&
only for 25kHz stimuli. (D,E) Response% 20t
latency plotted against stimulus intensity”
for 3kHz (D) (circles) and 25kHz (E) 15¢
(triangles; HONs only). Data points are
means of five repetitions, and data from 10 0 20 20 60 10 0 2'0 40 éo
multiple preparations are combined. Lines

were fitted with a power function. Intensity (dB relative to threshold)
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3kHz 25 kHz Contra

(mv)

Fig. 4. Hyperpolarization following excitation § losi _
in high-frequency-tuned omega neurons. Ipsﬁ P Ipsi

ipsilateral stimulation; Contra, contralateralg 2 27
stimulation. (A) 3kHz stimuli; (B) 25kHz §
stimuli. Data points are the mean maximu
- . . . 1 1
deviation from resting potential (five 2
repetitions) at each stimulus intensity. Lines
are LOWESS curve fits (see Fig. 3). Inset: o 0
sample response traces (spikes clipped) for O 2 4 6 8 10 0 2 4 6 8 10
3 kHz stimulus; five traces superimposed. Number of spikes

one another both antero-posteriorly and dorso-ventrally, sudifT, carrying ultrasound responses to the brain, we recorded
that the more anterior branch lies more dorsally in the ganglioresponses in the neck connectives. Without signal averaging,

while the posterior dendrite is more ventral. no single units responding with short latency to acoustic
High-frequency T-neurons (hfT$\=8) had a distinctive
pattern of frequency tuning. Thresholds were lowest fo A Ipsilateral Contralateral

frequencies of 20-30kHz (Fig. 6A). They responded mos
strongly and with the widest dynamic range to ultrasonic
frequencies (Fig. 6B), some preparations showing stron
responses up to at least 70 kHz. Low-frequency stimuli elicite
a combination of excitation and inhibition (Fig. 6C). The time
courses of hfT responses to low-frequency stimuli indicate th: {J
excitatory and inhibitory components had similar latencies bt
that the initial response was usually depolarizing. This initia
excitation was usually limited to one or a few spikes befort

further activity was suppressed by inhibitory input. In some

preparations, low-frequency stimuli failed to elicit spikes,

although the same pattern of combined IPSPs and excitato RGAATY — —
postsynaptic potentials (EPSPs) was apparent in these cas 25mV (A)

Inhibitory inputs declined with increasing frequency, such tha

responses to ultrasonic stimuli were predominantly excitator SV (B)

. 20 ms
(Fig. 6C).

This combination of excitation and inhibition resulted in B
variable threshold measurements for low-frequency stimuli il
hfT neurons and limited dynamic range. Nevertheless, in mo
preparations, hfT neurons fired at least a single spike over
20dB range of stimulus intensities at 3kHz. Respons
latencies were approximately 15ms and showed no significa
change over this range of intensities (Fig. 6D). In contras
latencies for ultrasonic stimuli changed by approximately
15ms (from 30 ms near threshold to 15ms at high intensitie:
over a similar dynamic range (Fig. 6E).

Temporal pattern copying by hfT neurons was poor at lov
carrier frequencies. Pattern copying was much more accurg

with more robust responses _at high frequencies (Fig. 7rFig. 5. Hyperpolarization of low-frequency-tuned omega neurons in
Responses to combined stimuli of 3 and 25kHz were reduceresponse to 3kHz (A) and 30kHz (B) stimulus frequencies. Upper

relative to those of 25 kH_Z alon_e. _ _ traces in each panel show five responses superimposed; lower traces
Ultrasound responses in cervical connectives determine  show the average of the same five responses low-pass-filtered (60 Hz
whether there might be other auditory neurons, in addition tcut-off) to remove spikes.
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stimuli were detectable in the summed activity of the ascendinigabituated rapidly and therefore did not appear in averaged
connectives. Signal averaging revealed short-latencyesponses. This may represent descending activity associated
(15—20 ms) responses to both audio and ultrasonic stimuli (Figvith ultrasound startle responses (Hziyal. 1989).
8). Averaged responses to audio stimuli had greater amplitude Behavioural responses to ultrasourkdee-flyingS. borellii
and duration than high-frequency responses (Fig. 8A). Highef both sexes were attracted to sound traps broadcasting their
frequency responses consisted of a single or double peak in thgecies’ calling song. A total of 203 crickets were collected in
averaged trace. These results suggest the presence of multighle traps over the seven nights of the experiment. There was a
units carrying ascending low-frequency responses, but onlsignificant relationship between the intensity of ultrasound
one or a few cells carrying ascending ultrasound responsasided to the louder song playback and the relative
(Suga, 1968). attractiveness of the quieter song source. With no ultrasound
In single sweeps, bursts of large-amplitude spikes wittadded to the broadcast, the proportions attracted to the two
longer latency (35—-40ms) could be detected, but only itraps were as predicted by their relative broadcast power
response to high-frequency stimuli (Fig. 8B). These responséBorrest, 1980; Forrest and Raspet, 1994). As the intensity of

100j A 12j B
0 101
80 F 8r
o O i
= 70 g 6
s "l £l
T 60F 3 4r
E [ I ° o o
501 2r
I 1 1 I 1 1 °° 1 ‘3kHIZ
40 1 2 3 45 67810 20 3040 60 80 0 0 10 20 30 40
Frequency (kHz) Intensity (dB relative to threshold)

Fig. 6. Response characteristics of high-
frequency-sensitive T-neurons (hfTs) in
Scapteriscus borellii (A) Mean tuning

curve (£ sb.) for hfT  cells.

(B) Intensity—response functions for 3kHz
(circles), 25kHz (squares) and 40kHz
(triangles). Data points are global means
(N=8 cells, five repetitions of each stimulus
value averaged within individual cells).

Lines are LOWESS curve fits (see Fig. 3). Orp 40
(C) Sample response traces for 3, 25 and 35| 35t
40kHz. For 3kHz, both five single traces

superimposed (upper) and their averagg 30 30f
(lower) are shown. Only single traces ar

shown for 25 and 40kHz. Responses t 37 3kHz 257

3kHz show brief excitation followed by a
pronounced IPSP. High-frequency responses
are only excitatory. (D,E) Response latency 15} Q\._._._,_.;. 15}
plotted against stimulus intensity for 3kHz o ° o 8
(D) and 25kHz (E). Data points are means 10— : ; : 10— ' ' '

of five repetitions. Lines were fitted with a
power function. Intensity (dB relative to threshol d)
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A A Averages

3kHz,90dB

RN
25 kHz 25 kHz, 90 dB
MM/\WWM 3 kHz
B Single sweeps
3kHz +
25 kHz
RN
33 pulsess1
WQO 0B 1omv]_
25ms
B 20ms
;."50 o Fig. 8. Summed activity recorded in the neck connectives of
b =, Scapteriscus borellifor 3kHz (upper traces) and 25kHz (lower
ﬁ - traces) stimuli. (A) Averages of multiple stimulus presentations
@33 .'.:.. (3kHz, N=500; 25kHz, N=250). (B) Single responses. Arrows
% - indicate activity correlated with acoustic stimuli.
6 50 E A . . .
g N S B anatomically similar tcS. borellii omega neurons (Fig. 2A).
§ 33| & ‘ ‘ ‘ Omega neurons recorded frdsn abbreviatusvere narrowly
S S N RS S S S tuned to frequencies from 2 to 4kHz, with thresholds of
0 50 100 150 200 approximately 50dB SPL and a dynamic range of
Latency (ms) approximately 50dB SPL (Fig. 10A,B). Thresholds were

Fig. 7. Temporal pattern copying by hfT neuronsSecapteriscus approximately 90dB SPL or higher for frequencies above
borellii at 3 and 25kHz stimulus frequencies. (A) Sample respons8 kHz. ONs showed tonic responses and accurate copying of
traces. Strong responses with bursts of spikes and Iarge-amplituc@nporm patterns (Fig. 10C). Latencies decreased by
excitatory potentials are elicited by 25kHz stimuli (upper trace)approximately 15ms with increased stimulus intensity
Respons_es are _much Weaker,_ with only intermittent. spiking, fo Fig. 10D).
3kHz stlmull (mlddle tra}ce)l. Slmulte.\neous prfesentatlon of 3 an ‘High-frequency’ T-neuronsA single example of a T-
25kHz stimuli result_s in |_nterr_ned|ate activity (bottom trace).neuron which had a similar anatomy to hfT neurons.of
() Raster plot Show'r.]g spike times .for two pulse rates (33 an oreIIii,’ was recorded and stained $ abbreviatus This
S0pulsess) and two stimulus frequencies. neuron responded to acoustic stimulation but with thresholds
greater than 80dB SPL at all frequencies. However, details of
, the responses of this neuron, in addition to its anatomical
ultrasound added to the louder song source was inCreaseghyjarity, indicate that it is a homologue of the hfT neuron. In
however, the relative attractiveness of this trap d'm'n'Sheijesponse to low-frequency stimuli, this neuron showed a
such that larger proportions of captured mole crickets Wergympination of excitatory and inhibitory inputs (Fig. 11A).
attracted to the quieter song source (Fig. 9). Latencies were shorter for excitation than for inhibition, with
Scapteriscus abbreviatus the r(_esult that, at high ?nten;ities (ab(_)ve 85_dB SPL), responses
. ) ) ) consisted of an initial single spike with a latency of
S. abbreviatusis a flightless species. The frequency 4nnroximately 15ms, followed by a pronounced IPSP with a
sensitivities of all auditory interneurons recorded in th'slatency of 20-25ms. Below 85dB SPL, spiking did not occur.
species were sim'ilar, and no gvidence of ultrqsound sensitivity; higher frequencies and intensities (above 85dB SPL), this
was found. We did, however, identify anatomical homologuege,ron fired one or several spikes. Inhibition was not observed
in S. abbreviatuf each of the auditory cell types we haveg,, high-frequency stimuli (Fig. 11B).
described foiS. borellii These are described below.
Omega neurons All omega neurons recorded ifs.
abbreviatus (ONs, N=7) had similar tuning and response Discussion
properties to those of LON irs. borelli and all were The two mole cricket species examined in this stugly,
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os T T T T ] contralateral inhibition of other auditory interneurons by ONs
' are the basis of sound localization in true crickets (Horseman
§’ 04l 21 i and Huber, 19%b; Schildberger and HOorner, 1988;
ez - O Schildbergeret al. 1988). In addition, biphasic responses in
B % 66 ONs (i.e. excitatory responses followed by a longer-latency
EE 03T O ] hyperpolarization) have been identified as a mechanism for
‘g; 02 28 ‘selective attention’ of auditory processing in true crickets
28 7 ". 7 3D9 ] (Pollack, 1988) and katydids (Romer, 1992). This refers to the
g's ability of the cricket auditory system accurately to encode one
g 01r ] signal among many on the basis of intensity differences. The
pattern of inhibitory responses we recorde&irborelliiONs
or, 1 1 1 L] suggests that similar mechanisms operate in mole crickets.
-16 -6 4 14 24 Two types of ON were recorded i8. borellii In S.

Energy of ultrasound

abbreviatus only one type was recorded. The distinguishing

(dB relative to calling song) characteristic of the two ON classes $n borellii is their

Fig. 9. Effect of ultrasound on flyinGcapteriscus borelliin the ~ Sensitivity to high frequencies. In contrast to true crickets, in
field. The plot shows the proportion of individuals attracted to thevhich ONs show both physiological and anatomical
quieter of two sources broadcastiSg borellii calling song as a differences (Wohlers and Huber, 1982), no anatomical
function of the energy of ultrasound added to the louder source. Sekifferences between the two ON types were observed. Since
text for further details. Numbers beside symbols give the totehbbreviatusapparently lack high-frequency auditory input, it
number of individuals attracted in each experimental treatment. Thg Jikely that there are also two pairs of omega neurons in this
filled symbol repr(_esents data f_rom prev!ous experime_nts (Fo”e_sépecies with similar anatomy and response properties.
f198?r;'N:29p7§r)irr\:vehr:tChTwhireegl?;t:gﬁlli‘g‘reihlg tlgzisrﬁgrf;;'rzgs?‘;r?'ﬁ% Ultrasound sensitivity ir. borelliiappears to be mediated
or fis ex ' rimarily by one of the ON pairs (HON) and one type of T-
Y=[EXP(0.025¢-3. 844)/[14EX(0.025-3.844)],P<0.05. neurony(h¥T). This is similar, in general terms, to the
organization of prothoracic auditory circuitry devoted to
borellii andS. abbreviatusare similar in terms of their low- ultrasound hearing in other acoustic Ensifera. In both true
frequency hearingS. abbreviatusare completely flightless, crickets (Popowet al. 1978; Wohlers and Huber, 1982) and
whereasS. borelliiare frequent nighttime flyers and have ankatydids (Romeet al. 1988), ON tuning is as broad as that of
additional range of auditory sensitivity to ultrasonicthe peripheral auditory system. Insects in both of these families
frequencies. Low-frequency hearing is consistent with thare also known to show ultrasound-induced acoustic startle
nature of the intraspecific acoustic signals of both speciesesponses (ASRs) (Libersat and Hoy, 1991; Moisgffal.
High-frequency ultrasound hearingSnborellisuggests arole 1978). In true crickets, to which mole crickets are most closely
for hearing in the avoidance of predation by bats in this specielated (Gwynne, 1995), ultrasound-avoidance behaviour
as has been demonstrated in several other insect taxa (Formspends on the activity of the ascending auditory neuron Int-
et al. 1995; Libersat and Hoy, 1991; Miller, 1975; Roeder,1 (Nolen and Hoy, 1984, 198®). Despite this anatomical
1967; Yager and Hoy, 1986; Yager and Spangler, 1997). Thdifference, the response properties of hfT and Int-1 are
behaviour ofS. borellii in response to broadcast ultrasoundstrikingly similar. Both show short-latency inhibitory inputs in
supports this interpretation. response to low frequencies, leading to variable responses to
frequencies in the range of intraspecific signals; both show
Auditory anatomy and processing maximal sensitivity with high spike rates and tonic responses
The overall anatomical and cellular organisation of theo ultrasonic frequencies; and in both Int-1 and hfT, ultrasound
prothoracic auditory system is similar to that of true cricketstesponses are suppressed by the simultaneous presentation of
particularly in anatomy and in the response properties dbw-frequency stimuli (Nolen and Hoy, 1987).
auditory units that are specialized for intraspecific Our behavioural data indicate that flyigg borellii avoid
communication. Omega neurons (ONs) are able to encode teeurces of ultrasound. While the results of these sound-
temporal patterns and intensity of acoustic signals througtrapping experiments are not directly comparable with
variations in spike number, latency and timing. Categoricaneasurements of thresholds for negative phonotaxis (Nolen
frequency coding (Wyttenbactt al. 1996) is available in the and Hoy, 1988b), they clearly demonstrate an analogous
differential tuning of the two ONs irS. borellii Tonic ultrasound-avoidance responsesinborellii In the absence of
responses that copy the temporal pattern of song-like acoustither acoustic stimuli, calling song sources will attract
signals are typical of ensiferan ONs (Pollack, 1986, 1988;onspecifics in proportion to their relative broadcast power
Rheinlaender and Roemer, 1986; Schul, 1997; Wohlers ar{fforrest and Raspet, 1994). The significant reduction in
Huber, 1982). True cricket ONs are characterised by attractiveness of the calling song when combined with
combination of excitatory and inhibitory responses to acoustialtrasound cannot be attributed to a degradation of the temporal
stimuli. Mutual contralateral inhibition by pairs of ONs and pattern of this signal, since the ultrasonic component had a



1976 A. C. Mason, T. G. ForresT ANDR. R. Hoy

100 A 12, B
®
g 90 @ 10
) X
m 80f 3 8
S kS
70} = 6
3 2
g 60 E 4
£ Z
F 50 2
40 0
1 2 34 567810 20 304050 70 10 30 50
Frequency (kHz) Intensity (dB relative to threshold)
C
. - — — 40
Fig. 10. Response characteristics of J T D
omega neurons (ONs) iscapteriscus 90| JE&E S & 0 0 1 35
abbreviatus (A) Mean tuning curve g e e Lo
(¢xsp.) for ONs. (B) Mean intensity- s o 0 2030
. m 80 e o0 oo . eewe W . ) [N
response function for 3kHZNE7 cells, o w0 B0 o
five repetitions averaged within cells). > = g == = = o3 § 25
(C) Raster plot showing temporal pattern @ 90| == = =iz o= T 20
copying for 3kHz stimuli at two g IS oot s Wi oSS -
intensities (80 and 90dB) and pulse rates™ o, =B iz 15
(50 and 33pulsesy. (D) Latency shift = ooz
for variation in intensity of 3kHz stimuli. — i 10
0 50 100 150 200 0 20 40 60

Data points are meansl£5), and the line

was fitted with a power function. Latency (ms)

Intensity (dB relative to threshold)

similar temporal pattern. Therefore, only the frequency contergnd those of Int-1 and the similar behavioural responses of
of the broadcast signal was altered. The attraction to the soung®le crickets and true crickets suggest such a function for hfT.
of the song of proportionally fewer mole crickets as a functiotJltrasound hearing has been demonstrated in other mole
of the power of the ultrasonic component of the signal indicatesricket species that are nocturnal flyers. Suga (1968) measured
an aversive response competing with the attraction of thauditory responses in the nerve cord of South American mole
calling song. crickets. These responses were most sensitive to ultrasonic
Our data do not directly demonstrate a link between thifrequencies (see Fig. 1 in Suga, 1968) and very similar to our
ultrasound-avoidance behaviour and the responses of hfT, sudata for hfT tuning (Fig. 6A). Suga further suggested that there
as has been shown for Int-1 in true crickets (Nolen and Howre few ascending auditory units in the neck connectives, and
1984). However, the similarity between the responses of hfonly one in the prothoracic—mesothoracic connective. Our neck

A B
3kHz 20kHz
95dB SPL

95dB
Fig. 11. Responses of the hfT cell in 89dB
Scapteriscus abbreviatu®d 3kHz (A) and 89dB
20kHz (B) stimulus frequency. Auditory
responses are insensitive but show a similar
. . 83dB
time course to those o§. borellii Low- 86dB

frequency responses show a brief excitatiam myv
followed by a pronounced IPSP. High-

frequency responses are only excitatory. 25ms
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connective recordings corroborate these results and suggesflect their independent evolution in already divergent groups.
that hfT is the only source of ascending ultrasound activityGwynne (1995) argues that hearing and acoustic
Also, the facts that single pulses of ultrasound, but not audicommunication evolved independently in the two main
sound, can elicit a delayed burst of activity in the neclensiferan clades: the Tettigonioidea, which includes the
connective and that this activity habituates are consistent wilamilies  Tettigoniidae (katydids), Haglidae and
an ultrasound-mediated ASR 8 borellii (Brodfuehrer and Stenopelmatidae (weta), and the Grylloidea, which includes
Hoy, 1989). In contrast, in a non-flying spectesabbreviatus  Gryllidae (true crickets) and Gryllotalpidae (mole crickets).
high-frequency hearing is absent and hfT neurons show veilhis obviously implies an independent origin for ultrasound
weak auditory input, while auditory responses to lowhearing in grylloids and tettigonioids, but within the grylloids

frequencies are identical to thoseSfborellii the origins of ultrasound hearing in different families are
_ unknown. More detailed study of the functional differences in
Evolution the organization of the ultrasound auditory pathway in true

On the basis of comparative morphology, it is probable thatrickets and mole crickets could address these questions.
mole cricket omega neurons are homologous with those dflentification of the destination and function of the descending
previously studied Ensifera (Mason and Schildberger, 1993xon of hfT in mole crickets would allow comparisons with
Romeret al. 1988; Wohlers and Huber, 1982). Two pairs ofboth true crickets and katydids. In addition, we have
ONs are found in true crickets (Gryllidae; Wohlers and Huberdemonstrated significant differences in ultrasound hearing
1982) and haglids (Haglidae; Mason and Schildberger, 1993)etween flying and flightless mole cricket species even within
Auditory responses have been studied in two other ensiferdne same genus. These results highlight the lability of
taxa, katydids (Tettigoniidae) and weta (Stenopelmatidaekpecialized sensory systems under varying ecological
Omega neurons are known from tettigoniids, but only a singleonditions (Fullardet al. 1997). The variation among mole
pair of ONs per individual has been described (Roeteal.  cricket species we have described suggests that even more
1988; Schul, 1997). Peripheral auditory responses have bedinect tests of the function of identified neurons in conspecific
recorded in weta (Fieldt al. 1980), but their central auditory communication compared with predator avoidance are
anatomy is unknown. True cricket ON1 responses are bettpossible. These data, combined with phylogenetic analyses,
suited than those of ON2 for a role in processing intraspecificould help distinguish historical effects from functional
acoustic signals, and the function of ON2 is unclear (Horsemasgpecializations in the evolution of these sensory systems.
and Huber, 19%b; Schildberger and Hérner, 1988;

Schildbergeret al. 1988; Wohlers and Huber, 1982). In the We thank Howard Frank for providing mole cricket
case ofS. borellii both ON types respond similarly to song- specimens, Jim Lloyd for providing accommodation and Tom
like signals, and they differ only in their responses towalker for providing mole crickets, laboratory facilities and
ultrasound. IrS. abbreviatusno functional differentiation of assistance in the field. This manuscript was improved by
ONs was observed. Thus, we could not determine a clegomments from members of the Hoy laboratory and an
correspondence between the two ON subtypes of mole crickedsonymous reviewer. The work was supported by NIH grant
and true crickets. In some species of true crickets, howeveR01 DC00103 to R.R.H.

ON1 shows a secondary sensitivity peak at ultrasonic

frequencies which is similar to that of HON (Atkins and
Pollack, 1986).

It is more difficult to infer homology between neurons
mediating ultrasound-avoidance behaviour in different oceanicus. J. comp. Neur@43 527-534.

ensﬁeran families, since _these s_how more dlyer3|ty than SONG ey, W. J. (1993). The tettigoniid (Orthoptera: Tettigoniidae) ear:
processing ele_ments. Itis P(_)SS'ble _th"_it hfT is hpmologous to multiple functions and structural diversitint. J. Insect Morph.
Int-1 of true crickets. In addition to similar acoustic responses, Embryol.22, 185-205.

these two neurons show several anatomical similarities: SONBALL, E. anp FieLD, L. H. (1981). Structure of the auditory system of
position, the location of the midline-crossing segment, the the wetaHemideina crassidengBlanchard 1851) (Orthoptera,
position of dendritic branches and the location of the ascendingEnsifera, Gryllacridoidea, Stenopelmatidae). |. Morphology and
axon in the anterior connective (Casaday and Hoy, 1977).  histology.Cell Tissue Re217, 321-343.

Regardless of the specific homologies, the diversity oPALL, E. E., QDFIELD, B. P.AND RupoLpH, K. M. (1989). Auditory
ultrasound-processing neurons in different ensiferan families ©r9an structure, development and functiorCticket Behavior and
raises interesting evolutionary questions. Hearing and acoustic'\eurobiology (ed. F. Huber, W. Loher and T. E. Moore), pp.

. ; . . . . 391-422. Ithaca, London: Cornell University Press.
communication in Ensifera existed prior to the evolution of ENNET-CLARK, H. C. (1987). The tuned singing burrow of mole
echolocating bats (Novacek, 1985; Otte, 1992; Sharov, 1971 L \

N . e “crickets.J. exp. Biol.128 383-410.
Ultrasound hearing in relation to bat detection is, therefore, g-\net-Ciarc. H. C. (1989). Songs and the physics of sound

secondary adaptation of the ensiferan auditory system (Hoy, production. InCricket Behavior and Neurobiolodygd. F. Huber,
1992). Differences in the processing mechanisms associatedy. Loher and T. E. Moore), pp. 227-261. Ithaca, London: Cornell
with ultrasound avoidance in different ensiferan taxa may University Press.
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