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(Gryllidae, Nemobiinae)
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Sounds with frequencies-15 kHz elicit an acoustic startle respon&sSR) in flying crickets
(Eunemobius carolinys Although frequencies<15 kHz do not elicit the ASR when presented
alone, when presented with ultrasound0 kH2, low-frequency stimuli suppress the
ultrasound-induced startle. Thus, using methods similar to those in masking experiments, we used
two-tone suppression to assay sensitivity to frequencies in the audio band. Startle suppression was
tuned to frequencies near 5 kHz, the frequency range of male calling songs. Similar to equal
loudness contours measured in humans, however, equal suppression contours were not parallel, as
the equivalent rectangular bandwidth of suppression tuning changed with increases in ultrasound
intensity. Temporal integration of suppressor stimuli was measured using nonsimultaneous
presentations of 5-ms pulses of 6 and 40 kHz. We found that no suppression occurs when the
suppressing tone is2 ms after and>5 ms before the ultrasound stimulus, suggesting that stimulus
overlap is a requirement for suppression. When considered together with our finding that the
intensity of low-frequency stimuli required for suppression is greater than that produced by singing
males, the overlap requirement suggests that two-tone suppression functions to limit the ASR to
sounds containing only ultrasound and not to broadband sounds that span the audio and ultrasound
range. ©2002 Acoustical Society of AmericdDOI: 10.1121/1.1451069

PACS numbers: 43.80.Lb, 43.66.3NVA]

I. INTRODUCTION flanked by inhibitory side-band&Suga, 1978 presumably

Masking refers to the phenomenon in which the IeVelsharpening the frequency .resolution of .these uniFs. Unlike
required to detect one stimulus, the signal, is raised by th%he two-tone “T"te suppression observed in the auplltory _affer-
presence of another stimulus, the masker. Although the une_nts of cats(K.|an.g, 1963, Suga.obse.:rved that lst|mulat|on
derlying mechanisms mediating the various forms of audi_WIth frequencies in the suppression side-bands in bats evokes

tory masking may vary, three prominent hypotheseq see inhibitory' or .polarizing responses. This class pf two-tone
Delgutte (1996 for review] (1) the “line-busy” mechanism, suppression is analogous to that demonstrated in the protho-

in which an excitatory masker causes a reduction in thd2CiC Nervous system of crickets. In field crickegryllidae,
signal-to-noise ratio in the neural cod@ adaptive mask- Grylhnae), ultrasound sep3|t|y|ty is mediated in the CNS by
ing, in which adaptation caused by the excitatory maskef Pilateral pair of ascending interneurons called Iitsdnsy
reduces the excitatory response to the signal(@rthe Moiseff and Hoy, 1983; cf. AN2, Wohlers and Huber, 1982
masker suppresses or inhibits the excitatory response eliciteff"ereas the presentation of ultrasound alone elicits excita-
by the signal. The last has been studied at several differefton in Int-1, the addition of a low-frequency torie.g., 5
levels in auditory systems using two-tone presentations anfz) can suppress this excitation. Low-frequency suppres-
includes examples in which one of the two tones may eithefion in Int-1 is mediated by postsynaptic inhibition; the pre-
reduce the excitation produced by the other thegy., as Sentation of low-frequency stimuli alone evokes IPSPs and is
demonstrated by the reduced firing rate or rate suppression [Rus capable of reducing the excitation elicited by the ultra-
the primary auditory fiberéKiang, 1965] or actually inhibit ~ sound (Nolen and Hoy, 1986b, 1987 Suppression of re-
the excitation produced by the first tone. Whether mediategPonses of auditory units in the cricket brain by low-
by mechanical or neural mechanisms, this reduced respond&quency stimuli presumably reflects this ascending activity
to the signal tone has been called either two-tone suppressidf Int-1, however, as no IPSPs are evident when excitation
or two-tone inhibition(Kiang, 1965; Sachs and Kiang, 1968; €licited by high-frequency stimulie.g., 15 kHz is reduced
Arthur et al, 1971; these two terms have been used synonyby the addition of a second tone between 1 and 11 kHz
mously whether neural inhibition is observed or)not (Boyan, 1981

Two-tone suppression has been studied in a variety of ~From a behavioral perspective, whereas the presentation
taxa. For example, earlier studies of the frequency respong¥ songlike(low-frequency stimuli to field crickets flying on
characteristics of the auditory units in the mid and forebraing tether elicits positive phonotaxis, the presentation of batlike

of microchiropteran bats revealed excitatory frequency bandsltrasound elicits an acoustic startle respo(s8R) com-
prised in part of the lateral extension of the metathoracic leg,

dpresent address: Sec. of Integrative Biology, Patterson Hall, Universit)f:omralater"jII to the StIm_UIuEr.eSponse IatenF:y: 30-60 ms

of Texas-Austin, Austin, X 78712. Electronic mail: (NOIen and HOY! 1986a; Moisefét al,, 1978; WyttenbaCh

hfarris@mail.utexas.edu et al, 1996]. This response presumably functions in the

J. Acoust. Soc. Am. 111 (3), March 2002 0001-4966/2002/111(3)/1475/11/$19.00 © 2002 Acoustical Society of America 1475



avoidance of echolocating insectivorous bats; the directionglsted using TDT PA4 programmable attenuatdrslB mini-
steering effect of the leg swing causes the cricket to steemum step size The stimuli were calibrated at the position of
away from the ultrasound sour¢dolen and Hoy, 1986aln the test animal using online comparisons of the rms voltage
experimental paradigms similar to those examining singleof the stimuli to that generated by a B&K 4220 pistonphone
tone masking, the simultaneous presentation of a lowealibrator(125 ms duration samplesThe calibration system
frequency stimuluge.g., 5 kH2 with ultrasound raises the included a B&K 41353-in. microphone(0 degree angle of
level of ultrasound required to elicit the ASRlolen and incidence, B&K 2639 preamp, and a B&K 5935 micro-
Hoy, 19860). Because the experimental suppression of Int-lphone power supply. All sound pressure levglB SPL) are
using hyperpolarizing current is sufficient in suppressingreferenced to 2QuPa. For all speakers, the maximum output
startle responses to ultrasound stim{tlolen and Hoy, 1984, level of the system was 107 dB SPL. All pulse onset and
1987, the mechanism for this type of maskifig., two-tone  offset ramps are raised cosine. Total harmonic distortion of
suppression using a behavioral agsaypresumably the in- the system was determined to k&€l% (—40 dB) using a
hibitory effect of the low-frequency stimulus on Int-1. Hewlett-Packard 3562A signal analyzer.

Sounds with frequenciez15 kHz also elicit a startle
response in flyingunemobius carolinugGryllidae, Nemo- 3. Startle response and suppression
biinae (Farris and Hoy, 2000 In contrast to field crickets,
the direct presentation of frequenci€d5 kHz to tetheredt.
carolinusdoes not elicit a response. These frequencies, ho

Long-wingedE. carolinuswere tethered dorsally at the
V\{)ronotum to a 14-cm-long piece of piano wire using low-

. emperature melting point wax. Flight can easily be initiated
ever, can suppress the ultrasound-induced startle. Thus, b, P gp g y

direct abl the ult by waving the tethered cricket in the air or by giving it small
cause a direct assay was unavarable, we use the Ultrasounflys of ajr, Once flying, a tethered cricket was placed in a

el'—;}:lraday cage lined with acoustic foam to minimize echoes.

trﬁ;?;lOg;'rf;?j?gurﬁgCﬁsssgsiig\’it%siﬁéﬁiﬁlinaurz Tr:i(i:lgzrzﬁeghe tethered cricket was positioned 7 cm from the floor of
. ) . he cage and 30 cm from the speakers placed at 90 degrees
single-tone masking paradignfs.g., Vogten, 1974and are g P P 9

. o normal to the cricket. The behavioral components of the
used to determine the frequency and temporal sensitivity foglCOUStiC startle response consist of an abrupt cessation of
sounds with frequencies15 kHz. From an ethological per-

iive. th tost ined wheth ds that best flapping, folding of the hind wings, closure of the tegmina,
spective, these tests examined whether sounds that best SUpiierior extension of the prothoracic and mesothoracic legs,
pressed the ASR were similar to those typical of Ehecar-

. . osterior extension of the metathorcic legs, and dorsal move-
olinus male calling sonde.g., ~6.7 ms pulses of 5.6—6.3 P J

ment of the antennagarris and Hoy, 2000 Although flight
kHz at~75 pulses/s, these parameters vary with temperaturﬁ a4 ! Y, 2000 ugh g

. sually resumed with the termination of the startle stimulus,
(AIe_xander, 1957; Walker, ;96]2and thus might reflect spe- reinitiating flight in some subjects became more difficult
cialization for song dgtectlon. Some .Of the results reporte%th increasing numbers of startle responses. To help ensure
here have been previously reported in abstract fgfarris that most subjects would complete an experiment, we chose
and Hoy, 1997, 1998 to measure thresholds using the adaptive procedures below.
Startle thresholds to ultrasound alone were measured us-
Il. MATERIALS AND METHODS ing a 1/2-down, 0/2-up adaptive procedusee Farris and
A. General methods Hoy, 2000. In this procedure, the amplitude of a single pulse
was decreased in 6-dB steps if a startle response was ob-
Except where noted, general methods are the same &3yed in 1 out of 2 stimulus presentations. Stimulus step
those in Farris and Ho§2000. sizes were then changed to 3 and 1 dB for each reversal until
1. Subject animals a threshold was determined. This adaptive procedure con-
verges on the stimulus level that elicits a response in 30% of
the presentationglLevitt, 1971. Thresholds for two-tone
» suppression, however, were measured using the 2/2-
suppression-down, 1/2-up adaptive procedure diagrammed in
Fig. 1. In this procedure, the amplitude of the startle stimulus
(ultrasoundl was fixed at a level which consistently elicited a
startle responséhese levels are noted for each experiment;
Stimuli were generated using Tucker Davis Technolo-at least 5 dB above startle threshpldhereas the amplitude
gies (TDT) 16-bit, digital-to-analog converters and custom-of the suppressor stimulus was adjusted until the minimum
written software(8 or 6 us sample period Stimuli were level for suppression was determined. As before, attenuator
amplified using a Harman/Kardon HK6150 integrated ampli-step sizes were 6, 3, and 1 dB for the sequence of reversals.
fier. Ultrasound stimulii.e., startle stimu)i were broadcast Two procedures were used to control for any variance in
from either a Radio Shack Super tweeteat. no. 40-1310b  response threshold over tinje.g., habituation or fatigue
or through Panasonic 40 kHz transducé4® kHz stimuli  causing a change in threshold during some portion of the
only). Low-frequency stimuli(i.e., suppressor stimuli, 2—15 adaptive procedure, see Rob€&r989]. First, following two
kHz) were broadcast from either an ESS AMT-1 tweeter orconsecutive presentations in which a startle response was not
Motorola piezoelectric speakers. All speakers were locateélicited by the ultrasoundsuppressor combinatiaie., 2/2
30 cm from the preparation. Stimulus amplitude was adsuppression the ultrasound was presented alone to verify

The colony, started from individuals sound-trapped in
Lafayette County, MSsee Farriset al, 1997, was reared
under a 14 L/10 D h, light schedule and fed “cricket chow
ad libitem

2. Acoustic stimuli
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Begin Adaptive Procedure \

Presentation 1: Ultrasound + Suppressor \\
|

NO YES
No Suppression:

mometer. Songs were digitizéd2.7 or 40us sample period
using a TDT AD1 and custom-written software. The mean
sound pressure level of the calling songs over all of the re-
corded males was calculated by comparing the rms value of
15 randomly sampled song pulg@spulses from the song of
each malg to that generated by a B&K 4220 pistonphone
calibrator.

\ Increase suppressor Amp.
~_d4 A

B. Experiments
Presentation 2: Ultrasound + Suppressor l

1. Frequency response of two-tone suppression

|
NO YES | Thresholds for startle suppression were measured as a
J function of the frequency of the suppressor stimuli. Pre-
\ / sented simultaneously with the startle stimullgpulse of 40
\\ ) kHz), the suppressor stimuli had the same temporal structure

Presentation 3: Ultrasound alone as the ultrasoun¢s ms duration, 1 ms ramps$ut varied in
frequency from 2 to 15 kHz. For each individual€11),

startle threshold was first determined using the adaptive pro-

N YES cedure described above. The startle stimulus was then fixed

X X at 8—10 dB above startle threshold and presented simulta-

1 1 neously with each of the ten suppressor frequencies until the

\J \/ minimum suppressor level required to suppress the startle

Suppression Not Confirmed: Suppression Confirmed: response was determined. Each individual was tested at all

Reduce suppressor Amp. and continue
new series of presentations.

Remeasure ultrasound level
and begin again.

ten suppressor frequenci€xd-10, 15 kHz.

FIG. 1. Diagram of a single trial for the adaptive procedure used to deter-, .
mine suppression threshol@see methods 2. Equal-suppression contours

In experiments similar to those measuring equal-

that the subject would still respond to the startle stimulus. Ifoudness contourssee Plack and Carlyon, 1993he rela-

the ultrasound stimulus elicited a startle response, startle suﬂ_QnSh'p between ultrasound Intensity and suppressor inten-
pression for the previous two presentations of two-toneSity Was te.sted for seven different suppressor frequencies
stimuli was thus confirmed, and the amplitude of the sup{3—9 kHz in 1-kHz steps After determining the startle
pressor was decreased. If a startle response was not elicitétfeshold (at 40 kH2 for each individual, the minimum

by the ultrasound alondi.e., suppression was not con- threshqld for_s_tartle suppression was measured for four ultra-
firmed), then all tests with that individual were repeated andSound intensities above startle thresh@d8, 10, 12 dBre:

the startle threshold to ultrasound alone was remeasured &artle thresholdat seven suppressor frequencies. Based on
establish a stable referentgee Fig. 1. As part of a second evidence from preliminary pbservatlons, this 7-dB intensity
control, the adaptive procedure stepped through the presefnge for the ultrasound stimulus was chosen to encompass
tations of experimental stimuli in a pseudo-random order séh® minimum leve(+5 dBre: startle thresholdrequired to

that the same suppressor frequency was not presented gQnsistently gllClt a startle for the durgtlon of the experiment
more than two consecutive triafse., two sequences shown and the maximum ultrasound intensity 12 dBre: startie

in Fig. 1). If a change in startle threshold had occurred dur_threshold at which suppression was still possible. In add_"
ing testing(see Sec. 1)}, this control prevented its correlation tion to the pseudo-random order of frequency presentation
to any suppressor frequency in particular. This adaptive prolhentioned above, the ultrasound level within frequency pre-
cedure converges on the stimulus level that elicits suppresientations was randomly chosgre., 5, 8, 10, or 12 dBe:

sion in 70.7% of the presentatiofisevitt, 1971). The sub- startle threshold For an individual to be included in the data
jects were required to fly for at le@S s prior to stimulus  S€b suppression thresholds had to be completed at all four
presentatior(i.e., minimum interstimulus interval was 5.s ultrasound Ievel§ for at least one suppressor frequéacy,

This interval was also chosen to reduce the probability oftartle suppression thresholds at one frequency were deter-

any habituation or sensitization. Ambient temperature for alffined at 5, 8, 10, and 12 dB above startle threshdddlike
of the experiments was 20—23 °C. the frequency response for suppression measured in experi-

ment 1(above, no individuals flew long enough to measure
all four equal suppression contours for all seven frequencies
(i.e., 28 suppression thresholds

Singing males \=5) were recorded either in the field Suppression growtki.e., change in level of suppressor
(Ithaca, NY) or in the laboratory using a Sony WM D6C versus change in level at 40 kHat each suppressor fre-
Walkman Professional tape record@ro filter)) Memorex quency was calculated using a linear regression of suppres-
CD2 tape, and a Sony ECM 939CT microphone placed at 15ion thresholds versus the level of the startle stimulus. Com-
cm dorsal to the singing cricket. Temperature at the positioqparison of suppressor growth across the seven suppressor
of the male was measured using a Radioshack digital thefrequencies was accomplished using an analysis of covari-

4. Calling song recordings
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FIG. 2. Suppression tuninga) Symbols represent the meénSE) thresh-  FIG. 3. Equal suppression contouta) Threshold to suppress a startle re-
old required to suppress the ultrasound-induced startle response for ten diponse as a function of frequency and startle stimulus level. Synliolk;
ferent suppressor frequencies. Stimuli were 5-ms pulses with 1-ms ramp®, [ are the suppression thresholds for startle stimuli at 5, 8, 10, and 12 dB
The startle stimulug40 kH2) was set at 8—10 dB above startle threshold for above startle threshold, respectively. Because the level of 40 kHz varied for
each individual. IndividualsN=11) were tested at all frequencigb) Am- these measurements, unlike in Figa)2suppression thresholds are plotted
plitude spectrum of a. carolinuscalling song recorded at 20 °C. re: startle threshold rather thae: 40 kHz level.(b) Roex filter functions
for each equal suppression contour ab@ez Table Il for the parameters for
each filtej. Line types are the same in both panels.
ance testing for significant differences between sld@es,
1984, p. 300. Comparison of the suppression slopes and
intercepts between males and females at 6 kHz was don& Temporal sensitivity: Suppressor duration
using the procedure described in 24084, p. 296.

Shapes of the suppression contours were calculated fro
the mean suppression thresholds using a method describ
by Pattersoret al. (1982; but see also Mooret al, 1990.
Briefly, each flank of the tuning curvge., on either side of
the center frequengywvas modeled using the rounded expo-
nential function roexg,r):

Thresholds for startle suppression were measured as a

ction of suppressor duration. Presented with simultaneous
onsets, the startle and suppressor stimuli consisted of single
pulses of 40 and 6 kHz, respectively. In part 1 the startle
stimulus had a 5-ms duration and suppressor duration varied
from 2 to 80 ms, whereas in part 2, the startle stimulus had a
20-ms duration and suppressor duration varied from 2 to 200
ms. The amplitude of the ultrasound stimulus was set 8—10

W(g)=(1—r)(1+ —pg)+
(@=(1=1)(1+pglexp—pgH+r, dB above startle threshold.

whereg is the normalized deviation of frequency from the

center frequencytc, g=|(f—fc)|/fc, p is a dimensionless

parameter determining the slope of the flanks of the tuning

curve, and is a co.nstant that sets the range limitation of the.4' Temporal sensitivity: Nonsimultaneous

roex filter. The tuning curves were assumed to be asymmetris;pression

cal around the center frequency, and separate sigpegere

calculated for the upper and lower frequency flanksyas Similar to forward and backward masking, startle sup-
assumed to be the same for each side, however, and equalegtssion was measured while varying the relative onset times
the difference between the minimum and maximum threshef the suppressof5-ms duration, 1-ms ramps, 6 kHand
olds on the tuning curve. After normalizing each equal sup-startle(5-ms duration, 1-ms ramps, 40 kHgtimuli from 3 to
pression contour to the threshold at the center frequébicy —6 ms(re: startle onsgt The amplitude of the ultrasound
kHz), we used a least-squares method to solve for the slopgtimulus was set 8—10 dB above startle threshold, whereas
parameter(p) of each flank of the filter. Using the slope the amplitude of the suppressor pulse was adjusted until the
parameters, the equivalent rectangular bandw(BfRB) for =~ minimum suppressor level required to suppress the startle
each tuning curve was calculatéBattersonet al, 1982, was determined for each of eight different relative onset
facilitating a comparison of tuning “sharpness.” times.
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I1l. RESULTS TABLE II. Filter dimensions and correlations for the least-squares fit of
) roex(p,r) to the equal suppression contours. Columns are the roex slope
A. Frequency response of two-tone suppression parametergp) for frequencies above and below the center frequelfcy

. dtof . K kHz), the equivalent rectangular bandwidRB) of the filter, Q34g Of the
Suppression was tuned to frequencies near 5 kHz, ove'fl'lter, and theR? andP values of the least-squares fit to the threshold means

lapping components in the male calling soigig. 2). for the four different startle stimulus amplitudé=: startle threshold
Whereas a gradual increase in suppression thresholds was

measured for frequencies5 kHz (although a secondary sen- 40 IkHz Lljpper '-Iower iRB , |
sitivity peak can be seen at 9 kHor frequencies<s kHz ~ _©v¢'(d®)  slopep slopep  (kHz) Qss R~ Pvalue
there was a steeper decline in suppression sensifiFity. 5 4437 14802 293 233 0737  0.013
2(a)]. Thresholds were measured for at least 10 of the 11 8 g;ﬁé ﬁggg g-ggg i-ég‘é g-;’g 8-827
|nd|V|duaI_s tested for al! fre_quenues exc_ept.2. kHz, in which 12 2876 8746 4621 1136 0218 0201
suppression was effective in only three individuals.

model was significant at each contour, revealing an increase
B. Equal suppression contours in ERB with increasing ultrasound leve(§able IlI).

As in experiment 1, suppression thresholds were lowest
for frequencies near 5 kHz with a second sensitivity peak a€. Temporal sensitivity: Suppressor duration
9 kHz [Fig. 3[@]. The equal suppression contours were not
parallel, however, as suppressor growthange in level of
suppressor versus change in level at 40 kéifered signifi-
cantly across the seven suppressor frequen@&sCOVA,

As suppressor duration increased, suppression threshold
did not decrease like that of a simple exponential integrator
(Fig. 4). Temporal integration of the low-frequency suppres-
sor was analyzed using a least-squares-fit of the following

N=236, F:3'99t'hp<ac;'f?2; 52a7r,k|1_|984,d;213}0038ezaus§ equation proposed by Plomp and Boumd®59 for the
Suppressor growth w or 5— zan or 5=4 an change in threshold as a function of stimulus duration:

8-9 kHz (Table ), the equal suppression curves appear to
flatten at the higher ultrasound levels. Furthermore, signifi-
cant positive slopes for suppressor growile., at five of

seven frequencies, Tabl¢ suggests that each individual's

rtle threshold w le thr h he pr r
startle threshold was stable throughout the procedure, as time constant that describes the rate at which the threshold

relationship would be expected if startle threshold varied. . .
Although analysis of the equal suppression contours usr_eaches an asymptote as a functionfpthe duration of the

ing the roex model did suggest a decrease in the slope pé?yp?resstorb stimulusiNote that for the 20-ms ugr?sound
rameter for frequencies5 kHz (and increase in ERBwith reatment, because no SUppPression was measured 1or Suppres-

increasing ultrasound levels, the model's predictions were®' durations<10 ms, these durations were not included in
not significantly correlated with the data for the highest ul-the mode}) .Co'r.relatlons bgtvveen the data and the n;odel
trasound leveli.e., 12 dBre: startle threshold[Fig. 3(b), were not significant for either the 5 ?(3'212'2 ms, T

Table II]. The failure of the roex model for the 12-dB con- =0.25,P=0.1§ or 20 ms(r=17.3 ms,r =0.51,P=0.13

tour is presumably due to the suppression thresholds at gltrasou_nd treatments and, thus, estimates for the te_mporal
kHz. Although the model assumes a center frequency of gﬂtegratl_on t|m_e of the _suppress(ﬁs_ kH2) using a duratlc_)r_l
kHz, at the 12-dB contour, lowest suppression threshold Ersus |ntenS|ty_ paradigm were |nconclu5|_ve. In addition,
shifted from 5 to 9 kHz, reducing the amount of variancet ere was no evidence for tuning to any particular suppressor

explained by the model. Indeed, when the thresholds at guration(i.e., similar to pulse dgrations of the male calling
kHz were removed from the contours, the fit of the roexsong' For both ultrasound duratiod§ and 20 m} suppres-
' sion thresholds decreased up to the duration of the startle

-T
Threshold shift(T)=—10* Iog( 1- ex;{ T) ) ,

I%%herer represents the temporal integrati@®., summation

TABLE |. Relationship between suppression threshold and ultrasound levetap £ 1. Filter dimensions and correlations for the least-squares fit of
for each suppressor frequency. Although threshold means are shown in F'goex(p,r) to the equal suppression contours not including thresholds at 9
3, slopes are calculated from the entire data set using linear regressiqfy,. cColumns are the roex slope parametg@jsfor frequencies above and
analysis. Suppressor growth varies significantly across suppressor frequengg|ow the center frequend kHz), the equivalent rectangular bandwidth
(ANCOVA, N=236, F=3.99, P<0.002; Zar, 1984, p. 300 Significant  (ERB) of the filter, Q345 Of the filter, and theR? and P values of the
positive slopes for five of seven frequencies suggests that reference thresjgast-squares fit to the threshold means for the four different startle stimulus

olds (i.e., startle threshojdwere stable throughout the experiments. amplitudes(re: startle threshold Although all upper slopes are affected by
the removal of the data at 9 kHz, the lower slope at 12 dB is also changed
Suppressor Suppressor growth due to a change in the dynamic rarigeex parameter) of the entire 12-dB

frequency(kHz) N (A Suppressor d& 40 kHz dB R? P value filter (see Table .

i 22 8222 83% 82223 40 kHz Upper Lower ERB

. . . 2
c 39 1370 01158 00243 level (dB) slopep slopep (kHz) Qsas R P value
6 36 1.354 0.210 0.0049 5 5.963 14.802 2.353 2,902 0.995 0.0001
7 28 1.140 0.192 0.0195 8 6.068 13.275 2.401 2.552 0.936 0.0016
8 32 0.859 0.129 0.0437 10 5.066 11.367 2.853 2.325 0.857 0.0081
9 36 0.728 0.045 0.2145 12 5.706 8.278 2.961 1.678 0.839 0.01
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FIG. 4. Suppression thresholde: startle stimulus dBas a function of (') 5' 1'0 1'5 2'0
suppressor duration. Suppressor and startle stimuli have simultaneous on- Time (ms)
sets. Durations of the startle stimul® kH2) were 5 and 20 ms fafa) and
(b), respectively. Triangles mark suppressor durations in wkigfindividu- FIG. 6. Diagram of the suppressor and startle stimuli in the nonsimulta-
als exhibited suppression. neous suppression paradigm when modeled as the interaction of an IPSP

(dotted curve and EPSRsolid curve, respectively. In each condition, the
amplitude of the IPSP is multiplied by thake: EPSP amplituderequired to

. . . suppress the startigig. 5. The model assumed that suppression occurred
stimulus, but Varled for greater suppressor durathns. BeWhen the sum of the two integrals was88 dBre: EPSP peak amplitudé¢a)
cause suppression threshold depended on the duration of thigultaneous onseth) backward suppressiofsuppressor trails by 2 ms

startle stimulus, these results are inconsistent with a hypand (c) forward suppressiofsuppressor leads by 3 sn (c) the dashed
curve represents the sum of the excitation and suppression responses. In this

thetlc_al filter that_ band-passes durations near 7(ines, the case, because the peak of the summed respons@ @B (re: the excitatory
duration of a typical calling song pulse responsk the model deemed that suppression had occurred.

D. Temporal sensitivity: Nonsimultaneous

2 oo b o suppression
s 20F 40 kHz leads
A No suppression could be measured when the onset of the
ga‘(’ i 1 suppressing tone was2 ms after or>5 ms before that of
3 2k i the ultrasound stimulué~ig. 5. In both backward and for-
Sz ward suppression, increasing levels of 6 kHz were required
ES sk i to suppress the startle response for greater temporal separa-
E‘é tions between the two stimuli. Because these data presum-
N 4r ~ ably reflect the relative temporal integration times for the
o two frequencies, we constructed a simple summation model
] or . . . . . . . . ] to estimate the integration time of the low-frequency sup-
5 4 3 2 1 0 1 2 pres_sor, which _we were unable to measure sufficiently in the
Onset (ns) of 40 kHz re. 6 kHz onset previous experiment.

Both the excitatory(40 kHz) and suppressiof6 kHz)
FIG. 5. Suppression thresholce: startle stimulus dBas a function of the  integrals were modeled as simple exponential integrators that
relative onset times of the suppres$6rkHz) and startle(40 kHz) stimuli. Change as
Both stimuli were 5-ms duration pulses with 1-ms ramps. No suppression
occurs when the onset of the suppressing tone2sms after and>5 ms
before that the ultrasound stimulus. Dashed curves represent the thresholds
predicted by the simple summation modske results, Fig.)éwhen the . .
integration time is 9.395 mé&2=0.987,P=0.000 06 in the forward sup- ~When the stimulus is on, and decay as
pression conditiorf6 kHz lead$ and 47.07 mgr?=0.914,P=0.19 in the
backward suppression conditi¢40 kHz leads exp—T/7)

l1—exp(—T/7)
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when the stimulus is turned offFig. 6). The suppression periments with humans, the frequency that produces the most
integral is negative, however, and its amplitude is scaled likenasking varies with the intensity of the prolfgogten,

that measured at suppression threshold for each of the diffef-974). Furthermore, masking experiments using various
ent relative onset time®.g., when 40 kHz leads 6 kHz by 2 broadband maskers show that the shapes of critical bands
ms, the amplitude of the 6-kHz pulse is 16.2 o8 40 kHz  centered at the same frequency vary with the amount of input
at suppression threshold; see Fig[Big. 6(b)]. or stimulus level(Shaileret al., 1990; Mooreet al, 1990.

We assumed that the addition of the two integrals wasGenerally, this change is measured as an increase in critical
linear [Fig. 6(c)] and that there was no latency difference band ERB as stimulus intensity increases. With respect to
between the two responses. We also assumed#@B80 ms  tuning across multiple critical bands, a well-known example
for the excitatory integra(Farris and Hoy, 2000and that of such a change is the “flattening” of equal loudness con-
suppression occurred when the amplitude of the excitatoryours in humans as a function of the amplitude of the stan-
integral was reduced by 8 dB.e., 40 kHz startle stimulus dard [usually 1 kHz; see Plack and Carly¢h995 for re-
was set at 8—10 dB above startle threshalsl a result of its  view]. From a physiological perspective, Caprani@®92
addition to the suppression integral. Using a least-squargsointed out that the frequency tuning of units in the VIlith
method, we solved for the integration tirfie of the suppres- nerve of frogs is not maintained at stimulus levels above
sion stimulus(6 kHz) that produced an 8-dB reduction in threshold. Indeed, isointensity measures of spike rate at vari-
excitatory amplitude for each of the relative onset timesous frequencies are not necessarily parallel and can reveal
shown in Fig. 5. Although separate time constants were caleither an increased or decreased frequency bias in the unit
culated for both the forward and backward suppression conCapranica, 1992; Roset al, 1971). Imaizumi and Pollack
ditions, data for the simultaneous presentation of the twq1999 measured the analogous response in the auditory af-
stimuli (0 ms relative onset timewere included in both ferents of cricketgTeleogryllus oceanicosind demonstrated
analyses. that for a 15-dB change in stimulus intensity, the bandwidth

The time constantr) for the integration of 6 kHz dif-  of the isointensity response curves for one afferent changed
fered for forward and backward suppressiéig. 5). In for-  from ~2 to ~12 kHz. With respect to physiological mea-
ward suppressiofte.g., 6 kHz leads 40 kHz suppression  syres of two-tone suppression, the tuning of low-frequency
thresholds were best modeled when the 6-kHz stimuli Wer%~4 kHz) Suppression of ultrasound-induced excitation in an
integrated over 9.395 ms*=0.987,P=0.00008. In back-  ascending unit inT. oceanicusbroadened with increases in
ward suppression, however, integration appeared to ocCWyppressor intensityHutchings and Lewis, 1984
over a much longer time, as suppression thresholds were best similar to the isointensity measures above, two-tone
modeled when the integration of 6 kHz lasted 47.07(mfs  syppression tuning if. carolinusvaried with the sensation
=0.914,P=0.19 (Fig. 5. The model for backward suppres- |eye| of the ultrasound stimulus. Because the slopes for sup-

Potential causes for this difference between the two measurg; eve| at 40 kHz were not the same for the seven frequen-

ments are addressed below. cies(Table |), the suppression contours were not parallel. If
these equal suppression contours do reflect the frequency re-
IV. DISCUSSION sponse of the calling song channeBncarolinus the results

suggest that comparisons of songs at various frequencies
may vary with intensity. Furthermore, the data suggest that
Because the behavioral context and stimulus structurethiere may be greater dynamic range for frequencies near 5
required to elicit responses to calling songlike stimuli varykHz than those near 3 and 9 kHie., the intensity range
(e.g., Loheret al,, 1993, it is not clear why tetherel. car-  between threshold and apparent saturation appears smaller
olinus do not respond to such stimuli when presented alonefor 3 kHz than for 5 kHZ.
Although this lack of a response prevents any direct measure The rounded exponentigroex filter with its rounded
of low-frequency(i.e., <20 kH2) sensitivity(sound trapping peak and exponentially decaying skirts is one of the most
notwithstanding, Farrist al, 1997, its measurement is still widely used methods for describing the shape of auditory
facilitated by low-frequency suppression of the ultrasoundfilters (see Moore, 1995 Because it describes filter selectiv-
induced startle. Thus, in experimental paradigms similar taty, we find it surprising that it has been so rarely employed
those examining single-tone masking in humdNegten, in studies of comparative audition. Indeed, use of the roex
1974, we used the increase in startle threshold produced bgnodel would facilitate the quantitative comparison of tuning
low-frequency sounds to indirectly measure aspects of sereurves within and between studies. We used the roex model
sitivity below 20 kHz. Similar to two-tone suppression in to compare the shape of suppression tuning at four different
field crickets, suppression sensitivity was best at 5 kHz withintensities of the startle stimulus. When including the data at
a secondary peak at 9 kH®oiseff and Hoy, 1988 Sensi- 9 kHz, the model explained a significant proportion of the
tivity to frequencies across this band overlaps much of thevariance in the threshold means for the 5-, 8-, and 10-dB
spectrum of male calling songBig. 2) and thus could func- suppression curve€lable IlI; Fig. 3. There was, however,
tion in the context of song detection. too little selectivity in suppression tuning for the 12-dB
Tuning sharpness or the frequency biases of auditorgtartle stimulus to adequately fit the model. For the lower
systems are known to change with the amplitude of thehree contours, however, the change in both the upper slope
stimuli, however. For example, in single-tone masking ex-parameter and the ERBs do suggest a decrease in filter tun-

A. Frequency sensitivity
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ing (Table II; Fig. 3. Comparison of the 5- and 10-dB pa- for longer durationgFig. 4). Thus, these data suggest that
rameters suggests a decrease and an increase in the uppest suppression durations appear to be the result of stimulus
slope and ERB, respectively. Although 9 kHz is clearly partoverlap rather than the result of a bandpass duration filter. In
of the suppression channel, we explored the filter shapether words, even though integration of the ultrasound stimu-
around 5 kHz after removing the 9-kHz thresholds from thelus is known to continue for up te-32 msJi.e., 27 ms
data set. Without 9 kHz, the model can be significantly fit tobeyond the end of the 5-ms pulse of 40 kiffarris and Hoy,
all of the curvegTable Ill) and reveals a-600 Hz increase 2000], we found little evidence for any backward suppres-
in ERB over the 7-dB change in startle stimulus. sion effects produced by increasing the duration of the sup-
Although our results do suggest that the relative weightpressor stimuli into this time window trailing the startle
ing of frequencies b¥. carolinusvaries at intensities above stimulus. Thus, in order to examine this effect of overlap
threshold, certain concerns do exist in analyzing the equahore closely, we used a nonsimultaneous suppression para-
suppression contours as exact analogs of equal loudoess digm to measure the temporal window in which suppression
masking contours. First, because each individual is not rep-of the ultrasound-induced startle could be elicited.
resented in every point on the curvesdividuals were in- With the exception of the forward suppression condition
cluded only if their thresholds were measured at the fouin which the startle stimulus started at the offset of the sup-
levels for at least one frequengyhere is a potential that one pressor, stimulus overlap was required for startle suppres-
individual could bias the results at one frequency. This consjon. For the 5-ms duration stimuli, no suppression could be
cern is mitigated, however, by the similarity between themeasured when the onset of the suppressorwasns be-
suppression tuning curve in Fig.(l which each individual fore or >2 ms after the ultrasound pulg€ig. 5. As in
was tested at all ten frequenciesd the 8- and 10-dB equal human psychoacoustics, nonsimultaneous masking experi-
suppression contours in Fig. 3. In addition to the tuning bements effectively probe the limits of auditory inertia or the
ing centered at 5 kHz, both experiments revealed a secondafiyne over which the summation of masker and signal occurs.
sensitivity peak at 9 kHz. This suggests that the frequenc¥igure 5 can be thought of as showing the shape of such a
response of the equal suppression contours was not affect@sinporal window centered at the onset of the 6-kHz pulse. A
by limited replication across frequencies. A second concerfariety of models have been proposed for describing the
arises from the variance around each suppression contoharacteristics of temporal integration including the temporal
The mean standard error over all thresholds on the equahalog of the roex filter used above for spectral analysis
suppression contouffig. 3 is 2.3 dB(this variance was not (Moore et al, 1988. Solutions to this model in humans
presented in Fig. 3 for clarily Although the variances for maximized the signal-to-noise ratio for a signal temporally
some thresholds do overlap, a statistically significant correpentered between forward and backward maskers. We chose
lation between suppressor levelB) and startle leveli.e., g gifferent method for analyzing this temporal window, how-
when regressed against the entire data set to include all of thge,.
variance can still be resolved for all suppressor frequencies  Nolen and Hoy(19860 found that two-tone suppression
except 4 and 9 kHzTable ). in T. oceanicuswas mediated by low-frequency-induced
postsynaptic inhibition in a pair of bilaterally symmetric au-
ditory interneurons called Int-1. Summation of IPSPs effec-
Using a duration versus intensity experimental paratively reduced excitation below that required to elicit a
digm, Farris and Hoy2000 found that power integration of startle. Central auditory processing of ultrasoundEincar-
single pulses of 40 kHz b§. carolinusoccurred over~32  olinus appears similar to that iT. oceanicus as extra-
ms. Simple duration versus intensity experiments in whichcellular recordings in the neck connectives taf carolinus
the duration of the suppressor stimulus was varied were inreveal at least one identifiable auditory unit that responds
sufficient, however, in measuring the integration time of low-like Int-1 in T. oceanicugFarris and Hoy, 2000 Thus, the
frequency stimuli. In trials using a 5-ms ultrasound stimulus,interaction of the suppressor and startle stimulus in the non-
suppression thresholds decreased as the duration of the sigdmultaneous paradigm was modeled as the hypothetical
pressor increased to 5 ms, but became less effective f@ummation of inhibitory and excitatory post-synaptic poten-
longer durationgFig. 4). From an ethological perspective, tials (Fig. 6). Because the time over which nonsimultaneous
these results are interesting as they suggest that there migsuppression could be measured was an order of magnitude
be some “duration tuning” to 6-kHz stimuli. At temperatures less than that for temporal integration of a single pulse of
near 23 °C, male calling songs consist of 6.7-ms pulses of @ltrasound(32 mg, the model solved for the inhibitory time
kHz at 75 pulses/s. Best suppression to 5-ms duration pulse&®nstant using an excitatory time constant of 5.3 ms, the time
of 6 kHz could thus reflect the response of a temporal bandeonstant for paired-pulse integration of ultrasouffrris
pass filter applied to frequencies characteristic of male calland Hoy, 2000 For forward suppression, the data were best
ing songs. Although evidence for such a filter has been foundnodeled when the inhibitory time constant equaled 9.17 ms.
for certain amplitude modulation ratéSchildberger, 1984  In the backward suppression condition the model failed to
there is no prior evidence for a filter that bandpasses certaisignificantly explain the change in suppression threshold. If
pulse durations in crickets. In subsequent experiments usingpe model does represent the underlying neural mechanism
a 20-ms ultrasound stimulus, however, we found that supef suppression, then at least one hypothesis for the model's
pression thresholds decreased as suppressor duration failure when the suppressor follows the startle stimulus is
creased up to 20 ms, with thresholds becoming more variableelated to the production of action potentials. The model only

B. Temporal integration and suppression
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takes into account graded potentials. If the onset of the supseparations in which suppression could be measured are
pressor stimulus follows or overlaps with the production ofsomewhat longer. When the suppressor leads the ultrasound
action potentials, the inhibitory effect of the suppressor willpulse there is a decrease in suppression at a separation of 1

be quite different from interactions with only EPSPs. pulse duratio30 mg, but suppression can still be measured
when the two stimuli are separated by up to 3 pulse durations

C. Two-tone suppression and masking in other (Nolen and Hoy, 1986b

tympanate orthoptera An alternative method to the two-tone suppression para-

Two-tone suppression of the ultrasound-induced startléj'gm used here to measure frequency selectivity at different

response is a phenomenon common to both ensiferan afgtensities is the classic masking paradigm in which thresh-

caeliferan orthopterans. For the locdsicusta migratoria olds for the detection of single tones at different intensities
Robert (1989 showed that the negative steering behaviors'® measured as a function of the bandwidth of simulta-
eously presented maskdiSletcher, 1940; but see Moore

elicited by pulses of 15 kHz are suppressed by the simulta’ . . . )
neous presentation of pulses of 5 kHz at 10-15 dB greate(tlg%? for review]. While qune_ common in humaq psychog-
amplitude. With respect to crickets, Nolen and Ha86b coustics, Ehreet al. (1982 uniquely employed this experi-
found similar suppression tuning |T1 oceanicuswith best mental method to measure the critical bands centered at fre-

suppression measured between 4 and 5 kHz. Different frorf:luenc?eS in the caIIir)g song and ultrasound channelﬁ of
E. carolinus however, frequencies-8 kHz were not effec- oceanicus By measuring the spectrum level of a noise band

tive in suppressing the startle responseTirceanicusUn- required to mask either positive or negative phonotaxis to an

like our study, the measurements of suppression threshold f'amplltude_ _modulqted tone, C”‘_'C"?" bands were calcul_ated us-
T oceanicusvere not normalized to startle threshold. how- "9 the critical ratio formula. Similar to our results using the

ever, as the startle stimulus was presented at 70 dB SPL. Tﬁ‘é’o'tﬁne .sgp?rsssg)n.dp?radlgm, dEhmtaIc.j (4128?1 founhd
mean startle threshold to 30 kHz Th oceanicuss ~55 dg  that the critical bandwidth centered around 4. KHear the

SPL(Nolen and Hoy, 1986aGiven the limits of their broad- calling song carrier frequengyncreased with increases in

cast system, it is likely that the 70 dB SPL startle stimulusthe probe stimulus intensitymodel calling sonp Although

used by Nolen and Hoy1986b; ~15 dB above startle the conclusion that auditory filter bandwidth increases at

threshold was too great for any suppression by stimuli with higher intensities is similar between the two studies, the ex-

frequencies>8 kHz. Thus, it is not clear if the suppression p_eriments presumably probe two different underlying mecha-

tuning curves for the higher frequenciess kHz) in the two nisms. Whereas the two-tone suppression paradigm affects
studies are comparable. LikE. carolinus, T. oceanicus threshold using stimuli outside the excitatory band, the

showed linear suppression growth when tested in a two—tong]aSklng para@gm used.by Ehret a_l. (19.83 pre_su_mably
paradigm. Estimates from Nolen and Hoy:986b study, c_hanges the signal-to-noise ratio using stimuli within the ex-
however, suggest that the slope of suppression growth at gtatory band.
kHz for T. oceanicuss <1. ForE. carolinus when suppres-
sion thresholds are normalized to the startle threshold, su
low growth rates were measured only for frequencies outside  Although two-tone suppression is common across dis-
the most sensitive regiofTable ). Moreover, we found the parate taxa and is mediated by a variety of different mecha-
greatest suppression growth at the best suppression freisms, most hypotheses for its function are based on the
qguency, 5 kHZTable ). When the 5-kHz data fdE. caroli-  benefits generated from increases in frequency resolution.
nusarenot normalized to startle threshold, however, and arelndeed, feature extraction in the spectral domain that is im-
plotted as sound pressure levelss in Nolen and Hoy, portant to foraging bats and sexual signaling frogs, for ex-
19860, suppression growth is<1 (slope=0.95; P=0.007 ample, is mediated at least in part by nonlinear inhibitory/
and thus comparable to that Th oceanicus suppression mechanism&apranica, 1965; Suga, 1973;
As in E. carolinus suppression of the ultrasound- Fuzessery, 1988 With respect to orthopteran insects, the
induced startle inl. oceanicuds most easily elicited when resulting nonlinear response to the coupling of a variety of
the low-frequency suppressor precedes or overlaps the stargeiditory stimuli has also been shown to modulate the audi-
stimulus(Nolen and Hoy, 1986h Although Nolen and Hoy tory system in a variety of behavioral contexts. For example,
(19860 used 30-ms duration pulses to measure suppressidhe acoustic components of wind modulate the responses of
in the nonsimultaneous presentation paradigm, their measertain auditory units irLocusta migratoriato stimulation
surements are consistent with ours when normalized to pulsegith other soundsBoyan, 1986. This modulation effec-
duration. In the backward suppression condition, we wergively shifts the frequency response of the auditory system to
unable to measure suppressiorEincarolinuswhen the sup- higher frequencies when the animal is in flight. The adaptive
pressor followed the startle stimulus by0.4 pulse durations significance proposed for this shift is one of a contextual
(2 m9. For the similar presentation sequencdtoceanicus filter where noise produced by the wingbeat is prevented
suppression could not be elicited when the suppressor fofrom eliciting a startle responséBoyan, 1986; Robert,
lowed the startle stimulus by 0.66 pulse duration€20 ms. 1989. In crickets, however, the most likely source of the
In the forward suppression conditigeuppressor leaglswe  characteristic sounds that best suppress the ultrasound-
were unable to measure any suppression when the startleduced startle is not the wingbeat, but presumably singing
stimulus followed the suppressor byl pulse duration5  conspecifics. Indeed, our finding that there is some evidence
ms). Although the relationship is similar if. oceanicusthe  for sexual dimorphism in two-tone suppression sensitivity

clR' Function of two-tone suppression in E. carolinus
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T T T T T T published observatignbut suppression is elicited in the con-

108[ Suppression ° 1'% text of flight and, thus, an unlikely adaptation to the close-
102 1645 range communication during courtship. Thus, left without an
T 6| 432 3 obvious conclusion for its function, we can only speculate
E"O' _162 that two-tone suppression of the ultrasound-induced startle
:84_ lo ;i- by low-frequency sounds i&. carollnusfu_nctlons to restrict
2 8 0 startle responses to sounds containiagly ultrasound.
ST oo 14 @_3 Broadband sounds that span the audio and ultrasound bands
72k Startle Response -2 o (potentially prqd_u_ced by tett_igoniinSNouId thus be pre-
6ok o 4 3 vented from eliciting any antipredator behavior. Further re-
L ; L L L ) search is needed to elucidate the behavioral ecology of this
75 80 85 90 95 100 trait.
dB (SPL) 40 kHz
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