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Neural Responses to Overlapping FM Sounds in the Inferior
Colliculus of Echolocating Bats

MARK |. SANDERSON AND JAMES A. SIMMONS
Department of Neuroscience, Brown University, Providence, Rhode Island 02912

Sanderson, Mark I. and James A. SimmonsNeural responses to representations converge onto the same perceptual dimensi
overlapping FM sounds in the inferior colliculus of echolocating batﬁ’nages, which requires a transformation of one of these repre|
J. Neurophysiol83: 1840-1855, 2000. The big brown bEPIeSICUS ations into the units of the other (Simmons et al. 1990.)

fuscus,navigates and hunts prey with echolocation, a modality thggglized point-target returns a single echo of each broadcast

uses the temporal and spectral differences between vocalizations . A
echoes from objects to build spatial images. Closely spaced surfag§&@y corresponding to the target's distance, or range (echo

(“glints”) return overlapping echoes if two echoes return within thly = 5.8 ms/m of target range), and the basis for the bg
integration time of the cochlea300—400us). The overlap results in perception of target range is auditory processing of latency
spectral interference that provides information about target structfegences between responses to broadcasts and responses to
or texture. Previous studies have shown that two acoustic evegigiving at that particular delay (Dear and Suga 1993; Dear e
separated in time by less tharb00 us evoke only a single responselggs; O'Neill and Suga 1982; Simmons et al. 1996; Wong 4

from neural elements in the auditory brain stem. How does t 1988). H listi lex t t
auditory system encode multiple echoes in time when only a sin annon ). However, a more realistic, complex target g

response is available? We presented paired FM stimuli with deligins multiple reflecting points, called “glints,” which return rg
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separations from 0 to 24s to big brown bats and recorded local fieldlections at different times corresponding to their range sep
potentials (LFPs) and single-unit responses from the inferior collictions (5.8us/mm of range difference), which are small compa
lus (IC). These stimuli have one or two interference notches pogiith the target’s absolute range. For example, the acoustic si
majorit¥_ of Si?]gle tﬁnits' rtlat_spor::sl\tz c_oun}sh déacreasec: flor t\tN?]'glwhiCh are only 1-3 cm, contains several individual reflection
separations when the resulting FM signal had a spectral notch pggi .~ L - -

tioned at the cell's best frequency (BF). The smallest two-glint se%ﬁe |nC|d_ent sound arnving at time separations of only 60"“1?0
aration that reliably evoked a decrease in spike count was.an hese tlme_ separations are much shorter than the bat's

addition, first-spike latency increased for two-glint stimuli with®S0unds, which are several milliseconds, and shorter, too, tha
notches positioned nearby BF. The, Notential of averaged LFPs integration time for echo reception, which-s300—400us (Sim-
showed a decrease in amplitude for two-glint separations that hain@ns et al. 1989), so the reflected sounds overlap in time
spectral notch near the BF of the recording site. Derived LFPs wesembine together to interfere with each other. Integration tim
computed by subtracting a common-mode signal from each LFRe interval over which energy in a filter is summed: the outpu
evoked by the two-glint FM stimuli. The derived LFP records showhe filter effectively blurs the separation of two discrete signal
clear changes in both the amplitude and latency as a function {gbir time separation is less than the filter's integration time.
two-glint separation. These observations in relation with the smgle--l—he combined “echo” from the insect thus has an ove

unit data suggest that both response amplitude and latency can car .

information ga%out two-glint sepparation inpthe auditory syst)e/nEof aéYay that Corre.Sponds to .tarQEt distance as represente

fuscus. response latencies plus an interference spectrum, compos
peaks and notches at specific frequencies presumably r

sented by response-strength in frequency-tuned neuron

previously proposed by Schmidt 1992; Simmons 1989).

INTRODUCTION spite of the difference in format between response latencie

The big brown batEptesicus fuscus, actively probes the env[EPresenting target range and frequency tuning of response

ronment by emitting trains of brief (0.5-15 ms), wideband, fr‘{_epresen_tlng the echo spectrum, the bat nevertheless perc
quency-modulated (FM) ultrasonic sounds (frequencieszd— he relatively small size-and-shape dimensions of the ta
100 kHz) and perceives objects, such as flying insect prey &gnd the same psychological scale of distance used for
obstacles to flight, from echoes of these sounds (Griffin 1958'VIng the overall distance to the target. Somehow from
Simmons 1989). Acoustic dimensions of these echoes are g0 interference spectrum the bat estimates the delay sey
dered into spatial dimensions of the biosonar images perceived S Of the overlapping sounds returned by the target's gli
the bat by a process that is not simply a conversion of individuald €xPresses these estimates in the same numerical un|
echo parameters into corresponding perceptual parameters. Alftj@et range itself (Simmons et al. 1990, 1998), which requi
tory representations for the time and frequency dimensions % 2uditory rerepresentation of the features of the interfere
echoes are quite different, yet somehow information in these ectrum to transform the pea_lks and notphes at different

merical values of frequency into an estimate of the de

The costs of publication of this article were defrayed in part by the payme%?paratlons in nume_rlcal values of time. Is thIS done by c
of page charges. The article must therefore be hereby marked “advertisemM@fting the frequenc_les of Spe_ctral featl_Jres into latencies
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ Subsequent processing alongside latencies already used td
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RESPONSES TO FM SIGNALS WITH SPECTRAL NOTCHES IN BAT IC 1841

resent echo delay? The bat's system of shape representatiqvéslying the skull in the region Qf cortex and inferior colliculus (I
surprisingly acute; expressed in terms of delay separation, #ere removed, and a small stainless steel post was attached t¢ th
two-point resolving power of the big brown bat’s sonar Systeﬁ,kU” with cyanoacrylate cement. After surgery local topical applida-
has been measured to be in the range of 2:4 (Mogdans and tion of lidocaine _(2% gel) was used. After allowing5 days for“
Schnitzler 1990; Simmons et al. 1998; see Simmons et Kjcovery from this surgery, the awake bat was placed in a

) . . - . Shaped” plexiglas holder and its head fixed in place using the |ce-
1995), and acuity for changes in two-point separation also ISbnted post as the point of attachment. Two holders of different s|zes

the region of several microseconds (Schmidt 1992; Simmonsgle made to comfortably accommodate the bats used in thesd ex
al. 1974). periments. If the bats showed any sign of distress that was |not
An additional source of spectral peaks and notches is inttglleviated by an offering of mealworms or water, the experiment Was
duced into echoes by the directional filtering characteristics ®fminated. Access to the IC was obtained by carefully drilling a snjall
the bat’s external ear serving as a receiving antenna (Wottorhele (~100-200um) in the skull with a sharpened sewing needje
al. 1995). The ear’s pinna and tragus are obliquely oppos#&igwed through an operating microscope (Jena, type 212). This cagiseq
curved surfaces that guide sound into the external auditdly apparent discomfort to the bats, which rest quietly during this
canal and down to the tympanic membrane, in the proc cedure. For each bat, no more than four craniotomies per side \verq

creating several reflections arriving at the eardrum aft gled. Data in this study were collected from both the left and right

liahtly diff t del Th del te thei int mispheres of the IC. Gelfoam was used to cover each craniotonjy af
slightly diiferent aelays. These aelays create their own INtese g of each experimental day. No antibiotic was needed to prefent

ference notches in the spectrum of echoes besides those infifaction after each experiment. The bats did not exhibit any signg of
duced by the target itself. For humans and other animals, §iction during the course of these experiments, possibly becausg the
frequency of notches in the external-ear transfer function varigs's resting body temperature is low. The experiments lasted betwWeen
with the elevation of the sound source (cats, Rice et al. 19%and 6 h with mealworms and water offered at periodic intervfls
humans, Blauert 1969). In the big brown bat, the most prortiwoughout that time period. After each experiment, the bat
inent spectral notch systematically varies from 55 kHz down téturned to its individual cage in a colony room. An individual bat had
~30 kHz as elevation decreases from 0° (straight ahead)a#nimum of 1-day restin between experimental days, but most often
—50° below the horizon (Wotton et al. 1995). Thus, spatiz 4de:jysfstehparated _cons;acuttrllvebeﬁpenme_ntal days for;‘ g|ver; b t'tA
- : : - e end of the experiments, the bat was given an overdose of pgnto-
'F‘fo”.“a“on re_gardlng tWO. fe"?‘?“fes of objects—shape and ele rbitol sodium for use in other histological experiments. The surg
tion—is associated with significant notches in the spectrum

. . d experimental procedures conformed with National Instituteq
echoes, and in both cases, the bat perceives these notchggelih guidelines.

terms of the time separation of multiple reflections by a trans-The bat and the loudspeaker for stimulus delivery were situa
form process (Simmons et al. 1990, 1998; Wotton et al. 199@)side a sound-proof booth (Industrial Acoustics) the walls of whi
Neurons at various stages in the big brown bat’'s auditowere covered by anechoic foam panels. The bat was placed
system [e.g., cochlear nucleus (CN), Haplea et al. 1994; rilistance of 35 cm from the speaker, positioned so that the speake
cleus of the lateral lemniscus (NLL), Covey and Casseday~0° elevation and 0° azimuth. The ambient temperature in

1991; IC, Casseday and Covey 1992; Ferragamo et al. 19bgoth was maintained between 72 and 75°F. Single-unit activity |
i ' s orded in the IC with 3 M NaCl glass microelectrodes (2—-10 M

Jen and Schlegel 1982] are each tuned to a specific ba vanced by a hydraulic microdrive (Trent-Wells). Signals picked

frequency in the range 0f10-100 kHz, and it is presumBdb the electrode tip were amplified (WPI dAMP 1,000 times), al
%%

fpspRojune

Ty

that interference notche_s in echo spectra are represented by;e. | 15 4 band of 200—8,000 Hz by a variable band-pass filt&
absence of responses in neurons tuned to the frequency vetek/Rockland Model 442). Amplified spike waveforms wefén
notch; but critical details about these responses are not kno¥fiesholded and time stamped (1@8-resolution) using Brainwave

Because successive frequencies are arranged in descenpiifi@vare and software (version 3). Event waveforms representing
order in the FM sweeps of the bats signals, information coputative spikes were cluster-cut off-line using Brainwave softwarg to
veyed by responses to spectral peaks or notches at specificove any multiunit or evoked potential activity from subsequent
frequencies might be translated into a latency code relatedstagle-unit analysis. At the same time, analogue averaged local field
the time at which these frequencies occur in the sweep. HowRg§entials (LFPs) were collected from the same recorded signals uging
neural responses to the spectral features of echoes contribuf@game 200- to 8,000-Hz filter settings (acquisition and averaging on
transforming the shape the echo spectrum, which intrinsica . C. Electronics Model ISC-16 data-acquisition board, at a [LO-

. ltivalued ltiole-f tati int z sampling rate, using custom-written software). Acoustic trayel
is @ multivalued (multiple-frequency) representation, into e from speaker to bat was subtracted from all spike time starpps

single estimate of the delay separation of reflections? ThHgy field potential records. The indifferent electrode (tungsten, Fried-
present study was conducted to address these questions. erick Haer) for these recordings was inserted into frontal cortex.

Portions of this paper were presented previously at té 22
Hggg?g of the Association for Research in Otolaryngology, .4 field potentials

We recorded the local evoked field potential to estimate the “ppp-
ulation” response to the stimulus sequence. The field potential is|the
sum of synaptic and action potentials picked up by the electrode;|the
Recordings amplitude of the potential reflects the number, proximity, and syn-

chronicity of electrical events near the tip of the electrode. Averag|ng

Four big brown bats (E. fuscus), collected in Rhode Island, weoser trials attenuates events that have variable timing from trial to
used in this study. Hair was removed from the bat's head withial. Because of the phasic nature of the majority of NLL and IC cdlls
depilatory cream. To prevent infection, a sterile field was maintaineahd their relatively stable response latencies (Ferragamo et al. 1p98
and sterile tools and cotton swabs were used during surgery. Uniipplea et al. 1994), field potentials are well suited to providing jan
isoflurane anesthesia, the skin was washed with a 10% povidoestimate of the responses of large numbers of underlying nepral
iodine solution followed by a 70% alcohol wash. The skin and muscéements.

METHODS

N7




1842 M. I. SANDERSON AND J. A. SIMMONS

In the auditory system, the synchronous nature of events in tB&imuli
lower brain stem leads to large amplitude evoked potentials. The ianal h he bid b bat's bi d
sources of peaks NN, in the evoked potential are identified by their FM signals such as the big brown bat's biosonar sounds are ¢

latency (auditory nerve: Nat 0.8 ms, CN: Nat 1.5 ms, SOC: Nat acterized by multiple acoustic parameters of amplitude, start and
: . ! ' - ' i frequencies, harmonic structure, sweep rate (kHz/ms), sweep s

1.9 ms, LLN: N, at 2.9 ms) (Friend et al. 1966; Grinnell 1963a; Squ g., linear, sinusoidal, hyperbolic), and duration. Several of th

. ; e
and Schiegel 1973). The widths of these peaks of the field poten %Irameters necessarily covary—for example, if duration is chan

are very brief, similar to the width of an extracellular action potenti hile the frequency range is fixed, then sweep-rate changes as

(N,: 300-800pus; N,: 1-1.5 ms) (Grinnell 1963a). Generally, theag stimuli, we used FM sweeps that matched natiEatesicus
property which most affects the volume of tissue over which agycalizations from the bat's insect-pursuit sequence (see Simn

har-
stop)
hapd
bse
ped
vell

ons

electrode “samples” field potentials is impedance, and the degree|tfgg)a 10-ms sweep duration from an early stage of pursuit ajd a

which a field potential is a reflection of local (lC) or distant (Cortexz_ms duration from a later stage of pursuitl A standard 2- and 10
thalamus, NLL, CN, auditory nerve) electrical events is easy to test] sweep was created in software (2 harmonics, hyperbolic
because the IC has a tonotopic structure in the dorsal-ventral asiweeping from 100 to 40 kHz in the 2nd harmonic, 50 to 20 kHz

ms

lly
in

Moving the electrode over the dorsalventral extent of the IC led the 1st harmonic, cosine shaped rise-fall times: rise-time equled

changes in the BF of the Aevoked potential (Friend et al. 1966). Thefall-time, 400us for 2-ms sweeps, and 2 ms for 10-ms sweeps). 1
N, is thought to reflect the input of NLL fibers to the IC (Friend et alequation for the instantaneous frequency of these signals is
1966; Suga 1969b; Suga and Schlegel 1973). With a low-impedance B
electrode (e.g., an implanted silver wire) the activity of IC units shows f(t) = 1[m(t) + b] )
up as a slow component after the, KFriend et al. 1966; Grinnell wherem is the change in period per unit time abds the starting
1963a). The slow component reaches a peak at 7-9 ms and is 15p@flod. A linear change in period is a hyperbolic change in frequen]
ms in duration (Friend et al. 1966); this effect is due to the broadljhe frequency range of these signals (100—20 kHz) encompasse
distributed latencies of IC cells (4—26 ms) (Suga and Schlegel 197BFs of the majority of IC neurons (Casseday and Covey 19
When the electrode was in the IC, the “hash” of poorly isolated unitserragamo et al. 1998). Therefore each neuron had an opportuni
not the slow component, dominated the field potential after the Noe exposed to an FM sweep with a spectral notch near BF.
This was due to the higher impedance of our glass microelectrodes a§imulated two-glint echoes were created by presenting two
compared with silver wire electrodes (Friend et al. 1966; GrinneiWveeps added together at various delay separations (@s)2#&igure
1963a). 1 shows a spectrogram of theu®- two-glint separation signal (Fig
Field potentials were recorded in the IC proper and also in sité), example stimuli waveforms (FigE), and spectra (Fig. 1F). The
ventral to the IC, probably the NLL (E. Covey, personal communminimum step size used for two-glint separation wags which
cation). The data plotted in Figs. 2 and 3 were collected after tAeatched the D/A board'’s clock (500 kHz). The use of a 2- ang
electrode was advanced beyond the most ventral active sites in thelfems FM sweep protocol was necessary to examine the relg
(at depths of~2,000um), through an additiona-800 um of tissue timing of responses to FM signals with different sweep rates ang
in which no auditory-evoked responses could be recorded and if#pw us to record from the many cells in the IC that prefer slow
sites with large auditory-evoked potentials (hundreds.dj corre- sweep rates and/or longer durations. _
sponding in latency to the Nresponse peak. These recordings re The interference spectra of two-_gllnt signals where both signals
quired less averaging due to the strong, highly synchronous activitydhthe same phase contain a series of peaks and notches at re
the lower brainstem. Similar results were observed in recordinigervals given by
collected at depthsc2,000um along the lateral extent of the IC, but
these required a greater degree of trial averaging to reduce the back-
ground noise. froeM) = (2n + 1)/(27) n=0,1,2,3,... 5)
The averaged LFP records were plotted relative to the onset of each
FM sweep in the stimulus protocol. To remove the common-modé#heref is in kilohertz,n is peak or notch number, andis delay in
response, the difference between an average LFP evoked by Briliseconds between the first and second glint. Interference peaks
stimulus and a reference average LFP evoked by another stimulus wegader than the intervening notches, which make characterizatio
calculated to form a derived LFP. The reference LFP was chosen todsday separation from notches convenient. Fig@glbts the spectral

foealN) = n/7 4)

the nearest neighbor response, either to a stimulus before or afternitch position fom = 0, 1, 2, 3, 4, 5 at delay separations of 0—1(

current stimulus. us. Figure 5 plots notch frequencies for the range of stimuli used

this experiment (—n = 0, subsequently this will be called the “first’

Derived LFR=LFP,— LFP_, 5=i=16 @) or “primary” notch; ---,n = 1, termed the “secondary” notck
throughout the paper).

Derived_LFR=LFP, — LFP_ , 17=i=28 @) Stimuli were presented at a 10-Hz repetition rate using the folld

ing protocol (Fig. 4A): after four stimuli with @s two-glint separa-
Here,i is the stimulus number (see Fig. 4ér plot of stimulus tion, two-glint separation changed from 2 to 24 and then back
number vs. stimulus condition). The recovery periods of theaNd down to Ous two-glint separation, in s steps. Two additional
slow component are less than the interstimulus period of 100 msgtmuli, 29 and 30, with Qss two-glint separation were added onto th
and 50 ms, respectively) (Friend et al. 1966; Grinnell 1963b). Neend of the protocol. Three of the sevemu8-two-glint separation FM
ertheless using the nearest LFP response as a reference reducedvibeps were not generated using the delay and add procedure;
effects of adaptation or other nonstationarities when using just oseeeps (Fig. 4A%) were, in effect, single sounds, 6 dB weaker tha
fixed LFP (such as the response to stimulus 4) as a reference forFM sweeps generated using a delay and add witis @elay. In total,
other LFPs. Because the stimulus sequence was symmetric aroB8d~M sweeps were presented in 3 s. This set of stimuli was prese|
stimulus 16 (2-glint separation of 24s), the following 11 derived to the bat for 20—33 repetitions. Stimuli were presented H2—20 dB

LFPs (17-28) were computed in reverse order so as to match the failsbve threshold for the fis two-glint separation stimulus. Most oftef

12 (5-16). Stimuli numbers 1, 3, and 29 were not included becaube stimulus level was set at 30—50 dB SPL peak to peak.

they were single-glint FM signals. As a baseline reference, a derivedBecause of hardware constraints, there was a period of 1
LFP was calculated between the first twqu8-two-glint conditions, between the last stimulus of the protocol on a given trial and the f
stimuli 4 and 2. stimulus of the protocol on the following trial. Thus a given neur
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RESPONSES TO FM SIGNALS WITH SPECTRAL NOTCHES IN BAT IC 1843
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Fic. 1. Examples of interference effects and stimuli used in this experimeritr an FM sweep that is delayed by @&
(Syeiayed @and added to the nondelayed version (S), the resultant signal $§,.yed has a complex envelope structure due to
constructive and destructive interference in the summation of the waveBrsismmed signab + Syejayeq Nas peaks and notches
in its spectrum (thin black line) compared with flat spectrum of the original signal (S, thick grayd@naumber and position of
the notches in the spectrum varies as a function of delay between the 1st and 2nd signal (termed “2-glint separdtigpnS;isee
METHODS). The intersection of the curves with the horizontal dotted line indicates the position of the notches for the gigatin
Sielayed- Shaded region covers the area of relevant spectral energy and 2-glint separation used in the single-unit exjgeriments.
stimuli used throughout this study were 2-harmonic hyperbolic FM sweeps with a 1st harmonic of 50—-20 kHz, and a 2nd harmonic
of 100-40 kHz.E: stimuli varied in 2-glint separation from 0-24s; 4 example waveforms are shown hdfespectra for the
2-glint stimuli show pronounced notches (—40-t&0 dB) for 2-glint separations5 ws. Stimuli with 2-glint separations16 us
have 2 notches within the spectrum of the signals used here (20—100 kHz).

was in a less-adapted state for the first several stimuli compared wihga and Schlegel 1973). A normalized index of adaptation value
later stimuli in the stimulus sequence. Recovery periods for IC unigsch of the 74 neurons was calculated by taking the difference in s
range from 3 to hundreds of milliseconds with80% of the units count between an early and late presentation of an identical stim
recovering completely within 100 ms (Friend 1966; Grinnell 1963kgondition (e.g., spike counts for stimulus 1 vs. 29, Fig\) 4and
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1844 M. I. SANDERSON AND J. A. SIMMONS

dividing the result by the maximum of the two spike counts. The inddacal minimum of a spike-count function had to be less than the
varies betweenr-1 and 1, with a value of 1 corresponding to completsmallest response evoked by theu®-two-glint separation stimuli
adaptation after the response to the first stimulus. A value of (Big. 4A,4 and 28). The position of the local minimum, if any, wgs
indicates no adaptation. For the comparison between the responsedaken from the spline curve. Spike-count functions from cells with BF
two stimuli, at-test was used to determine whether the mean of50 kHz had two local minima because a second spectral nqtch
resulting distribution of adaptation indicas € 74) was significantly moves across any of these frequencies for two-glint separatids
different from zero. The distribution of adaptation indices for comus (Fig. 41). Each local minimum in the spike-count function was
parisons between the first three and last three stimuli (for examplete$ted. Local maxima were estimated using the same criteria but ith
vs. 29 or 2 vs. 30) had means greater than zerel (8.05). With the the opposite sense.

stimulus protocol of Fig. 4A, there are a total of 20 possible different The width of the valley, or dip, in the spike count function arou
comparisons between identical stimuli. No other stimulus compatihke minimum was measured by using the spike count at thes
sons showed significant effects of adaptation (e.g., the distributiontafo-glint stimulus as a baseline: the 50% level between baseline fand
adaptation indices calculated for stimulus 4 vs. 28 was not signifrinimum was found and the width at 50% was measured (see arrpws
cantly different from O;P = 0.24). Thus by the time the stimulusin Fig. 7Cfor examples). For spike count functions with a minimu
sequence reached stimulus 4 (au®-2-glint stimulus), adaptation that fell near the upper border of the two-glint separation axis (
effects at the population level had leveled off. This can be qualit@zA), only the lower half-width of the dip was measured.

tively assessed in the spike counts shown in Fid=4; if adaptation First-spike latency was estimated by taking the mean of the digtri-

sion fit of the data had a slope ef0.04 spikes stimulus * - s, length = stop — start time; usually set to 20 ms). These windows
R? = 0.001). excluded most of what we presumed to be spontaneous activity. Bven

Pure tone bursts (4.4 or 10 ms) were presented at either a 20daw-rate spontaneous activity could bias first-spike latency estim
4-Hz presentation rate to characterize the frequency tuning charactatdculated from fixed windows that started at stimulus onset gnd
istics of the units. The stimuli had linear rise/fall times set at 0.44 @nded 25 ms later. No latency analysis was carried out on units \vith
1 ms for the 4.4- and 10-ms stimuli, respectively. Frequencies wdrigh spontaneous rate (>10 spikesis; 2). Estimates of first-spike
presented in an ascending order. The initial stimulus had a 20-ktency based on less than eight spikes across all trials with a g{vén
presentation rate and consisted of 59 pure tones spaced logarittstimulus were discarded. A shift in first-spike latency in response
cally from 10 to 100 kHz. As time permitted, subsequent pure tortlee two-glint separation protocol was qualitatively assessed as |f
sequences spanning a smaller frequency range around BF with linlears. First-spike latency was plotted versus stimulus condition
steps (1 kHz) were presented at a fast (20 Hz) or slow (4 Hghown in Fig. 4,E-I, right (for clarity, these plots only show the
presentation rate, depending on the preference of the neuron urfiet-spike latencies for stimuli 4-16, see Figd)4 The plots were
study. The pure tone sequences initially were presented at 20 efBamined to determine whether the first-spike latency values
above threshold and then, as time permitted, at one or two additiordEntical stimuli later in the protocol (17—28) exhibited a similar tref
amplitudes (+10;+40) above threshold. Stimulus thresholds for Bivherein latencies increased specifically around two-glint separat
ranged from 8 to 82 dB SPL peak to peak (mean4@0 dB SPL). that placed a notch near BF.

All stimuli were converted at 500 kHz using custom-written soft-
ware controlling a Tucker-Davis QDA2 board. The analog signal th(ﬂw
was high-pass filtered (5 kHz, Wavetek), attenuated (Hewlett Packar
350D), and amplified (Apex PAO2M high-voltage operational ampliy Fpg
fier) before being sent to a speaker (Panasonic leaf-tweeter, FAS-
10TH1000) located 38 cm from the bat in the sound-proof booth.  When the separation of two-glint stimuli is400-500us,

separate neural responses should be observed for each stirhuly
Data analysis (Friend et al. 1966; Grinnell 1963b). Our standard recovery
_ ) _ . _cycle experiment was conducted using two-glint separatipns

The fllgs of time stamps for single-unit responses to each S.tlmulﬂl%t spanned a range from 4 ms to 209 (Fig. 2). The main
presentation were exported to MATLAB and analyzed off-line sponse in the LFP is called the (Fig. 2A, labeled Ron the
dot-raster plots and peristimulus time histograms (PSTH). The nui- C g

Ettom trace), and occurs at a latency of 3 ms; this is apgro-

ber of spikes per stimulus was calculated by counting the number'Gf -
spikes in a 100-ms window after stimulus onset and dividing byfiate for neural elements in the NLL (Covey and Casseday

number of stimulus presentations (usually 33). Spike-count functioh991; Haplea et al. 1994). We analyzed thg iNsponse
were generated by fitting a spline curve to the average of the spikecause of its brief duration and low variability from trial 4
counts from two identical stimulus conditions in the protocol usintyial. A separate I response (labeled Rn Fig. 2A) to the
stimuli 4-28 (see Fig. 4Aor stimulus protocol). The preceding second of a pair of FM sweeps was visible down to a 1-pns
stimuli, 1-3, and the following stimuli 29 and 30, were used only fOt'Wo-innt separation (Fig. 2Aarrow). Recovery to 100% of
only presented once during the stimulus protocol. Thus the Va'“eimtial FM sweep of each 2-glint pair) was achieved at fn

the spike-count function for this 24s two-glint separation was base T - . .
on a single spike count. In the overwhelming majority of single-u(rjjglvo glint separation of 2 ms (Fig. 2B). The derived LFPs fpr

spike-count functions, it was clear which stimulus condition evok .ese recovery cycle expenments_ show a b'lphaSI.C wavefprm
the smallest response (representative examples in Fig-¥, The With & latency correlated to two-glint separation (Fig., 2nd
following criterion was used to qualify a response to a particuldpe surface plot ). This relationship is quantified by a lineg
stimulus as being the local minimum in a spike-count function: eadfi to the peak latency values of the derived LFBs <
of the two spike counts that contributed to the average value at B9713x + 3,090, R? = 0.999; Fig. 2D). The derived LFH
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RESPONSES TO FM SIGNALS WITH SPECTRAL NOTCHES IN BAT IC 1845

A o—————~«,//\\J/r’”‘~\~__,——f FIG. 2. Recovery cycle experiment show.
209 ZW that 2 brief FM sweeps separated by a delz
> 400 —-—~\~/\/“\—’~' greater than-1 ms evoke separate responses
2 8% :W a local field potential (LFP)A: averaged LFPs
5 1888 :W B - (Nayerage= 16) for a site ventral to the inferior
= 1400 -WJ\/\/ o 1 — colliculus (IC; tuned to 66 kHz, depth 3,500
o }ggg zrjw:jégs — wm from the surface of the IC). This plot
82000- % iEN — shows the responses to paired FM sweeps
] %‘%88: 14 gv —_ equal amp||tl_1de with delays ranging fron|
= %ggg 7 0 - — 4,000 to Ous in steps of 20Qus. Stimuli were
% 30001 0 2000 4000 presented at 10 Hz in the order shown starti
& gﬁgg: 2-Glint separation (us) —— from the 2nd Ous 2-glint stimulus. Stimulus
3600 sequence was similar to the standard 2-gli
2888 :W protocol (Fig. 4A) in that the 1st 4 stimuli werdg
‘ R . il S ' , , , | , of 0-us 2-glint se_paration_ but_stimuli 1 and J
0 2 4 6 8 10 12 14 16 18 20 were —6 dB relative to stimuli 2 and 4. Two
e— traces plotted at thtop of A are the responseg
C 0+ to O-us 2-glint separation from stimuli 2 and 4
208: respectively, in the overall stimulus sequend
o 400 - (responses to stimuli 1 and 3 are not plotted).
R el ety 7 A— —_ Duration and timing of the FM sweeps ars
s 1888 T 8000 D — shown for the 0- and 4,000s 2-glint condi-
S 140~ eeo—— & —_ tions (black bars atop and bottom of plot,
gﬁ%j*“—“”’““J?>”~“—*‘“"*—‘5@ — respectively). Arrow here, and i€ and D,
02000 +——m——— " N ———————————— E ~ — indicates where the last detectable response
2 %‘2188 :‘N’\"\/\/\—./\- - the 2nd stimulus occur®: response (B to the
= %388 :ﬂv——’v\/\//—'“————,\ 00 2000 4000 —— 2nd FM sweep recovers completg}ly a_nd even
5 3000 —————V\'—A’*’\/\/—m 2-Glint separation (us) —— enhanced when 2-g|_|nt_ Separatl_on 2 ms
& 3?188 T XA (Grinnell 1963b).y axis is the ratio of the N
3600 peak-to-peak amplitude evoked by the seco
38981 FM sweep relative to the response evoked |
the first FM sweepC: derived LFPs from data
in A: the “common mode” response was rqg
moved by taking the current local evoked pg
E 208 tential (i) and subtracting the evoked potentig
—~ 400 collected in response to the previous stimull
%_%8 (i — 1). Scale forA andC is 400w V/tick mark.
= 1000 D: peak latency of the derived LFPs (solid lin
S 1200 is the li . i
© 1400 is the linear regression)e: surface plot of
© 1288 derived LFPs fromB; z axis scale foruV is
g{zooo insetat right. F: surface plot of derived LFPs
Y %%88 from the same recording site using a stimuld
2 5600 protocol with 100us steps in 2-glint separa-|
£ 2800 tion. y axis scale is twice that d to show the
Q@ 3200 derived LFP response for 2-glint separatior|
o~ 3400 <800 ps. A separate [Nresponse was visible
3800 down to a 800us 2-glint separation in the raw|
4000 data (bottom arrow)Top arrow, reappearance
0 2 4 6 8 10 12 14 16 18 20 of large-amplitude-derived LFP signal whe
Time (ms) the 2-glint separation 13300 us.

waveform disappears at the 8p@-two-glint separation (which stimuli with two-glint separations smaller than the minimu
is the difference between the responses to 800 andu800fecovery time for a full-fledged second response. The deri

2-glint stimuli plotted in 2Ajndicated Fig. 2C andE, arrows). LFPs for glint separations:500 ms showed complex oscillaf
Another stimulus protocol was run using smaller steps bgens, often with opposite phase (Fig. 2F, top arrow). The

tween successive two-glint conditions (1,400- to 109- derived LFPs in Fig. 2Bhow a structure both in amplitude an
2-glint separations in 100ss steps): the derived LFPs showedatency, indicating that information may be available to t
a consistent biphasic waveform present down to the differenaeditory system to deconvolve two separate events fron
between the 800- and 7Q@s two-glint conditions (Fig. 2F, single complex response. For this reason, we focused or
bottom arrow). These results with FM sweeps generally agrsponses to two-glint separatior®25 us.
with other recovery cycle experiments, which report separateAveraged LFPs in the IC also were collected in responsg
N, responses evoked by click stimuli with intervals sometime/o-glint separations presented well within the shortest rec
as short as 50Qus (Friend et al. 1966; Grinnell 1963b).ery time of the N LFP (using the single-unit stimulus protocd
Recovery cycle results vary with differences in stimulus intemtescribed inveTHobps consisting of 2-glint stimuli with sepa-
sity, spectra, and duration (Friend et al. 1966, Grinnell 1963tions ranging from 0 to 24s in 2-us steps). These stimul
and the difference in recovery times of 800 versus b80is have deep spectral notches (Fig:)1the position of which is
probably due to the longer stimulus duration used in the presantunction of two-glint separation (Fig. 3C, top). Figure 3
experiments. shows a series of averaged LFPs from a the same recording
The unexplored region of these response functions is fas shown in Fig. 2 (depth, 3,500m; BF, 66 kHz). Sixteen
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1846 M. I. SANDERSON AND J. A. SIMMONS

stimulus repetitions were used in the averaged LFPs, but tlukerever a difference in either amplitude or latency (or bo
effect was clearly visible in with just one presentation. Theccurs between one evoked LFP and the LFP evoked to
shape of the local evoked potential changed when a stimufugvious stimulus. As expected, the largest peaks in the der
was presented that had a notch near the BF of the recorditfePs occur for those LFPs evoked in response to stimuli w
site. The peak LFP amplitude decreases for stimuli with tavo-glint separations near 8 or 2i5. What was not expecte(
two-glint separation of 8 and 22s. The local minima (Fig. 3B) a priori was that the timing of peaks and troughs in the deriy

occur at 7.5 and 2Ls, which have spectral notches, 66.7 andFP would move in a systematic fashion, correlated with the

71.4 kHz, respectively, near BF (the site was tuned to 71 kHamning of the spectral notches in the two-glint stimuli. Figu
see Fig. 3C, bottom). Figure 3C, toghows the position of 3E plots the timing of the primary and secondary spect
spectral notches in the two-glint stimuli. The vertical dottedotches (dashed and solid lines, respectively) in the two-g
line shows where BF for this site intersects with the primarstimuli. Because of the hyperbolic FM sweep shape (EBi@,
and secondary spectral notches: at 7 andw81respectively, 1D), the timing of the spectral notches is related linearly
nearly matching the minima in Fig. 3B. two-glint separation (see Fig. 3C, tophich plots spectral

The derived LFPs in Fig. 3Bhow large peaks and troughsotch position on a hyperbolic frequency axis). The stimuli 3
A B
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RESPONSES TO FM SIGNALS WITH SPECTRAL NOTCHES IN BAT IC 1847

composed of two harmonics sweeping down from 50 to 20 awmdriable translations in onset time due to the IC delay lirjes
100 to 40 kHz, respectively (Fig. 1D). The first prominentFerragamo et al. 1998; Saitoh and Suga 1992).
spectral notch (83.3 kHz) appears with a latency of 0.274 ms in

second harmoniof the 61us two-glint separation stimulus. ForIC single-units

the 12us two-glint stimulus, the primary spectral notch of 41.7 Two-glint stimuli with separations between 0 and 24

kHz oceurs with a latency of 1.91 ms, at t.he e_nd of th.e Secom:re presented to 74 single-units recorded in the IC of thyee
harmonic. For the 14- to 24s tyvo-gllnt stmuh, thg PAMAry phats. BFs were obtained for 65 of 74 units and ranged between
notch then moves through thfest harmonic starting from 54 5 54d 96 kHz (median 43 kHz, mean 48219.5 kHz).
0.547 to 1.981 ms (bottom dashed line). The secondatyh  gingle units discharged between one and two spikes for gach
appears in the secorftarmonicof the stimuli for two-glint presentation of a single FM sweep se20 dB above threshold
separations of 16-2ds (solid line). For this recording site, thesome units preferentially responded to the longer FM swepps

latency of the trough in the derived LFP approximately followgl0 ms), and their responses are included with units whjch
the timing of the primary and secondary spectral notch as thesponded to short FM sweeps (2 ms).

appear in the second harmonic (top daslaedl solid line,

respectively). Latency data from another site with a BF tuneghike count
to 23 kHz more closely match the timing of the primary _ ) ) _
spectral notch as it moves through the first harmonic (Fig. 3 When presented with two-glint FM sweeps with separatigns
bottom dashed line). For these two cases, the latency to ffgween 0and 24s, the majority (62/74, 84%) of single unity
peak of derived LFP showed greater variation because wed decreased response strength for specific valueg of

complex nature of the waveform led to maximum values th o-glint se,paration. An example PSTH in F_iga hows Fhat
could occur on either side of a trough. The point here is not e neuron’s response decreased for two-glint separations of §

show strict transformation of the spectral notch timing in thand 18s. Figure 4Cplots a surface of all the spike counts fqr

Kor t h of th f but that th f hift ffie 65 units with measured BFs. Spike-count functions from
peak or trough of the wavelorm but that In€ wavetorms S 'I"i\{e representative units (BFs 22-93 kHz) are plotted in Fig] 4,

a manner consistent with spectral notch timing. This is mogst | (left). The spike count data in Fig. & andE—I, show that | o

obvious in the surface plots of Fig. & andH. The overall g.ivity decreases for particular stimulus conditions as a fuhg-
amplitude of the derived LFPs are smaller in FigH3yersus o5 of BE.

=}
G, because the stimuli were presented at 68 dB SPL as opposefhe |ocal minima in spike-count functions occur for stimI&
to 88 dB SPL in Fig. 3G. that have a spectral notch that lies on or near BF. The Iqcl
The derived LFP qualitatively resembles a band-pass fthinima in the spike-count function for all units with BF data='
tered, rectified, and low-pass-filtered version of the stimudire plotted in Fig. 5 (9 of 65 units did not have detectatplg
themselves. Because the notches occur at particular timesnimima for the sound levels used here). Each point plots [
the FM sweeps, the envelopes of the signals undergo a sysponse minimum to either the short- or long-duration swi P,
tematic change as a function of notch frequency, and thidichever the unit responded to best. No appreciable diffe®
change is reflected in the timing and amplitude of the evokedice was observed when the data were divided into separt¢
potential. plots based on FM sweep duration. The data points are fit W&l
The N, reflects a prominent source of input into the IC (Sughy the lines for the FM signals’ first and second spect] ah
1969b), a nucleus that is an obligatory site at which all ascemibtches (— and - - - respectively). High-frequency units (BF
ing information from the lower brain stem terminates. The-50 kHz) often show two local minima in their spike-coumt
output from the NLL feeds forward into IC where we expecteflinctions. The first minimum corresponds to the first specfral
to see similar responses in IC single-unit activity but withotch of two-glint FM stimuli (Fig. 50). The second mini-

Fic. 3. Derived LFPs show systematic changes in both latency and amplitude for 2-glint separations dgsnXoderaged
LFPs (Nyerage= 16) from same site as that in Fig. 2. This plot shows the responses to the 1st half of the 2-glint stimulus protocol
that is plotted in Fig. 4Astimulus 2 is atop of Fig. 3A, followed by stimuli 4—16)B: height of the peak amplitude in each evoked
potential inA. LFP amplitude decreases by 50% for 2-glint stimuli with notches near the BF of this recording site, 71 kHz: the
stimuli of 8- and 22us 2-glint separation have spectral notches at 62.5 and 66.2 kHz, respectively. Circle shows peak amplitude
for the 1st Ous 2-glint echo (stimulus 2 in protocol, see Figh)4C: recording site BF predicts the minimum LFP amplitude to
2-glint stimuli. Bottom: LFP peak amplitude to pure tones presented at 58 dB SPL reaches a maximum at 71 kHz. Peak amplitude
was measured in a window 0—10 ms after stimulus onset. Horizontal dashed line indicates the maximum LFP amplitude measured
within a time window 40-50 ms after stimulus onseop: BF from thebottom pane(vertical dotted line) intersects the primary
(n = 0, dashed) and secondary €n 1, solid) spectral notch functions for the 2-glint stimuli a7 and 21us, respectively
(horizontal arrows). Note that the hyperbolic scaling of the frequency axis results in a linear relationship between 2-glint separation
and spectral notch positiol: derived LFPs from data iA. Scale forA andD is 400 wV/tick mark. E: timing of trough in the
derived LFP ofD relates to the timing of the primary (dashed) and secondary (solid) spectral ndtope®ost dashed line, latency
of the primary notch in thesecond harmonidBottom dashed lindatency of the primary notch in thié&st harmonic. Solid line,
latency of the secondary notch, which for this range of 2-glint separations, only occurs in the 2nd harmonic of the stimulus. Trough
latency was zeroed by the latency to the.d-2-glint stimulusF: derived LFP trough latency from another recording site (data
shown inH) with a BF of 23 kHz. Latency of the derived LFP trough matches the latency of the primary spectral notcfirst the
harmonic. For this site, the 1st significant trough in the derived LFP occurreghat4glint separationG: surface plot of derived
LFPs fromD; z axis scale foiuV is insetatright. H: surface plot of derived LFPs used for the latency measuremeftsNote
that this site, with a BF of 23 kHz, is responsive to frequencies in the 1st harmonic of the signals (a downward sweep from 50 to
20 kHz, see Fig. 1D). Therefore the derived LFP has a large relative amplitude and follows the spectral notch latency for 2-glint
separations from 14 to 22s.
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mum corresponds to the second spectral notch of two-glably evoked about two spikes per trial, much higher than
stimuli (Fig. 5,@; see also Fig. 1F, 2-glint separatiord6 us, any other stimulus condition.
for the spectra of stimuli with 2 notches).

spike-count functions of 29% of the units (19/65). This eldrequency BFs (<50 kHz, Fig. 6B). For units with BF50
vated response cannot be due to spectral peaks alone beckHge the maximum in the spike count always occurred a
the reference spike count is the two-glint signal withu®- two-glint separation greater than the delay that evoked
separation that has the greatest spectral amplitude of all thasimum spike count. This is due to the presence of multi
stimuli. One example is plotted in Fig. 6A&his neuron has a notches in the spectrum for two-glint separatiens6 us; the
BF of 31 kHz and did not respond to the L&-two-glint data were replotted in terms of notch frequemearest to BF
stimulus (this stimulus has spectral notches at 31.3 and 9#8-ig. 6C.The spike count minima fall near the line with unit|
kHz). The 14us two-glint stimulus (notch at 35.7 kHz) reli- slope (V;n

The maximum response in the spike-count function was
Besides local minima, there were also local maxima in thveidely distributed across two-glint separation values for lowg

=18, one neuron had no local minimum in it
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Intensity

24 - %
22 - ° Spike-count functions changed in two ways with increase$ in
o 20 1 \3 signal level. First, overall spike counts increased with increases
2 18 - @% ° in signal level (Fig. 7A-D). Second, the shape of the functidn
& 16 0 around the minima changed (this will be termed the “dip” jn
"§ 14 \? © the spike-count function). At higher sound levels, some spike-
S 124 \% count functions no longer showed clear minima (FigBand
3 10 - e, &80 D). A short range of stimulus levels was presented to any ¢pne
€ 8 - Do unit, so only limited data were available to study the effect|of
O o %\o level on spike-count functions. Of those neurons for which dpta
& 67 —~Q were available from more than one stimulus leveH127), 22
4 exhibited a minimum in the spike count function at more thpn
2 1 N=56 one stimulus level. The majority (19/22, 86%) showed a qe-
0O—/—TT—"—T—7— crease in the width of dip in the spike count function when
20 30 40 50 60 70 80 90 100 stimulus level increased (Fig. A—C). For example the width
of the dip in the spike count functions of FigC7(<>) de-
BF (kHz) creased from 6.9 to 2.6s for a 10-dB increase in stimulug
Notch frequency (kHz) level.
O  Primary minimum in spike count .
® Secondary minimum in spike count Duration
ngﬁa’g‘,’tﬁgtch Data were collected from 11 single units to examine fe-
Dre-

Fic. 5. Position of the minima in the averaged spike-count functions for 5%Donses to both the 2- and 10-ms duration FM sweeps

IC neurons plotted against BF. These minima correspond with the position 3 ) : | g
the spectral notch in the 2-glint stimuli. For signals with a 2-glint separatig@enerally increased for the longer duration stimuli (Fig.

=16 us, 2 notches appear in the spectrum (see Fig. 1F). - - -, position of tEeesumably due to the longer dwell time of signal energy in {
primary spectral notch (& 0, Fig. 1C); —, position of the secondary spectral xcitatory tuning area or tuning to specific sweep rates (H

notch (n=1, Fig. 1C). Neurons like those plotted in Fig. eéthibited 2 local

minima in their spike-count functions; the 2nd minima is plotted with. a and Irvine 1998). The additional number of spikes evoked

spike-count function). These minima points are interpreted &sgest increase was by 1.71 spikes for the unit in Figy. Bhe
in Fig. 5: when the spectral notch falls on or near BF, excitaonsistent increase in spike count of Fig.\8as found in four
tory drive to the neuron diminishes. The spike-count maxinreeurons, three of which had BFs between 22 and 25 kHz

are presumably due to the spectral notch being aligned with@me with a BF of 40 kHz. The remaining seven neurons, W

inhibitory sideband. Thus a stimulus with a spectral notdBFs from 31 to 71 kHz, exhibited functions similar to that

positioned over the inhibitory sideband would evoke less ifig. 8Bwhere the increase in the number of spikes per stimy

hibitory input compared with other two-glint stimuli with specfor 10- versus 2-ms FM sweeps wad (2 of these functions

tral notches positioned elsewhere. Decreased inhibition cawere ambiguous in that for several 2-glint stimuli the 2-r
pled with excitatory drive to the BF region of the frequencguration FM sweep evoked a greater number of spikes than theg
tuning area leads to higher spike counts than found with18- ms duration stimulus). This difference may be due to Lhe

comparable “flat” spectrum signal, such as thptwo-glint hyperbolic shape of the of the FM sweeps used in this st

stimulus. (seeEq. 3). For a given duration, sweep rate in the first ahd

FIG. 4. A: stimulus protocol consisted of 30 stimuli presented at a 10-Hz repetition rate in a sequenced order of 2-glint
separations. This sequence of 30 stimuli was presented once every 4.2 s, for 20—33 repetitions of the entire sequence. Three stimuli
(1, 3, and 29; *) were single-glint stimuli: these were identical to thes®-glint FM sweeps but 6 dB weaker. Different symbols
delineate how data were parsed for later analys#énd * correspond to stimuli that were used to assess the degree of adaptation,
if any, present in responses to the stimulus sequendest presentation of any stimulus condition within 1 trigl2nd presentation
of these stimuli within the same triak axes onA-D are all equivalent in that they can be interchandgdperistimulus time
histogram (PSTH) of the response of a single unit to the stimulus sequence shows a decrease in spike count in response to the 6-
and 18us 2-glint stimuli (bin size, 1 ms; BF, 93 kH2)axis is identical to that il\, except relabeled by the corresponding stimulus
condition. Spike counts evoked by stimuli 4—28 are plottell igft, using the same symbols frofn C: surface plot of spike counts
for 65 units, arranged frortop to bottomin rank order of BF. Each row of the plot shows by gray level the number of spikes in
the 100-ms window after the onset of each stimulus. Range of the spike counts in this plot varies between 0 and 6 spikes per
stimulus, but because the majority of neurons discharge 1-2 spikes per stimulus in this plot, spike=wet® assigned the
color black. Letters onight indicate the location of 5 spike-count functions used elsewhere in this figuaerage (+SD) number
of spikes per stimulus over the 65 units for each stimulus. From the 4th to the 28th stimulus, no significant adaptation effects were
detected between identical stimulus conditions (gseeiops). Decreased spike counts for the 3rd and 29th stimuli are due to the
fact that they are-6 dB relative to the surrounding @s 2-glint stimuli. Dip for the 8us 2-glint stimuli (stimuli 8 and 24) is due
to the hyperbolic relationship between notch frequency and 2-glint separatigteft: spike counts for 5 representative IC neurons
with BFs of 22, 30, 43, 63, and 93 kHz, respectively. Overlaid on the spike counts is the spline curve fit to the average number
of spikes per stimulus evoked by each stimulus condition. Spike counts decrease to a local mininrrinvi@ue of 2-glint
separationRight: corresponding mean 1st-spike latency functions for the uniBs-InFor clarity, only the latency results for
stimuli 4—-16 are plotted. Latency increases for 2-glint separations nearby the stimulus that elicits the lowest spike count. Data for
E-I collected from 33 repetitions of the stimulus sequence.

sgnted at the same level. For most neurons (9/11), spike count$

trial by the 10- versus the 2-ms FM sweep was small: {
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show an increase in first-spike latency for stimuli with |a
spectral notch near the BF (sPata analysis). For the unit in
Fig. 41 (BF 93 kHz), both the 6- and 18s two-glint separa-
tions create a notch at 83.33 kHz, and both stimuli evgke
noticeable shifts in latency relative to neighboring stimulps
conditions. For the s two-glint stimulus, first-spike latency
decreased by-2 ms relative to nearby two-glint conditiond.
The data plotted here are representative of just over half of|the
population used in Fig. 5 (33/55 units showed a shift in laterjcy
for stimuli with 2-glint separations adjacent to the 2-glint
separation that evoked the minimum spike count; 1 neufon

w from Fig. 5 had a spontaneous ratd 0 spikes/s and was no}
= v . included in the latency analysis). The remaining 22 cells either
] .
§ 20 \7 “e
= 18 .
E E. .v... . @ A
®© 15 1 "
B <o ] A\v .. BF: 20 kHz
qw_) p 3\‘7\ e o
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o
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1S ) —— -70 dB
BF (kHz) =
6. A:in addition to local mini th ik t functi f 19/65 20““““““‘
Fic. 6. A: in addition to local minima, the spike-count functions o o
(29%) of the units had local maxima where spike counts were greater than the Q 0 4 812162024
response to the Pis 2-glint stimulus (semeTHODS). These local maxima in the 3
spike-count functions are presumably due to inhibitory sidebands in the fre- X ]
quency tuning areas. Symbols fér are same as those used in Fig.Bt. Q 2 D
position of the spike-count maxima,(n = 19) and minima, n = 18; 1 of 2 1
the 19 neurons did not exhibit a minima in its spike-count function) are plotted i
with respect to BF and overlaid on the position of the primary (- - -) and ] BF: 71 kHz
secondary (—) spectral notches. Spectral peak function lies between the 1 N
primary and secondary spectral notches-(). C: data fromB are replotted in 1 *— -50dB
terms of the spectral notch nearest to BF vs. BF. Spike-count miniingal{ 1 —>— -60 dB
nearest the line with unity slope. The spike-count maxima are scattered above 0 1T

and below this line.

second harmonics is slowest (and thus signal energy per unit
time is greatest) for frequencies near 20 and 40 kHz, respec-
tively.

FIG. 7. A-D: level effects on spike-count functions for 4 neurons. Refer-
ence level of 0 dB= 108 dB SPL (re 0.00002 Pa). In general, spike counts ngar
the minima increased and the width of the valley decreased with increasgs in

0 4 812162024
2-Glint separation (us)

Latency

The first-spike latencies for five units are plotted in Fig.
(E-I, right). Four of the five latency functions (Fig. &-I)

level. With high stimulus levels, some neuronsgi@dD) no longer exhibited
minima in their spike-count function. To avoid clutter only the average spjke
unt at each stimulus condition is shows.in C show how the width of the
dip in the spike count function decreased with increasing stimulus amplityde.
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Fic. 8. Neurons that responded to both 2- and 10-ms duration FM sweeps D
usually responded with the addition &fl spike for the longer duration
stimulus.A: 22 kHz.B: 59 kHz. Only the average spike count at each stimulus
condition is shown.

Inhibitory
sideband

showed no clear shift in latency or the spike latency plots were
incomplete and could not be examined for a shift due to low
spike counts (=8 spikes were required to measure mean 1st-
spike latency). Increasing the number of stimulus trials would
allow a more complete assessment of how these stimuli affect 123
first-spike latency. T
First-spike latency values were available for 25 of 27 neu- Frequency
rons that.were _presented with the StImUI.us .prOtOCO.I at dlfferenEG_ 9. Simple model of IC neurons explains the response proper
levels. First-spike latency decreased with increasing stimulbisserved in this studyA: spectrogram of a descending FM signal with
levels for most of these neurons (23/25). The latency shifigectral notch (left; grayscale level codes signal amplitude). Same si

spanned a range from52 to 500M3/dB with a median value plotted in terms of frequency vs. amplitude using an arrowhead to indid
of 88 us/dB. the dynamic_naturg of_ the FM signal (righ§: freqyency tuning area of an|
In 8/11 h inal it ted with b thI neuron with BF indicated on the frequency axis. Spectra of 3 descend
n cases W ere sm_g e unris were presen e V_V' 0 sweeps with spectral notches below (1: dotted), equal to (2: solid),
and 10-ms duration stimuli at the same level, first-spike latengyove (3: dashed) BF are plotted on the same axes. Spectra for signals
increased for the longer FM sweep. This is a common findidgenter the frequency tuning area at the position of the effective freque

for FM stimuli in which only duration changes because th@arked with a star) (Heil and Irvine 1998). Spectrum for signal 2 has
timing of effective frequency that drives the neuron changes&@wh directly under BF and does not drive the neu©nspectra 1 and 2

proportion to signal duration (Bodenhamer and Pollak 198gegardiess of overall amplitude, the spectrum for signal 1 enters
Heil and Irvine 1998). frequency tuning area. Spectrum for signal 2 does not excite the ney
until presented at the strongest level. At 50 dB, the spectrum just enter
frequency tuning area (bottom staf): addition of an inhibitory sideband
(black area) to the frequency tuning area results in a neuron which resp
maximally to signal 3. Spectra for signals 1 and 2 pass through

On a trlal_by_trlal basis, the majority of IC neurons dISi_n ibitory region before reaching the excitatory region (gray) of t

charge between one and two spikes per EM sweep. A|th0__ uency tuning area. Signal 3 never drives the inhibitory region
many features of an FM sweep govern discharge probabiliié frequency tuning area because the notch is positioned directly

(intensity, sweep rate, etc.), this study focuses on how the deteyth it.

.....

Amplitude

DISCUSSION

m B are replotted at additional signal levels (30, 40, and 50 dm).
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between two FM signals affects spiking activity. The data ia spectral notch reducing the driving energy in that frequemcy
Fig. 5 indicate that spike count minima directly encode inforegion (lightest pixels in Fig. 4@long a given vertical band)
mation about two-glint signals down to au& separation. Alternatively, cells with inhibitory sidebands near the spectfal
notch(es) would be activated above their normal firing rate
Spike train metrics: spike count (this is not apparent in Fig. 4Gecause local maxima wer¢
present in slightly<1/3 of the population and not necessarily
As a function of delay, each two-glint signal has one or mow the stimulus levels used in Fig. 4C).
notches in its spectrum. A two-glint stimulus with a spectral
notch near BF'evokes little or no activity from.IC units (FiQSSideband inhibition
4 and 5). This is as expected, and Fig. 9 provides a schematic
explanation for the responses. Figure Sffows the spectro- The data in Fig. 6 indicate that inhibitory mechanisms in the
gram (left) and spectrum (right) of a two-glint single harmonitower brain stem and IC could be useful for enhancing the
FM signal that sweeps from a high to low frequency. Figure 98ntrast of spectral edges. The increase in spike count alove
depicts how an FM signal at three different two-glint separ#hat evoked by the @s condition may be due to the presenge
tions would interact with the excitatory tuning area of a neurasf sideband inhibition in the frequency tuning curves of IC
(gray area). The first signal (dotted line) has a two-glint sepanits (Casseday and Covey 1992; Suga 1969a; Suga and Schld
ration that is long enough such that the spectral notch is belgel 1973). When a spectral notch falls on an inhibitory regipn
BF. Thus the cell responds when this signal enters its tuninf the frequency tuning curve, excitatory drive to the cell |is
curve above BF (marked by a small star which correspondsaogmented due the release from inhibition. For the neuro
effective frequency; see following text). The second sign&ig. 6A, we assume that the elevated response to th@sl4-
(solid line) is of a shorter two-glint separation and accordinglyvo-glint stimulus is due to the spectral notch at 35.7 kiHz
has a higher frequency spectral notch. In this case, the centefadifng on an inhibitory region of the frequency tuning curje
the notch is at BF, and the shoulders of the notch straddle floe the cell (BF 31 kHz, inhibitory regions of the frequen
tuning curve such that no portion of the signal sweeps thougiming curves were not measured for neurons in this stugly).
the tuning curve at a level high enough to elicit activity. Th&ach neuron did not undergo an extensive intensity protdcol
third signal (dashed line) has an even shorter two-glint delaysing two-glint stimuli. Therefore because inhibitory sideba o
and its spectral notch is above BF. After sweeping through tbéten exhibit different thresholds and bandwidths relative t§
notch frequency, the signal level increases as frequency @ecitatory regions of the tuning curve, the data in FigB@&nd
creases to the point where it runs over the upper edge of Bemay undersample the larger IC population, which d
tuning curve (the lower star). express inhibitory sidebands in their frequency tuning cur
The details of how intensity affects spike counts (Fig. 7) afdevertheless eac® in Fig. 6C provides an estimate of th
explained in Fig. 9C. The two main effects of stimulus levdbcation of the center frequency of an inhibitory sideba
shown in Fig. 7 are a small shift in overall spike count and @lative to BF. Figure 6Ghows that the spike count maximps,
change in the width of the dip near a minima. Figure9©ws occur for two glint-separations with spectral notches abovd @r
stimuli 1 and 2 from Fig. 9Bover several different levels. below BF. ©
Stimulus 1, however, has its notch just below BF so only the Inhibitory sidebands in the auditory system are thought]|to
broad high-frequency shoulder of the notch falls on the tunirgiarpen frequency tuning (Suga et al. 1997), create FM di 2

u@wo.ipgheo

increase in stimulus level (e.g., Fig.AandB). Because of the one inhibitory sideband, placed on the upper side of the
changing slope of the notch (steep near BF, shallow away fraqaency tuning curve. In the case of the tuning curve shown in
BF), it takes a greater level change to get an equal respofsg. 9D, stimulus 3 evokes the strongest response becauge if
from a signal with a notch over BF versus a signal with a notanly passes through the excitatory region and never pasgses
that is slightly offset. This effect also appears in a study biarough the inhibitory area for this cell.
Poon and Brugge (1993), who recorded responses in auditoryor clarity, the models depicted in Fig. 9 leave out many
nerve fibers. The fibers were driven by broadband continuodstails. Traditional two-tone frequency tuning curves (like that
noise filtered so that successive 25-ms segments of the stimufighe schematic in Fig. 9D) delineate the regions of the
contained a single spectral notch with a different frequendyequency-amplitude plane that provide inhibitory input with
This stimulus protocol creates, in effect, a spectral notch the caveat that inhibition arrives with the same delay gnd
moves in frequency over the duration of the stimulus. Althougturation as does excitation. However, this need not be tjue.
not explicitly documented in their paper, they show that inFhe duration of sideband inhibition, as revealed by forwgrd
creasing the overall noise amplitude leads to a decrease in tiesking experiments in anesthetized cat primary auditory ¢or-
width of the dip in the spike counts versus notch frequendgx, can last up to hundreds of milliseconds (Brosch gnd
(their Fig. 4, bottom). Schreiner 1997; Calford and Semple 1995). The timing |of

In summary, any given two-glint echo will evoke activityinhibitory inputs has been estimated from extracellular fe-
across the tonotopic axis of the IC. A subpopulation of cells sponses of bat IC units in a study by Gordon and O’Naqill
one or more narrow frequency bands would be silenced due(1998). They report latency differences between inhibitory gnd
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excitatory regions of the frequency tuning curve ranging frothe exception of paradoxical latency shift observed first oy
0 to 6 ms. The authors interpret this dispersed timing of inpuBillivan 1982). Heil (1997a) showed that a single unit’s 1e-
as creating tuning to sweep rate and/or sweep direction. In gponse latency to pure tones more closely correlates with|the
case of two-glint stimuli, adding the dimension of time to theecond derivative of the onset envelope, not steady-state $PL
response area in Fig. 9Makes for a cell that can pass or rejedtor pure tone stimuli, this means that the duration and shapg of
a variety of FM signals depending on sweep rate, direction, asignal rise time dictates response timing (and spike discharge

spectral shape. probability) (Heil 1997b). How to analyze responses to AM
stimuli of in light of Heil's work (1997a,b) is unclear becaude
Spike train metrics: first-spike latency the experimenter does not have direct access to the signa

. . . ._.envelope that is driving a neuron. Nevertheless it would |[be
A crucial task of the auditory system is to accurately register ected that a unit's latency increases for a signal wit

. X
when an acoustic event takes place. A fundamental percept 5R - : ;
dimension of biosonar, range, is carried initially by the timin ectral notch ”Beé“dBF becaus?r;he ?mphtu_ge IOf the S'gh alls
of spikes evoked by the pulse and echo. By using a cro é)_ectlrum near ith e(_:lieasesb. b_llus |rst—?:p| eE alltency shpuld
correlation-like algorithm, the bat’'s auditory system comput C\)/?/igncg\r/i?/gn\l\gty ISI&I ; g%r; Sa z;LljgitE)Sr?/en ell?r'on,s)ﬁsu ally fe-
the delay between activity evoked by the pulse and echo dtﬁ ' :

i . nd to a frequency above or below BF depending on fthe
estimate target range (see Simmons et al. 1996). Perform?léction of the sweep (“effective frequency”) (Heil and Irvi

computations on these latency differences requires some fo{@bS). The effective frequency varies as a function of dirgc-

of a delay line followed by coincidence detectors. ion, start and stop frequency, and intensity in relation to {he

In the bat, delay lines with operating ranges in tens ¢ . : :
milliseconds are thought to be created in the IC (Ferragamo quency tuning curve of the cell in question. In genergl,
ective frequency does not vary with sweep rate but is clo

al. 1998; Saitoh and Suga 1995). The IC projects mainly to tf rrelated with the position at which it enters the frequercy

thalamus, where coincidence detecting cells appear in high . . . : .
numbers [coincidence detecting cells also appear in the m hing curve (Heil and Irvine 1998) (depicted as small starq in

brain; in the nucleus intercollicularis (Dear and Suga 199 9. 9 where descending sweeps 1 and 3 enter the tuning crvg

. ' ea). IC neurons iEptesicusrespond~2 kHz above BF in
Eggg)]et al. 1978) and in the IC itself (Portfors and Wenstrur sponse to typical signals such as those employed in this sjusly

Bodenhamer and Pollak 1981). Thus it might be expected @t
e data points in Fig. 5 should fall to thight of the curves for
tches. However, Fig. 5 plots the stimuli that evoked

Single units in the NLL can register the timing of acousti
events with minimum variability of 3@s in first-spike timing n%
(Covey and Casseday 1991). This timing information is passed : . o .
onto gr;e IC vr\:ith a correlfpcinding increase ir|1I first-sp(ijke Iatﬁn Mtr%'n%lémasn%'kfogzl;frgétwg ?rr;?qlijr:r? C?,“g;guergt gﬁg]dei g{gtg]g?
variability. The first-spike latency of IC cells encodes whep_. : : : : .
energy at a particular frequency occurs with a variability on tf%'serseg?ur'gi (\;Vr']lé ezmtlgy;i bneal SC elntg:]%d 302//veoru|?j|:b((93|gtnzl|i 1
order of hundreds of microseconds to milliseconds (Ferraga O her fre uepncies 9 9
etal. 1998; Pollak et al. 1977). Because the majority of IC cellps q '
spike only one or two times to an FM sweep, the variability and ) o
timing of the first spikes bears on how neurons in the thalamkEPs and population activity
will integrate activity from the IC and perform coincidence
detection on delayed inputs.

Most of the echoes a bat hears will have one or more notc

in their spectra. Spectral notches retard the timing of the relates well with spike-count data (compare Figs. 238

spikes for cells tuned to and nearby the notch center frequerlﬁx | . . e
. ; ) o . , left, 2 separate recordings from sites with similar BF). The
(see Fig. 4F—I, right). Assuming that coincidence detectlng%q ency of th% peak in thegderived LEP correlates wit)h e

\é.l‘o"wmaaapeo

gT1O0Z ‘g |ud

Many single-unit recordings showed clear changes in
sponse strengthnd latency as a function of two-glint separg
5

ﬁ
P

|

% (e.g., Fig. 4F—I). The LFP reflects the input to the IC an

cells in the thalamus average a large number of inputs from ing of IC single-unit responses (compare Fig6.ahd 4H,

. ) . ; t).
could provide biased pulse-echo delay estimates. Behawo& - - .
experiments have shown that small changes in overall sign ummarizing the activity of a neural population usually

, : requires collapsing data recorded from many single unjts,
level can advance or retard the bat's perceptual esnmaterégorded in different animals on different days, into one rdp-

pulse-echo delay (Simmons et al. 1990, 1998). These res . . 4
are explained by the amplitude-latency trading effect, whiclTJP? entation. Alternative approaches use multi-electrode arrpys

%hich can uncover temporal relationships between neurons{ nof

IC, those cells tuned to regions of the spectrum near a no

5:}32:,%oégg'ggiﬂ;eoieéiﬁtgrl ef/sgllr?gitr?w?n?nseaerthglr. iggg;rl_?g Oparent in a serial reconstruction (e.g., Abeles et al. 1993).
ever, the presence of spectral notches themselves doesI g,{%
appear to affect the bat’s perception of the delay to the ne
glint of a two-glint target (Simmons et al. 1990, 1998), su
gesting that knowledge about the notch is applied to segre
ing responses from the overall delay estimation.

have employed LFPs to assay auditory brain stem pgpu-
n activity. LFPs reflect summed electrical activity consist-
?nrg of action and synaptic potentials, and interpreting pegqks
'n_d valleys in a field potential record is only possible given
me information about the underlying anatomic arrangemnient
and functional dynamics of cell bodies and fiber bundlés.
Because the Nhas been identified as the “ascending latefal
lemniscal evoked potential” (Suga 1969b), the data in Figg. 2
In general, first-spike latency increases with decreasiagd 3 provide an idea of the synchronous input to IC cells.
RMS stimulus amplitude (Aitkin et al. 1970; note, howeverdowever, IC responses themselves constitute the IC’s output,

©

Latency, effective frequency, and FM sweeps
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which is much more dispersed in time. Summarizing the pomsight into how a sensory system combines spectral and tem-
ulation response of the IC from serial single-unit recordings gbral information to build a spatial model of its acoustic
IC cells naturally emphasizes spike count (see Fig. 4C) duednvironment.
the widely differing, dispersed latencies and the heterogeneous

response properties of IC cells. However, such a summary i§Ve thank J. H. Casseday and E. Covey for extensive advice during [this

possible if one keeps track of response latencies (BOdenhaﬁ? ?;d\)\./ork was supported by National Science Foundation Predoctgral
and Pollak 1982; Ferragamo et al. 1998)' Fellowship to M. I. Sanderson and by Office of Naval Research Grant NO0O(14-

95-1-1123 and NSF Grant BES-9622297.
Models Address for reprint requests: M. Sanderson, Box 1953, Dept. of Neyro-
science, Brown University, Providence, Rl 02912.
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