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Recognition and localization of pared to lower order auditory nuclei Ot e 0 e
sounds are two essential tasks of thghase-locking of IC neurons declines, time (ms) ime (ms)

auditory system in all animals. Al- the optimal modulation frequency be- Fig. 1. Poststimulus time histograms of one
most all sounds in the natural envi-comes lower, and the range of modu-"\\curon. The stimulus was an SFM tone
ronment of animals, including com- lation frequencies neurons respond tQnat started at Oms with a duration of
munication sounds and returningbecomes narrower. This change in fil-100 ms. The signal was modulated at four
echoes from echolocation calls, con-ter characteristic at the level of the IC different modulation frequencies (10, 30, 50,
tain frequency and amplitude modula-suggests active neuronal filtering of70Hz) and presented from two different
tions. Analyzing their temporal pat- frequency and amplitude modulationsloudspeaker positions (A: 80contralateral,
tern is essential for sound recognition.(for review see [2]). B: 30° ipsilateral). Each bar number of
To date it remains unclear whether theAt the same time binaural integration, SPkes . “m”e _b'ln (bin .Wl'dth- 1 ms)
mammalian auditory system performswhich is essential for sound localiza- ISUUST”;ie ﬁ‘éﬁio?],st:":‘szo(;ig &f:pﬁi;;_ﬁ'&i; g
this analysis of temporal patterns in-tion, first occurs in the superior oli- it one or two discharges to each modula-
dependently of the spatial context,vary complex. Further processing Ofion cycle. At a modulation frequency of
that is, location of the sound source.binaural information takes place in 10Hz the neuron responded equally well at
Using sinusoidally frequency-modu- the IC (for review see [3]). both loudspeaker positions. However, when
lated (SFM) sounds, we investigatedin the IC projections from a number the sound was presented from%6@ontralat-
the effect of the location of a sound of monaural and binaural nuclei of eral (A) the neuron still responded to a 50-
source on neuronal response charadhe auditory brainstem converge (forHz frequency modulated sound. Almost no
teristics to various modulation fre- review see [4]). This raises the ques-discharge could be evoked at 50 Hz when the
quencies of neurons in the inferiortion of whether there is functional in- SCUNd was presented from Sipsilateral (B)
colliculus (IC) of the big brown bat. teraction between the mechanisms un-

In this study, we found that approxi- derlying pattern recognition and loudspeaker to the animal. The loud-
mately 75% of the tested neuronssound localization in single neuronsspeaker could be rotated horizontally
change their response to frequencyof the IC. We addressed this issue byat a fixed distance around the bat's
modulated sounds when the binaurainvestigating the effect of the position head. Sound pressure level was usual-
input is altered by presenting theof a sound source on the SFM filterly set 20 dB above each neuron’s in-
sound from different locations. Neu- characteristics of single neurons in thedividual threshold measured at the op-
rons alter either their filter properties IC of the big brown bat Eptesicus timal speaker position. The signal was
for modulation frequency based onfuscug. SFM sounds were used as ana tone of 100 ms duration that was si-
spike counts or their temporal firing example for complex stimuli since a nusoidally ~ frequency = modulated
pattern. Our results suggest that binsubstantial proportion of neurons inaround the neuron’s characteristic fre-
aural, neuronal interaction affects thethe IC of this bat is highly selective quency and with the optimal modula-
filter properties for temporal stimulus for modulation frequency [5]. tion depth £5-20 kHz). All neurons
characteristic of IC neurons. Action potentials were recorded from tested responded to a SFM stimulus
A major part of the information for 38 neurons in the central nucleus ofeither with a phase-locked response, a
sound recognition lies in the temporalthe IC that responded well to SFM sustained discharge, or a phasic on-re-
structure of the sound pattern [1].signals. Extracellular recordings weresponse.

Auditory nerve fibers and most neu- made using glass pipettes filled withA range of modulation frequencies
rons in the lower nuclei of the audi- 3 M KCI. Surgical procedures were (10-1000 Hz) was presented from
tory brainstem follow the temporal according to [6]. Stimuli were compu- several azimuthal positions in the
structure of a modulated sound, i.e.ter generated (Tucker Davis technol-frontal hemifield of the animal
they respond to each modulation cy-ogy; custom designed software by H.(usually from 90 contralateral to 60
cle in a phase-locked manner. Com-Koenig) and presented via a free-fieldipsilateral to the midline).
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] tic. Some 45% of the neurons showed
. 50" contra 20+ such low-pass filter characteristics.

>

* -4+30° ipsi
£ SN Cm_o:zoi:t About 40% of the neurons showed an
® 05 G » upper and lower cutoff point, i.e.,
a7 5 ,/ acted as a band-pass filter. For the re-
£ GSJ 101 maining neurons the response never
- . c fell below 50% of the maximum for
0 s e PO ** grgg of the tested modulation frequen-
?ﬂi?u'a"onfrequemy 0 Changes in filter properties for modu-
=50 >50 lation frequency were characterized
Fig. 2. MTF for the same neuron as shown in shift of upper cut-off point (Hz] by quantifying the shifts of upper and
Fig. 1. Each point represents the normalized lower cutoff points. For the neuron in
number of spikes averaged over all trials (1 B Fig. 2 the upper cutoff point shifted
is equal the maximal spike number for each 20- from 60 to 35Hz when the speaker

loudspeaker position: 67 spikes for @on- L
tralateral, 45 spikes for 30ipsilateral). Ar- position was changed from 80con-

row, cutoff point where the number of spikes @ tralateral to 30 ipsilateral. The upper
had dropped below 50% compared to the S cutoff point was changed more than
maximal spike count for each loudspeaker 3 101|777/ 50 Hz in 19 (out of 33) of the neu-
position. For this neuron the upper cutoff ¢ rons tested when the signal was pre-
point shifted from 60 to 35Hz when the 3 sented over a range of different azi-

sound direction was changed from 6@on- . muthal loudspeaker positions
tralateral to 30 ipsilateral .. .'m (Fig. 3A). The lower cutoff point was
<50 >5 shifted more than 50 Hz in 6 (out of

shift of lower cut-off point (Hz)  17) of the neurons when presenting a

We analyzed each neuron’s response signal at different loudspeaker posi-

in two different ways: change in total Figoi 3|’ Dis”ig“tion ‘#‘ the Shi‘:f Of:]"gher ('IA) tions (Fig. 3B). Across the population
number of spikes per stimulus and2"d lower (B) cutoff points for the popula- ot nayrons no systematic increase or
. . _tion of neurons tested. More than 50% of the

change in the degree of phase-locking ., ons shifted their upper cutoff point more decrease of upper or lower cutoff
to the stimulus envelope for variousan 50 Hz when the sound was presenteOiNts were seen by changing the
stimulus directions. Figure 1A shows from a different direction. The lower cutoff loudspeaker position from contra- to
a neuron’s response to SFM stimulipoint was changed more than 50 Hz by ap-ipsilateral.

modulated at various modulation fre-proximately 20% of the neurons when the The ability of a neuron to phase-lock

guencies presented from a source® 60 sound direction was changed to the envelope of the stimulus was
from the midline in the contralateral analyzed by calculating the synchroni-
hemifield. The neuron responded zation coefficient (SC) [7]. The SC

strongly to very slow modulation fre- signal was presented from B80con- was obtained for the neuron’s re-
guencies (10-50 Hz), with two dis- tralateral. Thus the SFM filter charac-sponse to each speaker position at the
charges per modulation cycle at 10 Hzteristic of this neuron is dependent onbest modulation frequency (maximal
modulation frequency but only with the position of the sound source. discharge). The example in Fig. 4 il-
one discharge to each cycle for higherFor each sound direction the moduladustrates that for this neuron the abil-
modulation frequencies. The numbertion transfer function (MTF) of a neu- ity to phase-lock to the envelope of
of spikes decreased between 50 andon was calculated based on spikethe stimulus was generally lower at
70 Hz. No response could be elicitedcounts (total number of spikes per90° contralateral (Fig. 4 A) than at0
from this neuron for modulation fre- stimulus to different modulation fre- (Fig. 4B). At the best modulation fre-
quencies above 80 Hz. guencies). For each MTF we deter-quency (200 Hz) the SC decreased
This neuron changed its responsemined the modulation frequency atfrom 0.55 to 0.17 when the loudspea-
properties, when the sound was prewhich the response had dropped beker was rotated from ®to 90° con-
sented from a different loudspeakerlow 50% of the maximal response.tralateral. For approximately 50% of
position (30 ipsilateral; Fig. 1B). At These modulation frequencies werethe tested neurons the ability to
a modulation frequency of 10 Hz the considered the upper and lower cutoffphase-lock to the stimulus envelope at
neuron’s response was equal to the repoints. best modulation frequency was signif-
sponse evoked when the sound wa&or each neuron the general filtericantly different for different loud-
presented from 60 contralateral. characteristic was determined at itsspeaker positionsPE0.05; Kruskal-
Only the second discharge to eachoptimal loudspeaker position (whereWallis H test).

modulation cycle was slightly weaker. the neuron discharged maximally). The results of this experiment show
However, at a modulation frequencyThe neuron shown in Fig.2 had anthat the majority of neurons in the
of 50 Hz the neuron no longer re- upper cutoff point at 60 Hz. No lower mammalian IC change either their fil-
sponded. In contrast, the neuron wasutoff point existed; thus this neuronter characteristic based on spike
still responding at 50 Hz, when the exhibited a low-pass filter characteris-counts or their temporal spiking pat-
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90° contra

number of the inputs changes. In
most neurons both mechanisms are
used but to different extents [14].
This raises the possibility that the
temporal spike pattern contains addi-
tional information for localization to

that mediated by discharge rate alone
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Fig. 4. Dot rasters of one individual neurdBach dot rastera neuron's response to ten repeti-care (NIH publication No. 86-23, re-

tions of one stimulus presented with six different modulation frequenEiash dof the time

vised 1985) were followed, as well as

when an action potential occurred. The stimulus was presented with the same modulationtfre- German Law on the Protection of
quencies at two different loudspeaker positions. The precision of phase-locking increased whaimals.

the loudspeaker position was changed front 98) contralateral to 0 (B)

tern when a SFM sound is presentednetries in frequency tuning of projec- L

from different directions. This is co- tions coming from the two ears could
herent with a previous report showinginfluence the effectiveness of different ,
that neurons in the IC oE. fuscus frequency bands of the stimulus de-
change their spatial receptive fieldspending on the position. Additionally, 3.
when different temporally and spec-it cannot be excluded that overall
trally structured stimuli are presentedchanges in sound pressure level at the
[6]. A similar dependence of temporal excitatory ear also contribute to
spike patterns and sound location hashanges in filter characteristics of the 4
recently been reported for the frog's neurons. Future studies using indepen-
auditory midbrain; there filter proper- dently controlled intensities at the two
ties of neurons responding to ampli-ears (earphones) should address this
tude modulated sounds are altered byuestion.

the direction from which the sound is The results of this study suggest that
presented [8]. recognition and localization of sounds 6.
There are at least three mechanismat the level of the IC are physiologi-
that might underlie changes in spikecally not processed independently 7-
number and changes in temporalfrom each other. Possible ways of
spike pattern. First, since pinna gainneuronal coding for SFM signals in-
is dependent on frequency as well aslude the number of spikes that a neu-
on direction of the sound, monauralron fires and the temporal pattern of ™
frequency channels converging at thehe spikes. Depending on the mechaqg
IC could be weighted differently for nism used by neurons at the next lev-
stimuli containing different frequen- el of auditory signal processing 11.
cies when sound direction is changedmedial geniculate body or auditory
[9, 10]. Second, there is strong evi-cortex) changes in either dischargel2-
dence that changing interaural inten-number or firing pattern influences a
sity differences alters the relative tim- neuron’s response differently. Neurons®®
ing of binaural inputs [11-13]. These using coincidence detection are mor
changes in pattern of excitatory andsensible to inputs with changing tem-
inhibitory inputs may in turn influ- poral spike patterns whereas neurongs
ence the response characteristic ofising temporal integration of spikes
neurons to SFM sounds. Third, asym-are more affected when the total spike
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