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Bodnar, D. A. and A. H. Bass. Midbrain combinatorial code for plored. In this study, we examine encoding of the spectral
temporal and spectral Information in concurrent acoustic S'gda|3-composition of concurrent signals in the midbrain of the plain-

Neurophysiol.81: 552-563, 1999. All vocal species, including hufi, migshipman Porichthys notatus a vocal species of teleost
mans, often encounter simultaneous (concurrent) vocal signals fr

conspecifics. To segregate concurrent signals, the auditory sys?é that rO,Ut_mely encou'nter.s concqrrent acoustic S|gnqls.
must extract information regarding the individual signals from their €St building male midshipman fish produce vocal signals

summed waveforms. During the breeding season, nesting male nkgown as “hums” that apparently function to attract females to
shipman fish Rorichthys notatuscongregate in localized regions oftheir nest (Brantley and Bass 1994; McKibben and Bass 1998).
the intertidal zone and produce long-durationl( min), multi-har- Hums are long duration1 min), multiharmonic (2-3 har-
monic signals (“hums”) during courtship of females. The hums Qﬁonics) signals with &, near 100 Hz. Males often congregate

neighboring males often overlap, resulting in acoustic beats Wiy 5 |5calized area and vocalize simultaneously; overlapping
amplitude and phase modulations at the difference frequencies (dFs d tic si Is with a beat-like t ’ I st
between their fundamental frequenciégq) and harmonic compo- ums produce acouslic signais with a beat-like temporal struc-

nents. Behavioral studies also show that midshipman can localiz&4€ characterized by amplitude and phase fluctuations at the
single hum-like tone when presented with a choice between twiifference frequency (dF) between thgs and upper harmon-
concurrent tones that originate from separate speakers. A previtts (Bodnar and Bass 1997a). Within a field population, dif-
study of the neural mechanisms underlying the segregation of cdgrences in thé=gs of individual hums vary by=10 Hz at a
current signals demonstrated that midbrain neurons temporally encgigen temperature (Bodnar and Bass 1997a). Two-choice
a beat’s dF through spike synchronization; however, spectral inf§nonotaxis experiments show that, when presented with
mation about at least one of the beat’s components is also reqUiredéahcurrent tones near thes of natural hums, midshipman
signal segregation. Here we examine the encoding of spectral differ- alize and approach an individual tone from :alsingle speaker

ences in beat signals by midbrain neurons. The results show that - L
although the spike rate responses of many neurons are sensitive t gKlbben and Bass 1998), indicating they have the neural

spectral composition of a beat, virtually all midbrain units can encod@€chanisms required for signal segregation. _
information about differences in the spectral composition of beat IN @ previous study in midshipman, we found that neurons in
stimuli via their interspike intervals (ISls) with an equal distributiorthe midbrain’s torus semicircularis (homologue of the inferior
of ISI spectral sensitivity across the behaviorally relevant dFs. Toelliculus) synchronize bursts of spikes to a beat’s dF (Bodnar
gether, temporal encoding in the midbrain of dF information throughind Bass 1997a). Many midbrain neurons selectively synchro-
spike synchronization and of spectral information through ISI coul§ize to specific dFs, and their selectivity overlaps the range of
permit the segregation of concurrent vocal signals. dFs for naturally occurring acoustic beats. These data suggest
that the temporal coding of dF information plays a role in the
segregation of concurrent signals. However, although dF in-
INTRODUCTION formation alone can indicate the presence of two vocal signals,

All species that vocalize face a common problem in auditogaectral information about at least one of the beat components
scene analysis, namely, the segregation of concurrent signis®/S0 required for dF information to be utilized in signal

When two conspecific senders vocalize at the same time, th%qﬁregatlon.

signals summate into a single acoustic waveform at a receiver% europhysiological studies in mammals demonstrated that

ear. To discriminate and localize the two signals, a receivet'& FoS and upper harmonics of concurrent vowels are tempo-

auditory system must extract information regarding the indialy eéncoded by the peripheral auditory system via synchro-

: ot : . Nization of afferent spike trains to signal periodicities (Cariani
vidual vocalizations from the fused signals. Psychophysm'&'lza )
studies in humans show that the segregation of concurr@id Delgutte 1996a,b; Palmer 1990). In the ventral cochlear

vowels (multiharmonic signals) is facilitated by small differ'Ucleus of cats, th&gs of concurrent vowels are temporally
ences in their fundamental frequenci€ss) (Broxk and Noote- €ncoded by primary-like and chopper neurons (Keilson et al.

rﬁypported at these levels of processing. However, to date, no

computations used in their segregation remain relatively une?yd'es have examined the enqodlng of the spectr.al composi-
ion of concurrent vocal signals in other central auditory struc-

The costs of publication of this article were defrayed in part by the paymewres' In mammals, midbrain studies of the COdlng of individual

of page charges. The article must therefore be hereby maskhaftisemerit acoustic signals such as pure tones or amplitude modulated
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ (AM) signals focused primarily on spatial/spike rate coding of
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frequency (Ehret and Merzenich 1985, 1988; Langner asgonses must reflect differences in the spectral content of the

Schreiner 1988; Rees and Moller 1983; Rees and Palnséggnals. Our results show that, although many units show

1989). In fish, temporal coding of pure tones via synchronizdifferences in their spike rates for spectrally different beats,

tion was examined and for the most part found to be powirtually all auditory midbrain neurons show significant differ-

(Crawford 1993; Lu and Fay 1993). Hence it remains unknov@nces in their ISI distributions over specific interval ranges.

whether a temporal code of the spectral composition of corience auditory midbrain units could encode the dF of beats via

current signals is maintained throughout the central auditoijeir synchronization to dF and the spectral composition of

system and hence would contribute to signal segregation. beats via their spike rates and/or ISIs. This combinatorial code
Midshipman auditory afferents, like those in many othe?f both dF and spectral information would be sufficient for the

vertebrate species, synchronize their spike outputs to t@gregation of concurrent signals.

spectral periodicities of an acoustic signal (McKibben 1998; Portions of these results appeared in abstract form (Bodnar

McKibben and Bass 1996). Hence, in the case of pure tofgd Bass 1998).

stimuli, a signal’s frequencyf}] is given directly by an affer-

ent’s interspike intervals (ISIs), i.€.= 1/ISI. Similarly, mid- METHODS

shipman afferents synchronize to the individual components OtAnimals for physiological experiments were collected from nests

a beat, and thus information about its spectral COmposition igmales Bay, CA), housed in either running seawater holding tanks
explicitly encoded by the ISls of afferents (McKibben 1998 ariificial seawater aquaria at 15-16°C, and maintained on a diet of
McKibben and Bass 1996). In contrast, auditory midbraifinnows. Midshipman have two male reproductive “morphs” (Bass
neurons show poor synchronization to pure tone stimuli and the96). Type | males build and guard nests and have the most extensive
individual components of beats (Bodnar and Bass 1997a) amatal repertoires. Type | males produce hums during courtship (see
hence would appear to encode spectral information by sorerobucTion) and wider bandwidth, shorter-duration “grunts” (ms
mechanism other than phase locking to the components. ~Scale) during agonistic encounters (Brantley and Bass 1994). Type I
Here, we assess how the spectral composition of beat stirfifiles do not build nests or acoustically court females; instead they
may be encoded by auditory midbrain neurons by Compariﬁ eak spawn and, like females, only produce low-amplitude grunts

. ; o - ._ifrequently. In this study, we used 38 type | males for neurophysi-
the spike train responses of units in the torus semicircularis gical recordings; future studies will assess possible sex differences.

beat stimuli with the same dF but that differ by one spectral g yical and recording methods follow those described previously
component (Fig. A). Thus any differences in spike train re{godnar and Bass 1997a). During surgery, animals were anesthetized
by immersion in 0.2% ethyp-amino benzoate (Sigma Chemical, St.
A | Louis, MO) in seawater. After exposure of the midbrain, a plastic dam
: was attached to the skin surrounding the opening, which later allowed
I for submersion of the fish below the water surface during recording
1 sessions. Pancuronium bromide (0.5 mg/kg) was used for immobili-
| zation, and fentanyl (1 mg/kg) was used for analgesia during electro-
! physiological recording. Glass micropipettes were used for single unit
I
6

o P T T extracellular recordings, which were amplified and band-pass filtered
84Hz 90Hz 96Hz between 250 Hz and 3 kHz. As in a previous study, recording sites in
-6 Hz Beat select cases were verified by iontophoresis of a 5% solution of
- neurobiotin  with subsequent immunohistochemical visualization
+6 Hz Beat (Bodnar and Bass 1997a). Custom software (CASSIE, designed by J.
Vrieslander at Cornell University) was used for data acquisition; a
B At pattern-matching alogrithm within CASSIE was used to extract visu-
~ X ally identified single units. Single units were discriminated from
multiple ones on the basis of their signal-to-noise ratio and spike
||| "l " IIH "I ||| || I “ | shape; single units had distinct large amplitude peaks and fast rise
times.

— Beat stimuli were synthesized with CASSIE and were composed of
+6 Hz WWWNWMWMWWWMMM“MWNWN two tones F, and F,) near theFgs of natural humsF, was held
constant at 90 Hz, which is close to the characteristic frequency of
most auditory midbrain unit$;, varied fromF, up to =10 Hz in 2-Hz
increments, spanning the range of characteristic frequencies (Bodnar
and Bass 1997a). For most units, the intensity level of the beat stimuli
was 12 dB above threshold measured for a 90-Hz pure tone; for some
units the intensity level was either 6 or 18 dB above threshold.
-6 Hz MMWMMWNWWMMWMWWWWMMMWW% Thresholds for beat and pure tone stimuli were generalB-6 dB
with threshold for beats being lower. The order of presentation of beat
Fic. 1. Beat stimuli and spike train analysié: schematic of the power stimuli was either with increasing dF, decreasing dF, or random dF.
spectrum of negative and positive beat dE€(Hz) used in this study. For all Stimuli were 1 s induration, and data were collected for 10 repetitions

stimuli, 1 component was always held constant at 90 Hz, and the oth§reach dF. A UW30 underwater speaker (Newark Electronics), po-

component was varied from 80 Hz (0 Hz) to 100 Hz 10 Hz) in 2-Hz  gjioneq peneath the fish in a 32-cm diameter tank, was used for
incrementsB: schematic of spike rate and interspike interval (ISI) measur%;

ments used in this study. Spike rate was computed as the average numb e&wery of acoustic s_lgnals (after Lu and Fay ]:993)' The speake_rs
spikes during a beat, and ISI&t] were measured within a beat cycle and nofl€dUency response in water was measured with a Bruel and Kjaer

between beats (designated Xybetween 1st and 2nd beat cycles). Mean spik8103 mini-hydrophone; sound pressure was equalized with CASSIE
rates and ISIs were compared between negative and positive dF beats soS@fftvare. Hydrophone recordings of acoustic stimuli demonstrated
the beat stimuli differed in only one spectral component. that reflections from the tank walls and water surface did not alter the
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sound pressure waveform of the signals. All experiments were caess the general overall variability in a unit's 1SIs, we measured the
ducted inside a walk-in soundproof chamber (Industrial Acoustic€V over the entire data set. For spectrally sensitive units, the CV was

Bronx, NY). computed over the spectrally sensitive range of ISIs.
Synchronization of spikes to the beat dF and beat components was
Spike train analysis quantified by the vector strength of synchronization. The vector

strength of synchronization measures from 0 to 1 the accuracy of

To assess possible spike train coding of spectral differencespihase locking to a periodic signal (Goldberg and Brown 1969). The
concurrent signals, we compared each unit’s spike train responseyaetor strength was computed over 1-s intervals and the mean and SD
negative and positive dF beats. A negative dF beat refers to a two-t@ver 10 repetitions. For each unit, the vector strength of synchroni-
stimulus composed of 90 Hz—dF Hz, e.g..-&-Hz beat= 90 + 84 zation was computed for the dF as well as each of the constituent
Hz (Fig. 1A). A positive dF beat refers to a two-tone stimulusomponents. A Rayleigh Z-test, based on the mean vector strength
composed of 90 Hz dF Hz e.g., a+6-Hz beat= 90 + 96 Hz (Fig. and mean number of spikes per repetition, was used to test whether
1A). For each unit, comparisons were made at fivelF values (2, 4, synchronization was significanP (< 0.05) (Batschelet 1981).
6, 8, and 10 Hz). These beat stimuli had the same dF but differed by
only one spectral component. Any differences observed in the spikg sy T
rate or ISI distributions would reflect differences in the spectral
composition of the beats. In this study, we designate a unit as specThe results presented represent data collected from record-
trally sensitive when it exhibits a differential response in either iisigs of 132 neurons in the midbrain’s torus semicircularis. For
spike rate or ISI distributions for positive and negative beat stimuthhe majority of units (89%), full data sets were obtained-for
i.e., having different spectral compositions. The specific representzat dF from 2 to 10 Hz; 9% of the units have data with only
tion of individual frequency components by a spike train is currentiya dE value missing, and the remaining 2% have data with

under investigation. i
We measured both differences in spike rate and ISI dis‘[ributior%\./0 dFs missing.

Spike rate was measured by calculating the average number of spikes o
per beat, and a Mann-Whitndy test was used to test for significantSPike rate spectral sensitivity
differences P < 0.05). First-order ISls, that is, intervals between . .. . . . . .
consecutive action potentials, were computed for spike bursts wit ins.'gmf'c"’lnt differences in the spike rates Of. audlgory mid-
the beat period onlyAt, Fig. 1B); ISIs between periods were notPr@in responses ta beat dFs were observed in 68% of the
included K, Fig. 1B). To compare first-order ISI probability distri- Units at one or more dFs (FigAR The distribution of spike
butions we utilized the novel approach of examining the inveré@te spectral sensitivity at individual dFs is shown in Fig; 3
cumulative distribution functions, also known as survival functiongote that any one unit may show spectral sensitivity at more
(by using StatView 4.5), of the ISls of spike train responses to posititlkan one dF. Ten percent of the population of units exhibited
and negative dF beats. A cumulative probability distributiéf) ( significant spike rate differences betweeB-Hz beats, 20% at

shows the probability of event occurrences less than or equal tor-Hz dFs, and~35-45% at dFs of-6, +8, and+10 Hz.
designated value (e.gAt, Fig. 1B), the inverse cumulative distribu-

tion (1 — F) shows the probability of event occurrences greater th der IS I L
or equal to the designated value. Raster plots and poststimulus ti Est-order spectral sensitivity

Ll‘isto%raBmsCof a unit’z_resp:grllse tlf'k';'.ftbegtst ‘f"bret.ShOW” ig Fig. 2, A Jarge number of units was observed to show first-order ISI
and b. Lorresponding probabiiity GIStributions an InVerSPSpectral sensitivity over a limited range of intervafd$l; see

cumulative distributions are shown in Fig.Q,andD, andE, respec- A ‘ndividual unit d diff t dEs. th
tively. Qualitative differences can be observed in the standard plots§iTHoPS). Across individual units and different dFs, there was

the 1SI probability distributions. However, it is difficult to ascertain/ariation in the ranges of ISIs that gave rise to spectral
the range and extent of these differences. The points of divergenc&@fsitivity. The graphs in Fig. 4 show the inverse cumulative
the ISIs are easily observed in the inverse cumulative ISI distributiofliStribution functions of representative examples of the three
(Fig. 2E). Thus the range over which the ISIs appear to exhibeneral ranges dfiS| spectral sensitivity observed. Thus a unit
sensitivity to differences in the spectral composition of a beat can heay show significant differences over its entire I1SI distribution
directly assessed. ‘Fig. 4A, left pane) but much greater sensitivity over a more

For many units (55%), significant differences in cumulative 1S§mijted range (Fig. A, right pane). Figure 4 shows an
distributions were not observed over the entire distribution at any xample of a unit tha{t exhibited its maximufiSI spectral
(Fig. 2E). However, distinct regions of divergences in the invers

cumulative distribution functions could be observed (designated ?ﬂS'I'tIVIty over short ISIs. T.h.e 'unlts n .F'g' ,an'd C, show
arrows in Fig. E). When the cumulative distributions of the I1SIs only'5 gnificantfISI spect_ral sensitivity over mterme_dlate and long
within this region were compared, there was often a significant dS! ranges, respectively. Across all observations of spectral
ference (Fig. B). Thus in our analysis, we considered a neuron t8ensitivity f = 322), 23% have their maximum spectral sen-
have “ISI spectral sensitivity” when there was a significant differencitivity over short ISI ranges, 31% over intermediate ISI
in mean first order ISIsR < 0.05, Mann-WhitneyJ test) between ranges, 31% over long ISI ranges, and 15% over the entire
positive and negative dF beat responses within a range of intervedqige of ISls.
that contained=50% of its total ISIs. We refer to these units as having The distributions of the lower and upper ISI cutoffs across all
ffiltered 1SI spectral sensitivity” {ISI). The lower and upper ISI f|5| spectrally sensitive units and all dFs are shown in Fig. 5.
gﬂt(;)fézgosgzllje;:’]?llydlfrs]itrzli?]’?itzlgntsl‘év\?;?ugh?)?etﬂetoszg?i)s(ltli‘zleﬁetifalue, These distributions show the ISls ranges over which spectral
The coefficient of variance (CV) of the ISI distribution (SD nor_segs:tlwty IS obsefrfv ed across tlhe populatlondT?]e majority o_lzjunlts
ma_llized by the mean) serves as an indicator of the var_iability in'd"™ tQW !Slthcu:? ﬁ IaStI mti’\r\f{fa K:tl'hS ms, gln_ ttherz.m{a.ls \{\." ert
spike train’s ISls. Previous studies used the CV as an index of tMarauon inthe hig cutoris with a mode In the aistribution at.
regularity of a neuron’s firing (Blackburn and Sachs 1989; Young é0 ms. This suggests that there are no distinct classes of units with
al. 1988). These studies used a more detailed analysis in which the §pecific ISI cutoffs but instead that there is a continuurist
was reiteratively computed throughout the stimulus duration. To agpectral sensitivity ranges within a population.
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plot of the inverse cumulative distribution functions of
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E. Within this limited range of intervalsf(ISl), there is

L a significant difference in the mean ISls of the spike
train responses to a6-Hz beat. In all cases, a unit was
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H =50% of its ISIs fell within the spectrally sensitive
range.

F

J IS1>0.007 [
@ 8 IS1<0.030 |
20N p=0.0037
B ] A
c ] o 6Hz

€ 2] 0 +6Hz [
[©] =
g 01 ARSI e
& 0 .005.01 .015.02 .025 .03

Across the population, 97% of the units exhibitétsl

At (sec)

tion of ~50% of the population of units exhibitingSI| spec-

spectral sensitivity at one or more dFs (Fid\; &s with spike tral sensitivity (Fig. ).

rate, a unit may exhibitISI spectral sensitivity at more than

Because differences in spike rate give rise to differences

one dF). For any one dF, there was a relatively even distribig- |SI, the ISI spectral sensitivity observed may actually

A

Number of Units

reflect differences in spike rate. Figure 7 presents a regres-

At One or More dFs B cy;rggggag?:” sion plot of the difference in mean ISI versus the difference
125 o132 100 in spike rate across all units and all dFs (fasl spectrally
B £9 sensitive units, the mean ISI was computed over the spec-
25 79 trally sensitive range of ISIs). Although there was a signif-
S icant relationship betweeISI and Aspike rate P <
2% 50+ 0.0001), differences in spike rate account for only 30% of
n=41 23 2 B the variance in ISl differences (Fig. 7).
Se ® sl R Figure 8,A andB, shows the distributions of CV for dllSls
58 S B of spectrally sensitive units across all negative and positive dFs
() % [oe] B R .. .
0= : S S R S A within the spectrally sensitive ranges. The CV characterizes the
significant  not significant 2 4 6 8

Spike Rate Differences

IdF1 (Hz)

variability in ISls across several stimulus presentations. A random
Poisson distribution is characterized by a GV 1; previous

Fic. 3. Cumulative data for spike rate (spike rate) spectral sensitibity. stydies classified neurons with C¥s0.5 as exhibiting regularity

distribution of units that show significant (gray) and no significant (hatche
differences in the spike rates betweerdF beats at=1 dFs.B: distribution of

 their firing (Blackburn and Sachs 1989; Young et al. 1988). The

the percentage of units that exhibited spike rate spectral sensitivity at each &S Of both negative and positive ISIs for spectrally sensitive

a unit may exhibit spectral sensitivity tel dF.

units are normally distributed with means at 0.5470.167 for
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The distributions of the CVs for all nonspectrally sensitive units

across all negative and positive dFs are shown in Fig.adD, shown to encode the dF of a beat by synchronization to dF,

with higher means at 0.78% 0'.154 for—drF z_a_nd 0.793- 0.144 whereas midbrain units exhibit poor synchronization to the
for +dF beat. For both negative and positive dFs, there was a

significant difference ¥ < 0.0001) in the mean CVs between A
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In response to beat stimuli, midbrain units have been
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#1SI cut-off (sec) in the meanf ISIs betweent dF beats at=1 dFs.B: distribution of the

percentage of units that exhibitédiSI spectral sensitivity observed at each
Fic. 5. Distribution of low ISI cutoffs (solid) and high ISI cutoffs (hatched)dF; as in Fig. 8, a unit may exhibit spectral sensitivity to more than one
for spectrally sensitive units. dF.
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.02 L L ! } L 1 1 DISCUSSION

A fundamental signal processing task that must be achieved
by the auditory system of vocal species is the segregation of
concurrent vocal signals. Understanding how the spectral com-
ponents of concurrent signals are encoded within the central
auditory system is essential to determining the computational
mechanisms utilized in this task. The data presented in this
study in midshipman fish show that, in response to beats with
the same dFs but differing in one spectral component, many
auditory midbrain neurons (68%) exhibited significant differ-
ences in their spike rates, whereas virtually all (97%) showed
significant differences in their first-order ISlIs within a specific
range of intervals {ISI). Furthermore, although spike rate
spectral sensitivity was observed primarily at dFs of 6-10 Hz
) , (Fig. 3B), fISI spectral sensitivity was observed equally across

ASpike Rate (spikes/beat) all dFs (Fig. ®), including dFs of 2 and 4 Hz, which are within

FiIc. 7. Comparison of differences in spike rate dri§l between+ dF the same range of the majority of dFs observed in natural
beats. For each unit, at every dF, the difference in its ni¢@hvs. difference pgpitats (Bodnar and Bass 1997a). Hence both a spike rate and
in spike rate betweert dF is plotted and fitted with a regression. ) L

temporal ISI code of a beat’s spectral composition appear to be

individual components (Bodnar and Bass 1997a). In thg®Sent

study, synchronization to the individual beat components!n @ Previous study, we found that midbrain neurons in
was measured in a representative subset of units 6): midshipman show significant synchronization to dF (Bodnar
only 6 of 66 units (4%) showed significant synchronizatio nd Bass 1997a). This study demonstrates that 56% of the units

to either beat component at any dF, in support of olpat exhibited significant synchronization to dF also showed
previous findings (Bodnar and Bass 1997a). Significant sypPIKe rate spectral sensitivity, whereas 80% also shauet

chronization to the beat dF at one or more dFs was obser ctral sensitivity. Toge@her these data indicate that midbrain
in 90% of the unitsif = 120/132) (Fig. @). The distribution neurons provide a combinatorial code of the dF and spectral

of units with significant synchronization at each dF is showfPMPosition of concurrent vocal signals.

in Fig. 9B. Of the dF-sensitive units, 80% also showd8&I

spectral sensitivity, and only 56% showed spike rate spect@éike rate and temporal encoding strategies

sensitivity (Fig. ). The histogram in Fig. B shows the

distribution of units that show combined dF sensitivity and The general view of central auditory encoding of acoustic
fISI spectral sensitivity (solid bars) or combined dF senssignals is that the spectral composition of a signal is repre-
tivity and spike rate spectral sensitivity (open bars) acrosented spatially via a spike rate code. Within the auditory
individual dFs. At each dF, a greater percentage of dhidbrain (inferior colliculus) of mammals there is a highly
sensitive units exhibif ISI spectral sensitivity than spike ordered tonotopic representation of frequency based on narrow
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(Merzenich and Reid 1974; Schriener and Langner 19%nce offISI differences can be accounted for by spike rate
Semple and Aitkin 1979). The frequency resolution of collicudifferences. This indicates that any specific mean spike rate
lar spike rate filters is in close correspondence with behaviosdlll allows considerable variance (70%) in the relative timing
measures of frequency resolution (Ehret and Merzenich 198®5,spikes. Hence, systematic shifts in ISI distributions could
1988). Spike rate frequency tuning curves and tonotopic regreatly expand the range of stimulus parameters that are reli-
resentations of frequency were also observed in the auditadyly encoded. Furthermore, because more units exhiSit
midbrain (torus semicircularis) of a range of nhonmammalisspectral sensitivity over all behaviorally relevant dFs, the data
vertebrates, including fish (Bodnar and Bass 1997a; Crawfadggest that a temporal ISI code of spectral composition of
1993; Echteler 1985; Lu and Fay 1993). concurrent vocal signals could provide more information about

The segregation of concurrent vocal signals poses a sigriffe spectral composition of those signals than a spike rate code
icant challenge to a spatial/spike rate encoding strategy albne. However, it is important to keep in mind that spike rate
spectral composition. In the case of concurrent multiharmorand temporal encoding strategies are not mutually exclusive
signals such as human vowels or midshipman humsFgse and may in fact complement and enhance each other. The
and harmonics may differ by only a few Hertz. Thus theesponse of a postsynaptic neuron is likely to be dependent on
spectral components of the individual vocal signals often fddloth the number and timing of incoming spikes during the
within the same bandwidth of a neuron’s frequency tuningtegration window of the cell. Our emphasis here is not that
curve and hence remain unresolved by a spatial/spike rafther a spike rate diSl is used for neural encoding but rather
encoding strategy. Thus it remains unclear how the specttiaht the use of &SI code would markedly increase the ability
components of the two signals could be segregated based af the auditory system to segregate concurrent signals, whether
spatial/spike rate encoding alone. alone or in conjunction with a spike rate code.

Here we examined the possibilities of both spike rate andDifferences in the distributions of thé&lSls of neurons
temporal encoding (ISI) of the spectral composition of beaitsdicate a difference in the relative timing of action potentials
within the midshipman auditory midbrain. Theunissen antbntained within a neuron’s spike train output. At this point, it
Miller (1995) explicitly defined a temporal encoding strategyemains unknown whether it is differences in the individual
as one that is independent of spike rate encoding. AlthoufISls themselves that serve as the code for a signal’s spectral
both spike rate andlISI differences are observed in midbraircomposition or whether the differences in mean ISls reflect
neurons in midshipmar]SI encoding of spectral compositionchanges in more complex patterns of spike intervals. A com-
is largely independent of spike rate, as only 30% of the vaputational study explored the possibility of pattern recognition
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based on temporal patterns of spikes (Hopfield 1995), wheréasegregate concurrent signals, depending on whether they use
the potential for the discrimination of sound location based @pike rate or temporal encoding of spectral composition. Be-
patterns of actual spike train data was demonstrated in tteuse a greater percentage of midbrain units shows spike rate
auditory cortex of cats (Middlebrooks et al. 1994). A morepectral sensitivity primarily at large dFs, signal segregation
detailed comparison of spike patterns of responses to posithased on this code alone predicts that midshipman can reliably
and negative dF beats is required to elucidate whether sucbrdy segregate signals with larger dFs. In contrast, because
coding mechanism is present in the midshipman’s auditonyidshipman show similar ISI spectral sensitivity across all
system. dFs, signal segregation that utilizes the ISI temporal code
The ISI spectral sensitivity we observed for most units wamedicts they can segregate concurrent signals equally well at
within a limited range of ISIs. Inclusion of intervals outsidesmall and large dFs. These predictions can be directly tested in
this range masked the detection of differences in spike trainsto choice behavioral phonotaxis studies. Behavioral studies
statistical tests. I1SIs outside the spectrally sensitive range ntegve shown that midshipman can reliably segregate signals
represent either noise or they may encode other features ofwith dFs of 10 Hz (McKibben and Bass 1998). Preliminary
stimulus. In response to beats, the midshipman auditory systdaia from that study suggest they also have the ability to
apparently transforms a periodicity code of the spectral comegregate at smaller dFs of 2-5 Hz that are prevalent in a field
ponents of the beat into a combinatorial code of dF (Bodnpopulation (Bodnar and Bass 1997a). A behavioral study to test
and Bass 1997a) and spectral composition (this study). Ittige reliability of signal segregation at smaller dFs is currently
possible that, to create a temporal code of dF within the brain, progress.
some noise is introduced into the temporal encoding of the
spectral composition. Hence postsynaptic cells would ”eedé%mparisons with other species
filter this spike train noise to reliably extract spectral informa-
tion, i.e., produce responses only to spectrally sensitive I1SIsIn a different sensory modality, namely the electrosensory
The low and high ISI cutoffs of midbrain units indicate thesystem, some weakly electric fish produce a quasisinusoidal
ranges of temporal filtering necessary for enhanced discrirelectric organ discharge (EOD) nearly continuously for use in
nation of =dF beats by postsynaptic cells. The majority afocial communication and electrolocation (Heiligenberg 1991).
units had low ISI cutoffs at intervalst15 ms, and there was When two fish with EODs whosEs differ by a few Hz are
wider variation in the high ISI cutoffs with a peak in thenear each other, their signals produce a beat waveform analo-
distribution at 40 ms. gous to acoustic beats with phase modulations and AM at the
Several studies have demonstrated roles of synaptic medRk- To avoid “jamming” of its signal, a fish will adjust its EOD
anisms (Casseday et al. 1994; Covey et al. 1996), dendréiway from that of its conspecific (Bullock et al. 1972; Heili-
structure (Carr and Konishi 1990; Carr et al. 1986b; Rose agdnberg 1991; Kawasaki 1993). Hence electric fish are faced
Call 1993), and voltage-dependent conductances (Brew amith a similar problem, in segregating two incoming signals,
Forsythe 1995; Fortune and Rose 1997; Perney and Kaczmandth the exception that one signal is typically its own.
1997) in the temporal filtering of spike inputs. Hence neural In gymnotiforms, the beat waveform is encoded by two
mechanisms clearly exist that would permit appropriate filtetypes of peripheral receptors that encode either the phase
ing of spectrally sensitive ISIs. modulations (T-type) or the AM (P-type) of the beat (see Carr
Alternatively, I1SIs outside the spectrally sensitive range map93; Heiligenberg 1991). Within the midbrain, the general
encode other parameters of the stimulus waveform. In thipectral composition of a beat is contained within the intervals
study, we held stimulus depth of modulation, intensity, angetween phase-locked spikes of giant cells of lamina 6 of the
duration constant. Increases in spike rates in response to stionus semicircularis (Carr et al. 1986a). The sign of dF (posi-
ulus intensity level have been well documented within thiéve or negative) relative to an animal’s own signal is deter-
auditory system. In addition, several studies found units withmined on the basis of the comparison of differential phase
the auditory midbrain that are sensitive to changes in stimulosdulations across an animal’s body in conjunction with dif-
duration (Casseday et al. 1994; Covey et al. 1996; Ehrlich etfdrential AM and dF information derived from parallel path-
1997; Feng et al. 1990; Fuzessery 1994; Gooler and Fenmgys (Heiligenberg and Bastian 1984; Heiligenberg and Rose
1995). Thus changes in these parameters may produce chad@8%; Rose and Heiligenberg 1986; see also Guo and Kawasaki
in the ISIs of midbrain neurons. If midbrain neurons encodE997 for gymnarchid electric fish).
different stimulus parameters within different ISI ranges, To date, only a few other studies examined the coding of
changes in stimulus depth of modulation, intensity, or durati@oncurrent vocal signals. In the eighth nerve of guinea pigs and
should not influence ISIs within the spectrally sensitive rangeats, fibers temporally encode tRgs and upper harmonics of
but instead produce changes in the ISIs outside this rangencurrent vowels via synchronization to the periodicities in
Changes in stimulus intensity and duration can affect tltkee stimulus waveform (Cariani and Delgutte 1996a,b; Palmer
synchronization of midbrain units to dF (Bodnar and Bas990). Within the ventral cochlear nucleus of cats, again the
1997b). Studies are currently in progress to examine how thégs of concurrent vowels are temporally encoded by both
stimulus parameters may influence temporal coding of tipeimary-like and chopper units via phase locking (Keilson et
spectral composition of a signal. al. 1997). Thus a temporal code of tlgs of concurrent
Although an ISI code would appear to improve the amourbwels is present in mammals at both primary afferent and
of information about the spectral composition of a signalentral medullary levels.
within a spike train, the question remains whether it is actually Thus far no studies examined the coding of concurrent vocal
utilized in concurrent signal segregation. The data presentggnals within the auditory midbrain. However, a number of
here make specific predictions about the ability of midshipmatudies in a wide variety of species examined the coding of AM
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signals (Condon et al. 1994, 1996; Gooler and Feng 19%®ss preferences for particular signal features, e.g., frequency.
Langner 1983; Langner and Schreiner 1988; Rees and Molldre presence of response specificity indicates the presence of
1983; Rees and Palmer 1989; Rose and Capranica 19&@bkignal identification process, i.e., animals are not simply
Inferior colliculus units exhibit tuning in their spike rates an@pproaching any acoustic signal, but rather certain signal fea-
vector strength of synchronization to the rate of AM (Fmodjures must be present for it to be attractive. The presence of
Among mammals, strong synchronization to envelope modsignal feature preferences suggest signal identification at the
lations is most prominent at lower AM rates (Langner ani@vel of the feature being tested; i.e., to exhibit a preference for
Schreiner 1988); changes in the carrier frequeri€y ¢f the a particular signal feature, an animal must not only discrimi-
AM signal, and hence its spectral composition, can produpate it as different from another signal, but also must be able to
changes in both a unit's phase coupling to the stimulus envdentify some particular feature of the signal that makes it more
lope and its spike rate at a givé,,q (Langner 1983; Langner attractive.
and Schriener 1988). Schriener and Langner (1988) found arwo recent behavioral studies examined the auditory capa-
topographical representation Bf,,.q orthogonal to the tono- bilities of fishes in the processing of concurrent signals. Gold-
topic representation df, and hence discussed a combinatoridish were recently shown to discriminate between single tones
spatial code folF,,,4 andF.. However, the fact that midbrain and beats by using a generalization conditioning paradigm
neurons synchronize 1§,,,4 and exhibitF_-related changes in where responsiveness is measured by changes in respiratory
spike rate indicates that individual neurons can also provideae (Fay 1998). The ability to discriminate is dependent on
combinatorial code of the,,,qand spectral composition of anboth the frequency of the conditioning tone and the difference
acoustic signal. frequency of the two-tone test signals. For example, in the case
The effects of changes iR, on the ISIs within AM phase- of a low-frequency conditioning tone, 200 Hz, goldfish dis-
coupled spike bursts were not examined. However, in a receniminated a 4-Hz beat (206- 204 Hz) 60% of the time.
study in guinea pigs, the responses of many collicular units Adthough these experiments indicate that goldfish can discrim-
pure tones exhibited a high degree of regularity in their IShate between single tones and beats, it remains unclear
distributions as measured by their coefficient of variation (Reeshether they can segregate, i.e., hear out and discriminate
et al. 1997). In addition, data from a preliminary study suggelsétween the two tones comprising a beat signal.
that there is a correlation between a unit’s regularity of firing In midshipman, recent phonotaxis experiments assessed the
and its response to AM signals (Sarbaz and Rees 1996). It wesponse specificity and preferences of females for midshipman
therefore proposed that the temporal patterns of regularly firimgcal signals of varying parameters (McKibben and Bass 1998).
neurons in the inferior colliculus may encode acoustic infofn one-choice phonotaxis experiments, females routinely ap-
mation. Thus, as in midshipman, temporal encoding of thpoached speakers emitting hum-like signals but did not approach
spectral composition of concurrent signals may also be presspéakers when either white noise or grunt-like signals were broad-
within the central auditory system of other vertebrates. cast. In one series of two-choice phonotaxis experiments, females
were presented with concurrent hum-like signals with difference
Behavioral studies of concurrent vocal signal segregation frequencies of 10 Hz from two separate loudspeakers. In these
experiments, females unambiguously went to one speaker or the
Behavioral studies of animal responses in various psgther, demonstrating the ability to segregate and discriminate
choacoustic tests can provide essential insights into the neudratween concurrent signals. In addition, females exhibited signif-
mechanisms that may underlie auditory processing problentant preferences for particular frequencies. In another series of
The segregation of concurrent signals is the ability to hear duto-choice experiments, midshipman were also shown to be able
two overlapping signals. The fundamental components of th discriminate between single, hum-like tones and 5-Hz beats
process are the ability to detect the presence of two signalsctmposed of hum-like tones.
discriminate or perceive a difference between the individual Here we have shown that differences in spike rate or the I1Sls
signals, and to localize each signal. The ability to identifgf auditory midbrain units encode differences in the spectral
individual signals is not a necessary part of the basic segregamposition of beats and thus provide evidence of a neural
tion task, although segregation is an essential prerequisitestdostrate that is likely to contribute to the segregation of
signal identification. concurrent vocal signals in midshipman. The behavioral results
Two general types of behavioral tests are used in assesdiegcribed previously suggest that midshipman can segregate
the auditory perception of nonhuman animals: conditioning epncurrent signals, that is, discriminate and localize the indi-
phonotaxis paradigms. In conditioning paradigms, animals anelual vocal signals, and also appear to identify individual
conditioned with one signal and then tested to determis@nals on the basis of frequency. The latter suggests the
whether they can discriminate between the conditioning apdesence of additional coding and computational mechanisms
test signals by assessing changes in a behavioral or physiologyond those assessed here.
ical response when presented with a test stimulus. These exSignal identification could arise from two possible mecha-
periments generally assess detection and discrimination pnisms, dF sign selectivity or frequency recognition. Under a dF
cesses. sign-selectivity mechanism one component would be explicitly
In phonotaxis experiments, animals are presented with sigpded and serve as a reference signal, whereas the sign of the
nals from loudspeakers at a distance and allowed to approalfference frequency would enable the computation of the fre-
a speaker at will. A choice is scored when an animal apguency of the other signal. This mechanism is analogous to that
proaches a speaker and indicates the ability to detect arized by electric fish in computing differences among their
localize a signal. One-choice experiments assess the respdfG®s (Heiligenberg 1991). In contrast, a frequency recognition
specificity of an animal, whereas two-choice experiments asechanism predicts that each individual frequency component
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Fic. 10. Models for the temporal coding of con-

A Midshipman Auditory System current vocal signalsA: schematic summary of the
neurophysiological data for the coding of concurrent
FO ~ ISI dF~VSdF + FO-~ ISl vocal signals within the midshipman auditory system.

Auditory afferents temporally encode the individual
T T OO —1 o>+ T 01010 AL 0] comonens o sear i wa synetmonizaton
their periodicities and thus encode thgs via ISls

e - e A -0l (McKibben 1998). Auditory midbrain neurons syn-

Medulla chronize spike bursts to the dF of beats (MBod-

Afferents Midbrain nar and Bass 1997a) and show differences in their
f I1Sls within a beat period fot- dF beats (this study).
Hence midbrain neurons provide a combinatorial
B FO ~ IS temporal code of dF and spectral composition of

concurrent signalsB: schematic of a model for the
combinatorial coding of-, and dF information; this
dF+ FO model follows that proposed by Langner (1983) for
the coding ofF, and F,,,4 of amplitude modulation
l Hl H| H” “’ " “ ”H signals (see text). Under this model, 2 populations of
units in the medulla, one that synchronizes td-giof
dF WMMMWWWWMWMMMWWMWM the beat fop lef) and the other that synchronizes to
dF (bottom lef}, converge onto a coincidence detec-
tor (shaded box), which fires only when spikes from
mml Um” ”tlm ll”m m”” m"" Midbrain both units arrive simultaneously (black); other spikes

(shaded) do not elicit a response. The resulting output
WWWWMWMMMMWWW" is a spike train in midbrain neurons that synchronizes
bursts of action potentials to dF, and information

Medulla aboutF, is contained within the ISIs of spikes oc-
curring within a beat period (right).

after Langner 1983

MY YO Y O A
AN A

should be represented simultaneously within the auditory systemays, one in which spike activity is phase coupled to modulations
Determination of the neural mechanisms utilized by midshipmamthe signal’s envelope and the other in which activity is coupled
in identifying individual signals requires the comparison of the the carrier frequency, giving rise to the combined coding of
spike train responses between beats composed of different dgpsy and F.. In the case of concurrergignals, the parallel
stituent tones (e.g., 90 Hz dF vs. 100 Hz+ dF) and between pathways would temporally encode thgs and dFs of beat
beat stimuli and their individual frequency components. Spilkegnals (Fig. 18). Hence this model predicts that two
train analysis of such data are currently underway and will lmopulations of neurons should be present in the medulla of
presented in a forthcoming article. midshipman, one population that like afferents exhibits
strong synchronization to the individual components of a
beat and a second population that strongly synchronizes to
modulations in the signal’s envelope. Midbrain neurons then
serve as coincidence detectors that receive convergent in-

The mechanisms that underlie the segregation of concurrghits from these two populations and elicit action potentials
vocal signals can in part be elucidated by examining the codingtbft are both phase locked to dF and contain information
concurrent signals and their transformations at different lev@i§out theFys within their ISls, as is observed in midship-
within the auditory system. A summary of the neurophysiologyan fish. Consequently, periodicity coding of the individual
known to date about the temporal coding of concurrent vocz@mponents of a beat in the periphery would give rise to
signals in the midshipman auditory system is shown in Fig. 10combinatorial coding of th&,s and beat modulations (dF)

In the peripheral auditory system of midshipman, auditory affewithin the brain. These mechanisms for the coding of con-
ents exhibit low synchronization to the dF of a beat stimulus beurrent acoustic signals are likely to be highly conserved
high synchronization to the individual components, i.e.Rjg of and comparable with those used by other vertebrates, as
a beat (McKibben 1998; McKibben and Bass 1996). Hence tRBown for other auditory coding mechanisms in teleosts
Fos of the beat's components are encoded by correspond{fgy 1993).

periodic patterns of ISIs in afferent spike trains. In contrast,
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