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Responses of cochlear nucleus neurons to harmonic and

mistuned complex tones
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Abstract

Preliminary measurements of the representation in the cochlear nucleus (CN) of harmonic tones,
harmonic tones with mistuned components, and double harmonic tones are reported. These data
indicate that, unlike auditory nerve fibers and IC neurons, neurons in the CN may exhibit one of
several qualitatively-different response patterns when stimulated with mistuned tones. Primarylike
neurons synchronized their discharges to 2-3 individual stimulus components, much like auditory
nerve fibers do. Chopper neurons tended to respond with the periodicity of envelopes produced by
interactions between adjacent stimulus components but exhibited little or no response synchronized
to individual stimulus components. A small proportion of CN neurons exhibited complex slowly-
modulated discharge patterns similar to those that are commonly observed in the inferior colliculus
(IC). The patterns obtained from CN neurons with different pure-tone discharge patterns were
generally consistent with expectations based on previous studies with other stimuli. The
measurements provided additional insight into the hierarchical processing stages that result in the
highly patterned responses of IC neurons to harmonic and mistuned tones.
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Introduction

Humans and non-human animals usually process sounds in environments in which multiple
sound-generating objects are present. In that case signals often overlap in time and frequency,
but the normal auditory system automatically and effortlessly segregates information arising
from each of the individual sources so that the original sound-generating objects can be
accurately perceived. Segregation is part of the process described by terms such as auditory
scene analysis (Bregman 1990) or sound-source determination (Yost 1993; Yost and Sheft
1993). In his influential review of the anatomy and physiology of the auditory brainstem,
Dexter Irvine (1986) noted that sound source determination is an essential function of the
auditory system. However, at the time Irvine’s book was written, neurophysiological studies
of the processing of simultaneous sounds had not been reported. Although several studies of
the neural representation of simultaneous sounds have now been carried out, the neural
mechanisms that underlie sound-source determination remain incompletely understood. We
have studied these mechanisms by measuring neural responses to harmonic tones, harmonic
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tones with mistuned components, and double harmonic tones. These sounds were chosen
because they may be perceived by humans as originating from one or two sound sources,
depending on details of their harmonic structure (Bregman 1990; Yost and Sheft 1993; Darwin
and Carlyon 1995; Carlyon 2004; Darwin 2005; Roberts 2005). These stimuli engage the same
neural mechanisms for sound source determination as more complex mixtures, but are simple
enough to be practical for use in neurophysiological studies.

Psychophysical studies of the perception of sounds with single mistuned components have
provided extensive information about segregation based on harmonicity (Hartmann 1988;
Moore et al. 1986; Lin and Hartmann 1998). Harmonics of a fundamental frequency (f0) tend
to be grouped and perceived as a single sound with a pitch determined by fO and a timbre
determined by the pattern of component amplitudes; voiced speech sounds and the sounds
produced by musical instruments are examples of harmonic sounds. If the spectrum includes
acomponent that deviates from the harmonic series (a “mistuned” component), that component
can be segregated and perceived as a separate sound with a different pitch and timbre. Although
most studies of mistuning have used strictly harmonic sounds as their starting point, Roberts
and colleagues have shown that listeners can also segregate components that deviate from other
forms of harmonic structure, including inharmonic sounds with regular component spacing
and sounds with “stretched” spacing (Roberts and Brunstrom 1998, 2001).

In real-world listening situations, it is likely that a competing sound will consist of harmonics
of a different f0. Two vowels with identical fO that differ in timbre can be identified with
accuracy greater than chance (Assmann and Summerfield 1989), but accuracy improves
dramatically if the fOs of the individual vowels differ by as little as 3% (Assmann and
Summerfield 1990; Chalikia and Bregman 1989, 1993; de Cheveigné 1993, 1997, 1999). Pairs
of non-speech harmonic tones can also be separated, presumably by similar processes;
however, these sounds have been studied less often (Beerends and Houtsma 1989; Carlyon and
Shackleton 1994; Carlyon 1996; Micheyl et al. 2006).

We have previously studied the representation of harmonic and mistuned tones in the auditory
nerve and the inferior colliculus (IC) of the chinchilla (Sinex et al. 2002, 2003, 2005; Sinex
2005). We have also described the representation of pairs of harmonic tones with different
fundamental frequencies in the IC (Sinex and Li in press). The discharge patterns of IC neurons
are strongly affected by the presence of components that depart from a simple harmonic series
and lead to the perception of a second sound source. In IC responses to mistuned tones and
double harmonic tones, stimulus components at and above fO are represented weakly or not at
all in the temporal discharge pattern. Instead, the response spectrum includes prominent low-
frequency components that are not present in the stimulus. These components correspond to
beat frequencies produced by adjacent components in the stimulus, and they may also reflect
higher-ordered interactions between beats. In addition, perceptually-double sounds may elicit
greater discharge rates than single sounds.

In contrast, at the level of the auditory nerve, there is no qualitative difference between the
representation of a purely-harmonic tone, and a tone with a mistuned component. Auditory
nerve fibers represent individual components in the spectra of complex sounds in discharge
synchrony (Sinex et al. 2003). The particular stimulus components that are represented in the
response do not depend on whether components are harmonically related. For example, a fiber
that synchronizes to the fourth and fifth harmonics of a harmonic tone will continue to
synchronize to the same numbered components after one of them has been mistuned. The exact
frequencies represented in discharge synchrony change when the frequency of a component is
changed, of course. A similar result was obtained by Palmer (1990), who studied the
representation of double vowels with different f0; he found that auditory nerve fibers could
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synchronize to any component within their frequency response areas, from either vowel or both
vowels.

Together, these results demonstrate that a major transformation in the temporal representation
of harmonic complex sounds occurs in the lower brainstem. Where and how this transformation
occurs cannot be determined from the data reported so far. To begin to establish how the
characteristic discharge patterns of IC neurons are created, preliminary measurements of the
responses of neurons in the cochlear nucleus (CN) of the chinchilla to harmonic and mistuned
tones have been made. These preliminary results indicate that CN neurons exhibit a range of
discharge patterns, including some that resemble those of auditory nerve fibers, some that
resemble the more-complex responses of IC neurons, and some that fall between these patterns.

Animal preparation

Stimuli

Responses were obtained from units in the CN of the chinchilla with methods identical to those
described previously (Sinex et al. 2005, Sinex and Li in press). Briefly, chinchillas were deeply
anesthetized by injection of a mixture of 36 mg/kg ketamine and 4 mg/kg xylazine, and
supplemental injections of ketamine or ketamine/xylazine were given as required. The animal
was placed in a stereotaxic instrument (David Kopf Instruments, Tujunga CA) in a double-
walled sound-attenuating booth (IAC, Brooklyn NY). The posterior fossa was opened, and a
portion of the cerebellum was aspirated to expose the dorsal surface of the CN. Recording
electrodes were placed above the ventral CN (VCN) or dorsal CN (DCN) under visual control,
then advanced from outside the sound booth with a hydraulic microdrive (David Kopf
Instruments, Tujunga CA). Responses were recorded from well-isolated single units with glass
micropipettes filled with 2M NaCl. All procedures were approved by the Institutional Animal
Care and Use Committee at Utah State University.

The stimuli were single harmonic tones, mistuned tones, and double harmonic tones. A single
harmonic tone was generated by summing the first 8 harmonics of 250 Hz. A mistuned tone
was produced by shifting the frequency of a single component by 3-12% (Sinex et al. 2002,
2003, 2005; Sinex 2005). A double harmonic tone was generated by summing the waveforms
of two single harmonic tones with different fOs (Sinex and Li in press). Typically, one fO was
250 Hz, and the second fO was 255, 260, 270, or 280 Hz. Tones were 650 msec long, with 5-
msec linear rise-fall time, and all components had identical onset times and durations. Tones
were presented once per second at levels between 10-70 dB SPL per sine-wave component.
Individual components were always synthesized in sine phase. The amplitude of each
individual component was adjusted during synthesis to compensate for the non-uniform
transfer function of the acoustic system. After compensation, individual components had equal
SPL at the eardrum.

Data collection and analysis

Stimulus generation, stimulus presentation, and data collection were controlled by computer.
Waveforms were digitally synthesized, passed through digital-analog converters,
programmable attenuators and antialiasing filters (all from TDT, Alachua, FL), then delivered
to a closed acoustic system incorporating ER2A insert earphones and an ER7 probe-tube
microphone (Etymotic Research, EIk Grove Village, IL). The acoustic system was calibrated
for each experiment. Tones were always delivered monaurally to the ipsilateral ear, and were
typically presented 75 times.
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When a neuron was isolated, a detailed frequency-response map was obtained with an
automated procedure that presented tones at multiple frequencies and levels in a random
sequence (Nuding et al. 1999). Responses to tone bursts at CF were also obtained and used to
classify each neuron according to the shape of its peristimulus time (PST) histogram and first-
spike latency (Bourk 1976; Young et al. 1988). The preliminary results shown here were
obtained from primarylike, chopper, and buildup units, all of which are common in the CN
(Bourk 1976; Rhode and Greenberg 1992; Feng et al. 1994).

Responses elicited by complex tones are displayed as PST histograms, or as cycle histograms
constructed from spikes occurring between 50-650 msec after tone onset. Cycle histograms
were generated with a 200-msec cycle; 200 msec was the shortest interval over which every
complex tone was periodic. To determine the “response spectrum”, the discrete Fourier
Transform of a 4096-bin histogram constructed from all the spikes in the window from 50-
650 msec after onset was calculated. The resolution of the resulting spectrum was 1.667 Hz.
The response at each frequency was expressed as the Synchronization Index (SI), the magnitude
of the Fourier component normalized by the average discharge rate (Johnson 1980; Young and
Sachs 1979). The locations of individual peaks in the response spectrum are referred to as
response frequencies or response components.

The results presented here illustrate the range of responses elicited by complex tones from 30
CN neurons recorded from 5 chinchillas.

Representation of mistuned tones

The discharge pattern of one CN primarylike neuron to harmonic and mistuned tones is shown
in Fig. 1. The response elicited by a harmonic tone is shown as a PST histogram in Fig. 1A.
As is typical of CN primarylike neurons responding to pure tones, discharge probability was
highest at stimulus onset, adapted over the first few msec, and was maintained at an
approximately constant level for the remaining duration of the complex stimulus. The overall
discharge rate was 134 spikes/sec, and it can be seen that the harmonic tone elicited a response
with a regular temporal pattern.

Details of this pattern can be seen more clearly in the cycle histogram and accompanying
response spectrum shown in Fig. 1B. Discharge rate peaks separated by 4 msec were prominent
in the cycle histogram; 4 msec was the fundamental period of the harmonic tone with f0=250
Hz. These features of the response were quantified in the response spectrum, which included
components at integer multiples 250 Hz. The response with the periodicity of f0O may be a direct
response to the fO component in the stimulus, but that is not easily distinguished from a response
locked to the 250-Hz beat or envelope created by interaction between responses synchronized
to any pair of adjacent harmonics. After the response at 250 Hz, the largest response
components occurred at 1000 and 1250 Hz; these harmonics were closest to the neuron’s CF,
1.2 kHz. Although they cannot be seen in the cycle histogram, smaller peaks with shorter
separation were also present in the discharge pattern. The presence of these peaks and of short
interspike intervals (not shown) confirmed that the neuron’s discharges did synchronize to the
components near its CF.

Response components were also observed at higher frequencies not present in the stimulus.
These are likely to be artifacts of the analysis that arise because of the rectification inherent in
cochlear transduction (Young and Sachs 1979). Consistent with this possibility, some of these
response components occurred at frequencies outside the neuron’s response area.
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Figure 2 shows the responses of the same primarylike neuron to three tones in which
Component 4 was mistuned by different amounts. The response to the tone in which
Component 4 was mistuned by 3%, from 1000 to 1030 Hz, is shown in Fig. 2A. This change
in the stimulus produced a corresponding change in the discharge pattern that is most easily
understood by examining the response spectrum. The synchronized response followed the
stimulus change, so that the largest response components occurred at 1030 and 1250 Hz. These
were the same-numbered stimulus components that elicited large responses in the data shown
in Fig. 1, even though one component was no longer a harmonic of f0. In addition, a new low-
amplitude response component appeared at 220 Hz. The frequency of this component is
consistent with its being produced by an interaction between the responses synchronized to
stimulus Components 4 and 5. These responses could beat to produce an envelope at 1250 —
1030 = 220 Hz. The same interaction may have occurred in the response to the harmonic tone.
As described previously, in that case the beat would have had the same frequency as an actual
stimulus component, 250 Hz.

The same general description can be applied to the data in Fig. 2B. In this example, Component
4 was mistuned by 6%, from 1000 to 1060 Hz. As in the previous example, Components 4 and
5 dominated the response, and a small component whose frequency corresponded to the
difference between those two frequencies was also observed. In this case the difference
frequency was 190 Hz. In the data in Fig. 2C, Component 4 was mistuned by 12% to 1120 Hz.
Again, the largest response components corresponded to stimulus Components 4 and 5, and to
the difference between those frequencies, 130 Hz. Overall, the primarylike neuron always
produced a response synchronized to a small number of stimulus components near its CF and
to a low frequency that matched the difference between those components. Mistuning changed
the particular frequencies at which synchrony was observed, but produced no qualitative
change in the response. Not surprisingly, the characteristics of these responses mimic those we
have reported for auditory nerve fibers (Sinex et al. 2003).

The responses of a chopper neuron to the same stimuli are shown in Fig. 3. This neuron’s CF,
1.1 kHz, closely matched that of the neuron whose responses were shown in Figs. 1 and 2,
although it was recorded in a different animal. In response to the harmonic tone (Fig. 3A), the
largest component in the response was at 250 Hz, which was f0 and also the frequency
difference between any pair of adjacent harmonics. When Component 4 was mistuned by 3%,
the amplitude of the response component at 250 Hz decreased, but new response components
appeared at 220 and 30 Hz. The 220-Hz component likely was produced by interactions
between responses synchronized to Component 5, at 1250 Hz, and the mistuned Component
4, at 1030 Hz. The component at 30 Hz could be produced if response components at 220 and
250 Hz interact; we have previously referred to interactions of this type as second-order
envelopes when describing the responses of IC neurons to mistuned tones (Sinex et al. 2002,
2005). As in Fig. 3A, this neuron’s response components at frequencies greater than 250 Hz
are likely to be artifacts due to rectification; for example, a component was observed at 1000
Hz even though the mistuned tone had no component at that frequency.

The same neuron’s response to a tone in which Component 4 was mistuned by 6% is shown
in Fig. 3C. In this case, the largest response components occurred at 190 and 60 Hz. The
interpretation of this pattern is the same as that given for the data in Fig. 3B. The response
component at 190 Hz corresponds to the difference frequency between Components 4 and 5
in the stimulus. The response at 60 Hz could be produced by second-order beats between
responses synchronized to 190 and 250 Hz. Similarly, the frequency of the largest response
component in Fig. 3D, 130 Hz, matches the difference between Component 5 at 1250 Hz and
the mistuned Component 4 at 1120 Hz. Overall, this neuron’s synchronized responses are best
described as following the envelope produced by interactions between unresolved stimulus
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components near its CF. It did not exhibit synchrony at the frequencies of the components
themselves, as the primarylike neuron did.

The responses of a buildup neuron to the same set of complex tones are shown in Fig. 4. This
neuron’s CF was much higher than the CF of the neurons in the previous example, so it is not
possible to say whether the features of these discharge patterns are a consequence of CF, of
the type of neuron, or both. However, this example is included here because the temporal
discharge patterns strongly resembled those that have been observed in the IC (Sinex et al.
2002,2005).

In response to the harmonic tone, the neuron exhibited the same buildup pattern obtained with
pure tones at CF. The response was tightly locked to the stimulus envelope, which accounts
for the large component at 250 Hz in the response spectrum. Response components at 500 Hz
and other integer multiples of 250 Hz were clearly artifactual in this example; interspike
intervals occurred at 4 msec and at integer multiples of 4 msec, but intervals shorter than 4
msec that would indicate synchrony to frequencies greater than 250 Hz were never seen.

Responses to tones in which Component 4 was mistuned by 3, 6 and 12% are shown in Figs.
4B-D. In the response to each mistuned tone, large components at 250 Hz and its harmonics
were observed. As in Fig. 4A, those components above 250 Hz were likely to be rectifier
distortion products; for example, a response component occurred at 1000 Hz even though none
of the mistuned stimuli included a component at that frequency. The most obvious consequence
of mistuning was the appearance of sidebands above and below the large responses attributable
to f0.

The sideband response components can be seen more clearly in Fig. 5, which displays the first
400 Hz of the same response spectra with higher resolution. An interaction between responses
synchronized to Components 4 and 5 would produce the beat with a frequency less than 250
Hz, and an interaction between Components 3 and 4 would produce the beat with a frequency
greater than 250 Hz. In each response spectrum, the frequencies of the sidebands correspond
to those difference frequencies: 220 and 280 Hz in Fig. 4B, 190 and 310 Hz in Fig. 4C, and
130 and 370 Hz in Fig. 4D. One possible interpretation of these patterns is that the neuron
responded in a simple way to a beat produced by those interactions. However, if that were the
case, one might expect to see response components at integer multiples of those frequencies,
as is seen for the response component at 250 Hz. Examination of the full response spectra in
Fig. 4 shows that was not the case. Instead, the response components at higher frequencies
occurred at frequencies that maintained the same spacing around each harmonic of 250 Hz.
That pattern more closely resembles the spectral change that would be produced by amplitude
modulation at 30, 60, or 120 Hz.

The discharge pattern shown in Fig. 4D is of particular interest because, although it differed
from the patterns described here for other CN neurons, it strongly resembled the pattern that
we have consistently observed in the IC and described in detail (Sinex et al. 2005). The
resemblance can be seen in Fig. 6, which directly compares the cycle histogram of the CN
buildup neuron’s response to the cycle histogram obtained with the same stimulus from an IC
neuron with CF = 3 kHz. Each histogram exhibited slow modulation with a period of 100 msec,
and a fine structure in which peaks were separated by approximately 8 msec. Smaller peaks
interspersed between those peaks were also present, but only during a portion of the cycle.
These features are common in the IC but in the preliminary data collected so far, rare in the
CN.
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Representation of double harmonic tones

Responses to double harmonic tones have been obtained from 8 CN neurons. Examples of
responses from two neurons are shown in Fig. 7. In each case, the stimulus was a double
harmonic tone with fOs of 250 and 260 Hz. The responses of a primarylike neuron (Fig. 7A)
synchronized to a small number of stimulus components nearest its CF, 0.8 kHz. For this double
harmonic tone, the largest response frequencies were 750 and 780 Hz, the third harmonics of
each single tone. This pattern was qualitatively similar to the patterns elicited by mistuned
tones shown in Figs. 1 and 2 for a different primarylike neuron, in that the response spectrum
reflected the frequencies of the stimulus components that fell within the neuron’s frequency
response area. The same general pattern was observed in the response to other double harmonic
tones in which f0 of the second tone was varied (not shown). In each case the synchronized
response included the components from each harmonic tone that fell near CF.

The responses of a chopper neuron with CF=2.4 kHz to the same stimulus are shown in Fig.
7B. The largest component in this neuron’s response spectrum was at 80 Hz. Smaller response
components representing responses synchronized to the first two harmonics of each single tone
were also seen. For this double harmonic tone, the stimulus components nearest to this neuron’s
CF were at 2000 and 2080 Hz, which would beat at 80 Hz, the frequency that was prominent
in the response spectrum. As in the previous example, a qualitatively similar pattern was
observed in response to other double harmonic tones. The chopper neuron’s response followed
changes in envelope frequencies when the fO of the second tone was changed. This pattern also
bears some similarity to the pattern elicited by mistuned tones from a different chopper shown
in Fig. 3, in that the temporal discharge pattern reflected the frequency difference between two
components.

Discussion

Responses of neurons in the CN of the chinchilla to harmonic complex tones, the same tones
with mistuned components, and pairs of complex tones with different fO were presented.
Although these data are preliminary, they illustrate that these manipulations of the original
harmonic tones have qualitatively different effects on the discharge patterns of CN neurons of
different types. We had previously measured the representation of the same stimuli in the IC,
and a goal of the ongoing study is to determine how the distinctive responses of IC neurons
are generated. Most CN neurons respond to these tones in a way that does not resemble the
representation of the same tones in the IC. However, in a few neurons, responses very much
like IC responses were obtained.

The defining feature of the responses of CN primarylike neurons to complex tones was
synchrony to a small number of individual stimulus components. When a component was
mistuned, there was no effect of beyond the simple change in response frequency. This pattern
was also observed in true primary neurons by Sinex et al. (2003). Primarylike neurons also
represented double harmonic tones in a straightforward manner, exhibiting synchrony to
components near CF, including components that originated with either or both of the original
harmonic tones. This is also consistent with previous observations of primary and primarylike
neurons. For example, Palmer (1990) examined the representation of simultaneous vowels with
different fOs in the responses of auditory nerve fibers. He reported that components from each
individual vowel could be identified in the population synchronized response. CF was a major
determinant of the particular components that accounted for the synchronized response, as in
the present results. Keilson et al. (1997) obtained responses to stimuli that were like double
vowels from neurons in the CN. Consistent with the present results and those of Palmer, they
reported that primarylike neurons exhibited synchrony to components near their CFs.
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The responses of chopper neurons were qualitatively different from the responses of
primarylike neurons, in that their temporal discharge patterns reflected the frequencies of beats
produced by adjacent stimulus components, rather than the frequencies of the components
themselves. For harmonic tones, choppers responded at the frequency of the fundamental
period. This was true even for neurons tuned to frequencies well above f0, indicating that some
or all of these responses were locked to the envelope that would be produced by any pair of
adjacent unresolved components. For a stimulus with f0=250 Hz, the envelope is periodic over
4 msec. When a component is mistuned, two new envelope frequencies are produced in the
frequency region of the mistuning, one with frequency lower than fO and one with a higher
frequency. These new beat frequencies were observed in the response of the chopper neuron
shown in Fig. 3. Chopper neurons exhibited analogous responses to double harmonic tones, in
that components at envelope frequencies were more prominent in the response spectra. When
synchrony to components was observed, it was only at the lowest frequencies (Figs. 3 and 7B).
This behavior is also consistent with previous reports that CN choppers do not synchronize
well to the waveforms of other complex sounds, but do provide a good representation of
envelopes (Blackburn and Sachs 1990;Keilson et al. 1997;Shofner 1999).

The buildup neuron whose responses to a mistuned tone were shown in Fig. 4 exhibited a
discharge pattern that was unlike those shown for primarylike and chopper neurons, but bore
a strong resemblance to the patterns elicited from IC neurons by the same stimulus (Sinex et
al. 2002,2005). We have previously hypothesized that this pattern might be created in the IC
by converging excitatory and inhibitory inputs that originate in different frequency regions
(Sinex et al. 2005;Sinex 2005). The data shown in Fig. 4 make it clear that this kind of complex
modulated pattern does not originate exclusively in the IC, although the data collected so far
suggest that this pattern will be much less common in the CN. Histological confirmation of
this buildup neuron’s anatomical location is not available, but it was recorded in a track aimed
at the DCN, and the buildup pattern is commonly observed in the DCN of anesthetized animals
(Rhode and Greenberg 1992). It is well known that many neurons in the DCN have integrative
properties similar to those that we believe account for the representation of these complex tones
in the IC. For example, principal cells of the DCN integrate excitatory and inhibitory input
across frequency (Spirou and Young 1991;Young and Davis 2002;Rhode and Smith 1986).

Given the similarity between the representation of the mistuned tone by the buildup neuron
and the representation of the same tone in the IC (Fig. 6), and the fact that the DCN provides
a major input to the IC, it is reasonable to ask whether the stereotypical discharge pattern
observed in IC is simply relayed from a more peripheral level. Although the discharge pattern
of the presumed DCN neuron was similar to those recorded in the IC, it was not identical to
the stereotypical response seen in the IC. The most conspicuous difference is that many IC
neurons recorded in the same species under identical conditions of anesthesia and data
collection equipment and software begin to exhibit complex temporal discharge patterns after
a latency that is shorter than the latency of this buildup neuron. Buildup neurons by definition
respond only after a delay, so they cannot account for the initial part of the responses observed
in the IC. For now, the working hypothesis continues to be that the discharge patterns observed
in the IC are largely created within the IC by across-frequency interactions between neurons
carrying envelope information. As the present data show, some neurons in more peripheral
structures may generate similar patterns, if they receive converging inputs of the type
hypothesized to occur more centrally. The extent to which DCN neurons influence the
representation in the IC, and to which IC responses to these complex sounds are influenced by
other brainstem nuclei, is a matter for further study.
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Abbreviations

CF

characteristic frequency
CN

cochlear nucleus
DCN

dorsal cochlear nucleus
fo

fundamental frequency
IC

inferior colliculus
PST

peristimulus time
Sl

Synchronization Index
VCN

ventral cochlear nucleus
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Figure 1. Temporal discharge pattern of a CN primarylike neuron to a single harmonic tone.
Neuron 610-19, CF=1.2 kHz, threshold at CF=10 dB SPL, primarylike PST for tones at CF

A. PST histogram. The abscissa represents time relative to the onset of the stimulus. The
complex tone stimulus included the first 8 harmonics of 250 Hz, was presented at 30 dB SPL
per component, and had a duration of 650 msec. The ordinate scale is in spikes/second per 1-
msec bin.

B, left panel. Same data as A shown as a cycle histogram so that the temporal discharge pattern
can be seen more clearly. The ordinate scale is in spikes/second per 0.147-msec bin. See text
for details of histogram generation. In this and other cycle histograms, extremely high discharge
rates reflect precise spike timing and the use of small binwidths.

B, right panel. Response spectrum. The ordinate scale is Synchronization Index, which is
described in the text. Triangles mark the frequencies of the 8 stimulus components.
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Figure 2. Responses of the same neuron shown in Fig. 1 to mistuned tones. Cycle histograms and
response spectra are as described for Fig. 1B

A. Responses to a tone in which Component 4 was mistuned by 3% (from 1000 to 1030 Hz).
The unfilled symbol marks the frequency of the mistuned component. The + symbol marks the
new envelope frequency that could be produced by interaction between Components 4 and 5.
B. Same as Fig. 2A, when Component 4 was mistuned by 6% (from 1000 to 1060 Hz).

C. Same as Fig. 2A, when Component 4 was mistuned by 12% (from 1000 to 1120 Hz).
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Figure 3. Responses of a CN chopper neuron to harmonic and mistuned tones. Neuron 603-6,
CF=1.1 kHz, threshold at CF=30 dB SPL, chopper PST for tones at CF

A. Responses to a single harmonic tone with f0=250 Hz, presented at 40 dB SPL per
component. See Fig. 1B for additional description.

B. Responses to a harmonic tone in which Component 4 was mistuned by 3% (from 1000 to
1030 Hz). The unfilled symbol marks the frequency of the mistuned component. The + symbols
mark the new envelope frequencies that could be produced by Components 3 and 4, or by
Components 4 and 5. C. Same as Fig. 3B, when Component 4 was mistuned by 6% (from 1000
to 1060 Hz). D. Same as Fig. 3B, when Component 4 was mistuned by 12% (from 1000 to
1120 Hz).
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Figure 4. Responses of a CN buildup neuron to harmonic and mistuned tones. Neuron 610-4, CF=5

kHz, buildup PST for tones at CF

A. Response to a single harmonic tone with f0=250 Hz, presented at 50 dB SPL per component,

shown as a PST histogram. See Fig. 1A for description.

B. Responses to a tone in which Component 4 was mistuned by 3% (from 1000 to 1030 Hz),
shown as a PST histogram. The unfilled symbol in the response spectrum marks the frequency

of the mistuned component.

C. Same as Fig. 4B, when Component 4 was mistuned by 6% (from 1000 to 1060 Hz).

C. Same as Fig. 4B, when Component 4 was mistuned by 12% (from 1000 to 1120 Hz).
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Response spectra from the previous figure shown with higher resolution. The filled symbol
marks the fO component of the stimulus, 250 Hz. In panels B-D, the + symbols mark the new
envelope frequencies produced by mistuning. Envelopes at 250 Hz could occur in both
harmonic and mistuned stimuli.
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Figure 6.

Comparison of responses elicited by the same mistuned tone from the CN buildup neuron and
from a typical IC neuron. Panel A: Same data shown in Fig. 4D replotted as a cycle histogram.
Panel B: Responses of IC neuron 412-15, CF=3 kHz. The stimulus was the same as in panel
A, except that the level was 40 dB SPL per component. For this figure only, cycle histograms
were generated with 1-msec bins.
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Figure 7. Responses of two CN neurons to double harmonic tones. In each panel, fO for the first
tone was 250 Hz, f0 for the second tone was 260 Hz, and each tone was presented at 40 dB SPL per
component. Cycle histograms were generated and response spectra were calculated as in Fig. 2
A. Neuron 604-14, CF=0.8 kHz, threshold at CF=30 dB SPL, primarylike PST for tones at CF.
Filled inverted triangles mark the frequencies of the 8 harmonics of 250 Hz. Unfilled triangles
mark the frequencies of the 8 harmonics of 260 Hz.

B. Same as A for chopper Neuron 610-7, CF=2.4 kHz, threshold at CF=20 dB SPL. The +
symbol marks the envelope frequency that would be created by interactions between the 8th
harmonics of each individual tone.
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