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First published September 9, 2020; doi:10.1152/jn.00279.2020.—Based
on single-unit recordings of modulation transfer functions (MTFs) in
the inferior colliculus (IC) and the medial geniculate body (MGB) of
the unanesthetized rabbit, we identified two opposing populations:
band-enhanced (BE) and band-suppressed (BS) neurons. In response
to amplitude-modulated (AM) sounds, firing rates of BE and BS neu-
rons were enhanced and suppressed, respectively, relative to their
responses to an unmodulated noise with a one-octave bandwidth. We
also identified a third population, designated hybrid neurons, whose
firing rates were enhanced by some modulation frequencies and sup-
pressed by others. Our finding suggests that perception of AM may be
based on the co-occurrence of enhancement and suppression of
responses of the opposing populations of neurons. Because AM carries
an important part of the content of speech, progress in understanding
auditory processing of AM sounds should lead to progress in under-
standing speech perception. Each of the BE, BS, and hybrid types of
MTFs comprised approximately one-third of the total sample.
Modulation envelopes having short duty cycles of 20–50% and raised-
sine envelopes accentuated the degree of enhancement and suppression
and sharpened tuning of the MTFs. With sinusoidal envelopes, peak
modulation frequencies were centered around 32–64 Hz among IC BE
neurons, whereas the MGB peak frequencies skewed toward lower fre-
quencies, with a median of 16 Hz. We also tested an auditory-brain-
stem model and found that a simple circuit containing fast excitatory
synapses and slow inhibitory synapses was able to reproduce salient
features of the BE- and BS-type MTFs of IC neurons.

NEW & NOTEWORTHY Opposing populations of neurons have
been identified in the mammalian auditory midbrain and thalamus. In
response to amplitude-modulated sounds, responses of one population
(band-enhanced) increased whereas responses of another (band-sup-
pressed) decreased relative to their responses to an unmodulated
sound. These opposing auditory populations are analogous to the ON
and OFF populations of the visual system and may improve transfer
of information carried by the temporal envelopes of complex sounds
such as speech.

auditory information processing; sensory coding; speech recognition;
temporal envelopes; visual ON- and OFF-channels

INTRODUCTION

Sounds of human speech and music have fluctuations in ampli-
tudes at rhythms ranging from about once every second to about
once every hundredth of a second (Ding et al. 2017; Steeneken
and Houtgast 1980; Stevens 2000; Varnet et al. 2017). When
such sounds are divided into multiple frequency bands, the signal
in each band can be decomposed into a modulating envelope and
a carrier using the Hilbert transform (Rabiner and Schafer 2011).
Telecommunication systems carrying speech signals capitalize
on this principle; a prominent example of this method is speech
vocoding (Dudley 1939, 1940; review: Schroeder 1966). Several
studies have found that a small number (e.g., 4 or 5) of ampli-
tude-modulated (AM) noise bands or sinusoids can produce high
rates of speech recognition (Delattre et al. 1952; Dorman et al.
1997; Hill et al. 1968; Loizou et al. 1999; Shannon et al. 1995).
Furthermore, using “auditory chimeras” that have envelopes of
one sound and carriers of another, Smith et al. (2002) found that
the envelope was most important for speech reception, whereas
the carrier (also known as the fine structure) was most important
for pitch perception and sound localization. These findings indi-
cate that the modulating envelopes of band-pass filtered speech
convey an important part of linguistic content of speech and that
insights into how we perceive speech would require an under-
standing of how the auditory system processes AM sounds. The
present study is directed toward this goal.

Previous studies of the auditory pathways have described a va-
riety of types of modulation transfer functions (MTFs) of neurons
of the central auditory system, such as band-pass, low-pass, high-
pass, all-pass, and band-reject types (reviewed: Joris et al. 2004).
With a few exceptions, e.g., Krishna and Semple (2000; IC) and
Yin et al. (2011; auditory cortex), most studies did not compare
each neuron’s responses to modulated stimuli with the response
to the unmodulated carrier stimulus. A shortcoming with this
common approach is that the pattern of a neuron’s MTF cannot
indicate whether the underlying mechanism involves enhance-
ment, suppression, or both. This situation of the literature is all
the more surprising because in behavioral studies of humans and
animals, distinguishing modulated and unmodulated stimuli is the
standard approach (Carney et al. 2014; Dent et al. 2002; Kelly et
al. 2006; Moody 1994; Viemeister 1979).

We sought to rectify this shortcoming by designing our study
as follows. We recorded single-unit activities of the inferior col-
liculus (IC) and the medial geniculate body (MGB) of the
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unanesthetized rabbit. In all neurons studied, we determined
whether modulating the amplitude of a stimulus led to enhance-
ment or suppression relative to a neuron’s response to the same
carrier stimulus unmodulated. Our stimuli consisted of an
unmodulated noise plus a set of AM stimuli covering a range of
modulation frequencies. Based on MTFs resulting from this
approach, we identified two opposing populations: band-
enhanced (BE) and band-suppressed (BS) neurons whose firing
rates to AM sounds were enhanced and suppressed, respec-
tively, relative to their responses to an unmodulated stimulus.
The opposing nature of the BE and BS populations is analogous
to the visual ON and OFF populations of the visual system
(Schiller 1992). Possible advantages of the opposing popula-
tions in stimulus coding are discussed.
We also investigated effects of modulating envelope proper-

ties, i.e., duty cycle and rise-fall slope of smooth trapezoidal
envelopes, on MTFs and found that envelopes having a short
duty cycle (20–50%) and “raised-sine” envelopes (Bernstein
and Trahiotis 2009, 2010) produced more pronounced enhance-
ment and suppression and sharper tuning of MTFs.
To test a hypothesis about how the observed MTFs are cre-

ated, we simulated MTFs of a model of the auditory brainstem
and demonstrate that a relatively simple neural circuit model
that includes fast excitatory synapses and slow inhibitory synap-
ses can reproduce salient features of enhancement and suppres-
sion in the MTFs of IC neurons.

MATERIALS AND METHODS

This study was approved by the University of Connecticut Health
Center Animal Care Committee and was conducted according to the
National Institutes of Health guidelines. The procedures for neural re-
cording in the present study were the same as those reported previously
(Kim et al. 2015; Kuwada and Batra 1999; Kuwada et al. 2014).
Briefly, extracellular single-unit action potentials were recorded in the
right IC and MGB of unanesthetized young adult female Dutch-Belted
rabbits with custom-made tungsten-in-glass microelectrodes. During
the recording sessions, which typically lasted �2 h, the rabbit’s body
was placed in a snug-fitting body stocking and positioned in a frame.
The rabbit’s head was immobilized by clamping a brass rod that was
mounted on the skull. The neurophysiological results are based on sin-
gle-unit recordings of 105 neurons in the IC of two rabbits and 30 neu-
rons in the MGB of one rabbit.

Stimulus generation and data collection. For each neuron, we deter-
mined the best frequency (BF) using pure tones or one-third octave
band noise. For measurements of MTFs, we used noise stimuli with a
bandwidth of one-octave, centered at BF, and a level �30 dB

relative to rate threshold. Each neuron was characterized by a com-
bination of its response to the noise (unmodulated) and its responses
to AM stimuli. A critical feature of this study was that we always
compared a neuron’s firing rate to an AM sound to its response to
the unmodulated sound. We thus determined the extent to which a
neuron’s firing rate was enhanced or suppressed by AM as an impor-
tant part of the MTF.

Several modulation envelopes used are described below. The
modulation frequency was varied from 2–512 Hz in 1-octave steps.
The modulation depth was 100% for all cases in this study. We lim-
ited the modulation frequency to be lower than 12% of the center
frequency of the carrier noise band. The 12% corresponds to the dif-
ference between the upper cutoff and center frequency of a one-
third-octave bandpass filter that approximates auditory filtering
(Moore 2012). Each stimulus consisted of a 1,000-ms noise burst
(with 4-ms smooth rise-fall gates) and an 800-ms silence. Each stim-
ulus was presented twice. The stimuli were delivered monaurally to
the left ear (contralateral to the neural recording side) with a closed
system, i.e., an enclosed Beyer DT-770 earphone connected to a
tube embedded in a custom-fitted ear mold. We chose to investigate
MTFs to monaural stimuli as an early step needed before addressing
MTFs to binaural stimuli. In a binaural study of MTFs, it is impor-
tant to control interaural time, level, and spectral differences and
devise a scheme for determining and justifying which part of a vast
stimulus space to explore for each neuron, e.g., a condition that rep-
resents the neuron’s best spatial location. Previous studies have
shown interactions between tuning for interaural time differences
and for AM frequency (D’Angelo et al. 2003; Sterbing et al. 2003).

The modulation envelopes that were used in this study are illus-
trated in Fig. 1. We included the raised-sine envelopes of Bernstein
and Trahiotis (2009, 2010), motivated by their finding that a human
listener’s sensitivity to envelope-based interaural time difference
(ITD) of high-frequency sounds was higher for raised-sine enve-
lopes than for the sinusoidal envelope. Compared with the sinusoidal
envelope, the raised-sine envelopes have shorter duty cycles and
sharper rise-fall slopes. Duty cycle corresponds to the proportion of
a modulation cycle over which the stimulus envelope is above a
threshold. With threshold defined to be 1% of the maximum stimulus
amplitude, duty cycles of the three envelopes shown in Fig. 1A were
93.6, 46.0, and 23.9% for the sinusoidal, “raised-sine-8”, and
“raised-sine-32” envelopes, respectively. The “8” and “32” here cor-
respond to the exponent, “n”, in equations 1 and 2 of Bernstein and
Trahiotis (2010). We determined the rise-fall slopes of the modula-
tion envelopes in two steps.

First, we determined the rise-fall slope of each envelope at the
half-maximum point. We then expressed this slope relative to that of
the sinusoidal envelope. The relative rise-fall slopes of the three
envelopes in Fig. 1A were 1.00, 2.41, and 4.75.

In the raised-sine envelopes, duty cycle and rise-fall slopes covary
with the exponent, and thus the influences of these two parameters on

Fig. 1. Different types of amplitude modulation (AM)
envelopes. A: sine, raised-sine-8, and raised-sine-32
envelopes. B: smooth trapezoid envelopes with differ-
ent duty cycles with a fixed relative rise-fall slope of
8. C: smooth trapezoid envelopes with different rise-
fall slopes with a fixed duty cycle of 50%.
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neural responses could not be ascertained separately just by varying the
exponent. Because we desired to control duty cycle and rise-fall slope
independently to determine their respective roles, we introduced a
“smooth trapezoidal envelope” that consisted of the following parts: a
smooth rising part, an optional constant-amplitude part, a smooth fall-
ing part, and an optional “off” part. The rising and falling parts of the
envelope were computed as follows. We started with a sine wave span-
ning from �90� to +270�. We modified this signal such that it rose
from 0 to 1 and fell from 1 to 0 by adding 1 to this signal and dividing
it by 2. The modified signal is thus a full cycle of a sine wave (�90� to
+270�) that is vertically shifted and scaled. The rising and falling parts
combined together spanned an interval equal to or less than the modula-
tion cycle. Variation in duty cycle was achieved by varying the fraction
of the optional “off” portion. Variation in rise-fall slope was achieved
by varying the fraction of the rising/falling portion. The present enve-
lope avoids the transients that are caused by sharp edges of a traditional
trapezoidal envelope. Figure 1B illustrates three smooth trapezoidal
envelopes that have different duty cycles (13 to 88%) but the same rela-
tive rise-fall slope of 8. Another group of three smooth trapezoidal
envelopes that have different relative rise-fall slopes (2 to 8) but the
same duty cycle (50%) are illustrated in Fig. 1C.

Root mean square (RMS) levels of AM signals are, in general, dif-
ferent from that of the unmodulated version of the signal. With 100%
modulation depth, RMS levels of the signals for sine, raised-sine-8 and
raised-sine-32 envelopes were +1.8, �2.5, and �5.4 dB relative to the
unmodulated signal level, respectively. For smooth trapezoidal AM sig-
nals, the relative RMS levels varied from �7.0 to +5.1 dB depending
on duty cycle and rise-fall slope that we used.

In this study, an unmodulated stimulus plus nine AM stimuli com-
prised a stimulus set. The attenuator setting was selected to produce a
desired target sound pressure level for the unmodulated stimulus, and
the same attenuator setting was used for all stimuli of each stimulus set.
Consequently, across different stimulus sets for various modulation
types, sound pressure level of the unmodulated stimulus was constant,
but sound pressure levels of various AM stimuli varied (by 7.2 dB for
the sine and raised-sine envelopes). We chose this approach to deter-
mine the extent of enhancement and suppression of the response to the
unmodulated stimulus just by modulating the carrier stimulus without
any scaling of the stimulus (i.e., without changing the attenuation).

Classification of MTF types. We classified all MTFs into four types
based on how much the rate changed at the peak or trough of the MTF
with respect to the rate in response to the unmodulated noise. A crite-
rion, c, was used to specify the required change in rate; e.g., for a value
of c=1.2, the rate at the peak of the MTF had to be �1.2 times the
response to the unmodulated stimulus to be classified as the band-
enhanced (BE) type; analogously, the rate at the trough had to be < (1/
1.2) times the response to the unmodulated stimulus to be classified as
the band-suppressed (BS) type. Furthermore, to be categorized as the
BE or BS type, responses had to show only enhancement or suppres-
sion. Neurons with both (or neither) were categorized as the hybrid (or
flat) type. The present classification of MTFs based on enhancement
and suppression is novel. We first used this classification in our previ-
ous paper (Kim et al. 2015); the same classification was also used in
some of our other studies (Carney et al. 2016; Fan et al. 2018).

Specifically, when both of the following conditions were met, the
MTF was classified as the BE type:

r fð Þ � c � rum; for a band of f ð1Þ
and

r fð Þ � 1=cð Þ � rum; for all f ð2Þ

where r(f) is the average firing rate to an AM sound with modulation
frequency, f; c is a criterion related to the change in rate, either 1.2
or 1.4; and rum is the average firing rate to the unmodulated carrier
sound.

When both of the following conditions were met, the MTF was clas-
sified as the BS type:

r fð Þ < 1=cð Þ � rum; for a band of f ð3Þ
and

r fð Þ < c � rum; for all f ð4Þ

When both of the following conditions were met, the MTF was clas-
sified as the hybrid type:

r fð Þ � c � rum; for a band of f ð5Þ
and

r fð Þ < 1=cð Þ � rum; for another band of f ð6Þ

When both of the following conditions were met, the MTF was clas-
sified as the flat type:

r fð Þ < c � rum; for all f ð7Þ
and

r fð Þ >¼ 1=cð Þ � rum; for all f ð8Þ

RESULTS

This study consisted of both neurophysiology and modeling.
A few sites of neural recordings were verified by electrolytic
lesions. Figure 2 represents histological sections in transverse
planes that include electrolytic lesions made at recording sites,
marked by arrows in the MGB (Fig. 2A) and in the IC (Fig. 2B).
Examples of MTFs of BE-type IC neurons are described in

Fig. 3. The two rows represent two neurons, and the three col-
umns represent three different modulation envelopes, i.e., sine,
raised-sine-8, and raised-sine-32. In response to the sinusoidal
AM envelope (Fig. 3, left column), neuron-1 (Fig. 3; top) exhib-
ited a BE-type MTF, with enhanced firing rates that were tuned
around 64 Hz (Fig. 3, top left, red). In contrast, neuron-2 (Fig. 3,
bottom) exhibited a “flat”-type MTF. Significance of synchrony
to the modulation envelope was determined with a Rayleigh test
of uniformity (Mardia and Jupp 2009). When synchrony was
significant (P< 0.001), it was plotted in blue (referring to the y-
axis scale in on the right side). Synchrony was high (mostly
0.8–0.98) for a range of modulation frequencies around the fir-
ing-rate peak.
When the raised-sine envelopes were used (Fig. 3, middle

and right columns), MTFs of both neurons became BE (note:
when a neuron’s MTF type changed under different modulation
envelopes, we chose the MTF type under the raised-sine-8 enve-
lope to be the representative MTF type of the neuron). The peak
firing rate of neuron-1 was highest under the raised-sine-8 enve-
lope, whereas the highest rate was under the raised-sine-32 en-
velope for neuron-2. In neuron-1, the range of modulation
frequencies showing significant synchrony was broader under
the raised-sine envelopes. In neuron-2, synchrony was only sig-
nificant under raised-sine envelopes and was strongest under the
raised-sine-32 envelope.
Temporal characteristics of spike discharges were examined

using both poststimulus time histograms (PSTHs) and cycle his-
tograms (cycle-Hs) of spike discharges. The PSTHs convey
whether discharges are transient or sustained, whereas the
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cycle-Hs convey whether discharges are synchronized to the
modulation envelope. Cycle-Hs that contain two cycles of
the AM envelope are illustrated here to facilitate visualization
of synchrony. Figure 4 displays PSTHs and cycle-Hs for
responses of neuron-1 to the same stimuli as in Fig. 3. This neu-
ron had onset discharges when the noise stimulus was unmodu-
lated (Fig. 4, top row). Note that, in this case, there were no
corresponding cycle-Hs because there was no modulation of the
stimulus. The neuron’s firing rate was enhanced by AM most
strongly when the modulation rate was 32–64 Hz. These
enhanced firing rates were accompanied by discharges tightly
locked to the modulation envelope, as illustrated by the cycle-
Hs. Both the enhancement of firing rate and synchrony were
much more pronounced in response to the raised-sine envelopes
than to the sinusoidal envelope. For unmodulated noise,
responses were dominated by the onset response, whereas

responses to modulated noise were mostly sustained, in terms of
firing rates per modulation cycle, particularly for the raised-sine
envelopes.
Examples of MTFs of BS-type IC neurons are shown in Fig.

5, in the same format as Fig. 3. In response to the sinusoidal
AM envelope, neuron-3 (Fig. 5, top left, red) exhibited a clear
BS-type MTF with suppressed firing rates that were tuned
around 128 Hz. In contrast, neuron-4 (Fig. 5, bottom left, red)
exhibited a flat-type MTF. In response to the raised-sine enve-
lopes (Fig. 5, middle and right columns), however, both neurons
exhibited clear BS-type MTFs. Thus, Figs. 3 and 5 together
illustrate that raised-sine envelopes are more effective than the
sinusoidal envelope in delineating MTF characteristics of both
BE- and BS-type neurons.
Regarding synchrony, neuron-3 (Fig. 5, top, blue) showed

synchrony to the AM envelope for all three types of modulation.
Under the sinusoidal envelope, neuron-3 showed weak (0.2–
0.4) but statistically significant (P < 0.001) synchrony to modu-
lation frequencies of 2–64 Hz (Fig. 5, top left, blue). Compared
with the sinusoidal envelope, raised-sine envelopes induced
stronger synchronies (0.5–0.8) over wider ranges of modulation
frequencies, as high as 256 Hz. Neuron-4 responded to the sinu-
soidal envelope (Fig. 5, bottom left, blue), with weak (0.25–0.3)
synchrony for modulation frequencies of 32–128 Hz, even
though the firing rate remained essentially unchanged from the
unmodulated case. Synchrony of both neurons became stronger
under the raised-sine envelopes.
Figure 6 shows PSTHs and cycle-Hs of responses of neuron-

3 (a BS neuron) in the same format as Fig. 4. When the noise
stimulus was unmodulated (Fig. 6, PSTHs, top row), the neu-
ron’s response consisted of both onset and sustained discharges.
The neuron’s discharges were suppressed by AM, most strongly
when the modulation rate was 64–128 Hz.
These histograms illustrate a seemingly paradoxical phenom-

enon: as the firing rate became more and more suppressed with
increasing modulation rate from 2 to 32 Hz, the spike discharges
of the BS neuron became more tightly locked to the modulation
envelope, yielding higher synchrony. The cycle-Hs also illus-
trate that raised-sine envelopes induced spike discharges that
were more tightly locked to the modulation envelope.
Hybrid-type MTFs exhibit both BE and BS properties in dif-

ferent sub-bands of modulation frequency; two examples are
shown in Fig. 7. Hybrid types were divided into hybrid-1, which
exhibits enhancement in lower modulation frequencies and sup-
pression in upper modulation frequencies, and hybrid-2, which
exhibits the reverse combination. Analogous to the BE and BS
neurons above, enhancement and suppression of hybrid neurons
were more pronounced when the modulation envelope was of
raised-sine type. In both of these neurons, there was moderate to
strong (0.25–0.95) synchrony for some modulation frequencies.
As for the BE and BS neurons, hybrid neurons also showed
higher synchrony in response to raised-sine envelopes.
How prevalent are the BE, BS, and hybrid neurons in the IC?

Figure 8 describes the distributions of these neuron types for
two criteria (c=1.2 and 1.4) and three modulation envelopes
(sine, raised-sine-8, and raised-sine-32). The most numerous
neurons belonged to the BS type, comprising 41–56% of the
sample, depending on the envelope and criterion used. The least
numerous neurons belonged to the flat type, being negligible (<
5%) for all three envelopes with the criterion of 1.2. When the
criterion was 1.4, the flat type comprised 8–21% of the sample.

Fig. 2. Histological sections in transverse planes that show electrolytic lesions of
recording sites marked by arrows in the medial geniculate body (A) and the infe-
rior colliculus (B). D, dorsal; DC, dorsal cortex; ICC, central nucleus of inferior
colliculus; L, lateral; LC, lateral cortex; LL, lateral lemniscus; LP, lateral poste-
rior; M, medial; SC, superior colliculus; V, ventral.
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Furthermore, the flat-type MTFs under sinusoidal envelope of-
ten became hybrid or BS type under raised-sine envelopes.
Relative prevalence of the BE and hybrid types was mostly
comparable; the BE type comprised 24–38% of the sample, and
the hybrid type comprised 9–37%, depending on the envelope
and criterion used.
What would we see if the relative response rates in the MTFs

of all of the recorded neurons were averaged? Figure 9 shows
averaged MTFs, for which all rates were normalized by the
response to unmodulated noise before averaging. The solid lines
in Fig. 9 represent geometric means of relative firing rates taken
separately from the BE and BS neurons (defined with 1.2 crite-
rion) for three modulation envelopes. Note that the y-axes have
logarithmic scales. The dashed lines represent ± 1 SD from the
geometric mean, computed on the logarithm of relative firing
rates. The population MTFs were tuned, with the BE MTFs hav-
ing a peak of �32–64 Hz and the BS MTFs having a trough at

128 Hz. The tuning of both populations was sharper for the
raised-sine envelopes than for the sinusoidal envelope. Compared
with the sinusoidal envelope, raised-sine envelopes produced
both greater enhancement of BE neurons and greater suppression
of BS neurons. The peak relative population response of the BE
neurons was 1.60, 2.31, and 2.51, for the sinusoidal, raised-sine-
8, and raised-sine-32 envelopes, respectively. Analogously, the
trough relative population response of the BS neurons was 0.56,
0.39, and 0.34 for the three corresponding envelopes.
Are the different MTF types made up of neurons with differ-

ent BFs? This question was evaluated with the chi-square test
applied to the distributions of BFs for the BE, BS, and hybrid
MTF types observed with the raised-sine-8 envelope and a crite-
rion of 1.2, as described in Table 1. The test outcome was that
the BF distributions were not significantly different among the
three MTF types; P = 0.094, chi-square = 4.78, degree of
freedom=10.

Fig. 3. Rate (left ordinate) and synchrony (right ordi-
nate) modulation transfer functions of two band-
enhanced inferior colliculus (IC) neurons (neurons-1
and -2) with a best frequency (BF) of 4 and 8 kHz,
respectively. The carrier stimulus was a 1-octave
band noise centered at the neuron’s BF. The red filled
dot and horizontal dotted line represent the neuron’s
firing rate to the unmodulated noise stimulus.

Fig. 4. Poststimulus time histograms (PSTH) and
cycle histograms (cycle-H) of responses of a band-
enhanced inferior colliculus (IC) neuron (neuron-1)
represented in Fig. 3. The noise was unmodulated
(UM; top row) or amplitude-modulated (rows 2–9).
Three different modulation envelopes were used: a
sine function (left), raised-sine-8 (middle), and raised-
sine-32 (right). The stimulus, consisting of 1-s noise
bursts followed by 0.8-s silent intervals, was pre-
sented twice monaurally to the ear contralateral to the
neural recording site. Bin width for the PSTHs was
16.1 ms; bin width for the cycle-Hs was 1/32 cycle.
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What is the relationship between the MTFs of the rabbit
IC neurons and the rabbit’s behavioral MTFs? Using an
operant behavioral procedure, Carney et al. (2014) measured
the rabbit’s AM detection threshold for various modulation
frequencies using a sinusoidal envelope and a wideband
noise. We took reciprocals of the detection thresholds (i.e.,
modulation depths in dB) as detection sensitivities and plot-
ted them versus modulation frequency in Fig. 10 (top).
Figure 10 (bottom) shows a neural MTF that was derived
from the BE and BS population responses to a sinusoidal en-
velope (same as Fig. 9, top). This MTF corresponds to the
geometric mean of the normalized rate of the BE population
and reciprocal of the normalized rate of the BS population.
The behavioral and neural MTFs show remarkably similar
patterns: both have a maximum at 64 Hz. The similarity

supports the interpretation that the rabbit’s AM detection
behavior reflects neural firing rate in the IC.
Which modulation frequencies induce the peak firing rates of

the BE IC neurons and the trough firing rates of the BS IC neu-
rons? This information is provided in Fig. 11. Under the sinusoi-
dal envelope, the peak modulation frequency of the BE neurons
was broadly distributed over 4–512 Hz with a median of 32 Hz
(Fig. 11, top left). Under the raised-sine envelopes, the peak
modulation frequency was more concentrated around 64 Hz
with a median of 64 Hz (top middle and right). Distributions of
the trough modulation frequency of the BS neurons were com-
parable to those of the BE neurons’ counterparts. One difference
between the corresponding measures of the two neural groups is
that, under each envelope, the most common trough modulation
frequency tended to be slightly higher than the most common

Fig. 5. Rate and synchrony modulation transfer func-
tions of two band-suppressed inferior colliculus (IC)
neurons (neurons-3 and -4) with a best frequency of
14 kHz and 5 kHz, respectively. The format of this
figure is same as Fig. 3.

Fig. 6. Poststimulus time histograms (PSTH) and
cycle histograms (cycle-H) of responses of a band-
suppressed inferior colliculus (IC) neuron represented
in Fig. 5 (neuron-3). The format of this figure is same
as Fig. 4.
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peak modulation frequency: 64 versus 32 Hz under sine and 128
versus 64 Hz under raised-sine envelopes. Median trough modu-
lation frequency was 64 Hz for all three envelopes.
The results described above demonstrate that the raised-sine-

8 and -32 envelopes induce more pronounced enhancement of
firing rates of BE neurons and suppression of BS neurons than
the sinusoidal envelope. Considering that for the raised-sine
envelopes, duty cycle and rise-fall slope covary with the expo-
nent of the raised-sine equation, it was not possible to ascertain
separately the effects of duty cycle and rise-fall slope of the
modulation envelope on neural responses just by varying the
exponent. To overcome this limitation, we devised a smooth
trapezoidal envelope (Fig. 1) for which these two properties of
the modulation envelope could be controlled separately.
Responses of an example neuron to a smooth trapezoidal en-

velope are illustrated in Fig. 12; the middle row represents
MTFs with different duty cycles (25–88%) and a fixed relative
rise-fall slope (8), whereas the bottom row represents MTFs
with different relative rise-fall slopes (4–16) and a fixed duty
cycle (25%). A duty cycle of 25%was more effective in enhanc-
ing the neuron’s response than the longer duty cycles of 50 and
88% (middle row). As duty cycle decreased from 88% to 25%,
the firing rate became higher, while at the same time, synchrony
became stronger and significant over a wider range of modula-
tion frequencies. In stark contrast, relative rise-fall slopes of 4–
16 with a fixed duty cycle of 25% had little influence on the
MTFs of this neuron (bottom row). The MTFs in the first row of
Fig. 12 confirm that this neuron’s MTFs are consistent with the
results described above for the sine and raised-sine envelopes.
Effects of duty cycle and rise-fall slope on MTFs were exam-

ined in 22 IC neurons using the smooth trapezoidal envelope.
The effects of a shorter duty cycle on MTFs were analogous to
the effects of a higher exponent of the raised-sine envelope in
all of the tested neurons. When duty cycle was at a neuron’s pre-
ferred value (called the best duty cycle), the neuron’s response

was maximally enhanced in BE neurons and maximally sup-
pressed in BS neurons. In hybrid neurons, both enhancement
and suppression were observed in different regions of modula-
tion frequency. In all tested neurons, effects of duty cycle on
neural responses were strong, whereas effects of rise-fall slope
were weak. Do different neurons exhibit different best duty
cycles? What are the most frequently observed best duty cycles?
We addressed these questions by examining the distribution of
best duty cycles (Fig. 13). Nearly all neurons preferred short
duty cycles of 20–50%.

Fig. 7. Rate and synchrony modulation transfer func-
tions of inferior colliculus (IC) neurons exhibiting
hybrid types. Neuron-5 (top) and Neuron-6 (bottom)
correspond to hybrid-1 and hybrid-2 types, respec-
tively. The best frequency was 8 kHz for both
neurons.

Fig. 8. Distributions of different types of rate modulation transfer functions of in-
ferior colliculus neurons (n = 105). The criterion of normalized rate for separat-
ing neurons into different types was 1.2 (left) or 1.4 (right).
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Above, observations from IC neurons were presented; below
we present observations from MGB neurons. MGB MTFs com-
prised BE, BS, hybrid, and flat types, analogous to those of the
IC neurons. Examples of MGB neurons’ BE- and BS-type
MTFs are shown in Fig. 14. Enhancement and suppression fea-
tures of MGB BE and BS neurons, respectively, became more
pronounced under the raised-sine envelopes than the sine enve-
lope, as in the IC. Furthermore, synchrony of these neurons also
became stronger under the raised-sine envelopes.

Examples of MGB neurons’ hybrid-type MTFs are shown in
Fig. 15. Hybrid-1 and hybrid-2 types of MTFs are found in the
MGB, analogous to the IC; however, effects of raised-sine enve-
lopes on hybrid MTFs of MGB neurons can be more complex
than in the IC. For example, a hybrid-1 type of MTF (Fig. 15,
top left) under the sine envelope became BS type under the
raised-sine-32 envelope, a situation not observed in the IC.
Regarding synchrony of MGB neurons overall, statistically sig-
nificant synchrony was present in modulation frequencies rang-
ing from 2–512 Hz, with values of the synchrony reaching 0.90
under different conditions.
We computed population rate MTFs of BE and BS neurons

of the MGB (Fig. 16), analogous to the IC population MTFs
(Fig. 9), except that in the MGB only the sine envelope MTFs
were recorded for the population. The BE population MTF of
the MGB neurons (Fig. 16, left) does not have a distinct peak, as
was observed in the IC at 32–64 Hz (Fig. 9, top left). The BE
population MTF in the MGB was less tuned than in the IC; the
BS population MTF in the MGB, on the other hand, did have a
trough of�128 Hz (Fig. 16, right), similar to that in the IC (Fig.
9, top right).

Fig. 9. Population rate modulation transfer functions of band-enhanced (left)
and band-suppressed (right) inferior colliculus (IC) neurons, respectively,
obtained with 3 types of envelopes and defined with a 1.2 criterion. Solid
lines: mean; dashed lines: means ± SD computed on logarithmic y-scales. No.
of neurons for the band-enhanced type: 38, 24, and 24 for the sine, raised-
sine-8, and raised-sine-32 envelopes, respectively; those for the band-sup-
pressed type: 45, 41, and 47.

Table 1. Distributions of best frequencies of neurons belong-
ing to the BE, BS, and hybrid MTF types obtained with the
raised-sine-8 envelope and a criterion of 1.2

BF (kHz) BE BS Hybrid Sum

0.5 0 1 0 1
1.0 0 1 2 3
2.0 1 11 3 15
4.0 11 15 19 45
8.0 10 7 11 28
16.0 2 6 2 10
sum 24 41 37 102

Best frequencies (BFs) were grouped into 1-octave-wide bins. The chi-
square test indicated that the BF distributions were not significantly different
among the three modulation transfer function (MTF) types; P = 0.094, chi-
square = 4.78, degree of freedom=10. BE, band-enhanced; BS, band-
suppressed.

Fig. 10. Behavioral and neural modulation transfer functions (MTFs) of the rab-
bit. A: amplitude-modulation detection sensitivity of the rabbit (in dB) vs. modu-
lation frequency (in Hz) [adapted from Carney et al. 2014, Fig. 1B]. B:
population normalized firing rate of inferior colliculus neurons of the rabbit.
Reciprocals of population normalized firing rates of the band-suppressed neu-
rons were averaged (as a geometric mean) with those of the band-enhanced neu-
rons (shown in Fig. 9, top row).

OPPOSING POPULATIONS OF MTF TYPES IN THE IC ANDMGB 1205

J Neurophysiol � doi:10.1152/jn.00279.2020 � www.jn.org
Downloaded from journals.physiology.org/journal/jn at Univ of Rochester (128.151.071.023) on October 27, 2020.

http://www.jn.org


Distributions of peak and trough modulation frequencies of
the BE and BS neurons of the MGB, respectively, are shown in
Fig. 17. The BE neurons of the MGB did not show a peak in the
distribution of peak modulation frequencies of �32–64 Hz, as
was observed in the IC (Fig. 11, top left), but rather a distribu-
tion tilted toward 4 Hz (Fig. 17, top). This difference in the most
common peak modulation frequencies between the BE neurons

of the MGB and IC was related to the difference in the popula-
tion MTFs of the BE neurons of the two nuclei noted in Fig. 16.
The distribution of trough modulation frequencies of the BS

neurons of the MGB (Fig. 17, bottom) shows that the most com-
mon trough modulation frequencies were 64–128 Hz, matching
the IC distribution. This similarity in the distribution of trough
modulation frequencies between the BS neurons in the MGB

Fig. 11. Distributions of peak (top) and trough (bot-
tom) modulation frequencies of band-enhanced (top)
and band-suppressed inferior colliculus neurons (bot-
tom), respectively, obtained with 3 types of envelopes
and defined with a 1.2 criterion. No. of neurons for
each panel is given in Fig. 9 legend. Median peak
modulation frequency was 32 Hz for raised-sine-1
(RS1) envelope and 64 Hz for raised-sine-8 (RS8)
and raised-sine-32 (RS32) envelopes. Median trough
modulation frequency was 64 Hz for all 3 envelopes.

Fig. 12. Effects of amplitude-modulated envelope
properties on modulation transfer functions of an in-
ferior colliculus (IC) neuron (neuron-7) with a best
frequency of 3.2 kHz. Top: variable exponents of
raised-sine envelope. Middle: variable duty cycles
with a fixed relative rise-fall (RF) slope of 8. Bottom:
variable relative RF slopes with a fixed duty cycle of
25%.
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and IC is related to the similarity in the population MTFs of the
BS neurons (cf. Figs. 9 and 16).
Our observations of MGB neurons’ responses are in line with

those of Preuss and Müller-Preuss (1990), who studied MGB
neurons of awake squirrel monkey; e.g., their best modulation
frequencies for firing rate were in the range of 1–128 Hz with a
median of 16 Hz. This is comparable to our finding of a similar
range and the same median value.
The present sample of IC neurons included neurons in the

central nucleus (Fig. 2B). Although the present sample of MGB
neurons was well driven by the AM stimuli, it is unclear to what
extent the sample of MGB neurons included neurons in its ven-
tral subdivision, the continuation of the lemniscal pathway from
the central nucleus of the IC (Oliver et al. 2018). Accordingly,
interpretation of the comparisons between the present IC and
MGB results should be made cautiously.

Modeling results. To help formulate a hypothesis about how
the observed BE and BS MTFs of IC neurons may arise, we

employed a simplified model for an auditory brainstem circuit
that consisted of 6 neurons and 8 synapses described in Fig. 18.
This model was adapted from Nelson and Carney (2004), Kim
et al. (2015), and Carney et al. (2015, 2016). The auditory-nerve
responses were simulated with the model of Zilany et al. (2014).
Each excitatory and inhibitory synaptic input was described by
an a-function (Jack et al. 1975); each synapse had a specified
delay, time constant, and strength. The strength corresponds to
the area under the a-function. The values of the model parame-
ters are given in Table 2. Each synaptic function was convolved
with the time-varying firing rate of the projection neuron associ-
ated with the synapse. The time-varying firing probability of a
model neuron was taken to be proportional to the rectified ver-
sion of the sum of the above convolutions.
MTFs for a BE IC neuron model are shown in Fig. 19 for the

sine and raised-sine modulation envelopes. The model repro-
duced salient features of MTFs of neuron 1, the IC BE neuron
represented in Fig. 3 (top). These features include tuned
enhancement of the response, with the greatest enhancement of
the MTF in response to the raised-sine-8 envelope. The peak
modulation frequency of the model (45 Hz) was near that of
neuron-1, 64 Hz. Furthermore, the model synchrony was fre-
quency-dependent and reached high synchrony values, replicat-
ing qualitative features of the responses of neuron-1. In
particular, the synchrony MTF of the model for the sine enve-
lope was band-pass, analogous to that of neuron-1.
Temporal response characteristics of the IC BE neuron model

are shown in Fig. 20, using the same format as Fig. 4. The
model reproduced salient features of the responses of neuron-1
(Fig. 4), including sustained PSTHs to the AM stimuli and
cycle-Hs with high synchrony to the stimulus envelope. In
response to the unmodulated noise stimulus, the onset compo-
nent of the model response (Fig. 20, top row) was not as promi-
nent as that of neuron-1 (Fig. 3, top).
MTFs for a BS IC neuron model are shown in Fig. 21 for the

sine and raised-sine modulation envelopes. The model repro-
duced salient features of MTFs of neuron-3, the IC BS neuron
in Fig. 5 (top). These features include tuned suppression of the

Fig. 13. Distribution of best duty cycle of inferior colliculus neurons (n = 22).

Fig. 14. Rate and synchrony modulation transfer
functions of a band-enhanced and band-suppressed
medial geniculate body (MGB) neurons. They are
referred as neuron-8 [best frequency (BF) 5.0 kHz]
and neuron-9 (BF 6.3 kHz), respectively.
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response, with the greatest suppression in response to the raised-
sine-32 envelope. The trough modulation frequencies of the
model for the three envelopes (16–45 Hz) were somewhat lower
than those of neuron-3 (64–128 Hz). The model synchrony
MTFs shared some qualitative features with the responses of
neuron-3, including moderate-to-high synchrony values and a
decline of synchrony at high modulation frequencies (note: ab-
sence of a statistically significant synchrony is consistent with a
low value of synchrony). The synchrony MTF of the model
included a “notch” slightly below, or at, the trough modula-
tion frequency. It is uncertain whether the synchrony MTF
for neuron-3 might have analogous notches because our ex-
perimental data were taken at one-octave steps of modulation
frequency, whereas the model MTFs were taken at half-
octave steps.
Temporal response characteristics of the IC BS neuron model

are shown in Fig. 22. The IC BS neuron model’s response to the
unmodulated noise stimulus (Fig. 22, top row) had a slight onset
component, whereas neuron-3 had a prominent onset component
(Fig. 6, top row). Except for the onset component, the model
reproduced salient features of the responses of neuron-3 (Fig. 6).

For example, the model reproduced cycle-Hs with high syn-
chrony at comparable modulation frequencies. Additionally,
when the firing rate was suppressed, the suppression was present
throughout the duration of the AM stimulus.
In the model, some cycle-Hs showed distortions in the form

of double peaks (Fig. 22, column 2, 16 and 32 Hz, sine enve-
lope; column 4, 16 Hz, raised-sine-8 envelope). Presence of
such distortions led to reduced synchrony values. In neuron-3,
there were hints of analogous distortions (Fig. 6, column 4, 8
and 64 Hz, raised-sine-8; column 6, 16 Hz, raised-sine-32).
It is noteworthy that simulations of the BS and BE neurons

described in Figs. 19–22 were achieved using one set of parame-
ters, as described in Table 2. The only difference across simula-
tions was the use of two different auditory nerve (AN) BFs,
chosen to match the BFs of the two example neurons (neurons-1
and -3) (note that each IC model neuron inherits the BF of the
AN input fiber).
Effects of duty cycle and rise-fall slope of the modulation en-

velope on MTFs were examined in the model using the same
smooth trapezoidal envelope; the results are shown in Fig. 23,
using the same format as Fig. 12. The model parameters for Fig.

Fig. 15. Rate and synchrony modulation transfer
functions of medial geniculate body (MGB) neurons
exhibiting hybrid types. Neuron-10 [top; best fre-
quency (BF) 4.0 kHz] and neuron-11 (bottom; BF 14
kHz) panels correspond to hybrid-1 and hybrid-2
types, respectively.

Fig. 16. Population rate modulation transfer functions of
medial geniculate body (MGB) neurons: band-enhanced (n =
10) and band-suppressed (n = 10) defined with a 1.2 criterion.
The stimulus envelope was sinusoidal. Solid lines: mean;
dashed lines: means± SD computed on logarithmic y-scales.

1208 OPPOSING POPULATIONS OF MTF TYPES IN THE IC ANDMGB

J Neurophysiol � doi:10.1152/jn.00279.2020 � www.jn.org
Downloaded from journals.physiology.org/journal/jn at Univ of Rochester (128.151.071.023) on October 27, 2020.

http://www.jn.org


23 remained the same as above, except that the strength of syn-
apse no. 6 was changed from�6 to�2.5 (Table 2). This change
was made to have the model reproduce better the characteristics
of the example neuron (neuron-7, Fig. 12). The model was
highly sensitive to duty cycle, with highest rates and modulation
tuning for duty cycles of 50% and 25%, qualitatively similar to
neuron-7 (Fig. 12). At the same time, the model was practically
insensitive to the rise-fall slope, again replicating the responses
of neuron-7. The model also reproduced qualitative features of
the MTFs of neuron-7 for the sine and raised-sine envelopes,
including hybrid-type MTFs for the raised-sine-32 and the
smooth trapezoidal envelope with a duty cycle of 25%.

DISCUSSION

Main findings. We identified two opposing populations of
neurons in the IC and MGB, designated BE and BS neurons,
whose firing rates were enhanced and suppressed by AM
sounds, respectively, relative to their responses to an unmodu-
lated noise. Our finding suggests that perception of AMmay not
just reflect activation of a group of neurons but the co-occur-
rence of enhancement and suppression of activities of the oppos-
ing populations of neurons. We also identified a third
population, designated hybrid neurons, whose firing rates were
enhanced by some modulation frequencies and suppressed by

others. Each of the BE, BS, and hybrid types of MTFs com-
prised approximately one-third of the total sample.
Our finding of the opposing neural populations in the IC and

MGB is reminiscent of the ON and OFF populations of the vis-
ual system (Schiller 1992). The latter are considered to optimize
information transfer to the central nervous system. In this anal-
ogy, we relate auditory AM modulation depth to light intensity.

Fig. 18. Schematic drawing of a monaural auditory brainstem model. AN, audi-
tory nerve fiber; CN, cochlear nucleus neuron; IC1, inferior colliculus neuron
no. 1, simulating a band-enhanced neuron or a hybrid neuron; IC2, inferior colli-
culus neuron no. 2, simulating a band-suppressed neuron or a hybrid neuron;
IN1, interneuron no. 1; IN2, interneuron no. 2. Magenta and cyan colors signify
excitatory and inhibitory nature of the neurons/synapses, respectively [AN activ-
ities were simulated with the model of Zilany et al. (2014), and the present
model was adapted from Kim et al. (2015)].

Fig. 17. Distributions of peak (top) and trough (bottom) modulation frequencies
of band-enhanced (n = 10) and band-suppressed (n = 10) medial geniculate body
neurons, respectively, defined with a 1.2 criterion. The stimulus envelope was si-
nusoidal. Median peak modulation frequency was 16 Hz, and median trough
modulation frequency was 64 Hz.

Table 2. Parameter values of the model described in Fig. 18

Synapse No. Origin Target Strength Time Constant (ms) Delay (ms)

1 AN CN 1 0.5 0
2 AN IN1 1 0.0* 0
3 IN1 CN �0.3 2 1
4 CN IC1 4 0.2 0
5 CN IN2 1 0.0* 0
6 IN2 IC1 �6.0** 2 1.5
7 CN IC2 1 1 0
8 IC1 IC2 �2 1.2 0.6

Different best frequencies (from 3.2–14 kHz) were used in simulation of
several different neurons. For the auditory nerve (AN) fiber model (Zilany et
al. 2014), the fiber type was of medium spontaneous rate. CN, cochlear nu-
cleus neuron; IC1, inferior colliculus neuron no. 1, simulating a band-
enhanced neuron or a hybrid neuron; IC2, inferior colliculus neuron no. 2,
simulating a band-suppressed neuron or a hybrid neuron; IN1, interneuron no.
1; IN2, interneuron no. 2. *For these synapses, the synaptic impulse responses
were delta functions. **The value of this parameter was �6.0 for all model
results except for those of Fig. 23, for which it was �2.5.
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Firing rates of IC BE and BS neurons are enhanced and sup-
pressed with increasing modulation depth, respectively (Kim et
al. 2015). Considering that a neural firing rate cannot be nega-
tive, having two opposing populations is advantageous because
one of the two populations is excited regardless of whether stim-
ulus strength (AM depth) is increased or decreased. Therefore,
the BE and BS populations together would provide better trans-
fer of the information embedded in AM envelopes. A prominent
example of a complex sound for which the envelope plays an
important role in information transfer is speech (Drullman et al.
1994; Loizou et al. 1999; Shannon et al. 1995; Smith et al.
2002). In the context of a stimulus space comprising modulation
depth, modulation frequency, and stimulus level, whether edge
detection and dynamic range may be improved by the existence
of the opposing populations remains to be investigated. Our
finding that the IC and MGB contain opposing populations of
BE- and BS-type neurons suggests that the auditory cortex may
also contain them; a few such examples have been described
(Yin et al. 2011).
Comparison with previous studies of MTFs. Previous studies

of MTFs of the IC and MGB have described various types of
MTFs, such as band-pass, low-pass, high-pass, all-pass, and
band-reject types (review: Geis and Borst 2009; Langner and
Schreiner 1988; Müller-Preuss et al. 1994; Nelson and Carney
2007; Preuss and Müller-Preuss 1990; Rees and Møller 1987;
Rees and Palmer 1989; review: Joris et al. 2004). A filter type
such as a low-pass MTF can be created either by suppressing

the responses at high frequencies or by enhancing the responses
at low frequencies, or a combination of both. Analogously, a
high-pass MTF can be created in one of three ways. These
examples illustrate that the traditional approach is unsatisfactory
in describing the mechanisms that shape MTFs. A rare excep-
tion in this context is Krishna and Semple (2000), who
described examples of rate MTFs of IC neurons that exhibited
enhancement, suppression, and a combination. However, a large
part of their observations did not include testing responses to the
unmodulated stimulus. Thus, a systematic classification of MTF
types in terms of enhancement and suppression was not pro-
vided. Additionally, in view of the present findings, their exclu-
sive use of sinusoidal modulation envelope was not optimal.
Yin et al. (2011) also compared responses of auditory cortical
neurons to AM and unmodulated stimuli and described exam-
ples of rate MTFs that exhibited enhancement, suppression, and
a combination. However, they did not incorporate enhancement
and suppression of neuronal responses into a systematic classifi-
cation of neuronal types.
Stimulus level can have diverse effects on rate MTFs of IC

neurons (Krishna and Semple 2000; Rees and Palmer 1989).
Among neurons with peaked (band-pass) rate MTFs, level-toler-
ant peak modulation frequencies and tuning were observed over
a wide range of stimulus levels in some neurons, whereas in
others, peak modulation frequencies and sharpness of tuning
varied noticeably across stimulus levels (Krishna and Semple
2000; Rees and Palmer 1989). Analogously, among neurons

Fig. 19. Rate (left ordinate, red) and synchrony (right
ordinate, blue) modulation transfer functions of the
band-enhanced inferior colliculus (IC) neuron model
(IC1, Fig. 18) with a best frequency of 4 kHz. The
format of this figure is same as Fig. 3.

Fig. 20. Poststimulus time histograms (PSTH) and
cycle histograms (cycle-H) of responses of the band-
enhanced inferior colliculus (IC) neuron model. The
format of this figure is same as Fig. 4. UM, unmodu-
lated.
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that showed troughed (band-reject) rate MTFs, level-tolerant
trough modulation frequencies and tuning were observed in
some neurons, whereas in others, rate MTFs varied more across
stimulus levels (Krishna and Semple 2000). There was a tend-
ency, however, that a clear tuning of rate MTF was often found
at stimulus levels that were intermediate between rate threshold
and rate saturation (Rees and Palmer 1989). Thus, the choice of
30 dB above rate threshold in this study was motivated by these
previous observations.
Considering that the present MTF data for different modu-

lation envelopes were obtained at sound pressure levels that
varied by 7.2 dB for the sine and raised-sine envelopes, one
may wonder whether the sharper tuning and more pro-
nounced enhancement/suppression for the raised-sine enve-
lopes may be due to their lower sound pressure levels than
that of the sinusoidal envelope. Given the high diversity of
the effects of sound pressure level on MTFs (Krishna and
Semple 2000; Rees and Palmer 1989), however, it is unlikely
that changes of up to 7.2 dB in level would have produced the
systematic sharpening and exaggeration of enhancement/sup-
pression of MTFs seen with raised-sine-8 and -32 envelopes
(Figs. 3, 5, 9, and 14). Nevertheless, a future study of MTFs
may address this issue directly by equalizing the sound pres-
sure levels of all AM stimuli to match that of the unmodu-
lated stimulus.

Effects of modulating envelope shape on MTFs. Although
previous studies of MTFs most often used sinusoidal envelopes
(e.g., Batra 2006; Geis and Borst 2009; Krishna and Semple
2000; Preuss and Müller-Preuss 1990), a number of studies
showed that MTFs were affected by the shape of modulation.
Sinex et al. (2002) compared MTFs obtained with trapezoidal
and sinusoidal envelopes. Because their trapezoidal envelope
had a fixed duration, they were not able to ascertain the effect of
duty cycle on the characteristics of MTFs. Krebs et al. (2008)
also used trapezoidal and sinusoidal modulation envelopes and
varied burst duration and interburst interval independently
(note: when duration and interburst interval are specified, modu-
lation frequency and duty cycle can be indirectly specified).
Krebs et al. (2008) found that IC neurons were sensitive not
only to modulation frequency, but also to duty cycle, duration,
and interburst interval. The studies cited above and other related
studies (e.g., Alder and Rose 2000; Epping and Eggermont
1986; Gooler and Feng 1992) showed that envelope shape, duty
cycle, and burst duration are important factors in AM coding, in
addition to modulation frequency. Using a broadband noise car-
rier modulated by sinusoidal and pulse (0.25 ms) train enve-
lopes, Zheng and Escabı́ (2008) found that the MTFs of IC
neurons were strongly affected by the envelope shape.
However, the present study is the first that ascertained the

properties of the modulation envelope that most strongly

Fig. 21. Rate (left ordinate) and synchrony (right
ordinate) modulation transfer functions of the band-
suppressed inferior colliculus (IC) neuron model with
a best frequency of 14 kHz. The format of this figure
is same as Fig. 3.

Fig. 22. Poststimulus time histograms (PSTH) and
cycle histograms (cycle-H) of responses of the band-
suppressed inferior colliculus (IC) neuron model.
The format of this figure is same as Fig. 4. UM,
unmo-dulated.
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sharpen AM frequency tuning and accentuate enhancement and
suppression. We found that a short duty cycle (20–50%) of
smooth trapezoidal envelope was most effective in this regard.
We also discovered that “raised sine” envelopes (Bernstein and
Trahiotis 2009, 2010) produced sharper tuning in MTFs and
more pronounced enhancement and suppression than did stimuli
with sinusoidal envelopes.
Human listeners are more sensitive in detecting square-wave

AM than sinusoidal AM (Viemeister 1979). As a square wave
has a shorter duty cycle (50%) than a sinusoid (93.6% for a
threshold of 1%), human sensitivity is consistent with the pres-
ent finding: modulation envelopes having short duty cycles of
20–50% accentuated the degree of enhancement and suppres-
sion in the IC and MGB.
Role of AM processing in speech recognition. The spectrum

of the modulating envelopes of band-pass filtered speech signals
have energy in a range from �1–50 Hz with a broad peak of
�3–8 Hz (Krause and Braida 2009; Stevens 2000; Varnet et al.
2017). In view of such modulation properties of speech, includ-
ing modulation frequencies as low as a few Hz in a physiologi-
cal study of AM, as is the case in the present study, should be
important. Including modulation frequencies above 50 Hz
extending to hundreds of Hz should also be important for
addressing neural processing of formants and the fundamental
frequency of voicing (f0; Carney 2018) and consonant discrimi-
nation. Because AM carries an important part of the content of

speech (e.g., Loizou et al. 1999; Smith et al. 2002), progress in
understanding auditory processing of AM sounds should lead to
progress in understanding speech perception. In view of our
finding of the opposing neural populations representing AM
envelopes, we suggest that theories of speech perception may
need to involve the activities of the opposing neural populations
responding to speech sounds.
Coding of vowel sounds by IC neurons was investigated in

several modeling and physiological studies (e.g., Carney 2018;
Carney et al. 2015, 2016). The human voicing f0 typically
ranges from �50–500 Hz (Schroeder 1966). We found that
many BE (and BS) IC neurons have peak (and trough) modula-
tion frequencies in this range (Fig. 11). The role of this modula-
tion frequency range in neural coding of speech is important
to consider. The modulating envelopes that entrain neural
responses are strongly influenced by frequency tuning of the
neurons. Responses of AN fibers are dominated by stimulus fre-
quencies near their BFs. The envelope frequency components
of speech stimuli near the voicing f0 are dominant in entrain-
ing AN responses that have BFs between the first two for-
mants of vowels (Delgutte and Kiang 1984). Frequency
tuning properties of IC neurons are much more complex and
diverse (Palmer et al. 2013; Ramachandran et al. 1999) than
those of AN fibers. The envelope frequency components of
speech-type stimuli that may dominate in entraining IC neu-
rons remain to be determined.

Fig. 23. Effects of amplitude modulation envelope
properties on modulation transfer functions of the infe-
rior colliculus (IC) model (IC1 neuron in Fig. 18) in the
same format as Fig. 12. For this modeling, the strength
of synapse no. 6 was �2.5. Best frequency=3.2 kHz.
RF, rise-fall slope.
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Distinction between neural coding of periodicity and AM.
Studies of AM coding often used a pure-tone carrier modulated
by a sinusoidal envelope (review: Joris et al. 2004). When the
modulation frequency happens to be a subharmonic of the car-
rier frequency, the instantaneous AM stimulus signal (i.e., fine
structure) becomes periodic and leads to perception of a clear
pitch (Moore 2012). However, such a stimulus is a special case
and does not represent general AM stimuli. Thus, coding of AM
should not be equated to coding of periodicity, although the two
are sometimes assumed to be equivalent (e.g., Langner and
Schreiner 1988). Noise vocoder stimuli that emulate unvoiced
speech (Davis et al. 2005; Shannon et al. 1995) are not periodic
and do not induce a pitch but lead to recognition of speech.
Furthermore, a study by Smith et al. (2002), in which the enve-
lope of one sound was combined with the carrier of another
sound, led to the conclusion that the carrier periodicity was im-
portant for pitch perception, whereas the envelope was impor-
tant for speech reception. These findings demonstrate that
auditory processing of AM and of periodicity of an instantane-
ous sound pressure signal are separate. The relationships among
pitch sensations elicited by various sounds such as AM noise
with high modulation rates (40–850 Hz), pure tones, resolved
and unresolved harmonic complexes, and rippled noise are com-
plex and a subject of ongoing investigation (Fitzgerald and
Wright 2005; Grimault et al. 2002).
Comparison of neural and behavioral MTFs. In comparing

behavioral and neural MTFs (Fig. 10), we assume that where
neurons are most sensitive to AM sounds, i.e., near the peak
modulation frequencies in BE neurons and near the trough mod-
ulation frequencies for BS neurons, they provide the lowest AM
detection thresholds, i.e., detection with the smallest modulation
depths. This assumption is consistent with the observations of
Nelson and Carney (2007) and Kim et al. (2015). In BE neurons
(bandpass-type neurons in the conventional terminology), firing
rates increased with modulation depth. In contrast, in BS neu-
rons, firing rates decreased with modulation depth (Kim et al.
2015). We further assume that a rate suppression of a BS neuron
and a rate enhancement of a BE neuron together signify the
presence of modulation and contribute to behavioral detection
of AM. Under these assumptions, it is predicted that the behav-
ioral best modulation frequency should match the neural
counterpart.
Firing rates at modulation frequencies higher than the syn-

chronization limit. Firing rates of the IC BE neurons trended
toward the unmodulated response for modulation frequencies
above the synchronization limit, >128 or 256 Hz (Fig. 3).
This property was shared by BE neurons in general and mani-
fested in their population MTFs (Fig. 9, left column). One
may interpret this result as follows: when modulation fre-
quency was too high relative to the integration times of the
neurons, the AM stimulus effectively became the same as the
unmodulated version of the stimulus. Firing rates of the IC
BS neurons also trended toward the unmodulated response
for high modulation frequencies near 256 and 512 Hz (Fig.
5), where significant synchronization to the AM stimulus was
nearly absent in the IC. This property was shared by BS neu-
rons in general and manifested in their population MTFs (Fig.
9, right column). This pattern may be interpreted in the same
way as stated above for the BE neurons.
Firing rates of the IC hybrid neurons shown in Fig. 7 did not

trend toward their responses to the unmodulated stimulus for

high modulation frequencies near 256 and 512 Hz, except for
the case of the sinusoidal envelopes. As modulation frequency
increased toward 256 and 512 Hz, firing rates of the hybrid neu-
rons, in general, continued to be suppressed (e.g., Fig. 7, top ) or
enhanced (e.g., Fig. 7, bottom). This property was more pro-
nounced for raised-sine envelopes. This overall pattern of the
hybrid neurons was in noticeable contrast to the patterns noted
above for the IC BE and BS neurons. How to interpret this con-
trast remains to be investigated.
The MTF patterns of MGB BE and BS neurons for modula-

tion frequencies above the limit of synchronization (Fig. 14)
were analogous to those of the IC counterparts (Figs. 3 and 5).
That is, the firing rates trended toward their responses to the
unmodulated stimuli at those high modulation frequencies. The
population MTF of the MGB BS neurons to the sinusoidal enve-
lopes trended toward the unmodulated response (Fig. 16, right)
analogous to their IC counterpart (Fig. 9, top right). The MTF
patterns of MGB hybrid neurons for modulation frequencies
above the limit of synchronization (Fig. 15) were analogous to
those of the IC counterparts (Fig. 7). That is, in general, the fir-
ing rates did not trend toward their responses to the unmodu-
lated stimuli at high modulation frequencies.
Conversion from synchrony to firing rate. Many hybrid neu-

rons and some BE and BS neurons of the IC and MGB exhibited
considerable enhancement or suppression at modulation fre-
quencies higher than the synchronization limit (Figs. 3, 5, 7, 14,
and 15, plus other neurons, not shown). One may view this type
of responses of the IC and MGB as results of a conversion from
synchronized neural response to a firing rate. Auditory nerve
fibers and many cochlear nucleus (CN) neurons can synchronize
to high (> 500 Hz) modulation frequencies, and the above pat-
terns of firing rates and synchrony have not been reported about
them (e.g., Joris and Yin 1992; Kim et al. 1990; Rhode and
Greenberg 1994). It is widely recognized that as one ascends the
auditory pathways from the periphery to the cortex, the upper
frequency limit of synchronization decreases (review: Joris et
al. 2004). It has been suggested that synchronized responses of
lower-order neurons are converted into firing rates of higher-
order neurons (e.g., Lu et al. 2001; Yin et al. 2011).
We suggest that the present observations of IC and MGB neu-

rons constitute an outcome of such a synchrony-to-rate conver-
sion for the following reason. A substantial enhancement or
suppression of firing rates of a neuron relative to its response to
an unmodulated stimulus signifies that the neuron is able to con-
vey the presence of AM in the stimulus. This ability, together
with the inability of a neuron to synchronize to the modulation
envelope, constitutes an outcome of a synchrony-to-rate
conversion.
It is not known whether the above type of IC and MGB neu-

rons inherit the properties from other neurons that project to
them or they themselves perform a synchrony-to-rate conver-
sion. It is also not known what mechanisms underlie such a con-
version. We suggest that an interplay between synaptic time
constants and the cell-membrane time constant (representing ca-
pacitance and resistance of the membrane) may be involved in
creating a synchrony-to-rate conversion. Future studies should
explore such a possibility.
Modeling. The rationale behind this modeling study was a

feasibility test to demonstrate that the different MTF types can
be explained by relatively simple dynamic interactions between
excitatory and inhibitory postsynaptic potentials. Specifically,
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the model postulates that: 1) the auditory brainstem consists of a
small number of excitatory and inhibitory neurons, 2) excitatory
and inhibitory ascending inputs converge on target neurons in
the CN and in the IC, and 3) between the excitatory and inhibi-
tory synapses on each common target neuron, the excitatory
synapse has a faster impulse response than that of the inhibitory
synapse.
The main findings of the modeling study are that a simplified

model for the auditory brainstem circuit was able to reproduce
most of the salient features of the BE- and BS-type MTFs of IC
neurons. In the model, tuning of MTFs originates from a combi-
nation of a fast excitatory synaptic impulse response and a slow
inhibitory synaptic impulse response. The sum of the impulse
responses is oscillatory in the time domain. This means that in
the frequency domain, the response is tuned. The model also
reproduced hybrid-type MTFs to some extent (Fig. 23). The
modeling results presented here support the hypothesis that the
mechanisms embodied in the model may underlie the MTF
characteristics of IC neurons described here.
The durations of the combined excitatory and inhibitory syn-

aptic impulse responses of the model cells reflect their integra-
tion times, which play a role in determining the model
responses to high modulation frequencies. Consistent with this
view, both BE and BS MTF types of the model showed firing
rates that trended toward their responses to the unmodulated
stimuli for those high modulation frequencies (Figs. 19 and 21).
The responses of BE neurons of the IC (Fig. 3) and of the MGB
(Fig. 14) also fit this description. The responses of BS neurons
of the IC (Fig. 5) and of the MGB (Fig. 14) also generally fit
this description. Further modeling of hybrid-type MTFs (Carney
et al. 2016) will need to address their firing rate patterns that
remain enhanced or suppressed at high modulation frequencies
above the synchronization limit (Fig. 7).
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