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Establishing neural determinants of psychophysical performance requires both behavioral and neurophysiological metrics ame-
nable to correlative analyses. It is often assumed that organisms use neural information optimally, such that any information
available in a neural code that could improve behavioral performance is used. Studies have shown that detection of amplitude-
modulated (AM) auditory tones by humans is correlated to neural synchrony thresholds, as recorded in rabbit at the level of the
inferior colliculus, the first level of the ascending auditory pathway where neurons are tuned to AM stimuli. Behavioral thresholds
in rabbit, however, are ~10 dB higher (i.e., 3 times less sensitive) than in humans, and are better correlated to rate-based than
temporal coding schemes in the auditory midbrain. The behavioral and physiological results shown here illustrate an unexpected,
suboptimal utilization of available neural information that could provide new insights into the mechanisms that link neuronal

function to behavior.

Introduction

Considerable effort in systems-level neuroscience research fo-
cuses on the relation between neural responses and behavior.
Optimal neural coding strategies are often assumed, and several
theoretical and neurophysiological studies have examined opti-
mal schemes for coding and processing in sensory systems using
information theory (Borst and Theunissen, 1999; Barlow, 2001;
Laurent, 2002; Harper and McAlpine, 2004; Knill and Pouget,
2004; Lu and Wang, 2004; Smith and Lewicki, 2006; Clemens et
al., 2011). However, when both behavioral and physiological da-
tasets are available for the same species, neural correlates of be-
havioral thresholds can be directly explored, and hypotheses
concerning aspects of the neural responses that code different
qualities of sensory stimuli can be formally tested. This approach
is applied here to the coding of amplitude modulations (AM) of
acoustic stimuli.

Sensitivity to AM has been investigated extensively in humans
because fluctuations in amplitude represent an important form
of temporal information in speech, music, and environmental
sounds (Rosen, 1992; Rieke et al., 1995; Attias and Schreiner,
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1997; Nelken et al., 1999; Smith et al., 2002; Elliott and Theunis-
sen, 2009). AM also plays a critical role in detection of stimuli in
the presence of noise (Richards, 1992; van der Heijden and Kohl-
rausch, 1995; Davidson et al., 2009a,b; Jorgensen and Dau, 2011;
Mao et al., 2013).

The inferior colliculus (IC) is a key location for studying
AM coding because it is the first location in the ascending
pathway where rates are well tuned to AM frequency. Physio-
logical studies of AM have typically used 100% modulated
stimuli (Langner and Schreiner, 1988; Joris and Yin, 1998;
Krishna and Semple, 2000; Liang et al., 2002; Joris et al., 2004;
Lu and Wang, 2004; Bendor and Wang, 2010; Rabang et al.,
2012). Modulation depths of interest for the comparison of
neural and perceptual thresholds, however, are much smaller,
on the order of —25 to —30 dB relative to full modulation (i.e.,
20log,,(m), where m is the modulation index), or ~3-6%
modulation depth (Kohlrausch et al., 2000). Neural thresh-
olds for detection of AM can be estimated as the lowest mod-
ulation depth that causes a change in discharge rate or
significant synchrony to the stimulus envelope (Nelson and
Carney, 2007; Rosen et al., 2010). Synchrony of responses in
the IC to AM stimuli often emerges at lower modulation
depths than changes in rate. AM synchrony thresholds of IC in
rabbit (Nelson and Carney, 2007) and auditory cortex in pri-
mate (Malone et al., 2010) are closer to human behavioral
thresholds than are rate-based threshold estimates. These re-
sults are consistent with the general assumption that the ner-
vous system uses the best available information, in this case
synchrony, for detection of a feature of complex sounds.

A primary caveat for these results is the comparison of behav-
ioral thresholds of human and neural thresholds from different
species. Here, rabbit behavioral thresholds for AM tones and
noise were compared with neural thresholds in the IC of awake
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Modulation transfer functions (i.e., SAM detection threshold vs F,.,) for human and rabbit. Symbols (solid, human; open, rabbit) represent thresholds determined for individual listeners;

solid lines are the mean thresholds for each species. More sensitive detection thresholds are at the top of each graph. a,Thresholds for SAM tones. Stimuli were SAM 5 kHz tones presented at 50 dB
SPL. Downward arrows indicate conditions for which the animals could not perform at criterion; mean thresholds do not include these values. b, Thresholds for SAM wideband noise presented at 20
dB SPL spectrum level; noise bandwidth was 0.1-10 kHz. All thresholds were based on a single-interval choice task with 500 ms duration stimuli. For all frequencies tested humans almost invariably

had higher sensitivity to AM than rabbits.

rabbit. In addition, human thresholds for AM detection were
estimated using procedures matched to those for rabbit.

Materials and Methods

All behavioral and physiological experiments in rabbits were ap-
proved by the University Committee on Animal Resources at the
University of Rochester. Psychophysical experiments in human lis-
teners were approved by the Research Subjects Review Board at the
University of Rochester.

Behavioral methods. Amplitude-modulation detection thresholds of five
female Dutch-belted rabbits (aged 0.5-3 years) and three adult human lis-
teners with normal hearing (aged 20—48 years) were tested using operant
procedures. Stimuli were either 5 kHz tones presented at 50 dB sound pres-
sure level (SPL) or wideband (0.1-10 kHz) noise presented at 20 dB SPL
spectrum level (~60 dB SPL root mean squared). Stimuli were sinusoidally
amplitude-modulated (sAM) at frequencies ranging from 4 to 256 Hz in 1
octave steps. Modulation depths, 20log, (), ranged from —26 to 0 dB,
where m is the modulation depth; 0 dB modulation depth corresponds to
m = 1, or a 100% modulated stimulus. All stimuli were 500 ms in duration
and were gated on and off with 50 ms duration raised-cosine ramps.

Rabbits were trained and tested in an operant two-alternative non-
forced choice task, using apparatus and procedures previously described
(Gaietal., 2007), except that no audiovisual stimuli were presented after
reporting responses here because this feedback was subsequently found
not to improve detection thresholds (F. Idrobo, personal communica-
tion). Responses were nose-pokes into three horizontally arranged
stainless-steel rings; each monitored using an infrared beam. A nose-
poke in the center hole served as the observing response and initiated a
stimulus; after stimulus presentation, the animal made a reporting re-
sponse with a nose-poke in the right or left hole, depending upon
whether the stimulus was perceived as modulated (50% of trials) or
unmodulated (50%), respectively. Animals were reinforced for a correct
response with a food pellet. An incorrect response was followed by a 5 s
lights-out timeout period; any responses during the timeout period reset
the 5 s timer. Bias in the percentage of responses to the left or right
nose-poke hole was monitored and controlled by varying the percentage
of multipellet reinforcements to the biased-against side.

Rabbits were initially trained on 100% modulated stimuli (0 dB mod-
ulation depth) until 85% correct performance was achieved. Secondary
training using long (300—400 trial) two-down, one-up tracks (Levitt,
1971) accustomed the animals to lower modulation depths. Training was

performed over a month or more for each animal. During subsequent
testing modulation depth was varied across trials to estimate detection
thresholds using a Bayesian procedure (Kontsevich and Tyler, 1999).
This procedure determines the most likely psychometric function, from
alarge set of precalculated candidate functions, based on the entire set of
stimulus—response pairs. During the test, each stimulus is selected to
maximize the information that will be gained about the likelihoods of the
candidate psychometric functions based on the possible outcomes of
each trial. As a result, the stimulus parameter of interest, in this case AM
depth, varied widely at the beginning of each test block, but quickly
converged to threshold. The behavioral threshold estimate for each test
block was the AM depth that corresponded to 70.7% correct on the
psychometric function that was found to be most consistent with the
responses for that block. This procedure facilitated the efficient measure-
ment of multiple threshold estimates, each based on a relatively small
numbers of trials (e.g., 60 trials), while avoiding the bias in short adaptive
tracks introduced by the experimenter’s choice of the starting point. Such
a bias has been reported for human listeners (Green, 1993) and was
observed in initial AM-detection experiments in the rabbit. Each AM-
detection threshold estimate was based on ~30 modulated and 30 un-
modulated trials; modulation depth was varied within a test block and
modulation frequency (F,,) was held constant over a series of blocks,
until a stable threshold estimate was obtained. Behavioral measurements
were repeated if there was any evidence of improvement due to learning
or practice effects, until stable performance was established. Final thresh-
olds for each F,, condition were based on 24 unbiased estimates that were
stable, i.e., if a statistically significant trend as determined by linear re-
gression was present across the threshold estimates, or if the SD of the
threshold estimates exceeded 4 dB, testing was continued. Stimulus con-
ditions were tested in different sequences for different animals; each
animal was tested for several weeks using only tones or only noise, and
modulation frequencies were varied sequentially (in different directions
for different animals) to avoid large changes in stimulus features across
adjacent sessions. Each animal was tested in daily sessions over 7-8
months to complete all of the F,, conditions for both sAM tones and
noise. The entire set of conditions was tested twice for each animal. If two
thresholds, each based on 12 estimates, differed by more than 1 SD, then
testing for that condition was repeated. Repeated measurements were
most common for the low F,, sSAM tone conditions that were difficult for
the rabbits (Fig. 1a). Finally, the two sets of 12 estimates were combined
into a single threshold based on 24 estimates.
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Stimuli and procedures for human testing were generally matched to
those used for the rabbit. A single-interval, two-alternative choice task
was used; stimuli were presented diotically via TDH-30 headphones. The
subject initiated a stimulus with an observing response, by clicking on a
central button with a computer mouse. The reporting response was a
click on the button to the left or right to indicate whether the stimulus
was perceived as unmodulated (50% of trials) or modulated (50%). The
Bayesian procedure (Kontsevich and Tyler, 1999) was used to estimate
threshold; the range of modulation depths tested for human listeners was
—36 dB to —10 dB. Due to higher consistency in human performance,
final thresholds for each F,, condition were based on the last eight unbi-
ased estimates. Human and rabbit thresholds are within ~5 dB of each
other at 5 kHz, the frequency of the sAM tone carrier (Sivian and White,
1933; Heftner and Masterton, 1980). The difference in audibility of the
suprathreshold 5 kHz sAM tone would be expected to result in a 1-2 dB
threshold difference across species, based on the level-dependence ob-
served in humans (Kohlrausch et al., 2000), which is similar to that in
rabbit (unpublished observations). For sSAM noise, AM detection thresh-
olds are not level-dependent in human (Viemeister, 1979) or rabbit (un-
published observation).

Physiological methods. Physiological responses were recorded from
neurons in the central nucleus of the IC of three awake female Dutch-
belted rabbits using tetrodes made with 12- or 18-um-diameter epoxy-
coated platinum iridium wire. Tetrodes protected by stainless-steel guide
tubes were implanted under anesthesia, and the tetrodes were advanced
through the IC using a manual microdrive (Neuralynx 5-Drive). Physi-
ological criteria for IC responses were used during testing, and histolog-
ical verification of electrode tract locations was made after experiments
were completed. Data were recorded during 287 daily 2-h-duration ses-
sions; the responses reported here were based on a total of 378 well-
isolated single neurons. Action potentials (spikes) were sorted off-line
using a semiautomated procedure based on features of the spike wave-
forms (Schwarz et al., 2012). Typically, one or more neurons per tetrode
remained stable throughout the 2 h recording session. Neural units were
categorized as “single-unit” or “multi-unit” depending upon analyses of
the interspike intervals, a spike cluster separation metric, and the quality
of the spike waveform histograms (Schwarz et al., 2012). Only results for
single units are included in the figures here; however, the results were
generally similar for multi-unit recordings. Fewer symbols than 378 ap-
pear in Figures 3 and 4 because many neurons did not have statistically
significant changes in response to different modulation depths, and thus
neural detection thresholds could not be obtained. In keeping with pre-
vious studies comparing behavioral and neural thresholds for AM
(Rosen et al., 2010; Johnson et al., 2012), only cells that exhibited sensi-
tivity to AM depth were included in the comparisons; inclusion of insen-
sitive cells would, in general, elevate neural threshold estimates, if the
responses were pooled across populations of neurons. For sAM tones,
rate thresholds were obtained for 75 neurons, and synchrony thresholds
were obtained for 93 neurons; for sSAM noise, rate thresholds were ob-
tained for 103 neurons and synchrony thresholds for 106 neurons. Com-
parison of behavioral thresholds with neural thresholds of cells that
showed sensitivity for AM is consistent with previous studies if the te-
trode position was stable across days; it is possible that on occasion the
same neurons were studied in subsequent sessions. Approximately half of
the sessions focused on sAM tones and half on sAM wideband noise
(0.1-20 kHz). In addition, half of the sessions focused on contralateral
stimulation whereas the other half focused on binaural (diotic) sAM
stimulation.

Acoustic stimuli were presented from Beyer-Dynamic headphones
(DT-48) via custom-made ear molds (Hal-Hen Perform H/H material).
The tone stimuli had a carrier frequency of 5 kHz for the behavioral
studies in both rabbit and human, whereas physiological thresholds were
estimated at tone frequencies chosen near the best audio frequencies (BF,
the stimulus frequency that elicits the largest response at a given SPL) of
the neurons. Noise stimuli for behavioral thresholds had a 10 kHz band-
width, whereas noise for physiological stimuli had a 20 kHz bandwidth.
Otherwise, the parameters of the physiological stimuli (e.g., duration,
sound level, modulation frequency, and modulation depth) matched
those of the behavioral experiments. Stimuli with different modulation
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depths were presented in random sequence. Stimulus carrier and mod-
ulation frequencies were matched to the BF and best modulation fre-
quency (BMF) of one or more neurons in the group being recorded
during that particular session. All statistically significant neural thresh-
olds were reported, regardless of the detailed match between stimulus
and tuning properties, although thresholds would in general be most
sensitive when the stimulus properties were aligned with the tuning
properties.

Neural detection thresholds for AM stimuli, based on changes in av-
erage discharge rate, were estimated with a neurometric strategy using
receiver-operating characteristic (ROC) analysis (Egan, 1975). This anal-
ysis identifies the modulation depth for which 70.7% correct AM detec-
tion could be made using distributions of average rates in response to
unmodulated stimuli and stimuli with different modulation depths. Ap-
plication of the ROC analysis to the synchrony thresholds is problematic
because of the high variance of synchrony metrics when calculated for
responses to single trials, or even responses combined across small num-
bers of trials, depending on response rates. Instead, neural thresholds
based on synchronization of action potentials to the stimulus envelope
were estimated based on two tests of circular statistics: (1) The synchrony
coefficient, or vector strength (Goldberg and Brown, 1969), was com-
puted to assess phase-locking to the sAM envelope; near synchrony
threshold, period histograms based on F,, were unimodal. The Rayleigh
statistic was used to test for significance of the vector strength. This test
statistic was required to exceed 13.8 (p < 0.001) (Mardia and Jupp,
2000). (2) The Kuiper test for significant differences in circular distribu-
tions (Kuiper, 1960; p < 0.05) was used to test the hypothesis that a
period histogram in response to a modulated stimulus differed signifi-
cantly from the period histogram in response to the unmodulated stim-
ulus. The latter test was required because reproducible (“frozen”) noise
waveforms were used for the modulation depth curves in response to
sAM noise, and some IC neurons phase-lock strongly to temporal fea-
tures in the unmodulated (or weakly modulated) noise, which can result
in artifactually significant phase-locking to the unmodulated stimulus.
Similarly, onset and offset responses, which can elicit strongly time-
locked responses, were excluded from the analysis window, which
spanned 75—-450 ms referenced to stimulus onset (+ = 0 ms). The neural
synchrony threshold was the lowest modulation depth for which both the
Rayleigh and Kuiper tests were satisfied. Neural threshold estimates
(Figs. 2¢, 3, 4) were based on rate or synchrony measures across 50
stimulus presentations for each modulation depth.

Results

Behavioral thresholds for AM detection

Behavioral modulation transfer functions (MTFs) show detec-
tion threshold as a function of modulation frequency (F,,).
Thresholds for detection of sSAM tones with 5 kHz tone carriers
are shown for rabbits (n = 5; open symbols) and humans (n = 3;
filled symbols; Fig. 1a). For consistency with the psychophysical
literature (Viemeister, 1979), the AM detection thresholds are
plotted as 20log, (), where m is the modulation index, with
values located near the top of each plot indicating lower (more
sensitive) detection thresholds. Negative threshold values repre-
sent modulations of <100%, or m < 1. At all modulation
frequencies tested, humans detected much smaller amplitude
modulations than rabbits. Note that the human thresholds were
measured using a single-interval task matched to that used for the
rabbits (see Materials and Methods). Except at very low F,,, these
thresholds were generally consistent with human thresholds esti-
mated using two- or three-interval tasks typical of psychophysical
studies (Viemeister, 1979; Kohlrausch et al., 2000).

Although the rabbits tested here were overtrained in the be-
havioral tasks, they were consistently and particularly insensitive
to amplitude modulations of tone carriers at low F,,, (Fig. 1a).
Some individual rabbits were unable to detect modulations for
F,, <16 Hz, even for 100% modulated stimuli (Fig. 14, bottom
left, downward arrows). The corresponding slight worsening of
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species-specific aspect of AM detection,
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Figure 2. Response properties of two representative neurons in the IC of awake rabbit. a, Response maps. Audio frequency detection for responses across a range of

tuning is described as changes in average discharge rate as a function of tone frequency at several sound levels. The gray lines
indicate spontaneous rate. b, MTFs based on discharge rate. Examples of bandpass (left) and band-reject (right) MTFs are shown.
BMF is determined by the peak of bandpass MTFs or the minimum in band-reject MTFs. ¢, Average discharge rate (blue) and
synchrony (red, sync coefficient) as a function of modulation depth. Neural thresholds for AM detection for each metric (arrows)
were estimated from the responses to stimuli that varied in modulation depth. Responses to unmodulated (U) stimuli are shown
by the open symbols at the left. Distributions of the average discharge rate for each modulation depth were analyzed using the ROC
technique to determine neural rate thresholds for AM detection. Neural thresholds based on synchrony were computed using
circular statistics applied to period histograms binned on the modulation frequency (see Materials and Methods). m, Modulation

depth.

human thresholds at low F,, was not observed in a two-interval
control task, suggesting that at very low modulation frequencies,
for which relatively few cycles of the stimulus are presented, a
two-interval task is beneficial. Although the one-interval task
may have contributed to the reduced sensitivity at low F,,,, it fails
to explain the difference between human and rabbit performance
at all modulation frequencies.

Behavioral thresholds for detection of sSAM wideband noise
stimuli show that, similar to the case for sSAM tones presented
above, humans were more sensitive than rabbits to AM noise
(Fig. 1b, compare open and filled symbols). Changes in threshold
at low modulation frequencies were not as dramatic for sAM
noise stimuli as for sSAM tones. All individuals, human and rabbit,
were able to detect modulations at every F,, tested with the sSAM
noise stimuli. These behavioral results indicate a consistent,

F,, were estimated based on discharge rate
(Fig. 3a) and synchrony (Fig. 3b). When
comparing the neural and behavioral
thresholds, a key question is whether the
most sensitive neurons (i.e., the symbols
closest to the top of the plot) have thresh-
olds that are sufficient to explain the be-
havioral sensitivity. Mean behavioral
thresholds for rabbits (gray line) and hu-
mans (black line) =1 SD (gray regions)
are shown for comparison to the neural thresholds (Fig. 3). The
most sensitive neural thresholds based on average discharge rate
(Fig. 3a, topmost symbols) can explain rabbit behavioral thresh-
olds. All of the rate-based neural thresholds, however, were sub-
stantially less sensitive than human behavioral thresholds.
Reports of AM tuning in the IC typically suggest that few neurons
are tuned to low F,,, as is true in these dataset; although human
thresholds for low F,, exceed both rate and synchrony thresholds,
this may reflect a sampling problem. A recent description of a
topographical map for F,, in the IC (Baumann et al., 2011) sug-
gests that the surgical approach might bias the F, distribution.
In contrast the most sensitive synchrony-based neural thresh-
olds (Fig. 3b) were consistently more sensitive (higher on the
plot) than rate-based thresholds, and more sensitive than rabbit
behavioral thresholds. The fact that rabbit behavioral thresholds
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are less sensitive than neural thresholds
suggests that neural information encoded
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The data in Figure 3 combines
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stimulus paradigms, and for different IC
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cells to contralateral or binaural (diotic)
stimuli, nor did the thresholds differ for

Threshold (dB, 20 log jm)

Threshold (dB, 20 logmm)

neurons with bandpass, low-pass, or
band-reject MTFs, or for neurons with
different response-map types. These re-
sults indicate that the most sensitive rate

10
Modulation Frequency (Hz)

20

Rate

10 20 50 100
Modulation Frequency (Hz)

200

Sync

thresholds of IC neurons, regardless of
response type, are consistent with rabbit
behavioral thresholds, whereas the most
sensitive synchrony-based thresholds
are inconsistent with rabbit behavior yet
are sufficient to explain human behav-
ioral thresholds.

The neural thresholds (Fig. 3) are sum-
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pare neural and behavioral thresholds
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most sensitive thresholds falling outside
the range of behavioral thresholds. These
distributions indicate that the best neural
rate thresholds are sufficient to explain
the rabbit behavioral thresholds, whereas synchrony to the
envelope is required to explain the sensitivity to AM observed in
human psychophysical thresholds. The fact that the most sensi-
tive information in the responses of rabbit IC neurons to AM
sounds is not accessed by the rabbit brain suggests a suboptimal
utilization of an available and robust neural coding scheme.
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Figure 3.

Discussion

Behavioral and physiological estimates of detection thresholds
for AM sounds were made in the same species (rabbit) and
compared with human thresholds estimated with matched
procedures and stimuli. The results suggest that synchrony in-
formation is available in the neural responses that can explain the
sensitive psychophysical thresholds of human listeners, whereas
rabbit behavioral thresholds are better explained by neural cod-
ing based on the less sensitive rate thresholds. This summary of
the results is based on straightforward comparisons of the behav-
ioral thresholds to the best neural thresholds. More sophisticated
strategies for pooling information across the population of neu-
rons could be applied to the rate-based thresholds (Rosen et al.,

20
Modulation Frequency (Hz)

100 200 10 20 50 100

Modulation Frequency (Hz)

200

Neural thresholds as a function of modulation frequency. Neural thresholds are shown for responses to sAM tones (a) and
sAM noise (b). Mean behavioral thresholds from Figure 1 are shown for human (black line) and rabbit (gray line; mean = 15D, light gray
regions). More sensitive thresholds are at the top of each graph. Left, Blue symbols indicate single neuron thresholds for AM detection based
on changes in average discharge rate. Right, Red symbols indicate single neuron thresholds based on synchronization to the SAM stimulus
envelope. Red squaresat —30dB (top right graph) indicate two thresholds that were below the lowest modulation depth tested. Note that
average discharge rate thresholds could explain rabbit, but not human, detection thresholds, whereas synchronization thresholds often
matched the human threshold values (see Materials and Methods).

2010), but such strategies cannot explain the large differences in
behavioral thresholds between human and rabbit (e.g., thresh-
olds differ by ~15 dB for sAM tones at low F, ; Fig. 3a). Although
other analyses, such as correlations of discharge times across neu-
rons, were not explored here, they would not affect the basic
conclusions because simple average rate-based thresholds were
adequate to explain the rabbit behavioral thresholds.

The most sensitive rate thresholds are consistent with rabbit
behavioral thresholds, whereas the most sensitive synchrony-
based thresholds are more sensitive than rabbit behavior and are
sufficient to explain human behavioral thresholds. A simple in-
terpretation of these results would suggest that humans use tem-
poral information in the neural responses to AM sounds, and
rabbits do not. This interpretation, however, assumes that neural
responses in humans are similar to those in rabbit, in terms of
both rate and temporal information. It is also possible that hu-
man psychophysical thresholds are supported by neural rate
thresholds, but that rate thresholds are more sensitive in human
than in rabbit. However, it is unclear what factors could result in
lower rate thresholds in humans. With the exception of sharpness
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Figure 4.  Histograms of neural thresholds combined across modulation frequencies refer-
enced to the mean rabbit behavioral threshold. Mean behavioral threshold for rabbit is shown
as the vertical dashed line == 15D (gray). Thresholds based on average discharge rate are shown
in blue; thresholds based on synchronization (sync) to the stimulus envelope are displayed in
red. a, Distributions of SAM detection thresholds with respect to the mean behavioral threshold
for 5 kHz sSAM tones. b, Distributions of SAM detection thresholds with respect to mean behav-
joral threshold for sAM noise. For both SAM tone and SAM noise conditions, the most sensitive
(right-most) rate thresholds were consistent with mean behavioral thresholds in rabbit,
whereas sync thresholds were generally more sensitive than mean behavioral thresholds (i.e.,
the distribution of sync thresholds extends to the right side of the graph).

of tuning, auditory-nerve response properties are generally
equivalent across mammalian species (Shera et al., 2002;Joris et
al., 2011); however, peripheral tuning bandwidth would not be a
factor for detecting or processing the envelopes of the AM tone
stimuli, which have narrowband spectra. AM tuning, which
evolves along the ascending auditory pathway, depends largely
upon central processing mechanisms (Nelson and Carney, 2004;
Davis et al., 2010). It is possible that these central mechanisms are
better developed in humans, resulting in lower-rate thresholds.
Although difficult to formally rule out, this possibility cannot
negate the fact that rabbits do not make effective use of the syn-
chrony information that is present in their neural responses to
weakly modulated stimuli.

An alternative explanation is that the rabbits were not suffi-
ciently trained in the psychophysical task to detect AM at modu-
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lation depths where synchrony rather than rate would have been
useful. To avoid this potential confound, animals were trained
with both fully modulated AM (~7000 trials total) and with
modulation depths held near threshold (d" ~1) by two-down,
one-up tracks (~7000 trials total). Animals were then extensively
tested (~48,000 trials total) at modulation depths near threshold
using the Bayesian procedure.

Previous behavioral and modeling results (Gai et al., 2007)
suggest that rabbits do not use temporal information in another
auditory task, the detection of a 500 Hz tone in wideband noise.
In that study, detailed behavioral results for detection in an en-
semble of reproducible (frozen) masker waveforms were ana-
lyzed for both rabbit and human listeners. A variety of decision
variables based on stimulus features were compared with the
detection results to identify the features of the stimuli used by
each subject for the detection task. Differences in performance
across different masker waveforms are highly consistent both
within and across subjects for each species. Human listeners use
energy, temporal envelope, and temporal fine structure cues (Da-
vidson et al., 2009b). In contrast, the pattern of performance
across maskers for rabbits was uncorrelated to that of humans.
The rabbit performance for tone-in-noise detection could be par-
tially explained by energy cues, but not by temporal features of
the stimuli (Gai et al., 2007).

The results presented here cannot be explained by an inherent,
system-level inability of the rabbit brain to access available tem-
poral information because the capacity for processing and using
such information does exist in the rabbit auditory system. For
example, rabbits are behaviorally sensitive to interaural time dif-
ferences (ITDs) that are relevant for sound localization (Ebert et
al., 2008), and midbrain neurons in the rabbit are sensitive to
changes in ITD (Stanford et al., 1992; Kuwada et al., 2006). The
limitations of temporal information processing by the rabbit
brain may thus be confined to the relatively low-frequency range
typically used to modulate AM stimuli. How, or even if, these
limitations might be adaptively significant, given that the tested
sounds include AM frequencies likely to be encountered natu-
rally by rabbits, is unclear.

The large variation in rabbit AM detection thresholds as a
function of modulation frequency for AM tones is consistent
with the different roles that timing and rate have been suggested
to play in AM coding. Gourévitch and Eggermont (2010) showed
that neural timing was most effective for coding AM at low-
modulation frequencies in primary auditory cortex of the anes-
thetized cat, whereas average rate was sufficient to encode AM at
high modulation frequencies. Thus, the inability of rabbits to
effectively use low-frequency temporal information in neural re-
sponses to AM tones is consistent with their high behavioral
thresholds for AM detection at low F,,.

The results of this study demonstrate that behavioral thresh-
olds for rabbit are significantly higher than for human, and are
better explained by neural rate thresholds than by synchrony
thresholds. That is, neural synchrony thresholds were too sensi-
tive to explain rabbit behavior. That information present in
rabbit IC neuron responses can explain human auditory perfor-
mance, but is too sensitive to explain rabbit performance, indi-
cates that the rabbit brain makes suboptimal use of the available
temporal information in the neural responses to AM stimuli.
Stronger correlations of neural rate thresholds in auditory cortex,
compared with synchrony thresholds, to behavioral AM thresh-
olds have also been reported in rhesus macaque (Johnson et al.,
2012; Niwa et al., 2012). In the related tasks of detection of fre-
quency modulations in acoustic (Lemus et al., 2009) and vibrot-



1312 - J. Neurosci., January 22, 2014 - 34(4):1306-1313

actile (Luna et al., 2005) stimuli, neural rate thresholds rather
than synchrony, predicted behavioral thresholds (for review, see
Romo et al., 2012). These results suggest important limitations
for attempts to correlate neural performance to behavior, and in
particular caution against assumptions of optimal use of neural
information for sensory encoding.
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