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Abstract

This study tested the hypothesis that spiking activity in the primary auditory cortex
of monkeys is related to auditory stream formation. Evidence for this hypothesis was
previously obtained in animals that were passively exposed to stimuli and in which
differences in the streaming percept were confounded with differences between the
stimuli. In this study, monkeys performed an operant task on sequences that were
composed of light flashes and tones. The tones alternated between a high and a low
frequency and could be perceived either as one auditory stream or two auditory
streams. The flashes promoted either a one-stream percept or a two-stream percept.
Comparison of different types of sequences revealed that the neuronal responses to
the alternating tones were more similar when the flashes promoted auditory stream
integration, and were more dissimilar when the flashes promoted auditory stream

segregation. Thus our findings show that the spiking activity in the monkey primary

KEYWORDS

1 | INTRODUCTION

Auditory scene analysis is the process by which the auditory
system groups and segregates sounds of the environment into
perceptual streams (Bregman, 1990). The rules governing
primitive auditory stream formation are frequently tested
with rapid sequences of alternating sounds. This has revealed
that, depending on the similarity and the rate of presentation,
the sounds may be perceived as being part of a single au-
ditory stream or of two or more streams (Moore & Gockel,
2002). In studies in which, for example, sinusoidal tones are
used, subjects tend to perceive two streams when differences

Abbreviations: A/D, analog-digital; AV, audiovisual; BOLD, blood
oxygenation level dependent; D/A, digital-analog; dB, decibel; HCI, hydro-
chloride; Hz, hertz; kHz, kilohertz; LED, light-emitting diode; PSTH, peri
stimulus time histogram; SPL, sound pressure level.
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auditory cortex is related to auditory stream formation.

audiovisual, bistable perception, population separation model, rivalry, temporal processing

in frequency are large and presentation rates are high, while
subjects tend to perceive a single stream when differences in
frequency are small and rates are low. Similar observations
are made when sounds differ in other features of sounds, for
example, temporal envelope.

The highly influential study of Fishman and colleagues
has revealed a neuronal correlate of auditory stream for-
mation in the monkey primary auditory cortex (Fishman,
Arezzo, & Steinschneider, 2004; Fishman, Reser, Arezzo,
& Steinschneider, 2001). The researchers used sequences
composed of sounds that alternated between a high- and a
low-frequency tone and set one of them (say the high tone)
at the best frequency of a neuron and the other (say the
low tone) at a different frequency. In addition, the rate of
presentation and the duration of tones were varied. When
they computed the ratio of neuronal response amplitudes
of the low tone to the high tone, they found that this ratio
varied with the proportion of time humans hear either one
or more auditory streams. Largest ratios were associated
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with stimulus conditions in which subjects perceived a
single auditory stream. Ratios were smaller under ambig-
uous stimulus conditions, in which the subjects’ percep-
tion switched between one and two auditory streams. The
smallest ratios were observed under stimulus conditions in
which subjects perceived two auditory streams. Based on
these observations, Fishman et al. (2001) put forward the
population separation model of auditory streaming accord-
ing to which a tone sequence is perceived as a single stream
when the high and low tones activate the same neural pop-
ulation in primary auditory cortex. In contrast, a tone se-
quence is perceived as two streams when the high and low
tones activate different neural populations along the tono-
topic axis of primary auditory cortex.

A problem for the interpretation of the results obtained by
Fishman et al. (2001) is that the correlation between response
and auditory streaming was confounded using different auditory
stimuli for the different percepts. Therefore it is not clear whether
the response ratio in auditory cortex reflected the percept, or
merely resulted from different frequencies. One way to distin-
guish neuronal activity related to perceptual processes from that
related to physical stimulus characteristics is to use stimuli that
allow more than one percept and to control the percept.

We have recently established a behavioral testing paradigm
in which visual stimuli are used to assess, or modify, how
humans and nonhuman primates perceptually organize tone
sequences (Selezneva et al., 2012). In this paradigm, subjects
are presented with a periodic sequence of light flashes and are
required to report, by bar press, when the flashing is termi-
nated. When the flash sequence is synchronized with a tone
sequence alternating between two frequencies and when the
tones are terminated before the flashes, subjects are able to
respond faster to the termination of the flashes. This indicates
that the subjects also attend to the auditory stimuli and use
information from both the visual and the auditory modality
for their behavioral responses. Most importantly, the percep-
tual merging of stimuli from the two modalities is associated
with some modifications of the perception of unimodal stim-
uli. On the one hand, the perceptual organization of the tone
sequence has an effect on how quickly the termination of the
flash sequence is detected such that the change in response
time allows to infer whether the tone sequence is perceived
more frequently as one or two auditory streams. On the other
hand, the visual stimuli affect the perceptual organization of
the tone sequence: synchronizing the flashes with every sec-
ond tone increases the probability that the tone sequence is
perceived as two auditory streams. In contrast, synchronizing
the flashes with every third tone increases the probability that
the tone sequence is perceived as one auditory stream. These
differential effects were explained by different strengths of
perceptual binding between the tone sequence and the flash
sequence, that is, by the match of the perceptual organiza-
tions of the two sequences.

Using this behavioral paradigm we recorded the firing
of neurons from the auditory cortex of monkeys and tested
whether the ratio of neuronal responses to alternating tones
changes when the probability changes with which monkeys
perceive a tone sequence as one or two auditory streams.
Specifically, we hypothesized that the response ratio is higher
in situations in which the tone sequence is more frequently
perceived as one auditory stream as compared to situations
in which the tone sequence is more frequently perceived as
two auditory streams. We focused on primary auditory cortex
because the original observations on neuronal correlates of
auditory stream formation were made in this part of audi-
tory cortex (Fishman et al., 2001). This area is also known to
be affected by visual stimuli (Brosch, Selezneva, & Scheich,
2005, 2015; Schroeder & Lakatos, 2009). Here we report
results from experiments that were optimized to compare re-
sponse ratios when the perceptual organization of the tone
sequence was modified by the flash sequences. The results
obtained in experiments that were optimized to infer the per-
ceptual organization of the tone sequence from the gain in
behavioral response time will be presented elsewhere.

2 | METHODS

2.1 |

Experiments were performed on three adult male long-

Subjects

tailed macaques (macaca fascicularis), monkey E, monkey
W, and monkey C. All monkeys previously participated
in behavioral studies using audiovisual sequences very
similar to those used here (described in Rahne et al., 2008;
Selezneva et al., 2012). As detailed in Brosch & Scheich,
2008, a headholder (‘“halo™) device was implanted under
deep anesthesia (Ketamine HCI [4 mg/kg] and Xylazine
[5 mg/kg]) onto the monkeys’ head to allow atraumatic head
restraint. It consisted of three strong arches that closely en-
circled the occipital, supra-orbital and mid-sagittal ridges
of the head. This helmet-like piece was firmly and perma-
nently attached to the head by means of several counteract-
ing stainless steel bolts with sharpened points, which were
advanced by rotation through the intact skin and soft tissue
until they lodged firmly against the skull. Subsequently,
monkeys received a chamber implant, positioned in the left
temporal regions of the skull, for microelectrode recordings
from the auditory cortex. For the implantation, a piece of
bone was removed with a trephine (diameter: 21 mm) and
an externally threaded stainless steel cylinder was screwed
into the slightly undersized hole. All surgical operations on
the animals were performed under deep general anesthesia
and were followed by a full course of antibiotic (Baytril,
0.2 ml/kg) and analgesic (Carprofen, 0.1 ml/kg) treatment
during which they were monitored several times per day
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Experiments were carried out in a double-walled soundproof
room (IAC 1202-A). For all behavioral training and testing,
a monkey squatted in a primate chair. Its front compartment
accommodated a green light-emitting diode for visual stimu-
lation (LED, 2 visual degrees diameter), a touch bar, and a
water-spout (see also Brosch, Selezneva, Bucks, & Scheich,
2004). For auditory stimulation two loudspeakers (Canton
Karat 720) were placed at a distance of ~1 m on the left and
the right side of a monkey.

Apparatus

Onset of
flashing

Start of
tone sequence

-

| Audltory condltlon

AV2(L), mOoOm -II-m-m-- -m-mIElEJ
l :

EJN European Journal of Neuroscience ~ FENS

A computer was used to generate visual and auditory
stimuli and to monitor and control the behavioral procedure.
Auditory stimuli were generated with the aid of an array pro-
cessor (Tucker-Davis Technologies, Gainesville), interfaced
with the computer, at a sampling rate of 100 kHz. The signal
was D/A converted, amplified (Pioneer, A202) and presented
to a monkey through the loudspeakers.

We used a multichannel drive equipped with up to five
microelectrodes (Thomas Recording) to record the action po-
tentials fired by a small group of neurons (multiunit activity)
from different sites, mostly in upper layers, of the left primary
auditory cortex. Following preamplification, the signals from
each electrode were amplified and filtered at 0.5-5 kHz with
a PGMA-64 (Thomas Recordings), and recorded with an
A/D data acquisition system (Neuralynx) at a sampling rate
of 42 kHz. For technical reasons, local field potentials were
not available in this study.

First omitted
flash

AV2 condition

A
1
1
i
i
1
I
_|—/ ! : l V| W/ | W | — NP
LED 1 L
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FIGURE 1

Schematic representation of the behavioral task and the stimuli used to modify the perceptual organization of tone sequences.

After illumination of the LED light (indicated by the step on the lower red trace), the monkeys had to grasp a touch bar. After holding the bar for

some time, the LED started to be periodically turned off and on (onset of flashing). This period constituted the visual condition. The monkeys

had to release the bar when the periodic flashing of the LED had stopped, that is, after the first omitted flash (indicated by the gray shading). In

some trials (shown in the upper parts of the figure) auditory stimuli (filled rectangles) were presented in combination with the visual stimuli. They

consisted of a series of pure tones that alternated periodically between a low (L) and high (H) frequency. They started during the steady-state phase

of visual stimulation (and constituted the auditory condition) and continued during the subsequent flashing phase in which either every second

tone (constituting the AV2 condition) or every third tone (constituting the AV3 condition) was synchronized with the on-phase of the LED. The

two AV2 conditions differed in whether the low or the high tone was synchronized with a flash. In most trials, tone presentation stopped before the

flashing was stopped (indicated by the open rectangles). In the AV2 condition, there was one omitted tone before the first omitted flash. In the AV3

condition, there were two omitted tones before the first omitted flash
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To measure the frequency sensitivity and best frequency of
neurons, we presented the monkeys with a random sequence
of 400 pure tones at 40 different frequencies (from 200 Hz
to 15.6 kHz in equal logarithmical steps). The tones had a
duration of 100 ms and were presented every 1,000 ms. The
sound pressure level was ~70 dB SPL.

For the behavioral task, visual stimuli were presented ei-
ther alone or in combination with auditory stimuli (Figure 1).
The auditory stimuli were selected following earlier testing
such that each of the three monkeys participating in the cur-
rent study was presented with perceptually ambiguous tone
sequences. For the visual stimulation, the LED was initially
turned on for maximally 10 s. This was followed by a period
of 2.52-6 s during which the LED was periodically turned
off and on 9-25 times. The on-phase of the LED had a dura-
tion of 35 ms and the off-phase had a fixed duration during
a trial. In monkey C, the LED was turned on every 280 or
420 ms. In monkey W and E, the LED was turned on every
240 or 360 ms. In audiovisual trials, the auditory stimula-
tion started about 1-3 s after the LED had been turned on
for the first time in a trial. It lasted 3.48 and 9.6 s and con-
sisted of 25-80 pure tones that alternated between a high
and a low frequency. Each tone had a duration of 80 ms (in-
cluding 5-ms rise/fall time) and was presented every 140 ms
in monkey C and every 120 ms in monkey W and monkey
E, respectively. The intensity of the tone bursts was ~60 dB
SPL. Six to twenty-four of the tones were presented during
the initial on-phase of the LED, and this period constituted
the auditory condition. Another 18—49 tones were presented
during the subsequent period in which the LED was peri-
odically flashed for 2.52-6s. This period constituted the
audiovisual condition. Two types of audiovisual conditions
were used that differed in the way of how flashes and tones
were synchronized. In the AV2 condition, the flashes were
presented with every second tone. In some trials, the flashes
were synchronized with the high tones only, and in other tri-
als, the synchronization was always with the low tones only.
In the AV3 condition, the flashes were presented with every
third tone, such that the flashes alternated between being
synchronized with a high and a low tone. The flashes were
turned on 9 ms before the corresponding tone to promote
the perceptual integration of the two sequences (Vroomen &
Keetels, 2010).

In Study 1, the same high and low tones were used during
a given experimental session. Their frequency separation dif-
fered across sessions between 6 and 9 semitones in monkey
C and 4 and 4.5 semitones in monkey W. In Study 2, four
pairs of high and low tones (all centered on the same mean
logarithmic frequency) were used during a given experimen-
tal session. The tone pairs differed in their frequency sepa-
rations: 1.5, 4.5, 7.5, or 10.5 semitones. This enabled us to

Stimuli

compare the neuronal responses of a given site to perceptu-
ally ambiguous sequences with different ratios of 1-stream
and 2-stream percepts. In both studies, the mean frequency
varied from 400 Hz to 15 kHz across experimental sessions.
The mean frequency was adjusted to the frequency sensitiv-
ity of the neurons simultaneously recorded from different
electrodes in an experimental session so that the tones used
during the behavioral task fell inside the sensitivity range and
excited as many neurons as possible.

2.4 | Behavioral procedure

A trial started by turning on the LED for a period of up to
5 s. During this period the monkeys were required to make
contact with the touch bar and hold it for a variable and un-
predictable time. 1.34-5.23 s after bar touch, the LED started
flashing periodically for 2.52-5.88 s. The monkeys’ task
was to release the touch bar not later than 1,000 ms after
the flashing had been stopped, that is, after the first omitted
flash (indicated by the last vertical dotted line in Figure 1).
If the monkeys did so, the reaction time was recorded, the
trial was scored correct and a water reward was administered.
The monkeys could consume the reward during the following
5 s before the next trial started. Bar releases before or after
the 1,000-ms reaction time window were scored incorrect re-
sponses. In 75%-90% of the trials, tones were also presented
in synchrony with the flashes. In most of the audiovisual tri-
als, the tone presentation ended before the flashing. In the
AV?2 condition, there was one omitted tone before the first
omitted flash. In the AV3 condition, there were two omitted
tones before the first omitted flash. In ~5% of the audiovis-
ual trials, the tones ended after the flashes; these catch trials
served to prevent the monkeys to respond to the termination
of the tone sequence.

In Study 1, trials with visual stimuli only and trials with
audiovisual stimuli were presented in a block-wise manner,
each consisting of 20-50 trials. Within the block of AV2
stimuli, all flashes were synchronized either with the high
or the low tone. The order of the blocks was counterbalanced
across the sessions. In Study 2, the type of stimulation varied
randomly from trials to trial, alongside with the frequency
separation of the high and the low tone. This random design
was used to mitigate differences between blocks with differ-
ent types of stimulation which resulted from changes in neu-
ronal excitability across conditions.

2.5 | Data analysis

For each multiunit recording and for each stimulus condition
we computed a peri stimulus time histogram (PSTH) from
the neuronal firing with a bin size of 20 ms, which was trig-
gered on the offset of the initial LED on-period. Only correct
trials were considered for data analyses.
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To find out whether the firing of a multiunit was modu-
lated by the periodic stimulation with flashes or with tones,
we tested for the presence of temporal firing patterns that
were synchronized to the stimulation periodicity. To this
end, we computed the amplitude spectrum from the PSTH
of specific time windows of interest (e.g., during the visual
condition). With the aid of a bootstrap analysis, we assessed
whether the amplitude of a target frequency was signifi-
cantly (p < 0.001) greater than the corresponding value of
the amplitude spectrum of surrogate PSTHs. For the latter,
we generated 10,000 simulated spike trains that had the same
mean firing rate as the original spike train but with randomly
distributed interspike intervals (as in Brosch et al., 2015).
In the visual condition, the target frequencies were 2.78
and 4.17 Hz in monkey W and monkey E (corresponding to
flash periods of 360 and 240 ms), respectively, and 2.38 and
3.57 Hz in monkey C (corresponding to flash periods of 420
and 280 ms). In the auditory and audiovisual conditions, the
target frequencies were 4.17 and 8.33 Hz in monkey W and
monkey E (corresponding to the 240-ms interval between the
onsets of two tones with the same frequency and the 120-ms
interval between the onsets of two tones with the different
frequency). In monkey C, the temporal intervals of the tones
corresponded to the target frequencies of 3.57 and 7.14 Hz.

The PSTH was also used to quantify the response of a
multiunit to selected tones by computing the spike rate in the
time interval from O to 60 ms after tone onset. This spike rate
was normalized by dividing it through the spike rate during
the visual condition.

Following the approach of Fishman et al. (2004), we ex-
amined the relationship between neuronal responses and au-
ditory streaming by calculating the ratio of the responses to
the high and low tones for specific stimulus conditions. Since
none of the tone frequencies was at the best frequency of the
neurons under investigation we first determined which of the
two tones yielded the stronger response and then divided it
by the weaker response. For the auditory condition, the ini-
tial four tones in the sequence were omitted because these
responses were generally larger than those to the later tones.
The response ratios of a given multiunit obtained in different
stimulus conditions were compared using paired z-tests.

3 | RESULTS

The present report is based on multiunit activity recorded
from 598 sites in the left primary auditory cortex of three
monkeys. In Study 1, 46 of 181 multiunits (30 from monkey
C and 16 from monkey W) were used for detailed analyses
because their firing was sufficiently stable during individual
experimental sessions and because the monkeys performed
a sufficient number of trials in these experimental sessions
that allowed us to compare the stimulus conditions. All 46
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multiunits were recorded during 19 experimental sessions.
In Study 2, detailed analyses were performed on 158 out of
417 multiunits (73 from monkey E and 85 from monkey W),
which were recorded during 68 experimental sessions. In all
experiments, the monkeys were presented with repeating
light flashes and were required to release a touch bar after the
flashing had stopped (Figure 1). The flashes were presented
alone, or they were synchronized with tones. In the latter,
they were synchronized either with every second or with
every third tone. Both studies tested the hypothesis that, com-
pared to the stimulation with auditory stimuli alone, response
ratios are smaller for AV2 stimuli and larger for AV3 stimuli.
Study 1 and Study 2 differed in how the type of stimulation
varied across trials and in the number of frequency separa-
tions that were tested during an experimental session.

3.1 | Studyl1

Monkey C performed a total of 1,535 trials in 10 experimen-
tal sessions during which 30 multiunits were recorded. He
responded correctly to the first omitted flash in >94.4%, with
little difference between the stimulus conditions. Monkey
W performed a total of 2,376 trials in the nine experimental
sessions considered here. He responded correctly in >94.0%
of the trials, also with little difference between the differ-
ent types of stimulation. Despite the very high scores, both
monkeys clearly attended to the auditory stimuli and noticed
the termination of the tone sequence because their reaction
times differed between trials with different types of stimula-
tion. Reaction times were longest in trials in which only vis-
ual stimuli were presented, of medium duration when AV?2
stimuli were presented and of shortest duration when AV3
stimuli were presented. Pairwise #-tests (each p < 0.001) re-
vealed that in monkey C, average reaction times decreased
significantly from 630 (15, SE) ms in trials with visual
stimuli alone, to 528 (+11) ms in trials with AV2 stimuli,
and to 475 (£10) ms in trials with AV3 stimuli. In monkey
W, average reaction times were 392 (+10) ms for trials with
visual stimuli alone, 370 (£12) ms in trials with AV2 stimuli,
and 335 (£12) ms in trials with AV3 stimuli.

Figure 2 shows the neuronal firing of an example mul-
tiunit from the auditory cortex while monkey C was pre-
sented with different types of stimuli. Initially, the monkey
performed a block of 21 trials with AV2 stimuli in which the
flashes were synchronized with the low-frequency tones only.
This block was followed by three blocks with the other stim-
uli, that is, with visual stimuli only, with AV3 stimuli, and
with other AV2 stimuli. The latter block differed from the
earlier AV2 block in that the flashes were synchronized with
the high-frequency tones only. Inspection of the dot raster-
gram, together with the four overlaid peri stimulus time his-
tograms (PSTHs), indicates that the firing was modulated by
the stimulation only when tones were presented but not when
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FIGURE 2 Neuronal firing of an example multiunit cluster recorded from the auditory cortex of monkey C in different stimulus conditions.
(a) Dot rastergrams showing the firing patterns during a 1,300-ms period relative to the onset of flashing. In the rastergram the dots in each line
represent the occurrence of a spike relative to the onset of flashing in a given trial. The trials are chronologically ordered and organized into

four blocks which differ by the rate of flashing and the presence of auditory stimuli. The first block shows the firing observed during 21 trials in
which AV2 stimuli was presented and the low-frequency tones (8,239 Hz) were synchronized with flashes. Overlaid on the dot rastergram is a

peri stimulus time histogram (PSTH, scale bar corresponds 50 spikes/s), which shows the variation of firing rate averaged across the 21 trials. The
shaded curves reflect the standard errors of the mean for each of the PSTHs. The following block shows 24 trials in which only visual stimuli were
presented. The third block shows 26 trials in which AV3 stimuli were presented. The last block shows 18 trials in which also AV2 stimuli were
presented but in which the high-frequency tones (13,723 Hz) were synchronized with flashes. Note that the periodic increases in firing rate are
synchronized with auditory stimuli. (b) Amplitude spectrum of the PSTHs, indicating that the firing of the multiunit was significantly synchronized
with the periodic tone stimulation in the AV3 (green) and the two AV2 (light blue and pale purple) conditions, but not in the visual condition (pale
red). The inset shows the frequency response area of the multiunit (see Brosch, Schulz, & Scheich, 1998 for details). (c,d) Normalized responses of
the multiunit to high- and low-frequency tones in different AV conditions

only flashes were presented (Panel A). This was quantita- was confirmed in the other 45 multiunits of Study 1. In con-
tively confirmed by computing the amplitude spectrum from  trast, all 46 multiunits clearly exhibited firing synchronized
the PSTHs (Figure 2b). A bootstrap analysis (see Methods) with auditory stimulation.

revealed that during auditory stimulation, but not during vi- To address the question whether the auditory streaming
sual stimulation, the firing was significantly modulated at a percept was reflected in the neuronal firing of auditory cortex,
rate of 7.14 Hz or of 3.57 Hz, that is, at rates that are com- we assessed how individual multiunits responded to the high-

mensurate with the temporal interval of 140 ms between the and low-frequency tones in different stimulus conditions.
high- and low-frequency tones; or with the interval of 280 ms Figure 2c.d show the corresponding PSTHs of the example
between two tones of the same frequency. The absence of  multiunit under consideration. They were calculated by av-
firing in auditory cortex synchronized with visual stimulation eraging across all tones presented in the different conditions,
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except for the auditory condition, in which the initial four
tones were not considered in order to minimize the influence
of adaptation. Comparison of the different PSTHs revealed
that the responses to the high-frequency tone were quite simi-
lar in the different stimulus conditions (panel C), whereas the
responses to the low-frequency tone differed across the con-
ditions (panel D). Here, relative to the auditory condition, the
response to the low-frequency tone was enhanced in the AV3
condition, while it was suppressed in the two AV?2 conditions.
To calculate the ratio of the responses of this multiunit to the
two alternating tones in the different stimulus conditions, we
obtained the strength of the responses to the tones by com-
puting the firing rate in the time intervals from 0 to 60 ms
after tone onset. This revealed that, relative to the response
ratio of 0.71 in the auditory condition, the response ratio was
decreased to 0.66 in the two AV2 conditions but increased to
0.98 in the AV3 condition.

Similar differences in the response ratios between the
stimulus conditions were seen in the other 45 multiunits of
Study 1 (Figure 3). Generally, response ratios were small-
est in the AV2 condition, of medium level in the auditory
condition and largest in the AV3 condition. Pairwise #-tests
revealed a statistically significant difference between the
auditory and the AV3 condition (p = 0.0079) and between
the two AV conditions (p = 0.0402). Similar results were
obtained when response ratios were calculated in individual
monkeys.

We could exclude that the differences in response ratios
in the auditory and audiovisual conditions resulted from dif-
ferent responses to tones being synchronized with the light
flashes and tones not being synchronized with the light
flashes. This was seen both in the AV3 condition and in the
AV2 condition (z-tests, all p > 0.6913, results not shown).
Similar results were found for later time intervals.

(a) (b)
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FIGURE 3 Ratios of tone responses in auditory cortex differ
between the three stimulus conditions used in Study 1. (a) Mean
response ratios of 46 multiunits in the auditory (black), AV2 (blue) and
AV3 (green) condition. The whiskers represent standard error of the
mean. Asterisks indicate results of #-tests (¥*:p < 0.01, *: p < 0.05).
(b) Beeswarm plots showing the distributions of the response ratios

for each of the three conditions
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3.2 | Study2

Monkey E performed a total of 11,138 trials in the 27 ex-
perimental sessions during which the firing of 79 multiunits
available for Study 2 were recorded. He responded correctly
in >94.4% of the trials for each of the three types of stimula-
tion and each of the four frequency separations. Monkey W
performed a total of 7,295 trials in the 41 experimental ses-
sions considered here. He responded correctly in >90.0% of
the trials for each of the three types of stimulation and each
of the four frequency separations. As in Study 1, both mon-
keys had reaction times that were significantly shorter in tri-
als in which audiovisual stimuli were presented than in trials
in which only visual stimuli were presented (pairwise z-tests,
each p < 0.0055). In monkey E, average reaction times were
551 (+6) ms for trials with visual stimuli only, 533 (+7) ms
for trials with AV2 stimuli, and 483 (+10) ms for trials with
AV3 stimuli. In monkey W, average reaction times were 456
(x11) ms for trials with visual stimuli only, 390 (+9) ms for
trials with AV2 stimuli, and 290 (£8) ms for trials with AV3
stimuli.

Consistent with Study 1, all 158 multiunits in auditory
cortex used in Study 2 exhibited neuronal firing that was
significantly modulated at rates that were commensurate
with the temporal intervals between the tones. This was seen
both during the auditory and the audiovisual conditions. In
contrast, no multiunit exhibited firing synchronized with vi-
sual stimulation. We also noted that in all audiovisual con-
ditions, there was no difference between the responses to
tones that were synchronized with the light flashes and those
that were not synchronized with the light flashes (z-tests, all
p > 0.4437, results not shown). Extending the results of Study
1 and replicating those of previous reports (e.g., Fishman
et al., 2001, 2004) we found that response ratio depended on
the frequency separations of the tones used in the auditory
condition. Generally, response ratio was greater when the
frequency separation of the stimuli was smaller (Figure 4A,
black bars).

Response ratios varied between the auditory and audio-
visual conditions (Figure 4). As in Study 1, this was found
for tone sequences that are perceptually ambiguous, that is,
for the intermediate frequency separations of 4.5 and 7.5
semitones (even though effects were significant only for the
smaller frequency separation [p = 0.0294 for the AV2 condi-
tion vs. the AV3 condition and p = 0.0477 for the AV2 con-
dition vs. the auditory condition]). Significant effects of the
type of stimulation were also found for tone sequences with
little perceptual ambiguity. Effects were largest for sequences
with the small frequency separation of 1.5 semitones (which
are mostly perceived as a single auditory stream [p < 0.0001
for the AV2 condition vs. the AV3 condition and p = 0.0002
for the AV2 condition vs. the auditory condition). Here the
AV?2 condition, which promotes stream segregation, resulted
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FIGURE 4 Ratios of tone responses in auditory cortex for different stimulus conditions and for different frequency separations obtained in

Study 2. (a) Mean response ratios of 158 multiunits in the auditory, AV2 and AV3 condition, calculated for four frequency separations. Conventions

as in Figure 3. (b—e) Beeswarm plots showing the distributions of the response ratios in the different conditions

in the largest change of response ratio. Effects were weaker
but still significant for tone sequences with the large fre-
quency separation of 10.5 semitones (p = 0.0346). This tone
sequence is mostly perceived as two auditory streams.

4 | DISCUSSION

This study finds that spiking activity in the primary audi-
tory cortex of awake behaving monkeys is related to audi-
tory streaming. The ratio of spike responses to repeating tone
pairs was increased and thus responses were more similar in

the AV3 condition, which promoted stream integration. This
ratio was decreased and thus responses were more dissimilar
in the AV2 condition, which promoted stream segregation.
The current results thus support and extend previous results
which have suggested a relationship between neuronal ac-
tivity in primary auditory cortex and the perceptual organi-
zation of tone sequences (e.g., Fishman et al., 2001). Most
importantly, our experimental approach improves over the
previous approaches because response ratios were observed
in monkeys that attended to the auditory stimuli and were
obtained with the same auditory stimuli and not, as in the
previous studies, with different auditory stimuli.
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Here we modified auditory streaming by synchroniz-
ing tone sequences in different ways with flash sequences
(Selezneva et al., 2012). Stream segregation was promoted
in the AV2 condition, in which every second tone was syn-
chronized with a flash. Stream integration was promoted
in the AV3 condition, in which every third tone was syn-
chronized with a flash. Thus, our approach potentially has
a confound similar to that of all previous studies on neu-
rophysiological correlates of auditory streaming in mam-
mals, in which different auditory percepts were induced
with different (auditory) stimulations (Fishman et al.,
2001; Kanwal, Medvedev, & Micheyl, 2003; Micheyl,
Tian, Carlyon, & Rauschecker, 2005; Scholes, Palmer, &
Sumner, 2015). Indeed, in contrast to the traditional view
of primary auditory cortex as a unisensory brain structure
(Brosch & Scheich, 2005), there is converging evidence
in different species that some auditory cortical neurons
respond to visual stimuli (Bizley, Nodal, Bajo, Nelken, &
King, 2007; Brosch et al., 2005, 2015; Li et al., 2014), or
that their auditory responses are modulated by concurrent
visual stimuli (Bizley et al., 2007; Falchier, Clavagnier,
Barone, & Kennedy, 2002; Kayser, Petkov, & Logothetis,
2008; Schroeder & Foxe, 2002; Schroeder & Lakatos,
2009). Despite these observations we can rule out that the
variations in response ratio observed here resulted merely
from comparing neuronal responses to different sensory
stimuli. There was not even a single site in our sample of
215 sites in which the flashes modulated firing rates, neither
in the visual condition nor in the different AV conditions.
Visual modulations of tone-evoked responses were absent
during the initial 60 ms after tone onset. Consistent with
the slower processing speed of the visual system previous
studies also did not report visual response modulations in
this time window (Bizley et al., 2007; Kayser et al., 2008).
Visual modulations were also absent in time windows later
than 60 ms after tone onset, which corresponded to the lon-
gest tone onset interval tested here. Therefore, we conclude
that individual flashes did not directly affect tone-evoked
responses and, consequently, that response ratios did not
change because responses to auditory stimuli were com-
pared to response ratios to audiovisual stimuli. Instead we
consider that in our experiments the visual stimulation as
a whole had some “higher”-order top-down effect on the
grouping of the tone sequence, and which is related to the
match of the perceptual organizations of the tone and flash
sequences. Similar “higher”-order interactions between au-
ditory and visual stimuli that are largely independent of the
exact temporal relationship of individual stimuli have also
been reported for pairs of audiovisual stimuli (Apthorp,
Alais, & Boenke, 2013; Rahne, Bockmann, von Specht, &
Sussman, 2007; Shams, Kamitani, & Shimojo, 2002). It is
also possible that the temporal coherence of the neuronal
responses in the auditory and visual system contributes to
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the differential effects of the two AV conditions on auditory
streaming (Elhilali, Ma, Micheyl, Oxenham, & Shamma,
2009).

Evidence that neuronal activity in the auditory cortex and
subcortical parts of the auditory system is related to audi-
tory streaming has also been obtained in studies on humans
with different types of brain signals, different behavioral par-
adigms, different ways of assessing and modifying auditory
perception, and different tone sequences (Deike, Gaschler-
Markefski, Brechmann, & Scheich, 2004; Deike, Scheich, &
Brechmann, 2010; Gutschalk et al., 2005; Snyder, Alain, &
Picton, 2006; Hill, Bishop, Yadav, & Miller, 2011; Yamagishi,
Otsuka, Furukawa, & Kashino, 2016; but see Cusack, 2005).
These studies converge in a way that auditory cortex is more
strongly activated, or that neural responses to specific tones
are enhanced, in trials in which subjects hear two streams as
compared to trials in which subjects hear a single auditory
stream. Even though not explicitly addressed, these findings
suggest that the ratio of responses to the alternating tones is
higher when subjects hear a single auditory stream than when
subjects hear two streams. This would be consistent with the
present findings that the ratio of responses to alternating
tones is related to auditory streaming (also see Fishman et al.,
2001). We note that a relationship between auditory stream-
ing and neuronal activity was also found in the forebrain of
birds (Itatani & Klump, 2014). However, although an objec-
tive task was used to assess auditory streaming, no neuronal
correlate of the actual percept and the ensuing behavioral de-
cision was present.

Although statistically significant relationships between
neuronal responses in auditory cortex and auditory percep-
tion were obtained in two separate studies and in three mon-
keys the effect sizes were relatively small. Response ratios
differed by maximally 4% when the AV2 condition was com-
pared to the AV3 condition, and the differences were not sta-
tistically significant for all comparisons. We also noted in our
experiments that the variations of response ratio that were
related to frequency differences were larger than those related
to differences in perception.

The small effect sizes that were related to auditory stream-
ing could be a result of methodological limitations of this
study. Here monkeys performed a visual task in which the au-
ditory stimuli “only” facilitated their performance but did not
trigger their behavioral responses (Selezneva et al., 2012).
Thus the auditory modality was at most moderately involved
in the monkeys’ behavioral decisions, which might obscure
the degree to which activity in primary auditory cortex is
related to perception. Effects may also be obscured by the
choice of the auditory stimuli. Previous studies set one of the
repeating tones to the best frequency of the auditory cortex
neurons under consideration and then varied the frequency of
the other tone to determine response ratios (Fishman, Kim,
& Steinschneider, 2017; Fishman et al., 2001; Kanwal et al.,
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2003; Scholes et al., 2015). In contrast, in most neurons of our
study, the tones were not at the best frequency; mostly one of
the two tones was above and the other was below the best fre-
quency and both tones had a similar separation from the best
frequency. Therefore, in this study response ratios were gen-
erally closer to unity than those in, for example, Fishman’s
study (Fishman et al., 2001), such that the different stimuli,
particularly the AV3 stimuli, were less potent in changing
response ratios than if response ratios had been tested with
one tone set to the best frequency. We did not test whether
analysis of the temporal coherence of the neuronal responses
would reveal different effects of the two AV condition on au-
ditory streaming (Elhilali et al., 2009). For technical reasons
local field potentials were not available in this study. This
may be considered a major limitation of the study because we
could not address the question, for example, how the visual
stimuli influence the phase of slow oscillations in Al, how
slow oscillations are related to multisensory integrations, and
how slow oscillations correspond to momentary fluctuations
of neuronal excitability (Schroeder & Lakatos, 2009).

It is therefore likely that the responses to the alternating
tones in primary auditory cortex are only partially related to
auditory streaming and that auditory streaming is more related
to activity in brain regions downstream of primary auditory
cortex. This view would be consistent with earlier findings
from our (Brosch et al., 2015; Selezneva, Scheich, & Brosch,
2006) and other groups (Beitel, Schreiner, Cheung, Wang, &
Merzenich, 2003; David, Fritz, & Shamma, 2012; Otazu, Tai,
Yang, & Zador, 2009; Weinberger, 2005) that sound-evoked
activity in primary auditory cortex is, at most, modestly re-
lated to cognitive, procedural, and motivational aspects of au-
ditory tasks (Tsunada & Cohen, 2014). It is therefore possible
that sound-evoked activity in primary auditory cortex reflects
the strength of the binding of the sequential tones rather than
their perceptual category (one stream or two streams). These
findings would also be consistent with the idea of Sussman,
Bregman, and Lee (2014) that stimulus-driven processes of
grouping do not fully create one organization or the other in
perception, but pass “suggestions’ about possible groupings
to higher processes, with the strength proportional to the
weight of evidence favoring each grouping. These consider-
ations do not exclude that later or sustained activity in pri-
mary auditory cortex is more strongly related to the animals’
choices and other aspects of auditory tasks (e.g., Brosch
et al., 2005; Brosch, Selezneva, & Scheich, 2011; Selezneva,
Oshurkova, Scheich, & Brosch, 2017).

Our results are broadly consistent with studies which
have addressed the related question how activity in early
visual cortex is related to the perception of visual stim-
uli (Sterzer, Kleinschmidt, & Rees, 2009). Several elec-
trophysiological studies concluded that neural activity in
the primary visual cortex had little or no relationship to
how animals perceive visual stimuli, including ambiguous

stimuli that can result in binocular rivalry. In contrast, mea-
surements of BOLD signals and magnetic fields in humans
have repeatedly demonstrated a close linkage between
signals in early, including primary visual cortex and the
evolving spatiotemporal dynamics of rivalry perception.
Moreover, transcranial magnetic stimulation over early vi-
sual cortex can induce perceptual alternations of rivaling
stimuli. A reason for the discrepancies between different
types of neural signals may be that neuronal firing reflects
the results of local processing and thus the output of a cor-
tical module (Maier et al., 2008). Field potentials, in turn,
reflect synaptic and thus more the properties of neuronal
inputs to a cortical module.

In contrast to early visual cortex, experiments in humans
and monkeys revealed strong correlations between visual
perception and neuronal activity in functionally specialized
extrastriate cortex as well as in parietal and frontal regions.
Therefore, it was proposed that frontoparietal activations
reflect top-down processes that initiate a reorganization of
activity in early visual cortex during perceptual reversals of
ambiguous stimuli. Alternatively, and in accordance with the
traditional view of multistability as a result of neural activity
fluctuations in visual cortex, frontoparietal activations could
merely reflect the feed-forward communication of salient
neural events from visual cortex to higher order areas, similar
to external stimulus changes.

This view is consistent with the conclusion of Kashino
and colleagues (Yamagishi et al., 2016) that the forma-
tion and selection of auditory streams involves a widely
distributed network of cortical and subcortical parts of the
auditory system, including the thalamo-cortical loop. In
part, this conclusion was based on their previous finding
that the activity of the medial geniculate body occurred
earlier than that of the auditory cortex during switching
from nondominant to dominant percepts, while the activ-
ity of the auditory cortex occurred earlier than that of the
medial geniculate body during switching from dominant to
non-dominant percepts (Kondo & Kashino, 2009). Further
experiments are required to clarify how the firing of single
neurons in different parts of the auditory system is related
to auditory streaming.
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