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Emergence of Spatial Stream Segregation in the Ascending
Auditory Pathway
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Stream segregation enables a listener to disentangle multiple competing sequences of sounds. A recent study from our laboratory
demonstrated that cortical neurons in anesthetized cats exhibit spatial stream segregation (SSS) by synchronizing preferentially to one of
two sequences of noise bursts that alternate between two source locations. Here, we examine the emergence of SSS along the ascending
auditory pathway. Extracellular recordings were made in anesthetized rats from the inferior colliculus (IC), the nucleus of the brachium
of the IC (BIN), the medial geniculate body (MGB), and the primary auditory cortex (A1). Stimuli consisted of interleaved sequences of
broadband noise bursts that alternated between two source locations. At stimulus presentation rates of 5 and 10 bursts per second, at
which human listeners report robust SSS, neural SSS is weak in the central nucleus of the IC (ICC), it appears in the nucleus of the
brachium of the IC (BIN) and in approximately two-thirds of neurons in the ventral MGB (MGBv), and is prominent throughout Al.
The enhancement of SSS at the cortical level reflects both increased spatial sensitivity and increased forward suppression. We demon-
strate that forward suppression in A1 does not result from synaptic inhibition at the cortical level. Instead, forward suppression might
reflect synaptic depression in the thalamocortical projection. Together, our findings indicate that auditory streams are increasingly
segregated along the ascending auditory pathway as distinct mutually synchronized neural populations.
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Listeners are capable of disentangling multiple competing sequences of sounds that originate from distinct sources. This stream
segregation is aided by differences in spatial location between the sources. A possible substrate of spatial stream segregation (SSS)
has been described in the auditory cortex, but the mechanisms leading to those cortical responses are unknown. Here, we inves-
tigated SSS in three levels of the ascending auditory pathway with extracellular unit recordings in anesthetized rats. We found that
neural SSS emerges within the ascending auditory pathway as a consequence of sharpening of spatial sensitivity and increasing
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forward suppression. Our results highlight brainstem mechanisms that culminate in SSS at the level of the auditory cortex.

Introduction
In the complex auditory scenes experienced in everyday life, lis-
teners can disentangle competing sound sequences from multiple
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sources, a phenomenon known as “stream segregation” (Breg-
man, 1990). There is a robust spatial component to this phenom-
enon, with as little as 8° spatial separation between competing
sound sources resulting in perceptual segregation of streams
(Middlebrooks and Onsan, 2012). Moreover, neurons in the au-
ditory cortex of anesthetized cats exhibit a correlate of spatial
stream segregation (SSS) by synchronizing preferentially to one
of two sequences of noise bursts that alternate in location
(Middlebrooks and Bremen, 2013). Here, we examine in rats the
emergence of SSS among four levels of the ascending auditory
pathway: the central nucleus of the inferior colliculus (ICC), the
nucleus of the brachium of the inferior colliculus (BIN), the ven-
tral division of the medial geniculate body (MGBv), and primary
auditory cortex (area Al). The rat is a suitable experimental
model for these experiments because it shows good spatial acuity
in psychophysical tests, at least across the frontal midline (Hef-
fner and Heffner, 1985; Kavanagh and Kelly, 1986; Ito et al.,
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1996), because neurons in cortical area Al show homogeneous
patterns of spatial sensitivity (Yao et al., 2013), and because mid-
brain, thalamic, and cortical levels of the ascending auditory sys-
tem are readily accessible for study (Yao et al., 2015).

It is known that both spatial tuning (Yao et al.,, 2015) and the
ability of neurons to synchronize to sound envelopes (Creutzfeldt
et al., 1980; Joris et al., 2004; Wang et al., 2008) undergo pro-
nounced transformations along the ascending auditory pathway.
In the rat, for example, spatial tuning of neurons sharpens and
becomes increasingly level-tolerant at successive levels of the
pathway from the ICC to a subpopulation of neurons located in
the MGBv to essentially all neurons studied in cortical area Al
(Yao etal,, 2015). Moreover, the maximum frequencies at which
neurons synchronize to stimulus envelopes decrease at successive
levels of the pathway, from up to 340 Hz in the IC (rat: Rees and
Moller, 1987), to ~100 Hz in MGB (guinea pig: Creutzfeldt et al.,
1980; marmoset: Bartlett and Wang, 2007) to =18 Hz in cortical
neurons (rat: Gaese and Ostwald, 1995; Kilgard and Merzenich,
1999).

We hypothesized that sharpening of spatial sensitivity and
decreases in the maximum frequency for envelope synchrony
result in enhanced segregation of sequences of sounds from mul-
tiple sources, thereby rendering the individual sound streams
accessible for subsequent perceptual selection. Accordingly, we
tested the hypothesis that SSS strengthens along the ascending
auditory pathway due to a gradual increase in spatial sensitivity
and a decrease in a low-pass envelope filter cutoff between area
Al and its subcortical input.

We found that, at temporal scales at which spatial stream
segregation is seen behaviorally (Middlebrooks and Onsan,
2012), neurons in the ICC showed little evidence of SSS, but that
SSS emerges in the BIN and in approximately two-thirds of neu-
rons in the MGBv, and is prominent among all neurons in Al.
The SSS observed among neurons in the MGBv and BIN could be
explained largely by the sharp spatial tuning of those neurons,
whereas the SSS observed in cortical area A1 also reflected a low-
pass envelope filter resulting from forward suppression. To fur-
ther elucidate the mechanism of cortical SSS, we tested the
hypothesis that forward suppression observed in the cortex re-
sults from GABA-ergic inhibition at the level of thalamocortical
synapses. Contrary to that hypothesis, topical application of
GABA, and GABAj receptor antagonists in the auditory cortex
gave no relief from forward suppression, despite producing an
overall increase in spike rate. We conclude that the forward sup-
pression that we observe in the auditory cortex is due to synaptic
depression rather than synaptic inhibition or intrinsic biophysi-
cal properties of Al neurons and that forward suppression com-
bined with the sharpened spatial sensitivity seen at cortical levels
result in a neural correlate for SSS in the auditory cortex.

Materials and Methods

The data reported here were obtained from the population of neurons
from which data were presented in previous reports (Yao et al., 2013; Yao
et al.,, 2015). An additional population of neurons was studied using
pharmacological procedures. The previous reports focused on frequency
and spatial sensitivity measured using tonal stimuli and single broadband
noise bursts, respectively. The present study focuses on segregation of
interleaved sequences of broadband noise bursts from paired sources.
Animal preparation. All procedures were performed with the approval
of the University of California at Irvine Institutional Animal Care and
Use Committee according to the National Institutes of Health guidelines
and were similar to those of previous reports from our laboratory
(Middlebrooks and Bremen, 2013; Yao et al., 2013; Yao et al., 2015). Data
presented here were obtained from 33 adult male Sprague Dawley rats
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(median age: 10.7 weeks; Charles River Laboratories) weighing 265-
475 g (median weight: 370 g). The IC and MGB were studied in 15 rats,
and cortical area Al was studied in 18 rats. Surgical anesthesia was in-
duced with urethane (1.5 g/kg i.p.) and xylazine (10 mg/kg i.p.) and
supplemented as needed to maintain an areflexive state. To reduce the
viscosity of bronchial secretions and to prevent brain edema, we admin-
istered atropine sulfate (0.1 mg/kgi.p.) and dexamethasone (0.25 mg/kg
i.p.), respectively, at the beginning of surgery and every 12 h thereafter.
Core body temperature was maintained at ~37°C. Surgery began with a
midline scalp incision and the exposure of the underlying skull. We
cemented an inverted machine screw to the skull on the midline, rostral
to bregma, to serve as a head holder. The skull was opened to access the
right auditory cortex, IC, and MGB. Before recordings, the scalp was
partially closed and the positions of the pinnae were adjusted to mini-
mize any alteration that the surgical procedure may have caused.

Experimental apparatus, stimulus generation, and data acquisition. The
animal was positioned in the center of a darkened double-walled,
sound-attenuating chamber (Industrial Acoustics; inside dimensions
2.6 X 2.6 X 2.5 m) that was lined with 60-mm-thick absorbent foam
(SONEXone). The animal’s head was supported by a 10-mm-diameter
rod attached to the skull screw. The rod was held by a thin metal frame
positioned behind the animal. The area around the head and ears was
unobstructed. A circular hoop, 1.2 m in radius, supported 8.4 cm coaxial
loudspeakers (Pioneer Electronics) in the horizontal plane aligned with
the rat’s interaural axis, 1.2 m above the floor. The loudspeakers were
spaced at 20° increments from left to right 80° relative to the rat’s midline.
Left and right loudspeaker locations are given as contralateral (C) and
ipsilateral (I), respectively, with respect to the side of the recording sites,
which were all in the right hemisphere.

We used Tucker-Davis Technologies System 3 equipment controlled
by a personal computer. Custom MATLAB (The MathWorks) scripts
controlled the stimulus sequences, acquired the neural waveforms, and
provided on-line monitoring of responses at the 16 or 32 recording sites.
Sounds were generated with 24-bit precision at a 100 kHz sampling rate.
Loudspeakers were calibrated using a precision microphone positioned
in the center of the sound chamber at the normal position of the rat’s
head; the rat was absent during the calibration. Golay codes (Zhou et al.,
1992) were used for calibration of broadband sounds. The broadband
frequency responses of the loudspeakers were flattened and equalized
such that for each loudspeaker the SD of the magnitude spectrum across
the 0.2 to 25 kHz was <1 dB. The stimulus spectrum was rolled off by 10
dB from 25 to 40 kHz. Tonal stimuli were calibrated with tone bursts
from 0.2 to 40 kHz (1/6th octave steps).

We recorded extracellular spike activity with single-shank silicon-
substrate multisite recording probes from NeuroNexus Technologies using
high-impedance head stages and multichannel amplifiers from Tucker-
Davis Technologies. The probes had either 16 recording sites spaced at 100
um intervals or 32 sites spaced at 50 wm intervals; recording-site areas were
413 and 177 um? for 16 and 32 site probes, respectively. Neural waveforms
were digitized with 16-bit precision at 25 kHz filtered, and stored on com-
puter disk for off-line analysis.

Experimental procedure. Extracellular recordings were performed in
area Al with 16-channel probes, and in the MGB and the IC with 16- and
32-channel probes. Recording procedures are identical to those of previ-
ous studies from our laboratory (Yao et al., 2013; Yao et al., 2015). For
recordings in Al (18 rats), the probe was aligned to be approximately
orthogonal to the cortical surface and was adjusted in depth to maximize
the number of recording sites in active cortical layers. Neural spike activ-
ity was encountered along probe segments spanning ~1000 wm in length
(median; 5th and 95th percentiles: 500 and 1400 wm). Because the thick-
ness of the rat auditory cortex has been reported to average 1100 uwm
(Games and Winer, 1988), that means that our cortical recordings con-
sistently sampled the thalamocortical-recipient (granular) layers as well
as substantial portions of infragranular and supragranular layers. Corti-
cal area Al was identified by brisk short-latency responses to noise bursts
(first-spike latencies ~10—15 ms), V-shaped frequency tuning curves,
and a caudal-to-rostral increase in characteristic frequencies (CFs) (Pol-
ley et al., 2007). The borders of Al were defined by reversals in tonotopy
and increases in latencies (Doron et al., 2002; Rutkowski et al., 2003). Our
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previous findings demonstrated uniform contralateral hemifield spatial
tuning in this neural sample (Yao et al., 2013). Higgins et al. (2010)
showed sensitivity to interaural level differences in Al consistent with
contralateral spatial tuning, whereas they found interaural level differ-
ence sensitivity consistent with tuning to the spatial midline in neighbor-
ing areas VAF and caudal SRAF. That our neural sample showed
consistently contralateral sensitivity uncontaminated by neurons show-
ing midline sensitivity supports the view that our cortical data sample
was limited to area Al. After each probe was in position, the cortical
surface was covered with a warmed 2% solution of agarose in Ringer’s
solution, which cooled to a firm gel that reduced brain pulsations and
prevented the cortical surface from drying.

The right IC was accessed with vertical probe placements (14 place-
ments in 5 rats) ~2-3 mm lateral to the midline and ~7-9 mm caudal to
bregma. Two approaches were used to access the right MGB. The vertical
approach (22 probe placements in 8 rats) used vertical probe placements
~3—4 mm lateral to the midline and ~5-6 mm caudal to bregma. Four
rats used in the vertical approach to the MGB were also used to access the
IC. The lateral approach (18 probe placements in 6 rats) used a dorsolat-
eral to ventromedial trajectory, ~30°-50° from the sagittal plane, ~4—-6
mm caudal to bregma. Unit localization within the ICC, BIN, and MGBv
was based on stereotaxic coordinates and physiological criteria and fur-
ther confirmed histologically (Yao et al., 2015). Recordings from the ICC
were characterized by monotonically increasing CFs along the dorsal to
ventral trajectories, with ranges of CFs in individual probes spanning
2.2/2.7/4.1 octaves (25th/50th/75th percentiles). Recordings from the
MGBv were characterized by a lateral to medial increase in CF. The
border with the medial division of the MGB was marked by an increase in
frequency bandwidth and a reversal in tonotopy.

Study of responses at each probe position consisted of measurements
of frequency response areas, of mean-spike-rate-versus-azimuth func-
tions (RAFs), of excitation thresholds for broadband noise bursts, and of
spatial stream segregation. Measurements were based on single-unit and
multiunit responses, as defined in Data analysis. Frequency response
areas (FRAs) were measured with pure tones, 80 ms in duration with 5 ms
raised-cosine onset and offset ramps, at a repetition rate of 1 or 1.25s "
presented from the loudspeaker located 40° contralateral to the right-
sided recording site (C40°). Tones varied in frequency from 0.2 to 40 kHz
in 1/3 or 1/6 octave steps and in level in 10 dB steps, typically from —10 to
60 or 70 dB SPL with 10 repetitions per frequency-level combination. In
cases in which the lowest threshold for tones was obtained at a frequency
of =32 kHz, the CF was recorded as =32 kHz. The reported thresholds
for behavioral detection of tones by rats increases by ~60 dB from 32 to
70 kHz (Kelly and Masterton, 1977; Heftner et al., 1994). For that reason,
we infer that the true CFs of units labeled =32 kHz were no higher than
an octave above =32 kHz. The range of CFs across the entire sample was
1 to =32 kHz (25th/50th/75th percentiles, Al: 6.70/12/=32; MGBv:
11.2/18/=32; 1Cc: 8/12.7/=32; BIN: 12.7/32/=32 kHz). We recorded
RAFs for 80 ms Gaussian noise bursts across 360° in azimuth in 20° steps
atlevels ranging from — 10 to 70 dB SPL in 10 dB steps (20 repetitions per
combination). All stimuli were presented at a repetition rate of 1.00 or
1.255 ' We have quantified the frequency and spatial tuning character-
istics of the neurons reported here in a previous report (Yao et al., 2015).
Noise thresholds were measured using 80 ms Gaussian noise bursts ata 1
or 1.25 s ! repetition rate from the C40° loudspeaker, varied in level in
5-10 dB steps, with 20 repetitions per level; a silent condition also was
included. Noise thresholds along each recording probe were estimated
online, and a modal value was selected. Stimulus levels for subsequent
measurements were set 40 dB or more above that modal value. Off-line,
noise thresholds were measured using a receiver-operating characteristic
(ROC) procedure (see Data analysis), and stimulus levels were computed
relative to those thresholds. Across 481 unit recordings in ICC, BIN,
MGBYy, and A1, the distribution of stimulus levels relative to threshold
had 5th, 50th, and 95th percentiles of 25.3, 39.7, and 56 dB, respec-
tively. Along the 72 individual probe placements in those structures,
thresholds varied by a median of only 16 dB (5th and 95th percentiles:
3.3 and 28 dB).

The stimulus conditions for the study of spatial stream segregation
were identical to those used in a previous study in our laboratory
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(Middlebrooks and Bremen, 2013). In the “competing-source” condi-
tions, stimuli consisted of sequences of independent Gaussian noise
bursts, 5 ms in duration with 1 ms cosine-squared on and off ramps.
Sequences alternated between A and B sources in an ABAB pattern com-
prising 15 A and 15 B bursts. Aggregate “base rates” (i.e., presentation
rates) of 5, 10, 20, and 40 bursts per second (bps) were tested, such that
the difference in onset times between an A burst and that of the following
B burst was 200 to 25 ms for base rates of 5 to 40 bps, respectively. The
duration of the sequences was 6400 to 800 ms for base rates of 5 to 40 bps,
with an additional silent period of =700 ms between the offset of one
sequence and the onset of the next. The A bursts were presented from
C40°, 0°, and ipsilateral 40° (140°), and the B bursts were presented from
C80° to I180° in 20° steps, which included conditions of A and B colocated
at C40°, 0°, and 140°. In every case, we also tested B-alone conditions in
which the rate of the B stimuli was equal to that in the A-B condition (i.e.,
half the stated base rate) and in which the rate of B stimuli was equal to
that of the aggregate A-B base rate. Every combination of A location (or
B alone) and B location was tested once in a random order; then every
combination was tested again in a different random order, and so on
until every stimulus combination was presented 10 times.

Pharmacological procedures. We applied pharmacological agents topi-
cally, via a microliter syringe (Hamilton), over the surface of cortical area
Al in 6 of 18 rats to assess the consequences of GABA receptor blockage
on responses of Al neurons. We tested three different types of GABA
receptor antagonists: (1) Gabazine (2 rats; 4 probe placements) is a se-
lective postsynaptic GABA, receptor antagonist (Heaulme et al., 1986;
Kotak et al., 2008); (2) CGP 36216 hydrochloride (2 rats; 4 probe place-
ments) is a selective GABA; antagonist that is most active at presynaptic
receptors (Ong et al., 2001); and (3) 2-Hydroxysaclofen (2 rats; 6 probe
placements) is a selective GABA; antagonist that is effective on postsyn-
aptic receptors (Kerr et al., 1988; Metherate and Ashe, 1994). All drugs
were freshly dissolved on the day of the experiment. We performed pilot
experiments to determine the appropriate drug concentration to be used
as well as the time course of their effect on A1 neurons. We found that
drug concentrations of ~20-25 wm at a volume of ~4—6 ul could be
applied without triggering epileptiform or seizure-like neuronal activity.
In these conditions, there was an increase in stimulus-evoked activity
starting <10 min after drug application that remained constant for
~45-60 min.

The test of each drug began with placement in the cortex of a multisite
recording probe and recording of baseline activity elicited by pulse-train
stimuli. Stimuli for the drug tests consisted of sequences of independent
Gaussian noise bursts, 5 ms in duration with 1 ms cosine-squared on and
off ramps similar to the ABAB patterns used to assess stream segregation.
Pulse trains were presented at 12 different repetition rates (1, 2-20, in
steps of 2, 30, and 40 bps), 10 times for each rate, with each repetition rate
presented once in a random order before repeating all the rates in a
different random order. Stimulus levels were set at =40 dB above the
online estimated modal value from all active channels. After baseline
study, one of the GABA antagonists was applied to the cortical surface
and the stimulus set was repeated at several after application time points.
After study in the drug condition, we washed out the drug with saline and
waited ~45 min before shifting the recording probe to another cortical
location to test the same or a different drug. In pilot studies, we found no
significant difference in spikes per burst between the pre-drug condition
compared with the condition ~45 min after drug wash out (Gabazine,
paired t(,;, = 0.69, p = 0.69; CGP 36216, paired t,5) = —0.81, p = 0.42;
2-Hydroxysaclofen, paired t,,) = —0.90, p = 0.36).

Data analysis. All quantitative analyses are based on neuronal action
potentials identified with an off-line spike-sorting procedure (for more
details, see Yao et al., 2015). Responses were classified as well-isolated
single units when they showed the following: (1) consistent waveform
appearance upon visual inspection; (2) interspike intervals that revealed
a clear refractory period >1 ms; and (3) stability of spike amplitude
throughout the recording period. According to that classification, our
sample of well-isolated single units consisted of 17 ICC, 13 BIN, 35
MGBYy, and 15 A1 neurons. Figure 1 displays neural traces from example
single units from A1, MGByv, ICC, and BIN. Those traces were in re-
sponse to sequences of 5 ms broadband noise bursts presented from C40°
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Figure 1. Neural traces from example single units from A1 (4), MGBv (B), BIN (C), and ICC
(D). The traces are responses to sequences of 5 ms broadband noise bursts presented from C40°
atarate of 2.55 ' (i.e., 400 ms ISI) beginning at 200 ms. Insets, Magnified single-spike
waveforms (50 random samples) of all responses recorded from those units.

atarateof2.5s ' (i.e., 400 ms ISI). An additional 401 unit recordings (76
ICC, 52 BIN, 185 MGBv, 88 Al) were classified as multiunit activity
consisting of unresolved spikes from two or more neurons. Well-isolated
single units are referred to as such and are indicated by symbols in
appropriate figures, whereas “unit activity” or “units” refers to single-
unit and/or multiunit recordings from a single recording site. All
statistics include combined single-unit and multiunit responses, ex-
cept when stated otherwise. Not all of the stimulus sets were tested for
all of the units. Nearly all ICC (N = 93), BIN (N = 65), and MGBv
(N = 220) units were tested under all stream segregation base rate
conditions, whereas only a subset of A1 units were tested at rates of 20
bps (N = 24/103), and no Al units were tested at 40 bps. In addition
to these 481 units, 168 units in Al were studied using the pharmaco-
logical procedures.

We have previously characterized spatial tuning in MGBv (Yao et al.,
2015) and reported that neurons in this nucleus show a remarkably bi-
modal distribution of spatial tuning. Approximately two-thirds of units
showed contralateral hemifield spatial tuning, like that seen in Al, and
one-third showed omnidirectional spatial tuning like that seen in the
ICC. In that study and in the present work, we identified MGBv neurons
as either “ICC-like” or “Al-like” using a template-matching procedure
based on single-source RAFs (Yao et al., 2015). Briefly, this procedure
consisted of comparing the RAF of each MGBv unit with templates of
RAFs of ICC and A1 units; all the comparisons used responses to single-
burst 80 ms sounds 40 dB above unit thresholds. A similarity index was
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computed for each MGBv unit, which indicated whether the MGBv unit
was more similar to the ICC (“MGBv-ICC-like,” N = 69) or to the Al
(“MGBv-Al-like,” N = 151) template.

RAFs for competing-sound stimuli as used in the SSS paradigm
expressed mean spike counts per 5 ms noise bursts as a function of
loudspeaker location. Spikes tended to fall within ~25 ms after each
noise-burst onset. For that reason, we counted spikes in the interval 0-25
ms after stimulus onset, which captured essentially all the spikes driven
by each noise burst. With this procedure, spikes could be attributed to
each A or B noise source sequence. Every stimulus set also included a
condition in which the B sequence was presented in isolation either at
half, or equal to, the aggregate A-B rate. Mean spikes per burst were
computed across 10 trials.

The breadth of spatial sensitivity by each unit was represented by the
width of its equivalent rectangular receptive field (ERRF) (Lee and
Middlebrooks, 2011; Middlebrooks and Bremen, 2013; Yao et al., 2013;
Yao et al.,, 2015). The ERRF width was computed by integrating the area
under a unit’s RAF, forming a rectangle having a peak height and area
equal to that of the RAF, and measuring the resulting width.

Procedures based on signal detection theory (Green and Swets, 1966;
Macmillan and Creelman, 2005) were used to quantify the discrimina-
tion of sound-source location. We accumulated spike counts for all rep-
etitions synchronized to each of the A and B sources and formed an
empirical ROC curve based on the trial-by-trial distributions of spike
counts elicited on all trials by each of the two stimuli. The area under the
ROC curve gave the probability of correct discrimination of the stimuli.
That probability was expressed as a z-score and was multiplied by \/2 to
obtain the discrimination index, d’. In some cases, 100% of the spike
counts elicited by one stimulus were greater than any of those elicited by
the other stimulus, the area under the ROC curve was 1.0, and the cor-
responding z-score was undefined. In those cases, d’ was written as
+2.77, corresponding to 97.5% correct discrimination. The sign conven-
tion was that d’ was positive when the more contralaterally located sound
elicited more spikes.

We used two approaches to quantify spatial stream segregation. In one
approach, we measured the difference in spikes per burst synchronized to
the A source located at C40° corresponding to a shift in the B source from
colocation at C40° to spatially separated at I40°. This was quantified by
the Spatial Release Index (SRI), which was as follows:

SRI = (Ryyg — Reso)/(Riyo + Reao)s

where R, and R,, were the responses synchronized to the A stimulus
when the B source was at ipsilateral or contralateral 40°, respectively.
Positive values of the SRI indicated that separation of A and B sources
resulted in a release from masking of the A source.

In the other approach, the magnitude of spatial stream segregation in
conditions of interleaved A and B noise bursts was quantified by com-
puting d’ for spikes synchronized to the A versus B bursts. Values of d’
were plotted as a function of B-source location, and source-separation
thresholds were taken as the corresponding interpolated separation at
which the plot of d’ versus azimuth crossed d' = 1.

The excitation thresholds (dB SPL) for detection of neural activity
elicited by noise bursts were estimated by computing d’ for pairs of noise
bursts at successively increasing levels, plotting the cumulative d’ versus
sound level and taking as threshold the minimum interpolated (1 dB
steps) sound level at which d’ = 1. To obtain each unit’s CF, the matrix of
d" values across all tested frequencies and levels was first screened to
eliminate isolated values of d’ > 1 for which all neighboring values were
<1; this eliminated isolated values lying outside the FRA. The frequency
tuning curve (i.e., the border of the FRA) was found by interpolating the
d' values across all tested sound levels in 1 dB steps at each tested fre-
quency and finding the minimum sound level at which d’ was =1. The
CF was given by the frequency of the lowest-level tip of the frequency
tuning curve. Again, when an FRA showed its lowest threshold at =32
kHz, the CF was indicated as “=32 kHz.”

The strength of stimulus synchrony of all units for single-source con-
ditions across 2.5 to 40 bps was represented by vector strength (VS0;
Goldberg and Brown, 1969). The VS could range from 0 (no synchrony)
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Figure 2.

Poststimulus time histogram of a well-isolated single unit from cortical area A1. Plotted are responses to sound sequences from a single-source location (top row, A-C) or to competing

sequences from two locations (bottom row, D—F). Responses are spikes per sound burstin 50 ms bins, averaged over 10 trials. Top row, Single sound-source was located at C40° (4), 0° (B), 140° (C).
Bottom row, Red and blue color bars represent spike rates synchronized to the A- and B-source, respectively. In those cases, the A-source was fixed at 0°, whereas the location of the B-source varied

from C40° (D), 0° (E), 140° (F). Unit 1216.2.4.

to 1 (all spikes at identical phase). The statistical significance of the VS
was evaluated by the Rayleigh test of uniformity (Mardia, 1972) at the
level of p < 0.001.

Statistical procedures used custom-written MATLAB scripts (The
MathWorks) that incorporated the MATLAB Statistics Toolbox. Post hoc
multiple comparisons used the Bonferroni correction. Error bars in the
illustrations indicate SD unless stated otherwise.

Results

Neural responses to competing sound sequences

We tested an ABAB stimulus pattern consisting of sequences of
noise bursts alternating between two source locations. Post-
stimulus time histograms from an isolated single unit in cortical
area Al in response to such stimuli are shown in Figure 2. In that
example, the “base rate” was 5 bps, referring to the aggregate of A
and B rates. Figure 2A—C shows conditions in which B was pre-
sented in the absence of A; we refer to this as the “single-source”
condition, equivalent to 2.5 bps (half of the aggregate AB base
rate of 5 bps). This unit displays contralateral hemifield spatial
tuning, with strong responses synchronizing to the single sound
source at C40° (Fig. 2A), a decrease in overall spikes per burst to
the sound source at 0° (Fig. 2B), and very weak responses to the
sound source at 140° (Fig. 2C). Responses to the competing-
source condition in which the A source was added at 0° are rep-
resented in Figure 2D-F. Under the condition when A and B
sources were colocated at 0° (Fig. 2E), the presentation rate was
equivalent to a 5 bps single-source condition. The unit responded
reliably only to the first sound burst and showed only weak re-
sponses to subsequent A (red) and B (blue) bursts. When the B
source was shifted to C40° (Fig. 2D), the unit displayed robust
responses synchronized to the B source in preference over the A
source. Thus, the neural response was captured by the B source,
relative to the A source. Under the condition when the B source was
shifted to 140° (Fig. 2F), responses to both A and B sources were
relatively weak, but responses synchronized to the A source were
stronger than those synchronized to the B source.

Synchronized mean spikes per burst from the same Al single
unit in Figure 3 are quantified for the full range of A and B
location combinations in the right column of Figure 3. Figure 3E,
J, and O shows conditions in which the A sources were fixed at
locations C40°, 0°, and 140°, respectively. The green line repli-

cated in all three panels shows the tuning to the location of a
single sound source, which exhibited the contralateral hemifield
pattern that was characteristic of all our recorded units in Al.
This was consistent with the dominant contralateral hemifield
tuning to single noise bursts seen in rat Al units (Higgins et al.,
2010; Yao et al., 2013). The location of the B source, plotted on
the horizontal axis, influenced both the responses synchronized
to the B source (blue lines) as well as those synchronized to the A
source (red lines). Moreover, when A and B sources were colo-
cated at the azimuths indicated by the vertical red lines, responses
synchronized to A and B were approximately equal, and the num-
bers of spikes per stimulus burst were reduced to approximately
half of that seen for single sources, as indicated by the green lines
at the corresponding azimuth. This reduction in response dem-
onstrates forward suppression, in which responses of the A1 unit
declined with increasing stimulus presentation rate. As A and B
sources were moved apart, the response to one of the sources
increased and the other decreased or remained relatively weak. In
that way, responses of the Al unit were captured by one source
over the other. The vertical distance between the blue (B-source)
and red (A-source) curves at each azimuth of the B source repre-
sents the degree to which the sequences of sounds from A and B
sources were segregated by the synchronized responses of this
neuron.

We examined whether neural responses from subcortical lev-
els displayed SSS similar to that seen in cortical area Al. Re-
sponses from one single unit in the ICC (Fig. 3B,G,L) is
representative of our population of ICC units in that it displayed
little or no spatial sensitivity to single sources. Unlike the case of
cortical recordings (e.g., Fig. 3E, ], O), spikes per burst in this ICC
unit to the colocated A and B conditions were similar to those
seen under single-source conditions presented from the same
location. That is, there was little reduction in responses seen be-
tween the 2.5 bps single-source and 5 bps competing-source con-
ditions, which demonstrates an absence of forward suppression.
Also, the location of the B source had relatively little influence on
the responses to the A source such that synchronized responses to
the competing sources remained fairly equivalent across spatial
configurations. Figure 3 also displays responses from one single
unit in the BIN (Fig. 3A,F,K), which lies in the tectal pathway
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Figure3.

Responses to single-source and competing-source conditions. Mean spike rates (== 15D) are plotted as a function of B-source location from example single units from BIN (A, F, K; unit

1402.4.18),1CC(B, G, L; unit 1403.5.31), MGBv-ICC-like (C, H, M; unit 1312.2.15), MGBv-AT1-like (D, I, N; unit 1311.2.13), and cortical area A1 (E, J, 0; same unit as Fig. 1). Green lines indicate spike
rates synchronized to single-source sound sequences with a base rate of 2.5 bps. Red and blue lines indicate responses synchronized to A- and B-sound sources, respectively, in competing-source
conditions; the base rate was 5 bps. B-source locations were as plotted, whereas A sources were fixed at the locations indicated by the vertical red lines (A—E, C40°; F-J, 0°; K—0, 140°). Variation in

Aresponses reflected the effect of changing B-source locations.

from the ICC to the superior colliculus. Spatial sensitivity for this
particular unit and all BIN units showed sharp contralateral
hemifield tuning under the single-source condition. As in the
ICC, spikes per burst to the colocated A and B competing sources
resembled those seen under single-source conditions presented
from the same locations. However, responses under the compet-
ing A and B condition preferentially synchronized to either the A
or B source, depending on the spatial configuration. With the A
source located at 140°, responses synchronized to the B source
were indistinguishable from single-source responses. Accord-
ingly, the A source did not influence the neuronal response to the
B source.

We previously encountered two subpopulations of units in
the MGByv, with one subpopulation showing spatial sensitivity
similar to that seen in Al and another one with spatial tuning
characteristics similar to ICC (Yao et al., 2015). Those unit pop-
ulations were denoted as “MGBv-Al-like” and “MGBv-ICC-
like” and were distinguished by a quantitative procedure
described in Materials and Methods; in the present study, ap-
proximately one-third of units were classified as MGBv-ICC-like
and two-thirds were MGBv-Al-like. The differences in spatial
sensitivity seen between the two subpopulations of units can be
seen in their responses to the single source sound sequences in
Figure 3. The MGBv-Al-like unit (Fig. 3D,I,N) displays con-
tralateral hemifield tuning similar to the single source condition
seen in the Al unit (Fig. 3E,],0), whereas the MGBv-ICC-like
unit (Fig. 3C, H, M) displays omnidirectional spatial tuning sim-
ilar to that seen in the ICC unit (Fig. 3B, G,L). Overall, we found
that responses from the MGBv-A1-like unit showed some SSS by

preferentially synchronizing to either the A or B competing
source, whereas responses to competing A and B sources from the
MGBv-ICC-like unit were undifferentiated. This difference in
SSS is consistent with their differences in spatial sensitivity. Sim-
ilar to the ICC and BIN, both MGBv units displayed little evi-
dence of forward suppression at the illustrated stimulus base
rates, meaning that there was little difference in spike count be-
tween colocated competing A and B sources versus the single-
source sequence presented from the same location. That is,
doubling the stimulus rate by adding sounds from a colocated
source had little effect on the rate of spikes per sound burst.

Quantification of SSS

One measure of the magnitude of SSS is the effect of B source
location on the response to a fixed A source. Specifically, we
measured the difference in spikes per bursts synchronized to the
A source located at C40° corresponding to a shift in the B source
from colocated at C40° to 140°. This was quantified by the SRI
(see Materials and Methods). Positive values of the SRI indicated
that separation of A and B sources resulted in a release from
masking of the A source. The magnitudes of the SRI tended to
vary with stimulus presentation rate. All ICC units and nearly all
MGB units were tested at base rates of 5, 10, 20, and 40 bps. No A1
units responded to the fastest rate, so Al units were not routinely
tested at 40 bps and few were tested at 20 bps.

Distributions of SRI from all tested units in each population
are shown in Figure 4 across base rates of 5, 10, 20, and 40 bps.
Generally, spatial release tended to be high among A1 units and
lowest among ICC units. At each base rate, the distributions of
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numbers under each unit distribution correspond to the number of units in each population.

SRI varied significantly across unit populations (MU: y* = 138 -
207.4,p <10 % SU: x> = 24.4-35.9, p < 10 ~; Kruskal-Wallis)
with ICC units displaying the lowest SRIs (p < 0.005;
Bonferroni-corrected). In A1, SRIs were significantly highest at
10 bps (p < 0.0001, Bonferroni-corrected), whereas at 5 and 20
bps, SRIs of A1 units were not significantly different from those of
BIN and MGBv-Al-like units (p > 0.05, Bonferroni-corrected);
Al units were not tested at 40 bps. SRIs were higher among
MBGv-A1l-like units than among MGBv-ICC-like units at 5 and
10 bps (p < 0.0001, Bonferroni-corrected), whereas there was no
significant difference between those populations at 20 and 40 bps.
Units in A1 typically showed greater spatial release with increas-
ing stimulus rates. For example, the SRIs more than doubled
between base rates of 5 and 10 bps; SRIs in A1 declined again at 20
bps, which might reflect the generally poorer responses of Al
neurons to high-rate stimuli. Subcortical units in the BIN and
MGBy also displayed progressively greater spatial release across
increasing stimulus rates (SRI medians across 5—-40 bps rates:
BIN = 0.08,0.13,0.23,0.30; MGBv-Al-like: 0.11,0.18,0.20, 0.19;
MGBv-ICC-like: 0.05, 0.08, 0.14, 0.26). Median SRI values for
ICC units were ~0 across all bps conditions, although a small
proportion of ICC units (10 of 93; 8 MUs, 2 SUs) at the 40 bps
condition exhibited a high degree of spatial release (SRI > 0.20)

Distribution of the SRI values across each unit population for each base rate tested (4, 5 bps; B, 10 bps; €, 20 bps; D,
40 bps). Horizontal lines forming the boxes indicate the 25th, 50th, and 75th percentiles of multiunit responses. Vertical lines
indicate the full range from multiunit responses. Circles represent data point from well-isolated single units. p values in each
subplot indicate results of a nonparametric ANOVA (Kruskal—Wallis) test across the unit populations. MU and SU indicate statistics
from multiunit and single-unit recordings. **Significant difference in distribution versus ICC (Bonferroni-corrected multiple com-
parisons). *Significant difference for a mean different from 0 (¢ test, Bonferroni-corrected multiple comparisons). The listed

Al-like, and Al units. Specifically, signif-
icant source segregation was achieved at
the minimum A and B source separations
that were tested (i.e., 20° separation) when
the A-source was fixed at C40° (Fig.
5A,D,E) and 0° (Fig. 5F, L,] ). In essentially
all conditions, the d’ for spatial segrega-
tion was greater for the competing-source
(blue line) than for the single-source con-
dition at either base rate (green and black lines). Significant
source segregation among ICC (Fig. 5B,G,L) and MGBv-ICC-
like (Fig. 5C,H, M) units was seen only at the extreme source
separations (~80° separation). The trends seen for these example
units are quantified below for the population.

We used the source separation at which d’ crossed =1 (dashed
lines) as the spatial threshold for significant segregation between
competing A and B sources; values were interpolated in 1° steps. We
then selected for each unit the minimum threshold across conditions
of A source at C40°, 0°, and 140° distributions of those minimum
thresholds across all unit populations are shown in Figure 6. We
found a significant difference in thresholds across all unit popula-
tions at 5 bps (Fig. 6A) and 10 bps (Fig. 6B) conditions (MU: X2 =
108-130, p < 10 "% SU: x> = 25-26, p < 0.0001; Kruskal-Wallis).
Generally, thresholds were narrowest (i.e., highest-acuity segrega-
tion) for BIN and MGBv-A1 units, intermediate for Al units, and
broadest (i.e., worst) for MGBv-ICC and ICC units. Post hoc multi-
ple comparisons indicated that, at 5 and 10 bps, thresholds were
narrower for BIN and MGBv-A1 units than for those of Al units
(p < 0.05; Bonferroni-corrected), and that thresholds of Al units
were narrower than those of MBGv-ICC and ICC units (p < 0.05;
Bonferroni-corrected). Median values of the distribution of thresh-
olds were very similar among Al, MGBv-Al-like, and BIN units,
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Discriminating competing sources. d’ values are plotted as a function of B-source location from example single units from BIN (4, F, K), ICC (B, G, L), MGBv-ICC-like (C, H, M),

MGBv-A1-like (D, 1, N'), and cortical area A1 (E, J, 0); same example units plotted in Figure 2. Blue lines indicate d” values for discrimination of trial-by-trail spike counts elicited by A versus B sources.
Green and black lines indicate discrimination of spikes per burst elicited from the plotted location versus those elicited in separate trials from the fixed location indicated by the vertical red line at 2.5

and 5 bps single-source rates, respectively. Similar convention and same units as in Figure 3.

whereas the cumulative distributions di-
verge among the units having broader min- A
imum thresholds.

Spatial segregation for various A-
source locations was quantified by com-
puting the d’ for discrimination of A or B
sources that were separated by 20°. In Fig-
ure 7, each box displays the distribution of
d’ for discrimination of A and B sources
across every combination of A-source lo-
cation at C40° (Fig. 7A, D), 0° (Fig. 7 B, E),
or 140° (Fig. 7C,F) and base rate (5 bps:
Fig. 7A-C; 10 bps: Fig. 7D-F). For each
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unit at each A location, the B location re- 0
sulting in the greater magnitude of d’ for a
B location 20° to the left or right of the A
source was selected and represented in the
distribution by its absolute value. Similar
to the spatial release (SRI) results (Fig. 4),
Al, MGBv-Al-like, and BIN units showed
the greatest segregation between compet-
ing A and B sources across all conditions.
In addition, spatial stream segregation was strongest when the
A-source location was fixed on the midline (Fig. 7B, E). For
midline A-source locations, >70% of Al, >85% of MGBv-
Al-like units, and >94% of BIN units showed significant spa-
tial stream segregation (d’ = 1), whereas only slightly more
than half of MGBv-ICC-like units (54%) and approximately
one-third (34%) of ICC units showed significant spatial
stream segregation. Overall, these findings indicate that spa-

Figure 6.

20 40 60 0 20 40 60
Best Threshold (deg)

Cumulative distributions of best thresholds (minimum interpolated separation (°) at which d’ crosses = 1across the
three conditions of A sources at (40°, 0°, and 140°) for segregating competing A and B sources for each unit population (color coded)
at 5 (A) and 10 (B) base rates. Horizontal dashed line indicates the 50th percentile. Statistics from a nonparametric ANOVA
(Kruskal—Wallis) test across the multiunit and single-unit populations are shown in each subplot.

tial stream segregation was strongest among Al, MGBv-A1l-
like, and BIN units and weakest for MGBv-ICC-like and ICC
units.

The tendency of MGBv-Al-like units to show stronger and
higher-acuity SSS than units in A1 must reflect to some degree the
procedure by which they were selected. That is, the MGBv-A1l-
like units were a subpopulation of MGBv units selected for sim-
ilarity to the average of Al responses, which showed hemifield
tuning. The Al population, in contrast, included the entire Al



Yao et al. @ Spatial Stream Segregation in the Auditory Pathway

J. Neurosci., December 9, 2015 - 35(49):16199-16212 * 16207

ALoc: C40° Aloc: 0° Aloc: 140°
A3 B Base Rate: 5 bps c
E 1
o)
wen
C]
]
[}
=+ - _

Best 20° SSS (d’)

5
@ )

y

QRN
Q \@O@A C;b

Figure7.

Distribution of d’ for discrimination of A and B sources. Each d” in the distributions represents for one unit the greater absolute value of d” for discrimination of A and B sources across

locations 20° to the left or right of A sources at (40° (4, D), 0° (B, E), and 140° (C, F). Rows represent 5 bps (A—C) and 10 bps (D—F) base rates. Each subplot represents boxplot distributions for each
unit population. Horizontal lines forming the boxes indicate the 25th, 50th, and 75th percentiles of multiunit responses. Vertical lines indicate the full range of multiunit responses. Circles represent

data points from well-isolated single units.

sample, which had an approximately Gaussian distribution of
sharpness of tuning. The experimentally induced bias toward
sharper tuning among MGBv-Al-like units presumably would
have introduced a bias toward stronger, higher-acuity SSS among
MGBv-Al-like units compared with Al. The greater across-unit
variation in SSS among A1 units compared with MBGv-A1 units
is evident in distributions shown in Figures 6 and 7.

The trends in distributions of SSS magnitude among neural
populations and base rates were largely constant across ranges of
frequency tuning of units, represented by their CFs. We tested for
a correlation between the accuracy of SSS and unit CF by per-
forming a Spearman rank-correlation analysis with 10,000 boot-
strapped replications. SSS accuracy was taken as the greatest d’
magnitude across all A-B separations of 20° to the left or right of
A sources at C40°, 0°, and I40° (i.e., maximum d’ across 6 A-B
locations, all within 20° within A and B). For each replication, we
randomly drew with replacement an equal number of units per
one-octave CF bin from each unit population and across all bps
conditions. CIs were calculated from each distribution of corre-
lation coefficients (empirical two-tailed). We found a weak but
significant positive relationship between d' and CF among BIN
units at 5 bps (correlation coefficient CI = [0.08, 0.92], p < 0.05;
Spearman-rank correlation) and MGBv-ICC-like units across 10
(CI = [0.18, 0.95]), 20 (CI = [0.04, 0.91]), and 40 (CI = [0.13,
0.89]) bps (p < 0.05; Spearman-rank correlation), which we re-
gard as of little practical importance. No significant CF depen-
dence of d’ was seen among Al, MGBv-Al-like, and ICC unit

populations across all tested bps conditions (CIs = [—0.11 to
—0.87, 0.34 to 0.95], p > 0.05; Spearman-rank correlation).

Contribution of forward suppression to SSS

Many neurons, particularly in A1, showed a substantial decrease
in spikes per sound burst under conditions of colocated A and B
sources at C40° compared with a single source at C40°; we refer to
this as “forward suppression” and a neutral term that could en-
compass a number of mechanisms, including refractoriness, for-
ward inhibition, and/or synaptic depression. This can be seen in
the example shown in Figure 3E. For all units, we quantified the
amount of forward suppression by the fractional reduction in
spikes per sound burst between single source and colocated com-
peting sources at C40°; values approaching 0 and 1 indicate weak
and strong forward suppression, respectively. The cumulative
distributions of forward suppression for all unit populations at
each bps condition are shown in Figure 8. At base rates of 5, 10,
and 20 bps, we found a significant difference in forward suppres-
sion across all unit populations (MU: y* = 66.1-195.2,p < 10 ™%
SU: x* = 24.9-32.3, p < 10 ~%; Kruskal-Wallis). Post hoc com-
parisons indicated that forward suppression was greatest among
Al units at all base rates at which A1 units were tested, 5-20 bps
(p < 0.0001, Bonferroni-corrected). The stronger forward sup-
pression among A1 units was also evident in their reduced capa-
bility to synchronize to trains of sound bursts from single sources.
Figure 9A plots the median values of vector strength for phase
locking to trains of bursts at 2.5-40 bps, and Figure 9B plots
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and Methods) for each unit under single- 8 1
and competing-source conditions (Fig. e
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rates (MU and SU: y* = 30.4-299.7, p < 0.50
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(p < 0.0001, Bonferroni-corrected), SU: p< 10 SU: p =0.06
whereas considerable sharpening was 0
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only evident among ICC, BIN, and MGBv
units at faster base rates. This accords with
the observation that only A1 units showed
substantial forward suppression at base
rates as low as 20 bps and suggests that A1
units, but not subcortical units, show a sharp-
ening of spatial tuning that includes a major

Figure8.

Forward Suppression

Cumulative distribution of forward suppression across each unit population (color coded) for each tested base rate (A,
5 bps; B, 10 bps; €, 20 bps; D, 40 bps). Statistics from a nonparametric ANOVA (Kruskal-Wallis) test across the multiunit and
single-unit populations are shown in each subplot.

contribution from forward suppression. A B
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neural responses from Al neurons while Figure9.  Median vector strength (A) and the proportion of synchronized units (B) for each unit population (color coded)

applying GABA antagonists to the cortical
surface (see Experimental procedures).
Three GABA antagonists were used as fol-
lows: (1) Gabazine, an antagonist of post-
synaptic GABA, inhibition; (2) CGP
36216, an antagonist of presynaptic GABA} inhibition; and (3)
2-Hydroxysaclofen, an antagonist of postsynaptic GABAj inhi-
bition. We measured responses to pulse train stimuli presented at
various repetition rates before and after drug application. The
repetition rate cutoff was taken as the maximum repetition
rate (Hz) at which responses were =50% of the maximum re-
sponse across all tested repetition rates. If forward suppression in
A1 was due to synaptic inhibition, we would expect application of

at varying repetition rates (bps; horizontal axis). x-coordinates are slightly offset for visual purposes. Total number (N) of
each unit population is shown. Only 24 A1 units were tested at the 20 bps rate.

GABA antagonists to lead to an increase in the stimulus repetition
rate to which Al neurons synchronize. In addition, the targeted
receptor specificity of the agents would potentially indicate the
source of intracortical synaptic inhibition. Surprisingly, we
found that none of the GABA antagonists produced the hypoth-
esized relief from forward suppression (Fig. 11A-C). Specifically,
no significant change in repetition rate cutoffs was seen between
pre-application and post-application of any of the three agents
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the mammalian auditory cortex (Fishman

et al.,, 2001, 2004, 2012; Micheyl et al,,

2005; Elhilali et al., 2009) and avian fore-

0 brain (Bee and Klump, 2004; Bee et al.,
2010). Stream segregation based on differ-

ences in spatial location has been identi-

fied in the responses of cortical neurons

(Middlebrooks and Bremen, 2013; pres-

ent study), and physiological correlates of

8 stream segregation based on interaural
time differences are observed in the audi-

fo) tory cortex of human listeners in studies
o) using magnetoencephalography (Carl
and Gutschalk, 2013) and fMRI (Schad-
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winkel and Gutschalk, 2010). Other
studies have reported that stream segrega-
tion is present at subcortical levels, with
tone-based stream segregation seen
among single-unit responses from the co-
chlear nucleus (Pressnitzer et al., 2008),
and interaural time difference-based be-
havioral streaming linked with fMRI
BOLD activity in the IC (Schadwinkel and
Gutschalk, 2011). These reports, together
(o] with the present results, offer the view that
some forms of stream segregation can be
present throughout all levels of the as-
cending auditory pathway. Specifically

O

0 60 120 180 0 60

Single Source: ERRF width (deg)

Figure 10.

for each unit population.

(Gabazine, p = 0.30; CGP 36216, p = 0.20; 2-Hydroxysaclofen,
p = 0.36; signed-rank tests). A similar lack of effect on repetition
rate cutoff was seen at all cortical depths. That the drugs reached
cortical neurons in effective concentrations was demonstrated by
an overall increase in spikes per burst (Fig. 11D; Gabazine, ¢, =
6.47, p < 10" % CGP 36216, t4 7.86, p < 10°%
2-Hydroxysaclofen, #.s5, = 5.46, p < 10~ paired ¢ tests); again,
this was seen at all cortical depths. These results are inconsistent
with an explanation for forward suppression based on intracor-
tical inhibition.

Discussion

We evaluated SSS at three levels of the ascending auditory system:
midbrain (ICC and BIN), thalamus (two subpopulations of MGBv
neurons), and cortical area Al. The results demonstrate that the
degree to which neurons preferentially synchronize to sounds from
one or the other of two sources is progressively enhanced along the
ascending pathway, with robust SSS observed in essentially all Al
neurons that we tested. The enhancement of SSS reflects the sharp-
ened spatial sensitivity and strengthened forward suppression at
higher levels of the auditory pathway. Moreover, we found that for-
ward suppression within the auditory cortex was not due to intra-
cortical synaptic inhibition.

Stream segregation along the ascending auditory system
Physiological studies of stream segregation based on differences
in tone frequencies have demonstrated neural correlates within

Breadth of spatial sensitivity for the single-source (horizontal axis) versus the competing-source (vertical axis)
condition across all unit populations for each tested base rate (4, 5 bps; B, 10 bps; €, 20 bps; D, 40 bps). Data points below the
diagonal line indicate sharper spatial tuning in the presence of a competing sound. Circles represent multiple units. X, Single
units. Diagonal black line indicates the unity line. Thick colored lines indicate linear regression fits for corresponding ERRF widths

with regard to spatial factors, however, we
find that SSS begins with gradual sharpen-
ing of spatial sensitivity at successive levels
of the brainstem and thalamus, and that
SSS is enhanced by forward suppression
between thalamic and cortical levels.

Our results are consistent with the fail-
ure to demonstrate location-based stream
segregation at the level of the IC in guinea
pigs (Shackleton et al., 2012). Although we encountered SSS
among BIN and a subpopulation of MGBv neurons at faster base
rates (Fig. 4), those presentation rates are considerably faster than
the timescale reported in psychophysical studies of stream segre-
gation. Schadwinkel and Gutschalk’s (2011) findings of associ-
ated fMRI BOLD activity in the IC with interaural time
difference-based streaming might be attributed to active engage-
ment or attentional modulation. Kondo and Kashino (2009) re-
port that feedforward and feedback processes along the
thalamocortical loop are involved in the formation of auditory
streaming percepts. Thus, further work should attempt to distin-
guish the roles of corticothalamic and corticotectal modulation
that aid in auditory streaming.

120 180

Segregating streams through spatial hearing and

forward suppression

In our rat animal model, spatial sensitivity develops along the
ascending tectal and lemniscal pathway, from level-dependent
spatial sensitivity that broadens markedly with increasing sound
levels within the ICC to level-tolerant contralateral hemifield spa-
tial sensitivity within the BIN, a subpopulation of neurons in
MGBy, and area Al (Yao et al., 2015). Not surprisingly, SSS was
most prominent among Al, MGBv-Al-like, and BIN units. BIN
and MGBv-Al-like units displayed SSS by virtue of their domi-
nant contralateral hemifield tuning, whereas SSS among A1 units
was due to contralateral hemifield tuning enhanced by forward
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suppression at that level. These results
give further evidence for two parallel
pathways for auditory space processing:
tectal, projecting to the superior collicu-
lus; and lemniscal, projecting to the fore-
brain (Knudsen et al., 1993; Knudsen and
Knudsen, 1996; Yao et al., 2015). Whether
or not the representation of segregated
streams along the tectal pathway plays a
role in auditory scene analysis remains to
be tested.

o
o
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Despite the species differences in
single-source spatial sensitivity, we en-
countered SSS results from Al neurons in
the anesthetized rat very similar to those
observed among cortical neurons in anes-
thetized cats (Middlebrooks and Bremen,
2013). Specifically, we found that segrega-
tion of competing sources within cortical
neurons was weakest when both sources
were located within the contralateral
hemifield and strongest when one of the
two sources was located in the ipsilateral
hemifield, as shown in Figures 3 and 7.
This indicates that a cortical neuron’s spa-
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tial sensitivity, which is derived from bin- 1
aural computations within the brainstem
and likely inherited from MGBv-Al-like
units (Kyweriga et al., 2014), favors one of
the two competing sound sources. That
spatial bias is amplified by additional
forward suppression. In particular, Al
neurons show strong suppression of re-
sponses in the condition when competing
sounds are colocated and a strong release
from suppression when one source is moved away from the
other, yielding neural responses that are captured by one source.
Our interpretation for such findings is that SSS begins in a sub-
population of neurons within the MGBv and is further enhanced
along the thalamocortical synapse, becoming dominant at the
cortical level.

Figure 11.

Potential mechanisms of forward suppression
Consistent with previous reports, our measures of SSS at multiple
levels of the auditory pathway demonstrate a dramatic increase in
forward suppression and corresponding decrease in upper rate
cutoffs for synchrony to repeated stimuli between the MGBv and
Al. Our results accord with observations of forward suppression
in tone-based streaming studies (Fishman et al., 2001, 2004; Bee
and Klump, 2004) and with measures of spatially dependent for-
ward suppression with leading and lagging sounds (Reale and
Brugge, 2000; Mickey and Middlebrooks, 2005; Zhou and Wang,
2014). Also, the timescale of forward suppression that we mea-
sured in the context of SSS agrees with that of suppression ob-
served in forward masking studies where the response to a probe
stimulus is largely suppressed following a preceding masker stim-
ulus (Calford and Semple, 1995; Brosch and Schreiner, 1997;
Scholes et al., 2011). These findings suggest that similar cortical
mechanisms could be involved in forward masking, forward
suppression of temporal sequences, and segregating sequential
sounds into discrete streams.

We used a pharmacological procedure to test the hypothesis
that forward suppression in the auditory cortex is due to synaptic

2 468
Repetition Rate (Hz)

(=)

20 40 0 2 4 6 8 10

Pre-Drug
Spikes Per Burst

Effects of GABA, or GABAg antagonists on A1 responses. Normalized grand mean spikes per burst (% 15D) to pulse
train stimuli presented at varying repetition rates (horizontal axis) are plotted before and after application of Gabazine (4), CGP
36216 (B), and 2-Hydroxysaclofen (C). D, Mean spikes per burst of each unit for pre-drug (horizontal axis) and post-drug (vertical
axis) application. p valuesindicate results from comparing the mean repetition rate cutoffs (signed-rank test) (A—C) or mean spikes
per burst (D) between pre-drug and post-drug application samples (paired ¢ test).

(GABAergic) inhibition. Interestingly, we found that cortical
neurons did not display the hypothesized relief from forward
suppression after drug application, suggesting that forward sup-
pression is not due to synaptic inhibition. Results from Wehr and
Zador (2005) indicate that synaptic inhibition plays a small role
in forward suppression. In that study, they conducted whole-cell
recordings on neurons in the rat auditory cortex and found that
inhibitory postsynaptic potentials elicited by forward masking
stimuli were brief, lasting no more than 100 ms. Thus, the for-
ward suppression that we observed on a >100 ms timescale could
not result from the brief synaptic inhibition of cortical neurons.
Our negative results against intracortical synaptic inhibition,
in addition with the findings from Wehr and Zador’s (2005)
study, refute the synaptic inhibition hypothesis for forward
suppression.

Forward suppression seen within Al could reflect various
mechanisms. One hypothesis involves the biophysical property
of postdischarge adaptation (i.e., refractoriness). Middlebrooks
and Bremen (2013), however, demonstrated that the probability
of action potential firing in response to a sound was independent
of firing elicited by a preceding sound. This was particularly the
case under the 5 bps condition, with some indication of intracor-
tical adaptation in the 10 bps condition. The 10 bps value accords
well with the time constant of forward masking in A1, evident in
Figure 9 and in previous reports (e.g., Creutzfeldt et al., 1980;
Schreiner and Urbas, 1988). This argues against cortical postdis-
charge adaptation as a mechanism of forward suppression. Other
potential sources of cortical forward suppression could be inher-
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itance from thalamic inputs or synaptic depression at the
thalamocortical synapse. It is unlikely that cortical neurons di-
rectly inherit their forward suppression from thalamic neurons
because MGBv neurons can follow periodic stimuli at much
higher repetition rates compared with their cortical inputs
(Creutzfeldt et al., 1980). It is more likely that cortical forward
suppression reflects synaptic depression of thalamocortical syn-
apses. Findings from intracellular recordings suggest that the
low-pass temporal filtering between the thalamic and cortical
level is the result of an activity-dependent decrease in synaptic
transmission (Varela et al., 1997; Chance et al., 1998; Fortune and
Rose, 2000). Furthermore, results from computational modeling
studies have demonstrated that cortical repetition rate suppres-
sion can be modeled by presynaptic depression and a small
amount of facilitation (Eggermont, 1999, 2002). Recently, a study
in mice by Bayazitov et al. (2013) demonstrated that synaptic
depression along the thalamocortical synapse can explain the for-
ward suppression seen in the auditory cortex. Specifically, they
found that paired-pulse synaptic depression at thalamocortical
projection sites is due to a switch between firing modes of
thalamic neurons, which is dependent on Ca,3.1 T-type calcium
channels. Pharmacologically inhibiting or RNA-mediated
knockdown of those calcium channels significantly diminished
synaptic depression at thalamocortical projections and forw-
ard suppression in the auditory cortex.

Based on the available reports, we hypothesize that cortical
SSS is due to synaptic depression at the thalamocortical synapse.
We hope to directly explore the synaptic depression hypothesis in
future experiments.
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