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Abstract

Whether the auditory and visual systems use a similar coding strategy to represent motion direction is an open question. We
investigated this question in the barn owl’s optic tectum (OT) testing stimulus-specific adaptation (SSA) to the direction of motion.
SSA, the reduction of the response to a repetitive stimulus that does not generalize to other stimuli, has been well established in
OT neurons. SSA suggests a separate representation of the adapted stimulus in upstream pathways. So far, only SSA to static
stimuli has been studied in the OT. Here, we examined adaptation to moving auditory and visual stimuli. SSA to motion direction
was examined using repeated presentations of moving stimuli, occasionally switching motion to the opposite direction. Acoustic
motion was either mimicked by varying binaural spatial cues or implemented in free field using a speaker array. While OT neu-
rons displayed SSA to motion direction in visual space, neither stimulation paradigms elicited significant SSA to auditory motion
direction. These findings show a qualitative difference in how auditory and visual motion is processed in the OT and support the

existence of dedicated circuitry for representing motion direction in the early stages of visual but not the auditory system.

Introduction

Two alternative hypotheses have been proposed with regard to
acoustic motion processing in the brain (Grantham, 1986; Middle-
brooks & Green, 1991; Ingham et al., 2001). The first hypothesis
suggests that there is no dedicated auditory motion processing cir-
cuitry and that motion is encoded as a series of static locations. A
prediction of this hypothesis, known as the snapshot hypothesis
(Middlebrooks & Green, 1991), is that neural responses to motion
are inseparable from neural responses to static stimuli. The alterna-
tive hypothesis is that the central auditory system contains neural
circuitry dedicated to auditory motion processing, exclusively sensi-
tive to parameters such as direction and velocity, as observed in the
visual system (Newsome & Pare, 1988). It remains unclear which
hypothesis reflects auditory motion processing in humans and other
animals (Middlebrooks, 2015).

The waterfall aftereffect, a well-known psychophysical phe-
nomenon, has been advocated as indication of a specialized neural
representation of visual motion (Snowden & Freeman, 2004). In the
waterfall aftereffect, a subject seeing motion in one direction for an
extended period of time perceives objects moving in the opposite
direction once motion is interrupted. This phenomenon can be
explained by an explicit representation of motion direction in the
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brain undergoing adaptation (or fatigue) during prolonged viewing
(Anstis et al., 1998). Adaptation paradigms have been commonly
used to uncover the independent coding of specific stimulus fea-
tures, in psychophysical and brain imaging studies (Weigelt et al.,
2008).

In this paper, we applied adaptation paradigms, analogous to the
waterfall effect, in the optic tectum (OT) of the barn owl to test
whether OT neurons specifically adapt to a stimulus moving in one
direction and hence respond more strongly to occasional stimuli
moving in the opposite direction (i.e., display stimulus-specific
adaptation (SSA) to motion direction). The OT, considered the
homologue of the mammalian superior colliculus, contains aligned
visual and auditory maps of space (Knudsen, 1982). Neurons in
mid-layers of the OT display stimulus-specific adaptation (SSA) to
features of visual and auditory stimuli such as location, frequency
and intensity (Reches & Gutfreund, 2008; Netser et al., 2011). The
robust sensitivity to deviations from the common input is believed
to reflect a tectal role in detecting salient stimuli (Gutfreund, 2012).
However, SSA to moving stimuli has not been tested. To test this,
we generated moving sounds using sweeps of binaural cues, interau-
ral time (ITD) and level (ILD) difference, delivered through ear-
phones and sequential activation of speakers at changing locations
in a high-density speakers array. For comparison with responses to
visual motion, moving visual stimuli were projected on a large
screen in front of the owl. We found that OT neurons adapt
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specifically to motion direction in visual but not auditory stimuli,
demonstrating a difference in the way visual and auditory motion
are represented in the OT. While visual motion appears processed in
independent channels, auditory motion does not.

Materials and methods
Animals

Eight adult barn owls (Tyto alba) of both sexes were used in this
study. All owls were hatched in captivity, and raised and kept in
large flying cages. Five owls were used for auditory and visual
experiments in the Technion and three owls for free-field auditory
stimulation at the Albert Einstein College of Medicine. The owls
were provided for in accordance with the guidelines established by
the NIH on the care and use of animals in research. All procedures
were approved by the Technion Institutional Animal Care and Use
Committee and the Albert Einstein College of Medicine Institute of
Animal studies.

Electrophysiology

Electrophysiological experiments were performed in two separate
laboratories, in one laboratory the responses to dichotic stimuli as
well as visual stimuli were measured, in the other laboratory the
responses to free-field auditory stimuli were performed. Therefore,
some differences in the experimental procedures exist. For the
dichotic and visual experiments: Owls were prepared for repeated
electrophysiological experiments in a single surgical procedure. A
craniotomy was performed and a recording chamber was cemented
to the skull. Owls were food deprived 12 h before recording. At the
beginning of each recording session, the owl was anesthetized
briefly using isoflurane (2%) and nitrous oxide in oxygen (4:5) for
positioning in a custom-made stereotaxic device at the center of a
double wall sound-attenuating chamber (internal size —
2 x 2 x 2 m) lined with echo suppressing foam. During the experi-
ment, the isoflurane was removed and the bird maintained on a fixed
mixture of nitrous oxide and oxygen (4:5). The head was aligned
using retinal landmarks (Gold & Knudsen, 2000). A glass-coated
tungsten microelectrode (1 MQ; Alpha Omega, Nazareth, Israel)
was driven into the recording chamber using a motorized manipula-
tor (SM-191; Narishige, Tokyo, Japan). The recorded electrical sig-
nals were amplified, digitized, filtered (313-5000 Hz) and stored
using the Alphalab SnR system (Alpha Omega, Nazareth, Israel).
In each experiment, a threshold was set online to select the larger
units in the recording sites isolating action potentials from a small
cluster of neurons (multi-unit recording). If a clear large single unit
was identified in the recordings, the threshold level was set to iso-
late it. Data points corresponding to single units are specifically
identified in the figures. We did not observe major differences
between single and multi-unit results, therefore single and multi-unit
recordings were analyzed together.

For experiments in the free-field setup, anesthesia consisted of
intramuscular injections of ketamine hydrochloride (20 mg/kg; Keta-
set) and xylazine (4 mg/kg; Anased). Prophylactic antibiotics (ampi-
cillin; 20 mg/kg, i.m.) and lactated Ringer’s solution (10 mL, s.c.)
were administered at the beginning of each experiment. The depth
of anesthesia was monitored by pedal reflex. Additional injections
were given to maintain anesthesia during the experiment. To control
for varying levels of anesthesia, records of the time of each record-
ing relative to anesthetic administration were rigorously maintained.
Experiments were interrupted when latencies or response thresholds

changed. Body temperature was maintained throughout the session
with a heating pad. Single-unit responses were recorded using
1 MQ tungsten electrodes (A-M Systems). OT was located stereo-
taxically and confirmed by the characteristic bursting activity and
spatially restricted visual and auditory RFs (Knudsen, 1982). Posi-
tion within the OT was determined based on the location of the
RFs. Once an OT unit was isolated and identified, earphones were
removed for sound stimulation in free field.

At the end of each session, the recording chamber was treated
with chloramphenicol 5% ointment and closed. An intramuscular
injection of carprofen (3 mg/kg, Rimadyl) was given as analgesic.
Owls were allowed to recuperate in their home cages for at least
7 days before the next session.

Auditory Stimulation

Auditory stimuli were synthesized on a PC connected to a Tucker-
Davies Technologies (TDT) system III (40 KHz sampling rate; 24
bit D/A) running custom Matlab programs. For dichotic stimulation,
computer-generated signals were transduced by a pair of matched
miniature earphones (ED-1914; Knowles, Itasca, IL, USA). The ear-
phones were placed in the center of the ear canal, about 8 mm from
the tympanic membrane. The amplitude and phase spectra of the
earphones were equalized within £2 dB and £2 ps between 2 and
12 kHz by computer adjustment of the stimulus waveform. Sound
level was controlled by two independent attenuators (PAS; Tucker-
Davis Technologies) and is reported as average binaural sound
intensity (ABI) relative to a fixed sound pressure level of ~90 dB
SPL measured 1 mm from the speaker. Stationary stimuli consisting
of broadband (2—12 kHz) 50 ms sound burst with rise/fall times of
5 ms, presented at an inter-stimulus interval (ISI) of 1 s were used
to map RFs and obtain ITD and ILD tuning curves of tectal neurons
(Fig. 1B). Tuning curves were generated by varying a single param-
eter (ITD or ILD) while holding all other parameters constant. The
tested parameter was varied randomly in stimulus sets that were
repeated 10-20 times. The width of tuning curves was defined as
the ITD or ILD range over which responses were 50% of the maxi-
mal response; best ITD or ILD was the midpoint of this range. To
induce an ITD sweep, a varying time delay was introduced to one
ear while maintaining the phase of the other ear constant. ITD was
varied = 100 ps around the site’s best ITD. For creating stationary
ILDs, the value of each of the two attenuators was controlled
directly in each trial. To synthesize sweeps in ILD, sound levels on
each side were adjusted by:

w0 = 10w = 10 ()

where V, and V; are the amplitudes in volts, fed to the right and left
attenuator, respectively and sir(#) and sil(f) the desired sound inten-
sity sweeps in dB relative to the average ABI, for the right and left
ears, respectively. In our experiments, sir and sil were reciprocal lin-
ear sweeps, i.e., one ear moving from 20 dB below to 20 dB above
the ABI and the other in the opposite direction, creating a linear
ILD sweep between =+40 dB. The total stimulus duration was
adjusted to create the desired velocity. To transform ITD values
to corresponding azimuthal locations, we used a calibration equa-
tion reported for barn owls (Brainard & Knudsen, 1993): ITD (in
ps) = 2.5 * azimuth (in degrees).

Free-field stimuli were delivered using a custom-made hemispher-
ical array of 144 speakers (Sennheiser, 3P127A) constructed inside
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FiG. 1. Experimental paradigm and example response to ITD sweeps. (A) Constant order paradigm. Blocks consist of sweeps in one direction (black squares),
switching to the opposite direction every 15 trials (gray squares). The response to the first stimulus after the switch (deviant, gray dashed circle), was compared
with the response to the last stimulus before the switch (common, black circle). (B) ITD and ILD tuning curves for the recording site. The ILD curve is plotted
on an orthogonal axis to emphasize that ILD is a cue for vertical position. Dashed lines indicate the preferred ITD and ILD. (C and D) Raster plots of spiking
responses to two stimuli, right to left motion (RL; black arrow, panel C) or left to right motion (LR; gray arrow; panel D). Each row represents one trial. For
each direction, 150 trials were presented (y-axis). The gray solid line indicates the motion onset. Directions were alternated every 15 sweeps. (E and F)
Dynamic ITD tuning curves (averaged across trials) for each motion direction. The x-axis represents instantaneous ITD at corresponding times during motion.
The solid lines represent the response to the deviant stimulus (first response after switching direction). The dashed lines represent the response to the common
stimulus (average of responses to the last three stimuli in a block). Arrows indicate motion direction (black for RL motion and gray for LR motion). Vertical
gray lines indicate the best-ITD for this recording site measured with static stimuli.

a sound-attenuating chamber (Perez et al., 2009; Wang et al.,
2012). The speaker array ranged +100 deg in azimuth and 80 deg
in elevation. The angular separation between the speakers varied
from 10 deg to 30 deg. The highest density of speakers was located
at the center of the array (40 deg around origin) and on the vertical
midline and horizontal dimension at zero elevation. Each speaker in
the array was calibrated using a Bruel and Kjer microphone (model
4190). Spatial tuning was assessed with broadband (0.5-10 kHz)
sound bursts, 100 ms in duration, presented at random locations
within the speaker array. Up and down-ramps for each burst were
5 ms and the ISI was 500 ms (offset-to-onset). Forty-five to 50 trials
were tested for each speaker location. Each unit’s preferred location
was defined as the midpoint of the spatial locations that elicited
responses equal or larger than half the maximum. After a site’s pre-
ferred location was determined, the owl was rotated so the center of
the site’s spatial receptive field (SRF) was horizontally aligned with
the center of the speaker array. The SRF mapping was repeated with
the owl in the new orientation and subsequent free-field tests were
performed in this condition. Motion was initiated either horizontally

or vertically, ranging 40 degrees around the SRF center. Broadband,
120 ms sound bursts with 40 ms ramping were presented in
sequence across the array. Onset and offset ramps of adjacent speak-
ers overlapped 60 ms in time to create a perceptually smooth
motion. The duration of each motion sweep was 500 ms for an
80 deg displacement, corresponding to a velocity of 160 deg/s, fol-
lowed by 1-s ISI (offset-to-onset).

Visual stimulation

Visual stimuli were synthesized on a PC running custom Matlab
programs with Psychtoolbox extension (Brainard, 1997). The visual
scene was projected from outside the sound-attenuating chamber
through a double-glass window on a wide screen (170 x 170 cm,
1.5 meters away from the animal) inside the chamber. The visual
stimulus was a dark dot (about 1 deg in diameter) presented on a
gray background. Luminance of dots was 8-12 cd/m> and lumi-
nance of background screen was 17 cd/m”. The receptive field (RF)
in visual space was estimated by varying the azimuth and the
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elevation of the dot projected on the screen. For motion stimuli, the
dot was made to move across the entire screen (corresponding to
60 deg in azimuth and 60 deg in elevation) crossing the RF at a
fixed azimuth or elevation. Duration of motion was 500 ms, 1 s or
2 s, corresponding to velocities of about 120 deg/s, 60 deg/s and
30 deg/s, respectively. Each motion sweep was followed by 1s ISIL.
As eye movements in barn owls are limited to a range that is smal-
ler than 42 deg, (du Lac & Knudsen, 1990), we did not immobilize
or control for eye movements.

Measurement of stimulus-specific adaptation

For each test, be it visual or auditory motion, two opposite motion
directions, either left to right and right to left or upward and down-
ward, were presented. The two motion stimuli could be either fol-
lowing exactly the same path but in opposite directions or two
parallel paths in opposite directions (see insets in Fig. 2). In the first
case, the sweep passed through the preferred ITD and ILD or center
of the SRF. In the second case, the two paths differed in ITD or
ILD, or crossed the SRF at equidistant points from the center. In all
cases, motion trajectories passed through the excitatory regions of
the neurons’ RFs. Two stimulation paradigms were used to measure
SSA: (1) In the constant order paradigm (Fig. 1A), one motion
direction was repeated 15 times and subsequently followed by 15
sweeps in the opposite direction. This was repeated for 11 times, so
that the total number of trials was 330 (165 for each direction).
Each 15-trial set of sounds moving in the same direction was called
a block. For visual stimulation, blocks consisted of 10 sweeps,
resulting in 220 trials in total (110 for each direction). In all cases,
the first two blocks were not included in the analysis to avoid onset
effects (Reches & Gutfreund, 2008). The first presentation of a stim-
ulus within a block was regarded as the deviant stimulus, because it
was different from its immediate past. The average response of the
last three stimuli within a block was used to assess the response to
the common stimulus. (2) In the oddball paradigm, which was tested
only with dichotic stimuli, the two selected motion directions were
presented randomly, in a probabilistic manner. One of the stimuli
was defined as the deviant and the other as the common stimulus
(Fig. 3A). Each experimental block of this paradigm consisted of
150 stimuli, where the probability of occurrence was 90% for the
common stimulus and 10% for the deviant. In the next experimental
block, the directions of the common and deviant stimuli were
reversed. This allowed to compare the average neural response to a
moving stimulus when deviant, with the average response to the
same stimulus when common. To prevent onset effects, each block
was preceded by 15 repetitions of the common stimulus that were
not included in the analysis.

Data analysis

For each stimulus in a sequence, responses were defined as the num-
ber of spikes in a time window starting at the onset of stimulus
motion minus the number of spikes in a corresponding time window
immediately before stimulus onset. The time window for spike count
was either, 500 ms, 1000 ms or 2000 ms, corresponding to the stim-
ulus duration. For each test, average responses were obtained for
four conditions: direction 1 common (S;c), direction 1 deviant (S,d),
direction 2 common (S,c) and direction 2 deviant (S>d). To quantify
the SSA effect, we used the indices defined by Ulanovsky et al.
(2003). The stimulus index (SI) is the normalized difference
between the mean response to the deviant stimulus and the mean
response to the common stimulus, defined as:

S,‘d — S,’C
St= Sid + Sic

To analyze the population tendency for SSA, the SI measured in
one direction was plotted against the SI measured in the other
direction for each recording site (see for example Fig. 2B and D).
Data points within the top-right quadrant (indicated by dashed
lines) are stronger responses to the first deviant for both directions.
However, as pointed by Ulanovsky et al., (2003), any point above
the diagonal line implies SSA, for the following reason: If the
adaptation is not stimulus-specific and the SI for one direction is
larger than zero, then the SI for the other direction is expected to
be smaller than zero by the same amount (for a mathematical vali-
dation of this statement see Ulanovsky er al., 2003)., i.e., the
points are expected to be on the diagonal line. Thus, significant
skewness of the points in the SI scattergram above the diagonal
line is a widely accepted criterion for SSA at the population level
(Reches & Gutfreund, 2008; Malmierca et al., 2009; Taaseh et al.,
2011).

Population averages were obtained by normalizing each recording
site by the maximum response and computing the mean across all
sites.

Results

This study analyzed responses from 510 recording sites in the OT.
In total, 362 sites were recorded from five owls at the Technion
(recording sites per owl: 96, 85, 23, 67 and 91) and 149 sites were
recorded from three owls at the Albert Einstein College of medicine
(recording sites per owl: 31, 60, 58). No apparent differences
between owls were observed, therefore, for population analysis,
recording sites were pooled across owls. All sites were below the
superficial bursting layer of the OT, which is the region where both
visual and auditory responses have been reported (intermediate/deep
layers; Ramon y Cajal layers-11-14 (Knudsen, 1982; Netser et al.,
2010)).

SSA to motion direction in ITD and ILD sweeps

In barn owls, ITD constitutes the main auditory localization cue for
azimuth while ILD is the main cue for elevation due to the asym-
metrical morphology of the ears (Moiseff, 1989). SSA to the direc-
tion of ITD sweeps was first studied using a constant order
paradigm (see Materials and Methods). In the example shown in
Fig. 1, best ITD was O ps and best ILD was —1 dB (Fig. 1B). In
this experiment, an ITD sweep was presented repeatedly, switching
its direction (from left ear leading to right ear leading) every 15 tri-
als. The sweep velocity was 400 ps/s (corresponding to about
160 deg/s) and the ILD was fixed at the best ILD of the site. As the
stimulus sweeps through the RF, the firing rate increases in both the
leftward (Fig. 1C) and rightward (Fig. 1D) directions. Two rate-ITD
curves were computed for each direction, from the average
responses to the first trial after the switch (solid lines in Fig. 1E and
F) and the average response to the last three trials before switching
direction (dashed lines in Fig. 1E and F). In both directions, the
curves for first and last trials were similar, suggesting a lack of
SSA. However, the curves peak for leftward motion was shifted
rightward from the O ps best ITD (Fig. 1E), while the peak for the
rightward movement was shifted leftward (Fig. 1F). The shift in best
ITD in the direction of the incoming sweep is consistent with a pre-
vious report (Witten ez al., 2006).
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Across the sample, the average response to the first stimulus after
switching directions was not significantly different from the average
response to the last three stimuli of each block (Fig. 2A; n = 47,
Wilcoxon signed rank test, P = 0.06 and P = 0.59 for right to left
and left to right motion, respectively). Consistently, stimulus indices
(SIs) were not significantly distributed above the diagonal line
(Fig. 2B; sign test, P = 0.56). Thus, there was no significant SSA at
the population level.

It is known from other systems that SSA can be sensitive to stim-
ulus duration, inter-stimulus interval, probability of occurrence and
stimulation paradigm (Ulanovsky et al., 2004; Malmierca et al.,
2009). To rule out the possibility that the absence of SSA might be
due to the specific stimulus timings used (a 500 ms duration stimu-
lus and 1-s ISI, repeated 15 times before switching to the other

direction), we performed an additional SSA test in each recording
site. In this control test, the same paradigm and stimulus conditions
were used but in addition to a change in direction, the two stimuli
differed in ILD by 10-20 dB, depending on the width of the ILD
tuning curve. Tectal neurons in the intermediate/deep layers are
known for their SSA to both ILD and ITD (Reches & Gutfreund,
2008). Therefore, if SSA is observed when the two stimuli differ in
ILD, it demonstrates that the stimulus paradigm is adequate for
exposing SSA. Indeed, when the ILD of the two stimuli differed,
clear SSA emerged (Fig. 2C, D). The first stimulus in both direc-
tions elicited significantly larger responses compared to the last pre-
sentations (Fig. 2C; n = 54, Wilcoxon signed rank test, P < 0.001
and P < 0.001, for right to left and left to right motion, respec-
tively). Consistently, the majority of data points in the scatterplot of
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common (top) and deviant (bottom). Gray vertical line indicates the onset of the stimulus. (C) Responses for the same neuron in A to left to right (LR) motion
when common (top) and deviant (bottom). (D) Dynamic ITD tuning curves calculated from the responses shown in B and C. Top shows tuning curves for LR
motion, solid line when common and dashed line when deviant. Bottom shows tuning curves for RL motion. (E) Average responses across the sample. Bars
represent responses to common and deviant stimuli for RL (black bars) and LR (gray bars) directions. Error bars represent SEM. (F) Sls scatterplots for one
direction vs. the other. The dashed lines indicate the upper right quadrant. Gray dots represent results from single-unit recordings, black dots from multi-unit
recordings. The number of points above and below the diagonal are shown on the lower right corner. (G and H) Average results from the oddball experiments
where the ITD sweeps in opposite directions also differed in ILD. Format as in E and F.

SI1 vs. SI2 were above the diagonal line (Fig. 2D; sign test,
P = 0.00005). This shows that the motion paradigm used here is
capable of exposing SSA.

In the above experiments, the velocity of motion was 400 ps/s,
which corresponds in barn owls to roughly 160 deg/s azimuthal
velocity. For a flying predator, like the barn owl, the ethologically
relevant acoustic speeds can vary dramatically depending on the
distance to the source as well as self-motion. Head rotations in
barn owls can reach 800 deg/s (du Lac & Knudsen, 1990), while a
running mouse at a distance of about 1 meter can induce motion
cues of 30 to 90 deg/s (50-150 cm/s). Thus, the acoustic velocity
used here is expected to be ethologically relevant for barn owls.
However, to verify that the lack of SSA to motion direction was

not restricted to a specific velocity, we performed the test using an
additional velocity of 200 ps/s (corresponding to about 80 deg/s,
n = 43). The result was qualitatively similar to the result obtained
using the faster velocity. The population average response to the
first stimulus, in each block, was not different from the population
average response to the last three stimuli (Fig. 2E, n = 43, Wil-
coxon signed rank test, P = 0.12 and P = 0.76, for right to left
and left to right motion, respectively) suggesting absence of SSA.
However, when the ILD of the sounds moving in each direction
differed by 10-20 dB, the population average response to the first
stimulus in each sequence was again significantly larger than the
responses at the end of the block (Fig. 2G; n = 44, Wilcoxon
signed rank test, P = 0.01 and P < 0.001). These results indicate
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that for the slower velocities as well, SSA to motion direction was
not observed.

Next, we examined responses to ILD sweeps (mimicking up and
down motion for the owl). We first used a constant order paradigm,
where ILD was swept 20 dBs in opposite directions while ITD was
fixed at the preferred value of the recording site (inset in Fig. 2I).
The ILD sweep velocity was 80 dB/s, corresponding roughly to
120 deg/s (Olsen et al., 1989; Poganiatz & Wagner, 2001). Similar
to the results obtained with ITD sweeps, significant SSA was not
observed; the response to the first stimulus in the sequence was not
significantly different from the response to the last three stimuli
(Fig. 2I-J n =34, Wilcoxon signed rank test, P =047 and
P =0.08, for downward and upward motion, respectively). The SI
distribution was not significantly above the diagonal line (Fig. 2J;
sign test, P = 0.394). However, clear and significant SSA was
observed when stimuli in each direction differed also in ITD
(Fig. 2K; AITD = 30-80 ps, n = 36, Wilcoxon signed rank test,
P <0.001 and P < 0.001). Consistently, the SIs were significantly
distributed above the diagonal (Fig. 2K; sign test, P = 0.00007).
The above results indicate that tectal neurons tend not to show SSA
to the direction of ITD or ILD sweeps.

A caveat of using the constant order paradigm for testing SSA is
that both stimuli are presented in equal numbers over a longer time-
scale and hence, long-term non-specific adaptation may reduce SSA
(Ulanovsky et al., 2004). To verify that the absence of SSA to the
direction of motion is not due to the constant order paradigm, we per-
formed a probabilistic oddball test, where the probability of occur-
rence of the deviant stimulus was 10% (see Material and Methods).
This oddball paradigm also failed to elicit SSA (Fig. 3). The average
response over the sample was not significantly different between the
deviant and the common condition (Fig. 3E, n = 45, Wilcoxon signed
rank test, P = 0.90 and P = 0.64 for right to left and left to right
motion, respectively); the scatterplot of SI1 vs. SI2 was not signifi-
cantly shifted with respect to the diagonal line (Fig. 3F; sign test,
P = 0.766). However, as expected, SSA emerged when both moving
stimuli differed also in ILD (Fig. 3G and H; n = 48, Wilcoxon signed
rank test, P = 0.003 and P = 0.02, sign test, P = 6.17e-05).

SSA to motion direction in free field

While the above experiments used ITD and ILD sweeps as a proxy
for sound motion, real auditory motion may involve a combination
of binaural and spectral cues that correlate with direction (Keller
et al., 1998; Poganiatz er al., 2001; Cazettes et al., 2014). To
account for a more naturalistic set of cues, we also tested SSA to
the direction of auditory motion in free field. A speaker array was
used to generate horizontal and vertical motion sweeps crossing
through the RF of recording sites (see Material and Methods). Mov-
ing sounds started 40 deg away from the RF center and traversed an
angular distance of 80 deg; the second stimulus swept through the
same line of speakers but in the opposite direction (Fig. 4A). The
total stimulus duration was 0.5 s, resulting in an angular velocity of
160 deg/s. For horizontal motion, the firing rate increased when the
stimulus entered the RF moving in both directions (Fig. 4B). The
spatial tuning computed from average responses to the first stimuli
after the direction switched (deviant) and the last trials before the
switch (common) was similar (Fig. 4C and D). Notably, a shift in
preferred location in the direction of the incoming sound was also
observed for free-field stimulation (Fig. 4C and D).

The above results were consistent across the sample. Neurons
showed no significantly different responses to the first stimulus in
the block compared to the average response to the last stimuli in the
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FIG. 4. Responses to motion in a constant order paradigm with stimuli pre-
sented in free field. (A) Spatial RF of a recording site. Color represents the
average response to sound bursts from 144 speakers in the frontal hemifield
(red corresponds to the highest response and blue the lowest). The dashed
rectangle indicates the 7 by 7 speaker subset (covering 80 deg in azimuth
and elevation) that was used for the motion sweeps. Red and black arrows
indicate motion onset points of LR and RL motion sweeps, respectively.
Motion ended at the start point of the stimulus moving in the opposite direc-
tion. (B) Raster plots of 150 trials of moving sound showing responses from
the recording site whose RF is shown in A. On the left RL sweeps and on
the right LR sweeps. The vertical lines indicate the onset of motion. (C)
Average response as a function of azimuthal position of the speaker. The
solid line represents the response to deviant stimuli and the dashed line to
common stimuli. The vertical gray line designates the center of the static RF.
(D) Same as in C but for the opposite motion direction.

block (Fig. 5A; n = 104, Wilcoxon signed rank test, P = 0.72 and
P = 0.06, for right to left and left to right motion, respectively). The
SI indices were not significantly biased above the diagonal lines
(Fig. 5B; sign test, P = 0.769). In 58 recording sites, we performed
a test where stimuli moving in opposite directions differed also in
elevation (one stimulus was swept 10 deg above the center of the
RF and the other stimulus 10 deg below the center of the RF). In
this case, the average response to the first stimulus in each direction
was significantly larger than the average response to the last stimuli
(Fig. 5C; Wilcoxon signed rank test, P = 0.003 and P < 0.001, for
right to left and left to right motion, respectively) and most of the
data points in the SI scatterplot were significantly above the diago-
nal line (Fig. 5D; sign test, P = 0.002).

SSA was also tested in free field for vertical motion. Sounds
moved up and down at a velocity of 160 deg/s through the same
path, crossing the center of the RF. No significant SSA to the
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FIG. 5. Responses to free-field motion. (A) Average responses to horizontal motion in free field. The histogram shows average responses as a function of the
order of the stimulus within the sequence. Black columns represent responses to leftward motions and gray columns to the opposite direction. In this experi-
ment, the path in one direction overlapped with the path of the other direction (see inset). (B). SIs for one direction plotted vs. the SIs for the opposite direction.
Dashed lines indicate the upper right quadrant. Gray dots represent results from single-unit recordings, black dots from multi-unit recordings. The number of
points above and below the diagonal line are indicated in the lower right corner. (C) Average response to horizontal free-field motion where the two motion
paths differed vertically (see inset in C). Same format as in A. (D) SIs for one direction vs. SIs for the other direction in the sample where the two motion paths
differed vertically. Format as in B. (E) Average responses to vertically moving stimuli in both directions through the center of the RF (see inset). Black bars
show the responses in the 15 trials of downward motion followed by the responses in the 15 trials of upwards motion (gray bars). Same format as in A. (F) SIs
for upward motions vs. SIs for downwards motion. Same format as in B. (G) Average responses to vertically moving stimuli in two parallel paths (see inset).
Same format as in A. (H) SIs for upward motion vs. SIs for downward motion when the upward and downward motions differed horizontally. Same format as

in B.

direction of motion was observed (Fig. SE and F, n = 45, Wilcoxon
signed rank test, P = 0.07 and P = 0.9). In 13 recording sites, verti-
cal motion in each direction was presented along two horizontally
separated paths. In these cases, responses tended to display SSA,
i.e., the population average responses to the first stimuli were larger
compared to the average of the last three responses (Fig. 5G) but it
did not reach statistical significance (n = 13; Wilcoxon signed rank
test, P = 0.07 and P = 0.08). Because of the small number of exper-
iments performed, this last result should be taken cautiously. How-
ever, it is consistent with the results from dichotic stimulation using
ILD sweeps differing in ITD (Fig. 2K), Overall, the results from the
free-field experiments indicate that tectal neurons do not show SSA
to auditory motion direction in free field, consistent with the find-
ings using sweeps in ITD and ILD.

SSA to the direction of a moving visual stimulus

Most neurons in the intermediate layers of OT of barn owls
respond to both visual and auditory stimuli (Knudsen, 1982). We
thus examined SSA to the direction of visual motion in these neu-
rons using an equivalent paradigm to that used for auditory
motion. Consistent with auditory responses, firing increased when
the visual stimulus crossed the RF center and about the same mag-
nitude of response was observed for both LR and RL motion
(Fig. 6A and B). Also consistent with auditory responses, the spa-
tial tuning for moving visual objects was shifted in the direction of

the coming stimulus (Fig. 6C and D). However, unlike for auditory
motion, the average response to the first stimuli in a sequence
(Fig. 6C and Dj solid lines) was larger than the average response
to the last three stimuli in a sequence, for both directions (Fig. 6C
and D; dashed lines). SSA to visual motion direction was signifi-
cant at the population level, when the stimuli traveled the same
path in opposite directions. At a stimulus velocity of 60 deg/s, the
average responses to the first stimuli were larger than the average
responses to the last three stimuli (Fig. 6E; n =40, Wilcoxon
signed rank test, P < 0.001 and P < 0.001, for right to left and left
to right motion, respectively). The scatterplot shows a significant
tendency of SIs to lay above the diagonal line (right panel in
Fig. 6E; sign test, P < 0.001), indicating SSA. When the two stim-
uli moving horizontally differed in their vertical position (one mov-
ing along a path 5 deg above the center of the RF and the other
5 deg below the center of the RF), the SSA was stronger (compare
Fig. 6F with Fig. 6E).

We performed the above experiments using two additional veloci-
ties (30 deg/s and 120 deg/s, Fig. 7A and B, respectively), as well
as vertical motion at a velocity of 30 deg/s (Fig. 7C). In all cases,
the average response to the first stimulus within a block was larger
from the average response to the last three stimuli. This difference
was significant in both directions (Fig. 7A, n = 54, Wilcoxon signed
rank test, P <0.001 and P < 0.001; Fig. 7B, n =52, Wilcoxon
signed rank test, P = 0.001 and P < 0.001; Fig. 7C, n = 36, Wil-
coxon signed rank test, P < 0.001 and P = 0.002). In all three

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd

European Journal of Neuroscience, 1-12



LR motion RL motion
'y

Trial number

-0.5 0 0.5 1

Time (s) Time (ms)

o
)
v

Deviant
Common

wmmm Deviant

| LR motion | m== Common

RL motion

Response (normalized)
o

-15 0 15 30
Azimuth (°)

-30 -15 0 15 30

Azimuth (°)

-30

Motion specific adaptation in the optic tectum 9

E

5 60 deg/s

] 1r

N

© —

£ 0.8 D °

5 '“lnll g :

£ 3 o ey

[ £ Of ° °

g 04 &

o = |}

§ 7 36

o 1 . . A
-1 0 1

Stlmulus order Sl (Stimulus 1)

F

3 . RF 1

= PN o

S —_

E 08 - 7| %o,

‘O- l =] ° [ ]

5 ll 1 l E 0 .h:.

@ 04 i £

S 21

n (7] 34

Q

o 1 . . . .
-1 0 1

Stimulus order Sl (Stimulus 1)

FIG. 6. SSA for visual motion. (A) Raster plot of responses to 100 trials of a visual stimulus moving rightward at 60 deg/s. The vertical line indicates the onset
of the moving stimulus in time. The stimulus started 30 degrees left of the RF center and ended 30 degrees to the right. (B) Same as in A but for leftward
motion. C) Average response as a function of the stimulus instantaneous location during rightward motion. The solid and dashed lines represent responses to
the first (deviant) and last three (common) stimuli in each block, respectively. The vertical gray line represents the best azimuth measured for this site. (D) Same
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tion differed vertically (see inset). Format as in E.

cases, the magnitude of the SSA increased when the two stimuli
moved in parallel paths, separated either vertically (Fig. 7D and E)
or horizontally (Fig. 7F). Thus, unlike auditory responses, visual
responses showed robust SSA to motion direction as well as to
position.

Discussion

This study compared SSA of auditory and visual motion in audio-
visual neurons of the owl’s OT. Each hemisphere of the map of
auditory space in the barn owl’s OT represents the frontal and
contralateral space (Knudsen, 1982). The spatial tuning of tectal
cells results from the integration of binaural (Moiseff & Konishi,
1983; Pena & Konishi, 2001) and spectral (Gold & Knudsen,
1999; Spezio & Takahashi, 2003; Cazettes et al., 2014) cues. It
has been argued that this elaborated computational process permits
the alignment of auditory and visual spatial information, permitting
multisensory integration and saliency mapping (Knudsen & Brai-
nard, 1995; Gutfreund, 2012; Gutfreund & King, 2012). Indeed,
spatial selectivity of auditory responses is remarkably consistent
with visual responses in the OT. Both auditory and visual maps
display a “frontal expansion” (Knudsen, 1982; Fischer & Pena,
2011). In addition, both modalities show similar patterns of lateral
inhibition and cross-modal interactions (Mysore et al., 2010), are
modulated similarly by top—down connections (Winkowski &
Knudsen, 2007) and display rapid SSA to the stimulus location
(Reches & Gutfreund, 2008). These remarkable similarities support
the view of OT as a hub for multisensory, context-dependent,
integration (Gutfreund, 2012). Thus, despite the differences
between visual and auditory representations at sub tectal levels,

the representation of space at the OT displays similarities. How-
ever, this study has uncovered an inconsistency between auditory
and visual representations in the OT of barn owls. Namely, visual
responses displayed SSA to the direction of moving stimuli while
auditory responses did not. This finding may reflect a fundamental
difference between how the brain processes auditory and visual
motion.

SSA is believed to result from synaptic depression or other cellu-
lar mechanisms underlying adaptation to excitation in pathways
upstream the recorded neurons (Eytan er al., 2003). If specific stim-
uli activate separate input pathways of an integrator neuron (for
example each frequency channel of a neuron that integrates across
frequency) and each input can undergo adaptation, stimulus-specific
adaptation is expected at the integrator neuron (Duque et al., 2016).
This basic model has been further modified in recent studies to
explain deviance detection (Taaseh et al., 2011; Nelken, 2014).
Thus, SSA can be used to elucidate the network architecture under-
lying neural representations. If SSA is observed for a sensory fea-
ture, it is likely that different states of this feature are carried by
separate input pathways, allowing the specific adaptation. Thus, the
observation that tectal neurons show SSA to the direction of visual
motion suggests that this feature is explicitly encoded. Indeed, in
the visual system, motion is believed to be encoded already in the
retina (Barlow & Hill, 1963; Wei et al., 2011), and is observed all
along downstream pathways (Albright, 1984; Mikami et al., 1986;
Borst & Euler, 2011; Cruz-Martin et al., 2014). In the OT, most
neurons are only weakly sensitive to the direction of visual motion
(Hughes & Pearlman, 1974; Knudsen, 1982). Thus, the robust SSA
to the direction of visual motion reported here indicates that OT
neurons are more sensitive to change in motion direction than to the
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direction of motion itself, a property consistent with their suggested
role in saliency detection.

In contrast to visual motion, no SSA was observed here for audi-
tory motion direction. Because SSA may depend on stimulus param-
eters and stimulation paradigm, we tested two velocities, two
paradigms (constant order and oddball) and three types of methods
to mimic motion (ITD and ILD sweeps and motion in free field), all
failing to induce SSA. On the other hand, in control experiments
using the same paradigms but separating motion paths, SSA was
consistently observed. Thus, our results suggest that the lack of SSA
to acoustic motion direction is likely a fundamental property of tec-
tal neurons in barn owls. This claim does not rule out the possibility
that SSA to acoustic motion direction is present elsewhere in the
brain. However, given the findings that tectal neurons show signifi-
cant SSA to practically any auditory feature tested so far: ITD, ILD,
frequency and intensity (Reches & Gutfreund, 2008) as well as com-
plex sounds (Netser et al., 2011), we hypothesize that the lack of
motion SSA reflects the lack of circuitry dedicated to auditory
motion direction in the early auditory pathway. This constitutes a
remarkable difference with the visual pathway.

Sensitivity to auditory motion direction has been reported in the
owl’s external nucleus of the inferior colliculus (ICx) (Wagner &
Takahashi, 1992; Wang et al., 2012, 2014), the main source of audi-
tory input to OT. Recently, (Wang & Pena, 2013) demonstrated that
directional selectivity in the ICx can be explained by adaptation to

excitation in asymmetrical spatial receptive fields. Similarly, McAl-
pine et al. (2000) suggested that adaptation to excitation can account
for most of the auditory directional selectivity in the mammalian
inferior colliculus. Thus, direction selectivity to auditory motion in
single neurons, however necessary, is not sufficient to demonstrate
the existence of a dedicated pathway for acoustic motion. The pres-
ence of adaptation together with lateral inhibition, may explain
another notable difference between responses to opposing motion
directions, namely, moving sounds elicit a shift in spatial tuning
toward the direction of the incoming stimulus (Witten et al., 2006).
In the OT, this phenomenon had only been reported for ITD sweeps
before (Witten et al., 2006). Here, we extend this observation to
sounds moving in free field (Fig. 4C and D) as well as in visual
motion (Fig. 6C and D).

Psychophysical studies in humans show an auditory motion
aftereffect (aMAE), where prolonged exposure to sounds moving
in one direction induces a perceptual bias for the opposite direc-
tion (Grantham, 1989; Dong er al, 2000; Neelon & Jenison,
2004). The aMAE is reminiscent, albeit weaker, of the waterfall
aftereffect (Ehrenstein, 1994) and has been advanced as indicating
dedicated processing of auditory motion (Dong et al., 2000). How-
ever, auditory evoked potentials recorded in subjects during the
same conditions that induced an aMAE could not detect specific
adaptation to the direction of auditory motion (Magezi et al.,
2013). Thus, it is yet to be determined if the human aMAE results

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd

European Journal of Neuroscience, 1-12



from adaptation in processing pathways dedicated specifically to
motion direction or a different mechanism (Boucher et al., 2004).
A recent study in barn owls investigated behavioral sensitivity to
the direction of auditory motion (Langemann et al., 2016). It was
shown that to discriminate motion direction, the angular range of
motion was required to be larger than 20 deg which is consider-
ably larger than the owl’s minimum audible angle (Bala er al.,
2007). The authors interpret this finding as a support against the
“snapshot” hypothesis (Langemann et al., 2016). However, others
have argued that the relatively large angular range that is necessary
also for humans to discriminate sound direction does not support a
dedicated sound direction processing circuitry (Middlebrooks &
Green, 1991).

It is generally accepted that neurons selective to the direction of
auditory motion are relatively rare, weakly tuned, or emerge from
history-dependent firing properties of the recorded neurons (Altman,
1968; Kuwada et al., 1979; Yin & Kuwada, 1983; McAlpine et al.,
2000; Ingham et al., 2001; McAlpine & Palmer, 2002; Wang &
Pena, 2013). This is in marked contrast to the visual system where
motion parameters are commonly and robustly represented (Maun-
sell & Van Essen, 1983; Albright, 1984). The current study is the
first to compare directly between visual and auditory motion pro-
cessing in the same population of neurons and using the same para-
digms. The findings are consistent with the hypothesis that there are
fundamental differences in how motion is processed in the two
modalities. We hypothesize that this difference is general across spe-
cies, due to the higher computational demands for spatial processing
in the auditory system.
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