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Spatial Receptive Fields of Inferior Colliculus Neurons to Auditory
Apparent Motion in Free Field
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Ingham, Neil J., Heledd C. Hart, and David McAlpine. Spatial different static spatial positions (e.g., Grantham 1986, and [se€
receptive fields of inferior colliculus neurons to auditory apparemiddiebrooks and Green 1991 for review). This is analogdus
motion in free field.J NeurophysioB5: 23-33, 2001. We examined, nhi motion processing in the visual system. Implicit in tHe
responses from 91 single-neurons in the inferior colliculus (IC) q . N
@ap-shot theory is that neural responses to sounds origingting

anesthetized guinea pigs to auditory apparent motion in the free fiefd. o -
Apparent motion was generated by presenting 100-ms tone burff@M & point in space are independent of whether the sopind

separated by 50-ms silent intervals, at consecutive speaker position$akirce is stationary or moving. The alternate theory is thatjthe
an array of 11 speakers, positioned in anafc2.5° around midline. central auditory nervous system possesses specialized motmn
Most neurons demonstrated discrete spatial receptive fields (SRFsjiggectors sensitive to dynamic aspects of auditory localizafi
apparent motion in the clockwise and anti-clockwise directions. Howyes that underpin the perception of direction, velocity,
ever, SRFs showed marked differences for apparent motion in OppR:celeration of sound-source motion. In support of this, rededit
site directions. In V|_rtuall_y aII_neurons, mean best ammuthgl positio Sudies in human extra-primary auditory cortex using neu G"g_
for SRFs to opposite directions occurred at earlier positions in the . techni h indicated tai tical ] &t
motion sweep, producing receptive fields to the two directions gfraging techniques have indicated certain cortical regions 3
motion that only partially overlapped. Despite this, overall spikB'ay. be activated selectively by virtual motion cues (e.ps.
counts to the two directions were similar for equivalent anguld#'iffiths et al. 1998). The possibility that specific auditofys
velocities. Responses of 28 neurons were recorded to stimuli wiRrtical areas might be given over specifically to the procesgigy
different duration silent intervals between speaker presentations, migf-sound-source motion is consistent with what is known abpgt
icking different apparent angular velocities. Increasing the stimulmsotion processing in the visual system. Neurons in area MT gf
orr time increased neuronal discharge rates, particularly at later pgisual cortex have been demonstrated to respond exclusive|yta
tions of the apparent motion sweep, and reduced the differences inyf§,al motion cues in a manner consistent with population éf
SRFs to opposite motion directions. Consequently SRFs t0 balfjich neurons underpinning behavioral performance (e.g.,
directions broadened and converged with decreasing motion veloct%n and Newsome 1998). Despite such analogies, however

This expansion was most obvious on the outgoing side of the e . o . ;
SRF. Responses of 11 neurons were recorded to short (90°) parti I?re is no reason a priori why any putative motion proces Ogs

overlapping apparent motion sweeps centered at different spaﬂblthe au_d'tory Sys_tem must necessarily function in the s
positions. Nonoverlapping response profiles were recorded in 9 of #8Y &S visual motion detectors. Furthermore no electrophy&-
11 neurons tested and confirmed that responses at each spe@l@gical study to date has demonstrated an equivalent (to
position were dependent on the preceding response history. Togetteitical area dedicated to processing sound-source motiQn
these data are consistent with the suggestion that a mechanisnaltfiough this obviously does not preclude the existence of spgh
adaptation of excitation contributes to the apparent sensitivity of Igh auditory cortical area. ©
neurons_to aud_itor_y motion cues. In addition, the data indicate that theA number of neurophysio'ogica' StudieS, from brain steml|to
sequential activation of an array of speakers to produce appargBitex have investigated the coding of auditory motion using
auditory motion may not be an optimal stimulus paradigm to separgie;, (e.g., Ahissar et al. 1992; Sovija and Hyvainen 1974),
the temporal and spatial aspects of auditory motion processing. simulated free-fielde.g., Wagner and Takahashi 1992: Wilsgn
and O’Neill 1998), oisimulated closed-fielte.g., Altman et al.
1970; Doan and Saunders 1999; McAlpine et al. 2000; Spitzer
and Semple 1993, 1998; Stumpf et al. 1992) motion cues.
Neuronal mechanisms that contribute to sound-source loc@ften the results of these studies have been inconclusive as t
ization are likely also to contribute to the detection of soundhe exact nature of any motion-processing system. Neverthe-
source motion. However, motion processing in the auditolgss a consensus is developing that sensitivity to auditpry
system remains poorly understood. Two theories have beaaption cues emerges as the auditory system is ascended.
suggested to describe how the brain processes auditory motioteraural-delay-sensitive neurons in the IC appear to be gen-
The first of these, often referred to as the “snap-shot” theositive to the direction, locus, and extent of apparent motjon
suggests that auditory motion is computed from a series @fes produced by interaural phase modulation (IPM) stimuli
successive static localization tasks, using neurons tuned(KcAlpine et al. 2000; Spitzer and Semple 1993), while thdse

INTRODUCTION
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in the medial superior olive (MSO) are not (Spitzer and Sempiemperature at 3& 1°C. A craniotomy was performed to expos
1998). Additionally, Altman and his colleagues described the cortex overlying the right inferior colliculus (IC), and the du
systematic increase in the proportion of neurons in the chloM@s retracted to allow microelectrode access.
lose/urethan-anesthetized cat selective for the direction of sim-

ulated closed-field auditory motion, using interaurally delayediuditory stimulation

clicks or interaural-phase-modulated tones, from the |nfer|or.|.he animal was transferred to an anechoic chamber, with the H

colliculus (IC) (Altman 1968), to the medial geniculate bodyigneq to the center of an array of 11 loudspeakers (KEF T27
(Altman et al. 1970) and primary auditory cortex (Altmanqguidistantly locat 1 m from the animal’s head. The array coverg
1987). However, the extent to which neural responses indicatearc of 225° of space, ranging frof.12.5° left of midline §peaker
the existence of specialized motion processors remains urntgeontralateral to the IC being recorded), through 0° on the mids
solved. Spitzer and Semple (1993) reported virtually all I@al plane épeaker § to —112.5° right of midline ¢peaker 11;
neurons in the barbiturate-anesthetized cat and gerbil to ipgilateral to the recording electrode). Speaker separation was 2
sensitive to the motion cues of IPM. However, McAlpine et allhe right IC was probed for single-unit auditory responses us
(2000), recording in the urethan-anesthetized guinea pig, s@gty'ene-coated tungsten microelectrodes (approximately Li-

gested that response history, rather than stimulus history per ,"’I‘”CQ)' ugder Se'ﬁ"ﬁtsreof.""x'c.congql by a NIa”Sh'.ge micro-
was responsible for apparent neuronal sensitivity to the jpulator and manual hydraulic micro-drive. Single units were i

S [ oh f hi f Yted using broadband noise bursts (1.2—25 kHz) presented f
namic interaural phase cues of IPM. This argued for a nonsRGzaker sin the array (situated22.5°). Neuronal best frequency

cific (to motion) mechanism cddaptation of excitatiomflu- (Br; the pure-tone frequency to which threshold was lowest), \
encing neuronal responses to motion cues, where adaptatiogéérmined audiovisually using 50-ms duration pure tones, ag
excitation is defined as the reduced capacity of a neurong@sented fronspeaker 5n the array.

respond to subsequent excitatory stimuli following presenta-Apparent auditory-motion stimuli were generated under compt
tion of a stimulus that is itself excitatory. control. In each case, neuronal responses were recorded to 20 re

Herel using Sequentia' activation of an array of free_ﬁeﬁ{ each trial Condition, with a 1-s interval between repeats. T

speakers to simulate auditory motion, we demonstrate ﬁ%:{nulus gse%gvasda BF t%”e bulrs; fggtmsefneur:or}s with a def
spatial receptive fields of IC neurons to clockwise and anfp OF @ broadband noise burst (1.2— z) for the four neurons
clockwise apparent motion in azimuth are, relative to ea ich BF was not definable. Stimuli were presented through cond

. . . . ve speakers in the array with a 100-ms duration at each loca
other, skewed toward the direction from which the stimulus t§vith 5-ms rise-fall time), followed by a user-definater interval

moving. However, there is no evidence that these neuro@g_s00 ms), to produce coherent motion sweeps. Stimuli
exhibit selectivity for a particular direction or velocity of thepresented at a constant attenuation producing a sound level from
motion. Overall discharge rates to the two motion directionsudspeaker in the array, matched to within 2 dB, as recorded b
were similar, and neurons responded to movement into tBeiel and Kjeer Type 4133 microphone placed over the center of
receptive field in either direction with an initially high respons@nimal’s head in the center of the array. Stimuli were presented 15
probability that subsequently adapted over time. Increasing @& above BF threshold (as recorded from stimulatiosggaker 5,
oFF time between speaker activation progressively increaséd2-5° in the array; or 15-20 dB above noise threshold for ths
the magnitude of responses to later-activated speakers in %Ons with undefined BF). Responses to motion in the clocky

. . . - . (CW, contra- to ipsilateral in our recording setup) and anti-clockwi
array for either direction of motion. The consequence of this C

. . . . . W, ipsi- to contralateral) azimuthal directions were examing
that receptive fields to the two directions of motion convergeg e extent and center of the motion could be controlled indep

with increasingorr time (i.e., decreasing velocity). Thus thejently. Generally, sweeps consisted of motion through the entire a

temporal aspects of stimulation, and the response to stimylaeither direction (i.e., 225° depth, centered at 0°), or short sweep|

tion, appear to determine whether or not neurons are classifg@d produced by activation of four consecutive speakers in the ar

as showing evidence for motion sensitivity. These data hafegular velocity was adjusted by altering the duration of the sile

been presented previously in abstract form (McAlpine et anterval between the stimuli at successive loudspeaker positions, f

1999). 50 up tlo 500 ms, producing angular velocities from 150 down
37.5°s .

METHODS . .
Data acquisition and analysis

Surgical preparation . . .
It was not possible to record responses to all possible stimula

Fourteen pigmented guinea pigs, weighing 340-420 g, wetypes for each neuron isolated. Typically, neurons were held
anesthetized using fentanyl citrate/fluanisone (Hypnorm, Jansskatween 20 and 60 min, often allowing only certain parameters td
1 ml/kg im) and midazolam hydrochloride (Hypnovel, Roche, Pecorded. Neural activity was amplified using a Neurolog Syst
ml/kg ip). In early experiments, animals were injected with 0.08IL103 a.c. preamplifier (Digitimer). Single units were isolated usi
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mg of atropine sulfate to reduce bronchial secretions. All animadsDigitimer D130 spike processor, and the discriminated output sid
were routinely administered Dopram (doxapram hydrochloridejas digitized using a 1401 A-D converter (Cambridge Electro

Willow Francis Veterinary, 10 mg/kg ip), prior to surgery, toDesign) at a sampling rate of 20 kHz. An event marker signifying the
prevent respiratory insufficiency. In most cases, the animal’s transet of each of the 20 stimulus trials was also digitized on the same
chea was cannulated. Supplementary doses of anesthetic wk4@1 channel to allow poststimulus time histograms (PSTHSs) to| be

administered as required in the form of intraperitoneal injections génerated and analyzed off-line.

an 8 ml/kg mixture of Hypnorm, Hypnovel, and water (1:1:2 parts, Polar plots were constructed in which the total number of spikes

respectively). Animals were positioned in a minimal head holdeevoked at a particular location was plotted against the ang
consisting of a nose bar and cheek supports, in which the pinnaasition of the speaker location. The polar plot therefore illustral
and ear canals remain unobstructed for free-field stimulation. the auditory spatial receptive field (SRF) for the neuron in respo
heating blanket and rectal thermometer were used to maintain badydynamic stimulatiorby the apparent motion sweeps (see, f
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example, Figs. 1 and 2). The mean best azimuth of the SRF was 50
calculated as the vector average of the response to each speaker A
location (Schnupp et al. 1995). The total numbers of discharges to 40 —
full sweeps were also calculated. The borders of the SRFs, where
possible, were defined as the spatial position corresponding to 50% 30
maximum response amplitude. Tlha&teral border of each SRF, .—
irrespective of the direction of motion, was defined as the border 3 20
closer to the ear contralateral to the recording site (i.e., the left earé
being contralateral to the right IC). Similarly, theedial border » 10 1
was defined as the border closer to the ear ipsilateral to the®@
recording site. A number of neurons which had SRFs located more., 0 “Jams
contralaterally did not demonstrate a definable lateral border, andey 1

I

0

these were excluded from this analysis. g 3(')0 6(I)O 9(')0 12'00 15'00
0 %0 -
B
RESULTS ;
© 40 ==
Z

A total of 138 single neurons were isolated, 91 of which
yielded sufficient data for analysis of sensitivity to apparent
motion. All neurons had relatively low auditory thresholds,
and 87 neurons had defined BFs, indicative of neurons in the
central nucleus of the IC. Electrolytic lesions were made in  4g 4
two animals and were later verified histologically to be I
located in the central nucleus of the IC. BFs ranged from 2.5 0 LR
to 16 kHz, and thresholds (measured in response to repeated 4
presentation of 100-ms tones at 1-s intervalspaker 5n ' ' ! ! T
the array) ranged from-12 to +43 dB SPL. Neurons most 1500 1200 900 600 300
commonly responded to the apparent motion stimulus with Time (ms)
onset activity, producing relatively few spikes per 100-ms 0.0
stimulus. Only rarely were sustained discharge patterns ob- C 22.5 225
served.

Figure 1 shows responses of an IC neuron, with a BF of 13
kHz and a threshold of 4 dB SPL. The PSTH to CW motion
(consecutive stimulation frorspeaker 1to speaker 11;Fig.
1A) indicates that an initiabn response was evoked sjieaker
1 and that this was distinct from the rest of the SRF. Tdns
response was not evoked by ACW motion, whepeaker 11
was the first speaker in the array, nor did stimulatiospegtaker
1 evoke a response of similar magnitude in the context of the
final speaker during ACW motion (FigB). Figure L illus- No. Spikes 20
trates polar plots of the dynamic SRFs for CW and ACW /20 stimuli 40
motion, with theon response aspeaker 1(+112.5°) to CW . 60
motion clearly evident. This was followed by a marked dimi- 3—: 2%:’33&; SRF
nution of the response at subsequent speakeand3, located @ CW Mean Best Azimuth
at+90 and+67.5°, respectively) and then increased activation O ACW Mean Best Azimuth
as the stimulus moved through the SRF (especistigakers

67.5 -67.5

90.0

112.5 -112.5

4—6 from +45 to 00) Mean best azimuth pOSitiOl’lS for the F'& 1. Poststimulus time histograms (PSTHs) to clockwise (CW) apparent

. T . motion (A) and anti-clockwise (ACW) apparent motioB)( The 11 speaker
CW and ACW dynamic SRFs are indicated on the circumfezesentations are denoted as horizontal bars under the PSTH, indicatin

ence of the polar plot. Note that these angles were calculatghtion of theon times (100 ms) andrr times (50 ms). IMA, the time axis

for the response of the main body of the SRF only, and do nous left-to-right; inB, the time axis runs right-to-left, such that equivalent

include the response evoked Ispeaker 1for CW motion locations within the speaker array (but not equivalent times) line up on

. . . . PSTH plots. This emphasizes a major feature of our data: that many ned
which would have biased the best azimuth to CW mOtIO|5}oduce partially overlapping spatial receptive fields (SRFs) to apparent

further into the contralateral field. tion stimuli of opposite directionsC: polar plot illustrating the dynamic SRFY
In all subsequent analyses, the responsespéakers land recorded to CWe, —) and ACW 0, - - -) motion. Spike counts, plotted on the
11 were excluded from the calculations. The rationale fdfdial axes, are total number of spikes recorded during the 20 repeats of thg
; ; o ; ; of stimulus at each location. The mean best azimuth for each directig
tth:;ug:an,[t Tﬁzes t';?%%?ﬁg SolfstftlgatC\tll\)eal.l;l(;nggflvm)%C()?ilg‘:gt?r?an)}o ion is plotted on the circumference of the plot; Cey ACW, o.
bias mean best azimuths toward the direction from which the
stimulus was moving, particularly if responses at the beginnisgimuli moving in the CW direction, i.e., starting in the cot
of the stimulus sweep were considerable. In practice, swch tralateral field (see Figs. 1 andI20), and were rare for ACW

responses, when they occurred, were almost wholly confinedtotion (see Fig. B).
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67.5 87.5

-80.0 90.0

-112.5 1125

67.5 67.5

-80.0 90.0

FIG. 2. A-P:. dynamic SRFs of 16 inferior colliculus
(IC) neurons to CW« and —) and ACW ¢ and- -+ )
motion. Mean best azimuths calculated ospeakers
2-10,for the 2 directions of motion, are indicated o
the circumference of the plot by eitheror o (CW and
ACW best azimuths, respectively). Unit BF is indicatefd
on each plotA-H: SRFs from units with little or non
675 675 . activity and that varied in the extent to which SRH
differed in response to CW and ACW motion. SRFs |
F and H showed most overlap to the 2 directiong
whereas those i€ andD showed less overlap.

1125 75 1125 1126

67.5

- )
3peojumo(
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20.0 -80.0 90.0

1125 120 4125 1125
0 160

67.5

80.0 -90.0 90.0

No. Spikes 80
120 stimuli 120 e e 120 stimuli 160

112.5

—@— Clockwise (CW) SRF
—O— Anticlockwise (ACW) SRF
® CW Mean Best Azimuth
O ACW Mean Best Azimuth

Comparison of dynamic SRFs to CW and ACW apparent azimuths compared with dynamic SRFs to ACW motion. V|r-
motion tually all of the points lie below the line representing equivp-
An obvious feature of Fig.@is that SRFs to the two motion lence. The averaged mean best azimuth w&3.4 = 15.5°
directions overlap only partially. Relative to each other, thdynean= SD) for CW motion, and+14.9 =16.1° for ACW
are skewed toward the direction from which the stimulus hasotion. Mean best azimuths for CW motion were significan

moved with mean best azimuths for CW and ACW motion ghore contralateral than those for ACW motion (ANOVA<
+33.1 and+12.2°, respectively. The extent to which SRFs t0.0001). Differences in mean best azimuth for individual nqu-
the two directions of motion overlapped varied considerably ions ranged from—13.1° (contralateral re. ipsilateral) t¢
different neurons. Figure 2—P,shows SRFs of a subset of 16+50.1°. Only four neurons showed more contralaterally pdsi-
IC neurons to CW and ACW motion in response to 100-ni®ned best azimuths for ACW motion than for CW; i.e., |a
tone bursts, separated by 50-o¥s times, at sequential speak-negative difference. Whespeakers land11 were included in
ers in the array. Neurons showed different degrees of dispattifg calculation of mean best azimuth, a similar trend was
between SRFs to the two directions (cf. Fig.F2and O). observed, albeit with more scatter (i.e., CW dynamic SHFs
Figure 3A compares mean best azimuths for CW and ACWere skewed to more contralateral positions; data not shown).
motion calculated ovespeakers 2-1(.e., from+90to—90°) The averaged mean best azimuths for CW and ACW motjon
for the 91 neurons. Across most neurons, dynamic SRFs to GWiien speakers land 11 were included in the analysis, werg
motion were skewed toward relatively more contralateral bes®2.2 and+14.3°, respectively, with the individual differ;

y
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67.5 87.5

-80.0 90.0

-112.5 112.5

£7.5

87.5

-80.0 0.0

-112.5 1125

27

FIG. 2 (continued. |-L: SRFs for 4 units witfon
activity that was generally distinct from the mair
body of the dynamic SRF. For these units, the maj
body of the SRFs to the 2 directions were large
overlapping, resulting in similar best azimuths. Th
SRF inJ was from 1 of 4 neurons that responde|
preferentially to broadband noise, and did not, the
fore show a BF. The SRF iK demonstrated a lesg
commonly observed broad SRF with a more compls
pattern. While theoN response is separated from th
main body of the SRF, it may be that there is
secondary lobe of the response stretching into cd
tralateral space from-90° and extending beyond thq
range of the speaker arrayl andN: SRFs of 2 units
with oN activity, which in the CW direction «),
appears to form part of the main body of the SRF. Th

=]

|V T T 0 <

S 0 (D
T

best azimuths for CW motion are generally mo
contralateral than generally observed, even when

activity at speakers land 11 is omitted from the

calculation (sea&esuLtg. O: the SRF of a unit with

ON response to CW motion distant to the remainder
the dynamic SRF, which shows less overlap with t
SRF for ACW motion.P: a rare oN response at
speaker 1Xor ACW motion. For this neuron, the bes
azimuths to either direction of motion are shifte
more toward and into the ipsilateral hemisphere co
pared with most other neurons sampled.

-90.0 90.0

-112.5 1125

-90.0 90.0

No. Spikes 20

120 stimuli

No. Spikes
/20 stimuli

-112.5 1125

20

30
30

—8— Clockwise (CW) SRF
—O— Anticlockwise (ACW) SRF
® CW Mean Best Azimuth
O ACW Mean Best Azimuth

ences ranging from-18 to +84.6°. Including then responses of the motion sweep. Thus later speakers in the motion sw
shifted CW best azimuths further into contralateral spaewoke fewer spikes, irrespective of the direction of motion.
(+31.4 to+42.2°) but had no effect on ACW best azimuthgonsequence of this explanation is that responses to the
(+14.9° compared with+-14.3° for speakers 2-10thus sup- motion directions might be expected to be similar in terms
porting our rationale for exclusion of responsesspeakers 1 the total number of spikes elicited by either direction of m
and11 from the analyses. tion. This indeed appears to be the case. FiglBe@npares

) ) . the total number of discharges evoked over the 20 trials
Comparison of discharge rates to CW and ACW motion  ACW motion, with the total number evoked over the 20 tria

The dependence of SRFs of individual neurons on the @ CW motion, whenspeakers 2—-1@nly are included, and
rection of the stimulus motion could be taken to indicate thitdicates that total evoked discharges were, in fact, very sim
IC neurons are sensitive to motion direction per se as has bé&&happarent motion in the two directions. Ratios of ACW
suggested for a proportion of neurons in the barn owl IEW discharges for 89/91 neurons were in the range 0.8]

(Wagner and Takahashi 1992). However, an equally plausible$3, suggesting that they were not selective for one direction

and perhaps simpler, explanation is that the effect of repeatddmotion over the other. Selectivity for motion direction
stimulation over time and, in this case, over different spatiaften defined as a discharge ratio of 2:1 for one direction o
positions produces adaptation of the response during the couteeopposite direction (e.g., Stumpf et al. 1992). The remain
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o 1125 A : 27.0to 194.6° for ACW motion. The mean 50% spread for G
o g motion was 81.9+ 28.9° and for ACW motion was 80.6&
> : 30.4°. There was no significant difference between the val
8 675 : 5 of 50% spread for CW and ACW motion (ANOVAP =
E : 0.713). There was no significant correlation between the 5
2 45.0 1 : spread of the SRF and the mean best azimuth position (
8 2 ' ° motion: R? = 0.045,P = 0.091; ACW motion:R* = 0.018,
- : P = 0.288;R? = correlation coefficient? value from ANOVA
§ 004 ermemmne ; SHUNTVNR of the regression analysis data). Average displacement of]
= s g border position from CW to ACW motion was18.6 = 16.2°
o - o) (mean= SE; range—3.5 to +76.5°) for the lateral border ang
< o : +17.8 = 12.3° (range 0.0 to+58.5°) for the medial border.

-45.0 -zé.s OiO 225 450 675 90.0 1125
CW Best Azimuth (degrees) medial border displacements (ANOVR, = 0.737).
The remaining 27 neurons could not be classified as hay

these borders as their SRFs tended to be more contralate

positioned and, as such, a lateral border position could no

calculated for the CW SRF and often for the ACW SRF.

900

600 -
Effects of changing the velocity of apparent motion

If adaptation of excitatory responses contributes to diff

300 A ences in SRFs to the two motion directions, then for slov

Total ACW Spike Counts

A

1CW Motion;

90

300
Total CW Spike Counts

600 900

JContra

FIc. 3. A: mean best azimuths calculated ove®0° (speakers 2—1)0for
CW and ACW motion. —, equivalencs: total number of counts (spikes per
20 stimuli) plotted for ACW motion plotted as a function of discharge rate for
CW motion (spike counts relate tgpeakers 2—-1®nly). Linear regression
analysis of these data indicated a correlation coefficienf,0.963, which was
significant at the level oP < 0.0001 (ANOVA of the regression analysis
data).

A
o

©
S

two neurons had ratios of 2.04 and 4.33 respectively. However,
these neurons had very low numbers of evoked spikes (fewer
than 1 spike evoked for each of the 20 motion sweeps in the
CW direction). Thus IC neurons were not selective for the

direction of sound-source motion, at least for the motion par-

adigm here described.

SRF Position (degrees)

Motion-direction-dependent shifts in SRF borders

Consistent with the notion that adaptation of neural re-
sponses over time contributes to the relative skewing of SRFs
for CW and ACW motion, the position of the borders of SRFs
depended on motion direction. The positions of dynamic SRF
lateral and medialborders were calculated at 50% maximum
response amplitude for both directions of motion (defined in
METHODS) overspeakers 2—10Fhe azimuthal positions of these
borders, along with the best azimuth for each neuron with
definable borders (64 of the 91 units recorded), are shown in

[Re)
Ipsi <«=—:———> Contra

— T

-22.5 0.0 225 450
Mean Best Azimuth (degrees)
O Lateral Border
O Medial Border

. . . FIG. 4. The positions of lateralz{) and medial ¢) borders at 50% maxi-
Fig. 4, A and B, for CW and ACW motion, respectively. mum response amplitude, plotted as a function of the mean best azim

Clockwise borders (Fig. 4 were more contralaterally posi-position.A: border positions of SRFs in response to CW apparent mofipn
tioned than ACW borders (Fig.B}. With one exception, CW border positions of SRFs in response to ACW apparent motion. A lin

border positions (medial or Iateral) Weedways more con- regression line is fitted to the border position data on each graph.

tralateral than the equivalent ACW border positions. The aﬁ:;_mammg (- - -) line plots equivalent point on either axis, and indicates that

. o . teral border positions are found further into contralateral space than the ry
muthal distance covered by the SRFs at 50% maximum kgt azimuth, whereas the medial border positions are found further to

sponse ranged from 38.4 to 189.0° for CW motion, and frofpsilateral space.

There was no significant difference between the lateral @nd
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0.0 0.0

D
11 kHz

67.5 £7.5 67.56 675

90.0 -80.0 90.0 -90.0

1125 125 1125 4125
0.0 60 00 60

67.5 £7.5 67.5 7.5 X
FIG. 5. A-C SRFs to CW motionD-F. SRFs to

90.0 -90.0 90.0

150, 90, and 37.5°°¢, respectively. For clarity, only
1125

00 60 00 60 polar plots.

C 22 E : 22. o
s
=1

11.5 kHz 3

7.5 675 675 67.5 S
o
o

90.0 -90.0 90.0 -90.0 3
0 =

20 20 =

1125 No. Spikes 4125 1125 No. Spikes 1125 %
/20 stimuli 60 / 20 stimufi 50 &

Clockwise SRFs Anticlockwise SRFs §

®—® 150 degrees / sec 150 degrees / sec O—O =)

B 90 degrees / sec 90 degrees / sec O0—1 ‘g

A—A 375 degrees / sec 37.5 degrees / sec &—A S

Z

Qo
motion velocities, i.e., where therr time between successivecondition (i.e., 100% discharge rate), there was an increaseén
speaker presentations is increased, differences to the twodischarge rate, from 137% of the control rate at 112.5°g s
rections should be less marked, as the increased recovery t{t@0-msorr time), to 212% of the control rate at 37.5% o
between each speaker activations will enable neural excitalf00-msorr time). o
ity to recover from the effects of prior excitatory stimulation. Figure 6,B—D, illustrates the azimuthal angles of the bord ag
Specifically discharge rates to both directions of motion migpbsitions and the mean best azimuths for different motfon

be expected to increase with decreasing motion velocity, anelocities for the 16 (of 28) neurons that demonstrated defin-

this increase should be greater for later-activated speakersaliie borders. The effects of decreasing stimulus velocity

the array for either direction of motion. This should have thecreasing gap duration) on mean best azimuth and borgers

consequence that SRFs to the two directions of motion becomere identical for CW and ACW motion. Dynamic SRFs
more similar with decreasing stimulus velocity. both directions of motion expanded on theirtgoingside (Fig.

The angular velocity of apparent motion was varied b§, B andD), indicating a broadening of the receptive field and,
altering the duration of the silent interval between successigs a consequence, best azimuthal positions to the two direc;
speaker activations, to produce angular velocities of 37.5, 64ti®ns converged (Fig.®). The average difference in mean befst

75, 90, 112.5, and 150° 8. Responses of 28 neurons wer@zimuth fell from 20.9+ 11.0° at 150°s* to 6.5 + 4.4° at

examined using some or all of the various speeds, to both Bi25°s* (mean = SD; Fig. &). For the 16 neurons with
CW and ACW directions. Figure 5 shows the effect of increadefinable border positions, the lateral and medial SRF borders
ing stimulusorr time between consecutive speaker presentior CW and ACW motion become more similar with decregs-
tions for three typical IC neurons. In general, as stimdes ing velocity (Fig. 6,E and G), producing dynamic SRFs tg
time was increased, reducing the motion velocity (a result opposite directions of motion overlapped that were more spa-

decreasing stimulus repetition rate), the magnitude of the t&lly similar. This is reflected in the expansion of the angu

sponse at each location within the unit’'s receptive field irspread of the SRFs (as measured at the 50% maximuni re
creased, and the SRF broadened. The increase in dischargespomse level) which increased progressively as the angular

with increasingorr time is shown in Fig. 8. Using motion velocity decreased from 150 to 37.5%for both CW and
sweeps with a 50-msrrtime (150°s * velocity) as the control ACW motion (see Fig. B).

ACW motion for the same 3 neurons. Different velod-
-90.0 ity apparent motion are indicated by different symbols;
circles, squares, and triangles represent velocities| of

1125 1128 1125 3 different angular velocities are indicated on thege
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120
JA % Discharge Rate re. Control > E SRF 50% Spread
250 0
2 8 110
x 2 Q
g 27 N\ 2 100+ \\o A
s @
=
@ 150 g 90 \ /O\\
o 7] \O/ ~o
X X 80 -
100 3
T I T I T T 70 T T T T 1 T
135018 ateral Border
w1125 67.5 FIG. 6. A: comparison of the numbers of
$ 90.0 discharged spikes at different angular velog-
'@ 675 - 450 ities. The ordinate indicates the numbers ¢f
- ’ spikes evoked by the submaximal velocit]
= 450 stimuli (overspeakers 2—J)0compared with
S 25 - - 225 that evoked by stimulation under “control’
'g 00 4 ® conditions of 100-ms stimuli duration sepa
a I rated by 50-msorr times (150°sY). This is
-22.5 g expressed as a percentage of the control splke
KX count, and plotted as a function of angulgr
0] velocity (i.e., oFr time). , CW motion; o,
67.5 < ACW motion. B-D: the positions of the lat- | Y
) O 450 eral borderB, best azimuthC, and medial | S
g 45.0 - e border D for 16/28 neurons with definable{ 2
o a border positions at different velocitie®, | ®
3 22.5 P CW SRF positions; —, regression line; | &
£ 004 2 25 ACW SRF positions; - - -, regression ling: | <
;g ' E comparison of the 50% spread of SRFs &tg
& 225 3 different angular velocitiesy, CW motion; | 3
o © o, ACW motion.F andH: displacement (CW | =’
-45.0 1 E 001 to ACW dynamic SRF) of the lateral borde{ T
< positionF, and medial border positia, for |
P each neuron at the different velocities, (| &
K2 --+). @ and —, the meart SD.G: difference g
7 2% 2 675+ in the best azimuths for CW and ACW mo{ <
8 0.0 8 tion, plotted as a function of angular velocity] 2
) ) 450 o, individual neurons’ resultse, the mean | @
g 2054 — ' difference for each velocity=SD). S
:450 ® o 8 g
S 45.0 1 225
E= e a8 & o o 3
67.5
T & & o o ° 00 - 5
-90.0 - e
S S .s .4 N 5 9SS 9 S S
n_;\’ Q;b'/\ > %Q. \rﬂ/‘ \09 “.;\ 6\_, '\q_,. %Q’ ,\'O/ @ ‘8
Angular Velocity (degrees / sec) Angular Velocity (degrees / sec) 3
T 1 T T T t T T T T T T
& & S S S S ®
Off Time (ms) Off Time (ms)
Responses to partial motion sweeps cases, these partial sweeps elicited response profiles which fof
_ . . . d
For 11 neurons, we also examined the responses of 1?8?5'523:&!Ioscagc;nfhgldlrlotnoverrlip co)r(n;?#ie:lelé/ tcv?tLeSpo,[ sle‘
neurons to partial motion sweeps in which only 4 of the 1@ 9 dp ’ trated ﬁu ons exa F('a Tﬁar a
speakers were activated sequentially. Consistent with the SYeEpPs, emonstrate ﬁuc responses ( 'g\._@' €l
aptation-of-excitation hypothesis, higher discharge rates wéfEnaining two neurons showed response profiles to paftial
evoked when motion sweeps wenitiated at speakers further SWeep stimuli, which were much more similar (overlying) {o
into a neuron’s SRF than were evoked by the same speakifase of the complete sweep stimuli (e.g., Fi).7
when they were presented in the context of following speakers! he partial motion sweeps, which began outside, and moyed
that evoked relatively strong excitatory responses. into, the SRF, elicited responses of a similar magnitude gt a
Figure 7,A-D, compares responses of four neurons to fugliven position to those elicited by the complete motion swegp.
motion sweeps in which all 11 speakers were activated, wiftor short sweeps beginning after the peak of the SRF, however
responses recorded when only four consecutive speakers inttieeresponses to the partial sweeps were often larger than thos
array were activated. The angular velocity of these full artd full sweeps at some locations, at least until the stimpuli
short motion sweeps was held constant at 158°én most moved well outside the main body of the SRF. Additionally, jat

D
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there is an interaction between the location of a sound soufce
a neuron’s prior history of stimulation, and the temporal p#t-
tern of that stimulation. However, no neurons were observed to
respond preferentially to one particular direction of motion. |In
all cases, spike counts to opposite motion directions, for the
. same motion velocity, were similar, consistent with Wilson ahd
wo{B o 12.5kHz | O’'Neill's (1998) recent study in the moustached bat in whi
\ a similar motion paradigm was used. We interpret our obder-
vation of a “skewing” in SRFs toward the direction from whi
the sound appears to move as consistent with “directional-
sensitivity” rather than “directional-selectivity.” Again this aq-

12 kHz

cords with the data of Wilson and O’Neill (1998) in the b
although differences in SRFs to CW and ACW motion we

Spike count per 20 stimuli

also no evidence of motion-specialized cells but, rather,
spatially-tuned neurons being influenced by the direction
rate of motion.

Mechanisms responsible for motion-influenced SRFs

9 45 0 459 90 45 0 45 90
Azimuthal Position (degrees)

®---® Clockwise SRF 0---0 Anticlockwise SRF
—— Responses to Partial Motion Sweeps

We believe the simplest mechanism that could account
our data are related to the fact that neuronal excitation prog
ing these responses adapts over time with repeated stimul
Since movement through the SRF in one direction or the o
FIG. 7. A-D: comparisons of responses to full (2250) and partially OVerevokeS act|v|ty over a number Of Speaker pos|t|onsy neurd

lapping (90°) sweeps. Full motion sweeps are indicated by the symbols joi : :
by lines;® ando, CW and ACW motion respectively. Lines without symbolgFﬁqng will adapt as the stimulus moves further throth t

indicate responses to partial motion sweeps, in either direction (on the apprIRF For stimuli of_opposite dir_ections, this_produpastia_lly
priate graph)A, B, andD indicate data recorded for 3 neurons to Cléfif and ~ overlappingdynamic SRFs, which are relatively more tightl
ACW (right) stimuli. C: data recorded for CW motion sweeps (full and partialtuned to auditory space, and therefore in one sense, relati

only for 1 neuronleft the data_ for all 4 speakers contributing to the partiatn?re “sensitivé to the direction of the sound. As the stimulu
sweepsRight the same data, with the response to the 1st speaker in the par |aI Lo d d (by i . T b
sweeps excluded (to remove the possible influence afaresponse for this Vel0City is reduced (by increasing ther time between suc-

neuron). cessive stimulus presentations), however, the neuron initigtes

its response at the same spatial position, but the longer re
later positions in a partial sweep, responses could be reduegdtime between successive presentations enables it to req
compared with those from the same locations when elicitém the effects of adaptation. Discharge rates are there
earlier in a partial sweep (FigCj. higher at spatial positions further into the sweep expanding
It might be argued that the first response for each shamitgoing border of the SRF. Thus with decreasing veloc
sweep is significantly elevated by an response. However, neurons become increasingly responsive to a larger portio
similar patterns are seen in neurons demonstrating such arspace; i.e., they become relatively less tightly tuned, spatig
response (for example, FigCy and those without this feature Since this occurs for both directions of motion, it has the effg
(for example, Fig. 7A andB). Even if the response at the firstthat the SRFs to the opposite directions converge to ove
stimulus locations for the short sweeps is excluded, a similaimost completely, and therefore show lessrisitivity to the
pattern holds for the remaining data (FigZ, ight). direction of motion. An interesting issue, which was not a
dressed in the current study, is how neurons might have
sponded to a continuous sound rather than a series of dis
sounds. Information at stimulus onset appears to dominate
The major finding of this study is that SRFs of IC neurongerceived location of a sound (Buell et al. 1991). It might

DISCUSSION

are influenced by the temporal features of apparent-motispeculated that the discrete, sequential nature of the stimuli

stimuli in which the percept of motion is achieved by discretesed in the present study provided information for process
and sequential activation of speakers positioned in azimutiotion cues that would otherwise have been absent in a ¢

around the animal’s head. With slow velocities, SRFs to Cihuously-moving sound even if that information constitut¢d

and ACW motion were similarly spatially tuned, both in termsimply information concerning stimulus onsets
of the sharpness of their tuning and in terms of their mean best similar mechanism of adaptation of excitation as V
azimuth. As velocity was increased, however, by reducing tipeopose here was suggested by McAlpine et al. (2000)
duration of the off interval between successive presentationssiccount for the responses of IC neurons to interaural ph
the speaker array, SRFs sharpened and were increasingbdulation (IPM), a stimulus in which the motion paradigm
skewed toward the direction from which the sound soura@me of continuous movement back and forth around a ce
appeared to move. These results, therefore, demonstrate ihi@raural phase disparity (IPD). With IPM, IC neurons r

smaller in their study than in the present study. This is congis-
tent with a nonspecific mechanism for motion processing and
accords with the more robustly controlled of previously-pufp-
lished experiments (e.g., Ahissar et al. 1992), in which therg is
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spond to movement toward favorable IPDs with higher dig992; Altman 1987). Altman et al. (1970) described almg@st
charge rates than to movement away from favorable IPDslf of cells (22/50) in the medial geniculate body of the catfas
irrespective of the direction of motion. Such responses hading directionally selective in response to dichotic clicks pn
previously been interpreted as evidence for motion sensitiviye basis that they showed a much stronger response to|ong
in IC neurons (Spitzer and Semple 1993, 1998). However, @gection of movement than the other. This was compared with
McAlpine et al. (2000) suggest, Spitzer and Semple’s data cgt 10/79 neurons in the IC (Altman 1968). This suggests|an
be explained satisfactorily by a mechanism of adaptation-Gfcreased prevalence for motion detectors at successiyely

excitation hypothgsis, wh(_areby a neuroméssponsehistory higher stations in the central auditory pathway.
rather than the stimulus history per se determines the subs€ggcond. differences between stimuli used in the varidus

quent responsiveness. studies of motion sensitivity may contribute to the differendes

One final issue that needs to be addressed is the occasi ;
presence obn responses to the first speaker in the CW moti(g?ﬁ] euronal responses reported. Spitzer and Semple (1993

sweep ¢peaker 1. This was usually not evoked by the first|%porte_d t_he vast majority of IC neurons to be_ sensitive to fhe
speaker in the ACW motion sweeppieaker 1). A possible aYnamic interaural phase cues of IPM, a stimulus they fle-
explanation for the appearance of this response is that Wk?é:ﬁ'bg.d as morr]e ph)é§|olog|Tatlly :eah:uc th_%? o_thter mott| n
stimulation of the ipsilateral ear precedes that of the contral _r? f'grmsfs,;ﬁc arsr n[[natu:ja ?1?1 S'r Vip053|t Zi interpre 3\‘|on,
eral ear an (early) inhibitory event suppresses this compon ‘?re r?de'lc') K ﬁcuhielggzl_] \3//\}”6‘ np ﬁd O(l)J,SNS illj 13;8(6'%" it a?—
of the response. Stimulation of the contralateral ear before g and faxahas ' son a € ) Is tha
ipsilateral ear produces excitation before the onset of apgduential activation of an array of speakers does not reserble
inhibitory event, and thus produces an response to the first closely enough a moving sound source. Only Wagner and

; : kahashi (1992) reported neurons in the barn owl IC that
speaker. Although neurons in the IC fall into many classes £ ; ,
binaural interaction (e.g., Irvine 1992) depending on the owed markedly different discharge rates to CW and AQ\Y

relative excitation or inhibition by contralateral and ipsilateramouon' Even then the proportion showing such behavior v é
inputs, the free-field stimulation paradigm used in this stu mall, and these neurons tended to be located in the exterg?
does not allow the determination of specific neuronal binaufdycleus: rather than the central nucleus, of the IC. In com &
interaction, normally assessed using monaural stimuli. As 4j|th Wilson and O'Neill's (1998) observations, differences |
our neurons have BFs in the range of 2.5 to 16 kHz, we assuff{ichage rate for opposite directions of motion in the currggy
that most will be either El or EO neurons. Finally, it should b udy were Sm?‘”’ and are u_nllkely to prowde any signific %
noted that studies of the responses of low-frequency neuron is for directional selectivity/sensitivity. . s
dynamic interaural phase cues routinely disregard up to th f!nal p053|t_)le reason I_les_ln the interpretation of whids
severalsecondsof the response to remove the effectscof constitutes motion sensitivity in the responses of audit =
responses (e.g., Spitzer and Semple 1993; Takahashi agyrons. Thus while Spitzer and Semple (1993) argued it

2)y

SV many IC neurons were highly motion sensitive, McAlpine et f
Keller 1992; Yin and Kuwada 1983). (2000) ascribed the effects observed to neuronal respd

?J

) ] ) ) ) ) history rather than to any specific element of the motipA
Comparison with previous neurophysiological studies stimulus. z
<

Evidence for neurons involved in auditory-motion process- g
ing has been presented in a number of studies, using real (eibtion sensitivity using static spatial processors o
Ahissar et al. 1992; Sovijgi and Hyvainen 1974) and simu- w
lated closed-field (Altman et al. 1970; Doan and SaundersThe psychophysical evidence for the existence of a speq i%—
1999; Gordon 1973; Spitzer and Semple 1993; Stumpf et &led system for motion processing remains controversial. Eg&
1992) motion. Sovijevi and Hyvainen (1974) reported a smallidence suggesting specialized motion detection does exist. @

numbers of auditory cortical neurons (8/25) selective to tlexample, thresholds for spatial resolution in motion detectjon
direction of sound source movement in a free-field situatiaare independent of thresholds for spatial resolution per
using continuous sounds presented with a manually-moviRerrott and Musicant 1981), while the existence of audit
speaker. Subsequently, Altman (1987) reported primary audiotion aftereffects (Grantham 1989, 1998), suggesting fatigue
tory cortical (A1) neurons to respond selectively to the direof motion detection mechanisms, appears to indicate the pyres:
tion of phase change of dynamically varying interaural phasace of an auditory-motion analysis system at some level in|the
disparities. Toronchuk et al. (1992), using AM ramps presentadditory pathway above the level of binaural integration. Per-
either dichotically or diotically, observed sensitivity to bothott and Marlborough (1989) described reduced minimal aydi-
azimuthal and radial motion in primary auditory cortex, whilédle movement angle thresholds for sounds played continuodisly,
Doan and Saunders (1999) similarly demonstrated motiaitoughout a motion sweep compared with those recorgled
sensitivity in rat auditory cortex to azimuthal and radial motiowhen the sound marked the endpoints only of the motjon
using a fully reconstructed virtual space stimulus. trajectory. Conversely Grantham’s (1986) demonstration that
We can postulate at least three reasons for our failure ttoesholds for angular movement detection depend on |the
observe motion-sensitivity in the responses of IC neurorengular extent of the motion rather than the simulated velogity
First, it may be related to the relatively small proportion obr stimulus duration suggests that judgements of motion defive
neurons in the IC that are sensitive to auditory motion cues, fasm comparison of sound source position at the beginning §nd
reported previously (e.g., Altman 1968; Wagner and Takahagmd of its trajectory. Similarly, Perrott and Tucker (1988)
1992; Yin and Kuwada 1983), compared with thalamus (Aldemonstrated evidence that both static and dynamic spatia
man et al. 1970) or primary auditory cortex (Ahissar et atliscrimination are dependent on the same underlying megha-
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nism, suggesting that additional hypothetical mechanisn§&roon B. Receptive fields in deep layers of cat superior colliculbleu-
such as specialized motion detectors, were not required. ~_rophysiol36: 157-178,1973. _ _ _
As with neurophysiological studies. at least part of th%RANTHAM DW. Detection and discrimination of simulated motion of audito

difficulty lies in th ¢ f the sti | d whether it targets in the horizontal pland.Acoust Soc Arii9: 1939-1949, 1986.
imculty fies in the nature or the stimulus and Whetner it May., , w,av Dw. Motion aftereffects with horizontally moving sound sourcq

be considered sufficient to enable a distinction to be madey the free field Percept Psychophyss: 129136, 1989.
between the effects of static and dynamic spatial cues.cHantiaw DW. Auditory motion aftereffects in the horizontal plane: th
remains incumbent on researchers to demonstrate unequiv@ﬁects of spectral region, spatial sector, and spatial richfessstica84:
cally that the motion cue per se is the determining factor in337-347, 1998. i

either a subject's or a neuron’s response to auditory motidffiiFF'THs TD, REESG, REESA, GREENGGR, WITTON C, ROWE D, BUCHEL

. . L . .. C, TURNER R, AND FRAKOWIAK RSJ. Right parietal cortex is involved in
Until such time as this issue is addressed, the effort to ascribg’ perception of sound movement in humaNat Neuroscil: 74-79,

motion sensitivity in the auditory system to a process that iS;ggg.

separate to, and distinct from, static localization (e.g., Perrgtiine DRF. Physiology of the auditory brainstem. fhe Mammalian Au-
and Marlborough 1989; Perrott and Musicant 1981) may not beditory Pathway: Neurophysiologgdited by Popper AN and Fay RR. Ney
possible. Of potential concern also is the seeming desire tdork: Springer-Verlag, 1992, p. 153-231.
create a dichotomy between static and dynamic motion pMQALPINE D, HAarRT HC, AND.|NGHAM NJ. Res_ponses of inferior colliculug
cessing where none may be required, particularly as, on balgeurones to apparent-motion cues in free-fidldstracts of the 22nd Meet-

s . . .~ _Ing of the ARO215, 1999.
ance, the majority of neurons reported n neurophysmloglqg} ALPINE D, JANG D, SHACKLETON TM, AND PALMER AR. Responses of

studies respond to both _static Stimu!i and dynamic St_imuli. Thisneurones in the inferior colliculus to dynamic interaural phase cues: ¢vi-
suggests that static motion processing at least contributes to thience for a mechanism of binaural adaptatidiNeurophysio83: 1356—
perception of a moving sound source, and indeed may eveh365, 2000.

dominate it Compared with the contribution of a Specia“ZéHIDDLEBROOKS JC anD GReeN DM. Sound localization by human listenerg

motion processing system. As such, a more fruitful exercigg""Y Rev Psychal2: 135-159, 1991. . _
ight be to attempt to explain how neurons responsive to staq RROTT DR AND MA_RLBOROUGH K. Minimum audible movement angle:
mig P p p (Fnarkmg the endpoints of the path travelled by a moving sound sodrc

sound sources may contribute to the percept of motion. Acoust Soc An85: 1773-1775, 1989.

PERROTT DR AND MusicanT AD. Dynamic minimum audible angle: binaura
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construction of the computer-driven hardware and associated softwarestnupp JWH, King AJ, SuitH AL, AND THompson ID. NMDA-receptor
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