Table 1. Feeding deterrence of compounds / — 6 to imagines of E. varivestis. Each com-
pound (dissolved in MeOH) was coated as a thin film on disks (diameter 1.6cm) of bean
leaves (Phaseolus vulgaris) and analyzed for feeding deterrence to imagines of E. varivestis
in a range of doses (0.01 — 0.4 umol/disk, corresponding to 0.34 — 13.7 umol/g fresh weight).
Leaf disks for controls were coated with MeOH only. EDs, (doses which reduce feeding by
half compared to controls) were obtained by probit analysis of the respective dose/response

curves; * inactive at the doses analyzed

Compound

ED;, [pmol/leaf disk]

[= NV IR GRS SR

— %

0.17
0.19
0.05
0.10
0.075

instance, in leaves of Ageratina ade-
nophora (Asteraceae) (encecalin up to
20 umol/g fresh weight) [7] or flower-
ing heads of Ageratum houstonianum
(Asteraceae) (precocene II up to
9umol/g fresh weight) [8]. Imagines
present on leaf disks treated with ence-
calin or precocene II immediately re-
sumed feeding when transferred to un-
treated bean leaves, indicating that the
rejection of treated food was due to
feeding deterrence and not to intoxica-

tion of the insects by the two
chromenes during the bioassay. The
benzofuran euparin (/) was again inac-
tive in the range of doses analyzed.

The contact toxicity of the compounds
studied corresponds well to their feed-
ing deterrence. The two most toxic
chromenes encecalin (4) and precocene
11 (6) are also the strongest feeding de-
terrents to E. varivestis, whereas the
non-toxic benzofuran euparin ()
produces no feeding deterrence.
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Neurons in the Midbrain of the Barn Owl
Are Sensitive to the Direction of Apparent Acoustic

Motion
H. Wagner
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An animal’s environment is rarely
static. Stimuli from moving sources
abound, and, in one sensory system, vi-
sion, the neurological basis of motion
processing has been well characterized
on experimental [1 — 3] and theoretical
grounds (for a recent review see [4]).
The acoustic environment is no less
dynamic. Psychophysical studies have
shown that while we are less sensitive to
the movement of a sound source than
that of a visual stimulus, our ability to

judge direction and speed, once we de-
tect the motion, is as accurate as that
for vision [5 — 7]. Nevertheless, the neu-
ral basis of acoustic motion perception
has not received the attention that has
been devoted to visual motion process-
ing or the localization of stationary
sound sources. The barn owl (Tyfo
alba), whose ability to localize sound
has been extensively studied [8, 9], is
also known to be able to judge the di-
rection in which prey are moving [10].
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We report here the existence of mesen-
cephalic neurons whose response de-
pends upon the direction of apparent
acoustic motion, in short, are motion-
direction sensitive.

Recordings were made in three adult
barn owls. Anesthesia, surgery, perfu-
sion, histological localization of le-
sions, and animal care were described
earlier [11]. All recordings were made
in an anechoic chamber (3 X3 x3m).
Search stimuli consisted of tone or
noise bursts having an interaural time
difference and interaural level differ-
ence, important cues for azimuthal and
elevational sound localization in the
barn owl, respectively [8, 9]. The search
stimuli were presented dichotically over
stereo earphones (Sony MDR-E272).
After a cell was identified we switched
from dichotic stimulation to stimula-
tion through seven 10-cm speakers ar-
ranged in a semicircular array about
10° below the owl’s horizon (inset, Fig.
1). Speakers were placed at 30° inter-
vals from +90° (owl’s right, speaker
#1) to —90° (owl’s left, speaker #7).
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Fig. 1. Tectal cell sensitive to the direction of apparent acoustic motion. The cell responded
much better to counterclockwise motion (ccw) than to clockwise motion (cw) irrespective of
whether the motion started in the counterclockwise direction (a) or the clockwise direction
(b). A dot-raster display demonstrating the spike discharge to 20 roundtrips is shown above
each PST histogram. The maximum of the response was 130 spikes in (a) and 88 in (b). If
only the most effective speaker in the motion conditions (a, b) was enabled on (c), a symmetri-
cal PST histogram resulted, but the response maximum was still high (112 spikes). The onset
response of this neuron, occurring in the first 100 ms after the beginning of the roundtrip (a,
b), was excluded from the analysis. The DI values in the motion conditions are statistically
significant at the p <0.01 level. On-on time was 95 ms, and successive stimuli overlapped in
time by 5 ms or the rise/fall time of the individual bursts. The units of analysis (bins) in the
PST histograms correspond to the on-on time. In the insef the loudspeaker arrangement is
shown

durations. For most of the experi-
ments, the earphones were left in place,
because control experiments revealed
that a neuron’s motion-direction sen-
sitivity was unaffected by the presence
of the earphones. The duration of the
stimulus, the interval between the onset
of successive sounds (“on-on time*),
which determines the velocity of the ap-

Speakers were sequentially activated in
a “roundtrip” pattern, which simulated
a source moving from 90° on one side
- to 90° on the other side, and back. Suc-
cessive roundtrips were separated by 3
to 7 s of silence. Stimuli from the indi-
vidual speakers consisted of noise
bursts (flat between 1 and 25 kHz) hav-
ing 5ms rise/fall times and variable

parent motion, and the overlap or silent
interval (“gap”) between successive
sounds (inset, Fig. 3) were controlled
by a computer (IBM AT). Note that
only two of these three variables can be
chosen independently.

The time of arrival of action potentials,
relative to the onset of the roundtrip,
was recorded in computer memory and
analyzed as peristimulus time (PST)
histograms. To quantify the motion-di-
rection sensitivity of a neuron, we de-
rived a directionality index DI:

DI = 1 — (lower spike count/higher
spike count).

“Lower spike count” and “higher spike
count” refer to the halves of the PST
histogram with the lower and higher
numbers of spikes, respectively (Fig. 1).
To judge the statistical significance of
the DI, we compared, using a chi-
square test, the halves of the PST his-
togram from trials in which all speakers
were enabled (motion condition),
with those from trials in which only the
most effective speaker produced a
sound (stationary condition). The sta-
tionary condition represents the null
hypothesis for the chi-square test, be-
cause a symmetrical PST histogram is
expected if only the best speaker is ac-
tivated twice each roundtrip. When a
cell was lost before the stationary test
was performed, the spike counts to
clockwise and counterclockwise stim-
ulation were averaged for the chi-
square test. This was always done to
test for a bias in the one-speaker test.
One cell out of SO tested with the sta-
tionary condition was biased and was
excluded from the further analysis.

The results are based on 68 recordings
from the optic tectum (17 recordings),
the external nucleus of the inferior col-
liculus (ICx) (9), and the lateral shell of
the central inferior collicular nucleus
(ICc-1s) (30). The remainder of the re-
cordings (12) lay also in the vicinity of
these nuclei, but the association of a re-
cording with a specific nucleus was not
possible in these cases. Anatomical
studies have shown that ICc-1s projects
to the ICx, which, in turn, innervates
the optic tectum [11, 12]. About two-
thirds of the recordings were isolated as
single units. No difference in the re-
sponse to moving stimuli was seen be-
tween single-unit recordings and multi-
unit recordings. The general response
characteristics of these neurons to sta-
tionary sound bursts are well known
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[11, 13—15]. All neurons that re-
sponded to stationary stimuli re-
sponded also to the apparent motion
stimulus. In about 70 % of the record-
ings, maximal spike rate in the sta-
tionary condition equaled the maximal
spike rate in the motion condition. In
15 %, the response was better to mo-
tion, and in 15 % the response was bet-
ter to stationary stimuli.

The PST histograms in Fig. 1 demon-
strate a neuron with high motion-direc-
tion sensitivity. The speaker array was
first activated in the counterclockwise
direction (ccw), from speaker #1 to
#7, then, in the clockwise direction
(cw), from #7to #1 (Fig. 1a). A strong
discharge could be associated with the
activation of speaker #3 when the ar-
ray was activated in the counterclock-
wise direction, but not when the array
was activated in the clockwise direc-
tion. This resulted in a PST histogram
with a DI of 0.82 (Fig. 1a). To exclude
the possibility that this was simply an
onset effect, we reversed the activation
sequence, beginning with clockwise
motion followed by counterclockwise
motion (Fig. 1b). Under these cir-
cumstances as well, the neuron dis-
charged heavily during counterclock-
wise motion, confirming that it was di-
rection and not stimulus onset that was
responsible for the asymmetry of the
PST histogram (DI 0.77). When
only the most effective speaker, #3,
was enabled, the neuron responded
twice per roundtrip or each time
speaker #3 emitted a sound. This re-
sulted in a symmetrical PST histogram
and a low DI of 0.07 (Fig. 1c). The PST
histogram of Fig. lc further demon-
strates that the single burst, caused by
the first activation of speaker #3, did
not fatigue the neuron. Finally, compa-
rison of the top two histograms with
the bottom histogram revealed that the
number of spikes in the nonpreferred,
or “null”, direction was less than that
evoked by the activation of speaker #3
alone, and that the maximum number
of spikes per bin in the preferred direc-
tion was similar to the number of spikes
in the stationary test. Therefore, this
neuron’s motion-direction sensitivity
was due to an inhibition in the null di-
rection.

The distribution of all DI values is
shown in Fig. 2. Of the total number of
68 cells, some 34 % had a statistically
significant DI. These DI values are
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Fig. 2. Distribution of directionality indices. Of the 68 recordings, the directionality indices
of the motion-direction insensitive cases are plotted by the lightly hatched bars, those of the
motion-direction sensitive cases (chi-square test, p <0.05) by the cross-hatched bars. Stim-
ulus conditions for all recordings were as noted in Fig. 1. If more than one test was per-
formed with a cell, all spikes registered in response to clockwise and all to counterclockwise
stimulation were summed for the calculation of the DI value and the chi-square test. Some
cells, like that shown in Fig. 1, showed onset responses. Such responses were excluded from

the analysis. Bin width is 0.1

gap
1 r._speaker n
0-8'3 stimulus [~| speaker n+1
— n on-on-time =
0.6 .

Directionality index
pul

0.2+

(o]
o »
1 i 1
~CETTTTETTSETTTITTTINTTy

T T

60 120

gap duration [ms]

-

LN

150

T T T

180 2

Fig. 3. Dependence of the DI value on gap duration. In the inset the relation between on-on
time, stimulus duration and gap duration is shown. As the on-on time of 240 ms, equivalent
to an apparent velocity of 125°/s, was kept constant, the DI value decreased with increasing
gap duration in this neuron (keavily hatched bars). The lightly hatched bar shows the DI
value for an on-on time of 95 ms and a stimulus duration of 100ms, a parameter combina-
tion that reduced the gap to zero. Note that this bar is plotted next to the bar with the same
stimulus duration but 140 ms gap duration under the 240 ms on-on time condition

scattered in the upper half of the dis-
tribution and are responsible for its
long tail. To judge whether motion-di-
rection sensitivity was due to an inhibi-
tion in the null direction, wherein the
response in the null direction is less
than the stationary response, or to a fa-
cilitation in the preferred direction,
wherein the response in the preferred
direction is greater than the stationary
response, we compared the responses in
the motion condition with that in the
stationary condition. Inhibition in the

© Springer-Verlag 1990

null direction was observed in 89 % of
the cases. Facilitation in the preferred
direction occurred in 22 % of the neu-
rons, and 11 % of the neurons showed
both inhibition in the null direction and
facilitation in the preferred direction.

Further evidence for inhibition as a
major factor in generating motion-di-
rection sensitivity under our stimulus
conditions came from experiments in
which a gap was introduced between
the activation of a speaker and the ac-
tivation of the next speaker. To in-
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troduce the gap, apparent velocity was
kept constant while stimulus duration
was decreased. As the gap increased,
motion-direction sensitivity decreased
(Fig. 3). In contrast, the response level
was independent of gap duration (not
shown). The smooth decrease of DI
with gap duration seen in Fig. 3 could
not be explained by a decrease in the
sound energy that resulted from the de-
crease of stimulus duration, because
for a stimulus duration of 100ms, a
much higher DI value resulted for a
zero gap than for a gap of 140 ms (Fig.
3, lightly hatched bar). Seventeen of the
23 motion-direction sensitive cells were
stimulated with more than one com-
bination of on-on time and gap dura-
tion. For zero gap duration and upon
variation of the apparent velocity, the
DI varied only slightly. The mean DI
changed from 0.50 for 125°/s (N=11)
and 0.53 for 310°/s (N=23) to 0.41 for
1000°/s (N=10). If, however, in the
case of 125°/s a gap was introduced so
as to generate the same stimulus dura-
tion as in the 1000°/s case, the mean DI
was only 0.25 (N=11).

Our results demonstrate that a large
proportion of neurons in the midbrain
of the barn owl is sensitive to the direc-
tion of apparent acoustic motion in the
horizontal plane. Our sample may
underestimate the actual number of
motion-direction sensitive neurons be-
cause we only assessed motion along
the horizontal axis, and, because our
dichotic search stimulus simulated a
stationary source.

Earlier neurophysiological studies of
mammals have also demonstrated mo-
tion-direction sensitivity in auditory
neurons by a variety of techniques
[16 — 19]. The earlier studies relied on
the inspection of neuronal spike trains
and PST histograms rather than on a
statistical analysis to judge the motion-
direction sensitivities. In these studies
motion-direction  sensitive neurons
were not as common as in the owl’s
midbrain, independent of stimuli used,
e.g., dichotic clicks [16], binaural beats
[17] or apparent motion [18].
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Although most of our motion-direction
sensitive cells were found in the optic
tectum, it is of interest to note that
some of the cells in the ICc-1s were mo-
tion-direction sensitive. Unlike the
optic tectum or the ICx, the ICc-1s is
composed of cells that are sharply
tuned in frequency and have multiple
spatial receptive fields [11, 13]. Cells in
the tectum and ICx have a single spatial
receptive field, which is a consequence
of having a broad frequency selectivity
[11, 13 —15]. Not only does this suggest
that motion-direction sensitivity can
precede the formation of space-specific
cells that have unique spatial receptive
fields, it also implies that the motion-
direction sensitive cells have the ability
to preserve the spectrum of the moving
sound. Such capability, we speculate,
may signal to higher centers that a par-
ticular group of frequencies moved in
unison, and can therefore be treated as
having a common origin.

Many neurons responded to stationary
as well as to moving stimuli. Therefore,
these neurons cannot signal whether or
not a source is moving without further
neural computation. We have shown
that inhibition is a major factor in gen-
erating the acoustic motion-direction
sensitivity in the barn owl. In some
22 % of the cells facilitation in the pre-
ferred direction was also found. These
data are in accord with models of mo-
tion detectors that require a nonlinear,
notably inhibitory interaction between
two inputs as proposed for visual mo-
tion detectors [1]. They do not, how-
ever, exclude the possibility of exci-
tatory interactions in detection of
acoustic motion. More experiments,
with various sound levels, different
acoustic characteristics (e.g., tones,
clicks), and various spatial arrange-
ments of the sound sources are nec-
essary to analyze the mechanisms under-
lying the detection of acoustic motion
and to determine whether they closely
resemble visual motion detection
mechanisms [1 — 4] in their implementa-
tion, or, whether acoustic-motion detec-
tion mechanisms are different.
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