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Neural Axis Representing Target Range
in the Auditory Cortex of the Mustache Bat

Abstract. In echolocating bats, the primary cue for determining distance to a tar-
get is the interval between an emitted orientation sound and its echo. Whereas fre-
quency is represented by place in the bat cochlea, no anatomical location represents
target range. Target range is coded by the time interval between grouped discharges
of primary auditory neurons in response to both the emitted sound and its echo. In
the frequency-modulated-signal processing area of the auditory cortex of the mus-
tache bat (Pteronotus parnellii rubiginosus), neurons respond poorly or not at all to
synthesized orientation sounds or echoes alone but respond vigorously to echoes fol-
lowing the emitted sound with a specific delay from targets at a specific range. These

range-tuned neurons are systematically arranged along the rostrocaudal axis of

the frequency-modulated-signal processing area according to the delays to which
they best respond, and thus represent target range in terms of cortical organiza-
tion. The frequency-modulated-signal processing area therefore shows odotopic

representation.

In the mustache bat (Pteronotus par-
nellii rubiginosus), the auditory cortex
has been found to have at least three spe-
cialized areas for processing different
types of biosonar information: the Dop-
pler-shifted constant-frequency (DSCF),
frequency modulated (FM), and CF/CF
processing areas (Fig. 1A) (/-6). Neu-
rons of the DSCF processing area are ar-
ranged along two axes, one representing
echo amplitude (target subtended angle),
the other representing echo frequency
(target velocity information) (2). The
DSCF processing area consists of two
functional subdivisions adapted for tar-
get detection or localization (3). The FM
and CF/CF areas process information
carried by different combinations of in-
formation-bearing elements in the emit-
ted biosonar signal and its echo ¢-6).
We report that the FM processing area
represents  target-range  information
along an anatomical axis without a corre-
sponding anatomical dimension at the
periphery.

The mustache bat emits biosonar sig-
nals (orientation sounds), each of which
contains four harmonics. Each harmonic
consists of a CF component and an FM
component. Therefore, there are eight
components (CF,_;, FM,_,) in each emit-
ted signal (/, 5, 7). Echoes that elicit be-
havioral responses in the mustache bat
always overlap with the emitted signal
(inset, Fig. 1C). As a result, biosonar in-
formation must be €xtracted from a com-
plex sound with up to 16 components.

SCIENCE, VOL. 206, 19 OCTOBER 1979

Neurons in the FM processing area are
maximally excited only when an echo
from an orientation sound arrives after a
particular delay. The essential elements
in such paired stimuli are the first har-
monic FM component (FM,) in the ori-
entation sound and one or more higher
harmonic FM components (FM,_,) in the
echo. Therefore, these neurons are
called FM,-FM,, facilitation neurons ¢,
5).

One of the most important aspects of
echolocation is ranging. The primary cue
for ranging is the delay of the echo from
the emitted sound. The FM,-FM,, facili-
tation neurons are sensitive to this de-
lay and are therefore range-sensitive.
Range-sensitive neurons can be classi-
fied into two categories, tracking and
range-tuned. The best delays (BD’s) (8)
of tracking neurons shorten and their
delay-tuning curves become narrower as
the bat changes the signal repetition rate
and duration as it approaches a target.
These neurons zero in on the target, re-
jecting echoes from more distant objects
4, 5). Range-tuned neurons, on the other
hand, are tuned to particular echo
delays, regardless of repetition rate and
duration of paired stimuli. They respond
to the target only when it is within a cer-
tain narrow range (5). The obvious ques-
tion is whether range-tuned neurons with
different BD’s (that is, best ranges) are
systematically arranged along an axis in
the FM processing area to represent tar-
get range information.

Experiments were performed with 12
mustache bats collected in Panama. The
activity of single neurons was recorded
in unanesthetized bats with a tungsten-
wire electrode (5- to 10-um tip) during
the period from 4 days to 4 weeks after
surgery to expose the skull. When neces-
sary, local anesthetic (Xylocaine) and
tranquilizer (droperidol) were adminis-
tered. Acoustic stimuli were pure (CF)
tones, FM sounds, and combinations of
them that mimicked the biosonar signal-
echo pair in the search, approach, and
terminal phases of echolocation in this
species (9). The stimuli were delivered
from a loudspeaker 73 cm in front of the
animal in a soundproof, echo-suppressed
room. For details of the surgery and the
stimulation and recording systems, see
“@) and (5).

In the first stage of our experiment, we
inserted an electrode orthogonal to the
surface of the FM processing area and
recorded single-unit activity at various
depths to determine whether there was
columnar organization for response pa-
rameters, such as best frequency, mini-
mum threshold, and frequency band-
width, with pure tones, FM sounds, and
pairs of sounds used to elicit facilitation.
We also measured BD, threshold at BD,
and width of the delay-tuning curves
with pairs of sounds eliciting the strong-
est facilitation. Neurons at depths be-
tween 200 and 1000 wm had nearly iden-
tical response characteristics, including
BD’s. (At depths less than 200 um, the
signal-to-noise ratio was usually small
and responses to acoustic stimuli were
poor.)

Confirmation of the columnar organi-
zation of BD’s simplified our study of
cortical representation of target range,
because we could rely on the uniformity
of activity at different depths in the cor-
tex. To gather data from many locations
in the cortical plane, we inserted the
electrode at a 30° angle into the FM pro-
cessing area; neuronal responses were
studied at 200-um intervals. We plotted
BD’s of range-tuned neurons only on a
surface map of the cerebral cortex that
was drawn prior to the recordings.

The FM processing area consists of
three major clusters: FM,-FM,, FM,-
FM,, and FM,-FM, facilitation neurons
4), which are usually arranged dorsal to
ventral in that order (Fig. 1B). For each
electrode penetration through those clus-
ters in the rostrocaudal direction, BD
systematically varied. Figure 1B gives a
schematic representation of the iso-BD
contour lines that comprise a target-
range axis. Neurons with extremely
short BD’s were recorded only at the
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rostroventral part of the FM processing
area. The shortest BD of a range-tuned
neuron was 0.4 msec, corresponding to a
target range of 6.9 cm. Neurons with
very short BD’s responded strongly to
each paired stimulus even at a rate of 100
repetitions per second (the terminal
phase). When BD was shorter than 2.0
msec, the FM component (2.0 msec) of
the echo in the terminal phase over-
lapped that of the orientation sound. The
delay-tuning curve for such a short BD is
very sharp but nevertheless may cross
the 0-msec delay line at 60 to 80 dB SPL.
In that case, when the orientation sound
is louder than 60 dB SPL, facilitation
is evoked by the combination of different
harmonics in the sound per se and is
further augmented by an echo with a
very short delay. Response latencies of
range-tuned neurons to the echo FM are
short—7 to 10 msec. Thus, the auditory
cortex seems to be involved in informa-

tion processing even in the terminal
phase of echolocation.

Neurons with long BD’s were record-
ed at the caudal part of the FM process-
ing area (Fig. 1B). The longest BD ob-
tained was 18 msec, corresponding to a
target range of 310 cm. The delay-tuning
curves of such neurons are broad, and
they responded strongly to each paired
stimulus only when delivered at the
lower repetition rates characteristic of
the search phase. The response was very
poor at a rate of 40 repetitions per sec-
ond and completely disappeared at 100
per second.

The role of such neurons in range dis-
crimination may be limited because of
their broad delay-tuning curves. The
population of neurons with best delay
longer than 10 msec is small. The central
part of the FM processing area is occu-
pied by neurons with BD’s between 4
and 7 msec. Their delay-tuning curves

Within

sulcus "

2 TN 4 8 10 14
BD in msec (BR = BD x 17.2 cm)
Terminal Approach Search
18 i T T T T ‘I z ‘[j T T T T T T T T T TOoT T T T _{ 300
------------- o
L C 120 -——\ . N = 165 q
15 1
T —_“ . 1 o - 250
- X
- £ N o° . ~
T 12 b X B0 H SR \, -
o1 Hy CF N\ ™ * X x 200 g
&2 - FM2 3)
E X ~—
= L e N . o x0 - ®
> ok «—Echo delay L . = ]
° I o bt o o e 4,0 x@ - 150 s
© 0 20 ° a &:Ox o B -
T Msec 20wyt 4
£ o el {wod
- R Yt EVCRE N =152 i
: o agatoe et (=9
3 N 2 f m = 5.78 msec/mm - 50
L s .‘.)dé > (0.116 msec BD/neuron)
_XA//A'X Rostral  Caudal (1.99 ¢cm BR/neuron) 7
P O U S S S S S O S S S 0
-8 -6 —4 -2 0 2 4 6 8 10 12

Distance from theoretical 5.0-msec

iso-BD contour line (x 100 um)

are sharp and their responses are strong
and clearly locked to each paired stimu-
lus even at a rate of 100 repetitions per
second. Neurons with BD’s from 3 to 8
msec are distributed over a dispropor-
tionately large area. This suggests that
processing of echoes from targets 50 to
140 cm away (the approach phase) is par-
ticularly important to the mustache bat.

Best delays were plotted as a function
of distance from the 5.0-msec iso-BD
contour line (Fig. 1C) (/0). The correla-
tion coefficient (r) for the BD’s between
0 and 10 msec is .92 (N = 152). The
slope (m) of the regression line is 5.78
msec BD per millimeter of cortical sur-
face. Since the average interneuronal
distance in the cortical plane of frozen
sections of the brain is about 20 um, ad-
jacent neurons could express target
range in 1.99-cm increments.

There is an interesting correspondence
between these results and certain behav-

Target range (cm)

0 40 80
90 T T T T m

Echo amplitude (dB SPL)

Echo delay (msec)

Fig. 1 (left). (A) The left cerebral hemisphere
of the mustache bat showing (a) Doppler-
shifted CF, (b) FM, and (c) CF/CF processing
areas. (B) The FM processing area consists of
three major clusters of delay-sensitive neu-

rons: FM,-FM,, FM,-FM,, and FM,-FM, facilitation neurons. Each cluster shows odotopic representation. Iso-BD contours and range axes are
schematically shown by dashed lines and solid arrows, respectively. Best delays of 0.4 and 18 msec correspond to best ranges (BR’s) of 7 and
310 cm. Range information in the search, approach, and terminal phases of echolocation is represented by activity at different loci in the cerebral
hemisphere. (C) The relationship between BD (or BR) and distance along the cortical surface. The data were obtained from six cerebral hemi-
spheres and are indicated by six different symbols. The regression line represents the average change in BD with distance. Since the 5-msec
iso-BD contour line always crossed the central part of the FM processing area along the exposed surface of the cortex, the 5-msec BD on the re-
gression line is used as a reference point to express distance (/0). The inset is a schematized sonagram of an orientation sound and a Doppler-

shifted echo in the approach phase of echolocation.

Fig. 2 (right). Iso-impulse-count contours representing the response magnitude of range-

tuned neuron plotted on the coordinates of echo amplitude against delay (or target range). Since the neuron was tuned to targets at a short distance,
the orientation sound-echo pair for this plot was delivered at a repetition rate of 100 per second (terminal phase). Dots indicate where an average
number of impulses per paired stimulus was obtained by presenting the identical paired stimulus 200 times. The contour lines are drawn on the
basis of these data points. The dashed parts of the contour lines indicate where the responses were inflated by background noise associated with

animal movement; SPL, sound pressure level.
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ioral data. The little brown bat (Myotes
lucifugus) begins the approach phase for
wire obstacles 0.3 cm in diameter at an
average distance of 225 cm (//), and the
horseshoe bat (Rhinolophus ferrume-
quinum) compensates for Doppler-shifted
echoes only when delayed less than an
average of 17.5 msec (301 cm) (/2). The
finding that bats react when targets are
closer than 301 ¢m corresponds to our
finding that the range axis ends at about
310 cm. Eptescius fuscus, Phyllostomus
hastatus, Pteronotus suapurensis, and
R. ferrumequinum are all able to dis-
criminate range differences of 1.2 to 2.5
cm at an absolute distance of 30 to 60
cm. (/3). This also corresponds to our
finding if we assume that the rate of
change in best range (1.99 cm per
neuron) is the theoretical limit of Just—
noticeable difference in distance.

Delay-tuning curves themselves are
sometimes insufficient to express the
properties of range-tuned neurons and
may even be misleading. Their responses
are more appropriately expressed by
iso-impulse-count contours plotted on
coordinates of echo amplitude against
delay. In Fig. 2, for instance, the neuron
is clearly tuned to an echo of 37 dB SPL
delayed by 2.1 msec. Range information
is apparently processed by a series of
such neural filters in both the time and
amplitude domains, and as such they may
be considered cross-correlators (14).

Odotopic representation is the term
we use to describe the representation of
target range by the location of neurons
tuned to different BD’s. This represen-
tation is the same regardless of wide
variations in repetition rate (10 to 100 per
second) and signal duration (7 to 34
msec). In the auditory system, the
synthesis of a range axis, which has no
corresponding anatomical precursor in
the periphery, is suggestive of the
methods by which sensory information
may be extracted and displayed in the
brain. ‘

When many conspecific bats echolo-
cate in a confined space, their many
orientation sounds and echoes would
impair odotopic representation unless
some mechanism protected the system
from jamming. The fundamental har-
monic (H,, particularly FM,) of the
orientation sound is always critical to the
response of range-tuned neurons in spite
of the fact that H, is always much
weaker than the other harmonics and is
sometimes barely detectable in labora-
tory recordings. This means that range-
tuned neurons are probably not excited
by combinations of orientation sounds
and echoes produced by bats flying
nearby. To excite range-tuned neurons,
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H, must stimulate the ears prior to an
echo in spite of its weakness in the
emitted sound. This implies that H,
prodiced by the vocal cords stimulates
the animal’s own ears by bone conduc-
tion but is not emitted at a significant
amplitude, possibly because of suppres-
sion by vocal-tract antiresonance. In
nature, range-tuned- neurons would be
selectively excited only when the animal
itself emits orientation sounds and
echoes return after particular short
delays. Jamming is thereby avoided in
most situations.

NoBUO SUGA, WiLLiaM E. O'NEILL
Department of Biology, Washlngton
University, St. Louis, Missouri 63130
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Laser-EXAFS: Fast Extended X-ray Absorption Fine Structure
Spectroscopy with a Single Pulse of Laser-Produced X-rays

Abstract. The extended x-ray absorption fine structure (EXAFS) spectrum of
aluminum has been measured with a nanosecond pulse of soft x-rays generated by a
laser-produced plasma. This technique provides a practical alternative to synchro-
tron radiation for the acquisition of EXAFS data. It also provides a unique capability
for the analysis of molecular structure in highly transient chemical species.

Determining the identities and exact
spatial arrangement of the atoms sur-
rounding any particular atom in a mole-
cule is fundamental to understanding the
properties of any type of liquid, gas, or
solid. In the case of materials with long-
range order, such as perfect crystals, this
information can often be obtained with
x-ray or particle beam diffraction tech-
niques. Such diffraction techniques rely
on the fact that all of the atoms in a per-
fect lattice reside at fixed, periodic dis-
tances from any given atom, and that this
periodicity is retained regardless of how
far one moves within the lattice from the
atom in question.

For materials without long-range or-
der, the diffraction techniques are far
less useful; one can determine local con-
figurations in this way only for relatively
simple molecules composed of a single
element. For more complicated mole-
cules, considerable insight can often be
gained from optical spectroscopy and

magnetic resonance techniques. How-
ever, these techniques have the draw-
back of providing only indirect-evidence,
from which the structural parameters of
interest for a molecule must be inferred.
Many of these limitations can be over-
come with the recently developed tech-
nique of extended x-ray absorption fine
structure (EXAFS) spectroscopy (/, 2).
In EXAFS spectroscopy, the x-ray ab-
sorption coefficient of a material is mea-
sured as a function of energy from the K
edge or L edge of a specific element in
the material to as far as 1000 eV above
the edge. The absorption of x-rays by the
element is accompanied by the ejection
of photoelectrons, which can be scat-
tered from neighboring atoms. Backscat-
tering of these photoelectrons from
atoms in the immediate vicinity of the
absorbing atom gives rise to a periodic
“‘wiggle’’ structure in the x-ray absorp-
tion spectrum (/, 3, 4). By analyzing this
wiggle structure above the absorption
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