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s
VARYTS

veural Axis Representing Target Range
o the Auditory Cortex of the Mustache Bat

Absiract, In echolocating bats, ihe primary cue for determining distance ro a rar
Coris the interval between an eminted orientation sounnd and its echo. Whereas fre-
sency is represented by place in the bar cochlea. no anatomical location represents
et range. Target range is coded by the time inierval between grouped discharges
sprimary auditory neuarons in response to both the emitied sound and ity echo. In

w frequenci-modiulated ~signal processing area of the auditory cortex af the mus-
«he bat ¢ Pteronotus parnellii rubiginosus), newrons respond poorly or aot ar alf 1o
athesized orientation sounds or echoes atone but respond vigorousiy to echoes fol-

wing the emitted sound with a specific delay from rargets ai a specific range. These
wge-tined reurons are systematically arranged along the rostrocandal axis of
frequency-modulated-signal processing aren gecording to the deluvs to which

wy best respond, and thus represent turger range in lerms of cortical organiza-
s The frequency-modulated-signal provessing area therefore shows odotopic

W preSeRFaion.

in the mustache bat (Preronotus par-
it rubiginosus), the auditory cortex
ws been found 1o have at least three spe-
alized areas for processing different
““upes of biosonar information: the Dop-
der-shifted constant-frequency (DSCF),
rzequency moedulated (FM). and CF/CF
s rmacessing arveas {(Fig, 1A) (/-6). Neu-
~wns of the DSCF processing area are ar-
anged along Two axes, one representing
who amplitude (target subtended angle),
be other representing echo frequency
trget velocity information) (23, The
BSCF processing area consists of two
fnctional subdivisions adapted for tar-
gt detection ot localization (). The FM
wd CF/CF areas process information
amed by different combinations of in-
frmation-bearing elements in the emit-
® biosonar signal and its echo @-5).
“%e report that the FM processing area
“presents  target-range  information
~dong an anatomical axis without a corre-
.- ‘ronding anatomical dimension at the
.. periphery.
The mustache bat emits biosonar sig-
%b torientation sounds). each of which
~wontains four harmonics. Each harmonic
Sfensists of a CF component and an FM
-“mponent. Therefore. there are eight
omponents (CF,_,, FM,_,) in each emit-
Mdsgnal (/. 5. 7). Echoes that elicit be-
vioral responses in the mustache bat
Mhays overlap with the emitted signal
:‘”!R‘L Fig. 1C). As a result, biosonar in-
,f‘ffmatmn must be extracted from a com-
PeCsound with up to 16 components.
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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 stimulf are the frst har-
monic FM compaonent (FM,) in the ori-
entation sound and one or more higher
harmonic FM components (FM,_,) in the
echa. Therefore, these neurons are
called FM,~FM, facilitation neurons (¢,
3

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-
talion neurons #re 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) &)
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
4,35}, Range-tuned neurons, on the other
hand, are tumed 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 gques-
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.

0036-8075/7% 1019-0351500.50/0  Copyright ® 1979 AAAS

Experiments were performed with
mustache bats collected in Panama. T
activity of single neurons was record
in unanesthetized bats with a tungste
wire electrode (5- to 10-um tip) duri
the period from 4 days to 4 weeks afs
surgery to expose the skull. When nace
sary, local anesthetic {Xylocaine) g
wranquilizer {droperidol} were admin
tered. Acoustic stimuli were pure (Tl
tones. FM sounds. and combinations «
them that mimicked the biosonar signa
echo pair in the search. approach, an
terminal phases of echolocation in thi
species (¥). The stimuli were delivers
from 2 loudspeaker 73 cm in front of th
animal in a soundproof. echo-suppresse:
room. For details of the surgery and the
stimufation and recording systems. seg
) and (O).

In the first stage of our experiment, we
inserted an electrode orthogonal 1o the
surface of the FM processing area and
recorded single-unit activity al various
depths to determine whether there was
columnar organization for response pa-
rameters, such as best frequency. mimi-
aun threshold., and frequency band-
width. with pure tones, FM sounds. and
pairs of sounds used {o 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 uwm had nearly iden-
tical response characteristics, including
BD's. (At depths less than 200 um. the
signal-te-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 2
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
). which are usually arranged dorsal (o
veniral in that order (Fig. 1B). For each
electrode penetration through those clus-
ters i the rostrocaudal direction, BD
systematically varied. Figure {B 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
aguron was 0.4 msec, corresponding to a
targel range of 6.9 cm. Neurcns with
very short BD's responded sirongly to
each pared stimulus even at 4 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-
fapped that of the orientation sound. The
delay-tuning curve for such a short BD is
very sharp but nevertheless may cross
the O-msec delay hne at 60 to 80 dB SPL..
In that case, when the orientation sound
is louder than 60 dB 5PL, 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 BOD'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 (o each paired
stimulus only when delivered at the
iower repefition 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
tonger than 10 msec is small, The central
part of the FM processing area is occu-
pied by neurcons with BD's between 4
and 7 msec. Their delay-tuning curves
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are sharp and their responses are
and clearly locked to each paired g
fus even at a rate of {30 z‘epetitigmh"
second. Neurons with BD's me}w‘:
msec are distributed over g disp
tionately farge area. This Suggests
processing of echoes from targeg Hy
140 cm away (the approach phaseij Lo
ticularly important to the mustache E!n.‘

Best delays were plotted as g Ty
of distance from the 5.0-msec
contour Hne (Fig. 1Y U0). The comg
tion coefficient () for the BD's bey
O and 10 msec is 92 (VW = 157, The
slope (m) of the regression fine is 4
msec BD per millimeter of coricy oy
face. Since the average imememw'
distance in the cortical plane of fromg
sections of the brain s about 20 L
jacent neurons could express langat’
range in 1.9%-cm increments.

There is an interesting correspondeny
between these results and certain behgs.

Target range (cm)

50

5PLY

£cho amplitude (4B

Echo delay (msec)

Fig. I (fleft). (A) The left cercbral hemigdedf -
of the mustache bat showing (8} ‘
shifted CF, {b) EM, and (¢} CFICF p ¢
areas. (B) The FM processing area COM
three major clusters of delay-sensitive ®8

rans: FM~FM,, FM,~TM,. and FM,~FM, facilitation neurans. Each cluster shows odotopic representation. {so-BD contours and range “‘“’
schematically shown by dashed lines and solid arrows. respectively. Best delays of 0.4 and 18 msec correspond to best ranges {BR's} of? :

310 cm. Range information in the search, approach, and terminal phases of echolocation is represented by activity at different loci in the
hemisphere. {C} The relationship between BD {or BR) and distance along the cortical surface. The data were obtained from six cere
spheres and are indicated by six different symbols. The regression line represents the average change in BD with distance. Since the 3
iso-BD contour line always crossed the central part of the M processing ares along the exposed surface of the cortex, the S-msec BD on the

gression line is used as a reference point to express distance {/¢). The inset is a schematized sonagram of an orientation sound a;ad 2 gw
shifted echo in the approach phase of echolocation. Fig. 2 (right). Iso-impulse~count contouss representing the response magnitude “‘
tuned neuron plotied on the coordinates of echo amplitude against delay (or target range). Since the nearon was tuned to targets at 2 short e vy

the orientation sound-echo pair for this plot was delivered at a repetition rate of 100 per second {terminal phasel, Dots indicate where a8 8%,

number of impulses per paired stimulus was obtained by presenting the identical paired stimulus 200 times. The contour Hnes are dras
basis of these data points. The dashed parts of the contour lines indicate where the responses were inflated by background noise as

animal movement; SPL. sound pressure level
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data. The little brown bat (Myoies
us5) begins the approach phase for
g ol ies 0.3 orn o diameter at an
Borage distance of 225 cm (/{), and the
hneshoe bat (Rhinolophus  ferrime-
\om) compensates for Doppler-shifted
Erocs only when delayed less than an
Bocrage of [7.5 msec (301 cm) (/7). The
Bjing that bats react when targets are
et than 301 om corresponds to our
B.iing that the range axis ends at about
mioom. Eptescius fuscus, Phyliostomus
Wi S, Pierornotus suapurensis, and
b erumequinum are all able to dis-
wminate range diffevences of 1.210 2.5
Ls ot an absolute distance of 30 to 64
Lo 131, This also corresponds 1o our
iing if we assume that the rate of
nge it best range (199 cm per
eoron) 18 the theoretical limit of just
wweable difference in distance.
Delay-luning curves themselves
snetimes mmsufficient to express the
~perties of range-tuned neurons and
s event be misleading. Their responses
g more appropriately expressed by
-impuise~-count contours plotied on
wordinates of echo amplitude against
#lay. In Fig. 2, for instance, the neuron
s<learly tuned to an eche of 37 dB SPL
gayed by 2.1 msec. Range information
s apparently processed by a series of
wh neural Rlters in both the time and
wplitude domains, and as such they may
x considered cross-correlators (/4).
DMdotopic representation 15 the term
seuse 1o describe the representation of
wget range by the location of neurons
med to different BD's. This represen-
son i the same regardless of wide
<nations in repetition rate (10 to 100 per
«wond} and signal duration (7 1o 34
wee). In the auditory system, the
sathesis of a range axis, which has no
oresponding anatomical precursor in
% periphery, is suggestive of the
nethods by which sensory information
wy be extracted and displayed in the
.

When many conspecific bats echolo-
i a confined space, their many
fentation sounds and echoes would
mpair odotopic representation uniess
wme mechanism protected the system
“m jamming. The fundamental har-
wmie (H,, particularly FM,) of the
Tentation sound is always critical {o the
“ponse of range-tuned neurons in spite
{ithe fact that H, is always much
‘taker than the other harmonics and is
“Metimes barely detectable in labera-
Y recordings. This means that range-
“ed neurons are probably not excited
 combinations of orientation sounds
* echoes produced by bats fiying
¥aby, To excite range-tuned neurons,

ENCE, VOL. 206, 19 OCTOBER 1979

are

H, must stimulate the ears prior to an
eche in spite of its weakness in the
emitted sound. This implies that H,
produced 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
maost situations.

Nosuo Suga, WitLiam E. O'NELL

ALY

Department of Biology, Washington
University, 51, Lowis, Missowrt 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) specirum of
aluminum has been measured with g nanosecond pulse of soft x-ravs generated bv a
laser-produced plasma. This techrique provides a practical aliernative to svnchro-
tron radiation for the acquisition of EXAFS data. It also provides a unigue 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-
nigues. Such diffraction technigues 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 regardiess 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 fechnigues. How-
ever, these technigues have the draw-
back of providing only indwrect 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-
nigue of extended x-ray absorption fine
siructure {EXAFS) spectroscopy (7, 2.
in EXAFS spectroscopy, the x-ray ab-
sorption coefficient of a material 158 mea-
sured as a function of energy from the K
edge or L edge of a specific clement in
the material to as far as 1000 ¢V above
the edge. The absorption of x-rays by the
slement 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 {0 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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