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Fig. 1. Tuning curve of the basilar mem-
brane at 1.4 mm from the stapes. The
lower curve is referred to a constant
stapes amplitude. The upper curve is for
a constant sound-pressure level of 90 db
SPL; the amplitudes are peak (+/2 times
the root mean square) values.

Tuning curves were obtained for
the membranes of ten animals, and all
had maximums between 18 and 21
khz. Figure 1 shows the result for one
guinea pig. Other animals gave very
similar -curves, but the results were not
so complete: in one case, measure-
ments were continued down to 350 hz;

in another case, more accurate data

were recorded at 0.5-khz intervals in
the region of the peak. The correction
of each basilar measurement to con-
stant stapes amplitude completely elim-
inated the large fluctuations of sound
pressure introduced by standing wave
patterns in the vicinity of the ear; this
was particularly important at the short-
er wavelengths in the region of the
peak.

The amplitude of the stapes motion
for constant sound pressure was ob-
served to fall at 4 db per octave with
increasing frequency. With this result
it was possible to calculate the abso-
lute amplitude of the basilar membrane
movement; the upper curve in Fig. 1
shows the result for a constant sound-
pressure level of 90 db SPL. The un-
certainty of this level would not ex-
ceed 5 db.

The tuning curves, illustrated by the
lower curve of Fig. 1, resemble those
obtained by Bekesy but are more sharp-
ly peaked, with a Q (resonance fre-
quency divided by the half-power band
width) of 2.5 (most of Bekesy’s curves
have a Q around 1.6 or less). This
value of Q is still smaller than that
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for a typical first-order neural tuning
curve. The slope on the low-frequency
side is 13 = 1 db per octave, and
this is maintained down to about 3
khz; from here down to 350 hz the
slope is slightly reduced to around 10
db per octave. The high-frequency slope
is 70 = 10 db per octave. The maxi-
mum ratio of basilar membrane am-
plitude to stapes amplitude is about 50
to 1, and the maximum basilar mem-
brane amplitude at 90 db is 600 A at
18 khz. The main systematic error in
the amplitude ratio will arise from the
uncertainty in the angle between the
direction of motion- of the source on
the stapes and the direction of the line
from the source to the detector. It is
unlikely that this angle exceeded 60° to
70°, and, since the detector subtended
an angular range of about 45°, the
maximum correction to the ratio would
be by about one-half. The shape of the
tuning curve and the absolute am-
plitude curve are not affected.

Bekesy (3) gives a value for the max-
imum amplitude of motion of the basi-
lar membrane measured at high sound-
pressure levels in the human ear; in
the range of 2 to 3 khz his results
would suggest a value of 400 A at

90 db SPL. Bekesy (4) also gives some - -

values for the ratio of basilar mem-
brane to stapes amplitude derived from
his work (Z); at 3 khz the ratio is
about 10, and Bekesy remarks that it
should increase with increasing frequen-
cy as the surface area of the mem-
brane that is set in motion becomes
smaller. Both these results are quite
consistent with our work.

Changes in the source mass by a
factor of 2 did not produce any signifi-
cant change in our results. Further-
more, it did not seem to matter whether
the first turn of the scala tympani was
dried or full of perilymph, a result
in accord with the model experiments
of Bekesy (/).

B. M. JOHNSTONE
A. J. F. BoyLE
Departments of Physiology and
Physics, University of Western
Australia, Nedlands
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Dissociation of the Visual
Placing Response into
Elicited and Guided Components

Abstract. Kittens reared without
sight of their limbs extended their fore-
limbs when carried down toward the
edge of a horizontal surface. However,
unlike normally reared kittens, they
were not capable of guiding their paws
accurately to the solid parts of an in-
terrupted surface. This fractionation of
the visually controlled placing response
reveals that the guided reach requires
an integration of sensorimotor systems
not necessary for development of the
elicited extension response.

As a cat is carried down toward a
visible surface, its forelimbs extend au-
tomatically as if to prevent collision.
This response, called visual placing, is
common tc many mammalian species.
It has been used as an indicator of
integrity of the neural mechanisms un-
derlying visuomotor behavior since
Rademaker’s report in 1931 (I). More
recently, it has served to measure defi-
cits resulting from special conditions
of rearing, removal of brain tissue, and
combinations of the two (2). By the
use- of a special rearing procedure and
a refined testing technique; we have
been able to show that, even though a
cat will extend its forelimbs on ap-
proach to a surface, it may be quite
unable to guide these limbs toward
particular objects. This hitherto unde-
scribed dissociation of two aspects of
the placing response can serve to dis-
tinguish gross from subtle deficits in
the visual control of response. As a
consequence, new distinctions may be
made among underlying neural mech-
anisms.

Visually controlled placing is con-
veniently tested without special appa-
ratus or training of the animal. Typi-
cally, the hindlimbs and torso of an
animal are supported in the experi-
menter’s hands while the forelimbs and
head are free. The animal is carried
down toward the edge of a horizontal
surface. A normal animal extends its
forelimbs when close enough to reach
the edge, but prior to contact of the
head or paws with the surface. To
eliminate tactual cues from the whisk-
ers, they are cut prior to testing. Sev-
eral - alternative experimental proce-
dures may be used: (i) The animal may
be moved either forward or sideways
toward an edge; (ii) the surface, rather
than the animal, may be moved to
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eliminate nonvisual cues produced by
movement of the animal; or (iii) the
animal may be held near the surface
and allowed a predetermined time pe-
riod within which to place. If an ani-
mal fails to show visually elicited plac-
ing, its ability to perform tactually
elicited placing may be tested by con-
tacting the dorsal surface of the paw
with an edge. This procedure can de-
termine the availability of the placing
response as such when visual stimuli
do not elicit it.

We first began to suspect that the
traditional procedure for testing visual
placing did not assess visual guidance
of the forelimb when we found that
kittens reared without sight of their
forelimbs showed visual placing (3).
The results of research going on in
our laboratory had led us to believe
that the accurate visual guidance of
reaching requires a certain amount of
prior experience in viewing the actively
moving limbs (4). Consequently, if a
kitten had been reared without sight
of limbs, it should not show accurate
reaching, even though reared with no
other restriction. Thus, we were left
with the task of testing these animals
for the hypothesized deficit in the visu-
ally guided response. Development of
our procedure and associated appara-
tus was guided by the following logic.
Although the edge of a surface is ef-
fective in eliciting extension of the
paw, the edge need not be continuous.
If it is suitably interrupted by cutouts,
in the absence of guidance by the eye,
the paw is as likely to drop into the
cutout as it is to strike the surface.
On the other hand, if visually guided,
the paw should almost always strike
the surface. This notion was embodied
in the following apparatus (Fig. 1). A
discontinuous edge was made from a
board 1.0 cm thick, with prongs 2.5
cm wide, 20.0 cm long, and 7.5 cm
apart. On the average, a prong should
be contacted during half the number
of unguided reaches if the paw is 2.5
cm wide and if reaching movements
are both perpendicular to the pronged
surface and equally distributed along
its length. Both conditions were ap-
proximated by our 4-week-old Kkittens
during tests of paw-placing.

During testing trials, the torso, hind-
limbs, and one forelimb were support-
ed (as shown in Fig. 1) while the ani-
mal was carried downward toward the
interrupted edge. The experimenter di-
rected the kitten’s head alternately
either toward one of the prongs or
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Fig. 1. Apparatus for testing visually
cuided reach.

toward the middle of a space between
the prongs. In the test procedure we
gave 12 trials, six for each forelimb.
A trial was repeated if no visually
elicited extension was observed. We
recorded hits and misses only- when
both the experimenter, who carried the
animal, and an observer agreed that:
(i) the animal’s head was directed to-
ward the pronged surface, (ii) a visual
extension response was performed, and
(iii) the paw either hit or missed a
prong. We scored an extension as a
hit if one or more claws contacted the
upper surface of a prong. When the
head of a normally reared kitten was
directed toward a prong, almost all its
placing responses were directed to that
prong. When the head was moved to-
ward the intervening space, most reach-
es were to the prong nearest the extend-
ing limb. Occasionally, a limb crossed
the midsaggital plane of the body to
contact a prong. Normally reared Kkit-
tens hit a prong on 95 percent of the
trials.

Six experimental Kkittens were reared

Fig. 2. Kitten wearing a collar that pre-
vents sight of limbs and torso.

¢

in the dark until they were 4 weeks
old. Subsequently they were permitted
to move freely for 6 hours daily in an
illuminated and patterned environment.
During this time they wore lightweight
opaque collars which prevented sight
of limbs and torso but had little effect
on locomotion (Fig. 2). For the re-
mainder of the day they were kept
without collars in a lightless room.
When these animals were tested after
12 days of this treatment, all of them
extended their paws to a continuous
surface. At this time, they received 12
trials on the interrupted surface. The
extension responses of the experimen-
tal animals .tended to be individually
stereotyped. Some animals repeatedly
positioned the paw directly in front of
the nose; others, in front of the shoulder
joint. Thirty-six of the 72 extensions
performed by the six kittens hit the
prongs, with a range of five to seven
hits for each animal. In another test
of eye-paw coordination, we observed
reactions of the experimental animals

“to a ball dangling at the end of a

string. Orientation of the head and
eyes to the ball appeared normal, but
striking responses directed at the ball
were remarkably inaccurate when com-
pared with those by the normally
reared kittens. After removal of the
collar, the animals required an average
of 18 hours of freedom in a normally
illuminated laboratory room before
they showed guided reaching on the
test apparatus.

These results confirmed our predic-
tion and demonstrated the dissociability
of the two kinds of visually controlled
placing in Kkittens. Elicited extension
develops without sight of the fore-
limbs, but guided placing seems to re-
quire prolonged viewing of these limbs.
A related study with infant monkeys
revealed a similar dependence upon
sight of the hands for the development
of visually guided reaching (5). Visual
placing tested by the traditional meth-
od may not be taken as adequate evi-
dence for the integrity of visually guid-
ed behavior. The ability to match the
position of the paw to the position of
a visible target requires an integration
of sensorimotor systems not necessary
for the elicited extension response. Our
new test allows a more precise assess-
ment of visuomotor capability.

A. HEIN

R. HELD
Department of Psychology,
Massachusetts Institute of Technology,
Cambridge 02139
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Enhancement of Flicker by Lateral Inhibition

Abstract. Sinusoidal modulation of illumination on the compound eye of the
horseshoe crab, Limulus, produces a corresponding variation in the rate of dis-
charge of optic nerve impulses. Increasing the area of illumination decreases the
variation at low frequencies of modulation, but unexpectedly enhances—or “am-
plifies”—the variation at the intermediate frequencies to which the eye is most
sensitive. Both effects must result from inhibition since it is the only significant

lateral influence in this eye.

The appearance of flicker in a light
that varies periodically depends upon
several variables (7). For example,
whether a flicker will be observed in
a light with sinusoidally varying lu-
minance depends on both the ampli-
tude and frequency of the variation.
Results typical of those obtained by
DeLange in 1957 from a human ob-
server viewing a small sinusoidally
modulated 2-deg field of white light
are represented by the solid curve in
Fig. 1A. Increase in frequency, up to
about 10 cycle/sec, decreases the per-
centage of modulation about the mean
luminance required for the observer to
see flicker. At this point the modula-
tion to reach threshold is minimal;
that is, flicker sensitivity is maximal.
With additional increases in frequency,
the percentage of modulation required
to reach threshold increases rapidly,
and at some point between 50 to 75
cycle/sec even a light modulated 100
percent does not appear to flicker.

The size of the retinal area stimu-
lated has a marked effect on the thresh-
old of flicker. Measurements made by
Kelly in 1960, using a large, 85-deg
field, are represented by the dashed
curve in Fig. 1A. The dash-dot curve,
extending from 1 to 10 cycle/sec, rep-
resents some results obtained by Thom-
as and Kendall in 1962 in an experi-
ment in which a sinusoidal modula-
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tion was applied to the illumination
of the entire room in which the subject
was seated.

The increase, at low frequencies, in
the percentage of modulation required
to reach threshold that results from
an increase in'the area of the stimulus
has been attributed to the effects of
lateral inhibition (7). In order to test
this hypothesis by direct electrophysio-
logical observations we have carried
out some comparable experiments with
sinusoidal stimuli (2) on the compound
eye of the horseshoe crab, Limulus,
in which lateral influences are predomi-
nantly inhibitory (3).

Modulation of the intensity of light
shining on an ommatidium of the
Limulus eye causes a modulation in the
rate of discharge of impulses in the
optic nerve fiber from that ommatidi-
um. The amplitude of this modulation
of the discharge may be taken as a
measure of the “flicker response” of the
receptor. Figure 1B shows that this
response varies in a characteristic man-
ner with frequency of modulation, and
that it is affected by varying the area
of the eye illuminated by the modulated
light.

In order to obtain the results illus-
trated in Fig. 1B, a Limulus eye was
excised and mounted in a moist cham-
ber. A single active optic nerve fiber,
arising from an ommatidium near the

center of the eye, was dissected from
the optic nerve and placed on wick
electrodes in the input circuit of an
amplifier. A spot of light was cen-
tered on the ommatidium from which
the nerve fiber arose. The mean in-
tensity of this spot was set by neutral
density wedges inserted in the beam.
The intensity was then varied sinu-
soidally, with a constant modulation
about this mean, by a rotating polarizer
and a fixed analyzer. (Other experi-
ments showed that the polarization it-
self played no role in the effects re-
ported here.)

The modulated light was turned on
for 20 seconds every 3 minutes. The
discharge of impluses by the single op-
tic nerve fiber was recorded on line by
a small digital computer (4). In order
to avoid the transient response at the
onset of the illumination, only the final
15 seconds of each record were proc-
essed. The sum of a constant plus a
sine was fitted, by the method of least
squares, to the reciprocals of the inter-
vals between successive impulses. In
this way average discharge rate (im-
pulses per second) and amplitude and
phase of the response modulation were
determined (5).

The results for a small field (a spot
of light about 0.25 mm in diameter
which is slightly larger than the facet
of one ommatidium) are represented
by the solid curve in Fig. 1B. The
results that were obtained with a large
field (a spot about 1.5 mm in diameter
that covered about 20 ommatidia) are
represented by the dashed curve. In
Fig. 1B modulation refers to the vari-
ous peak-to-peak amplitudes of the
neural flicker responses to stimuli of
constant amplitude; in Fig. 1A modula-
tion refers to the various amplitudes of
the stimuli required to produce a con-
stant response—that is, to reach the
observer’s threshold of flicker. Note
that the scale of frequency in Fig. 1A
is three times that in Fig. 1B.

Increasing the area of illumination
produced two major effects. (i) There
was the expected decrease in the ampli-
tude of the flicker response to low-
frequency modulation of the light.
(il) At its maximum, the dashed curve
in Fig. 1B actually exceeds the maxi-
mum of the solid curve. This enhance-
ment or ‘“amplification” of the ampli-
tude of the flicker response to interme-
diate modulation frequencies was un-
expected. Both effects are the result of
lateral inhibition.
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