abnormalities in schizophrenia may also
be linked to abnormal function in the re-
ward substrate (12). If so, our data would
suggest that it is a hyperactive dopami-
nergic reward substrate that typifies the
schizophrenic patient and is returned to
a normal range of function by neurolep-
tic treatment (13).
Roy A. WISE, JOAN SPINDLER

HARRIET DEWIT, GARY J. GERBER
Center for Research on Drug
Dependence, Department of
Psychology, Concordia University,
Montreal, Quebec H3G IM8, Canada
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Physiological Basis of Anisometropic Amblyopia

Abstract. In the visual cortex of kittens that have received their only visual experi-
ence while wearing a high-power lens before one eye, most neurons are dominated
by input from the normal eye. Moreover, contrast sensitivity and resolving power are
lower for stimulation through the originally defocused eye, mimicking psycho-
physical results from human anisometropic amblyopes.

Anisometropic amblyopia is a devel-
opmental disorder of vision: babies with
uncorrected differences in refractive
power in the two eyes are often left later
in life with defective vision in one eye,
which cannot then be rectified optically
and which is not caused by any obvious
retinal or ocular pathology (7).

Brief occlusion of one eye (2, 3) even
with a translucent diffuser (4) causes
neurons in the visual cortex of kittens or
monkeys (which normally often receive
input from both eyes) to become almost
totally dominated by the nondeprived
eye. Such developmental changes in the
ocular dominance of cortical cells are re-
stricted to a postnatal sensitive period
(5); this phenomenon therefore provides
an animal model for the profound am-
blyopia that occurs if one eye is totally
occluded within the first few years of a
baby’s life (6).

It is tempting to think that an-
isometropic amblyopia is essentially sim-
ilar in its causes to the amblyopia caused
by occlusion. Because the two eyes are
not normally capable of adopting dif-
ferent accommodative states, it is as-
sumed that an anisometropic baby sets
its accommodative effort to bring images
to a sharp focus in one eye, leaving the
other retinal image inevitably and habitu-
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ally blurred. The constant defocus (7) in
one eye will reduce the contrast (8) of its
image, especially for high spatial fre-
quencies (9); neurons in the visual path-
way (particularly those with very small
receptive fields of higher resolving pow-
er, near the visual axis) should thus
be deprived of adequate stimulation
through that eye, as suggested by Ikeda
and Wright (/0). We have recorded from
cells in the visual cortex of kittens reared
with artificial anisometropia and have
found changes in ocular dominance and
in the spatial resolution of neurons which
are similar to certain characteristics of
human amblyopia.

Five Kkittens were reared in a totally
dark room except for exposure in a well-
lit environment for an hour or two each
day, when each animal wore a pair of
goggles (4) containing a high-power neg-
ative spherical lens [—8 diopters for
three animals, — 12 for the other two (11-
13)] in front of one eye. Retinoscopic ex-
amination showed that the accommoda-
tive state of the animals was appropriate
for the eye with no lens in front of it and
did not differ between the two eyes. The
kittens soon grew accustomed to the
goggles and would run, jump, and play
with each other with no evidence of dis-
comfort. They each received a total of
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between 43 and 80 hours of visual experi-
ence and, at the age of 9 to 17 weeks,
were prepared for electrophysiological
recording (14).

They were anesthetized by artificial
ventilation with about 80 percent N,O
and paralyzed by intravenous infusion of
Flaxedil. The electrocardiogram, elec-
troencephalogram, and end-expiratory
CO, were constantly monitored. Some
animals were prepared under aseptic
conditions and were ventilated through
an endotracheal intubation, so that they
could be revived and recorded from sev-
eral times. Special attention was paid to
the optical condition of the eyes. We fit-
ted contact lenses with 3-mm artificial
pupils and used additional spectacle
lenses to correct the refractive state as
judged by ophthalmoscopy and by opti-
mizing the spatial resolution of individ-
ual neurons (15). The projections of the
central areas, plotted with a reversible
ophthalmoscope, were only slightly di-
vergent under paralysis, just as in normal
cats, which suggested that the animals
had not developed severe strabismus
[which might itself have produced
changes in ocular dominance (3, 9, 16)
and in the resolution (/0) of visual neu-
rons].

The recording sessions were arranged
according to a schedule in which the kit-
tens were identified only by code num-
bers and the experimenters knew neither
which eye had been defocused nor the
power of the lens. In addition, the series
included three control animals, in which
both eyes had been identically defo-
cused, and five completely normal kit-
tens.

In the anisometropic animals, 228 cells
were recorded, all in or near the area
centralis projection area of the primary
visual cortex, as confirmed by sub-
sequent histological examination (/4).
Almost all were orientation selective
(13). After each unit’s receptive field had
been plotted on a tangent screen (sepa-
rately through the two eyes in the case of
binocularly driven cells) responses were
analyzed quantitatively. Moving gratings
were generated on a large oscilloscope
(28 by 25 cm) by a computer (PDP-11/10)
according to a raster-scan technique
(17). The screen, whose mean luminance
was 250 c¢d/m2, was placed 114 or 57 cm
from the cat’s eyes, depending on the
spatial resolving power of the cell. The
orientation of the stripes was set to the
optimum for the receptive field, which
was positioned in the center of the
screen; the better direction of motion
was chosen, and the temporal frequency
of the drift (the number of cycles of the
grating passing across the receptive field
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per second) was optimized. The comput-
er gave four presentations each of 14 dif-
ferent spatial frequencies of the grating,
in one-third octave steps, in a random-
ized, interleaved series. For each pre-
sentation the experimenter adjusted the
contrast of the grating through a logarith-
mic potentiometer and pressed a button
when he judged by ear that the cell was
just responding with either a modulated
firing pattern, in time with the bars of the
grating, or with an unmodulated increase
in activity (I8, 19). The computer regis-
tered the contrast threshold determined
in this way and printed out all the set-
tings at each frequency.

In this way we were able to construct
for each cell, through each eye, a con-
trast sensitivity function—a graph of the
reciprocal of threshold contrast against
the spatial frequency of the grating.
These functions (Fig. 1) usually have a
clear optimum spatial frequency, with at-
tenuation in sensitivity on both the low-
frequency side (fitted by a smooth curve)
and on the high side [fitted by an ex-
ponential function (20)]. For the 67 cells
that we have studied in normal Kittens,
the optimum spatial frequency of each
binocular neuron is usually much the
same in the two eyes, and the contrast
sensitivity functions are remarkably sim-
ilar in shape.

To obtain an estimate of the absolute
spatial resolving power of each cell (Fig.

1), the function fitted to the high-fre-
quency portion of the sensitivity curve
was extrapolated to the cutoff spatial
frequency, at which gratings of the high-
est possible contrast, 1.0, should cause a
threshold response. The cutoff frequen-
cy determined in this manner varied
from cell to cell even when their recep-
tive fields were centered on the same
point in the visual field. However, as in
the lateral geniculate nucleus (10), reso-
lution tended to be inversely related to
eccentricity in the visual field, some cells
with receptive fields close to the area
centralis having cutoffs as high as 5 to 6
cycles per degree of visual angle, which
is close to most estimates of the behav-
ioral acuity of the cat (12).

In all the artificially anisometropic ani-
mals, the proportion of binocularly driv-
en cells was reduced, and a majority of
units (57 percent) were monocularly
driven by the eye that had had normal
visual experience. However, the remain-
ing 43 percent of cells were responsive
through the defocused eye, and 13 per-
cent were monocularly driven by it.
Therefore, although ocular dominance
shifted toward the normal eye, the
changes were not as complete as after
monocular occlusion (2-5). When we
considered the contrast sensitivity and
resolution of neurons for stimulation
through each eye, however, the results
were clear: (i) All cells with the highest
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Fig. 1. Contrast sensitivity functions for two cortical units from normal kittens. The ordinate is
the reciprocal of the threshold contrast of a grating, which gave a just-detectable response from
the neuron as it drifted across the receptive field. (A) Unit K504/L.16 was equally responsive
through the two eyes, and the two contrast sensitivity curves were virtually identical. The
points on the high-spatial-frequency side have been fitted by an exponential function (/9), which
is extrapolated backward as an interrupted line and extrapolated downward to meet the abscissa
at the cutoff spatial frequency (about 2 cycle/deg). The points on the low-frequency side were
fitted by eye with a smooth curve, usually a straight line, to define the optimum spatial frequency
where this curve met the exponential function. (B) Unit K474/L3 was dominated by the right
eye, and contrast sensitivity was greater through the right eye than through the left. However,
the curves were similar in overall shape and position on the abscissa. (Even at the lowest spatial
frequency used there were still about three full cycles of the grating present on the screen with a
57-cm viewing distance.)

265



Left eye
Right eye

B Human

TTTTT

T T 7T ITTT T

Cat (K521
__ 10 ® Normal left eye (N=39) A { )
® ] o Defocused right eye (N=27) 100
2 A =
2 54 ° ]
2] oo
; -~ ® ..~ ~. ° 50 ]
> 31 ; 8 > b
& &3 L) ¢ 3
z 27 5.0 = 1 ;
@ s g 4
&= Ot g @ il
= & ge © I
S 10 8, 03° 1 E
s 1 Ve e © ]
@ b Se ] o . ]
+« 05 o 4
3 4
) 4
0.3 T T T T T T -1
0 1 2 3 4 5 6 7
Distance from area centralis (deg) 1 — —
0.1 0.5 1.0

Fig. 2 (left). Cutoff spatial frequency plotted against the
distance of the center of the receptive field from the area

centralis for cat K521. The right eye had worn a — 12-diopter lens during development.

T T T

2 345 1 5 10

T T T

20 3040

Spatial frequency (cycle/deg)
Fig. 3 (right). (A) The overall contrast sensitivity func-

tion of the sample of cells from cat K521 determined by drawing the envelope of all individual neuronal sensitivity curves. Because the exact level
of sensitivity estimated for each cell depended on the criteria used by the experimenters to judge the threshold response (I8), these curves cannot
be taken as absolute determinations of neuronal sensitivity, but can legitimately be used to compare sensitivity in the two eyes. (B) Psychophys-
ically determined contrast sensitivity functions for each eye of an anisometropic subject (22). The right eye was amblyopic and was more hyper-
metropic than the left. Data points for spatial frequencies below 10 cycle/deg were obtained with a viewing distance of 4.65 m, the remainder at
9.1 m. The average standard error of each point (mean of four judgments) was about 0.05 log unit.

cutoff spatial frequencies were monocu-
larly driven by the normal eye. (ii) Cells
monocularly driven by the defocused
eye tended to have low cutoff spatial fre-
quencies and low contrast sensitivity,
though the shapes of the sensitivity
curves were normal. (iii) The small pro-
portion of binocular units also had low
preferred spatial frequencies and the cut-
off in the defocused eye tended to be
lower than that in the normal eye 21).

Figure 2 illustrates the representative
results for one animal, reared with a
—12-diopter lens in front of the right eye.
Results for the left eye are indistin-
guishable from those for normal cats
but the highest cutoffs in the right eye
are about an octave lower than those in
the left.

The overall difference in contrast sen-
sitivity in the two eyes can be conve-
niently summarized (Fig. 3A). We super-
imposed the sensitivity curves for all the
neurons, fitted as in Fig. 1, and drew, for
each eye, the envelope of the highest
contrast sensitivity among all the curves,
over the complete frequency range. The
resulting functions thus display the maxi-
mum sensitivity achieved by the entire
population of cells recorded in this ani-
mal, over the whole spectrum of spatial
frequency. Behavioral capacity is pre-
sumably limited by the performance of
the most sensitive cells in the visual sys-
tem, so Fig. 3A might indicate the visual
ability of this cat, or at least the differ-
ence in performance of the two eyes.
Contrast sensitivity is lower in the origi-
nally defocused eye over much of the
frequency range, but this effect is par-
ticularly exaggerated at high spatial
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frequencies. Essentially similar results
were obtained from all five animals, and
the effects were somewhat stronger after
12 diopters of defocus than after 8 diop-
ters.

A number of investigators have re-
cently reported that human amblyopes
suffer a similar reduction in contrast sen-
sitivity as determined psychophysically
(22). We have confirmed these findings in
two anisometropic amblyopes, using the
same television display and computer-
controlled procedure as in our physiolog-
ical experiments. The observer, with
each eye covered in turn, fixated a point
on the screen and set his contrast thresh-
old for each stationary vertical grating
presented by the computer. Figure 3B
plots the results as the familiar psycho-
physical contrast sensitivity function
(17) for one subject, who had a 3.25-
diopter difference in spherical refractive
error between the two eyes (23). Despite
his wearing the optimal spectacle correc-
tion during the experiment, his contrast
sensitivity was consistently lower in his
right eye than in his left, the difference
being greater at higher spatial frequen-
cies.

The similarity between physiological
(Fig. 3A) and psychophysical (Fig. 3B)
results suggests that changes at or before
the level of the visual cortex account at
least in part for the loss of visual acuity
in human anisometropic amblyopia.
Ikeda and Tremain (24) have recently
demonstrated a similar reduction of cut-
off spatial frequency in the lateral gen-
iculate nucleus after rearing cats with ac-
commodation and pupillary constriction
paralyzed by instillation of atropine.

This suggests that the effects we have
seen in the cortex reflect deficits earlier
in the pathway: indeed there is recent
evidence for a retinal defect in aniso-
metropic amblyopes (25). But a reduc-
tion in contrast sensitivity restricted to
one meridian can occur in humans who
have suffered a meridional astigmatic de-
focus when young (26); such orientation-
ally selective effects may occur at a cor-
tical level. Thus, the neuronal defect re-
sponsible for anisometropic amblyopia
might also be partly cortical.

The development of an animal model
for the common human disorder of am-
blyopia offers hope for the design of
more effective methods of treatment or
prevention.

HowArD M. EGGERS*
CoLIN BLAKEMORE
Physiological Laboratory,
Cambridge CB2 3EG, England
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Chronically Decerebrate Rats

Demonstrate Satiation But Not Bait Shyness

Abstract. Taste substances applied to the oral cavity result in either ingestion or
rejection, each with a characteristic muscular response pattern. These responses are
the same in decerebrate and intact rats; the caudal brainstem appears to be the
neural substrate of ingestion and rejection responses. The experiment determined
whether decerebrates can alter these discriminative responses as a function of food
deprivation or toxicosis. Food-deprived decerebrate rats, like intact ones, ingested a
taste substance they had rejected when sated. However, these same decerebrates, in
contrast to controls, neither rejected nor decreased ingestive reactions to a novel
taste after that taste had been repeatedly paired with lithium chloride-induced
illness. Although the forebrain may be important for integrating ingestion, some
aspects of this control seem to be represented in caudal brain areas.

Although many complex reflex se-
quences exist within the spinal cord and
caudal brainstem (/), the integration and
control of these sequences required for
normal behavior has usually been attrib-
uted to higher levels of the brain. Bard
(2) concluded that structures caudal to
the hypothalamus are incapable of alter-
ing consummatory responses as a func-
tion of visceral or humoral variables.
Bard’s version of Jacksonian neurology
provides the basis for most current inter-
pretations of the effects of hypothalamic
and other limbic system lesions and elec-
trical stimulation on attack, copulation,
grooming, thermoregulation, and food
and water intake (3, 4).

Neural models for maintaining energy
balance have hypothesized hypothalam-
ic mechanisms for controlling both the
initiation and cessation of feeding behav-
ior (3). The metabolic monitors neces-
sary to effect this control were also pre-

TRIAL |

7w
A

sumed to be located within the hypothal-
amus. Recently, the hegemony of the
hypothalamus has been effectively chal-
lenged by experiments demonstrating
the importance of systems outside the
hypothalamus, and even outside the
brain, in controlling feeding behavior (5).
Nevertheless, the predominant assump-
tion remains that the forebrain controls
ingestive behavior even if some of the
requisite information comes from the pe-
riphery.

In contrast, Garcia has suggested that
the peculiar associability of gustatory
and visceral stimuli evidenced in bait
shyness (6) may reflect the intimate rela-
tionship of gustatory and visceral af-
ferents within the nucleus of the solitary
tract (7). Therefore, one might predict
that a decerebrate animal could alter its
ingestive behavior as a consequence of
illness, but not of repletion. We have
found just the opposite. The chronically

Fig. 1. Taste reactivity for unpaired and paired stimuli. Sucrose, NaCl, and HCI stimuli when
presented intraorally in 50-ul presentations elicit an ingestion sequence composed of rhythmical
movements of mandible and tongue and lateral tongue flicks (trial 1). After a single pairing of the
taste stimulus with LiCl injection, the taste elicits a replica of the rejection response to quinine.
This rejection response is composed of gaping, chin rubbing, and paw shakes (trial 2).
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