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Superior Colliculus: Control of Eye Movements in

Neonatal Kittens

Abstract. Activation of the neonatal cat superior colliculus can produce organized
eye movements before visual stimuli are capable of activating visual neurons in the
colliculus. These findings are consistent with the hypothesis that eye movement de-
velopment precedes, and is necessary for, visuomotor integration.

The ability to respond appropriately to
visual cues (visuomotor integration) de-
velops gradually with experience. Hein
et al. (I) demonstrated that eye move-
ments that produce image displacements
across the retina are necessary for vis-
Since central

uomotor development.

neurons responsive to visual stimuli 2-
4) and the optical apparatus itself (5) re-
quire months to mature, the gradual as-
sociation of visual stimuli and motor re-
sponses may be due, in large part, to the
long maturational course of the sensory
apparatus related to ‘‘seeing.”’ The mo-

Fig. 1. Schematic representation of
the position of the kitten and the
apparatus. A permanent mounting

bolt and hollow cylinder were implanted on the animal’s skull. (A) The head was posi-
tioned at the geometric center of a translucent (not transparent, as drawn) hemisphere, and
electrodes reached the superior colliculus through the hollow cylinder. (B) Small mirrors were
fixed to the anesthetized eyes, and (C) beams of light, reflected from these mirrors, appeared as
spots of light on the hemisphere. A pattern of 10° concentric circles was scribed on the hemi-
sphere; eye movements caused movement of the light spots whose excursions were traced

directly on the hemisphere’s surface.
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tor apparatus may already be functional
in very young animals.

We previously demonstrated that visu-
al cells in an area of the brain that plays a
role in visuomotor integration (the supe-
rior colliculus) are not functional before
7 days of age and show a protracted de-
velopmental course thereafter (2, 3). On
the basis of these observations we specu-
lated that a structure such as the superior
colliculus, whose role is normally to in-
tegrate sensory information and motor
responses, might set the stage for vis-
uomotor integration by developing the
capacity to move the eyes even before
visual sensation becomes a ‘significant
source of information (6). We now report
that kittens are capable of some sponta-
neous eye movement even at 2 days of
age and that electrical stimulation of the
superior colliculus in the animals elicits
eye movements with many of the same
features seen in the adult (7).

Twenty-six Kittens 2 to 77 days of age
and six adult cats were studied. Prior to
the experimental session, a stainless
steel chamber was implanted on the skull
over a cranial opening (8). Mounting
bolts were fixed to the skull to provide an
atraumatic means of securing the head
during testing, and the entire assembly
was held in place with anchoring screws
and dental acrylic. On the experimental
day, ketamine hydrochloride, a short-
acting anesthetic, was administered, the
animal was placed in a retaining bag, and
the head was fixed to a stereotaxic head-
holder by the implanted bolts. The eye-
lids were opened when necessary, the
eyes anesthetized with 0.5 percent pro-
paracaine hydrochloride, and a small
mirror was glued to each cornea. Light
beams were reflected from the mirrors
(Fig. 1) onto a translucent hemisphere so
that two spots of light were clearly vis-
ible on this surface and moved as the
eyes moved. The displacement of the
light spots was exactly twice that of the
eye movements in degrees of arc.

Testing began as soon as the anesthet-
ic began to wear off and the animal
moved either spontaneously or in re-
sponse to tactile stimuli (9). A monopo-
lar electrode approached the superior
colliculus through the visual cortex in
0.5-mm steps. At each step, a 70-msec,
700-#A ‘‘search’ stimulus consisting of
0.1-msec rectangular pulses at 200 pulses
per second was delivered. When an eye
movement was produced at a given
locus, its threshold (10) was determined.
The electrode was subsequently lowered
in 0.25-mm increments, and movement
thresholds were determined at these
sites. Several stimulation series were
conducted with various stimulus in-
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tensities at sites with the lowest eye-
movement threshold. Electrolytic le-
sions placed at strategic loci in success-
ful penetrations facilitated the later his-
tological reconstruction of electrode
tracks. At the end of an experiment, the
animal was anesthetized with pentobar-
bital (40 mg per kilogram of body weight)
and perfused through the heart with sa-
line followed by Formalin. The brain was
blocked and either frozen and cut into
40- to 50-um sections or embedded in
paraffin and cut into 20-um sections;
the sections were stained with cresyl
violet.

A wealth of spontaneous saccadic and
pursuitlike eye movements were ob-
served in older kittens (> 4 weeks of
age, N = 5) and adult cats. Electrical
stimulation of the colliculus in these ani-
mals evoked contralateral contraversive
movements, and our earlier observations
indicating an eye movement map in the
intermediate and deeper laminae (//)
were confirmed. Stimulation of medial
sites produced upward movements,
whereas stimulation of lateral sites pro-
duced downward movements. Stimula-
tion of progressively more caudal re-
gions produced progressively larger eye
movements.

In contrast to the many saccadic eye
movements exhibited by older Kkittens,
the eyes of the seven neonatal animals
(= 1 week of age) were remarkably im-
mobile. Slow drifts of the eyes were in-
terspersed with long periods of immobil-
ity, and rapid movements were very
rare. In some cases, a rapid eye move-
ment was evoked by tactile stimuli, but
usually this could not be repeated. This
apparent absence of movement may
have been due, in part, to the residual ef-
fects of the anesthetic. Yet a functional
motor organization underlying eye
movements was already laid down in
these animals. Stimulating the oculomo-
tor nucleus (later histologically verified)
readily produced saccadic movements;
functional connections between the su-
perior colliculus and the extraocular mo-
tor nuclei were also present in these
young animals.

Electrical stimulation of the superior
colliculus produced saccadic movements
in even the youngest (2 days of age,
N = 2) animals studied (/2). These
movements (Fig. 2) had many of the
same features as those of adult animals
(11): they were conjugate and con-
traversive, with excursion length depen-
dent upon stimulation intensity. Thus,
stimulation of the left superior colliculus
produced a deflection of the eyes to the
right, and stimulation of the right collicu-
lus produced eye movements to the left.
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The presence of a topographical organi-
zation at this developmental stage can be
seen in Fig. 2 where stimulating homo-
topic loci in the two colliculi produced
near mirror image eye movements. As in
the adults, the threshold for eye move-
ments dropped precipitously when the
electrode reached the intermediate
strata, and increasing stimulus intensity
increased the length of the eye move-
ment excursion.

Despite these adultlike eye movement
characteristics, many loci in the neo-
natal, but not in the adult colliculus,
were ineffective in producing eye move-
ments. Yet the eyes did move when the
oculomotor nucleus was stimulated. In
addition, thresholds for evoking move-
ments were more than three times as
high in neonates and the movements
were smaller than those observed in
adults. Neonatal eye movements rarely
exceeded 10°, and were usually less than

=—=2x threshold
*=*» 4x threshold

5° of excursion even when current was
two to six times threshold. In adults,
movements were rarely less than 5° and
often as large as 20° under the same stim-
ulus conditions. In addition, in the Kkit-
tens, the angle of eye movements on suc-
cessive trials with identical stimuli was
more variable than in adults. This some-
times made it appear that nonconjugate
movements were evoked in neonates.
These ‘‘immature’’ characteristics be-
came less pronounced in older animals,
and at 6 to 8 weeks of age, when the sen-
sory responses of colliculus cells are ma-
ture (2, 3), these differences between kit-
tens and adults had virtually dis-
appeared.

Some of these age-dependent dif-
ferences in eye movements may have
been due to mechanical factors. The
shape and size of the eye changes con-
siderably during the first few weeks of
life, and the extraocular muscles show

Penetration 2

Fig. 2. Eye movements evoked by stimulation of the superior colliculus in a 2-day-old kitten.
Stimulation of corresponding points in the left (penetration 1) and right (penetration 2) colluculi
evoked contralateral contraversive eye movements. Eye movements are represented by arrows
and are shown here as they appeared on the surface of the hemisphere (twice their actual size).
Portions of the hemisphere map are shown here with concentric circles of the map at 10° inter-
vals. The current intensities were multiples of the minimum current required to produce a de-
tectable eye movement (/0). Dots on the maps represent the position of the light spot during a
trial in which no movement was evoked. The directions of evoked eye movements from the
nearly homotopic stimulation sites in the two colliculi were approximate mirror images of one
another. Stimulation sites are indicated by tracings of the marked lesions (ovals). Abbrevi-
ations: SGS, stratum griseum superficiale; SO, stratum opticum; S/, stratum intermediale; and

SP, strata profunda.
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dramatic changes in their contractile
characteristics (I3, [4). Furthermore,
the optical axes are not fully aligned until
after the second month of life (/4, 15).
Thus, the same neural output from the
colliculus may produce large, coordi-
nated movements between the two eyes
in adults when the eyeballs and extra-
ocular muscles are mature and smaller
movements, which seem less coordi-
nated, in the neonate. In addition,
younger Kkittens will detoxify anesthetics
more slowly than adults and some of
these discrepancies might reflect the ef-
fects of the anesthetic (/6). Con-
sequently, the neural substrate for eye
movements in the neonatal superior col-
liculus might be even more highly devel-
oped than could be demonstrated in
these experiments.

The observation that eye movements
can be elicited from the superior collicu-
lus before cells in the colliculus can be
activated by visual stimuli is consistent
with the hypothesis advanced earlier: the
development of eye-movement control
systems precedes maturation of visual
responses even in an area of the brain
concerned with visuomotor integration.
Since the motor responses seem to be
necessary to ‘‘make sense’’ of the visual
input (/), this developmental sequence
seems appropriate. It is intriguing to con-
sider what produces eye movements in
these young animals in order to initiate
the process of associating visual stimuli
with motor responses, an association
critical for normal visuomotor in-
tegration. This process may occur as the
result of spontaneously generated eye
movements or of eye movements initi-
ated by vestibular stimulation (/7). An-
other possibility is that tactile or audi-
tory stimuli initiate eye movements via
the superior colliculus. The different sen-
sory modalities represented in the collic-
ulus [visual, auditory, somatic, vestibu-
lar (18)] have been hypothesized to have
access to the same motor outputs (/9)
that orient receptor organs (//, [2).
Thus, stimuli from any of these sensory
modalities may evoke organized eye,
ear, or head movements. Since cells in
the intermediate and deeper layers of the
superior colliculus are responsive to tac-
tile stimuli at birth and auditory stimuli
at 5 days of age, these stimuli might initi-
ate the eye movements, which, in turn,
set the stage for later visual-motor asso-
ciations.
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Brain Events Underlying Detection and

Recognition of Weak Sensory Signals

Abstract. Through the use of a quantitative extension of signal detection theory,
the brain events associated with the detection and recognition of weak acoustic sig-
nals were examined by recording brain event-related potentials. The early N100
component of the event-related potential varied only with detection, whereas the
late P300 component varied with both detection and recognition. P300 amplitude
accurately predicted recognition performance on a trial-by-trial basis. The results
suggest that detection and recognition are partially concurrent processes in per-
ception and demonstrate that the elecirocortical events occurring during the per-
ception of sensory stimuli are closely associated with both detection and recognition

of these stimuli by the nervous system.

Human observers are often required to
detect the presence of weak sensory sig-
nals in the environment. Examining an x-
ray for a suspected tumor, listening to
sonar returns for the presence of a ship,
and noticing a hidden obstruction on the
highway are examples of signal detec-
tion, a phenomenon that has been exten-
sively analyzed from the perspective of
signal detection theory, or SDT (/).
However, detection is only one aspect of
the normal perception of weak sensory
signals; the other is recognition or identi-
fication. A driver at night will not only
notice a weak visual signal but will at-
tempt to identify it as a relevant environ-
mental stimulus, such as a tree, a child,
or another automobile. Similarly, the ra-
diologist and the sonar operator must al-
so recognize as well as detect their tar-
gets. The relationship between detection
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and recognition, however, and the brain
events mediating this relationship are not
well understood. Two important ques-
tions are whether detection and recogni-
tion are independent processes and
whether recognition can be predicted
from detection or from the brain events
subserving these aspects of perception.
A related point of interest is whether de-
tection and recognition are sequential or
concurrent temporal processes.

We approached this problem by ex-
amining the event-related potentials
(ERP’s) of the brain, which provide a
unique method for assessing dynamic
properties of human cerebral function
during cognitive processing. In pure sig-
nal detection, the amplitudes of both an
early negative component, N100, and a
late positive component of the ERP,
P300, increase monotonically with in-
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