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REPRESENTATION OF THE VISUAL FIELD IN THE SUPERIOR
COLLICULUS OF THE GREY SQUIRREL (SCIURUS CAROLINENSIS) AND
THE TREE SHREW (TUPAIA GLIS)

RONALD H. LANE, JOHN M. ALLMAN anp JON H. KAAS
Laboratory of Neurophysiology, University of Wisconsin, Madison, Wisc. 53706 (U.S.A.)
(Accepted September 7th, 1970) ‘

INTRODUCTION

General resemblances between tree shrew and squirrel in size, appearance and
behavior are readily apparent and have been noted by various investigators?2%42,
Both are small arboreal diurnal mammals with all cone retinas3.3¢, The two groups
have been evolving independently since their common divergence from ancestral
insectivores and they seem to offer an excellent opportunity for detailed comparisons
of the visual system in order to evaluate the role of adaptation to similar environ-
ments in brain evolution. Such comparisons between squirrels and tree shrews have
already been madel? and the results suggest considerable parallel or convergent
evolution of the visual system of the two groups.

The superior colliculus is sometimes considered rather stable in vertebrate
evolution, since the topological organization is remarkably similar in fish?.31
amphibians!?®.18, reptiles1s, birds!4 and mammals?.6.8,18,32,35-37.43 However, signif-
icant variations occur in the magnification of a region of the retinal projection2.8.43
and in the formation of a substantial uncrossed pathway in some mammals®4L,

The superior colliculus in both tree shrew® and squirrel4? is large and the lami-
nation is clear and well developed. LeGros Clark® noted that the superior colliculus
is proportionately larger in the tree shrew than in any other mammal, but the superior
colliculus of the squirrel is nearly as large. By using electrophysiological mapping
techniques we sought to determine the topology of the representation of the visual
field in the superior colliculus and obtained evidence for the representation of the
complete retina of one eye in the contralateral superior colliculus. There was no
evidence for representation of any portion of the retina in the ipsilateral superior
colliculus.

METHODS

The topology of the representation of the visual field in the superior colliculus
was determined by relating the positions of receptive fields for single neurons or

Brain Research, 26 (1971) 277-292



http:mammals9.41

278 R. H. LANE et al.

small clusters of neurons to the locations of the corresponding recording sites. The
procedure, in general, was similar to that used by others in determining the represen-
tation of the visual field in the superior colliculus3? and lateral geniculate?8 of the rat.

Animal preparation

The results were obtained from 12 grey squirrels (Sciurus carolinensis) and 4
tree shrews (Zupaia glis). Each animal was anesthetized with urethane (125 mg/
100 g body wt.), fitted with a tracheal cannula, and placed in a headholder with
minimal obstruction of the visual field. The lids of both eyes were removed and the
right eye was fixed by suturing the sclera to a metal ring anchored to the headholder.
The pupils were dilated with 2.0% cyclopentolate hydrochloride and the corneal
surface was protected with a thin layer of silicone fluid. The occipital cortex of both
cerebral hemispheres was exposed, the dura removed, and the brain surface protected
by mineral oil retained in a chamber of acrylic plastic. Stimuli were presented on a
translucent plastic hemisphere which corresponded to the visual field of one eye.
The right eye was centered in the hemisphere equidistant from all points on the
surface and the plane of the open side of the hemisphere was aligned with the plane
of the corneal limbus of the eye.

Stimuli

Receptive field boundaries were defined as the margins of the area in which visual
stimuli produced an increase in the activity of the recorded neurons. The usual
stimulus was a narrow slit of light 5° in length projected on the surface of the plastic
hemisphere in a dimly lit room and moved repeatedly through the visual field from a
number of intersecting directions. The boundaries of most receptive fields were
checked with small moving shadows produced by backlighting small targets.

Recording

Tungsten microelectrodes were used with a tip exposure of 5 um or more so that
the activity of a number of neurons was usually recorded and single neurons usually
were not isolated. The superior colliculus was approached by penetrating with micro-
electrodes from the dorsal surface of the brain through the cortex to the tectum below.
Recording depths were noted and microlesions were made (20-30 uA for 10 sec)
to mark depths in the electrode tracts. The recording sites were-later identified in
frozen or paraffin-embedded brain sections cut in the coronal plane parallel to the
electrode penetrations and stained with cresyl violet for cells. The superior collic-
ulus was reconstructed from the serial sections and the recording sites were indicated
on the reconstruction, ‘

Estimating the projection of the line of decussation of the retina

The portion of retina projecting to striate cortex of the ipsilateral hemisphere
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VISUAL FIELD REPRESENTATION IN SUPERIOR COLLICULUS 279

Fig. 1. The superior colliculus of grey squirrel (left) and tree shrew (right). The 30 um brain sections
stained with thionin are in the sagittal (top) and coronal (bottom) planes.

and the portion projecting to the contralateral hemisphere can be determined by
recording from striate cortex of both hemispheres while stimulating one eye. Previous
experiments have indicated that approximately the most temporal 30° of the retina
project to the ipsilateral striate cortex of the squirrel and the tree shrew, while close
to 150° of nasal retina project to the contralateral striate cortex22.28. Receptive
fields determined for recording sites in the contralateral or ipsilateral striate cortex
are located in the temporal or nasal visual field respectively and overlap, at most,
only a few degrees for recording sites at the lateral borders of striate cortex22.23,
Thus, receptive fields for a few recording sites along the lateral boundary of striate
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cortex of each hemisphere can define the projection into the visual field of the retinal
‘line of decussation’.

In the present experiments, at the beginning of each recording session, receptive
fields were determined for cortical points along the lateral margins of striate cortex
(V I) of each cerebral hemisphere and these receptive fields were used to define the
line of decussation. As in previous experiments?2.23, the standard or zero horizontal
reference was a line corresponding to the horizontal meridian or ‘equator’ of the
retina and was estimated by projecting the optic nerve head onto the surface of the
plastic hemisphere. Measurements from retinas removed and mounted whole indicate
that the nerve head, which forms a horizontal band in the squirrel, is about 16°
above the ‘equator’ of the retina and about 5° above in the {ree shrew. Therefore, the
horizontal meridian was placed 16° above the projection of the nerve head into the
visual field in the squirrel and 5° above in the tree shrew.

RESULTS
Normal appearance

The superior colliculus in tree shrew and grey squirrel is a large structure with
distinct and well-developed lamination. The histological appearance of the superior
colliculus in coronal and sagittal sections stained with thionin is shown in Fig. 1 and
the close resemblance of the superior colliculus of the tree shrew to that of the squirrel
is apparent. In both, the stratum griseum superficiale is an easily identifiable lamina,
approximately 600 um in thickness, and it is possible to identify several substrata.
The stratum opticum is also distinct and is characterized by loosely packed neurons.

Electrophysiological mapping

The results of the experiments in which recording sites in the superior colliculus
were related to the positions of corresponding receptive fields resulted in the follow-
ing conclusions for both the squirrel and tree shrew: (1) the complete visual field of the
one eye is represented in the contralateral superior colliculus; (2) the representation is
topological and similar in orientation to that reported for other mammals; (3) the
region of the visual field corresponding to the intersection of the line of decussation
and the horizontal meridian receives a greater degree of representation than other
segments; (4) the receptive fields for recording sites in the deeper layers of the collic-
ulus are larger than receptive fields for more superficial layers; and (5) an ipsilateral
projection, if present, is minuscule.

Representation of the visual field in the squirrel

Before recording from the superior colliculus of each animal, the projection
of the line of decussation into the visual field was estimated from the locations of
receptive fields for neurons in the first visual area (striate cortex). The results of one
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Fig. 2. The location of receptive fields for cortical recording sites in grey squirrel 70-101. The visual
field of the right eye is represented by an internal view of a hemisphere divided by horizontal paraliels
and vertical meridians. The nasal visual field is left, temporal visual field is right. The circumscribed
areas marked by a continuous line are receptive fields for sites in striate cortex of the contralateral
cerebral hemisphere. The dashed lines mark receptive fields for sites in the ipsilateral striate cortex.
The zero vertical meridian, indicated by a heavy line, is the estimated projection into the visual field
of the line of decussation of the retina. The horizontal bar indicates the projection of the elongated
horizontal optic nerve head of the squirrel.

experiment are illustrated in Fig. 2, where receptive fields are shown for neurons
from the lateral margins of striate cortex both ipsilateral and contralateral to the
stimulated eye. These receptive fields were used to define the zero vertical meridian
or line of decussation. Receptive fields from neurons in ipsilateral cortex are marked
by dashed lines to the right of the zero vertical meridian and were used to estimate
the most temporal extent of the smaller segment of the visual field that corresponds to
the uncrossed projection from the retina. Receptive fields from neurons in contra-
lateral striate cortex are on the left of the zero vertical meridian and were used to
estimate the most nasal extent of the larger segment of the visual field that corresponds
to the completely crossed projection from the retina. Receptive fields near the zero
vertical meridian and a number of degrees in the lower visual field or upper field were
determined from neurons in rostral striate cortex or striate cortex of the posterior

Brain Research, 26 (1971) 277-292
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Fig. 3. Receptive fields for recording sites in the left superior colliculus of grey squirre! 70-101. A
reconstructed dorsal view of the superior colliculus is below. Numbered dots mark electrode pene-
trations. An arrow indicates the plane of the coronal section shown on the left and vertical bars
indicate successive recording sites in the numbered electrode penetrations (penetration 18 is shown
in this section but was actually found several sections rostrally). Above, receptive fields for the right
eye corresponding to each numbered electrode penetration are shown. Successively more peripheral

receptive fields for a single electrode penetration were determined for successively deeper recording
sites.
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0188

Fig. 4. Receptive fields for recording sites in the contralateral superior colliculus (areas circum-
scribed by a thin line) and the ipsilateral striate cortex (shaded areas) of grey squirrel 70-189, Note the
overlap of the contralateral projection to the superior colliculus with ipsilateral projection to striate
cortex. The vertical line represents the line of decussation, the horizontal line, the horizontal meridian.
The nasal visual field is on the left.

pole and ventral surface, respectively. In other experiments, similar recordings from
striate cortex were used to determine the projection of the line of decussation.

After receptive fields were detgarmined for recording sites in striate cortex,
the contralateral superior colliculus was explored. Fig. 3 shows positions of the re-
ceptive fields for the electrode penetrations indicated on the dorsal view of the left
superior colliculus. Receptive field locations did not change as the electrode pene-
trated deeper into the colliculus when the penetrations were perpendicular to the
layers of cells. However, penetrations such as 1, 2, 8, 17, etc. continued obliquely
some distance within a layer of cells and receptive fields for successive recording depths
progressed toward the periphery of the visual field. The results depicted in Fig. 3
provide clear evidence that the entire visual field of one eye, including the portion
of the field beyond the line of decussation, is represented in the contralateral superior
colliculus. Thus, neurons in the depths of penetration 22, for example, had receptive
fields almost 30° nasal to the line of decussation.

Brain Research, 26 (1971) 277-292
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Further evidence that the contralateral projection to the superior colliculus
extends past the line of decussation and overlaps the projection to the ipsilateral
geniculo-striate system is presented in Fig. 4. In this experiment the striate cortex of
the ipsilateral hemisphere was more fully explored and the locations of the resulting
receptive fields are shown as lightly shaded areas. Receptive fields, which are not
shown, were also obtained from the contralateral striate cortex and these fields were
to the left of the estimated line of decussation in the illustration. The areas circum-
scribed by thin lines represent receptive fields for electrode penetrations in the rostral-
lateral portion of the superior colliculus. Again, it is easy to see that the representation
of the visual field of one eye in the contralateral superior colliculus is more extensive
than in contralateral striate cortex and includes the nasal sector of the visual field
which is represented in ipsilateral striate cortex.

In all other experiments in which the rostral-lateral margin of the superior
colliculus was explored, receptive fields were found to extend up to 30° past the
estimated line of decussation. The same result was obtained in two experiments in
which receptive fields were determined for recording sites in the dorsal lateral genic-
ulate nucleus as well as striate cortex and superior colliculus. Receptive fields for
neurons in the contralateral superior colliculus were found to extend almost 30°
past the most nasal receptive fields for neurons in the contralateral geniculate nucleus
or in the contralateral striate cortex,

The topology of the representation of the visual field in the superior colliculus
is indicated in Fig. 6. The lower visual field is represented laterally and caudally, and )
the region of the line of decussation is represented rostrally and laterally. There is a
noticeable expansion of the representation of the portion of the visuai field corre-
sponding to the intersection of the line of decussation and the horizontal meridian.
We have found that this sector of the retina, in both grey squirrel and tree shrew,
has the highest density of ganglion cells but there is no suggestion of a fovea or area
centralis.

Receptive fields near the intersection of the zero horizontal and zero vertical \
meridians were usually somewhat smaller than those elsewhere. The receptive fields ‘
also increased in size as the recording electrode progressed from the deep levels of
the stratum griseum superficiale into the dorsal stratum opticum. At deep levels of the ‘
stratum opticum the receptive fields were so enlarged they became poorly defined.
The size of a deep receptive field is indicated by the large receptive field for pene-
tration 18 in Fig. 3. ‘

In all the recordings from the superior colliculus, neurons were activated only
from the contralateral eye. Even though the ipsilateral eye was systematically stimu-
lated, there was no evidence of an ipsilateral projection to any area or stratum of the
superior colliculus from which recordings were obtained.

In one experiment, penetrations immediately rostral and deep to the superior
colliculus revealed a second area which also responded to visual stimuli. This area,
histologically confirmed as the lateral portion of the posterior pretectal area, was
activated by both contralateral and ipsilateral retinal stimulation. The receptive
fields were temporal to the zero vertical meridian near the zero horizontal meridian
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Fig. 5. Receptive fields for recording sites in the left superior colliculus of tree shrew 70-87. As in
b Fig. 3, a dorsal view of the superior colliculus and a single coronal section are below. Receptive
fields for the right eye corresponding to the marked electrode penetrations and recording sites are
. above,

§ Brain Research, 26 (1971) 277-292
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Tree Shrew
Squirrel

Fig. 6. Dorsal views of the superior colliculus of the grey squirrel and tree shrew with horizontal
parallels and vertical meridians of the contralateral eye.

and progressed lower in the visual field with deeper recording sites. These results
suggest that the pretectal area of the squirrel is, .in general, organized like that of the
rat and receives input from both eyes in as the rat33,

Representation of the visual field in the tree shrew

The same procedure was employed in studying the tree shrew as with the grey
squirrel. The line of decussation was defined by determining receptive fields at the
border of V I and V II for both the contralateral and ipsilateral visual cortex. The
contralateral superior colliculus was then explored. Fig. 5 illustrates the relative
positions of the receptive fields for the recording penetrations as indicated on the
dorsal view of the tectum.

As in the grey squirrel, the results indicated that the portion of the visual field
nasal to the projection of the line of decussation is represented in the contralateral
superior colliculus. Receptive fields for neurons in the depths of penetrations 22,
28, 27, 26, and 23 were close to 30° nasal to the line of decussation. The locations of the
recording sites for penetration 22 are shown in Fig. 5. In other experiments, receptive
fields for neurons in the rostral and lateral margins of the colliculus were also nasal
to the line of decussation,

The topological organization of the superior colliculus of the tree shrew is
similar to the organization in the grey squirrel. The vertical and horizontal meridians
are positioned similarly on the tectum in both species. The upper visual field is
represented rostro-medially and the lower visual field is represented caudo-laterally
on the tectum. The area of visual field near the intersection of the zero horizontal and
vertical meridians receives a greater representation than the other areas (see Fig. 6).

Brain Research, 26 (1971) 277-292
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Fig. 7. The representation of the visual field in the right superior colliculus (SC) and striate cortex
(V 1) of grey squirrel. The complete visual field of the left eye is represented in the right superior
colliculus. Only the most temporal 150° of the visual field of the left eye are represented in right
striate cortex. The most nasal 30° of the right eye are indicated by the dashed arrow and are represented
in ipsilateral striate coriex, overlapping, in part, the larger projection from the contralateral eye,
Mo ipsilateral projection to the superior colliculus was disclosed but the expected location is indicated.
L. F., lower visual field; U. F., upper visual field; L. D., line of decussation.

As in the squirrel, there was no evidence for any input from the ipsilateral
retina in any lamina or area of the superior colliculus of the tree shrew from which
recordings were obtained. The size of the receptive fields increased as the fields were
centered more distal to the intersection of the zero horizontal and zero vertical
meridians and as the recording electrode penetrated into the stratum opticum.

DISCUSSION

The results suggest that there is a topological projection of the complete contra-
lateral retina to the superior colliculus, that the ipsilateral projection, if present, is
minuscule, and that a portion of the retina receives an expanded representation.
These conclusions are summarized in Figs. 6 and 7.

The conclusion that there is a complete representation of the contralateral
retina in the superior colliculus may raise the question whether or not the receptive
fields nasal to the zero vertical meridian are a consequence of undetected change in the
position of the eye or an incorrect estimate of the line of decussation. In each ex-
periment, the contralateral eye was sutured in place and the animal deeply anesthe-
tized. In addition, the possibility, of eye movement was checked by periodically
redetermining the location of receptive fields for recording sites in both the striate
cortex and tectum. In the experiments reported, we found no evidence of eye move-
ments extensive enough to be detected by a significant change in the position of a
redetermined receptive field. We also believe that the projection of the line of de-
cussation into the visual field was estimated correctly within a few degrees in each
case. After extensive experiments determining the representation of the visual field

Brain Research, 26 (1971) 277-292
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in striate and prestriate cortex in the grey squirrel?2 and the tree shrew?3, it is clear
that receptive fields from only a few recording sites near the lateral boundary of
striate cortex from both the ipsilateral and contralateral hemisphere can be used to
accurately estimate the position of the line of decussation, at least near its intersection
with the horizontal meridian.

Since the receptive fields determined for the rostral-lateral margin of the superior
colliculus were found to extend nasally past the most nasal receptive fields determined
for neurons in the contralateral striate cortex and overlapped receptive fields for
neurons in the ipsilateral striate cortex over the complete horizontal extent of 30°,
we conclude that all portions of the retina project to the contralateral tectum. It is
necessary to admit that this conclusion extends beyond the direct evidence, since the
complete superior colliculus was not explored. The representation of a sector of the
upper temporal visual field was not established in the tree shrew because the parts of
the medial wall and the medial-caudal portions of the tectum that underhe the mid-
sagittal and transverse venous sinuses were not explored. However, the medial wall
was explored by a lateral approach in one squirrel and the representation of the visual
field was found to extend 150° temporal to the line of decussation. The representation
of the most nasal visual field was not established in either the tree shrew or grey
squirrel, since this segment of the visual field is blocked by the head of the animal
during the normal resting eye positions maintained during the present experiments.

The reports of other workers suggest that a complete representation of the
contralateral retina may exist in the superior colliculus of other species. In an earlier
study of the ground squirrel by Woolsey et al.4%, the line of decussation was not
defined, but close to 180° of visual field were found represented in the contralateral
tectum. Likewise, Siminoff et al.32 did not define the line of decussation in the rat
but also found close to 180° of visual field represented in the superior colliculus.
In recording from single cells in the superior colliculus of the cat, McIlwain and Buser??
reported large receptive fields which ‘extended across the vertical meridian well into
the ipsilateral visual field’. Sprague et a/.35 also found receptive fields for neurons in
the superior colliculus of the cat which crossed the vertical meridian or line of de-
cussation and were ‘partly or wholly in the ipsilateral hemifield’. Recently, a more
detailed investigation of the representation of the visual field in the superior collic-
ulus of the cat defined a rostral area in which the neurons had receptive fields nasal
to the vertical meridian and were activated only by the contralateral eye®. These
electrophysiological results in the cat are supported by the experiments of Stone38
with optic tract section and by the results of experiments depicting the terminal
degeneration of optic tract fibers after focal lesions of the retina?5. After cutting the
optic tract in the cat, Stone3® found that only 759 of the ganglion cells temporal to

the line of decussation of the retina projected to the ipsilateral hemisphere, while
1009 of the ganglion cells nasal to the line of decussation projected to the contra-
lateral hemisphere. The remaining cells in the temporal retina were found to pro-
ject, as do cells in the nasal retina, to the contralateral side and Stone suggested that
they terminate in the superior colliculus. Subsequently, Laties and Sprague? found
that lesions of the temporal retina in cat are followed by a small number of degen-
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TABLE 1

A SUMMARY OF ANATOMICAL REPORTS OF IPSILATERAL PROJECTIONS FROM THE RETINA TO THE SUPERIOR
COLLICULUS OF THE TREE SHREW AND SQUIRREL

Amount Location Investigator
Tree shrew None — Tiggess®
Tree shrew Distinct group Not stated Campbell eral 4
Tree shrew Greatly reduced Not stated Laemle®
Squirrel (ground) Less than 1 % of total Lateral half Tiggesd?
Squirrel (Bying) Less than 1% of total Throughout Tigges?
Squirre] (ground) Probably none — Johnston and

{(myelin stain) Gardner?!

erating fibers to the contralateral superior colliculus. In view of these results, it seems
reasonable to expect a complete representation of the visual field of one eye in the
superior colliculus in a number of mammalian species.

It is interesting that we have found no electrophysiological evidence of an
ipsilateral input to the superior colliculus of the squirrel and tree shrew. Likewise,
slow waves in the superior colliculus of the ground squirrel were evoked only by
light flashes to the contralateral eye43. After a careful search, Siminoff er al.32 found
no neurons in the superior colliculus of the rat which were influenced by input from
the ipsilateral eye. However, the activation of neurons in the superior colliculus by
stimulation of the ipsilateral eye has been reported for the cat?:8.35-37 monkeyl”
and opossum!2. The lack of electrophysiological evidence for ipsilateral activation
in the rat is puzzling in view of the anatomical evidence for ipsilateral input, although
theipsilateral input is sparse and limited to the deeper layers!3:26. There is also anatom-
ical evidence for ipsilateral input to the superior colliculus in both the tree shrew
and squirrel, but it is clear that the ipsilateral input consists of only a small portion
of the total (see Table I), and this limited input appears to terminate mainly in the
stratum opticum. Since, in the main, our recordings were from the stratum griseum,
there may be a small ipsilateral projection in the tree shrew and squirrel that was
undetected by our recording methods. If ipsilateral input has any role in stereo-
scopic vision, one would expect the termination to be confined to the rostral-lateral
segment of the colliculus between the placement of the 0° and 30° vertical meridians.
Such a rostral-lateral restriction of ipsilateral input has been reported for rabbit!!
and rat15,26, ,

The topology of the representation of the visual field in the superior colliculus
of tree shrew and grey squirrel supports the view that there has been some convergent
evolution in the development of the two structures. In both groups, the representation
of a comparable part of the visual field is significantly expanded. That is, the region
of the visual field corresponding to the area of the intersection of the line of decus-
sation and the horizontal meridian of the retina receives a disproportionately large
representation (see Fig. 6). This sector of the visual field of one eye overlaps the visual
field of the other eye and, therefore, stereoscopic vision is possible in both the tree

Brain Research, 26 (1971) 277-292
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shrew and grey squirrel. However, in view of the lack of evidence for any substantial
ipsilateral projection to the superior colliculus, that structure appears to have little
to do with stereoscopic vision. There must be other reasons for the development of
expanded representation of frontal vision in the superior colliculus of the tree shrew
and squirrel. It is known that depriving the tree shrew or grey squirrel of the geniculo-
striate system leaves many discriminative capacities intact®®-34 and these remaining
capacities presumably depend on tectothalamocortical systems. In contrast, unilateral
ablation of the superior colliculus in the tree shrew produces an animal that ‘appears
to be blind’ in the contralateral eye20,

SUMMARY

Microelectrodes were used to map the representation of the visual field in the
superior colliculus in two arboreal diurnal mammals, the grey squirrel and the tree
shrew, in which the superior colliculus is extremely weil developed. For comparison,
portions of lateral striate cortex of both hemispheres were mapped in the same animals.
The results suggest that the projection of the visual field to the superior colliculus both
in tree shrew and squirrel differs from that to striate cortex in two ways; (1) the com-
plete visual field of each eye appears to be represented in the contralateral superior
colliculus, while the most nasal 30° of the visual field of each eye is represented in
ipsilateral striate cortex; and (2) neurons in the superior colliculus are activated
only by stimuli to the contralateral eye, while the lateral striate cortex receives input
from both the ipsilateral eye and the contralateral eye. The projection to the superior
colliculus in tree shrew and squirrel resembles that to striate cortex in that the region
of the visual field corresponding to the intersection of the line of decussation and the
horizontal meridian of the retina is represented in a larger area of the superior collic-
ulus than other portions of the visual field.
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