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A well-defined map of visual space is located in the deep 
laminae of the cat superior colliculus. The horizontal merid- 
ian is oriented rostral-caudal, while the vertical meridian is 
oriented perpendicular to it in the rostra1 third of the struc- 
ture. This map represents the entire contralateral visual field 
and extends approximately 40” into ipsilateral visual space. 
Although the deep-laminae visuotopy is similar to that found 
in the superficial laminae of the same structure, the topo- 
graphic register among these maps is most secure rostrally 
but becomes increasingly poorer at more caudal and lateral 
locations. The combination of 2 features distinguish the deep- 
layer visual representation from that found in the superficial 
laminae and in geniculocortical systems: (1) the constituent 
visual receptive fields are very large (mean diameter, 66.9”), 
and (2) the majority (>70%) of the neurons composing it 
receive nonvisual inputs. Because the visual receptive fields 
of visual-multisensory neurons are significantly larger than 
those of neighboring neurons that respond only to visual 
stimuli, far more visual-multisensory neurons are activated 
by any given visual stimulus. These data, when coupled with 
those from previous studies, suggest that, from a functional 
perspective, deep-laminae visual neurons form one com- 
ponent of an integrated multisensory map, and that their 
topographic organization is essential for the normal dynam- 
ics of multisensory integration. 

A feature common to the nervous systems of higher organisms 
is the presence of organized, maplike representations of sensory 
space or receptor epithelia. At each level of the neuraxis, the 
different sensory modalities occupy spatially distinct territories 
that are defined both functionally and cytoarchitectonically. In 
the cortex, and in some areas of thalamus, the domains of the 
various primary sensory representations are further separated 
from one another by intervening “secondary” maps (and in the 
cortex by “association” areas). These maps are distinguished 
from their adjoining “primary” counterparts by mirror-image 
reversals in the progression of their receptive fields and, usually, 
by their specialization for different submodality features, as well. 

A notable exception to this plan is found in the deeper layers 
(ventral to the stratum opticum) of the superior colliculus. Here, 
neurons responsive to visual, auditory, and somatosensory stim- 
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uli, as well as to their various combinations, are intermixed, 
and no uninterrupted sheet of tissue is devoted to the represen- 
tation of any single sensory modality. The significance of this 
“deviation” from the common scheme is believed to reflect the 
involvement of this structure in attentive and orientation re- 
sponses to stimuli from any and all of these sensory modalities 
(Sprague and Meikle, 1965; Sprague, 1966). Overt responses, 
expressed by the orientation of a number of sensory organs (eyes, 
pinnae, head), are initiated via the extensive deep-laminae ef- 
ferent system that projects to premotor areas of the brain stem 
and spinal cord controlling the position of these organs (for a 
review, see Huerta and Harting, 1984). Therefore, it has been 
suggested that the convergence and intermingling of sensory 
inputs represents an efficient means for the different sensory 
systems to gain access to a common motor pathway (e.g., Stein 
et al., 1976; Jay and Sparks, 1987). Even though the various 
multisensory and unimodal neurons do not reveal any obvious 
pattern of arrangement within the deep laminae, their sensory 
inputs show a high degree of topographic alignment in a variety 
of species (Gordon, 1973; Drager and Hubel, 1975; Stein et al., 
1976; Tiao and Blakemore, 1976; Chalupa and Rhoades, 1977; 
Finlay et al., 1978; Stein and Dixon, 1978; Graham et al., 1981; 
Knudsen, 1982; Ring and Palmer, 1983, 1985; Middlebrooks 
and Knudsen, 1984; Meredith and Stein, 1986a). This alignment 
is not as surprising as it might seem: deep-laminae neurons are 
involved in initiating movements toward the specific spatial 
location from which stimuli originate, and, to avoid the initi- 
ation of competing or conflicting movements, their inputs should 
arrive from neural areas representing topographically related 
portions of sensory space. 

That organized maps of visual and auditory space and the 
body surface exist in topographic register within the superior 
colliculus is well established. However, the known visuotopy is 
based primarily on information from the superficial laminae, 
where relatively small receptive fields (McIlwain and Buser, 
1968; Feldon et al., 1970; Berman and Cynader, 1975; Mc- 
Ilwain, 1975), constructed by the convergence of inputs from 
the retina (Graybiel, 1975; Harting and Guillery, 1976) and 
primary visual cortex (Wickelgren and Sterling, 1969; McIlwain 
and Fields, 197 1; Rosenquist and Palmer, 197 1; Stein and 
Arigbede, 1972; Berman and Cynader, 1975; Mize and Murphy, 
1976; Ogasawara et al., 1984), compose the map (Apter, 1945; 
Feldon et al., 1970). Although it has been assumed that this 
superficial visual map bears some functional relationship to the 
nonvisual deep-laminae sensory representations, there is little 
data to support this assumption. Some superficialdeep con- 
nections have been reported on several species (Behan and Ap- 
pell, 1987; Mooney et al., 1988a,b; Moschovakis et al., 1988; 
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Rhoades et al., 1989), but there are also convincing data that 
superficial and deep divisions of the superior colliculus are func- 
tionally independent (Casagrande et al., 1972; Ogasawara et al., 
1984). Furthermore, the comparatively refined elements of the 
superficial-laminae visuotopy (Feldon et al., 1970) that are de- 
pendent, in part, on primary corticotectal input are in stark 
contrast to the nature of the deep-layer representations of the 
nonvisual modalities, which are constituted by neurons with 
large receptive fields, coarse topographic relationships (Gordon, 
1973; Stein et al., 1976; King and Palmer, 1983, 1985; Mid- 
dlebrooks and Knudsen, 1984; Meredith and Stein, 1986a,b) 
and inputs from “extraprimary” pathways (Stein et al., 1983; 
Clemo and Stein, 1984, 1986; Segal and Beckstead, 1984; Mer- 
edith and Clemo, 1989). 

Many studies have reported deep-laminae visually responsive 
neurons and have mapped their receptive fields (e.g., Stein and 
Arigbede, 1972; Gordon, 1973; Middlebrooks and Knudsen, 
1984; Meredith and Stein, 1986a,b). While these receptive fields 
appear to be visuotopically organized, published information 
regarding deep-layer visual receptive fields is insufficient either 
to construct a map there or to assess its overall alignment with 
the other sensory representations in the superior colliculus. 
Therefore, the present series of experiments was initiated to 
explore the visuotopic organization within of these deep-lami- 
nae visual receptive fields, to compare these results to the visuot- 
opy found in the superficial laminae, and to determine the in- 
cidence of nonvisual convergence on deep-laminae visual neu- 
rons. 

An abstract describing some of these data was published pre- 
viously (Meredith and Stein, 1988). 

Materials and Methods 
Data were obtained using standard extracellular recording techniques 
and have been described in detail in a previous report (Meredith and 
Stein, 1986b). Of significant concern in conducting the present exper- 
iments was ensuring that the procedures used preserved the integrity of 
the cortical regions controlling deep-layer visual activity, avoiding the 
suppressive effects of certain anesthetics on deep-laminae visual activity 
(Gordon, 1973), and stabilizing the alignment of visual and nonvisual 
axes. Furthermore, all procedures were performed in compliance with 
the Guidefor the Care and Use of Laboratory Animals (NIH Publication 
86-23) at Virginia Commonwealth University, which is accredited by 
the American Association for Accreditation of Laboratory Animal Care 
(AAALAC). 

Surgialpreparation. Approximately 1 week prior to the first recording 
session, each cat (n = 2 1) was anesthetized with sodium pentobarbital 
(40 mg/kg, with supplements of S-10 mg/kg, i.v.) and placed in a ste- 
reotaxic head-holder. Aseptic conditions were maintained while a 2-cm 
craniotomy was made to expose the cortex dorsal to the superior col- 
liculus, and a hollow cylinder/head-holding device (McHaffie and Stein, 
1983) was implanted over this opening. 

Despite the absence of wounds or pressure points, all recording ex- 
periments were conducted with anesthetized preparations. They were 
initiated with an anesthetic dose of ketamine hydrochloride (30 mg/kg, 
i.m.). The animal was intubated through the mouth, paralyzed (pan- 
curonium bromide, 10 mg/kg, i.v.; subsequent doses, 0.6-0.8 mg/kg, 
i.v.) and ventilated with 25% 0, and 75% N,O. Subsequent doses of 
anesthetic (15-10 mg/kg/hr, i.v.), sufficient to maintain anesthesia in 
nonparalyzed preparations, were delivered routinely. Furthermore, this 
regimen was checked periodically during each experiment by permitting 
the animal to recover from paralysis. Expiratory CO, was kept between 
3.7 and 4.5%, and body temperature was maintained at 37-38°C with 
a heating pad. The pupils were dilated with 1% atropine sulfate, and 
the positions of the optic disks were projected onto a 9 l-cm-diameter 
translucent hemisphere scribed in polar coordinates. The refractive error 
of the contralateral eye was corrected with a contact lens, and the ip- 
silateral eye was occluded. 

The recording well was fit with a calibrated x-y slide for the positioning 
of each electrode penetration, and the activity of single neurons was 

recorded with glass-insulated tungsten electrodes (impedance, > 1 MQ 
at 1 kHz, 12-20-pm tip exposure). The depth of each neuron studied 
was noted, and successful recording penetrations were marked with 
electrolytic lesions (12 mA, 15 set) so that the positions of recorded 
neurons could be located histologically. 

At the end of an experiment, paralytics, and then anesthetics, were 
discontinued. Each animal was then weaned from the ventilator and 
returned to its home cage after regaining respiratory and locomotive 
function. At the conclusion of a series of recording sessions (usually no 
greater than 4), each animal was killed with an overdose of barbiturate 
and perfused with physiological saline and 10% formalin. The midbrain 
was blocked and was processed using routine histological procedures 
(50-pm frozen sections, cresyl violet staining). Neuronal locations were 
determined to the nearest percent of the anterior--posterior (AP) and 
mediolateral (ML) extent of the superior colliculus (e.g., 45% from cau- 
da1 end, 67% from midline) and transferred to a standardized repre- 
sentation of a horizontal section through the stratum griseum inter- 
mediale, as determined by acetylcholinesterase staining (Dunning et al., 
1987). 

Evaluation of sensory convergence and receptive-jkld mapping. Vi- 
sually responsive neurons were sought using moving slits or spots of 
light projected directly onto the translucent hemisphere. Once a visually 
activated neuron was identified, its responsiveness to inputs from other 
modalities was tested using a variety of auditory (hisses, claps, whistles) 
and somatosensory (taps, brushes across the skin or hair with a camel- 
hair brush, airpuffs) stimuli. I f  a neuron was unresponsive to these 
stimuli presented alone, the possibility of subthreshold inputs from these 
modalities was tested by presenting electronically generated visual-au- 
ditory and visual-somatosensory combinations at various temporal in- 
tervals (see Meredith et al., 1987). Visual neurons that were either 
excited or inhibited by stimuli from other modalities were classified as 
“visual-multisensory,” while those neurons unaffected by other stimulus 
modalities were considered “visual-unimodal.” 

Visual receptive-field borders were mapped by moving a spot of light 
(l-6” in diameter, generated by a Keeler Pantoscope) from the periphery 
inward from all directions until an enclosed responsive area was delim- 
ited directly on the translucent hemisphere. These receptive fields were 
later transferred from the hemisphere to a graphic representation of the 
visual field (for storage and analysis) that was marked in the same, polar 
coordinate system. Next, a series of brief qualitative tests were con- 
ducted to determine the general visual characteristics of the neuron (e.g., 
preferences for flashed or moving stimuli, selectivity for velocity, di- 
rection of movement, stimulus size, the presence of inhibitory sur- 
rounds, etc.). 

Data analysis. For each neuron, the receptive-field diameter was de- 
termined by averaging the long and short diameters of the receptive 
field as measured on the hemisphere. To evaluate the mapping of points 
of elevation and azimuth within the visual field onto the deep laminae 
(below the stratum opticum), each graphically recorded visual receptive 
field was transformed from polar coordinates (as shown in Fig. 1A) to 
double-pole coordinates of constant elevation and azimuth (as depicted 
in Fig. 1B). The deep-layer visuotopic map was constructed by plotting 
first the anatomical location (e.g., AP and ML position) ofeach recording 
penetration on a representative horizontal section through the stratum 
griseum intermediale. Next, each recording locus was categorized ac- 
cording to the proportion (0%, >O% but <75%, ~75%) of receptive 
fields per penetration that included a specific, predetermined point picked 
from the double-pole representation of visual space. These selected 
points were from -90” to +60” elevation at intervals 90,60,30,0, and 
- 10” azimuth. Finally, penetrations in which similar proportions (e.g., 
> 75%) of receptive fields per penetration encompassed a common point 
were grouped to determine the focus (>75% was defined as the “best” 
point-image) and extent (>O% was defined as the point image; see 
Mcllwain. 1975. 1976) of the renresentation of different noints in the 
visual field. The area ‘of each point image and best point image was 
measured on the standardized horizontal section of the superior collicu- 
lus using a Zeiss MOP-3 digital planimeter. 

To quantify and analyze statistically the relationship between the 
location of visual receptive fields and the anatomical position of their 
cell bodies, as well as to examine the relationship between the superficial 
and deep visuotopies, it was necessary to transform the visual field from 
polar coordinates (Fig. 1 C) to a linear, Cartesian system of coordinates. 
This process would be similar to plotting the circular polar-coordinate 
representation of the visual field on a sheet of latex, then stretching the 
sheet (at the 45”, 1359 225”, and 3 15” radians) so that the circle became 
a square. In this manner, lines intersecting the horizontal axis become 
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perpendicular to it and represent lines of constant azimuth that increase 
monotonically in value as they progress temporally, as shown in Figure 
1D. Similarly, lines orthogonal to the vertical axis represent lines of 
constant elevation that also increase monotonically in value as they 
progress along the vertical axis (see Fig. 1D). Receptive fields were 
graphically transferred from polar to Cartesian coordinates by imposing 
the radians from the polar coordinate system onto the x-y system. Thus, 
a point in polar coordinates such as 30” excursion along the 15“ radian 
could be transferred to the x-y system at the intersection of the 15” 
radian with 30” line of elevation, and so on. This transformation of the 
visual field provided an advantage over other coordinate systems, be- 
cause changes in elevation or azimuth were independent of one another. 
Furthermore, increases in the value of either of these measures were 
monotonic at the periphery as well as at the center of the field, a factor 
critical to the quantitative examination of the deep-layer visual repre- 
sentation. Quantification consisted of, first, determining a series of re- 
ceptive-field measures that were indicators of a given receptive field’s 
location in visual space, including its elevation, azimuth, and center. 
The elevation (in degrees, see Fig. 1 D) of the receptive field was deter- 
mined by projecting its superiormost and inferiormost border across 
the vertical meridian. Similarly, the most medial and lateral extent of 
the receptive field was extended across the horizontal meridian to mea- 
sure its azimuth. Receptive-field centers were calculated as % the dis- 
tance between superior-inferior (central elevation) and medial-lateral 
(central azimuth) borders. These values were then matched with the 
anatomical location (AP, ML, depth, lamina) and modality (visual- 
unimodal, visual-auditory, visual-somatosensory, or visual-auditory- 
somatosensory) of the neuron from which the receptive field was re- 
corded. The data were pooled into a data file for regression analysis, t 
tests, and analysis of covariance (Morrison, 1976). 

Figure 1. Coordinate systems used to 
record and measure receptive fields 
within visual field. A, Visual space and 
visual receptive fields were graphically 
recorded using a polar coordinate sys- 
tem. B, Qualitative assessment of a 
deep-laminae visuotopy was accom- 
plished by transforming the visual field 
and accompanying visual receptive 
fields onto a double-pole coordinate 
system of constant elevation and azi- 
muth. C and D, Quantitative evalua- 
tion ofthe relationship ofreceptive field 
to neuronal location, as well as com- 
parison of superficial-deep visuotopies, 
required transformation of polar (c) to 
Cartesian coordinates (D), where in- 
creasing eccentricity from the visual axis 
yielded independent and monotonical- 
ly increasing values for x (azimuth) and 
y (elevation). The receptive-field mea- 
sures that were examined (lateral, me- 
dial, superior and inferior borders, cen- 
ter elevation, and center azimuth) are 
denoted. See Materials and Methods, 
Data Analysis, for further details. 

Results 

The primary aim of these experiments was to evaluate the deep- 
laminae visual topography of the cat superior colliculus. Nev- 
ertheless, each neuron also was carefully evaluated to determine 
the sensory modality(ies) to which it responded (i.e., visual, 
auditory, somatosensory, multisensory) and the lamina in which 
it was located. This allowed a comparison to be made of the 
sizes, topographies, and distributions of the receptive fields of 

Table 1. Variation in visual receptive fields 

Mean diameter Range 
k SD (degrees) (degrees) 

Superficial (147) 16.4 + 12.1 2-8 1 

Deep 

All (254) 66.9 k 27.3 13.5-150.5 
Unimodal(72) 48.5 -t 26.7 13.5-150.5 
Multimodal (182) 74.1 -t 23.9 21-147.5 

Visual-auditory (100) 72.3 rk 21.8 31-141.5 
Visual-somatosensory (5 1) 70.2 -t 25.6 21-128 
Visual-auditory-somato- 

sensory (3 1) 86.5 k 25.6 38.5-147.5 

Values in parentheses represent number of neurons per category. 
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Figure 2. Visual receptive fields (left) mapped in single electrode penetration through superior colliculus (right). Dashed lines indicate visual 
receptive fields of superficial-layer neurons, solid lines represent those for deep-layer neurons, and pluses indicate deep-layer visual neurons that 
also receive nonvisual inputs. Receptive fields are numbered to correspond to neuronal positions along the electrode track. SS, strata superhciale 
(includes stratum zonale and stratum griseum superficiale); SO, stratum opticum; SGZ, stratum griseum intermediale; SAZ, stratum album inter- 
mediale; SGP, stratum griseum profundum; SAP, stratum album profundum. 

a variety of visually responsive neurons. The visual receptive 
fields of 40 1 neurons were mapped in 21 cats (64 electrode 
penetrations through superficial and deep layers). As reported 
previously, superficial-laminae neurons (n = 147) were exclu- 
sively visual (Stein et al., 1976; Meredith and Stein, 1986b) and 
were organized into a detailed visuotopy (Feldon et al., 1970). 
No attempts were made to add further detail to the existing 
maps of these uppermost laminae; the map presented here was 
constructed from the receptive fields of unimodal and multi- 
sensory neurons (n = 254) that were located ventral to the stra- 
tum opticum. 

Receptive-jield variation along an electrode track 

Characteristic examples of visual receptive fields that were en- 
countered at different depths along a single electrode penetration 
are illustrated in Figure 2. As in most electrode penetrations, 
the visual receptive fields exhibited considerable variation in 
size, but those of deep-laminae neurons were consistently larger 
than those of the superficial-laminae neurons (see Table 1). Yet, 
regardless of size, receptive fields in the same electrode pene- 
tration tended to overlap one another, thereby exhibiting a coarse, 
laminar-independent visuotopic “registry.” 

During a typical electrode penetration, 2 response features 

appeared to change abruptly at the superficial-deep-laminae 
border: individual receptive fields increased dramatically in size, 
and there was now a high probability (> 70%) that a visually 
responsive neuron would also respond to nonvisual stimuli. The 
increment in size was so large that regardless of the neuron type 
(i.e., visual, visual-auditory, visual-somatosensory, trimodal), 
the diameters of the deep-layer visual receptive fields averaged 
a 4-fold increase over their superficial-laminae counterparts (see 
Table 1). Comparisons of pairs (n = 17) of subjacent neurons 
separated by the lower border of the stratum opticum (but within 
500 pm of one another) showed a large (207%), statistically 
significant (paired t test, p < 0.001) increase in receptive-field 
diameter (22.6 f 17.9” for stratum opticum neurons vs. 46.8 
+ 24.7” for upper stratum griseum intermediate neurons). 

Despite the changes in receptive-field size and sensory con- 
vergence that occurred at the superficial-deep-laminae border, 
neither of these properties showed any consistent (e.g., mono- 
tonic) relationship with depth within the deep laminae. Uni- 
modal and multisensory neurons appeared randomly inter- 
mixed throughout the deep laminae, and receptive-field size 
showed only a weak correlation with depth (linear regression, r 
= -0.255; see Fig. 3A). Instead, several features appeared to 
be covarying: (1) visually responsive neurons became progres- 
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Figure 3. Relationship of receptive-field size and neuronal depth within superior colliculus. A. Receptive fields increased in size from superficial 
to deep laminae and also increased within the deep laminae as a function of the incidence of nonvisual inputs. However, there was little correlation 
(r = 0.255) among receptive-field diameter and neuronal depth within the deep laminae. B, The distribution of receptive-field diameters within 
each of the superior colliculus laminae and the proportions and sizes of visual-unimodal versus visual-multisensory neurons are shown by the 
histograms. For abbreviations, see Figure 2. 

sively less frequent below the stratum griseum intermediale, so 
that the sample decreased with depth; (2) regardless of depth, 
peripheral receptive fields tended to be larger than central ones 
(analysis of covariance, p < 0.001); and (3) multisensory neu- 
rons had significantly (t test; p < 0.001) larger receptive fields 
than did unimodal neurons. Because fewer than 14% of the deep- 
layer visual neurons were found in or below the stratum griseum 
profundum, most of the data were derived from intermediate- 
laminae neurons, and these data are summarized in Figure 3. 

Deep-layer visuotopy: receptive-jield considerations 

From qualitative observations, it was obvious that deep-layer 
neurons rostra1 in the superior colliculus generally had their 
receptive fields near the projection of the area centralis, while 
caudal neurons had their receptive fields in inferior-temporal 
visual space. Similarly, medial neurons had superior receptive 
fields, and lateral neurons had inferior receptive fields (Fig. 4). 
In order to quantify the relationship between neuron location 
and receptive-field position, the center and various borders (su- 
perior, inferior, medial, and lateral) of each receptive field were 
plotted against the neuron’s histologically determined location 
(Fig. 5). Each of the receptive-field measures (center or a par- 
ticular border) used in this analysis proved to be effective and 

Figure 4. Receptive fields mapped during 7 different electrode pene- 
trations within same superior colliculus showed general and predictable 
shift in relation to recording site. The position of each electrode pen- 
etration is indicated on the dorsal view ofthe superior colliculus (center), 
and the corresponding receptive fields are indicated within the depic- 
tions of the visual field. Rostra1 electrode penetrations yielded superficial 
unimodal (solid black), deep unimodal (light line), and deep multisen- 

sory (heavy line) visual receptive fields located near the projection of 
the area centralis; more caudal recording sites yielded receptive fields 
located more temporal in visual space. In medial areas of the deep 
laminae, receptive fields generally had superior components, while more 
lateral recording sites had inferior components. 
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Figure 5. Relationship of receptive-field measures (border or center) to histological location of relevant cell bodies is consistent with deep-laminae 
visuotopy. The left column shows the medial border (A), center azimuth (B), and lateral border (C) of the receptive field plotted against a neuron’s 
posterior-anterior location in the superior colliculus (0% = caudal pole, 100% = rostra1 pole). The graphs show a consistent and progressive temporal 
shift in degrees (positive numbers on y-axis) with more caudal (posterior) recording locations. Thus, neurons posterior in the structure tended to 
have temporal receptive fields. Similarly, neurons medial in the structure had superior receptive fields. The right column shows that the superior 
border (D), center elevation (E), and inferior border (F) exhibit a progressive superior shift in degrees (positive numbers on y-axis) with more 
medial recording positions. Correlation coefficients (r) are expressed in the lower left corner of each graph. Each dot represents a single receptive 
field. 

showed the same systematic visuotopic variations with histo- 
logical position. 

Despite the general correspondence among receptive-field lo- 
cations during a given electrode penetration, the centers of some 
of the deep-laminae receptive fields could be located 30 to 40” 
from those of others encountered in the same electrode pene- 
tration (see Fig. 6). The magnitude of this discrepancy could 
not be explained by the fact that vertical electrode penetrations 
through a curved structure will sometimes cut across radial 
columns and thereby produce small shifts in receptive-field po- 
sitions: the data depicted in Figure 60 show that receptive-field 
centers of superficial- and some deep-laminae cells are aligned 
despite the obliqueness of the recording penetration to the sur- 
face of the tissue, while the data in Figure 6E represent receptive- 
field centers that are progressively out of register, even though 

the recording penetration was more closely orthogonal to the 
surface of the superior colliculus. Instead, a curious pattern of 
receptive-field shifts often appeared during individual electrode 
penetrations: instances of dramatic shifts (>30”) in receptive- 
field centers occurred in one direction, followed by a reversal 
of those shifts back to the original positions as still deeper neu- 
rons were sampled (see Fig. 6A,D). The presence of these ec- 
centric points within a vertical column through the tissue, cou- 
pled with the large fields of deep-laminae neurons, would make 
a standard map of receptive-field centers (transformed into a 
series of intersecting meridians) somewhat misleading here. Such 
a map would not only fail to reconcile the problem of receptive- 
field overlap in the absence of a registry of their centers, but 
also would seriously underestimate the expanse of tissue to which 
a punctate stimulus actually has access. 
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Figure 6. Within same electrode penetration, large shifts in location of receptive-field centers occurred with large increases in receptive-field size. 
A and B, The receptive fields of neurons I-l 0 and a-m, respectively, and the histological locations of their recording sites are shown. The relationship 
between their receptive-field diameters and depth is depicted in C, and, while there is a trend toward increasing size with depth, it is not monotonic. 
D and E, Schematics of visual space (x- and z-axes) upon which the center of each receptive field was projected together with the size of the 
receptive-field diameter Q-axis). Note that, as progressively deeper neurons were encountered, those with the largest receptive fields had centers 
most out of register with the others. See text for further description. On the histological reconstructions, pluses represent visual-multisensory 
neurons. All data in this figure were taken from the superior colliculus of the same animal. 

Deep-layer visuotopy: a population code of visual space 

Because deep-laminae visual receptive fields within the same 
penetration can have centers that vary dramatically in position, 
it was not possible to construct a visual map here by standard 
methods. Instead, it was necessary to determine the location 
(AP, ML, depth) of neurons within the deep laminae whose 
receptive fields shared a given point in visual space. By marking 
(on a representative horizontal section through the deep lami- 
nae) the location of each electrode penetration where at least 
one of the receptive fields encompassed a specified point in 
visual space, a region of the deep layers responsive to that visual 
point could be delimited. This volume of tissue representing a 
point in visual space has been termed a “point image” (modified 
from McIlwain, 1975, 1976), and this terminology was adapted 

Figure 7. Point image versus best point image in deep laminae. A, The 
location of each recording penetration (n = 64) is plotted on a repre- 
sentative horizontal section through the intermediate gray layer (all 
laminae ventral to the stratum opticum are collectively referred to as 
“deep”). Penetrations in which no receptive fields included the proiec- 

Point Image “Best” Point Image 
PM, PAAirmH, 

tion of the area centralis (0” elevation and azimuth) are indicated by 
minuses, whereas open circles indicate those in which at least 1 receptive 
field encompassed this point. The stippled area includes the area of the 
deep Iaminae whose neurons had receptive fields encompassing the 
projection of the area centralis and constitutes its point image for that 
point in visual space. B, Replotting these data according to a more 
stringent criterion (75% or greater of receptive fields per penetration 
indicated by solid circles) yields the more focal area of representation, 
or best point image, shown here. 
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Figure 8. Deep-lamina visuotopy. 
Dots at the line intersections on the vi- 
sual hemifield representation at the top 
left indicate each point in the visual field 
whose corresponding point image in the 
deep layers was investigated. Each of 
these points in visual space is differ- 
entially represented in the deep layers, 
whose axes are summarized at the bot- 
tom left (constructed by overlaying best 
point images on the same schematic). 
In the center, the black areas on the 
schematics indicate best point images, 
where 75% or more of the neurons per 
penetration had receptive fields encom- 
passing the specified point in the visual 
field, while shaded areas circumscribe 
the point image, indicating the loca- 
tions at which at least 1 receptive field 
included the visual point under exam- 
ination. Systematic shifts in the best 
point image (and point image) occurred 
with progressive shifts in the stimulus 
position, so that inferior aspects of the 
visual field were represented lateral (i.e., 
right side and bottom), superior aspects 
were medial and rostra1 (top), nasal por- 
tions were rostral-lateral (right side), and 
temporal regions were caudal (left side) 
in the superior colliculus. The sche- 
matics of the superior colliculus are 
traced from a horizontal section through 
the intermediate gray layer. Data are 
from 21 cats. 

Visusield 
H Best Point 

IlIl Point 

IGll 

- +45” 
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here as well. As can be seen from Figure 7A, the point image 
representing the projection of the area centralis (0’ elevation 
and azimuth) covers more than 50% of the horizontal extent of 
the deep laminae. However, the representation of this visual 
point is not of equal strength throughout the point image, be- 
cause at some locations, every receptive field included the spec- 
ified point, while at other positions, only a few receptive fields 
met the same criterion. To determine the subregion of a point 
image that best focused the representation of a given point in 
the visual field, the data were replotted to segregate those lo- 
cations where 75% or more of the receptive fields shared the 
specified point (called the “best point image”), as shown in 
Figure 7B. 

To examine the visuotopy within the deep laminae, point 
images and best point images were systematically determined 
for a series of points that crisscrossed the visual field. These 
points in visual space were spaced at 15” intervals in elevation 

from 45” superior to - 90” inferior and included the azimuthal 
locations 90, 60, 30,0, and - 10”. As illustrated in Figure 8, the 
location of both the point image and the best point image in 
the superior colliculus shifted systematically with shifts in the 
location of the visual stimulus. The general tendency was for 
shifts in stimulus position from nasal to temporal in visual space 
to be reflected in rostral-to-caudal changes in the locations of 
their representation in the deep layers. However,‘the magnitude 
and angle of point image shifts were not uniform, but varied 
with the region of the visual field. For example, progressively 
shifting a stimulus from nasal to temporal along the horizontal 
meridian shifted the location of the best point images in the 
deep superior colliculus from rostra1 to midcolliculus. In con- 
trast, the same nasal-to-temporal stimulus progression at an 
elevation of -30” changed the location of best point images 
from rostral-lateral to the caudal pole. Similarly, the general 
trend for the change in best-point-image location with shifts in 
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Figure 9. Deep-lamina visuotopy in 
single animal reflects that established 
by data pooled from entire group of an- 
imals. In the schematics shown here, 
the solid lines are tracings of the best 
point images from Figure 6, and the 
dashed lines are the point images from 
the same figure. Each triangle repre- 
sents a penetration in this particular an- 
imal in which 75% or greater of the 
neurons per penetration had receptive 
fields that encompassed a specific point 
in visual space, while the circles indi- 
cate penetrations in the same animal in 
which at least 1 but ~75% of the re- 
ceptive fields included the same visual 
point. Note the close correspondence 
among the most highly effective pene- 
trations (triangles) and of all effective 
penetrations (triangles and circles) in this 
single case to the distribution of best 
point images and point images from the 
population of animals studied and 
summarized in Figure 8. 

the vertical position of the stimuli were along the mediolateral 
axis of the structure. However, the shifts of point images were 
more dramatic for representations of nasal as compared to tem- 
poral stimuli. It should be noted, however, that, because of the 
inaccessibility of a small strip of medial tissue obscured by the 
sagittal venous sinus, the area of the deep layers representing 
superior visual space may be underestimated here. 

To determine if visuotopic variability among animals might 
have exaggerated the size of a given point image, the pooled 
data of Figure 8 were compared directly to the data generated 
in 4 well-studied individual cases. One of the individual-group 
comparisons is illustrated in Figure 9 and was constructed by 
plotting the data from that animal (the most widely spaced 

electrode penetrations were made in this case) directly onto the 
group representation. As can be seen, 88% of the data points 
from the individual experiment fell inside their predicted best- 
point-image locations on the composite map, and 90% fell with- 
in the group point image. The range of individual-group co- 
incidence among all animals compared was from 84 to 90% for 
best point images, and from 79 to 99% for point images. 

The manner in which positions of visual elevation and azi- 
muth are represented in the deep layers of the superior colliculus 
are summarized in Figure 10. Even using the most stringent 
criterion applied here (i.e., 75% or more of the neurons in an 
electrode penetration included the same point in the visual field) 
to construct a map of azimuth and elevation did not eliminate 
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Figure 10. Summary of pooled data 
showing zones of maximal representa- 
tion, or best point images, representing 
levels of elevation (left and top) or az- 
imuth (right and bottom) of visual field. 
Large zones represent different levels of 
elevation and azimuth, and there is 
considerable overlap among adjacent 
zones. Nevertheless, as summarized in 
the centralschematic, there is a definite 
progression of superior-to-inferior (el- 
evation) visual space from the rostro- 
medial to the caudolateral aspect of the 
superior colliculus and of nasal-to-tem- 
poral (azimuth) visual space along the 
anterior-to-posterior medial axis of the 
structure. 

Visual Axes Visual Axes Azimuth 

AZ/MU TH 

the substantial overlap that undoubtedly reflects the large re- 
ceptive fields of deep-laminae neurons. Nevertheless, this figure 
shows that nasal-to-temporal visual space is generally repre- 
sented in a rostral-to-caudal fashion in the deep layers, while 
superior-to-inferior visual space is represented from rostral-me- 
dial to caudal-lateral in the superior colliculus. 

Within this topography, there is an expansion of central visual 
space, and any point that fell within 30” of the projection of the 
area centralis had access to an average of 12.6% (k7.7) of the 
deep superior colliculus area. Curiously, points lateral or inferior 
to the visual axis (e.g., 0” elevation, 30” azimuth = 23. lo/o; - 15” 
elevation, 30” azimuth = 20.1%; - 15” elevation, 0” azimuth = 

Figure II. Expanded representation 
of central and near-central visual space 
in deep superior colliculus. The area OJ- 
axis) of each point image within the 
deer, layers is plotted at its correspond- 
ing location in visual space. Note that 
the point images representing central 
and inferior points occupy far greater 
proportions ofthe tissue than those rep- 
resenting points in more peripheral, su- 
perior, or ipsilateral visual space. 
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Figure 12. Deep-layer visuotopy extends through depth of deeper laminae. Coronal sections taken at regular intervals (10% or approximately 450 
pm) through the superior colliculus are arranged from rostra1 (top) to caudal (bottom). Dots represent neurons whose receptive fields include the 
location of the visual point specified at the top of the column of sections; dashes indicate that the visual point was not contained within the neuron’s 
receptive field. Each column of sections and neurons is identical, except that the differential distribution of dots indicates the shift in point image 
location according to the change stimulus position. 

23.1%; -30” elevation, 0” azimuth = 22.1%) had the largest 
best-point-image areas of all. With these best point images pooled 
together, the representation of the central 30” of visual space 
occupies nearly 3h (72.7%) of the deep-laminae area. In contrast, 
the other best point images that subserve points 45” eccentric 
or greater in the visual field averaged only 7.1% (k6.2) of the 
area of the deep layers. Collectively, these “peripheral” best 
point images encompassed a total of 60.5% of the deep superior 
colliculus and shared some of the same regions representing 

more centrally located stimuli. The percentage of the area of 
the deep laminae occupied by each best point image is depicted 
in Figure 11, where these central-peripheral distinctions are 
evident. 

To examine the access of stimuli at different points in visual 
space to neurons along the vertical extent (depth) of the superior 
colliculus, the data for each point image shown in Figure 8 was 
replotted on coronal sections at 10% intervals along the rostro- 
caudal axis of the superior colliculus. As illustrated in Figure 
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Figure 13. Superficial- and deep-lam- 
inae maps share similar vertical and 3 
horizntal axes. Plotted here are the az- 
imuth (top) and elevation (bottom) of 

73 

receptive-field centers versus the pos- t 
terior-anterior or medial-lateral loca- 8 

Visual Receptive Field Centers 
F--X Superficial layers -Deep layers 

. 

tion, respectively, ofneurons within the 
superficial (Xs) or deep (solid circles) 
subdivisions of the superior colliculus. 
These plots reveal nearly the same sys- 
tematic shifts in receptive-field position 
with laterality or posterior-anterior lo- 
cation in the structure for both super- 
ficial- and deep-layer neurons. The 
slopes of these relationships are not sig- 
nificantly different from one another, 
but there are substantial differences in 
their intercepts. 
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12, each point image was primarily constituted by neurons in 
the intermediate gray and white layers, with proportionally few- 
er neurons from greater depths involved. In no case was the 
representation of a point in the visual field found exclusively 
within a specific lamina. 

Superficial-deep-laminae visuotopic registry 

The well-known superficial-layer visual map (Feldon et al., 1970) 
was constructed in a manner substantially different from that 
used here to examine the deep-laminae visual representation, 
making direct comparisons difficult. Nevertheless, data gathered 
from the superficial layers during the current investigation were 
similar to what has been presented previously and were used to 
compare the superficial- and deep-laminae visuotopies directly. 
The relationships of superficial-layer receptive-field measures 
(superior, inferior, lateral, and medial borders, center azimuth, 
and center elevation) to the AP or ML location of the neuron 
showed similar trends to what has already been observed for 
deep-layer receptive fields. In addition, when the center azimuth 
and center elevations were plotted against their AP and ML 
positions for both superficial- and deep-layer neurons, the result 
was the pairs of nearly parallel regression lines illustrated in 
Figure 13. The similarities in their slopes reflect the fact that 
the 2 maps share similar axes. However, the intercepts for the 
superficial- and deep-laminae receptive fields were substantially 

different, and this was most evident for azimuth (center azimuth 
vs. AP position, p = 0.002; center elevation vs. ML position, p 
= 0.41; analysis of covariance). These differences may be due 
to the general expansion, in inferior and lateral directions, of 
many of the deep-layer receptive fields relative to their more 
superficial counterparts. For example, whereas the superficial- 
layer map extended from approximately - 20” in ipsilateral space 
to 70” temporal and 25” superior to -50” inferior, the deeper- 
laminae representation was far more extensive. It included the 
entire contralateral visual field (from 0 to >90” temporal and 
from 90” superior to 90” inferior) and extended to -40” in ip- 
silateral space. 

Superficial- and deep-layer neurons encountered within the 
same electrode penetration very often had receptive-field centers 
in substantially different locations (see, e.g., Fig. 6), and a general 
but systematic inferior and lateral shift was noted, as shown in 
Figure 14, A and B. This effect was most obvious with the more 
eccentrically positioned receptive fields (e.g., > 15”). Conversely, 
centrally placed receptive fields in the superficial and deep layers 
showed a greater degree of alignment. 

Deep-layer unimodal versus multisensory visuotopy 

In the deep laminae, multisensory visual neurons outnumbered 
unimodal visual neurons in the sample obtained here (71 vs. 
29%), and this is in agreement with our previous findings (see 
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Meredith and Stein, 1986b). Furthermore, the proportion of 
visual-multisensory neurons representing each point of visual 
space examined was greater than the visual-unimodal neurons 
at all locations in the visual field. The difference in these pro- 
portions grew from 59 to 69% for representations near the pro- 
jection of the visual axis and became progressively greater at 
increasingly peripheral locations, reaching a maximum (93-95%) 
at positions of 75” azimuth or greater (Fig. 15). 

Discussion 

These experiments have demonstrated the presence and orga- 
nization of a visual map in the deeper laminae of the cat superior 
colliculus. This visuotopy includes nearly all aspects of the con- 
tralateral visual field, as previously documented with behavioral 
perimetry methods (see Sprague, 1966; Sherman, 1974; Hardy 
and Stein, 1988). It extends from approximately 40” nasal to 
the vertical meridian to more than 90” temporal to it, and from 
90” inferior to the horizontal meridian to 90” superior to it. The 
map exhibits a tilt with relation to the anatomical axes of the 
superior colliculus, so that the vertical meridian runs from ros- 
tromedial to lateral, while the horizontal meridian runs oblique- 
ly from the rostra1 pole toward the caudomedial border. As is 
true of most other visuotopies, the map is not a simple linear 
transformation of visual space, but exhibits a considerable ex- 
pansion of central and inferior visual space and a concurrent 
compression of far temporal space. 

Although this deep-layer visual map does have a number of 
features in common with the well-known superficial-layer rep- 
resentation (e.g., see Feldon et al., 1970) and these are discussed 
below, it is distinct by virtue of the magnitude of its constituent 
receptive fields. Deep-laminae receptive fields have diameters 
that average 66.9” (range, 13.5-150.5”) a considerable incre- 
ment over those found in the superficial layers and much larger 
than those of its input neurons from retinal Y cells (mean, < 2” 
diameter), lateral suprasylvian (mean, 14-l 6”), and anterior ec- 
tosylvian (mean, 15-30”) cortical neurons (Hubel and Wiesel, 
1969; Spear and Baumann, 1975; Rusoff and Dubin, 1977; Mar- 
zi et al., 1982; Mucke et al., 1982; Olson and Graybiel, 1987). 
This suggests that, like their nonvisual counterparts, deep-lam- 
inae visual receptive fields are constructed by the convergence 
of spatially related but not coincident receptive fields (Clemo 
and Stein, 1984, 1986; Meredith and Clemo, 1989). Given the 
likelihood of extensive convergence onto neurons with expan- 
sive dendritic trees (up to 1400 pm in diameter; Moschovakis 
and Karabelas, 1985), the fact that deep-layer visual receptive 
fields are extremely large is not surprising. One consequence of 
these large receptive fields is that a specific point in visual space 
has access to a large block of deep-layer tissue, an arrangement 
consistent with the hypothesis that populations of neurons are 
necessary to code for stimulus location (Capuano and McIlwain, 
198 1) and for targeting saccadic eye movements (Van Gisbergen 
et al., 1987; Lee et al., 1988). 

The functional significance of large deep-laminae receptive 
fields has been a subject of speculation. One reasonable sugges- 
tion is that a very large number of deep-laminae neurons are 
likely to be activated by a given visual stimulus, thereby in- 
creasing the probability of evoking colliculus-mediated behav- 
ioral responses (Stein et al., 1976). This may only be a partial 
explanation, however, because the majority of these deep-layer 
“visual” neurons also are responsive to nonvisual (auditory and/ 
or somatosensory) stimuli, and the extensive nature of the visual 
(and nonvisual) receptive fields helps to maintain their topo- 
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Figure 14. Relationship of superficial- and deep-layer receptive fields 
within same penetration. Plotted here are the mean values for azimuth 
(A) and elevation (B) of receptive-field centers of superficial-layer neu- 
rons versus those for deep-layer neurons in the same penetration. The 
dashed lines represent a correlation of unity, where variation in the 
superficial-layer receptive fields would he. exactly paralleled by those of 
the underlying deep-laminae receptive fields. The solid lines show the 
actual relationship obtained. Note that this comparison reveals that 
average receptive-field centers, within the same penetration, tend to 
show a general lateral (A) and inferior (B) drift as recording progresses 
from the superficial to deep layers, especially for the more eccentrically 
located receptive fields. 

graphic registry despite minor shifts of the peripheral sensory 
organs (i.e., receptive-field overlap is easier to maintain between 
2 large receptive fields than 2 small ones). The topographic 
register among receptive fields of different modalities within the 
same multisensory neuron is essential for multisensory integra- 
tion, a major role of deep-layer neurons (Meredith and Stein, 
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Figure IS. Point images in deep layers 
of superior colliculus are dominated by 
multisensory-visual neurons. For each 
point image in the grid representing 
points in visual space (see Fig. 8, top 
left), 59 to 95% of the neurons received 
inputs from other sensory modalities 
(visual-multisensory: upper contour 
grid), and these proportions tended to 
increase with increasing eccentricity. 
Consequently, the deep-laminae map 
of visual space is dominated by mul- 
tisensory neurons. 

1986a,b). This suggestion leads one to expect that organisms 
less able to move their visual and nonvisual sensory organs 
independently (and thereby misalign them and their respective 
receptive fields) would exhibit relatively smaller receptive fields. 
Such appears to be the case in visual-auditory neurons in the 
barn owl tectum, an animal incapable of significant independent 
displacement of its eyes or external auditory apparatus (Knud- 
sen, 1982). On the other hand, considerably larger receptive 
fields have been found in the deep layers of the cat and ferret 
superior colliculus (Gordon, 1973; King and Palmer, 1983; Mid- 
dlebrooks and Knudsen, 1984; Meredith and Stein, 1986a,b), 
and these animals exhibit a wide range of independent eye and 
pinnae movements. 

The fact that the vast majority of visually responsive neurons 
also receive nonvisual inputs underscores the multisensory na- 
ture of the visual representation in the deep layers of the superior 
colliculus. Because it is well established that visual activity evoked 
in these neurons can be influenced dramatically by stimuli from 
other modalities (Meredith and Stein, 1983, 1986a,b), it might 
not be entirely accurate to think of this representation as equiv- 
alent to visual maps in purely visual areas of the brain, including 
the superficial layers of the same structure (see below). Instead, 
the deep layers may best be regarded as a topographically or- 
ganized multisensory representation whose circuitry can be ac- 
cessed through individual or combined sensory channels. In this 
light, then, the developmental realignmentsbf one sensory map 
in the superior colliculus that result from neonatal manipula- 
tions (e.g., sensory experience or surgical intervention) of the 
map of another modality (Knudsen and Knudsen, 1985; Knud- 
sen, 1987; King et al., 1988) may depend on both modalities 
converging on the same neurons. Only then can their inputs be 
matched and selected on the basis of activity-dependent inter- 
actions. One might then predict that, unless the topographic 
arrangement developed by multisensory neurons can extend (by 
some as yet unknown means) to their unimodal neighbors, these 
unimodal neurons (of the modality not directly manipulated) 
may show little or no realignment and exhibit an “aberrant” 
topography, a hypothesis that can be readily tested. 

Super-ial-deep-laminae relationship 

It is well established that the different visual representations 
found in the superficial and deep laminae share a variety of 
features. Visual neurons in both subdivisions show similar pref- 
erences for stimulus movement, velocity sensitivity, and direc- 
tion selectivity, as well as exhibit homogeneously organized 
receptive fields (for review, see Stein, 1984). Furthermore, the 
maps in both regions share similar visuotopic axes and exhibit 
expansions of the representations of the central and inferior 
visual field. Although it is certainly possible that mechanical 
factors during development encourage similar distributions of 
visual afferents and thereby produce parallel maps, the existence 
of these organizational and receptive-field commonalities (see 
Ogasawara et al., 1984) and the presence of some superficial- 
deep-laminae interconnections (Behan and Appell, 1987; Moo- 
ney et al., 1988a,b, Moschovakis et al., 1988; Rhoades et al., 
1989) argue for some exchange of information. Current evi- 
dence, however, indicates that visual processing in the deep 
layers is independent of superficial-layer function (Ogasawara 
et al., 1984), suggesting that the interconnections between the 
laminae might not carry information critical for the visual func- 
tions usually assessed experimentally. 

Consistent with the idea that the superficial visual map is 
largely unrelated to deep-laminae function is the observation 
that superficial-laminae lesions do not produce the visuallyguid- 
ed deficits that are induced by lesions that encroach on deep 
laminae (Casagrande and Diamond, 1974). Furthermore, the 2 
divisions of the structure depend on different sources for their 
visual properties. Superficial- but not deep-laminae neurons re- 
ceive their visual inputs primarily via a robust retinotectal pro- 
jection (Graybiel, 1975; Harting and Guillery, 1976) and a dense 
corticotectal projection from the striate cortex (Kawamura et 
al., 1974; Gilbert and Kelly, 1975). Removal or temporary de- 
activation of the striate corticotectal projection profoundly af- 
fects the characteristics and responsiveness of superficial-lam- 
inae visual neurons (Wickelgren and Sterling, 1969; Stein and 
Arigbede, 1972; Berman and Cynader, 1975; Stein and Magal- 
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haes-Castro, 1975; Stein, 1978; Hardy and Stein, 1988) but has 
little demonstrable effect on deep-laminae visual neurons (Oga- 
sawara et al., 1984). On the other hand, deep-laminae visual 
neurons receive their inputs largely from projections outside the 
“primary” thalamocortical system, much like their nonvisual 
counterparts (Stein et al., 1983; Clemo and Stein, 1984, 1986; 
Meredith and Clemo, 1989). Only a sparse retinotectal and stri- 
ate corticotectal projection reaches deep-laminae neurons (Ber- 
son and McIlwain, 1982; Beckstead and Frankfurter, 1983), but 
of critical importance is their “extrastriate” input from the lat- 
eral suprasylvian cortex (Ogasawa et al., 1984; Hardy and Stein, 
1988) and the ectosylvian visual area (Mucke et al., 1982). 

In terms of their visuotopic maps, clear differences between 
superficial and deep laminae are apparent. One of their most 
notable contrasts is in the size of the constituent receptive fields 
and, thus, the resolution of the maps. The comparatively small 
visual receptive fields of superficial-layer visual neurons and 
their well-ordered arrangment is not matched by the rather large 
deep-laminae auditory (Middlebrooks and Knudsen, 1984; 
Meredith and Stein, 1986a) and somatosensory receptive fields 
(Stein et al., 1976; Meredith et al., 1990) despite their general 
topographic correspondence. Nevertheless, because the super- 
ficial visual map and the deep-laminae nonvisual representa- 
tions share similar axes, exhibit similar magnifications of dif- 
ferent regions of the sensory world (e.g., central and inferior 
sensory space; see Stein et al., 1976), and were thought to be 
functionally related, a good deal was made of their approximate 
topographic register (Drager and Hubel, 1975; Stein et al., 1976; 
Stein and Dixon, 1978). Indeed, the present study offers direct 
evidence that superficial and deep visual representations share 
similar axes. Yet, close alignment of the superficial and deep 
visual maps appears to occur only in the more rostra1 aspects 
of the superior colliculus. Furthermore, the deep layers contain 
a substantially more extensive representation of the visual field 
than is found superficially. Thus, while representations of visual 
space appear to be most closely aligned centrally, the deep layers 
represent more peripheral regions in the same area of tissue than 
are found superficially, thereby shifting the maps (especially 
their peripheral aspects) relative to one another (a situation 
reminiscent of the relationships of the deep-infrared and su- 
perficial-visual maps found in the rattlesnake tectum; see Hart- 
line, 1984). 

It is important to emphasize that the organization of the deep- 
layer visual map described here, as well as its relationship with 
that in the superficial layers, relies on general trends derived 
from populations of receptive fields. While the receptive fields 
of deep-layer neurons frequently overlapped the same area of 
visual space occupied by receptive fields oftheir more superficial 
neighbors within the same elctrode penetration (thereby pro- 
viding the coarse superficial- to deep-laminae topographic reg- 
ister), the centers of superficial-layer receptive fields were 
unreliable indicators of individual deep-layer-neuron receptive- 
field centers. These observations are similar to those of Mc- 
Ilwain (1976), who asserted that, “as receptive field diameter 
increases, the location of the receptive field center becomes a 
poorer estimator of the retin[otopic] origin of afferent fibers.” 
Consequently, estimates of the likelihood or direction of pro- 
jection lines from superficial to deep layers are difficult to make 
with the data presented here (but see Rhoades et al., 1989). 
Given the large and variable size of deep-layer visual receptive 
fields, the weak visuotopic relationships observed between in- 
dividual receptive-field centers from the same (or even adjacent) 

electrode penetrations were not unexpected. However, when the 
receptive fields of populations of neurons were assembled ac- 
cording to visual-field commonalities, a more precise visuotopy 
became apparent (see also McIlwain, 1975; Capuano and 
McIlwain, 198 1). 

Conclusions 
These data indicate that the visually responsive neurons of the 
deeper layers of the superior colliculus are arranged in a visuo- 
topic map of the contralateral (and a portion of the ipsilateral) 
visual field. Although this representation has axes similar to 
those found in the well-known superficial-layer map, its non- 
visual inputs and large receptive-field sizes clearly distinguish 
it from its more dorsal neighbor. The properties of the deep- 
laminae visual representation closely match those of the non- 
visual representation located here and are best considered as a 
component of a cohesive, multisensory, functional unit that 
plays a critical role in effecting behavioral responses to a wide 
variety of sensory stimuli. 
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