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Introduction 

While it is well  known that the different sensory modalities 

are primarily represented at separate locations within the central 

nervous system, there are numerous sites in which information from 

the different sensory modalities converge. Perhaps the best known 

structure where inputs from different sensory modalities converge 

is the superior colliculus. Here, not only are visual. auditory and 

somatosensory inputs present, but they also form org anized 

representations of auditory and visual space as well - a map of the 

body surface. In addition, neurons that receive inputs from more 

than one sensory modal ity (Le. multisensory) are found here in 

abundance. Although a great deal is known regarding the 

physiological properties of these multisensory neurons arid how 

thes e characteristics apply to multisensory neurons elsewhere in 

the brain, little is known reg -arding the anatomical basis for 

multisensory convergence and integration. Therefore, the present 

1 



study is focused on the fol lowing problem: 

2 

How does the 

organization of the inputs from di fferent sensory modalities to the 

deep layers of the superior colliculus relate to the multisensory 

nature of its constituent neurons? 

A ostomlcsl Structure: 

The superior colliculus is a laminated structure found on the 

dorsal surface of the mammalian midbrain. It is physiologically 

d ivided into two m ajor regions: superficial layers (Laminae I-III) 

and deep l ayers (Laminae IV-VI I) .  As seen in Figure 1. the 

superficial l ayers consist of the Stratum Zona Ie (SZ). Stratum 

Griseum Superficiale (SGS). and .the Stratum Opticum (SO). These 

most dorsal layers primarily receive visual afferents and therefore 

contain multitudes of unimodal, visual neurons. Neurons in these 

layers rarely receive inputs from more than one modality and, 

therefore, the superficial layers will not be discussed further. 

The deep layers of the superior colliculus consist of the Stratum 

Griseum Inte.rmediale (SGI). Stratum Album Intermedi·ale (SAl), 

Stratum Griseum Profundum (SGP). and Stratum Album Profundum 
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SCP 

� 1: TH!s FIGURE IS A CROSS-SECnO\ OF THE SUPERIOR COLLICULUS 

WITH THE DIFFERE\T LA.MINAE LABELED. THE SUPERFICIAL LAMINA.E SZ. SGS, SO 
AND THE DEEP LAMI�\'AE SGI, SAL SGP. A�D SAP. 
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(SAP). The SGI is also subdivided into 3 8ublaminae that are 

arranged dorso-ventrally: upper, m iddle , and lower, as il lustrated in 

Figure 2. The neurons that are contained within these layers range 

in size from 8 to 60 um in diameter (Noma '80) and have dendritic 

trees that can extend as far as 1.2 to 1.4 mm (Behan et al '88, 

Moschovakis and Karabelas '85). Thus, it is possible for dendrites 

of these neurons to cross laminar boundaries and even to extend 

from the deep layers into superficial layers. (Mooney et a l. '84, 

Moschovakis and Karabelas '85, Moschovakis et al.'88). 

The deep layers contain a mixture of multi modal and unimodal 

neurons. The multimodal neurons are neurons whose response is 

influenced by inputs from two or more sensory modalities. Of the 

total num ber of neurons prese nt wit hin the deeper l ayers ,  550/� are 

multisensory: 30% respo nd to both visual and auditory stimul i, while 

o nly 14% of these n e u ro n s  act ivated by both visua l  and 

somatosenso ry.  Even fewer neurons, 8%, were activated by all t h ree 

of these modal ities while only 30/0 were activated by auditory and 

somatosenso ry stim uli (Stein and Meredith '93). 



/ 
SAP 

/ 

FIGURE 2: A CROSS-SECTIO\: OF THE SUPERIOR COLLICULUS THROUGH THE 

ROSTRt..L MOST PART OF THE ·:::ALC:..t m'-!E-THIRD SHOWING THE LA.MINAE AND 

THE SUBi...':;MI\!,E OF THE SGI. 
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A fferents: 

These visual, auditory and/or somatosensory responses are a 

result of the afferent pathways that converge upon the deep layers. 

For each modality that targets t he deep layers, inputs ascend 

primarily from brainstem or spinal cord levels as well as descend 

from the neocortex. These afferents are not homogeneously arranged 

in the deep layers, nor are they random. Instead, in cross-sectional 

views, each set of afferent terminations exhibits a patch-like 

clustering within specific laminae while a Iso avoiding other 

laminae. These patch-like terminal patterns occupy specific 

domains within the deep layers that are consistent for a given 

projection. There are many known projections to the deep layers of 

which many are described in great detail while others are not. The 

terminations of some afferent pathways are robust and form dense 

patches, while others are much m ore sparse. Those pathways with 

the most robust projections are described below. 

Visual Afferents: 
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The AMLS cortex is described by Harting et al . 1992 as 

projecting primarily within the SGI layer in the form of irregular 

dusters. The PULS cortex, which also has substantial inputs to the 

superficial layers, also has terminations found within the upper 

sublamina of the SGI layer (Harting et aI. '92). The projections from 

ALLS cortex form two tiers of terminations w ithin the de ep layers . 

One tier found in the dorsal sublamina of the SGI and the other tier 

is found in the ventral sublamina of the SGI, as well as into the SAl 

and SGP layers (Harting et al. '92). The P L L S cortex has 

terminations that primarily are focused upon the lower portion of 

the superficial layers with major extensions into the do rsal and 

middle sublaminae of the SGI layer (Harting et al. '92). The DLS 

cortex also follows this two-tiered fashion, one dorsal and one 

ventral within the SGI layer, but avoids the middle sublamina of the 

SGI layer (Harting et a/. '92). The dorsal and ventral sublaminae of 

the SGI also contain many axon terminals originating from the AEV. 

The AEV projects into the SAl and SGP layers (Harting et al. '92). 

Others visual areas thpt project to the d eep l ayers, although 

sparsely include: Area 7, Splenial Sulcus, Anterior Cingulate Gyrus 

(Harting et al. '92). 
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Auditory Afferents: 

The auditory region of the AES cortex, A EA, projects to the 

SGI layer. These terminations form two tiers along the ventral and 

dorsal sublamina of lamina IV with some extensions into the SGP 

layer (Meredith and Clemo '89). The Perlauditory B elt , which 

contains both visual and auditory neurons, has terminations within 

the ventral region of the SGI layer with extensions to the SAl and 

SG P layers (Harting et al. '92). Th e  Inferior colilculus also 

projects to the superior colliculus (Ku do and Niirni '80), but the 

laminar pattern of afferent terminations has not been described. 

Somatosensory Afferents: 

Somatosensory structures including the Dorsal Column Nuclei 

and the Spinal Trigeminal Nucleus and the cortical representations 

SIV and SV all send projections to the superior colliculus that 

terminate in restricted regions of the deep layers. The Dorsal 

Column Nuclei and the Spinal Trigeminal Nucleus each have 

terminations within the middle sublamina of the SGI as well as a 
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wedged shaped termination zone within the SGP (Wieberg and 

Blomqvist '84, Harting and Van Lieshout '91). Ukewise, the 

somatosensory cort ical areas S I V (in the anterior ectosylvian 

sulcus) and SV (in the rostral suprasylvian sulcus) each project 

specifically to the middle sublamina of the SGI layer as well as to 

the SGP, with little or no terminal labelling found in intervening 

tissue (Mchaffie et al . '88, Harting et al. '92). 

Other Afferents: 

Inputs from numerous other areas, even those not directly 

involved in the processing of visual. auditory.· and somatosensory 

information are known to reach the deep layers of the superior 

colliculus. Motor afferents arrive from the Lateral and Medial 

Frontal Eye Fields. Area 4 (Harting et al. '92), Substantia Nigra 

(Harting et al. 'S8). Pedunculopontine Tegmenta l Nucleus (Harting 

and Van Lieshout '92). Nucleus Posterior Commissure (Huerta and 

Harting '82). Deep Cerebellar Nuclei (Kawamura et al '82). Zona 

Incerta (Ficalora and Mize '89). Nucleus P repositus Hypoglossi and 

Intercalatus (Steichson et al. '85). and the Superficial Layers of the 

IpS ilateral Superior Colliculus (Behan and Appel '92). The foll ow ing 
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areas also project to the deep layers: The Reticular Nucleus of the 

Thalamus, Ven tral Lateral Geniculate Nuc leus , Contralateral 

superior colliculus, Mesencephalic Nucleus Reticular Formation, 

Perilemniscal Area, Pericentral Nucleus of the Inferior Colliculus, 

Locus Ceruleus, Dorsal Raphe, lateral Parabrachial Nucleus. Pontine 

Reticular Nuc lei . Ventral Nucleus of the Lateral Lemniscus, 

Dorsomedial Preolivary Nucleus, Medullary Reticular formation, 

Lateral Cervical Nuclei, Layer IV of the Spinal Cord levels C1-Ls. 

(Edwards et al. '79). 

Modular OrganIzation of A fferent Inputs: 

Each set of affe rents to the deep superior co lliculus 

terminates in a distinctive pattern and this patterning of different 

terminal fields has led to the idea that this structure exhibits a 

compartmental, or modular. organization. Each afferent pathway 

terminates within restricted areas or modules. and different 

afferent pathways often occupy different modules. This modular 

organization is most evident within the SGI and has been extensively 

described by Huerta and Harting (1984). This modular organization 

has been thought to play a role in bringing functionally related 
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inputs into close proximity with one another and to exclude those 

which are unrelated. This hypothesis has received a great deal of 

support, especially with the observations that motor related inputs 

from the frontal eye fields and substantia nigra terminate in zones 

close to or in register with one another as well as with the output 

neurons that influence 
_
orienting behavior, while the sensory related 

inputs from SIV were excluded from these same zones (liling and 

Graybiel '85, '86). Thus, while this modular theory appears to 

prov ide the morphological basis for this se nsorimotor role of the 

sup erior colliculus, it is not known whether modules are formed by 

afferents from different modalities and whether these modules are 

arranged in a manne r  that might contribute to the generat ion of the 

m.ultisensory properties so char�cteristic of many deep layer 

neurons. 
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The Methods: 

To examine whether the projections of different sensory 

modalities to the superior col l iculus over1ap one another, data was 

collected from numerous published accounts that described inputs 

from individual cortical and subcortical regions. The data was 

usually in the form of micrographs, although some drawings of 

tissue sections were also utilized. Each piece of data employed was 

an i l lustration of the cat superior collicu lus representing the 

rostral most part of the caudal one-third of this midbrain structure. 

This particular level of section in the superior colliculus was 

chosen because terminations from a majority of afferent sites 

appeared to be densest here as well as to control for variations due 

to topog raphical representations of sensory space within this 

structure. The d ata was first entered into  a Macintosh 153 

computer using the DeskScan program. Under the dynamics of this 

program, the images were manipulated to represent a sect ion 

through the left superior colli culus. Each image was then 

transferred to another program called Canvas 3.0.6 in which the 
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edges and laminae were traced to form a computer drawing of the 

cross-section. The patch-like terminations were encircled and 

traced in relation to the sublaminae they covered and this area was 

denoted with shading (line or dot pattern). Next. to help make 

comparisons 'between different tissue sections from different cases 

easier and more consistent each cross-section was transferred to a 

standard template. Figure 2 shows the template that was used and 

it represents a cross-section through the rostral most part of the 

caudal one-third of the superior colliculus (redrawn from Harting et 

al. 1992). In order to correlate the computer drawings with the 

template. the cross-sections were enlarged and/or rotated (never 

more than 50 degrees in any direction and only if necessary) so that 

their dorsal edges and midlines were aligned with those of the 

template. Often this was enough to bring the various laminae into 

alignment. When alignment did not occur, a new section of tissue 

was chosen from the same case and re-scanned, or the laminae that 

contained the terminations were given priority for alignment with 

the template over the edges of the sections as well as those laminae 

that contained no terminations. Throughout this process, the 

relationships of afferent terminations to the different lamina and 

sublamina were steadfastly maintained. This transformed data was 
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now in a standardized format that represented individual cases that 

iden tified inputs from the somatosen sory, visual an d auditory 

modalities as shown in figures 3, 4, and 5 respectively. 

The las t step was to overlap the different combi nations of these 

standardized sections. This proced ur e allowed for the direct visual 

comparison of the distribution of inputs f rom _different sources. The 

first comparisons were those of inputs that orig ina t e d from areas 

containi ng the same modality. Next, input s from reg ions 

representing different modalities were compared. 

It is acknow l ed ged that these proced ures assume that a 

number of uncontrollabl e variables remain constant. For example, no  

attempt was made to compensa te for differences among the t racers 

that were used, the amounts of tracer injected, the time for the 

transportation of the tracer, or even for minor variations in the 

plane of sectioning. However, variations in the size of the different 

sections were dealt with by aligning the medial and lateral boar der s 

of the tissue as well as by approximati n g  the re g i s try of the 

intermediate laminae o f  overlapped sections. 



Vi sual Termi nati ons 

ALLS AEV 

PLLS 

Fl3...ff 4: CROSS-SECTIO\ OF THE SUPE.RIOR <;:OlL(:ULUS WITH THE VISUAL 

TERMINATIONS ORIGi'-4TING FROM THE ALLS. AE\" AND PLLS CORTtCAL 

AREAS, FROM H.A.RTI�G ET AL. '92. 
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SOMATOSENSORY TERMINATIONS 

S IV SV 

Dorsal Column Nuclei . Trigeminal 

FIGURE 3: TERMi\A.L.. PATCHES OR ZONES FRm/ i"�PLTS ARiSING FRO�.' S,Y (A: FRO�! MCH.A.FFH:. 

ET AL '92) SV (8: FROM HARTING IT -\L. '92) DORSAL COLUMN \UCLEI (C: FROM WEBER ET 

4L. '88) TRIGP.,�IN.l.L NUCLEUS (0: FROM McHAFFIE ET AL '86). 



Auditory Termination 

FIGURES: CROSS-SECTIO".; OF THE SUPEPJ:JR CO�IOJLUS WITH THE 

DISTRiSLJTION OF TERf·W .. ;L FIELDS ORIGIN�.TlNG ORiGl\:ATING FROM THE 

AEA CORTEX. FRO�'''� MEREDITH AND CLEMO '89. 
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The Results 

somatosensory: 

The te rmi nal distributions of inputs withi n the superior colliculus 

from Dorsal Column Nuclei, Trigeminal, and SIV and SV are 

remarkably similar. P atches of terminals from each of these areas 

are arranged in two tiers within the deep layers of the superior 

colliculus. The most dorsal tier is located within the middle 

sublamina of the SGI, while the more ventral tier is found within the 

SGP, as sh own in Figure 6. This pattern is consistent among the 

different afferent somatosensory areas examined and therefore the 

terminal fields from each of these reg ions not only appear to overlap 

extensively, but also are in register with one another . Furthermore, 

s ubstantial portions of the deep lamina that are devoid of i nputs 

from one somatosensory region also lack afferent terminals from 

other tectopetal somatosensory reg ions . 



SOMATOSENSORY INPUTS 

IIIIIII S I V 

� sv 

TRIGEMINAL 

DORSAL COLUMN NUCLEI 

FIGURE 6: A CROSS-SECTION OF A SUPERIOR COLLICULUS WITH THE TERMI�.j.:"TIONS 

OF SIV, SV, TRIGC:L.�I�'\L Ar-,:O DORSAL COLU�/\ NUCLEI OVERLA.PPED. REGISTRY 
OF THESE INPUTS IS SEE\: PREDOMINATEL Y WrrH!:' THE MIDDLE SUBLA�""JNA OF THE 

SGI AND SGP. 
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. VIsual: 

The terminal distributions of inputs from visual cortex upon the 

deep layers of the superior coll icu lus were similar to one another in 

arrangement and were found . for the most part, to be in a two tier 

fashion. In the upper sublaminae of the SGI layer , projections from 

all three visual cortices ALLS, PLLS. and AEV overlap, as illustrated 

in Figure 7. Within the more ventral tier, found within the SAl and 

SGP, only terminal fields originating from ALLS and AEV cortices 

overlap. The PLLS has its major terminations in the SGS ,  SO and the 

upper and middle sublaminae of the SGI and is excluded, for the most 

part. from layers deeper than the SGI. The middle sublaminae of the 

SGI is void of overlap between inputs from these visual cortices. 

Auditory: 

The distribution of axon terminals within the superior colliculus 

that originated from the auditory field in the Anterior Ectosylvian 

Sulcus (AEA) was also examined. Inputs from this cortical region 

displayed a two-tiered design within the deep layers of the superior 
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AEV 

PLLS 

VISUAL INPUTS 

ALLS 

FIGURE 7: A.CROSS-SECTION OF A SUPERIOR COLLlOJLUS SHOWING THE 

VISUAL TERMINATIONS FRO'/ THE AEV, PLLS, ALLS CORTICES. PRO
JECTIONS FROM THE AEV .�,\:D ALLS OVERLAP II\; THE UPPER AND LOWER 

S1JBL!l,·.�:NAE OF THE SGI. THOSE FROt-1 THE PLLS OVERLA.P THE OTHER 

VISUAL AREAS ONL Y WITH;", THE UPPER SUBlAMI!\A OF THE SGI. 
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colliculus. As seen in Figure 5, one tier of terminal patches is 

confined to the upper portion of the SGI and the other is restricted 

to the lower portion of the SGIISAI layers. Since there is lack of 

reliable anatomical information regarding in puts from other 

auditory regions upon the superior colliculus, comparisons of 
- -

terminal fie ld distributions from different auditory regions cou ld 

not be made. 

AuditoryNlsual Comparison: 

The distribution of terminal fields originating from auditory and 

visual structures generally displayed � high degree of correlation 

within the deep layers of the superi o r colliculus. Since modalities 

have terminations that are focused u pon the same lamina or 

sublaminae. 

AENALLS 

Both the auditory AEA and visual ALLS project primarily to the 

lower SO and upper SGI as well as to the lower sublaminae of the 

SGI with extensions into the SAl and SGP. Thus, the extensive degree 
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of overlap among the terminals within the superior colliculus from 

these different cortical regions , illustrated in Figure 8, is not 

surprising. Terminal patches ofaxons arising from AEA straddle or 

completely overlap patches of terminations arising from ALLS 

cortex in the upper sublamina of the SGI as well as in the lower 

sublamina of the SGI-SAIISGP border. In a similar manner, 

projections from the AEA and ALLS spare the middle sublamina of 

the SGI as well as the SAP and permit little overlap of afferent 

terminals in these regions. Therefore, given that afferents from 

these different cortices share as well as spare similar regions of 

the superior colliculus, these terminations appear to be in register 

with one another. 

AENPLLS.· 

Inputs from the auditory AEA and the visual PLLS have terminations 

that overlap, but this is confined to the upper sublamina of the SGI. 

In contrast, as depicted in Figure 9 ,  the AEA terminations found 

within the lower sublamina of the SGI and within the $AI and SGP 



� AEA 

� ALLS 

FIGURE 8: A CROSS-SEcnJN OF THE SUPERIOR COLLIQJLUS VvTIH THE 

DlSTPJBLJTION OF TERMINAL F!ELDS FROM AUDITORY REGION AEA AND THE 

VISUAL REGION ALLS. OVERLAP IS SEEN WITHI' THE UPPER AND LOWER 

SUBL!!"MlNAE OF THE SGI, WITH SOME EXTENSIONS It-.TO THE SGP. 

� AEA 

� PLLS 

F,GURE 9: A CROSS-SECTION OF A SUPERIOF: COLLICULUS W!TH THE 

DISTR6l.JTIO;\J OF TERIvlINAL FIELDS OF INPUTS OEiG!,,\!\ TiNG FRm·' THE 

AUDITORY CORTEX, AEA AND THE VISUAL CORTEX PLLS. OVERLAP IS 

SEEN PRtrv'oARILY WITHiN THE UPPER SUBLAMINA OF THE SGI. 
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remain. fo r the most part, void of any overlap from terminations 

ar ising from PLLS cortex. 

A EVIAEA: 

Visual afferents originating from AEV cortex and auditory afferents 

originating from AEA have zones of terminatio n  in common, as seen 

in Figure 10. in  the upper SGI sublamina and i n  the lower sublamina 

of the SGI with extensions reaching into the SA l and upper SGP. In 

contrast. the i r  few terminations within the middle sublamina of the 

SGI did not over1ap one another. 

SomatosensoryNlsual Comparison: 

S i n ce the te rminat i on s  with in  the SGI from a l l  somatose nsory 

st ru ctures exami n e d  a re p ri mari l y  conf i n e d to the mi d d l e  

sublaminae of that layer. and the inputs from the visual cortices 

examined are predominately found within the upper and lower 

sU.blaminae of that layer. the over1a p within the superior colliculus 

between the terminations of these two modal ities  is minimal . Given 



� AEA 

� AEV 

FIGURE 10: A CROSS-SECTION OF A SUPERIOR COLLICULUS V.1TH THE 

DISTRIBUTION OF TERt-AINAL FIELDS OF INPUTS OR!Gl�A TING FROM THE 

AUDITORY CORTEX, AEA. AND THE VISUAL CORTEX. AEV. OVERLA.P IS 

SEEN WITHIN THE UPPER AND LOWER SUBLAMtNAE OF THE SGI . ....... fTH SO�.E 

EXTENSIONS II\'TO THE SAl AND SGP. 
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the s im i larity of the different somatosensory projections to the 

superior colliculus, inputs from SIV cortex are used here as 

representative of the entire group. 

SIVlALLS; 

As depicted in Figure 11, inputs from visual ALLS cortex remained 

seg regated from inputs originating from somatosensory SIV cortex. 

ALLS lacks projections within the midd le  sublamina of the SGI 

where most of the SIV cortical terminations are found. The ALLS 

does have projections within the SAl and SGP that somatosensory 

region s  as SIV does, but these terminations do not ove rlap o ne 

another. Thus, the distribution of terminal fields from these two 

regions a re not only out of register  with one anothe r ,  but they also 

occupy mutually exclusive domains within the superior collicufus. 

SIV/PLLS: 

Simila rly,  the terminat ions of inputs originating fro m  SIV and PLLS 

cortices are found, for the most part, in separate s ublaminae of the 

s uperior colliculus. As seen in Figure 12, the visual inputs  from the 
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AL L S  

S I V 

FIGURE 1 1 :  A CROSS-SECT10N OF A SUPERIOR COLICULUS WITH THE PROJECTIONS 

ORIGiNATING FROM ALLS AND SIV REGIONS. THE TERMINAL FIELDS FRcy'.� THESE 

TWO REGIONS STAY , FOR THE MOST PART, SEQUDED FROM ONE ANOTHER. 

� P L L S  � 

� S I V 

F IGURE 1 2 :  A CRO SS- SE CTION OF ,A, SUPERIOR COLLICULUS WlT.'-l THE PROJECTIONS 

FROM VISUAL AREA PLLS,  AND SOMATOSEN SOR)' AREA S IV. OVERLA.P BETWEEN 
THE TERMi'�AL FIELD S BETV;lEEN THESE TWO REGIONS IS SPARSE MiD RE STRiCTED TO 

THE MIDDLE SUBLA!..�:NA OF THE SG I .  
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PLLS cortex result in terminal ields that are confined to the SGS 

and S GI layers whi le S I V  has te rminations that are confi ned 

primarily to the middle sublaminae of the SG I with some extensions 

into the SAl and SAP layers. The term inations from either reg ion , for 

the most _part, display no overiap and therefore are not in register 

with one another. 

SI VIAEV: 

Again, the cortical terminations found within the deep layers from 

these two regions are located mostly in different sublam inae . As 

seen in Fig u re 1 3, the projections from the visual cortex AEV within 

the SGI are remote from those Originating from the SIV cortex. All 

other tectop etal terminations arising from either of these cortical 

PLLS cortex result in terminal fields that are confined to the SGS 

and SGI layers while SIV has SG I terminations that are confined to 

the middle sublaminae of the SGI .  Although the S IV region projects 

to  other collicular layers such as SAl and SGP; no prominent overlap 

is d emonstrated between afferent terminations from either corti cal 

region other than those found within the middle sublam inae of the 
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� A E V 

� S I V  

F IGURE 1 3 : A CROSS-SECTION OF A SUP�RIOR COLLICULUS WITH TI-lE PROJECTIONS 

F ROM THE VISUAL AREA .• A EV,  AND THE SlY.J,-\TOSENSORY ARE:" SIV .  OVERLAP 
BETWEEN THESE TWO REGIONS IS MIN IMAL 
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SGI .  These regions have terminal fiek!s that do not overlap 

substantially and are not in register with one another. All other 

terminations arising from either of these cortical areas that project 

to deeper layers of the superior colliculus, also exhibit no overiap. 

S o m atose n s o ry/A u d i t o ry C o m p a r i s o n :  

Given that visual-aud itory projections reveal a g re at deal of 

over lap and visual-somatosensory projections do not , l ittle registry 

between the auditory-somatosensory projection was expected o r  

observed . 

SIVIAEA :  

S o m atosenso ry  inputs from the S I V  cortex and auditory inputs f rom 

the AEA co rtex have terminal fields that are, almost eXClusively ,  

seq uestered from each other.  As depicted in Figure 1 4 , SIV 

primarily pro jects to the middle sublamina of th e  SG I layer and the 

SGP. In co ntrast, the terminal fields of inputs originat ing from AEA, 

are located primarily in the upper and lower sublaminae of the S G I .  

The AEA also has terminal fields within other layers of the superior 
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A E A 

S I V  

FIGURE 1 4 : A CROSS-SECTION OF A SUPERi OR COLLICULUS \VITt-: THE PROJECTIONS 

ORIGI NATIt\ G FRO" THE AUDITORY REGON , AEA, . AND THE SO" '�TCJSENSORY REGION 

SIV.  OVERLAP BETWEEN THE INPUTS FROM THESE TW O REGIONS IS SPARSE.  
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colliculus,  but none of which overiap with terminal fields of inputs 

arising from the S IV co rtex.  G iven the s i m i l a rity of affe re nt 

projections fro m  al l somatosensory structu re s ,  the re was also l ittle 

ove rlap among AEA projections and those from SV. Trigeminal and 

the Dorsal Column Nuclei (not pictured) . 
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The Concluslons 

An e no rmou s  amou nt  of atte ntion has bee n  directed toward 
- -

understanding the org a nization of the deep laye rs of the superior 

col l iculus and how its modular a rrangement may contribute to the 

functional role  of this structure (Huerta and Harti ng '84) . Howeve r, 

to d ate , only  a smal l  numbe r of modu l es have been assigned 

functional roles (Huerta and Harting '84 , l I l ing and G raybiel '85. '86) . 

For  e x a m ple.  the S I V  co rtical  regio n  termi n ates o n l y  with in  

acetyl ch o l ineste rase poo r zones -with i n  the middle sublamina of  the 

S G I  l ayer ( l i l i ng a n d  G rayb i el '86) wh i le f ro nt otect al a n d  

n ig raltectal  p roject i o n s  term i n ate i n  a cet lych ol inestera s e  rich 

zo nes within upper and lowe r s u b l aminae of the SGI ( I l l i ng and 

G raybie l  '85) . Since somatosensory inputs ( S lY) project to different 

domai n s  than the motor i nputs (frontote ctals and n igraltectal ) ,  the 

idea of a modular  organ ization of the d e e p  . layers was supported . 

F u rtherm o re ,  th i s  and other data suggests that the S G I l aye r is 

constructed of m u ltiple a n d  d ist i n ct u n i modal compartment s , each 
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containing the terminal fields from different tectopetal projections. 

However this expectation is . not supported by the p resent 

observations, since the terminal fields of visual and auditory inputs 

are rather broad and extensively oyeriap one another. Given that 

these inputs cover broad areas of the deep layers as sheets rather 

than patches, it is diff icult to consider them as compartmentalized 

in the narrowest sense . Furthermore , these different inputs do not 

occupy mutual ly exclusive domains but, instead, show a remarkable 

degree of register with one another. Thus, it  appears that ,  for the 

upper and lower sublaminae of the SGI as well as for regions of the 

SAl and SGP ,  there is a mixing of the inputs from these different 

sensory modalities .  

Physiological stud ies have indicated that the sensory activity 

of the deep layer neurons is  infl uence d ,  i f  not dependent ,  on the 

inputs f rom unimodal regions of cortex. Revers ib le deactivation (by 

cool ing)  of the P LLS (visual ) ,  S IV (somatosensory) . or AEA (auditory) 

had d ramat ic  effects on the respons iveness of the deep laye r 

neurons to v isua l ,  somatosensory and auditory stimul i  respective ly 

(Ogasawara et al . '84 , Clemo and Stein '86, Meredith and Clemo '89) . 

Not only are many multisensory neurons dependent on these unimodal 

sen s o ry cort ices  for the i r act ivity ,  but it is  conve rg e n ce of 
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monosynaptic inputs from these different regions that appears to 

give these d e e p  laye rs neurons their  multis e n so ry  prope rties 

(Wallace et al . '93) .  Ultimately. deactivation of some of these areas 

had profound effects on the Integ rated responses to m ultisensory 

stimuli (Wallace et aI '92) for many deep layer neu rons . Given this 

dependence of mu ltisensory neurons on inputs from the diffe rent 

corticotectal sources . the registry of terminal f i e l ds of inputs from 

diffe rent se nso ry modalities that p roduced t h i s  syne rgi sti c effect 

should have been predicted . 

The prese nt data shows that there is s ubstantial ove rlap 

with i n  the deep laye rs between projections from the visual and 

auditory modal it ies . Si n ce the m ost abu n d ant
· (69%) type of 

multisenso ry n euro ns is one wh i ch receives visual and auditory 

inputs (Ste i n  an d M e redith 93) . this conf i gu ration of vis ual and 

auditory inputs i nto common zones no doubt plays a s i g n if icant role 

in the prod u ct ion an d mai ntenance of th i s  p a rt i cu l a r  patte rn of 

convergence. Conversely.  the Jeast abundant type of m u ltise nso ry 

n e u ro n  is t h e  aud itory-somatose n s o ry  type (5. 40/0) ( St e i n  and 

Meredith 93). and the present data shows that the inp uts from these 

modal it ies ove rlap the least of a" possib le com b i n at i ons . These 

observations s uggest that the overall compartmen tal org a nizat ion of 
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afferents to the deep layers contributes to the genesis of neurons 

with multisensory properties there . However, despite the registry 

of inputs from different modalit ies , the mere proxim ity of these 

different inputs is insufficient to produce a multisensory neu ron . 

When inputs from different sensory modalities converge onto 

the dendrites or dendrosomatic regions of a neuron,  the neuron is 

rendered mult isensory .  Whi le  phys io log ical evidence for s uch 

conve rgence exists (Wal lace et al . 93) , a d i re ct anatomical 

demonstration has not been documented in the superior  col l iculus . 

However, in the repti l ian optic tectum (non-mammal ian homologue) 

of the superior col l iculus , visual and infrared  inputs have been 

observed using the electron microscope to contact the same dendrite 

(Kobayashi  et al . '92 ) .  

I t  has been reported that the large ,  efferent neu rons of  the 

deep layers can have dendritic arbors that extend 1 .2- 1 .4 mm (Behan 

et al . '88 , Moschovakis and Karabe las '85) . Such an expans ive 

dendrit ic fie ld no doubt enhances the abil ity of a given neuron to 

gathe r  inputs from a variety of sources . This not ion is supporte d  by 

the fact that up to 84% of these neurons (tect o - ret icu l o-spi nal 

neurons , TRSNs)  are mUlt isensory,  as opposed to only 55% of the 

ent i re populat ion of deep layer neurons ( M e red ith et a l . 1 992) . 
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Furthennore,  a greater proportion of TRSNs are trimodal ( 1 5%) than 

observed in the overall population (8%) The possible mechanism for 

this is i l l ustrated in Figure 1 5, where domains or compartments for 

representative visual , auditory,  

and somatosensory inputs are represented as shading and the 

dendritic arbors for 3 diffe rent neurons are indicat�d by the red 

circular  icons . Even though each icon represents only 1 .0 mm in 

d i a m et e r ,  each  exte nsive ly  ove r laps inputs f rom a l l  th re e  

modalities. In  fact, it is difficult to position an icon  within the SGI , 

where the somas of most TRSNs reside I in such a fashion that it 

does not overlap the terminal domains of at least two modalities .  In 

order to account for the large number of unimodal neurons observed 

one might conclude that dendrites may have some features by which 

i nputs f rom a particu lar  modal ity are prevented , even though  the 

den d ri te c learly resides with in  it's domain .  Atte nt ively it seems 

more plausib le  that the numbers of mult isensory neu rons with in  the 

deep layers have been substantia l ly  unde restimated . Nevertheless , 

g iven the size of dendrit ic trees of many deep laye r neu rons ,  it is 

reasonable to suggest that the compartmental ization of inputs does 

l i t t le  to res t r i ct o r  red u ce the i n ci d e n c e  of m u l t i s e n s o ry 

converge nce here .  Furthermore ,  whi l e  the ove rlap and registry of 
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� S I V  A E A  

A L L S  

F IGURE 1 5 :  THIS F IGURE IS A CROSS-SECTIO N  OF A SUPERIOR COLLICULUS WITH 

TERMINATIONS THAT REPRESENT AUD ITORY (AEA) ,  SOMATOSENSORY (S IV) , A N D  

VISUAL CALLS) INPUTS. THE RED ICONS, WHICH ARE 1 M M  IN DIAMETER ,  REPRESENT 

THE EXTENT OF THE DENDRITIC ARBORS THAT ARE CHARACTERISTIC OF THE EFFERENT 

N EURONS LOCATED I N  THE DEEP LAYERS. 
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terminal zones from different modalities actually  may enhance the 

incidence of the phenomenon of multisensory convergence . 
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