
F%YSIOIAXICAL REVIEWS 
Vol. 66, No. 1, January 1986 

Phtd in USA. 

Translation of Sensory Signals Into Commands 
for Control of Saccadic Eye Movements: 

Role of Primate Superior Colliculus 

DAVID L. SPARKS 

Department of Physidogy and Biuphysics, Neurosciences Program, 
University of Alabama at Birmingham, Birmingham, Alabama 

I. Introduction .......................................................... 
II. Anatomical Organization of Superior Colliculus ........................ 

A. General organization .............................................. 
B. Tectal tierents .................................................... 
C. Tectal efferents .................................................... 
D. Intrinsic organization .............................................. 
E. Summary and conclusions .......................................... 

III. Electrophysiology: Sensory Responses .................................. 
A. Superficial layers .................................................. 
B. Deeper layers ..................................................... 
C. Summary and conclusions .......................................... 

IV. Electrophysiology: Motor ............................... ............... 
A. Motor map of saccadic eye movements .............................. 
B. Other motor maps ................................................. 
C. Summary and conclusions .......................................... 

V. Lesion Studies ........................................................ 
A. Early studies ...................................................... 
B. Recent studies ..................................................... 
C. Effects of combined cortical and collicular lesions .................... 
D. Parallel circuits for control of saccades ............................. 
E. Summary and conclusions .......................................... 

VI. Status of Existing Hypotheses of Superior Colliculus Function ........... 
A. Foveation hypothesis .............................................. 
B. Attention hypothesis .............................. ................ 
C. Summary and conclusions .......................................... 

VII. Functional Organization of Superior Colliculus: Motor Perspective ....... 
A. General considerations ........ ..................................... 
B. Experimental evidence ............................ ................. 
C. Motor-error hypothesis ............................................ 

VIII. Current Models of Saccadic System: Possible Roles of Superior Colliculus 
IX. Summary and Conclusions ............................................ 

118 
120 
120 
120 
123 
125 
127 
127 
127 
130 
136 
139 
139 
141 
142 
143 
143 
144 
145 
146 
147 
148 
148 
150 
156 
156 
156 
157 
161 
161 
164 

I. INTRODUCTION 

A problem of general interest to many neurobiologists is that of senso- 
rimotor integration: How are sensory signals translated into commands to 

118 OO31-9333/86 $1.50 Copyright 0 1986 the American Physiological Society 



Jarmaw 1986 SENSORIMOTOR INTEGRATION: PRIMATE SC 119 

initiate new movements or modify ongoing ones? This is not a simple problem. 
A complex transformation of sensory data is required, since the spatial co- 
ordinates of afferent signals (e.g., tactile stimulation of a specific region of 
the body) are different from the spatial coordinates of the movements they 
guide (e.g., the direction, velocity, and amplitude of a limb movement). Con- 
sider sensory-guided eye movements. Saccadic (quick, high-velocity) eye 
movements can direct gaze toward the source of auditory, visual, or tactile 
stimuli. Signals used to localize stimuli of each modality are encoded in dif- 
ferent coordinates and are based on various sensory cues. Interaural time 
and intensity differences are used to localize acoustic targets with respect to 
the head. For tactile stimuli, the site of neural activity within the somatotopic 
maps found along the primary sensory pathways provides information about 
the region of the body surface stimulated. In the case of visual stimuli, the 
locus of retinal activation is encoded centrally by the site of neuronal activity 
in brain areas organized retinotopically. However, additional processing of 
these sensory signals is required to generate commands for appropriate sac- 
cades. Signals based on interaural cues must be combined with signals coding 
the current position of the eyes in the orbit to specify an eye movement that 
directs gaze to the location of auditory targets. Information about the region 
of the body surface activated must be combined with signals of the positions 
of the intervening joints, the current position of the head, and the position 
of the eye in the orbit to specify the trajectory of a saccade to a tactile stimulus. 
Similarly, spatial localization of a visual stimulus requires information about 
the region of retinal activation as well as signals of eye and head position. 
After these sensory signals have been combined to compute the trajectory of 
the movement, commands appropriate for each of the extraocular muscles 
must be sent to particular subgroups of the motoneuron pools found in the 
nuclei of the third, fourth, and sixth cranial nerves (52,168,l’79). 

Because all eye movements are mediated by the same population of mo- 
toneurons (l?l), auditory, visual, and somatosensory signals, initially encoded 
in different frames of reference, are translated into common coordinates and 
share the same final common pathway. What is the common coordinate sys- 
tem? Where in the central nervous system do these transformations occur? 
How and where are conflicting signals arbitrated? Answers to these questions 
are necessary for even a general understanding of the sensory control of 
saccadic eye movements. 

The superior colliculus (SC), a site of convergence of signals from visual, 
auditory, and somatosensory modalities, contains neurons involved in the 
generation of movements of the eyes, head, and pinnae. This brain area has 
been selected by many investigators for the study of sensorimo’tor integration 
and is the focus of this review. Data obtained from the rhesus monkey, the 
subject used in most chronic unit recording and microstimulation studies, 
are emphasized. A .voluminous literature related to the structure and function 
of the SC exists, and numerous reviews of different aspects. of these data are 
available (56, 63, 97, 101,103, 142, 181, 189, 199, 203, 206-209, 214, 234, 239). 
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The purpose of this review is not to provide an exhaustive summary of this 
burgeoning literature but to reexamine existing data in light of current hy- 
potheses concerning the functional organization of the SC and its role in the 
control of orienting movements. First, the anatomical organization of the SC 
and its pattern of afferent and efferent connections are summarized (sect. II). 

Next, the functional role of the SC is considered by reviewing the sensory 
(sect. III) and motor (sect. IV) properties of collicular neurons and the effects 
of collicular lesions (sect. v). This is followed by an appraisal of existing 
hypotheses of collicular function (sect. VI). Finally, future directions of re- 
search are explored by examining an emerging alternative hypothesis con- 
cerning the functional organization of the SC (sect. VII) and considering the 
role of the SC in general models of the saccadic system (sect. VIII). 

II. ANATOMICAL ORGANIZATION OF SUPERIOR COLLICULUS 

I briefly summarize what is known about the afferent and efferent con- 
nections of the SC and the intrinsic organization of this structure. Physio- 
logical signals are transmitted to the SC, undergo additional processing, and 
are relayed to other premotor structures for the initiation and elaboration 
of motor commands on this anatomical substrate (for more details see 
ref. 101). 

A. General Organization 

The SC is differentiated into seven alternating fibrous and cellular layers 
that are labeled (from superficial to deep) as follows: stratum zonale (SZ), 
stratum griseum superficiale (SGS), stratum opticum (SO), stratum griseum 
intermedium (SGI), stratum album intermedium (SAI), stratum griseum 
profundum (SGP), and stratum album profundum (SAP) (110,128). Based on 
the pattern of visual afferents (132-134), the pattern of efferent projections 
(79), and the differential behavioral effects of lesions (24), comparative neu- 
roanatomists have divided these seven layers into two major divisions: su- 
perficial (SZ, SGS, and SO) and deep (SGI, SAI, SGP, and SAP). The afferent 
and efferent connections of each division are summarized below. 

B. Tectal AJfkrents 

1. Super$cial lap3 

car 
The superficial layers receive, primarily from the retina and the visual 

tex, inputs related almost exclusively to vision. In the monkey a well- 
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defined retinotopic map of the contralateral visual field is formed by the 
termination of retinal and cortical axons. The representation of the visual 
field is not uniform. The central 10’ of the visual field is represented by >30% 
of the colliculus; the representation of the rest of the visual field is compressed 
into the remainder of the colliculus (34). 

The retinal projection to the SC is restricted mostly to the superficial 
layers, although a weak projection to the deeper division has been observed 
in the rat and cat (49). The sparse ipsilateral projection terminates in a patchy 
or banded fashion deeper in the SGS than the pronounced contralateral pro- 
jection (70,98,159). In the representation of the central visual field the retinal 
projection is light, confined to a narrow region’of the superficial gray, and 
derived primarily from the contralateral eye (32,159). The regions of the SC 
representing the peripheral portion of the binocular visual field receive a 
patchy distribution of label from both eyes that is segregated laminarly. In 
caudal regions of the SC, representing the monocular segment of the vi- 
sual field, the projection from the contralateral eye terminates throughout 
the SGS. 

In the rhesus monkey, afferents from the primary visual cortex to the 
superficial division arise from cells within layers V and VI of the striate 
cortex and terminate in topographic register with the retinal inputs, primarily 
within SZ and SGS (50,51,64,232). Projections to the superficial layers from 
extrastriate cortex originate from cells in layer V of areas 18 and 19, the 
frontal eye fields, and the premotor cortex (50). In the owl monkey, all six 
visual cortical areas studied by Graham and colleagues (areas 17 and 18, the 
middle temporal, dorsomedial, and medial areas and the posterior parietal 
region; 66) project to the superficial layers of the SC and maintain topographic 
alignment with the retinal input. In the cat the superficial layers receive 
afferents from areas 18 and 19, the lateral bank of the suprasylvian sulcus, 
the frontal eye fields, and the dorsal medial area (95,190,191,225). Axons of 
pyramidal cells within layer V of cortical areas 18 and 19 end primarily within 
the SZ and SGS. The frontal eye field projections to the superficial layers 
terminate within SZ, SGS, SO, and SGI in a patchy pattern (9, 123, 124, 
127,191). 

Subcortical areas projecting to the superficial layers in the cat include 
the ventral lateral geniculate nucleus (40,43,69,113,218) and the pretectum 
(13, 43, 228). Additionally, the superficial layers receive a highly organized 
bilateral input from the parabigeminal nucleus, a lateral tegmental cell group 
that in turn receives a massive ipsilateral collicular projection (72). Most of 
the parabigeminocollicular projection terminates in the most superficial tiers 
of the superficial gray layer, overlapping with the retinal projection. A pro- 
jection to the deeper collicular layers originates in the reticular formation 
immediately adjoining the parabigeminal nucleus (72). Little is known about 
these projections in monkey. In rat an input to the superficial layers from 
the locus coeruleus was revealed by immunofluorescent methods (219). 
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2. Deep lagers 

In contrast to the superficial division, the deeper division receives inputs 
from several sensory modalities, inputs from motor areas, and projections 
from areas that are neither purely sensory nor purely motor. These come 
both from cortical and subcortical sources. 

I) CORTICALINPUTS. Cortical inputs to the deeper layers of the SC originate 
in layer V of the frontal eye fields, prefrontal cortex, parietal cortex, temporal 
lobe, and occipital lobe. In general, only sparse projections are received from 
primary sensory and motor regions; most inputs are from cortical association 
areas. For example, in the cat, areas 17, 18, and 19 project mainly to the 
superficial layers and only sparsely, if at all, to the deeper layers of the col- 
liculus (54, 112, 223, 225). Instead the heaviest input to the deeper layers is 
from layer V pyramidal cells of posterior suprasylvian areas, a cortical region 
containing visually responsive neurons (112, 190). Similarly, somatosensory 
signals from cortex do not originate in areas SI, SII, or SIII but from neurons 
in the anterior ectosylvian sulcus and the rostra1 suprasylvian sulcus, regions 
only recently found to contain cells responsive to somatosensory stimuli 
(26,28,216). Likewise, compared with secondary motor regions, the pericru- 
ciate cortex (primary motor region) has few cells that project to intermediate 
and deep layers (101). 

In the monkey, extensive corticotectal projections originate in the pre- 
frontal association cortex (59), the frontal eye fields (123, 124, 129), and the 
inferior parietal lobule (136). The prefrontal association cortex, located on 
the dorsal bank of the principal sulcus is anatomically and functionally dis- 
tinct from the frontal eye fields and is thought to be involved in tasks requiring 
precise spatial orientation (60, 61). The frontal eye fields contain visually 
responsive neurons as well as neurons discharging prior to visually guided 
saccades and are reciprocally connected through thalamic relays with the SC 
(55). While early degeneration studies described a prominent projection to 
SC from parietal cortex (127,158), recent studies with axonal transport meth- 
ods found only sparse projections (129, 229). This discrepancy was resolved 
by Lynch and colleagues (136) when a prominent direct projection from the 
inferior bank of the intraparietal sulcus to intermediate and deeper layers 
of the SC was demonstrated. Only faint labeling was observed after injections 
of tritiated amino acid into surrounding regions of the parietal cortex. 

As in the superficial layers, discontinuities in the terminal zones of cor- 
tical afferents are observed in the deeper collicular layers. Many of the cor- 
ticotectal projections to SGI form patches or occupy specific dorsal-ventral 
parts of the deeper layers. This is true of projections from the somatosensory 
cortex, the frontal eye fields, and the prefrontal cortex (101). 

II) SUBCORTICAL INPUTS. Edwards and colleagues (43) identified in the cat 
more than 40 subcortical areas that project to the deeper division of the SC. 
Among these are the following cellular areas: spinal trigeminal nucleus, nu- 
cleus of the posterior commissure, dorsal hypothalamic nuclei, zona incerta, 
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the pars reticulata of the substantia nigra, the reticular nucleus of the thal- 
amus, the ventral lateral geniculate nucleus, the contralateral SC, the mes- 
encephalic reticular formation, the perilemniscal area, the external and peri- 
central parts of the inferior colliculus, the locus coeruleus, the dorsal raphe, 
the lateral parabrachial nucleus, pontine reticular nuclei, the ventral nucleus 
of the lateral lemniscus, the dorsomedial periolivary nucleus, deep cerebellar 
nuclei, medullary reticular nuclei, dorsal column nuclei, lateral cervical nu- 
cleus, and layer IV of the first cervical to the fifth lumbar segments of the 
spinal cord (43). Except for those originating in the striate cortex and sub- 
stantia nigra (sect. III), almost nothing is known about the signals conveyed 
to the SC from these sources. 

Subcortical projections to the deeper layers are distributed discontin- 
uously. In the cat the nigrotectal projection is primarily ipsilateral and ram- 
ifies in patches within the SGI. These patches, 300-500 pm wide, align to form 
bands oriented rostrocaudally (71). Similar patches of the terminal fields of 
the nigrotectal pathway have been observed in monkey (109) and rat (11). 
The ipsilateral projection from the sensory trigeminal complex terminates 
only in the rostra1 colliculus and is distributed in a patchy manner, primarily 
in the medial SGI. These patches tend to align to form longitudinal bands, 
like nigrotectal patches (101). Axons from the nucleus of the posterior com- 
missure ramify just beneath those from the substantia nigra and may inter- 
digitate with the trigeminocollicular axons (99). Hypothalamic input ends in 
distinct patches forming at least two dorsoventral tiers (81). 

C. Tectal Eferents 

Efferent projections from the SC fall into three major categories: pro- 
jections from the superficial division, ascending efferents from the deep di- 
vision, and descending pathways from the deep division. Presumably, visual 
(superficial), multimodal, and movement-related (deep) information processed 
in the SC is distributed to the thalamus and cortex through the ascending 
projections while the descending projections distribute collicular signals to 
premotor regions of the brain stem. 

1. Projections fkm+b superficial lagers 

Dense projections from the superficial layers of the monkey SC reach 
the ipsilateral parabigeminal nucleus, the pretectum, the inferior pulvinar 
nucleus, the magnocellular dorsomedial nucleus of the thalamus, and the 
dorsal and ventral lateral geniculate nuclei (l&80). The lateral pulvinar nu- 
cleus receives a less-dense projection (80). The collicular projection to lateral 
geniculate nucleus is primarily to the region of the “S” layers and the intra- 
laminar zone separating the two magnocellular layers. These regions of the 
lateral geniculate nucleus contain small cells and project to supragranular 
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layers of area 17 (101). The tectorecipient portion of the inferior pulvinar 
projects to numerous cortical regions from striate cortex to the posterior part 
of the temporal lobe. Regions of projection include the lunate sulcus, the 
inferior occipital sulcus, and the floor and posterior bank of the superior 
temporal sulcus, all cortical areas implicated in visual function (12, 162). 

In the tree shrew, Graham and Casagrande (65) found a precise rela- 
tionship between particular afferent termination zones and the organization 
of cells of origin of efferent pathways. Input from the contralateral retina 
terminates in the same region of the SGS containing neurons that project to 
the dorsal lateral geniculate nucleus. The neurons that project to the pulvinar 
are located more ventrally in the SGS, within the terminal fields of axons of 
neurons residing in the striate cortex. 

2. Ascending p?-ejections from deep layers 

Ascending axons from deep collicular neurons terminate within nuclei 
in the dorsal thalamus (80, lOl), which in turn project to the frontal eye fields 
and the inferior parietal lobule (area ‘I)-two cortical areas containing neurons 
that discharge in association with saccadic eye movements (55, 151, 152). 
Additional targets of the ascending pathway include the rostra1 interstitial 
nucleus of the medial longitudinal fasciculus (an important area involved in 
the generation of vertical saccades) (21, ZZ), the oculomotor complex, the 
magnocellular division of the ventral anterior nucleus, the paralamellar region 
of the mediodorsal nucleus, and the parafascicular nucleus (80). 

3. Descending projections from deep layers 

The SC can exert its most direct control over orienting movements of 
the eyes, head, and pinnae through the descending pathways. Descending 
fibers leave the deep layers in two major tracts: the crossed predorsal bundle 
(or tectospinal tract) and the’ipsilateral tectopontine-tectobulbar tract. 

I) PREDORSAL BUNDLE. Axons cross’within the dorsal tegmental decus- 
sation and terminate in pontine, medullary, and spinal nuclei. Projection 
sites thought to be involved in controlling eye movements include the nucleus 
reticularis tegmenti pontis (NRTP), the nucleus reticularis pontis oralis, cell 
groups ventral and medial to the abducens nucleus, and the medial accessory 
nucleus of the inferior olivary complex (78). In the monkey, most NRTP neu- 
rons display a burst or pause of activity associated with saccades of particular 
directions and amplitudes (119), much like SC neurons (see sect. IV). In the 
rabbit and cat the entire efferent projection of NRTP is thought to terminate 
in the cerebellum (18). The nucleus reticularis pontis oralis corresponds, in 
part, to the functional region ,called the paramedian pontine reticular for- 
mation, a brain region responsible for the generation of horizontal saccades 
(160). The SC gains access to the climbing fiber system and the posterior 
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cerebellar vermis through the medial accessory nucleus of the inferior olivary 
complex (101). 

In the cat, fibers of the predorsal bundle continue caudally, terminating 
in regions that may be important in mediating movements of the head. These 
are the supraspinal nucleus (an area that projects bilaterally to laminae VIII 
and IX of cervical spinal cord) and laminae VI-VIII of the first five cervical 
segments of the spinal cord (67,100). Only a few scattered tectospinal axons 
are found in the rhesus monkey (78). 

II) TEC,TOPONTINE-BULBAR TRACT. This ipsilateral projection courses lat- 
erally and ventrally from the SC, sending axonal terminals into visual areas 
(parabigeminal nucleus, dorsal lateral pontine gray), oculomotor areas (mid- 
brain reticular formation; 30,78, Ill), and areas in the cat involved in pinna 
movements (paralemniscal region of the lateral pontine tegmentum; 83,84). 
Axons in the ipsilateral descending pathway also end in the rostra1 pontine 
reticular formation, the dorsolateral wing of NRTP, and extensively in nucleus 
reticularis pontis oralis (67, 78). The nucleus reticularis pontis oralis is the 
origin of reticulospinal fibers; tectal input to this area may be involved in the 
control of head movements (78). 

III) SMALLERTECTOFUGALBUNDLE. In the cat,cellsin SO,SGI,and SGP 
of the rostra1 half of the colliculus send axons through both the tectal and 
posterior commissures to end within the intermediate and deep gray layers 
of the opposite SC (41). A small commissural projection is also found in the 
monkey (78). 

D. Intrinsic Organization 

1. Super&cial-to-deep communication 

Although most investigators have assumed that there are direct con- 
nections between the superficial and deeper layers, there is little evidence to 
support this assumption. Indeed, Edwards (42) argued that the seven layers 
of the SC are not a unified and functionally distinct structure and that the 
SGI and SGP of the deeper layers should be considered part of the reticular 
core. According to Edwards, the deeper layers are similar to other reticular 
areas histologically, physiologically, and in the pattern of afferent and efferent 
connections. The SGI and SGP are characterized by a heterogeneity of cell 
size, extensive intermingling of cells and axons, and profuse overlapping of 
dendritic fields. Both layers contain neurons with long, straight, and poorly 
ramified dendrites, also characteristic of reticular areas. Neurons in these 
deeper divisions also have sensory properties that characterize reticular cells, 
i.e., multimodal responses, large receptive fields, rapidly habituating respon- 
ses, and-sensitivity to dynamic stimuli (sect. III). Moreover, like other reticular 
zones, the deeper collicular layers have multiple and diverse afferent inputs 
and widely distributed efferent projections. Finally, Edwards argued that 
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there is no unequivocal evidence for synaptic interconnections between su- 
perficial and deeper divisions. He was unable to demonstrate interconnections 
between the two divisions with Golgi, horseradish peroxidase (HRP), or au- 
toradiographic tracer methods. The axonal degeneration seen in the deeper 
divisions after small superficial lesions is attributed to axons of passage of 
the dense projection from the SGS to the parabigeminal nucleus (207). 

Whether there are direct connections between the superficial and deeper 
layers of the colliculus can be resolved with modern anatomical and electro- 
physiological methods. The intracellular HRP technique permits functionally 
identified cells in the superficial layers and/or in the deeper layers to be filled 
and a detailed description of the distribution and pattern of terminal con- 
nections to be obtained. When combined with electron microscopy, unequivocal 
evidence for synaptic connections is possible. However, only two published 
papers in which the intracellular HRP method was used addressed the ques- 
tion of communication between the superficial and deeper divisions of the 
SC. Mooney and colleagues (148) reported that in hamsters, 10 out of 26 cells 
with somas in laminae ventral to the SO had dendrites that extended into 
the superficial layers (SGS and SO). Functionally, all of these cells responded 
exclusively to somatosensory stimuli. With the testing methods used, the 
responsiveness of these cells to somatosensory stimuli was not modified by 
presentations of visual stimuli. While the functional significance of these 
findings remains to be clarified, an anatomical route by which activity in the 
superficial layers could directly modify the responsiveness of neurons in deeper 
layers has been unequivocally identified. Grantyn et al. (68), using a tissue- 
slice preparation and the intracellular HRP method, labeled two neurons in 
the kitten SGS with axons passing into the deeper layers. Axon collaterals 
were observed that distributed terminals in the superficial and intermediate 
gray laminae. However, given the widespread exuberance of many axons dur- 
ing early development, these experiments must be repeated in adult animals 
before the significance of this report is clear. 

2. Pu$Ks and patches 

An additional pattern of organization is superimposed on the laminar 
arrangement of collicular neurons: 1) the terminals of afferents to the colli- 
culus are distributed in a segregated manner within laminae or sublaminae 
(see above); 2) the cells of origin of efferent pathways either reside in different 
laminae or sublaminae or form discrete patches or puffs within laminae (see 
above); and 8) histochemical studies have shown that acetylcholinesterase 
(Ache) activity (73), enkephalin-like immunoreactivity (74), and hexokinase 
(176) activity are distributed in a patchy manner in the intermediate and 
deep layers. Moreover, Illing and Graybiel (102) found that in the cat, many 
of the patches of high Ache activity in the intermediate gray layer are zones 
where fibers from the frontal cortex and substantial nigra converge. Thus 
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there is a complex pattern of distribution of the terminals of afferent fibers, 
the cells of origin of efferent pathways, and neurochemical activity within 
the deeper layers of the SC. The details of this organization are only beginning 
to be worked out (see refs. 101 and 102), and the functional significance of 
this arrangement is still highly speculative. 

E. Summary and Conclusions 

The pattern of afferent and efferent connections of the SC is consistent 
with the proposal that this structure is involved in transforming signals from 
several sensory systems into motor commands for initiating and guiding ori- 
enting responses of the eyes, head, and pinnae. The deeper layers of the SC 
receive inputs from brain areas involved in the analysis of visual, auditory, 
and somatosensory signals. Efferent projections from the deeper layers are 
to brain stem nuclei that have direct connections with motoneurons inner- 
vating extraocular muscles and muscles of the neck and pinnae. However, 
these generalizations are much too broad to be useful in constructing a com- 
prehensive model of the role of the SC in the control of orienting movements. 
In animals most commonly used in physiological and behavioral studies, at- 
tempts to precisely define the source and pattern of terminal distribution of 
collicular afferents, the overlap and/or segregation of the terminal zones of 
the major tectal inputs, and the physiological signals conveyed over these 
pathways are recent. In these animals, very little is known about the mor- 
phology, location, or physiological response properties of the cells of origin 
of the major efferent pathways. The intrinsic organization of the SC is poorly 
understood. Thus there is a special need for combined anatomical and elec- 
trophysiological studies that might identify the precise location and mor- 
phology of various functional cell types and simultaneously provide infor- 
mation about the intrinsic organization of the SC. 

III. ELECTROPHYSIOLOGY: SENSORY RESPONSES 

This section reviews the sensory responsiveness of collicular afferents 
and collicular neurons. Information about the types of signals reaching the 
SC and speculations about signal processing that may occur within the col- 
liculus are based on these data. 

A. Superjicial Lagers 

I. Receptive-field properties 

In the rhesus monkey, all neurons encountered in 
are visually responsive. There is little disagreement 

the superficial layers 
about the functional 
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properties of these neurons, even though anesthetized or paralyzed animals 
have been used in some experiments and alert animals in others. Most cells 
respond to the onset of a stationary spot of light with a phasic on-response 
and to the termination of the stimulus with an off-response (57). Circular or 
ellipsoidal excitatory responsive areas with suppressive or inhibitory sur- 
rounds are typical of superficial cells, and a gradient of response magnitude 
can be observed across the excitatory region of the receptive field (34,57,137, 
150,182). The size of the receptive field varies as a function of eccentricity in 
the visual field. Receptive fields as small as 0.75O in diameter are observed 
for units responsive to stimulation of the fovea or perifovea, whereas neurons 
responsive to peripheral retinal stimulation may have receptive-field diam- 
eters of 20-30’ or larger. In an electrode penetration perpendicular to the 
surface of the colliculus, cells with the smallest receptive fields are encountered 
first, and receptive-field diameters increase with depth (34,57,137,182). 

The visual field is topographically mapped on the superficial layers of 
the SC, with over one-third of the collicular surface being devoted to the 
central 10’ of the visual field. Cells in the superficial layers of each colliculus 
are activated by stimuli in the contralateral visual field. Neurons with re- 
ceptive fields in the upper visual field are located medially; those with receptive 
fields in the lower visual field are found laterally. Units with receptive fields 
near the center of the visual field reside anteriorly; those with receptive fields 
in the periphery are located posteriorly (34,57). 

In terms of preference for stimulus size, the optimal stimulus diameter 
seldom exceeds 5’ of visual angle (HZ), and, in the rhesus monkey, spatial 
summation across the receptive field does not occur (57). Cells in the SC are 
not sensitive to the shape, contrast, or orientation of the stimulus. They re- 
spond equally well to small circles, annuli, or ellipsoids or to stimuli with 
concave, convex, serrated, or straight edges (34,57,182). 

Neurons in the superficial layers respond to either stationary or moving 
stimuli, but moving stimuli produce more vigorous responses. Some cells re- 
spond to stimulus velocities as high as 8OO”/s, but most respond maximally 
to stimuli moving between 0.5 and 3O”/s. Only 10% of the cells in the superficial 
layers are directionally selective, and these are broadly tuned (34,57,182). 

Based on their spectral sensitivity functions in the presence of neutral 
and chromatic backgrounds and on a failure to respond to moving equal- 
luminance chromatic borders, SC neurons are characterized as broad-band 
rather than color-opponent cells (137). Moreover, based on studies examining 
the responsiveness of retinal ganglion cells antidromically activated by col- 
licular stimulation, the sole retinal input to SC is thought to be provided by 
cells that are not color opponent (35,183). 

Neurons with receptive fields in the binocular part of the visual field can 
be driven by stimulation of either eye (34, 57, 150,182), although clusters of 
cells within the same ocular-dominance group may be observed along a single 
electrode penetration (98). Some units that respond maximally when three- 
dimensional objects are presented in their receptive fields have been observed 
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in Cebus (225) and rhesus (166, 167) monkeys. These cells respond tonically 
to effective stimuli but display strong habituation to repeated stimulus pre- 
sentations. 

2. Special properties 

I) ENHANCEMENT. Superficial neurons respond more vigorously to a stim- 
ulus in the receptive field if the stimulus is the target for a saccadic eye 
movement (58). This property, called enhancement, is discussed in more detail 
in section VI. 

II) VISUAL SUPPRESSION. Robinson and Wurtz (173) studied the responses 
of collicular neurons when the image of a stationary stimulus was swept 
across the receptive field of the cell during a saccade and when, with the eyes 
stationary, the stimulus was moved across the receptive field of the neuron 
at velocities comparable to the image movement occurring during saccades. 
Collicular neurons responded significantly less when an actual eye movement 
occurred. Because trials occurred in total darkness, except for the single test 
stimulus, the reduced response observed during saccades cannot be attributed 
to masking by surrounding stimuli. Moreover, suppression was observed even 
when a retrobulbar block was used to paralyze the eye (164). Thus the reduced 
sensitivity to visual stimulation during saccadic eye movements must be based 
on an inhibitory process that is correlated with the command to move the 
eye rather than on visual or proprioceptive feedback about the movement. 

3. Properties of inputs to superjcfial layers 

What types of signals are conveyed to the superficial layers? The func- 
tional properties of neurons projecting to the superficial layers have been 
studied in three areas. 

I) RETINAL INPUTS. Recent data indicate that most monkey ganglion cells 
project to either the lateral geniculate nucleus or to the SC but not to both. 
X-like cells project to the lateral geniculate nucleus but not to the SC. 
W-like cells project to the SC and pretectum but not to the lateral geniculate 
nucleus (131). Y-like cells, forming <lo% of the total ganglion cell population, 
project to the magnocellular laminae of the lateral geniculate nucleus, and 
some also project to the pretectum and SC, perhaps by branching axons (131). 
Electrophysiological studies confirm these basic observations. The SC receives 
inputs from Y-like and W-like ganglion cells but not from X-like cells (137, 
183). Color-opponent retinal ganglion cells do not project to the SC (see above). 

II) INPUTS FROM PRIMARY VISUAL CORTEX. In the monkey, corticotectal 
cells in area 17 form a fairly homogeneous population. They have “complex” 
properties, broadly tuned orientation specificities, and a high degree of bin- 
ocularity (45). Corticotectal influences are exerted primarily on collicular 
neurons in the deeper layers (186). Inactivation of the magnocellular laminae 
(but not parvocellular laminae) of the lateral geniculate nucleus disrupts the 



130 DAVID L. SPARKS Vdume66 

visually driven activity of most cells in topographically corresponding regions 
of the deep colliculus but has no effect on the activity of cells in the superficial 
layers (184). The responsiveness of cells in the most superficial laminae of 
the SC is not affected by either cortical cooling or by inactivation of the 
magnocellular layers of the lateral geniculate nucleus. The response of col- 
licular cells in the deeper layers is reduced or eliminated by both cortical 
cooling and injections that inactivate magnocellular layers of the lateral ge- 
niculate nucleus. 

III) INPUTSFROMTHE PARABIGEMINALNUCLI~US. The electrophysiological 
properties of neurons in the parabigeminal nucleus of the cat are similar to 
those of superficial collicular neurons in terms of receptive-field size, ocular 
dominance, and lack of specificity for stimulus shape and contrast. Compared 
with collicular neurons, parabigeminal neurons respond more briskly and 
reliably to visual stimuli; are less selective to stimulus size, velocity, and 
direction of movement; have a much higher level of spontaneous activity; and 
respond more briskly to stationary stimuli (193). The parabigeminal nucleus 
contains a visuotopic representation of both the contralateral visual field and 
the central 40” of the ipsilateral hemifield (194). 

B. Deeper Lagers 

1. Responses to visual stimuli 

Visually responsive neurons in the deeper layers of the SC differ in several 
ways from cells in the superficial layers. In the deeper layers, some visually 
responsive neurons (visuomotor cells) also discharge in association with sac- 
cadic eye movements. Other cells (bi- or trimodal) respond to somatosensory 
and/or auditory stimuli. The visual receptive fields of deeper layer cells are 
larger than the receptive fields of superficial neurons for corresponding regions 
of the visual field. With repetitive stimulus presentation, a dramatic decrement 
in response magnitude is often observed, a characteristic rarely seen in the 
superficial layers. In the monkey the visual responses of neurons in deeper 
layers are dependent on cortical inputs. After ablation or cooling of the visual 
cortex, visual responses can no longer be elicited in cells in the deeper layers. 
The responses of cells in the superficial layers are modified only slightly by 
these procedures (186). Finally, the response of one class of visually responsive 
neuron in the deeper layers (quasi-visual, or QV, cells) is not dependent on 
activation of a particular region of the retina (139). The activity of these 
neurons seems to be organized in motor rather than retinal coordinates (see 
sect. VII). 

2. Responses to nonvisual stimuli 

In the monkey, neurons responsive to auditory and tactile stimuli are 
present in the SC (34,57,224), but the response properties of these neurons 
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have not been carefully studied. Thus, consideration of responses to nonvisual 
stimuli is based on data obtained from other animals. 

Visually responsive cells are found in the superficial layers. The first 
cutaneous and auditory cells are encountered in the SGI (37-39,210). As an 
electrode passes through the deep layers, the proportion of cells responding 
exclusively to visual stimuli declines, and the number of cells responding to 
somatosensory and auditory stimuli increases (62, 210). Units responsive to 
auditory stimuli are most commonly found in the posterior colliculus (25, 
62, 210). 

I) SOMATOSENSORY RESPONSES. A) Proprioceptive signals. In the cat, the 
SC receives proprioceptive input from the extrinsic eye muscles and from the 
muscles of the limbs and neck (1,2). Passive rotation of the eye produced a 
brief burst of activity in collicular neurons when the eye was rotated through 
a minimal angle (the displacement threshold) at a velocity of >EiO”/s. For 
different units, displacement thresholds ranged from 3 to 30”. The projection 
to the SC from extraocular muscl .e afferents was extensive . In some experi- 
ments, more co1 .licular units were activated by ex traocular muscle receptors 
than by retinal stimulation (1). Responses to stretch of extraocular muscles 
were observed in all layers of the SC and in the underlying tegmentum (174). 
Approximately 60% of the cells of origin of the tectospinal tract in the SC 
were excited by electrical stimulation of extraocular muscle afferent neurons. 
It is suggested that large, h igh-velocity eye movements al ter the excitability 
of m .otoneurons innervating neck muscul .ature and thereby facilitate orienting 
head movements (1). 

Many neurons in the SC were also activated by electrical stimulation of 
the afferent innervation of neck and fore- and hindlimb muscles. Stimulation 
parameters required to activate collicular units were those that would stim- 
ulate slowly conducting fibers. Based on the latency of the responses, two 
pathways from neck muscle afferents to SC were proposed. Long-latency re- 
sponses predominate in the superficial layers, whereas short-latency responses 
dominate in ‘intermediate and deep layers. Considerable convergence of af- 
ferent projections occurs, because many units respond to both visual and 
muscle afferent stimuli, some responding to stimuli of all four limbs (2). 
However, the afferent fiber spectrum of neurons serving neck muscles differs 
from that of nerves serving the hindleg (165), and passive stretch of dorsal 
neck muscles (with stimuli adequate to excite most neck muscle spindles) 
usually fails to activate SC neurons (3). Moreover, activation of collicular 
units requires stimulus intensities that excite group III muscle afferents, i.e., 
afferents that are sensitive to pressure, pain, and temperature. In the hamster, 
neurons responsive to cutaneous nociceptive stimuli have been reported (163, 
212). Thus the receptors giving rise to the signals reaching the SC have not 
been identified unequivocally, and the functional role of these afferents is 
unknown. 

B) Cutaneous stimulation Somatosensory input to the deeper layers of 
the colliculus arrives over both lemniscal and spinothalamic pathways. Cor- 
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tical projections originate in a newly discovered somatosensory region of the 
cortex (SIV) (26,28). 

Generally, cutaneous stimulation is most effective for activating so- 
matosensory collicular cells; the most vigorous responses are evoked by rapid 
movement of a tactile stimulus along a particular axis (27,62,153,215). Light 
tapping or squeezing (208, 210) and hair displacement (62) are also effective 
stimuli. In the mouse, w  phisker movemen t is a preferred stimulus (37- 

In the cat, somatic receptive fields range from 2 mm diameter 
-3% 
to the 

entire dorsal surface of the body (208). Spatial summation within the receptive 
field has been noted (2X9, but there is little information about field uniformity 
and inhibitory regions for nonvisual cells. 

C) Alignment of visual and somatosensorg maps. Drager and Hubel 
(37-39) described in the mouse a constant topographical relationship between 
somatosensory receptive fields, especially those involving the whiskers, and 
the visual receptive fields of overlying cells. They noted that a major part of 
the mouse’s visual field is crossed by whiskers. Whenever visual receptive 
fields of the superficial tectal cells were located in regions crossed by whiskers, 
somatosensory responses of neurons encountered in the same electrode pen- 
etration were evoked only from whiskers or immediately adjacent fur but 
never from more distant parts of the body. The authors presumed that inputs 
from sensory modalities other than vision, were topographically arranged to 
be in spatial registration with the visual map. This hypothesis is considered 
in more detail below. 

Stein et al. (215) studi .ed the organization of neurons with tactile receptive 
fields in the SC of the cat. Cells were responsive primari ly to cutaneous stim- 
ulation of the contralateral body surface. A somatotopic organization of tactile 
receptive fields was observed with a disproportionately large representation 
of body regions innervated by the trigeminal nerve. The representation of 
the forelimb was also large. Consequently, only a relatively small region of 
the SC 
area of 

was 
the 

available for the representation of the large cutaneous surface 
trunk and hi ndli mb. The visuotopic organization of superficial 

layer neurons was used as a reference for plotting the receptive fields of 
underlying tactile cells. Schematic diagrams of the SC were developed illus- 
trating the registration of the visuotopic and somatotopic maps. 

Subsequently, a correspondence has been observed between visual, so- 
matosensory, and/or auditory receptive fields by several workers in various 
animals, i.e., mouse (37.39), cat (215), monkey (224), guinea pig (IZO), hamster 
(25,46), owl (122), and iguana (53,213). 

II) AUDITORY RESPONSES. A) GeneraZ response properties. Like visual sig- 
nals, auditory input to the deeper layers arrives over cortical and subcortical 
routes. After SC injections, deposits of retrogradely transported HRP are 
found in several auditory structures in the cat, i.e., the external and pericentral 
nuclei of the inferior colliculus, the ventral nucleus of the lateral lemniscus, 
the dorsomedial periolivary nucleus, the nucleus sagulum, and the brachium 
of the inferior colliculus (42). Projections from the inferior colliculus to the 



Januayg 1986 SENSORIMOTOR INTEGRATION: PRIMATE SC 133 

SC have been described in the monkey (10, 230). In the cat and primate, 
auditory cortical areas send axons to the ipsilateral intermediate and deep 
layers of the SC (54,149,157,225). 

Most studies indicating that the SC contains neurons responsive to au- 
ditory stimuli were designed to study the properties of visually responsive 
neurons. Typically, neither the auditory environment nor the auditory stimuli 
were carefully controlled. Nonetheless, results of these studies are informative. 
Units sensitive to auditory stimuli show fairly nonspecific frequency sensi- 
tivity. Complex sounds such as hisses, whistles, finger snaps, or jangling keys 
were particularly effective for activating collicular cells in the mouse (37- 
39), hamster (25), cat (62, 208, 210, 231), and Cebus monkey (225). There is 
some disagreement about whether single, pure tones are sufficient to activate 
collicular cells. In the cat, Gordon (62) tested pure tones and tone sweeps in 
the range of 50 Hz to 10 kHz and reported little activity in the auditory cells. 
In contrast, Stein and Arigbede (210) found narrow frequency tuning in some 
collicular cells, and Chalupa and Rhoades (25) found that hamster collicular 
cells display broad frequency tuning with some preference for higher fre- 
quencies. 

Auditory cells in the SC receive input from both ears. In the cat and 
chinchilla, contralateral monaural sounds are much more effective in acti- 
vating collicular cells than ipsilateral monaural ones (138, 210). Yet when 
binaural stimuli are employed, considerable enhancement over the contra- 
lateral monaural response has been observed (138), as have inhibitory effects. 
In the mouse the excitatory receptive fields expand after temporary occlusion 
of the ipsilateral ear (37,38). Similar results were observed in the cat; most 
collicular neurons are excited by input to the contralateral ear and inhibited 
by ipsilateral auditory stimulation (178). 

B) Mapping of auditmq spuce. Several earlier studies with qualitative 
methods obtained evidence that the deeper layers of the SC contain a topo- 
graphical representation of auditory space (25, 37, 38, 62, 77, 222, 231). For 
example, Gordon (62) found neurons in the deeper layers of the SC of the 
paralyzed cat that responded to both auditory and visual stimuli. For some 
cells there was a correspondence between the location of the visual and au- 
ditory receptive fields. In cases where the auditory receptive fields were large 
and poorly defined, a correlation between the medial edge of the visual re- 
ceptive field and the position of the medial edge of the auditory receptive field 
was noted. For cells that responded to auditory but not to visual stimuli, the 
position of the medial edge of the auditory receptive field was correlated with 
the medial edge of visual receptive fields of nearby visually responsive neurons. 
Thus a topographical map of auditory space was inferred by referring the 
location of auditory receptive fields to the location of visual receptive fields 
known to be topographically arranged. 

Knudsen’s (122) discovery of a precise map of auditory space in the optic 
tectum of the barn owl was the catalyst for several investigators to reexamine 
the auditory responsiveness of collicular neurons in the cat with precisely 
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controlled auditory stimuli. Wise and Irvine (233) studied the responses of 
neurons in the intermediate and deep layers of the SC in anesthetized cats. 
Calibrated probe microphone assemblies attached to each ear were used to 
present tone and noise-burst stimuli. Acoustically responsive neurons were 
characterized by low levels of spontaneous activity and a short-latency (8- 
20 ms) transient response to the onset of auditory stimuli. Some neurons were 
broadly tuned for frequency responsiveness; others were sharply tuned with 
well-defined characteristic frequencies. Four classes of neurons could be dis- 
tinguished based on binaural response properties. Most cells received mon- 
aural excitatory input from the contralateral ear only (EO), but simultaneous 
presentation of stimuli to the ipsilateral ear either inhibited (EO/I) or fa- 
cilitated (EO/F) the respons.e to the contralateral input, Other cells were 
excited by signals presented to either ear (EE) or failed to respond to monaural 
stimuli but displayed vigorous responses to binaural stimulation (00/F). All 
neurons except EE cells were sensitive to interaural intensity differences 
(IIDs). The discharge of most acoustically driven collicular cells was maximal 
in a range of IIDs in which the contralateral intensity was greater, and cellular 
activity was totally suppressed over a range of IIDs in which the ipsilateral 
intensity was greater. The position of the cutoff between these regions is 
different for different neurons. The IID functions of EO/I neurons would be 
expected, under free-field stimulation conditions, to produce large contralat- 
era1 spatial receptive fields with well-defined medial borders. Acoustically , 
responsive neurons seem to be topographically organized in the deeper layers 
of the SC according to the IID function (104,105). However, Wise and Irvine 
(233) conclude that it is unlikely that the SC of the cat contains a represen- 
tation of auditory space that is based on restricted spatial fields, because the 
predicted receptive fields of collicular neurons would be quite large. 

Middlebrooks and Knudsen (145) also looked for a map in the SC of spatial 
receptive fields in anesthetized cats. Auditory stimuli were presented by a 
movable speaker. In their study the response of all auditory units was selective 
for sound locations, and many cells had large receptive fields. However, re- 
gardless of the size of the receptive field, each cell displayed spatial tuning 
in the form of a peak response to a limited range of stimulus locations. The 
area in which sound stimuli elicited responses greater than 75% of maximum 
was defined as the best area. The centers of the best areas ranged in azimuth 
from ipsilateral30’ to contralateral NO0 and in elevation from 45’ up to 60' 
down. The best areas of cells varied systematically with -their location in the 
SC and formed a map of auditory space that closely corresponded with the 
map of the visual field. 

King and Palmer (120) found that acoustically responsive neurons in the 
guinea pig SC responded best to sounds from a restricted horizontal location. 
They also obtained evidence for a topographically organized representation 
of auditory space in the SC. 

III. MULTIMODAL INTERACTIONS, Donaldson and Long (36) studied the re- 
sponses of cells in,the superficial layers of the SC to stretch of the extraocular 
muscles and to visual stimuli, when the stimuli were delivered separately or 
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together. The interstimulus interval was systematically varied. They found 
that the response of collicular neurons to stationary or moving visual stimuli 
could be greatly reduced or sometimes abolished if extraocular muscle stretch 
preceded the onset of the visual stimulus. These interaction effects did not 
depend on the direction of the eye movement. The authors suggest that these 
multimodal interactions could play a role in distinguishing real from eye- 
movement-induced retinal stimulation. 

In the rattlesnake, information from the retina and the infrared-sensing 
pit organ converge in the optic tectum. Newman and Hartline (154) observed 
six classes of bimodal interactions. One type of cell was sensitive to either 
retinal or infrared stimuli alone and gave an enhanced response when both 
were presented together; two other types responded to only one type of stim- 
ulus when presented singly but displayed greater responses when both types 
of stimuli were presented together; a fourth type required that both types of 
stimuli be presented together for activation; and the final two classes appeared 
to be unimodal when only one sensory stimulus was presented but a response 
decrement over the most effective unimodal firing pattern was seen when 
they were simultaneous. 

Meredith and Stein (144) studied the responses of SC neurons in cat and 
hamster to combinations of visual, somatic, and auditory stimuli. They ob- 
served differences in cellular responses when multimodal stimuli were pre- 
sented in close temporal contiguity. Dramatic enhancement effects and in- 
hibitory effects were observed. The effect of combinations of sensory stimuli 
could not be predicted based& knowledge of the cell’s response to presentation 
of each stimulus presented alone. These multisensory interactions were re- 
stricted to cells of the deep SC, where visual, auditory, and somatic inputs 
converge. 

3. Properties of inputs to deeper layers 

The functional properties of neurons known to project to the deeper layers 
have been studied in two areas. 

I) STRIATE CORTEX. Corticotectal cells in the striate cortex of monkey 
have complex properties, are driven by either eye, are broadly tuned for ori- 
entation specificity, and have broad-band wavelength responses (45). After 
ablation of the visual cortex, neurons in the ventral portion of the SO or in 
deeper layers can no longer be activated by visual stimuli. The responses of 
collicular neurons in the deeper layers to visual stimuli are abolished by 
cooling of the striate cortex (186). Moreover, chronic unit recordings from 
alert animals with prior ablation of the striate cortex confirmed the loss of 
visually responsive neurons in the deeper layers (186). Interestingly, saccade- 
related bursts were still present (186). Because animals with lesions of the 
striate cortex still make saccades to visual targets (see sect. v), the visual 
response.of neurons in deeper layers of the SC may not be necessary for the 
execution of saccades to visual targets. 
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II) SUBSTANTIA NIGRA. A major source of input to the deeper layers of 
the SC arises from neurons in the substantia nigra pars reticulata. In a series 
of experiments, Hikosaka and Wurtz (86, 88-91) described the functional 
properties of neurons in the substantia nigra, many of which were shown to 
project to the SC by their response to antidromic stimulation. Nigral cells 
are characterized by high background discharge rates and a decrease in firing 
rate associated with the presentation of stimuli in their receptive fields and/ 
or before saccades to visual targets. Saccade-related decreases in discharge 
frequency were of two types: visually contingent saccade responses and mem- 
ory-contingent saccade responses. Visually contingent saccade responses were 
observed only when the target was continuously present; no change in activity 
was associated with saccades made in total darkness or, with brief stimuli, 
saccades occurring when the visual target was no longer present. Memory- 
contingent saccade responses are decreases in firing rate occurring before 
saccades to the remembered location of a visual target. Neurons displaying 
this type of response gave less vigorous responses if the visual target remained 
illuminated throughout the saccadic trial. Thus the substantia nigra contains 
cells with sensory and motor (saccade) responses. Current data are compatible 
with the hypothesis that the high background levels of activity of nigral cells 
tonically inhibit cells in the deeper layers of the SC. The visually dependent 
and saccade-related decreases of firing rate release collicular neurons from 
tonic inhibition and facilitate the initiation of saccades (88-91). Note that 
the release from inhibition only occurs for visually contingent or memory- 
contingent saccades; during spontaneous saccades, cells in the substantia nigra 
continue to fire at their normal background frequency. 

C Summary and Conclusions 

I. Stimulus specificity of collicular neurons 

Collicular neurons respond to visual, auditory, and somatosensory stim- 
ulation but, compared with neurons in the geniculostriate pathway, display 
little preference for particular stimulus features. Visually responsive cells 
are poorly sensitive to the contrast, velocity, wavelength, or geometric 
figu ration of visual stimuli. Acoustically responsive cells are activated 

con- 
over 

a wide range of stimulus frequencies and amplitudes. Similarly, various so- 
matosensory stimuli are effective in activating collicular neurons. Thus, col- 
licular neurons display little selectivity for stimulus features other than the 
location of the stimulus in visual, auditory, or somatosensory ‘space. 

2. Alignment of auditwy, somatosensory, and visual mups 

Considerable effort has been devoted to demonstrating an alignment of 
auditory, somatosensory, visual, and motor (sect. IV) maps in the SC, but the 
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functional significance, if any, of the observed correspondence has received 
relatively little experimental attention. Most investigators have ass 
the alignment of the maps is biologically relevant and that the 

,umed 
maps 

that 
are 

static. Some investigators have made assumptions about the basis of the 
alignment. 

The apparent alignment of the sensory maps observed in the colliculus 
could have little functional relevance. One possibility 
representations of visual, somatosensory, and acoustic 

is that the separate 
space are completely 

independent. Each sensory system could use its allocated space to 
sensory environment with a particular magnification factor . Because 

map the 
neurons 

responsive to each type of sensory stimulus have spatially restricted receptive 
fields and are organized topographically within the SC, it is impossible, geo- 
metrically, for the maps to be unrelated. But the particular alignment of 
auditory, visual, and somatosensory maps encountered in acute experiments 
could be of littl .e functional sign .ificance. The observed correspondence between 
the visu al and auditory maps, for example, could be an epiphenom .enon re- 
sulti .ng from the fortuitous alignment of retinal a ,nd head coordinates occur- 
ring when, in acu te experiments, the head and eyes are in th .e primary position. 

Two lines of evidence can be used to argue against this position. First, 
the finding that many cells in the d .eeper layers of the SC respond to 
than one sti mulu s modality sugges ts that signals from each independen 

more 
t sen- 

sory map are converging, in the colliculus, on these multimodal cells. There 
is, however, no direct evidence that this convergence occurs within the SC. 
The multimodal properties observed in collicular neurons could originate in 
one or more of the cortical and subcortical areas providing inputs to the 
colliculus. Second, the finding that the responsiveness of collicular neurons 
to one sensory stimulus can be dramatically altered by other types of stimuli 
is compatible with the hypothesis that multimodal interactions are occurring 
within the SC. Again, however, 
actions occur within the SC. 

sens 
Assuming th at the align ment of the maps is not artifactual and that 
Iory-sensory i nterac tions occur within the SC, what are the functi .onal 

there is no direct evidence that these inter- 

consequences of such interactions? Candidate functions have been discussed 
by Hartline (82) and Meredith and Stein (144). Multimodal convergence could 
allow cues from any of several sensory modalities to initiate orienting re- 
sponses. The potency of different types of stimuli might depend on environ- 
mental conditions. For example, auditory stimuli could be more effective in 
darkness or in dim illumination, whereas visual cues could be prepotent in 
higher levels of illumination. Other possibilities are that summation of signals 
across different modalities enhances the signal-to-noise ratio, or sensory sig- 
nals to which tectal cells are particularly sensitive but cannot alone be used 
to identify or locate targets could increase the 
sensitive sensory channels (82). 

responsiveness of other less 

What is the basis of the correspondence between sensory maps? One view 
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is that the topography of the visual map is imposed on the other modalities. 
Drager and Hubel (37-39) are the strongest proponents of this view. They 
suggest that “the .somatosensory projection in the tectum is thus determined 
by the way ‘in which particular tactile body parts are seen from the eye,” and, 
“At deeper levels other systems are represented, all arranged so as to be in 
registration with the visual world coded above.” However, there is no exper- 
imental evidence, to support the assumption that the alignment of the maps 
is imposed by the visual system. It is not known, for example, if the somato- 
sensory map found in the SC of dark-reared animals differs from that found 
in normal control animals. Moreover, in the cat, visually guided behavior first 
appears ~14 days after birth (48, 155), a few days after acoustically guided 
and tactually guided behaviors have developed. Also, the first visually re- 
sponsive collicular neurons are isolated N1 wk after birth; adultlike responses 
are not observed until 7-8 wk after birth (208). Thus, auditory, somatosensory, 
and motor maps appear to be present and functioning prior to the development 
of visually guided behavior and prior to the development of normal receptive- 
field properties by visual neurons in the SC. An alternative hypothesis con- 
cerning the basis of the map alignment (sect. VII) is that auditory, visual, 
and somatosensory representations may be aligned because they are all ac- 
cessing motor maps- maps formed by the topographical arrangement of neu- 
rons involved in the initiation of movements of the eyes, pinnae, and vibrissae. 

What happens to the correspondence of sensory maps with movements 
of the eyes, head, or body? Drager and Hubel(37-39) suggest that this is not 
a problem for the mouse because mice move their eyes and head very little 
but, instead, usually make orienting movements by turning the entire body. 
They state, too, that whisker movements are small and rapid, so a relatively 
constant relationship of the whiskers in the visual field is maintained. In 
addressing the same problem, Finlay and colleagues (46) note that compared 
with the smaller visual receptive fields, somatosensory receptive fields are 
quite large. Thus, significant discrepancies between visual and somatosensory 
topographies would occur only if the hamster “assumed a highly acrobatic 
posture or a highly deviant eye position.” They propose that the colliculus is 
mapped according to the set of most-probable eye and body positions. 

Jay and Sparks (106-108) conducted experiments examining the regis- 
tration of the auditory and visual maps in alert animals. Monkeys, with heads 
fixed, were trained to make delayed saccadic eye movements to auditory or 
visual targets from one of three initial fixation points while the activity of 
single neurons was recorded extracellularly. The authors found that the au- 
ditory receptive fields shifted with changes in eye position. These findings 
indicate that in the monkey, the map of auditory space in the deeper layers 
of the SC is not static. The location of the collicular representation of a par- 
ticular auditory target changes with movements of the eyes. These experi- 
ments are discussed in more detail in section VII. 
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IV. ELECTROPHYSIOLOGY: MOTOR 

A. Motor Map of Saccadic Eye Mmements 

1. Microstimulation 

It has been known since Adamuk’s (4) report in 1870 that electrical stim- 
ulation of the SC produces conjugate eye movements and that the direction 
of the evoked eye movements depends on the site of collicular stimulation. 
This line of study was renewed in the 1940s by Hess et al. (85) and Apter (8). 
Both generated hypotheses concerning the function of the SC that are re- 
markably similar to current views (see sect. VI). However, a complete de- 
scription of the effects of SC stimulation on eye movements was not available 
until Robinson’s (169) study with alert monkeys and the sensitive search-coil 
technique for measuring eye movement (169). Collicular stimulation produces 
conjugate, contralateral saccades; it does not produce smooth pursuit, ver- 
gence, nystagmic, or disjunctive movements. For suprathreshold currents, 
the latency of evoked saccades is ~20-30 ms. Threshold current varies as a 
function of the depth of the electrode. Near the surface of the SC, thresholds 
are as high as 800 PA. As the electrode is lowered, the threshold drops to 
+200 PA and remains at this level for l-l.5 mm until it abruptly falls to ~20 
PA (169). 

The amplitude and direction of saccades are a function of the site of 
stimulation in the SC and, within broad limits, are independent of stimulation 
parameters as well as the location of the eye in the orbit. Stimulation ante- 
riorly produces small saccades; stimulation posteriorly evokes large-amplitude 
saccades. Stimulation medially produces saccades with up components, and 
stimulation laterally evokes saccades with down components. Robinson (169) 
developed an extensive map of the amplitude and direction of saccades evoked 
by stimulation of different points of the SC and noted the correspondence 
between the motor map and the overlying sensory map formed by the retino- 
topic projections to the superficial layers of the SC. 

In a combined recording and stimulation study; Schiller and Stryker 
(185) confirmed Robinson’s microstimulation results and directly demon- 
strated the alignment of the visual and motor maps. They mapped the re- 
ceptive field of a visually responsive neuron and then stimulated at the same 
site. A saccade was produced that moved the fovea1 projection to the region 
of the visual field corresponding to the neuron’s receptive field prior to stim- 
ulation. In deeper layers, neurons were encountered that discharged maxi- 
mally before saccades with a particular direction and a particular amplitude. 
Stimulation at the same site produced a saccade with a nearly identical tra- 
jectory. 



140 DAVID L. SPARKS VolumA? 66 

Recent experiments (ZOO) have revealed that the current required to evoke 
saccades is greater if the animal is actively fixating a target and that, during 
fixation, stimulation-induced movements have smaller amplitudes. Also, the 
direction and amplitude of saccades produced by collicular stimulation may 
be altered if stimulation occurs shortly before an impending visually triggered 
saccade or immediately after a saccade to a visual target. 

2. Chronic unit recordings-movement $elds 

Wurtz and Goldberg (235) first described neurons in the SC that discharge 
before saccadic eye movements. Their basic finding is well known: neurons 
in the intermediate and deeper layers of the SC have movement fields; i.e., 
each neuron discharges maximally prior to saccades, having a particular di- 
rection and a particular amplitude, regardless of the initial position of the 
eye in the orbit. A gradient of response amplitude is observed across the 
movement field. Movements to the center of the movement field are preceded 
by a vigorous discharge, but movements deviating from this optimal direction 
and amplitude are accompanied by less vigorous responses (197). The size of 
the movement field is a function of the amplitude of the optimal movement. 
Neurons discharging prior to small saccades have small and sharply tuned 
fields, whereas neurons discharging prior to large saccades have large move- 
ment fields and relatively coarse tuning (197). The movement fields of SC 
neurons are also characterized by a temporal gradient. The interval between 
the onset of the spike discharge and the onset of a saccade is greater for 
movements near the center of the movement field than for movements tothe 
periphery of the field (197,198). Some neurons that discharge prior to saccades 
also have visual receptive fields, other neurons have only movement fields. 
Neurons that discharge in response to visual stimuli and prior to eye move- 
ments have overlapping but not necessarily coextensive movement and re- 
ceptive fields (236). 

There is a topographical organization of movement fields within the SC. 
Neurons discharging prior to small saccades are located anteriorly, and neu- 
rons firing before large saccades are found posteriorly. Cells near the midline 
discharge prior to movements with up components, and cells laterally dis- 
charge maximally before movements with down components. Robinson’s mo- 
tor map derived from microstimulation studies is an accurate description of 
the organization of neurons with saccade-related discharges within the SC. 
I have noted one exception (unpublished observations): when recording near 
the midline, the movement field may include both leftward and rightward 
saccades along the vertical meridian. In this case the center of the movement 
field has more of a vertical component than the movements induced by stim- 
ulation at this site. Presumably this is because microstimulation fails to +c- 
tivate neurons in the opposite colliculus that normally participate in specifying 
saccade direction and amplitude. 



Janua~ 1986 SENSORIMOTOR INTEGRATION: PRIMATE SC 141 

B. Other Motor Maps 

1. Head 

Bizzi and colleagues (15) reported that during natural orienting move- 
ments toward visual targets, a combined eye and head movement occurs; the 
head movement occurs shortly after the eye movement, even though neck 
muscle activation actually precedes activation of eye muscles. Recently, other 
workers have demonstrated a strong correlation between eye position and 
neck muscle activation and head torque even in animals with their heads 
restrained (130). Thus, during naturally occurring orienting movements, eye 
and head movements are tightly coupled. To what extent does the SC partic- 
ipate in the initiation and generation of head movements? In monkeys there 
is no evidence that the SC is involved in the initiation of head movements. 
Collicular stimulation in monkeys free to move their heads in the horizontal 
plane produces short-latency repeatable eye movements with definite thresh- 
olds (217). The direction and amplitude of evoked saccades are independent 
of initial eye position. In contrast, evoked head movements are less rarely 
observed, are variable in size and latency, and do not have definite electrical 
thresholds. Head movements are most likely to follow stimulation when the 
eyes would be driven to a position of extreme deviation (217). Robins0.n and 
Jarvis (172) failed to find collicular unit activity uniquely related to head 
movements. 

In other animals with restricted ocular motility, collicular stimulation 
does produce short-latency head movements. For example, in the cat, stim- 
ulation of intermediate zones of the SC produces short-latency movements 
of both eye and head. The amplitude and direction of the head movement are 
a function of the site of stimulation (76, 175). 

2. Pinnae and vibrissae 

In the cat and the rat, stimulation of the deeper layers of the SC evokes 
movements of the pinnae and vibrissae (141,177,211,220). The lowest thresh- 
old for producing pinna movements is obtained in the SGI; the movements 
are directed contralaterally. Although pinna movements are complex and not 
as simple to describe as eye movements, in general the pinna movements 
produced by SC stimulation correlate well with the evoked movements of the 
eyes. Stimulation medially produces pinna movements with strong upward 
components; stimulation laterally produced movements with downward com- 
ponents. In the anterior SC, relatively small movements are produced. Stim- 
ulation caudally produces larger pinna movements (211). Collicular 
stimulation also produces movements of the vibrissae. Sometimes only a few 
individual vibrissae move, whereas other stimulation sites evoke movements 
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of the entire vibrissal pad. These movements have not been studied system- 
atically, but a topographical representation may be present in the cat (211). 

Stein and Clamann (211) suggested that pinna movements function to 
“fixate” auditory stimuli just as eye movements permit the fixation of visual 
stimuli. Irvine and Wise (104) noted, however, that in animals with mobile 
pinnae, auditory signals based on interaural cues must be combined with 
proprioceptive or efference copy information about head and pinna position 
to accurately localize auditory cues. 

C. Summarfj and Conclusions 

Although the motor properties of collicular neurons have been studied 
extensively, little is known about the destination of these signals or their 
contribution to processing occurring in other brain stem oculomotor nuclei. 
Raybourn and Keller (161) studied collicular pathways to the paramedian 
pontine reticular formation, an area containing the neural network controlling 
the duration of all conjugate saccades. They examined the response of func- 
tionally identified pontine cells to electrical stimulation of the SC and found 
evidence for! mono- and disynaptic connections between collicular cells and 
two types of pontine cells. One specific hypothesis generated by these and 
other findings is that one class of collicular cell, saccade-related burst units, 
serves as a trigger input to circuits in the pons controlling saccade duration 
(199). Saccade-related burst units are characterized by low levels of sponta- 
neous activity and a discrete high-frequency burst of activity tightly coupled 
to saccade onset (196). The axons of saccade-related burst units probably 
comprise a major efferent pathway from SC to subsequent oculomotor pre- 
motor neurons, particularly the paramedian pontine reticular formation. 
Current models of the paramedian pontine reticular formation circuitry (see 
sect. IX) require a trigger input to initialize the spike burst that precedes 
saccades, and the discharge of saccade-related burst units may serve to trigger 
such a circuit. The high-frequency burst of these neurons is tightly linked to 
saccade onset and precedes saccade onset by an appropriate time, -20 ms 
(196). Consistent with the features of the trigger signal, saccade-related burst 
units signal saccade onset not saccade direction, amplitude, or duration. The 
suggestion that the SC provides a trigger input to the paramedian pontine 
reticular formation is supported by Keller’s (118) observations that 10 out of 
10 saccade-related burst units recorded in the SC were antidromically acti- 
vated by stimulation of the region of the paramedian pontine reticular for- 
mation containing pause units. Only 1 out of 11 other collicular neurons with 
saccade-related discharges, but lacking the high-frequency burst, was anti- 
dromically activated by paramedian pontine reticular formation stimulation. 

The major unresolved question concerning the relationship of the SC 
with other oculomotor areas is that of how information about the direction 
and amplitude of saccades is decoded. Information concerning saccade direc- 
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tion and amplitude is not contained within the discharge of a single cell but 
must be extracted from the spatial distribution of collicular activity. Neither 
the magnitude, configuration, nor timing of the discharge of a single cell is 
related in any unique way to the direction of the saccade alone or the amplitude 
of the saccade alone. Identical discharges may precede a wide range of saccades 
(198). This is in contrast to neurons in the pontine reticular formation or 
rostra1 midbrain, for which burst duration and number of spikes in the burst 
increase linearly as a function of the amplitude of the horizontal or vertical 
component of the saccade (117,135,205). Moreover, the discharges of different 
SC neurons, some of which discharge maximally to large saccades and some 
of which discharge maximally to small saccades, are indistinguishable. Thus, 
information concerning saccade direction and amplitude is encoded by the 
location of the population of active neurons within the SC, not the parameters 
of discharge of individual members of this population. This question is dis- 
cussed in more detail in section VIII. 

V. LESION STUDIES 

A. Ear& Studies 

The anatomical and electrophysiological data described above suggest 
that the SC is a crucial structure for the control of saccadic eye movements. 
However, soon after Adamuk’s (4) report that stimulation of the SC produces 
conjugate eye movements, lesion experiments suggested that the SC is not 
essential for the occurrence of eye movements. In 1899, Bernheimer (14) re- 
ported that monkeys with unilateral or bilateral lesions of the SC appeared 
to have normal eye movements and that stimulation of the angular gyrus 
still produced conjugate movements of the eye after collicular lesions. In 
1901, Ferrier and Turner (44) reported that monkeys with complete removal 
of the superior and inferior colliculi still produced natural-appearing eye 
movements. They found their results difficult to understand “if the anterior 
bodies are the centres for co-ordinating visual impressions with the move- 
ments of the eyeballs.” 

Despite these early findings, interpretation of anatomical data (33) and 
clinical reports of deficits in vertical eye movements associated with midbrain 
damage (29,96) contributed to the persisting notion that the SC was involved 
in the control of vertical gaze and reflexive or automatic movements of the 
eyes. The contradiction between actual lesion data and prevailing concepts 
of SC function led to the first systematic study of collicular lesions via direct 
measurements of eye movements. Pasik et al. (156) studied the effects of 
unilateral and bilateral collicular lesions in 12 macaque monkeys. Postop- 
eratively, each animal was given a general neurological examination and 
tested for spontaneous eye movements; pursuit of visual, tactile, and auditory 
stimuli; oculocephalic reflexes; optokinetic nystagmus; optokinetic afternys- 
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tagmus; and vestibular nystagmus induced by irrigation of the canals. Eye 
movements occurring during optokinetic and vestibular nystagmus were 
measured with electroculograms. They found no enduring effects of unilateral 
or bilateral lesions of the SC on any of the measures of oculomotor function 
and concluded that “the superior colliculi in the monkey are dispensable 
structures for conjugate gaze, including ocular deviations in the vertical plane, 
no matter what type of eye movements are considered, namely, spontaneous, 
pursuit, fixation, optokinetic and vestibular nystagmus.” 

B. Recent Studies 

A renewed interest in the effects of SC lesions on eye movements was 
stimulated by Wurtz and Goldberg’s (235) discovery that neurons in the deeper 
layers of the SC discharge before saccadic eye movements. As a follow-up to 
this finding, focal collicular lesions were made in areas containing neurons 
discharging prior to movements with particular directions and amplitudes 
(237). These restricted lesions increased the latency of visually triggered sac- 
cades in the movement fields of the lesioned neurons by 100-200 ms without 
altering thelatency of saccades to visual targets presented in other regions 
of the visual field. Effects on the accuracy or velocity of saccades were not 
observed, and latency deficits were not permanent; normal reaction time values 
were obtained after l-7 wk. Later these basic findings were replicated (147), 
and a small deficit in saccadic accuracy was also noted. 

Albano and colleagues (5,6) produced large, relatively complete unilateral 
collicular lesions in four rhesus monkeys. The accuracy of the first saccade 
to a visual target in the contralateral visual field was reduced, and the latency 
was prolonged. Subjects made fewer saccades to distracting stimuli, and a 
neglect of the contralateral visual field was measured during spontaneous 
eye movements. In three monkeys, lesions involved extensive damage to pre- 
tectal and posteromedial thalamic areas. When targets were presented at 
eccentricities >20”, these monkeys made saccades that were hypometric, and 
corrective saccades failed to occur. This deficit was long lasting and was at- 
tributed to pretectal and thalamic destruction, because the one animal without 
extensive thalamic damage failed to show this effect. A replication of this 
study, including animals with lesions restricted to pretectal and thalamic 
areas, is required to confirm this interpretation because other researchers 
have described deficits in looking to eccentric targets in monkeys with col- 
licular lesions that did not produce extensive thalamic damage (20, 114, 
125, 126). 

Investigators studying the effects of SC lesions on the ability of animals 
to perform visual discrimination tasks have qualitatively observed the effects 
of collicular lesions on eye movements. For example, Anderson and Symmes 
(7) reported that during.early postoperative periods, monkeys with bilateral 
collicular lesions exhibited, with varying severity, some or all of the following 
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signs: “apparent blindness, visual agnosia, failure to follow objects moved 
through one or either visual field, fixed gaze, lethargy and areflexia, and dis- 
equilibrium.” These effects were not enduring, and subsequently, eye move- 
ments in all directions with “normal amplitude and briskness” were observed. 
Monkeys undisturbed in their home cages displayed fewer exploratory and 
food-searching eye movements than normal animals. Other researchers have 
observed a paucity of spontaneous saccades, fixed gaze (19,23,125), a reluctance 
to make large eye movements, and deficits in fixating eccentric targets (20, 
114,125,126). 

Thus, results of experiments with lesions restricted to the SC indicate 
that the SC is not essential for saccadic eye movements. The major deficits 
observed are a reduction in the number of spontaneous saccades, an increase 
in saccadic latency, and a small reduction in accuracy, particularly for targets 
in the peripheral visual field. 

C Efects of Combined Cortical and Collicular Lesions 

Mohler and Wurtz (147) studied the effects of lesions in the striate cortex 
or SC or combined cortical and collicular lesions on the detection of visual 
stimuli and the accuracy of saccades. Monkeys signaled the detection of brief 
(150 or 200 ms duration) visual targets by releasing a response key. ,Imme- 
diately after focal lesions of the striate cortex, animals were unable to detect 
the onset of a visual stimulus in the region of the visual field represented by 
the lesioned area. Saccades were not made to targets in the area of the scotoma. 
However, if the targets were made brighter, lesioned animals did detect and 
make saccades to stimuli in the area of the scotoma; for these targets, saccades 
had normal latencies and accuracy. Animals with lesions of the SC alone were 
unimpaired on the detection task. Consistent with earlier studies (237), in- 
creased latencies and small deficits in accuracy were observed on saccade 
trials. After combined lesions of striate cortex and SC, monkeys appeared to 
be blind in the part of the visual field represented by the joint lesions. Recovery 
of either the detection or saccade task failed to occur within the 15-wk testing 
period. Thus the authors concluded that either the striate cortex or the SC 
can mediate visual detection and visually guided saccades. They noted, how- 
ever, that either the visual cortex or the SC is necessary, because lesions of 
both structures produce permanent deficits in the ability to detect and to 
make saccades to visual targets. 

Schiller et al. (187, 188) studied the effects of frontal eye fields, SC, or 
combined frontal eye fields and SC lesions on fixation patterns and saccadic 
eye movements. A board with bits of apples placed at various eccentric po- 
sitions was presented to the animal. Eye position and saccadic eye movements 
were measured while the animal reached for and removed the apple bits. 
Normal animals looked to the location of the apple bits during the task. Either 
unilateral or bilateral frontal eye-field lesions produced only temporary def- 
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icits in eye 
frequency, 

movements. 
and saccade 

Ablation of the SC reduced fixation accuracy, saccade 
velocity. However, combined frontal eye fields and SC 

lesions produced more dramatic deficits. Visually triggered saccadic eye 
movements were virtually abolished, and little recovery was observed. Nev- 
ertheless, the animals still reached for and removed the apple bits in the 
board, indicating that the failure to look to the apple bits was not% due to a 
motivational or general attentional deficit. Although some animals with corn- 
bined lesions retained the ability to generate eye movements confined to a 
small area around the primary position, these residual movements were at- 
tributed to incomplete lesions. 

D. Parallel Circuits jbr Control of Saccades 

Based on the results of the combined cortical and collicular lesions, the 
conclusion of Pasik and colleagues (156) must be expanded to include the 
frontal eye fields and visual cortex; neither the SC, the frontal eye fields, nor 
the visual cortex is necessary for the generation of saccades to visual targets. 
Apparently, visually triggered saccadic eye movements are controlled by par- 
allel pathways. This is not surprising. As noted previously (203), in a complex 
visual environment the oculomotor system is capable of generating saccades 
to acquire visual targets based on the shape, size, hue, or other properties of 
visual targets. It is unlikely that exactly the same subset of visual and su- 
pranuclear oculomotor neurons is involved in each of these tasks. In visually 
elicited saccades, the oculomotor system draws on the analytical ability of 
various visual “channels” (depending on the contingencies of the current task) 
to compute the spatial coordinates of the target. A single lesion is unlikely 
to incapacitate the system because most tasks can be solved with alternative 
strategies and other computational elements (203). 

Assuming that these parallel pathways are not completely redundant, 
experiments are needed that examine the specific contributions of various 
components of the parallel circuits. To date, the effects of lesions on oculomotor 
capabilities have been assessed via limited behavioral tasks, such as looking 
to a single dot in an otherwise blank field. The accuracy of movements re- 
quiring integration of signals from more than one modality (such as the 
accuracy of eye movements when the position of the head is varied) has not 
been determined. Nor has the ability of the monkey with collicular lesions to 
select one of several simultaneously presented stimuli been investigated. What 
are the effects of SC lesions on the ability of the oculomotor system to make 
predictive saccadie movements or to make saccades to a stimulus, the location 
of which is stored in memory? 

The finding that animals are unable to generate saccades to visual targets 
if both SC and visual cortex are destroyed implies that the extracollicular 
pathway is through the frontal eye fields. If there were a pathway from striate 
cortex to oculomotor circuitry other than through the frontal eye fields, then 
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combined frontal eye field-SC lesions should not abolish visually triggered 
saccades. This conclusion is not consistent with results of experiments study- 
ing the effects of collicular lesions on eye movements induced by cortical 
stimulation. Schiller (180) reported that stimulation of the ipsilateral visual 
cortex failed to elicit saccades after unilateral ablation of the SC, although 
saccadic movements were still produced by stimulation of both ipsilateral 
and contralateral frontal eye fields and the contralateral visual cortex. If, in 
the absence of the SC, the visual cortex has access to oculomotor circuitry 
through the frontal eye fields, the presence of this circuit is not revealed bY 
microsti .mul ation. Schil ler’s resul ts were recently confirmed by Keating et 
al. (1X5), who reported the additional fi nding that ey pe movements produced 
by stimulation of prestriate cortex an d the eye fields in the inferior parietal 
cortex are also eliminated after collicular ablation. Thus, although parallel 
routes are available for the translation of visual signals into commands for 
saccades, the exact anatomical circuitry is unknown. 

E. Summurg and Concl~“ons 

Given that animals with collicular lesions can generate saccades to visual 
targets, does the SC contribute significantly to visually guided eye movements 
in the normal monkey? A consistent finding of lesion studies is an increase 
in the latency of saccades to visual targets. This implies that in the normal 
animal the SC is involved in initiating saccades with normal latency. In the 
absence of the SC, other longer-latency pathways assume the role of the SC. 
Although the interval between frontal eye-field stimulation and saccade 
onset is less than the interval between SC stimulation and saccade onset 
(169), visual activation of frontal eye-field neurons occurs with a longer 
latency (238). 

Recent experiments by Hikosaka and Wurtz (87,92,93,240) suggest that 
in addition to a role in the initiation of saccades, the SC participates in the 
computation of saccade direction and amplitude. They injected muscimol, a 
GABA agonist, into the SC and observed an immediate deficit in the latency, 
accuracy, and velocity of saccades to visual targets. Saccades were grossly 
hypometric, and latencies were increased by >300 ms. The effec ts were specific 
for saccades to targets in parts of the visual field represe nted by the regions 
of the SC receiving the injection. These findings strongly support the conclu- 
sion that the SC has an important role in saccade generation in the normal 
animal. When SC function is disrupted and behavioral deficits are measured 
before compensation by other brain regions can occur, parallel pathways (in- 
volving such areas as the frontal eye fields and visual cortex) are unable to 
produce short-latency accurate saccades. Presumably the parallel circuits 
require time and practice to compensate for the normal role of the SC in the 
control of visually triggered saccades (87, 92,93). 
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VI. STATUS OF EXISTING HYPOTHESES OF SUPERIOR COLLICULUS FUNCTION 

Many recent experiments concerned with the structure and function of 
the SC have been guided by two hypotheses of SC function: the foveation 
hypothesis and the attention hypothesis. This section evaluates the current 
status of these hypotheses, each formulated over a decade ago. 

A. Foveation Hgpthesis 

The early papers of Hess et al. (85) and Apter (8) contain many elements 
of the modern foveation hypothesis. Recent statements of the hypothesis are 
provided by Schiller and Koerner (182) and Robinson (169). According to 
Schiller and Koerner (182), one function of the SC is to code the location of 
a visual target relative to the fovea and to initiate a saccade that will produce 
fovea1 acquisition of the target. Retinal error (the distance and direction of 
the target image from the fovea) is represented by the site of visually triggered 
activity in the retinotopically organized superficial layers of the SC. Visually 
triggered discharges in the superficial layers are assumed to activate, rela- 
tively directly, subjacent regions of the colliculus containing neurons that 
discharge before saccadic eye movements. Because the map of the movement 
fields of the deeper neurons corresponds to the retinotopic map of the overlying 
superficial neurons, a saccade will be produced that brings the fovea1 projection 
onto the region of the visual field containing the target. 

There are several problems with the foveation hypothesis (199). 
1. Psychophysical experiments have demonstrated that visual targets 

are perceptually localized in nonretinocentric coordinates (140, 192, 195). 
Moreover, Hallet and Lightstone (75) demonstrated that saccades can be made 
to targets localized in spatial rather than retinal coordinates. A visual target 
was flashed during a saccade. Subsequently, subjects were able to make a 
saccade back to the position of the flashed target. Because the position of the 
eye changed after the flash, a retinal error signal alone could not specify the 
position of the’target. The coordinates of the saccade back to the location of 
the briefly flashed target must be computed with information about the di- 
rection and amplitude of the intervening saccade. Recent experiments con- 
ducted in this laboratory also support the view that visual saccade targets 
are localized in nonretinocentric coordinates (140, 200). In these studies a 
brief visual target was presented, but before a saccade was initiated, the eyes 
were driven to another orbital position by electrical stimulation of the SC. 
Contrary to the prediction of retinocentric models, subjects compensated for 
this perturbation by executing a saccade to the location of the (now-absent) 
target. Computation of the parameters of the compensatory saccade must 
have been based on information about the stimulation-induced change in eye 
position as well as information about the site of retinal stimulation. 

2. The presumed coupling between the activity of neurons in the super- 
ficial and deeper layers of the SC has not received experimental support. 
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Using a modification of the Hallet and Lightstone paradigm (75), Mays and 
Sparks (139) required monkeys to execute a saccade to the location of a brief 
target that was presented immediately before an intervening saccade to . 
another target. Under these conditions the site of retinal stimulation is 
dissociated from the metrics of the saccade. Vigorous visual responses of 
superficial SC neurons were observed that did not result in activation of un- 
derlying saccade-related neurons. Conversely, saccade-related neurons pro- 
duced vigorous bursts of activity before saccades in their movement fields, 
regardless of the region of the retina that was stimulated to initiate the 
movement. For most saccade-related neurons, direct retinal activation of 
overlying visual neurons had no effect on either the vigor or probability of a 
saccade-related discharge. Therefore the discharge of overlying visual cells 
is neither necessary nor sufficient to activate most saccade-related cells. 

3. The timing of neuronal activity in the superficial and deeper layers 
and the latency of visually triggered saccades is not consistent with the pro- 
posed mechanism. Neurons in the superficial layers discharge within 30-60 
ms of stimulus onset. Neurons with activity tightly coupled to saccade onset 
discharge ~20 ms before saccade onset, i.e., ~160-180 ms after stimulus 
onset. Thus the difference between the onset of the visual activity in the 
superficial layers and the onset of the burst of deeper neurons ranges from 
100 to 130 ms. Because 100 ms is not required for direct superficial-to-deep 
connections, the transmission of signals from superficial layers to deeper 
layers must be neither simple nor direct. 

Under certain stimulus conditions, saccades to visual targets may occur 
with latencies of only 70-80 ms (16,17,47). During these “express” saccades, 
the interval between the onset of visual activity in the superficial layers and 
a sac&de-related burst of deeper cells must be brief. The timing of neuronal 
activity under these conditions would be more consistent with the direct su- 
perficial-to-deep connections hypothesized by the foveation hypothesis. Note 
that a small proportion of cells with saccade-related bursts discharge only 
when a direct vigual target is present, i.e., under conditions in which overlying 
visual cells would be active. It is <possible that this special class of cells par- 
ticipates in the initiation of express saccades (139, 146). The outcome of ex- 
periments designed to test the effects of SC lesions on the ability of subjects 
to generate “express” saccades will be of considerable interest. 

4 The foveation hypothesis assumes that the SC is organized retinotop- 
ically and does not address the problem of how saccades are directed by 
stimuli from other sensory modalities that are localized in nonretinal coor- 
dinates. For example, the interaural cues that are used to localize auditory 
targets are in “head” (rather than retinal) coordinates. According to the 
foveation hypothesis, the SC could not participate in the generation of saccades 
to auditory targets unless auditory signals are converted into retinal coor- 
dinates. 

5. Finally, anatomical support for the presumed superficial-to-deep link- 
age has been missing (see sect. II). However, even if such anatomical data 
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becomes available, the problems enumerated above 
a simple version of the foveation hypothesis. 

pose serious problems for 

B. Attention H2/pothesis 

The foveation hypothesis implies that the SC is involved in the localization 
of a visual stimulus, in the initiation of saccades, and in specifying the di- 
rection and amplitude of saccades. Wurtz and colleagues (237,238,241) sug- 
gested a different role for the SC in the control of eye movements. There are 
two aspects of their hypothesis that combined are called the attention hy- 
pothesis. First, they suggested that the SC is involved in shifting attention 
to a specific spatial location and in this manner facilitates movements that 
direct gaze to certain regions of the visual field. The second component of the 
attention hypothesis, a negative statement, is that the SC is not involved in 
specifying the exact location of a visual target or in specifying the precise 
metrics of saccadic eye movements. The two aspects of this hypothesis are 
considered separately below. 

1. Sh@ of attention 

Wurtz and Goldberg (237) proposed that the SC is involved in shifting 
attention to a specific spatial location. This proposal was based on the finding 
that the response of neurons in the superficial layers of the SC is enhanced 
when a visual stimulus in their receptive fields is used as a saccade target 
(58). In these experiments a monkey was required to fixate a point of light 
and to detect a brief dimming of thejight by releasing a lever. On fixation 
trials, the fixation light remained illuminated while another visual stimulus 
was presented at eccentric locations. Reward was contingent on maintaining 
fixation of the center light and detecting a dimming of the center target. On 
saccade trials, the central fixation light was extinguished and replaced by a 
visual stimulus presented at another location. Because reward was dependent 
on detecting a dimming of the stimulus at the new location, the monkey made 
a saccade to that location. Typically, fixation and saccade trials were presented 
in separate blocks of trials. The vigor of the response of most superficial layer 
neurons was greater during blocks of saccade trials than during the fixation 
trials, even though the same region of the retina was stimulated with phys- 
ically identical stimuli. 

Several points concerning the enhancement effect have been emphasized 
(238). The enhancement effect is spatially selective. Saccades made to stimuli 
within the receptive field of a cell (or very near the receptive-field boundary) 
produce enhancement, but if a stimulus is presented in the receptive field and 
a saccade is made to another region of the visual field, enhancement does not 
occur. Thus, enhancement is not merely a general alerting or arousal effect 
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associated with saccadic tasks. Wurtz and Mohler (241) also described the 
temporal limitations of the enhancement effect. Enhancement begins ZOO- 
300 ms before an eye movement and is more intense when stimuli are presented 
slightly before or after the saccade. Enhancement does not occur on the first 
saccade trial but builds up during successive trials within the block of saccade 
trials. The effect is response specific in that enhancement occurs if an eye 
movement to the stimulus is required but not if a hand response is required. 

The augmentation of a neural response when a visual stimulus has be- 
havioral significance as a saccade target is an important finding. Modulation 
of sensory responses based on the behavioral significance of the stimulus 
could play an important role in stimulus and response selection. Thus, Wurtz 
and colleagues (58,237,241) suggest that the more vigorous response of col- 
licular neurons occurring when an interesting or important visual stimulus 
appears may facilitate response selection and produce a short-latency saccade 
to the target. The mechanism by which the more vigorous visual response is 
translated into shorter-latency responses has not been specified, and there is 
no evidence that the vigor of the response of collicular cells per se is related 
to saccadic latency. Other questions concerning the role of enhancement in 
stimulus and response selection have not been addressed. How are increments 
or decrements in response magnitude related to the behavioral significance 
of the stimulus discriminated from alterations in response magnitude based 
on other characteristics of the target (e.g., response magnitude decreases 
when the stimulus is enlarged and activates the suppressive surround of the 
receptive field)? Enhancement is not observed if the location of the saccade 
target is varied randomly; enhancement occurs only when a saccade target 
is presented in the same location on a se.ries of trials. Because animals suc- 
cessfully locate visual targets and make precise saccades even when target 
location is randomly varied, enhancement must not be necessary for response 
selection to occur. 

The aspect of the attention hypothesis that proposes a role for the SC in 
the shift of attention to a specific region of the environment is not incompatible 
with other views that assign the. SC a role in the computation of saccade 
direction and amplitude. Indeed the attention hypothesis emphasizes the 
problems of stimulus and response selection- issues that must be addressed 
by comprehensive models of the saccadic system. However, since the original 
observation of enhancement, most experiments studying this phenomenon 
have been concerned with describing the experimental conditions under which 
enhancement occurs or fails to occur. These efforts have allowed distinctions 
to be made among the responsiveness of neurons in the SC, frontal eye fields, 
visual cortex, and parietal cortex (55,238,239). However, the mechanisms by 
which enhancement might exert the presumed behavioral effects have been 
given little attention. Consequently, enhancement remains a descriptive rather 
than an explanatory construct; the term succinctly captures the conditions 
of the original findings but. does little to specify the neuronal bases or con- 
sequences of the increased firing rate. 
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2. Is SC involved in specf&jing precise saccade metrics? 

I) SUPPORTING EVIDENCE. It has been argued that the SC is not involved 
in coding the exact location of a visual target or in specifying the exact distance 
and direction of the saccade required to look to the target. This conclusion is 
based on 1) the findings that collicular neurons have relatively large receptive 
and movement fields, 2) results of lesion experiments, and 3) data pertaining 
to the coupling between the activity of SC neurons and the occurrence and 
metrics of a saccade. 

The receptive fields of SC neurons are much larger than the receptive 
fields of neurons in the lateral geniculate nucleus and striate cortex. The 
movement fields of most collicular neurons are also large; a neuron that dis- 
charges maximally before saccades 12-15’ in amplitude may fire (less vig- 
orously) for saccades to visual targets placed at almost any position in a 
quadrant of the visual field. Thus, Wurtz and Goldberg (237) noted that the 
movement fields of collicular neurons are significantly larger than the vari- 
ability of saccades and that the activity of a single collicular neuron cannot 
specify the parameters of a saccade. They speculated that the activity of 
collicular neurons might be involved in demarcating a rough area of the visual 
field and facilitating movements to this general area. 

Wurtz and colleagues (147,237) found that the SC was not necessary for 
accurate guidance of eye movements. Collicular lesions increase the latency 
of saccades to visual targets but do not prevent their occurrence and have 
only small effects on saccadic accuracy. Taken together, results of the elec- 
trophysiological and lesion studies were considered consistent with the pro- 
posed attentional role of the SC of facilitating movements to a general area 
of the visual field. 

If the SC is involved in the initiation of saccades, then neuronal activity 
should be tightly coupled to saccade onset. In a situation in which a visual 
stimulus sometimes elicits a saccade and sometimes fails to do so, the prob- 
ability of a neural response should be highly correlated with the probability 
of saccade occurrence. Mohler and Wurtz (146) isolated 15 cells in which the 
neuronal burst could be dissociated from the occurrence of eye movements. 
A visual target was presented for 100-200 ms. The monkey sometimes made 
a saccade to the target and sometimes did not. Occasionally a neural discharge 
occurred when the monkey failed to make a saccade to the target or when 
the target was acquired by two smaller saccades not normally associated with 
a discharge. When the target was repeatedly presented at the same position, 
allowing the animal to predict target location, neural activity sometimes pre- 
ceded target onset. Mohler and Wurtz (146) argued that the discharge of 
movement cells is more closely related to the monkey’s readiness to make an 
eye movement than to the execution of the eye movement itself. 

II) EVALUATION. A) Large receptive and movement fields. The conclusion 
that the pattern of activity of a single collicular neuron is unlikely to precisely 
encode the direction and amplitude of a saccade is correct. Except for the 
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maximal discharge that precedes saccades to the center of the movement 
field, the pattern of spike activity generated by a collicular neuron is ambig- 
uous. Identical bursts occur for movements with wide differences in direction 
and amplitude (198). The pattern of activity of a single collicular neuron is 
not uniquely related to saccade direction alone or to saccade amplitude alone. 
It does not necessarily follow, however, that the SC is not involved in the 
precise definition of saccade metrics. Information about the precise param- 
eters of an impending saccade is coded spatially; the location of the active 
population of neurons within the SC could specify, precisely, saccade metrics 
(143, 169, 197, 199). Schemes by which this information could be extracted 
from the spatial code have been suggested (143,197,199), but further research 
is required to determine the merit of these proposals. Note, however, that 
the fact that collicular neurons have large receptive and movement fields 
cannot be used as the sole justification for concluding that the SC does not 
participate in the computation of precise saccade metrics. 

Researchers in the area of computer vision have developed schemes sim- 
ilar to that found in the SC in their attempts to encode features of the visual 
scene. In discussing the problem of using few computational elements to en- 
code many possible features when the size, position, and orientation of a 
scene are allowed to vary, Hinton (94) states: 

In information theoretic terms, it is very inefficient to have a unit for each 
possible feature if only a very small fraction of the possible features are present at 
any one time. It would be much more efficient to use an encoding in which a much 
larger fraction of the upits were active at any moment. This can be done if we abandon 
the naive idea that each specific feature is represented by activity in exactly one unit. 
Instead each unit can be more coarsely tuned so that it is activated by a range of 
possible features, and the ranges of different units can be made to overlap so that 
each feature activates many different units. The representation of a particular feature 
then becomes a pattern of activity in many units, and similar features are represented 
by similar patterns of activity. Even though each unit is coarsely tuned and therefore 
rather imprecise about the exact parameters of the feature that activated it, the 
whole set of units activated by a particular feature codes the parameters of the feature 
very accurately. 

This seems to be precisely the strategy adopted by the SC. The problem 
facing researchers is not that of neurons with large receptive fields and move- 
ment fields being unable to precisely encode stimulus location or saccade 
metrics but that of developing biologically plausible and experimentally test- 
able schemes by which this information is extracted from the spatial code. 

B) Lesion data. There is now convincing evidence (sect. V) that neither 
the SC nor the frontal eye fields nor the visual cortex is necessary for the 
generation of accurate saccades to visual targets. However, based on these 
data, the conclusion that the SC does not ordinarily contribute to the com- 
putation of the desired saccade trajectory or the initiation of saccades is 
unwarranted. Indeed, as described in section V, the recent experiments of 
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Hikosaka and Wurtz provide convincing evidence that in the normal animal, 
the SC is a critical structure in the initiation of accurate saccades. 

C) CoupZing data, The third line of evidence that led Wurtz and colleagues 
to the conclusion that the SC does not participate in the computation of the 
exact saccade metrics was their failure to find tight coupling between the 
activity of saccade-related neurons in the colliculus and saccadic movements. 
In contrast to the Mohler and Wurtz report (146), I (196) isolated one class 
of collicular neuron-the saccade-related burst neuron that met two criteria 
for participation in the initiation of visually elicited saccades. Saccade-related 
burst neurons are characterized by low levels of spontaneous activity and a 
discrete burst of activity tightly coupled to saccade onset. The presaccadic 
discharge is composed of an initial low-frequency component followed by a 
pulse of activity beginning ~20 ms before saccade onset. The pulse of spike 
activity recorded from these neurons was tightly coupled to saccade onset, 
preceding the onset of eye movements by ~20 ms. Furthermore, as illustrated 
in Figure 1, when a visual stimulus sometimes elicited a saccade and some- 
times failed to do so, the occurrence of the pulse of spike activity was highly 
correlated with saccade occurrence. On trials in which a saccade failed to 
occur, low-frequency spike activity was usually observed, but a discrete pulse 
of spike activity was not present. Moreover, there was a clear distinction 
between the most vigorous activity occurring in the absence of a saccade and 
the least vigorous activity accompanying appropriate saccades. 

I (196) offered two explanations for the discrepancy between my findings 
and those of Mohler and Wurtz (146). First, SC neurons with activity tightly 
coupled to saccade onset represent a homogeneous category of cells-neurons 
with a discrete high-frequency burst of activity preceding saccade onset. Other 
SC neurons display different patterns of saccade-related activity characterized 
by a looser linkage between neuronal activity and saccade onset. The small 
sample of neurons studied by Mohler and Wurtz may not have included neu- 
rons displaying a tight coupling between unit activity and saccade onset. 
Second, Mohler and Wurtz did not compare the magnitude or configuration 
of the discharge occurring in the absence of a saccade with that of discharges 
preceding appropriate saccades. Low-frequency preburst activity commonly 
occurs in the absence of a saccade, and this preburst activity is often indis- 
tinguishable from a more vigorous burst of activity when displayed as rasters 
with the resolution used by Mohler and Wurtz. When the configuration of 
the discharge is viewed with greater resolution, there is a clear distinction 
between the most vigorous responses occurring in the absence of a saccade 
and the least vigorous responses occurring prior to an appropriate saccade. 
The observation of some collicular neurons with loose coupling does not mean 
that all collicular neurons display the same property. Furthermore, collicular 
neurons with tight coupling have been identified. Thus the findings of Mohler 
and Wurtz (146) do not exclude the SC from a role in saccade initiation or 
the computation of the precise metrics of a saccade. 
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FIG. 1. A: behavioral paradigm. Trials required initial fixation of point 0. Then target was 
moved to A for brief interval. At end of interval, target was moved to B and remained there 
until acquired by animal. Two types of eye-movement responses were observed on these trials. 
1) At particular durations of A, saccade was made to A and then 2nd saccade was made to B. 2) 
On other trials, with same duration of target A, saccade to A did not occur; monkey made single 
saccade to B. B: neural responses of saccade-related burst cells in superior colliculus on these 
trials. Top left, O-A-B trial with saccade to A and 2nd saccade to B. Instantaneous frequency 
record reveals prelude of activity followed by high-frequency pulse of activity. 2’~ tight, O-A-B 
trial with single saccade to acquire B. Prelude of spike activity occurred, but high-frequency 
pulse was not present. Bottom leflz, similar trial (O-A-O) with saccade to A and saccade to reacquire 
0. Discrete high-frequency pulse of spike activity occurred. Bottom tight, O-A-O trial in which 
monkey maintained fixation of 0. Prelude of activity was observed, but pulse of activity was not 
present. Responses illustrated were characteristic of the 72 neurons with saccade-related bursts 
studied in this behavioral paradigm. [From Sparks (196).] 
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C. Summary and Conclusions 

The foveation and attention hypotheses have guided research efforts in 
many laboratories for the past decade. Results of this research indicate that 
a simple version of the foveation hypothesis is no longer viable as a model 
for the generation of visually guided saccades by monkeys in a normal visual 
environment. Contrary to the assumptions of the hypothesis, visual targets 
for saccadic eye movements are localized in nonretinocentric coordinates. The 
tight linkage between the activity of visual neurons in the superficial layers 
and the activity of motor cells in deeper layers implied by the hypothesis 
does not always occur. More research is needed to determine if the slocal 
collicular circuits implicit in the foveation hypothesis are sufficient for express 
saccades-a form of extremely short latency eye movements that can be gen- 
erated under unusual stimulus conditions. Whether a simple version of the 
foveation hypothesis will adequately account for orienting movements of an- 
imals with more simple oculomotor systems than the rhesus monkey is an 
empirical question. 

The two aspects of the attention hypothesis of SC function are not in- 
separable. The first is based on the enhancement phenomenon and is concerned 
with the question of stimulus and response selection. Very little research has 
been concerned with the mechanisms by which the enhanced responses of 
visual cells in the SC might facilitate stimulus and response selection. A more 
explicit statement of this aspect of the attention hypothesis could provide 
needed guidance for future research. The second component of the attention 
hypothesis- the assertion that the SC does not participate in the precise 
localization of visual targets and the generation of precise efferent commands 
that produce saccades to these targets- should be abandoned. In light of 
recent data the validity of the assumptions underlying this assertion are 
questionable. Moreover, the recent findings of Hikosaka and Wurtz (92, 93, 
240) support an opposite point of view. 

VII. FUNCTIONAL ORGANIZATION OF SUPERIOR COLLICULUS: 

MOTOR PERSPECTIVE 

A. General Considerations 

Based on the observation that signals from several sensory modalities 
converge in the deeper layers of the SC, a site that also contains cells with 
motor properties, several investigators have suggested that the colliculus is 
a brain region where sensory signals are translated into motor commands. 
This suggestion raises numerous questions. Among these are: 1) What types 
of motor commands are generated in the SC, and 2) What constraints are 
placed on sensory processing by the motor system? 

Microstimulation experiments indicate that in some animals the SC con- 



January 1986 SENSORIMOTOR INTEGRATION: PRIMATE SC 157 

tains neurons discharging before movements of the head, vibrassae, and pin- 
nae. However, because of the lack of chronic unit experiments searching for 
cells with activity related to these movements, little is known about these 
hypothetical motor signals. The properties of neurons discharging before sac- 
cadic eye movements have been studied in detail (see sect. IV). Colbcular 
neurons discharge before saccades of a particular direction and amplitude, 
regardless of initial eye position. Their discharge is not related to moving 
the eye to a particular position in the orbit but to motor error, the change in 
eye position required to direct gaze toward the target location. Motor error 
is not specified by a frequency code. Rather, collicular neurons with saccade- 
related activity are organized topographically, and the location of active neu- 
rons within the topographical map of movement fields, not their frequency 
of firing, specifies the error signal. 

Two inferences emerge from these findings. First, since the colliculus 
generates commands to correct for motor error, the task of sensory systems 
is to specify the change in eye position required to look to a target, not merely 
the location of the target in head, body, or retinal coordinates. Second, the 
transformation of sensory signals into motor-error coordinates occurs at or 
before the level of the SC, because a specific subset of collicular neurons must 
be activated to initiate a particular saccade. These principles are illustrated 
by the following examples. Consider a monkey with the head positioned 
straight ahead but with gaze directed 24” to the left of center. When an 
auditory stimulus is presented 10’ to the right of center, interaural cues will 
be used to localize the target in head coordinates (target is 10” right). However, 
because the eyes are directed 24” left of center, looking to the target requires 
a 34”.rightward saccade, and neurons in caudal regions of the left SC must 
be activated to produce this movement. If an auditory target is presented in 
the same location on another trial with gaze directed 24” to the right of 
center, cells in the right SC must be activated to produce the 14”.leftward 
saccade required to look toward the stimulus. 

Thus it can be concluded that to initiate a saccade by activating a par- 
ticular subset of collicular neurons, sensory signals must be translated into 
a signal of motor error, a computation that requires information about target 
position and a precise signal of the position of the eye in the orbit. According 
to this view the SC is a site where signals from different sensory modalities 
converge and are translated into command signals in common motor-error 
coordinates. 

B. Experimental Evidence 

Recent experiments conducted in this laboratory support these conclu- 
sions. In one experiment, monkeys were trained to perform a task in which, 
after fixation of an initial center target for a variable period, the offset of 
the center fixation target was followed by successive presentations of two 
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targets, B and C (139, 202). Although the duration of targets B and C was 
less than the reaction time of the monkey, reward was contingent on the 
animal making a saccade to position B within 300 ms and a second saccade 
from B to C before an additional 500 ms elapsed. Thus, two saccades were 
made in succession, the first to B and the second from B to C. In these ex- 
periments, we isolated one type of neuron (QV.cell) in the intermediate layers 
of the SC that signals motor error. These neurons appear to be visually re- 
sponsive and to have receptive fields and respond to targets in their receptive 
field regardless of whether a saccade is made toward the target. Moreover, 
QV cells discharge just before the B-to-C saccade. The cells firing in this case 
are not those whose receptive field contained the original target C but those 
whose receptive field would contain target C if the target were flashed again 
in the same spatial location after the eyes reached position B. In other words, 
the activity of QV cells reflects motor error. Quasi-visual cells discharge 
whenever a saccade with a particular direction and amplitude is appropriate, 
whether the movement becomes appropriate because of the onset of a visual 
stimulus or because of an eye movement occurring after the disappearance 
of the target. The hypothesis that the activity of QV cells encodes motor error 
was tested in a separate experiment by recording their activity during trials 
in which the monkey compensated for stimulation-induced perturbations in 
eye position (204). The hypothesis was confirmed by the finding that QV cells 
increased their discharge rate whenever there was a certain difference between 
current and desired eye position, whether this motor error was produced by 
the sudden appearance of a visual target or by a stimulation-induced change 
in eye position after target offset. The neural representation of the visual 
target formed by QV cell activity is a dynamic one. If a target is displaced 
or if the eyes move after a brief target has disappeared, the site of QV cell 
activity shifts to a location that represents the new motor error. 

A second experiment also supports this view (106-108). Monkeys, trained 
to look to either visual or auditory targets in a completely darkened room 
were placed with their heads fixed in the center of a semicircular track. Move- 
ment of a speaker (with a light-emitting diode attached) along the track and 
rotation of the track allowed targets to be presented at most locations on an 
imaginary sphere surrounding the animal. Three fixation lights separated by 
24” were placed along the horizontal meridian. At the beginning of each trial, 
one of the three fixation lights was randomly activated. After a variable 
interval, an auditory (broad-band noise burst) or visual targetwas presented, 
and the animal was required to look to the target location to receive a liquid 
reward. A delayed saccade task was used to temporally separate sensory and 
motor activity. 

The major objective of the experiment was to plot the receptive fields of 
sound-sensitive cells in the SC of alert monkeys while varying the direction 
of visual fixation. If the receptive fields of auditory neurons in the SC were 
organized in head-centered coordinates, the direction of fixation would have 
no effect. However, if the response of auditory neurons were organized in 
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motor-error coordinates as hypothesized, then the response should depend 
on speaker position as well as fixation direction. A second objective of the 
experiment was to record the activity of saccade-related burst neurons during 
visually and acoustically guided saccades. When neurons that burst before 
visually guided saccades also burst before saccades to auditory targets, then 
both signals have been converted into common coordinates by the time they 
reach the level of the SC. 

For every sound-sensitive cell encountered in the SC, the position of the 
eyes in the orbit had a distinct effect on the response to an auditory stimulus. 
Figure 2A illustrates data recorded from a single cell. For the trials shown, 
the speaker was located 20’ to the right and 6” above the primary eye position. 
When gaze was directed toward the left fixation target, the auditory stimulus 
evoked a vigorous neural discharge, but when the monkey was viewing the 
center or right fixation lights, identical stimuli (presented in the same spatial 
location) resulted in neural responses that were either markedly attenuated 
or completely absent. Figure 2.B plots the average number of spikes evoked 
by the noise burst as a function of the horizontal position of the speaker (to&. 
The plots show that the receptive field of the neuron shifted with the position 
of the eyes in the orbit. The same data are replotted with motor-error coor- 
dinates below; the data obtained with the different fixation positions are 
closely aligned. Thus the discharge of this neuron was not determined solely 
by the position of the auditory stimulus in space but depended on motor error, 
i.e., the position of the eyes in the orbit relative to target position. Additionally, 
we found that collicular neurons that burst before visually initiated saccades 
also burst before saccades to auditory targets. This indicates that auditory 
and visual signals have been converted into common motor-error coordinates. 
The map of auditory space found in the monkey SC is not a static represen- 
tation. With each movement of the eyes in the orbit, the population of neurons 
responsive to an auditory stimulus in a particular spatial location changes 
to a new site within the SC, a site representing the new motor-error signal. 

Our results and conclusions differ fromthose of Harris and colleagues 
(77). These investigators mapped the receptive fields of acoustically responsive 
neurons in the cat SC under three conditions: when .the eyes were within 7” 
of center, when they were >7” to the left of center, and when they were >7” 
to the right. An alert but untrained cat was placed in a darkened room with 
the head fixed. Standardized auditory stimuli were presented at various lo- 
cations while other sounds were used to elicit changes in fixation. Under these 
conditions, changes in the position of the receptive field could not be detected * 
for the three cells studied quantitatively. After observing the eye movements 
of cats, the authors concluded that under normal conditions, gaze shifts are 
accomplished by rotations of the eye and head so that, because of the vestib- 
uloocular reflex, the eyes return to the center of the orbit after each saccade. 
Theoretically this maintains the alignment between the head-centered au- 
ditory map and the retinotopically organized visual map. However, a more 
controlled and exhaustive study should be undertaken before it is concluded 
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FIG. 2. Effects of eye position on response of single 
collicular cell to auditory stimulus. A: speaker was po- 
sitioned 20” to right and elevated 6” while original fixation 
position was varied between 24” left (ZejQ, center (center), 
and 24” right (tight). Time base represents 3 s; auditory 
target was presented at 1 s. Horizontal (up = right) and 
vertical (up = up) eye-position traces are shown in tq,n 
TOW. Representations of instantaneous firing rate for 
single trial are in 2nd row, followed by rasters showing 
unit activity for 5 trials. Bottom row is a cumulative his- 
togram for these trials. B: plot of spike activity as function 
of horizontal target position (top) illustrating shift in 
receptive field as eye position was varied. Bottom, data 
are replotted in motor-error coordinates. Response fields 
are better aligned when plotted in motor-error coordi- 
nates than when plotted as function of target position 
relative to head. [From Jay and Sparks (lo@.] 

that the representation of auditory space in the cat SC is a static one. Besides 
the obvious problem of small sample, changes in eye position may influence 
responses to auditory stimuli only when they are used as targets for orienting 
movements. Jay and Sparks (106-108) noted rapid habituation of auditory 
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responses when the auditory stimulus was not also a saccade target. The 
organization of the cat colliculus may differ from that of the primate, but 
based on the limited data available, such a conclusion seems premature. 

C Motor-Error Hgpothesis 

The deeper layers of the SC contain separate representations of auditory, 
somatosensory, and visual space% as well as a map of motor (saccadic-eye- 
movement) space. In acute experiments the sensory and motor maps are 
aligned, and it has been commonly assumed that the retinotopic map of visual 
space is the basis for’ the alignment. The motor-error hypothesis states that 
the sensory maps are organized in motor (not sensory) coordinates. The sen- 
sory maps are viewed as dynamic, and the receptive fields of collicular neurons 
are expected to shift with relative movements of the eyes, head, and body. 
Sensory-induced collicular activity represents the trajectory of the movement 
required to look to the target rather than its location in sensory space. The 
motor map is thought to be fixed and requires a transformation of sensory 
signals into signals of the change in eye (head, pinnae) position required to 
orient to the stimulus. 

This evolving hypothesis concerning the functional organization of the 
deeper layers of the SC raises many questions. Are dynamic maps of sensory 
space, found in the deeper layers of the monkey colliculus, also present in 
animals with more limited oculomotor ranges? What is the anatomical and 
physiological basis of the dynamic mapping? Furthermore, the alignment of 
the retinotopic map found in the superficial layers and the motor map in the 
deeper layers is an embarrassment to the motor-error hypothesis. Recent 
data indicate that visual saccade targets are localized in spatial rather than 
retinal coordinates and that there is not a one-to-one mapping between the 
retinal locus of a visual target and the saccade required to look toward it. 
Nonetheless, there is a tight correspondence between the overlying retinotopic 
map and the subjacent motor map. Presumably there are functional advan- 
tages to this arrangement that have not yet been discovered. 

VIII. CURRENT MODELS OF SACCADIC SYSTEM: 

POSSIBLE ROLES OF SUPERIOR COLLICULUS 

Current models of the saccadic system assume that visual targets are 
localized in spatial (i.e., head or body) rather than retinocentric coordinates 
(170,242). According to these models (assuming that the head is stationary), 
a signal of retinal error (the distance and direction of the target image from 
the fovea) is combined with information about the position of the eyes in the 
orbit to produce a signal of target position with respect to the head. After a 
delay, current eye position is subtracted from the signal of the target position 
in head coordinates, resulting in a motor-error signal. These spatial models 
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imply that there are at least three neural representations of a visual target 
to which a saccade is made: representations in retinal, head, and motor-error 
coordinates. The response properties of neurons that might encode the position 
of a target in each of these coordinates and the experimental conditions under 
which such neurons might be identified have been discussed elsewhere (201). 

The SC contains two of the representations of the target required by 
spatial models of the saccadic system. The activity of neurons signaling retinal 
er.ror depends on excitation of receptors in a particular region of the retina, 
and the receptive field moves with each change in gaze. Visually responsive 
neurons in the superficial layers of the SC have these response properties 
(139). Because of the retinotopic arrangement of visually responsive cells, the 
site of neuronal activity in the superficial layers of the SC represents a code 
of retinal error. As discussed in section VII, the activity of QV cells in the 
intermediate layers encodes motor error. The mechanism and loci for the 
transformation between retinocentric and motor-error coordinates are 
unknown. 

Neural circuits located in the brain stem are thought to perform many 
of the computations required by models of the saccadic system. For example, 
the paramedian pontine reticular formation contains the immediate supra- 
nuclear neuronal networks controlling all types of conjugate horizontal eye 
movements (160). A local-feedback model of the circuitry in the paramedian 
pontine reticular formation that could generate the signals required for sac- 
cadic eye movements has been developed (116,1'70,226). Several lines of ev- 
idence support the model (116,121,226). From the perspective of this review, 
the most important feature of this model is that the circuit is provided with 
an input signal specifying the desired position of the eye in the orbit. 

What transformations of collicular signals are required if the colliculus 
is to provide input signals to the pontine network? Which neural circuits are 
involved in these transformations? First, as noted above, the input needed 
by the pontine circuit is a signal of the desired absolute position of the eye 
in the orbit. However, saccade-related activity in the SC specifies the change 
in eye position required for target acquisition. Second, the pontine network 
controls the change in the horizontal position of the eyes; a similar network 
in the rostra1 midbrain controls the vertical position of the eyes. The activity 
of a single collicular neuron is related to both horizontal and vertical com- 
ponents of saccades. Thus, two major transformations of collicular signals 
are required to provide the input needed by the pontine. and midbrain net- 
works. The anatomical map of motor error found in the SC must be separated 
into two components: I) horizontal motor error, i.e., the difference between 
the current horizontal eye position and desired horizontal eye position; and 
2) vertical motor error, i.e., the difference between current vertical eye position 
and desired vertical eye position. Then a combination of signals representing 
the current horizontal eye position with horizontal motor error will provide 
the signal required by the pontine circuit-a representation of the desired 
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horizontal position of the eye. A signal of the desired vertical position of the 
eye in the orbit can be constructed in a similar fashion. 

Recent data suggest a method by which one of the required signal trans- 
forms may occur. Microstimulation at a particular depth in specific regions 
of the midbrain reticular formation produces a horizontal saccade with an 
amplitude dependent on the depth of stimulation. Stimulation at progressively 
deeper sites produces larger horizontal saccades (31, 227). Thus there is an 
anatomical code of horizontal motor error with different depths of the mid- 
brain reticular formation specifying particular horizontal motor-error values. 
The SC sends a heavy projection to the horizontal eye-movement region of 
the midbrain reticular formation (80), and the projection terminates topo- 
graphically (30). Extraction of horizontal motor error from the spatial code 
of motor error found in the SC could occur as illustrated in Figure 3. On the 
left are examples of saccades differing in direction and total saccade amplitude 
but all having a lo”-rightward horizontal component. On the right is a top 
view of the left SC. The dots represent the sites of neurons with maximal 
activity preceding the seven saccades shown on the left. If the axons of neurons 
at these sites converged on a common pool of midbrain reticular formation 
neurons, then neurons in that region of the midbrain reticular formation 

b -60” LEFT SC 

FIG. 3. A: examples of saccades having lo”-rightward horizontal component. B: top view of 
left superior colliculus. Each dot represents site of neurons with maximal activity preceding 7 
saccades shown on Z& If axons of these active neurons converged on common pool of neurons 
in midbrain reticular formation, reticular neurons would discharge before all saccades having 
lo”-rightward component. 
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would discharge before all saccades with a lo”-rightward component, re- 
gardless of the direction or total amplitude of the saccade. Extraction of a 
signal of vertical motor error could be constructed in a similar manner. 

IX. SUMMARY AND CONCLUSIONS 

Afferent signals that guide orienting movements converge in the deeper 
layers of the SC in a wide variety of animals. The sensory cells are arranged 
topographically according to their receptive-field locations and, thereby, form 
maps of sensory space. Maps of visual, somatosensory, and/or auditory space 
have been obtained in the iguana, mouse, hamster, barn owl, chinchilla, cat, 
and monkey. The deeper layers of the SC also contain neurons involved in 
the generation of move.ments of the eyes, head, vibrissae, and pinnae. Thus 
the SC, a site containing multiple sensory maps and perhaps multiple motor 
maps, has been selected by many investigators as a structure for investigating 
the problem of sensorimotor integration. 

In the mammalian nervous system, emphasized in this review, much 
remains to be learned about the structure, organization, and function of the 
SC. W.hile anatomical studies continue to add to the knowledge of the sources 
of afferent projections, their pattern of laminar termination, and the source 
and destination of efferent projections, relatively little is known about the 
intrinsic organization of the colliculus, especially the deeper layers. Recently, 
electrophysiological studies have moved from an emphasis on the sensory 
and motor properties of collicular neurons to an examination of the maps of 
auditory and somatosensory space and the correspondence of these maps. In 
the future, major efforts aimed at identifying the functional properties of 
cells that project to the SC from diverse brain regions as well as the functional 
properties that project to the various structures receiving input from the 
colliculus are needed. A combination of anatomical and electrophysiological 
methods is required to describe the signal transforms that occur between the 
SC and motor areas (such as the paramedian pontine reticular formation) 
closer to the final common pathway. Conceptual and empirical work is needed 
to develop and test models of how the dynamic visual and auditory maps 
found in the primate SC are generated. In general, new and/or improved 
models of the role of the SC in sensorimotor integration are needed as guides 
for future research. A point of view emphasized here is that it may be fruitful 
to examine the function of the SC from a motor perspective. The nature of 
the motor command imposes constraints on the configuration of signals that 
can initiate movements and thereby determines the required transformation 
of sensory signals. 
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