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The multisensory superior colliculus (SC) neuron
has been used as an effective model for exploring
the neural bases of multisensory integration, in part
because of the high incidence of such neurons in the
deep layers of the structure and, in part, because of
the important role of deep layer neurons in overt
attentive and orientation behavior. These factors
make it possible not only to obtain a reasonable
sample with which to examine how single neurons
synthesize cross-modal information during
electrophysiological investigations, but also makes it
possible to closely correlate findings from
physiological and behavioral studies  [1].

Multisensory neurons abound in the SC because it
receives a rich endowment of sensory afferents from
a host of visual, auditory and somatosensory
structures [2, 3, 4]. These inputs converge on
individual SC neurons in all possible combinations
[5], thereby producing unimodal and bimodal
neurons of all varieties, as well as a small
complement of trimodal neurons.  Yet, despite the
variety of input sources and different modality
convergence patterns in the SC,  each sensory
representation is arranged in a topographical map,
and each of the maps is in register with every other
map (see 1 for a review). In brief, neurons in the
rostral portion of the structure represent central
sensory space and the front of the body, those in the
caudal portion represent peripheral sensory space
and the rear of the body, while upper and lower
regions of sensory space are represented along the
medial-lateral axis of the structure. This scheme of
cross-modality register is an ancient one and not
only characterizes all the mammalian species that
have been examined thus far, but antedates the
appearance and radiation of mammals [e.g., see 6, 7,
8, 9].

The register of cross-modal sensory representations
is most obvious for individual multisensory neurons
and, as will be seen below, this register plays an
important role in multisensory integration. A good
example is the visual-auditory neuron shown in
figure 1. This neuron was located in the rostral
portion of the SC and has its visual and its auditory
receptive fields overlapping one another in central
space. Consequently, any event that produces visual
and auditory cues in this spatial location will

activate both of the neuron’s input channels. This
usually generates a multisensory interaction in
which the neuron’s response is enhanced. This
“multisensory enhancement” can be greater than the
sum of the responses to the individual modality-
specific stimuli [see 10, 11], an effect not seen with
combinations of modality-specific cues [1]. On the
other hand, if one of those stimuli is repositioned so
that it is now outside its receptive field (as if the two
stimuli are derived from two different event), the
stimuli will either fail to produce a multisensory
interaction, or the eccentric stimulus will inhibit
responses to the stimulus centered within its
receptive field. We now know that this
“multisensory depression” is due to the inhibitory
areas adjacent to the classical (i.e., excitatory)
receptive fields of some multisensory neurons [12],
an effect that is illustrated in figure 1.

Obvious behavioral parallels to these single neuron
effects have also been observed. In experiments in
which cats are trained to orient to and approach a
very weak visual stimulus, the simultaneous
presentation of an auditory stimulus at that location
dramatically enhances the animals’ percentage of
correct responses. These effects are obtained
regardless of whether the animals had previous
learned to approach the auditory stimulus during
training, had learned to “ignore” the auditory
stimulus, or had never been exposed to the auditory
stimulus before the test sessions began. On the other
hand, if the auditory stimulus is disparate (i.e.,
medial) to the visual stimulus, it substantially
inhibits correct responding in animals either trained
to ignore the auditory stimulus or never been
exposed to it during training [13].

It is interesting to note that these multisensory
processes are not present at birth. Indeed, the
newborn SC is strictly unimodal, and only
somatosensory responses can be evoked in its
multisensory laminae by natural sensory stimuli. It
is not until approximately 5 postnatal days that
auditory responses can be elicited [14], and it is not
until 3 or more weeks of age that visual responses
can be elicited [15, 16)]. Perhaps most interesting,
however, is that when the first multisensory neurons
do appear, they are incapable of synthesizing cross-
modal cues [15]. By definition multisensory neurons
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respond to inputs from more than a single modality,
but in very young animals their responses to
combinations of sensory cues generally are no
different than their responses to the modality-
specific components of these sensory combinations.
The ability to synthesize cross-modal cues is
acquired only after a protracted postnatal
developmental period, a period that coincides with
the brain’s peak sensitivity to sensory experiences
[e.g., 17, 18, 19].

Figure 1. The receptive fields of multisensory
superior colliculus neurons show a high degree of
spatial register. This register is a key factor in
determining the type of multisensory interaction that
will be produced by spatially-coincident and
spatially-disparate cross-modal stimulus
combinations.. The visual and auditory receptive

fields of this neuron are shown as shaded regions
plotted onto a conventional representation of visual
and auditory space (top). Each concentric circle
represents 10°, and the right half circle shows the
caudal half of contralateral auditory space. Icons
depict the locations of the visual (V; moving bar of
light) and auditory (A; broad band noise burst
produced from a fixed speaker) stimuli used for
testing. Electrophysiological data for this neuron are
shown below in two series, each with a summary
graph. Top left: the movement of a visual stimulus
across the visual receptive field (stimulus movement
is represented by a ramp) evoked a modest response
on each of the 8 trials. A rasters display (each dot
represents a single impulse and each row a single
trial) and a peristimulus time histogram immediately
are shown below the stimulus trace. Top Middle: the
response to the within-field auditory stimulus (Ai,
represented by a square wave) was also quite
reliable. Top Right: combining these two stimuli
elicited a multisensory response that was
substantially greater than the most effective
modality-specific stimulus, and significantly better
than the sum of the two modality-specific responses
(see summary graph at the far right). Conversely,
and as shown in the lower test series, when the
auditory stimulus was presented outside of its
receptive field (Ao), it inhibited the neuron’s
response to the visual stimulus. This resulted in a
multisensory response that was 46% less than the
neuron’s response to the visual stimulus alone, and
constituted a significant multisensory depression.
S=superior, I=inferior, N=nasal, T=temporal. * p <
0.05.

Recently, it was postulated that the maturation of
these multisensory processes depends on the
appearance of functional connections between
specific regions of association cortex and the SC
[15]. This postulate was based on the observation
that the integrity of  multisensory integration in the
adult SC requires an active input from a specific
region of association cortex. Temporary deactivation
of this region eliminates multisensory integration in
the majority of SC neurons, but has little effect on
their responses to unimodal cues [20], as illustrated
in figure 2. Similarly, deactivating this cortical area
in awake behaving cats severely compromises
multisensory orientation behaviors without
significantly affecting orienting responses to
unimodal cues, as shown in figure 3 [21].  This
region, the cortex surrounding the anterior
ectosylvian sulcus, or AES, projects heavily to the
SC [4] and is composed of three predominantly
unimodal areas: SIV, a somatosensory region [22];
FAES, an auditory area [23]; and AEV, a visual area
[24, 25], with multisensory neurons scattered along
the overlapping border regions of these adjacent
areas. Curiously, it is the unimodal rather than the



Figure 2. Deactivating the cortex surrounding the anterior ectosylvian sulcus (AES) eliminates multisensory
integration in superior colliculus neurons. The conventions are the same as in figure 2. The response to the
visual stimulus was quite robust, but the auditory response was poor.  Nevertheless, combining the visual
and auditory stimuli elicited a multisensory response that was 219% of the best modality-specific response
(visual), and one that substantially exceeded the sum of the two modality-specific responses.  Deactivating
the AES by cryoblockade eliminated the multisensory interaction and reactivating (i.e., rewarming) the AES
reinstated the interaction. Note that despite the elimination of multisensory integration during AES
deactivation, the modality-specific responses in B and C were not substantially different (though there was a
decrement in the auditory response from A). The vertical lines through the bars are standard errors of the
mean. rLS = rostral lateral suprasylvian cortex, an area that may share some of the same roles as the AES
and substitute for it after early injury (see text),*** p<.001, ** p<.01.



Figure 3. Deactivation of the AES degrades multisensory orientation behaviors. Cats were trained in a
perimetry apparatus to approach a visual stimulus (LED) for food reward. Once trained, the intensity of the
LED was lowered until the animals were able to orient correctly on only about 50% of the trials. The effects
of visual-auditory stimulus combinations on this orientation behavior were then examined prior to surgery
(middle panel). In all animals tested (n=3), the spatially-coincident pairing of a visual and auditory stimulus
greatly enhanced the probability of correct orientation at all locations. Following the collection of this
baseline data, animals had cannulae implanted in a number of primary and secondary sensory cortical areas
in the left hemisphere (only a few of these are shown at the top). These cortical regions were then
individually deactivated via lidocaine injections through these cannulae. Only deactivation of the AES had
significant effects on these responses and the group behavioral data obtained during AES deactivation is
summarized at the bottom. At locations immediately ahead of an animal (0°) and those in the right
(contralateral) hemifield (+30°, +45°), the responses to spatially-coincident multisensory combinations were
impaired when compared to baseline data. Yet, there was no impairment in orientation to unimodal stimuli
(not shown). * p < 0.05. AI = primary auditory cortex, PLLS = posterolateral lateral suprasylvian cortex ,
17/18 = primary visual cortex. Adapted from Wilkinson et al., 1996.



multisensory AES neurons that project to the SC
[5]. Apparently, the multisensory cortical neurons
are part of an independent multisensory circuit
[see 26] that is presumed to be more involved in
perceptual processes than in the immediate
behavioral processes described here. More recent
experiments have also implicated a cortical area
adjacent to the AES, the rostral lateral
suprasylvian cortex or rLS, that may share some
of these functions and may be of critical
importance in mediating multisensory integration
in a more restricted set of SC neurons [27].

The maturational postulate stated above has
recently been supported by the observation that as
soon as an SC neuron develops the capability to
engage in multisensory integration, a functional
corticotectal input to that neuron can be
demonstrated, but not before [28]. The ability to
engage in multisensory integration appears to
develop in individual neurons abruptly, as if a
gate has opened allowing the cortex to influence
the neuron. But, because this occurs at very
different times for different neurons, the
maturation of the population of SC neurons as a
whole is protracted. It seems quite likely that the
long developmental time course of corticotectal
control over multisensory integration in SC
neurons allows cortex the necessary time to adapt
to the specific environmental conditions in which
the animal develops. This “learning” period may
be necessary if cortex is to control the
multisensory processes of SC neurons,  and
hence, SC-mediated behaviors, in a manner that
best adapts the animal’s responses to the demands
of the environment.
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