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Abstract
Multisensory Integration describes a process by which information from different sensory systems
is combined to influence perception, decisions, and overt behavior. Despite a widespread appreciation
of its utility in the adult, its developmental antecedents have received relatively little attention. Here
we review what is known about the development of multisensory integration, with a focus on the
circuitry and experiential antecedents of its development in the model system of the multisensory
(i.e., deep) layers of the superior colliculus. Of particular interest here are two sets of experimental
observations: 1) cortical influences appear essential for multisensory integration in the SC, and 2)
postnatal experience guides its maturation. The current belief is that the experience normally gained
during early life is instantiated in the cortico-SC projection, and that this is the primary route by
which ecological pressures adapt SC multisensory integration to the particular environment in which
it will be used.

Multisensory Integration describes a process by which information from different sensory
systems is combined to influence perception, decisions, and overt behavior. All brains engage
this strategy at multiple levels of the neuraxis (Calvert et al., 2004), and its impact on cognition
and behavior has been repeatedly demonstrated. Multisensory integration has been shown to
enhance and speed the detection, localization, and reaction to biologically significant events
(Corneil and Munoz, 1996;Frens and Van Opstal, 1995;Hughes et al., 1994;Stein et al.,
1989;Marks, 2004;Newell, 2004;Woods and Recanzone, 2004a;Shams et al., 2004;Sathian and
Prather, 2004;Stein and Meredith, 1993). It is also a potent asset in signal disambiguation,
including signals involving human speech and animal communication (Senkowski et al.,
2007;Busse et al., 2005;Woldorff et al., 2004;Sathian, 2005;Grant et al., 2000;Sathian,
2000;Lakatos et al., 2007; Recanzone, 1998;King and Palmer, 1985;Schroeder and Foxe,
2004; Recanzone, 1998;Ghazanfar and Schroeder, 2006;Sathian and Prather, 2004;Weisser et
al., 2005; Zangaladze et al., 1999;Liotti et al., 1998;Talsma et al., 2006a;Talsma et al.,
2006b;Corneil and Munoz, 1996;Frens and Van Opstal, 1995;Hughes et al., 1994;Stein et al.,
1989;Marks, 2004;Newell, 2004;Woods and Recanzone, 2004b;Shams et al., 2004;Wallace et
al., 1996;Sumby and Pollack, 1954;Massaro, 2004;Ghazanfar et al., 2005;Partan,
2004;Bernstein et al., 2004;Sugihara et al., 2006). The impact of this evolutionary strategy is
difficult to overestimate. Yet, despite the widespread and enthusiastic appreciation of its utility
in the adult (see Calvert and Lewis, 2004;Stein and Meredith, 1993;Spence and Driver,
2004;Ghazanfar and Schroeder, 2006), far less attention has been devoted to examining the
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development of these processes and the impact of experience in crafting them during
maturation. This may be due to the view among some that these neural processes are, in large
part, already specified before birth so that the brain of the newborn is already capable of
multisensory integration (Bower, 1974;Gibson J.J., 1966;Gibson, 1979;Gibson, 1969;Werner,
1973;Marks, 1978;Lickliter and Bahrick, 2004;Lewkowicz and Kraebel, 2004) and any later
postnatal elaboration would not alter its fundamental principles.

However, neurophysiological experiments in cat and monkey (Wallace and Stein,
2007;Wallace and Stein, 1997;Wallace et al., 2006;Wallace et al., 1993) and recent behavioral
studies in human infants (see Neil et al., 2006;Gori et al., 2008;Putzar et al., 2007) point to a
very different understanding of how this capability develops and matures, one in which the
neonatal brain is not yet capable of multisensory integration. Rather, multisensory processes
appear to develop gradually during postnatal life with a time course distinct from unisensory
processes, even within the same circuit. Recent data suggest that multisensory integration in
the adult is crafted by early life experiences, adapting its properties according to the
configurations of cross-modal stimuli present in the neonatal environment. This developmental
principle seems quite simple on its face. However, the development of multisensory integration
and its expression in the adult reflect complex processes: the fact that afferents from different
senses converge onto a particular neuron does not guarantee that it will develop the ability to
integrate cross-modal information, nor does it specify how the information is to be integrated
(Jiang et al., 2001;Jiang and Stein, 2006;Wallace and Stein, 1997;Stein and Meredith, 1993).

These issues will be reviewed here in the context of the development of the multisensory (i.e.,
deep) layers of the SC. This is an excellent model system for this purpose for a variety of
reasons. The involvement of SC neurons in a well-defined behavior (orientation and
localization) allows one to relate physiology to behavior and there is already a good deal of
information available regarding the maturation of their unisensory properties (Kao et al.,
1994;Stein, 1984b). The SC is also a primary site at which inputs from different senses converge
(Wallace et al., 1993;Stein and Meredith, 1993). Indeed, much of what we know about the
maturation and expression of multisensory integration has been derived from this model (Stein,
1984b;Peck, 1987;Stein and Arigbede, 1972;Stein et al., 1976;Stein and Meredith, 1993;Stein
et al., 1993;Wallace, 2004;Stein and Clamann, 1981;Stein et al., 1973; but see also Gutfreund
and Knudsen, 2004;Lakatos et al., 2007;Senkowski et al., 2007;Sathian and Prather,
2004;Woods and Recanzone, 2004a;Groh and Sparks, 1996b;Groh and Sparks, 1996a;Jay and
Sparks, 1987a;Jay and Sparks, 1987b;King et al., 2004;Barth and Brett-Green, 2004;Calvert
and Lewis, 2004). Of particular interest here are two sets of experimental observations: 1)
cortical influences appear essential for multisensory integration in the SC, and 2) postnatal
experience guides its maturation. These observations are unlikely to be coincidental, especially
in light of the fact that the cortical afferents are immature at birth, and therefore are likely to
be highly plastic. The current belief is that the experience normally gained during early life is
instantiated in the cortico-SC projection, and that this is the primary route by which ecological
pressures adapt SC multisensory integration to the particular environment in which it will be
used. However, before examining the details of its maturation and plasticity, it is necessary to
review the expression of multisensory integration in the adult.

SC Multisensory Organization and Integration in the Mature Brain
Functionally the SC has been divided into two regions (though interconnections between them
are known to exist). The superficial layers (I–III) are unisensory and neurons there are
exclusively responsive to visual stimuli. The deeper layers (IV–VII) are multisensory in that
they contain a variety of unisensory (visual, auditory and somatosensory) neurons, as well as
groups of multisensory neurons that represent each possible combination of these senses. It is
the neurons in this portion of the SC that are of interest here.
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Each sensory representation in SC is laid out in a topographic (i.e., map-like) fashion with the
different maps sharing the same basic plan so that they are in spatial register with one another
(Stein et al., 1993;Meredith et al., 1991;Meredith and Stein, 1990; Middlebrooks and Knudsen,
1984;Stein et al., 1981;Stein et al., 1976). It is as if the maps of visual space, auditory space
and the body surface were created on the same template and extended vertically (albeit with
some geometric distortions in each) throughout the depths of the SC. As a result, the neurons
in a vertical column of tissue represent the same general region of visual, auditory, and
somatosensory space. Because the sensory maps are also in register with a premotor map, this
arrangement is a particularly effective way to match incoming sensory information about the
event with the outgoing “motor” signals required to orient to it (Grantyn and Grantyn,
1982;Sparks and Nelson, 1987;Guitton and Munoz, 1991;Harris, 1980;Jay and Sparks,
1987b;Jay and Sparks, 1987a;Jay and Sparks, 1984;Munoz and Wurtz, 1993a;Munoz and
Wurtz, 1993b;Peck, 1987;Sparks, 1986;Stein and Clamann, 1981;Wurtz and Albano,
1980;Wurtz and Goldberg, 1971;Groh and Sparks, 1996a;Groh and Sparks, 1996b).

Thus, within each map there are multisensory SC neurons whose multiple receptive fields (one
for each sensory modality to which they respond) are in spatial register with one another (King
et al., 1996;Meredith et al., 1991;Meredith and Stein, 1990;Meredith et al., 1992). Many have
excitatory regions bordered by inhibitory regions. So the impact of a cross-modal combination
of stimuli is determined, in large part, by how such stimuli relate to a neuron’s receptive field
regions (Stein and Meredith, 1993). Spatiotemporally concordant cross-modal stimuli evoke
responses that can have significantly more impulses than is evoked by the strongest of the
individual stimuli (multisensory enhancement, see Fig. 1). Spatially disparate stimuli can evoke
responses with fewer impulses than the strongest individual stimulus (multisensory
depression). Multisensory enhancement has not only been observed in the SC of the cat
(Meredith and Stein, 1986a;Meredith and Stein, 1996;Meredith and Stein, 1986b;Stein et al.,
1993;Wallace et al., 1993;Wallace et al., 1998;Wallace and Stein, 1994), but also in the hamster
(Meredith and Stein, 1983), guinea pig (King and Palmer, 1985), and monkey (Wallace et al.,
1996), as well as in the cortex of cat (Wallace et al., 1992), rat (Wallace et al., 2004b;Barth
and Brett-Green, 2004), monkey (Ghazanfar and Schroeder, 2006;Lakatos et al.,
2007;Schroeder and Foxe, 2002;Schroeder et al., 2001;Schroeder and Foxe, 2004), and human
(Calvert and Lewis, 2004;Stein et al., 1996;Fort and Giard, 2004;Macaluso and Driver,
2004;Gelder et al., 2004;Sathian and Prather, 2004;Laurienti et al., 2002;Lovelace et al.,
2003).

When different sensory stimuli are only weakly effective, but are spatiotemporally aligned,
their combined presentation can elicit a response exceeding their sum. Superadditive
computations (primarily at the lower end of a neuron’s dynamic range) transition to additive
or subadditive computations when stimulus efficacy is increased (Alvarado et al.,
2007b;Stanford et al., 2005;Stanford and Stein, 2007;Perrault, Jr. et al., 2005;Perrault, Jr. et
al., 2003). These findings were consistent with the concept of inverse effectiveness (Meredith
and Stein, 1986b), wherein multisensory enhancement is greatest when component stimuli are
weakest. This principle is simple and intuitive. The benefit of multisensory integration is
greatest when the cues associated with an event are weakest; as strongly effective cues from
individual senses are, by definition, easy to detect and often easy to locate and identify. By the
same principle, if one evaluates the a multisensory response as it evolves over time, it is
apparent that the enhancement of its magnitude (relative to the best unisensory response) is
greatest near its onset when the comparator component responses would be just beginning and
at their weakest. In fact, multisensory integration appears to take place in real-time, as soon as
the inputs arrive (Rowland et al., 2007;Rowland and Stein, 2007) (see Fig. 2).

The integration of information across the senses is computationally different from integrating
information from the same sense, because inputs derived from different senses provide
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independent estimates of the same initiating event while inputs from the same sense can exhibit
substantial noise covariance (Ernst and Banks, 2002). Consequently, one might expect that two
spatiotemporally concordant visual stimuli would not yield enhancements equivalent to what
is obtained with a visual and an auditory stimulus. Another possibility, reflecting a very
different assumption, is that both multisensory and unisensory integration would yield
equivalent results because multisensory response enhancement simply reflects the presence of
more environmental energy or multiple, redundant stimuli instead of any “special” computation
(Miller, 1982;Gondan et al., 2005;Lippert et al., 2007;Leo et al., 2008;Sinnett et al., 2008).
This issue was recently explored by Alvarado and colleagues (Fig. 3) and it was found that
multisensory integration yielded far greater products than within-modal integration, reflecting
very different underlying neural computations (Alvarado et al., 2007b). Within-modal stimulus
pairs rarely exhibited response enhancement and typically reflected a subadditive computation.
The same differences were found in cats tested on a detection and localization task in response
to cross-modal (visual-auditory) and within-modal (visual-visual or auditory-auditory)
stimulus combinations (Gingras et al., 2009) (Fig. 4).

As noted earlier, the SC is a primary site of converging inputs from different senses (Meredith
and Stein, 1986a;Stein and Meredith, 1993;Wallace et al., 1993) so that its integrative products
are the result of processes that take place within the SC itself. The SC receives sensory inputs
from many unisensory structures (Huerta and Harting, 1984;Edwards et al., 1979;Wallace et
al., 1993;Stein and Meredith, 1993) and its multisensory neurons are mostly output neurons
that project to motor related areas of the brainstem and spinal cord involved in the control of
orientation behaviors (Moschovakis and Karabelas, 1985;Peck, 1987;Stein and Meredith,
1993). Consequently, the principles that govern the multisensory integration at the level of the
single SC neuron also govern SC-mediated orientation behaviors (Jiang and Stein, 2002; Stein
et al., 1989; Wilkinson et al., 1996; Jiang et al., 2007a).

SC Multisensory Integration Depends on Influences from Cortex
SC neurons are rendered multisensory by virtue of the convergence of unisensory inputs from
many different sources but are unable to integrate these different sensory inputs in the absence
of inputs from one particular source: association cortex. This conclusion was drawn from a
number of studies in cat in which reversibly deactivating these cortico-collicular inputs
disrupted the multisensory integrative capabilities of their target neurons in the SC, but not
their capacity to respond to stimuli from different senses (see example in Fig. 5). This means
that, in the absence of cortex, the response evoked in the SC by a cross-modal stimulus complex
was equivalent in magnitude to a single stimulus presented in isolation (Jiang and Stein,
2003;Jiang et al., 2002;Stein et al., 2002;Alvarado et al., 2007a;Burnett et al., 2007). The
critical regions of cortex include the anterior ectosylvian sulcus (AES) and an adjacent area,
the rostral aspect of the lateral suprasylvian sulcus (rLS). The evidence collected thus far
indicates that these two areas uniquely serve this purpose and other areas of the brain appear
incapable of taking on this role if AES and rLS are damaged during early life (Jiang et al.,
2007b;Jiang and Stein, 2003;Jiang et al., 2006;Burnett et al., 2004;Wilkinson et al., 1996).
Although they sometimes function cooperatively in facilitating multisensory integration in SC
neurons, the most important of these areas is AES, as far more SC neurons depend on this
region than on rLS (Jiang et al., 2001). It has also been the source of most of our understanding
of the role of cortex in this context. Just what mechanism is employed by these cortical inputs
to make this integration possible in SC neurons, even those rendered multisensory via non-
association cortex inputs, is not yet fully understood.

Cortico-collicular inputs from AES are unisensory. They converge from its different
subdivisions (visual, AEV; auditory, FAES; and somatosensory, SIV) to match the modality-
convergence profile of their SC target neurons (Wallace et al., 1992;Fuentes-Santamaria et al.,
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2008). For example, an SC neuron that receives auditory and somatosensory inputs from non-
AES sources will often also receive convergent inputs from SIV and FAES. An example of
converging cortico-collicular projections from SIV and FAES is shown in Fig. 6. Although
there is an assumption that a similar arrangement is present in the human brain, no direct
evidence is yet available to support this idea. The functional homologue of AES and rLS in
the human brain has not yet been identified.

The Development of SC Multisensory Integration
The properties described above do not characterize the SC of the neonate. In fact, the
differences between the sensory properties of the neonatal and mature cat SC are quite striking
and reflect the general immaturity of its sensory information processing capabilities during
early life. The cat is a particularly good subject for examining the development of sensory
information processing because, unlike more precocial species such as most ungulates and
primates, it is born at a very early stage of development. At birth its eyes and ear canals are
still closed and many SC neurons are unresponsive to sensory stimuli. Those SC neurons that
can be driven by sensory stimuli, even those in its deep layers, are unisensory. Initially they
respond only to tactile stimuli, and this capability is already noted in late fetal stages (Stein et
al., 1973). Most notable in this regard are neurons whose receptive fields encompass portions
of the perioral region, a region that is of critical importance in helping the hungry neonate
locate the nipple and initiate suckling (Larson and Stein, 1984). Auditory-responsive neurons
appear in the deep layers at approximately 5 postnatal days, and neighboring visual-responsive
neurons do not appear here until at about 3 postnatal weeks, long after the eyes have opened,
and long after neurons in the earlier developing overlying superficial layers have become
responsive to visual stimuli (Stein et al., 1973;Stein, 1984a;Kao et al., 1994;Wallace and Stein,
1997).

The normal ontogeny of multisensory neurons is also gradual compared to their neighboring
unisensory counterparts. Perhaps this is to be expected, given the greater complexity of their
requirements for signal processing. Unlike unisensory neurons, multisensory neurons must
acquire information from different sensory channels and synthesize this cross-modal
information in ways that are quite distinct from those used by unisensory neurons to synthesize
within-modal information (see above). This makes it difficult to generalize from the maturation
of one population or process to the other.

The first category of multisensory neuron, somatosensory-auditory, is evident soon after the
appearance of auditory neurons (at P10). Visual-nonvisual neurons appear as soon as visual
responsiveness is evident in the multisensory layers. However, these multisensory neurons
appear incapable of integrating concordant cross-modal signals to generate enhanced
responses. This capacity requires months of maturation, a period in which the functional
maturation of inputs from AES are also formed (Wallace and Stein, 1997;Wallace and Stein,
2000;Stein et al., 2002). The prolonged nature of this postnatal period suggests that experience
with cross-modal signals may be important in structuring the operational principles that would
best adapt multisensory integration to the environment in which it would be used. This
possibility was tested by rearing animals without the possibility of experience with certain
cross-modal cues (e.g., visual-nonvisual) and also by perturbing the typical spatial
configurations of these cues encountered by the young animal.

Precluding Early Visual-Nonvisual Experience
By raising animals in the dark until 6 months of age (the physiological properties of SC neurons
are normally mature by this time), the possibility of early visual-nonvisual experience is
precluded. This allows one to examine how the absence of experience with these cross-modal
cues affects the maturation of multisensory integration (Wallace et al., 2001;Wallace et al.,
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2004a). These experiments demonstrated that such experience was not necessary for the SC to
develop a near normal complement of visual, auditory or somatosensory neurons, all of which
responded well to physiologically appropriate stimuli. A near normal complement of
multisensory neurons also developed. However, these multisensory neurons were clearly
atypical. Their very large receptive fields were more characteristic of the neonate than of a
mature animal. They were also incapable of multisensory integration (Fig. 7), just as are
neonatal SC neurons and the SC neurons of adults who have had neonatal ablation of
association cortex (Jiang et al., 2006). The data suggested several possibilities, most
provocative of which was that experience with the senses working together is essential for
neurons to develop their capacity to engage in multisensory integration.

Providing Anomalous Early Visual-Auditory Experience
The dark rearing results showed that early experience is critical for the maturation of
multisensory integration. It also suggested that during this period the SC might adapt its
response properties to reflect the statistical regularities of the spatiotemporal relationships
between cross-modal cues. In normal conditions, for example, the visual and auditory cues
associated with a given event generally occur at the same time and in the same place. With
enough experience, the link between these cross-modal stimuli can be encoded, so that later
instances of concordant cross-modal stimuli yield enhanced detection, localization, and
identification. Presumably then, altering the normal concordance of the cross-modal stimuli
during early life would initiate developmental changes that adapt the principles of multisensory
integration to an atypical environment. To test that possibility, cats were raised from birth to
6 months in a dark room in which simultaneous, but spatially disparate visual-auditory cues
were periodically presented (Wallace and Stein, 2007). The stimuli were generated by speakers
and light emitting diodes that were fixed to different locations on the animals’ cage wall.

Many visual-auditory SC neurons of these animals had some properties similar to those in
animals without visual-nonvisual experience (see above): their receptive fields showed little
evidence of developmental contraction and neurons could not engage in multisensory
integration. This was not surprising given that the visual-auditory stimuli had no consequences
associated with them. However, a significant proportion of SC neurons in these “disparity
reared” animals did appear to be affected. They developed poorly aligned visual-auditory
receptive fields, some of which were completely out of spatial register with one another (see
Fig. 8). This is almost never seen in normal or dark reared cats, but clearly does reflect the
animal’s rearing condition. Now only when the visual and auditory stimuli were spatially
disparate could they simultaneously fall within their respective receptive fields. When such
cross-modal stimuli were presented, the response magnitude of these neurons was significantly
enhanced (Fig. 9). Apparently, the temporal concordance of these cues was sufficient to link
them and reverse the “normal” spatial principle governing multisensory integration. As a result
spatially disparate stimuli produced response enhancement, a cross-modal stimulus
configuration that produces response depression (or has no effect) in multisensory SC neurons
of normally reared animals (Kadunce et al., 2001;Meredith and Stein, 1996). These
observations provide strong support for the hypothesis stated above.

Cortical deactivation during development
It was not immediately apparent where in the circuit underlying multisensory integration early
cross-modal experience exerted its effects. However, given the well known sensitivity of cortex
to early experience, association cortex seemed like a good bet. To examine this possibility,
AES and rLS were rendered unable to gather early cross-modal experiences during the temporal
window in which multisensory integration develops (25–81 dpn (Wallace and Stein, 1997))
by covering them with a polymer infused with muscimol, a GABAa receptor agonist. Once the
implant was removed or depleted of its muscimol stores, cortex was reactivated. Preliminary
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observations revealed that there were significant impairments of multisensory integration in
neurons of the ipsilateral SC (Rowland et al., 2006;Stein et al., 2008). They were unable to
fuse their inputs from different sensory channels to enhance responses. The same deficits were
evident in behavior (see Fig. 10). These observations strongly suggest that the cortico-collicular
projection is a critical site for incorporating early experience with cross-modal cues.

The Development of Cortical Multisensory Integration
The midbrain is believed to develop its physiological properties earlier than does the cortex.
Thus, the absence of multisensory integration in the newborn’s SC strongly suggested that
multisensory integration in cortex would appear even later in development. This possibility
was explored by studying multisensory neurons in AES. As noted earlier (see above), AES
neurons projecting to the SC are unisensory. However, multisensory neurons are also found in
this cortical area, primarily clustered at the borders between its three largely unisensory regions.
Though the multisensory AES circuit is independent of the SC, and the targets of these neurons
are not yet known, they exhibit multisensory characteristics, including integration properties,
much like those of SC neurons (Wallace et al., 1992). Thus, they can serve as an excellent
developmental comparator to multisensory neurons in the SC.

The results of developmental studies of multisensory processes in AES showed that, as
expected, they too lack the ability to engage in multisensory integration at birth. They develop
this capability only gradually during postnatal life, but do so with a time course that begins
and ends later in ontogeny than does the time course in SC neurons (Wallace et al., 2006).
These observations are not only consistent with the expected developmental time lag between
cortex and SC, but with the general notion that multisensory integration capabilities are crafted
over a considerable period of early postnatal life. Using the dark rearing approach, it was once
again demonstrated that visual and visual-nonvisual experience was not necessary to develop
a near normal complement of visual and multisensory neurons. However, it was essential for
the maturation of visual-nonvisual multisensory integration (Carriere et al., 2007). These data
suggest that the same general developmental principles of multisensory integration are
operative at different levels of the cat’s nervous system (see also Wallace et al., this volume).

The Development of Multisensory Integration in the Primate Brain
The SC of the adult Rhesus monkey also contains many multisensory neurons, and they too
are capable of multisensory integration. In fact, their physiological properties are very similar
to those seen in the cat SC (Wallace et al., 1996). To examine whether or not the absence of
multisensory integration capabilities in neurons of the midbrain and cortex of the neonatal cat
is an idiosyncratic feature of the brain of this species, the physiological properties of the
newborn SC of Rhesus monkey was also explored. The monkey is far more precocial at birth
than is the cat and, unlike the cat, already has multisensory neurons in its SC at this time.
However, these neurons, like their counterparts in the young cat, proved to be incapable of
multisensory integration (Wallace and Stein 2001). They responded no better to combinations
of concordant cross-modal cues than they did to the best of these cues individually. At what
point such neurons obtain the ability to synthesize their different sensory inputs, and whether
they require experience to do so, remains to be determined. However, given their similar
fundamental properties, and their absence in newborns of both species, it does not seem
unreasonable to expect that SC neurons in both species have similar developmental antecedents
and that this reflects a general mammalian plan.

Given the general assumption that midbrain processes develop before higher-order cortical
processes, it is reasonable to assume that the absence of multisensory integration in the SC
indicates the absence of such capabilities in cortex. Furthermore, the absence of such
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capabilities in both the altricial cat and the precocial monkey suggest the absence of such
capabilities in the newborn human.

Although this certainly remains to be determined empirically, some recent observations in
humans are consistent with such a postulate. Human subjects whose early vision was obscured
by dense congenital cataracts were studied many years after those cataracts had been removed.
In a striking parallel to the animal studies described above, the vision of these subjects seemed
normal, but their ability to integrate visual-nonvisual information was impaired. This was the
observation when challenged with both speech and non-speech tasks (Putzar et al., 2008).
Although it is not yet clear whether the human SC, like the cat SC and monkey SC, is incapable
of multisensory integration at birth, this also seems quite likely, and recent studies have shown
that infants do poorly in integrating visual-auditory cues for the purpose of localization prior
to 8 months of age (Neil et al., 2007). Apparently, they also do relatively poorly on integrating
visual and haptic information prior to 8 years of age (Gori et al., 2008) suggesting that the
maturation of multisensory capabilities is particularly long in humans. If so, this would be
consistent with the comparatively long postnatal time period required for human brain
maturation. It would also not be surprising if the human brain also requires experience with
cross-modal cues over an appreciable period in order to develop this capacity, and that it may
never form properly if the requisite experience for its instantiation is compromised. It will
therefore be of substantial interest to determine the auditory-nonauditory capabilities of people
born with such severe visual or auditory impairments that visual (e.g., retinal) or auditory (e.g.,
cochlear implants) prostheses are required to allow them to process this sensory information.

But it is also of import to determine whether there are commonalities among the circuitries that
mediate multisensory integration in the brains of different species. This would not only help
determine the utility of different models, but might provide insight into the alternative
mechanisms for instantiating this remarkable capability. The present discussion focused on the
cat SC and the implications of this model during development and adulthood for processing
of multisensory information. Examining whether the cortico-collicular input is as critical for
SC multisensory integration in the human brain as in the cat, and whether the primary site for
the incorporation of this experience is (as suggested here) cortex, is one obvious starting point
for such an examination. The utility of TMS as a noninvasive means of functionally disrupting
human cortex may provide one mechanism of testing this possibility (e.g., see Bolognini and
Maravita 2007). The challenge, of course, is first determining the regions of human cortex to
target. Assuming the generality of the model as a starting point, it would seem most productive
to search for likely functional homologues of AES in the human brain. Those that meet the
most basic features in the cat, such as the presence of cortico-collicular projections, and the
confluence of inputs from different sensory modalities, would be the most obvious initial areas
of interest.
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rLS rostral portion of the lateral suprasylvian sulcus

AEV anterior ectosylvian visual area
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SIV anterior ectosylvian somatosensory area

P10 10th postnatal day

RF receptive field

Dpn days postnatal

TMS transcranial magnetic stimulation
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Figure 1.
Multisensory enhancement. This multisensory neuron responds to visual and auditory stimuli
and exhibits a significant overlap in the visual and auditory receptive fields (shaded regions,
top). Responses were recorded to visual, auditory, and spatiotemporally concordant (see maps
and stimulus traces on top) visual-auditory stimulus pairs. The effectiveness level of the visual
stimulus was altered by adjusting its intensity (effectiveness increases from top to bottom).
The impulse rasters, peri-stimulus time histograms, and summary figures showing mean
response magnitudes are provided for each stimulus type (visual=white, auditory=gray,
multisensory=black). When stimulus effectiveness levels are low, the multisensory responses
evidence relatively large enhancements, larger than the sum of the unisensory responses
(superadditive). However, as stimulus effectiveness levels are increased, the proportional
response enhancement evidenced by the multisensory response decreases, and at the highest
levels of effectiveness is not distinguishable from the sum of the unisensory responses. This
phenomenon is known as “inverse effectiveness.” From Alvarado et al., 2007b.
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Figure 2.
The temporal profile of multisensory enhancement. Left: Impulse rasters illustrating the
responses of a multisensory SC neuron to visual (V), auditory (A), or combined visual-auditory
(VA) stimulation. Right: Two different measures of the response show the same basic principle
of initial response enhancement: multisensory responses appear enhanced from their very onset
(i.e., as soon as inputs arrive). On top the measure is the mean stimulus-driven cumulative
impulse count (qsum), on the bottom it is an instantaneous measure of response efficacy
referred to as the event estimate. From Rowland and Stein 2008.
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Figure 3.
Comparisons between multisensory and unisensory integration in physiology. A: The
magnitude of response evoked by a cross-modal stimulus (y-axis) is plotted against the
magnitude of the largest response evoked by the component unisensory stimuli when presented
alone (x-axis). Most of the observations evidence multisensory enhancement (positive
deviation from the solid line of unity). B: The same cannot be said for response magnitudes
evoked by two within-modal stimuli. Here, the evoked response is typically not statistically
better than the largest evoked by one of the component stimuli individually. This observation
is consistent for both multisensory and unisensory neurons (insets on right). From Alvarado et
al. 2007b.
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Figure 4.
Comparisons between multisensory and unisensory integration in behavior. Animals were
trained in a spatial localization task and their localization accuracy was tested with brief (50ms)
visual and auditory stimuli. There were two potential visual targets (V1 and V2) at each location.
They were presented either alone, individually with the auditory stimulus at the same location
to assay multisensory integration, or together to assay unisensory integration. A: The mean
accuracy of the animals in localizing the auditory (A1) stimulus, the visual stimuli at each
location (V1 and V2), the visual stimuli when simultaneously presented (V1V2), and conditions
where a visual stimulus was paired with the auditory stimulus (V1A1). While both multisensory
and unisensory integration yielded enhancements, multisensory integration was far more
efficacious. B: Responses are collapsed across locations and decomposed by type: correct
responses (C), no-go responses (NG) where the animal did not move from the starting position,
and wrong responses (W) where the animal oriented to the wrong location. While multisensory
integration yields robust decreases in both types of errors, unisensory integration decreased
only the numbers of NG errors. C: Multisensory and unisensory integration follow parallel but
significantly trends of “inverse effectiveness.” Each point on this plot of % enhancement vs.
the best unisensory accuracy represents a different test location. From Gingras et al., 2009. In
Press.
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Figure 5.
Multisensory integration in the SC depends on association cortex. SC responses to auditory
(A), visual (V), and multisensory (AV) stimuli are recorded before (left) and after (right) the
deactivation of association cortex. The visual stimulus is tested at multiple (5) levels of
effectiveness. The graphs at the top of the figure provide stimulus traces, impulse rasters, and
peri-stimulus time histograms for each response. The bottom graphs provide summaries of the
mean response levels (lines) and the percent multisensory enhancement (bars) observed for
each of the stimulus pairings. Prior to the deactivation of cortex, the responses evidence the
characteristic “inverse effectiveness,” with larger unisensory responses associated with smaller
multisensory enhancements. However, after cortical deactivation (shaded region of inset),
multisensory enhancements are significantly attenuated and even eliminated at each of the
stimulus effectiveness levels tested. From Jiang, et al., 2001.
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Figure 6.
SC neurons receive converging input from different sensory subregions of association cortex.
Neurons in the auditory (FAES) and somatosensory (SIV) subregions of the anterior
ectosylvian sulcus were injected with florescent tracers to identify their projections into the
deep layers of the SC. It was found that these inputs often converged and crossed one another
in the SC, with areas of thickening representing presumptive locations of contact (arrows).
From Fuentes et al., 2008.
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Figure 7.
Dark-rearing prevents the normal development of multisensory integration and the normal
contraction of SC RFs. Illustrative receptive field overlap is shown for one neuron (upper) as
is its lack of multisensory integration (8% change, NS, t-test). Population analyses showed that
although multisensory neurons were common in these animals (pie chart, lower left) evidence
of multisensory integration was very rare (4% vs. 81% in normals). The effect of dark rearing
on RF size (they contract very little during development) is shown in the lower right where
visual, auditory and somatosensory RF sizes are compared to those in normal populations.
Adapted from Wallace et al., 2004a.
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Figure 8.
SC sampling and RF overlap in normal and V-A spatial disparity reared animals. Top: Normal
sampling of all SC quadrants yielded visual (red) and auditory (green) receptive field (RF)
center distributions. Bottom: % RF overlap in control animals (yellow) was often 91–100%;
far exceeding that seen in spatial-disparity reared animals (red, often <10%). The physiology
of a characteristic neuron is shown in Figure 9. Adapted from Wallace and Stein 2007.
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Figure 9.
Rearing with visual-auditory spatial disparity yields anomalous multisensory integration:
When the visual (red) and auditory (white) stimuli are spatially coincident in either the visual
(blue) or auditory (green) RF of this typical neuron (top and middle), they produce no
multisensory integration. But when spatially disparate and in their RFs (bottom) they produce
significant enhancement - a striking reversal of the normal condition, but one consistent with
the animal’s abnormal multisensory experience. Adapted from Wallace and Stein 2007.

Stein et al. Page 24

Hear Res. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10.
Reversible cortical deactivation using muscimol-impregnated Elvax. AES and rLS were
unilaterally deactivated in these animals during a period of early life (postnatal weeks 4–12)
during which multisensory integration normally develops in the SC. The cortex reactivated
after this time. Animals were then assessed behaviorally in a spatial localization task (top) or
physiologically (bottom) at one year of age. Animals show normal multisensory enhancement
in their localization of visual (V) or multisensory (VA) stimuli on the side of space ipsilateral
to the deactivation (green), but significantly attenuated enhancement on the contralateral side
(red). The auditory stimulus was neutral in this task and did not evoke responses on its own.
Similarly, a sample of neurons from the ipsilateral SC of these animals shows virtually no
multisensory enhancement (bottom left), in contrast to a control sample (bottom right).
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