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The Development of Cortical Multisensory Integration
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Although there are many perceptual theories that posit particular maturational profiles in higher-order (i.e., cortical) multisensory
regions, our knowledge of multisensory development is primarily derived from studies of a midbrain structure, the superior colliculus.
Therefore, the present study examined the maturation of multisensory processes in an area of cat association cortex [i.e., the anterior
ectosylvian sulcus (AES)] and found that these processes are rudimentary during early postnatal life and develop only gradually there-
after. The AES comprises separate visual, auditory, and somatosensory regions, along with many multisensory neurons at the intervening
borders between them. During early life, sensory responsiveness in AES appears in an orderly sequence. Somatosensory neurons are
present at 4 weeks of age and are followed by auditory and multisensory (somatosensory-auditory) neurons. Visual neurons and visually
responsive multisensory neurons are first seen at 12 weeks of age. The earliest multisensory neurons are strikingly immature, lacking the
ability to synthesize the cross-modal information they receive. With postnatal development, multisensory integrative capacity matures.
The delayed maturation of multisensory neurons and multisensory integration in AES suggests that the higher-order processes depen-

dent on these circuits appear comparatively late in ontogeny.
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Introduction

It is difficult to overestimate the magnitude and novelty of the
environmental shift and the new behavioral demands that an
animal experiences after birth. In altricial species such as the cat,
these potential difficulties are minimized by an attentive mother
who takes on much of the responsibility for protecting her off-
spring and initiating feeding. However, as the neonate matures, it
spends more time away from the mother and must begin taking
on increasing responsibility in dealing with environmental chal-
lenges (Rosenblatt et al., 1969). This gradual transition toward
independence almost certainly depends on the brain developing
the ability to use sensory information from multiple modalities to
initiate adaptive behaviors.

Critical among these developing behavioral capabilities are
sensorimotor transformations such as those involving the mid-
brain superior colliculus (SC). The maturation of these behaviors
has been well documented (Stein and Meredith, 1993) and fol-
lows a characteristic chronology with somatosensory responses
appearing before birth (Stein et al., 1973), facilitating later orien-
tation to the nipple (Larson and Stein, 1984). These are then
followed by the appearance of auditory and then visual respon-
siveness during postnatal life (Stein et al., 1973; Kao et al., 1994).
Multisensory neurons follow a similar, albeit delayed, pattern.
However, the earliest multisensory neurons are unable to com-
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bine the information they receive from different senses to amplify
or degrade the physiological salience of environmental events
(Wallace et al., 1997). This process appears only gradually during
postnatal life and requires the functional maturation of cortico-
tectal inputs, particularly those from the anterior ectosylvian sul-
cus (AES) (Wallace et al., 1992; Wallace and Stein, 2000) (see also
Wallace et al., 1993; Jiang et al., 2001; Stein, 2005).

However, the importance of higher-order structures such as
the AES in the development of the multisensory capabilities of the
brain is not limited to the critical influences they provide to struc-
tures such as the SC but also includes their intrinsic multisensory
processes. In the adult, the AES contains many multisensory neu-
rons, and these integrate multisensory information much like SC
neurons (Wallace et al., 1992). Undoubtedly, the maturation of
multisensory integration at multiple brain levels is essential for
the various sophisticated behavioral, perceptual, and emotive
processes that coordinate and characterize complex behaviors.
However, the time course and developmental antecedents for
multisensory maturation in the cerebral cortex are unknown.

One reasonable inference that is in keeping with current con-
cepts is that these cortical processes develop later in life than do
those in the midbrain and require a considerable period of post-
natal maturation. However, such an expectation is inconsistent
with some theories of human development (Gibson, 1969;
Bower, 1974; Marks, 1978) that require those multisensory inte-
gration processes underlying perception to be functional in new-
borns. In light of the impact of such theories [and those of op-
posing theories (for review, see Lewkowicz and Kraebel, 2004;
Lickliter and Bahrick, 2004)], the paucity of direct empirical in-
formation in any higher-order model system seems surprising.
The intent of the present experiments was to use a well charac-
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terized multisensory cortical model system, the cat AES, to begin
exploring this issue.

Materials and Methods

Procedures were performed in compliance with the Guide for the Care
and Use of Laboratory Animals (National Institutes of Health publication
91-3207) at Wake Forest University, which is accredited by the American
Association for Accreditation of Laboratory Animal Care. Details of sur-
gery, stimulation, and data analyses are similar to those used previously,
and additional methodological detail can be obtained from Wallace et al.
(1993) and Wallace and Stein (1997).

General surgical procedures. Cats at five developmental stages (4, 8, 12,
16, and 20 postnatal weeks) were prepared for electrophysiological re-
cordings. The earliest time point (i.e., 4 weeks) was chosen because pre-
liminary experiments had revealed little sensory-evoked activity in AES
at earlier ages. At the two earliest ages, the recordings were done using an
acute preparation. At the older ages, animals were implanted with a head
holder/recording chamber and recorded from using a semichronic par-
adigm (McHaffie and Stein, 1983).

For surgery, anesthesia was induced with a combination of ketamine
hydrochloride (5-25 mg/kg, i.m.) and acepromazine maleate (0.2—0.4
mg/kg, i.m.), and surgical anesthesia was maintained with isofluorane
(1.0-4.0%). For acute procedures, a craniotomy was made over the AES.
A head holder was then attached to the skull using orthopedic screws and
orthopedic cement to comfortably support the animal during recording
without obstructing the face and ears. For semichronic procedures, a
head holder/recording chamber was implanted over a craniotomy pro-
viding access to the SC. A second recording chamber was implanted over
AES. The chambers were sealed, and the animal recovered from anesthe-
sia. Analgesics and antibiotics were administered in consultation with
veterinary staff. Recordings typically began 1 week later.

For recordings, anesthesia (ketamine hydrochloride, 10-25 mg/kg,
i.m.; acepromazine malleate, 0.2 mg/kg, i.m.) was induced, and the ani-
mal was intubated and artificially respired. The saphenous vein was can-
nulated for the continuous administration of fluids (lactated Ringer’s
solution, 4-8 cc/h), anesthetics (ketamine hydrochloride, 4-8
mg-kg '-h~!), and neuromuscular blocking agent (pancuronium
bromide, 0.1 mg-kg ' +h™"). Core body temperature was monitored
and maintained with a circulating hot water pad. Continuous vital sign
monitoring (i.e., expiratory CO,, heart rate, and blood pressure) was
used to ensure an adequate plane of anesthesia. The pupils were dilated
(1% atropine sulfate), and contact lenses were applied to prevent corneal
drying and to correct for refractive errors. The location of the optic disc
was projected via reverse ophthalamoscopy onto a translucent 91-cm-
diameter Plexiglas hemisphere.

Recordings. Parylene-insulated tungsten electrodes (impedance, 2-5
M at 1 kHz) were advanced into the AES with a hydraulic microdrive.
Single-unit and multiunit neural activity was recorded and amplified,
and discharges were routed to an oscilloscope, audio monitor, and com-
puter for subsequent off-line analyses.

Stimulus delivery, receptive field mapping, and latency determination.
The electrode was advanced in 20 um steps, and visual, auditory, and
somatosensory search stimuli were presented. Visual stimuli consisted of
moving and flashed spots and bars of light projected onto the Plexiglas
hemisphere or the illumination of a light-emitting diode. If the neuron
exhibited a visual response, its receptive field was mapped on the hemi-
sphere using a hand-held pantoscope. Auditory stimuli consisted of
broadband (i.e., pink) noise bursts delivered from speakers mounted on
ahoop (radius, 30 cm) that could be rotated around the animal. Somato-
sensory stimuli consisted of manual deflections of the hair or skin using
a camel’s hair brush, blunt probe, or air puff. All receptive fields were
transferred onto standard representations of visual, auditory, and so-
matosensory space (Stein and Meredith, 1993). Mean response latency
was determined in response to 10 iterations of a stimulus 2X threshold
intensity.

Multisensory tests and analyses. A multisensory neuron was defined as
one that responded to or was influenced by stimuli from more than one
sensory modality (Stein and Meredith, 1993).

Once a multisensory neuron was identified, its sensory responses were
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quantitatively evaluated by randomly interleaving the single-modality
and cross-modality stimuli at intervals of 10—15 s. The mean response to
the stimulus combination was then statistically compared with the re-
sponse to the most effective single-modality component stimulus (Stu-
dent’s t test, p < 0.05). Multisensory enhancement was defined as a
significant increase in the number of impulses to the combined stimuli
compared with the most effective single-modality stimulus. This is con-
sidered to be the most robust measure off multisensory integration, be-
cause it is evident in virtually all neurons showing this capacity [com-
pared with multisensory depression, which is seen in only a subset of
these neurons (Kadunce et al., 1997)]. The magnitude of multisensory
response enhancement was calculated as follows: (CM — SM, )/
(SM,,,.,) X 100 = % interaction, where CM is the mean number of
impulses evoked by the combined-modality stimulus, and SM, ., is the
mean number of impulses evoked by the most effective single-modality
stimulus.

Histological analyses. The depth of each recorded neuron was noted in
each electrode penetration, and electrolytic marking lesions were made
to facilitate the reconstruction of neuronal locations. At the end of the
final recording experiment, the animal was killed with sodium pentobar-
bital (100 mg/kg, i.v.) and perfused transcardially with saline, followed by
Formalin. The midbrain was stereotaxically blocked, removed, and
placed in sucrose overnight. Frozen coronal sections (50 wm thickness)
were counterstained with neutral red. The outlines of the tissue and
laminar boundaries were drawn, and electrode tracts and lesions were
traced using a projection microscope. Measurements (after accounting
for tissue shrinkage) were entered into a Macintosh PowerPC personal
computer (Apple Computers, Cupertino, CA) via a digitizing pad.

To pool data across different animals at a given age, a template AES was
created that most closely approximated the sulcal morphology in the
largest number of cases at that age. Because penetrations were done while
directly viewing the sulcus, this allowed a replotting of the penetrations
onto the template AES using standard fiduciary landmarks as references.

Results

Sampling

Although there is substantial development of AES after birth, the
sulcus is already well formed and clearly evident before the sec-
ond week of postnatal life (Jiang et al., 2006). Recording experi-
ments began with animals 4 weeks after birth and at 4 week in-
tervals thereafter, resulting in sampling at4 (n = 4), 8 (n = 4), 12
(n=3),16 (n = 3), and 20 (n = 2) weeks of age, as well as in
adults (n = 3). The neuronal sampling strategy used electrode
penetrations at 1 mm separations into the dorsal and ventral
banks of AES. Because the caudalmost aspect of AES is internal-
ized beneath the cortical mantle, electrode penetrations were ex-
tended 3 mm caudal to the rear end of the visible sulcus.

The appearance and maturation of sensory responses in AES
Somatosensory
At 4 postnatal weeks, the majority (64%, 37 of 58) of isolated AES
neurons failed to respond to any of the visual, auditory, and/or
somatosensory “search” stimuli. Most had modest spontaneous
firing rates (mean, 2.9 * 2.7 Hz) that, although higher, were not
significantly different from those observed in adult animals
(mean, 1.8 = 1.3 Hz). Those neurons that did respond to sensory
stimuli (36%, 21 of 58) were exclusively responsive to somato-
sensory stimuli (Fig. 1). These early somatosensory neurons were
all cutaneous and low threshold, responding best to displacement
of the guard hairs [although there was no systematic effort to
eliminate the possibility that other hair receptors or even skin
receptors were involved (Burgess, 1973)]. Brushing lightly in any
direction across the hairs at rapid speeds (>50 mm/s) proved to
be the most effective stimulus, and no obvious directional pref-
erences were noted.

Compared with their adult counterparts, these early somato-
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sensory neurons had longer response la-
tencies, weaker responses to a suprath-
reshold stimulus, longer discharge train
durations, and more rapid and stronger fa-
tigue to repeated stimulus presentations
(Table 1). Perhaps the most distinctive fea-
ture of these early somatosensory neurons
was their large receptive fields, which typ-
ically encompassed the entire body surface
(Fig. 2).

Early somatosensory neurons were
found in both the dorsal and ventral banks
but were restricted to rostral regions in
which the AES somatosensory division
(SIV) is located (Fig. 1). In contrast, most
(30 of 37) unresponsive neurons were lo-
cated caudal to this somatosensory zone,
in the presumptive visual (AEV) and audi-
tory (FAES) subdivisions of the AES.

As detailed in Table 1 and Figure 2, as
development progressed, there was a pro-
gressive maturation of somatosensory re-
sponse properties. Response latencies and
discharge durations shortened, response
strength increased, and receptive fields
contracted, until by 20 weeks of age most
of these neuronal properties were indistin-
guishable from those in adults. However,
despite a transient rise at 8 weeks, the ab-
solute incidence of somatosensory neu-
rons remained remarkably constant
throughout development (Table 2). Of
course, the relative proportion of somato-
sensory neurons decreased as the inci-
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Figure 1. The developmental chronology of sensory and multisensory responses in AES cortex. A, Schematic drawing of the

lateral surface of the cat cortex showing the location of the AES in the adult. Inset shows the modality distributions of neurons
within the three major subdivisions of AES: SIV, FAES, and AEV. Colored circles represent penetrations in which only unisensory
neurons (red, somatosensory; green, auditory; blue, visual) were encountered, and colored squares represent penetrations in
which multisensory neurons [light blue, auditory—somatosensory (AS); yellow, visual—auditory (VA); orange, visual-somatosen-
sory (VS); brown, visual—auditory—somatosensory (VAS)] were found. Data are from a single animal in which AES was extensively
sampled. Pie graph shows the modality distributions in the adult and is pooled for the three animals. B, Emergence of sensory-
responsive neuron types as a function of postnatal age. For details, see Results. Note that, in contrast to 4, data has been pooled
across animals to provide a more comprehensive view of the modality distributionsin AES at the different ages (for how these data
were merged, see Materials and Methods). C, Modality distributions in AES at the sampled ages. Pie graphs represent the pooled

dence of other sensory-responsive neuro-
nal types increased (see below).

Auditory

At 8 weeks of age, the first neurons with auditory responses were
isolated in the dorsal bank of the caudal AES. At this age, somato-
sensory neurons represented ~50% of the sampled neuronal
population, auditory neurons 16%, and unresponsive neurons
34% (Fig. 1, Table 2). No visually responsive neurons were
present at this age. These early auditory AES neurons had imma-
ture response properties: their “receptive fields” were typically
omnidirectional (Fig. 2), and they had long response latencies,
prolonged discharge trains, weaker responses, and were readily
fatigued by repeated stimulus presentation (Table 1). Much like
with their somatosensory counterparts, there was a gradual mat-
uration of these response characteristics as development pro-
gressed. By 12 weeks of age, the incidence of auditory neurons
was equivalent to that seen in the adult (Table 2). The spatial
distribution of auditory neurons in the developing AES was con-
sistent with the location of the adult FAES, being restricted to the
caudal and dorsal aspects (Fig. 1).

Visual

The first visually responsive neurons were not apparent in AES
until 12 weeks after birth. These neurons were primarily distrib-
uted in the ventral bank, caudal to the somatosensory represen-
tation and ventral to the auditory representation (Fig. 1). As was
the case for early auditory and somatosensory neurons, early vi-
sual neurons in AES had immature response properties: their

data from all animals at each age.

receptive fields were very large (Fig. 2), and they had long re-
sponse latencies, prolonged discharge trains, less vigorous re-
sponses, and readily fatigued to repeated stimulus presentations
(Table 1). As the animals matured, these response properties be-
came more adult like (Table 1), but, unlike for the somatosensory
and auditory populations, some immature properties remained
even at the oldest developmental age examined (i.e., 20 weeks).
After their appearance, the incidence of visual neurons changes
little with age (Table 2).

Multisensory

The first multisensory neurons were encountered at 8 weeks of
age and reflected the two modalities present in AES at this time.
These auditory—somatosensory neurons were primarily confined
to the dorsal bank of the AES between the major domains of
somatosensory and auditory neurons. The first visually respon-
sive multisensory neurons were evident at 12 postnatal weeks,
coincident with the age at which the first visual responses were
seen. Surprisingly, at this age, visual-responsive multisensory
neurons already represented the majority of the multisensory
AES population (Fig. 1, Table 2). The incidence of multisen-
sory neurons continued to rise at 16 and 20 postnatal weeks, and,
by 20 weeks, they were similar in incidence to the adult. It is
interesting to note that several subsets of the multisensory popu-
lation were of higher incidence at the 20 week time point than in
the adult (i.e., visual-somatosensory and visual-somatosensory—
auditory neurons). Whether this difference was attributable sim-
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Table 1. Maturation of various unisensory receptive field properties as a function of postnatal age in the AES cortex
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4 weeks 8 weeks 12 weeks 16 weeks 20 weeks Adult

Somatosensory: latency (ms)* 418 = 27.0% 28.8 & 15.4% 23.7 = 12.9% 20.0 =99 156 £ 84 16.2 £ 6.5
Somatosensory: discharge duration (ms)* 74.0 = 37.4* 33.7 = 22.2* 34.5 *+ 20.8* 27.8 = 13.8* 20.0 = 13.1 179 + 8.2
Somatosensory: response to 2 X threshold

stimulus (spikes/trial)* 211 = 1.47% 2.69 = 1.76* 427 =197 4.02 + 2.05 493 +236 470 =159
Auditory: latency (ms)* 289 * 14.3* 313 £ 14.0% 222 £98* 189 = 9.1% 157+ 6.8 13.7+5.0
Auditory: discharge duration (ms)* 111.3 =+ 40.0% 72.1 £ 34.7% 47.7 £ 23.3* 50.2 = 23.6* 429 +=19.0 354 =134
Auditory: response to 2X threshold stimulus

(spikes/trial)* 146 = 1.33* 1.82 £ 1.23* 4.00 + 238 2.99 +1.78 3.51 + 1.66 3.38 +1.50
Visual: latency (ms)* 154.0 = 97.8* 127.3 = 69.1* 133.0 == 59.8* 114.3 = 53.5% 101.8 = 45.6* 81.1 =287
Visual: discharge duration (ms)* 208.4 = 131.6* 136.3 + 78.8* 110.8 = 59.0% 99.4 = 39.3* 59.8 == 33.4* 783 =307
Visual: response to 2>X threshold stimulus

(spikes/trial)* 2.18 = 1.60% 495 £ 277 45 £ 213* 7.7 = 3.43* 83 £3.72* 117 4N

Mean == SD values are shown for each property at each of the sampled ages. *ANOVA revealed a significant main effect of age. *¢ test revealed significant difference (p << 0.05) from adult values.
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values. C, Average receptive field overlap as a function of age. Error bars in B and € show SDs.

ply to the normal variability in these measures or whether it re-
flects a true exuberance in these multisensory neuronal types
awaits additional investigation.

Early visually responsive multisensory neurons were preferen-
tially located between the major unisensory domains and re-
flected the modalities represented in these neighboring cortices.
The unisensory response properties (e.g., latency, response dura-
tion, etc.) of these neonatal multisensory neurons were indistin-
guishable from their unisensory counterparts at each age. Conse-
quently, the data from both populations have been pooled in the
analyses (i.e., Table 1).

The maturation of multisensory integration

Unlike their adult counterparts, early multisensory neurons were
unable to integrate their different sensory inputs to enhance their
responses. Rather, combined stimulus presentation resulted in
responses that were statistically indistinguishable from those to
the most effective stimulus component. This is readily evident in

5 1] 15 20
postnatal age (weeks)

Receptive fields of multisensory AES neurons decline in size as a function of postnatal age. A, Example neurons
illustrate the shrinkage of receptive fields (RF) (colored shading) and the emergence of good receptive field overlap with matu-
ration. B, The decline in mean receptive field size as a function of age. Note that all values are shown as a percentage of adult

15 2 sual multisensory neurons.

Later in development, however, neu-
rons exhibited this capacity (Fig. 3B). Par-
alleling unisensory maturation, the in-
creasing incidence of neurons capable of
L multisensory integration in AES followed

- a gradual developmental progression (Fig.
3C). However, the appearance of multi-
sensory integration in any given AES neu-
ron appeared to be quite abrupt, in that the
magnitude of the response enhancements
evident in the earliest neurons capable of
this process was indistinguishable from
that found in the adult (Fig. 3D).

adult

Discussion
The present results reveal a sequential and
sensory-specific maturation of AES during
postnatal life. The unisensory chronology
was one in which the earliest sensory-
responsive neurons (4 weeks) were somatosensory, followed by
auditory-responsive neurons at 8§ weeks and then visually respon-
sive neurons at 12 weeks. This unisensory developmental se-
quence was predictive of the multisensory chronology, with so-
matosensory—auditory neurons appearing coincident with the
appearance of unisensory auditory neurons and visually respon-
sive multisensory neurons appearing coincident with the appear-
ance of unisensory visual neurons. The appearance and distribu-
tion of the different neuronal types in AES was spatially restricted
and closely followed the adult functional divisions of AES, with
the SIV (Clemo and Stein, 1982, 1983) developing first, the FAES
(Clarey and Irvine, 1986) developing second, and the AEV
(Mucke et al., 1982; Olson and Graybiel, 1987) developing last.
Adult multisensory AES neurons are preferentially concen-
trated at the transitions between its unisensory subdivisions
(Wallace et al., 1992) (but see Jiang et al., 1994). Such a spatial
organization was not violated during development, perhaps be-
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Table 2. Incidence of the different neuronal types in AES as a function of postnatal age
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Age (weeks postnatal) Unresp Som Aud Vis AS VS VA VAS Total
4 0.53(37) 0.30 (21) 0.83 (58)
8 0.31(24) 0.47 (36) 0.16 (12) 0.04 (3) 0.98 (75)
12 0.16 (14) 0.27 (24) 0.31(28) 0.18 (16) 0.02 (2) 0.10 (9) 0.07 (6) 0.02 (2) 1.14(101)
16 0.18 (12) 0.26 (17) 0.31(20) 0.21(13) 0.12(7) 0.17 (1) 0.04(3) 1.29(83)
20 0.13 (6) 0.26 (12) 0.32(15) 0.31(14) 0.22 (10) 0.12 (6) 0.09 (4) 1.47 (67)
Adult 0.07 (12) 0.33 (57) 0.32 (55) 0.25 (43) 0.03 (5) 0.16 (29) 0.16 (28) 0.05 (10) 1.37(239)

Numbers show the incidence of neurons per millimeter of electrode traverse. Numbers in parentheses show the n for each category. Unresp, Sensory unresponsive; Som, Somatosensory; Aud, auditory; Vis, visual; AS, auditory—

ory; VS, visual ory; VA, visual—auditory; VAS, visual-auditory—somatosensory.
cause this fundamental feature of cortical A
organization (Barth et al., 1993; Wallace et
al., 2004a) (but see Ghazanfar and Schroe-
der, 2006) is established even before the
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found in its major subcortical target struc-
ture, the SC (Stein et al., 1973). This mid-
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behaviors that depend on them (Stein et
al., 1989; Wallace et al., 1993; Wilkinson et
al., 1996; Wallace and Stein, 2000; Jiang
etal., 2001, 2002, 2006). Finally, much like
the SC (Wallace and Stein, 1997), the ap-
pearance of the amplified multisensory in-
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appeared to be an all-or-none event. Once pd=—r)
present, and regardless of age, it was indis-
tinguishable from the adult. These parallel
sensory chronologies are likely to be inde-
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pendent of interconnections between
these regions, because the sensory chro-
nology in the SC is already well established
before the functional maturation of
AES-SC influences (Wallace and Stein,
2000). Rather, they are likely to reflect a
general chronology in sensory development (Gottlieb, 1971).
Nonetheless, it remains possible that there is a dynamic develop-
mental interplay between the SC and the AES that is important in
shaping the maturation of each of these (multi)sensory represen-
tations. Anatomical evidence suggests that AES—SC connectivity
is undergoing substantial changes in early postnatal life and may
form the substrate for these interactions (McHalffie et al., 1988).

However, the maturational delay between AES and SC con-
forms to that interval when AES inputs begin influencing the
multisensory integrative capabilities of SC neurons. Thus, the
AES appears to coordinate the maturation of multisensory capa-
bilities in its intrinsic neurons, presumably involved in higher-
order functions, with those of its target neurons in the SC
through which it controls orientation behaviors (Wallace and
Stein, 2000; Jiang et al., 2006). Furthermore, it appears to exercise
this coordination late in the period during which cross-modal
experiences critical for multisensory integration are acquired
(Wallace et al., 2004b; Wallace and Stein, 2006).
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Multisensory integration is absent in the earliest AES neurons and appears and matures during postnatal life. 4,
Shown at the top are the receptive fields (shading) and stimulus locations (icons) used in sensory testing of this auditory—
somatosensory AES neuron in an 8-week-old animal. Rasters and peristimulus time histograms show the neuron responses to
somatosensory (S), auditory (A), and combined (SA) stimulation. Bar graph at the right summarizes these responses and shows
the lack of any multisensory interaction. Scale bar at the bottom of the histograms represents 100 ms. B, Multisensory integration
in a visual—auditory neuron at 20 weeks of age. A, Auditory stimulation; V, visual stimulation; VA, combined visual—auditory stimulation.
Conventions are the same asin A. *p << 0.01, t test. €, Growth in the integrating multisensory population as a function of age. D, As soon
asitappears (i.e., at 12 weeks), multisensory integration is of similar magnitude to the adult. Error bars show the SDs.

Outside of its role in gating subcortical multisensory process-
ing, the behavioral and perceptual functions mediated by AES
remain elusive. Although there is some evidence suggesting that
AES may be important for the perception of visual stimulus mo-
tion (Scannell et al., 1996; Nagy et al., 2003) and sound source
localization (Middlebrooks et al., 1998; Furukawa et al., 2000),
more work is needed to determine its behavioral and/or percep-
tual roles.

It is interesting to note that the present data are inconsistent
with those theories of multisensory integration that require a
newborn nervous system already endowed with functional con-
nections between sensory representations and capable of multi-
sensory integration (Gibson, 1969; Bower, 1974; Marks, 1978).
They are more consistent with those positing a gradual and suc-
cessive recruitment of sensory functions at different levels of the
neuraxis (Lewkowicz and Kraebel, 2004; Lickliter and Bahrick,
2004) and the gradual acquisition of intersensory capabilities that
depend on the integration of cross-modal cues (Piaget, 1952;
Birch and Lefford, 1963).
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