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Abstract

For multisensory stimulation to effect perceptual and behavioral responses, information from the different sensory systems must
converge on individual neurons. A great deal is already known regarding processing within the separate sensory systems, as well as about
many of the integrative and perceptual/behavioral effects of multisensory processing. However, virtually nothing is known about the
functional architecture that underlies multisensory convergence even though it is an integral step to this processing sequence. This paper
seeks to summarize the findings pertinent to multisensory convergence, and to initiate the identification of specific convergence patterns
that may underlie different multisensory perceptual and behavioral effects. © 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

The nervous system extracts information from environ-
mental events and converts it to perceptions, memories,
and/or behaviors. A great deal is known regarding how
this processing occurs within individual sensory channels,
such as vision, somatosensation, or audition. However,
environmental events are often detected by two or more
different sensory systems at the same time, and the
perceptual and behavioral consequences of multisensory
stimulation are often quite distinct from those evoked by
either sensory component alone. Numerous multisensory
behavioral and perceptual effects have been described,
ranging from escape, detection, identification and orienta-
tion to cognitive development, postural control, tool use
and language perception. The neuronal bases for some of
these effects have been examined and the factors govern-
ing specific multisensory behaviors (e.g., orienting) have
been shown to apply to the activity of multisensory
neurons as well [52]. At the neuronal level, responses to
multiple sensory stimuli result in a measure of integrated
activity that no longer resembles the discharges evoked by
either of the modality-specific components alone. The
resultant form of multisensory integration (either response
enhancement or response depression) is predictable accord-
ing to the spatial and temporal relationships of the stimuli
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as well as their physical parameters (described below, also
see Refs. [37,39,40,45,56]). However, for multisensory
integration to occur and for it to ultimately lead to distinct
perceptual or behavioral effects, information must first
converge from the different sensory systems onto in-
dividual neurons (see Fig. 1). There is considerable
evidence that multisensory convergence occurs widely
throughout the neuroaxis and across phylogeny (for re-
view, see Ref. [54]). Given its prevalence, it is surprising
that very little is known regarding the organization,
architecture, or circuitry that underlies multisensory con-
vergence itself, especially within mammalian systems.
Even for the best understood of mammalian multisensory
neurons, which are those in the superior colliculus, the
specific afferent sources, targets, and patterns of termina-
tion on identified multisensory neurons are currently
known only in general terms (e.g., see Ref. [23]). Further-
more, it is unlikely that the synaptology, pharmacology, or
cytoarchitecture of the superior colliculus represents the
entire range of multisensory convergence patterns for the
brain. Therefore, the goal of this overview is to initiate a
search for the general principles of multisensory conver-
gence. Discussed will be what is already known about
multisensory convergence in relation to identified mul-
tisensory functions, as well as newly identified forms of
multisensory convergence and their possible behavioral/
perceptual relevance and, finally, potential areas that hold
promise for revealing an even broader range of functional
architecture for multisensory convergence. Any assump-

0926-6410/02/$ — see front matter © 2002 Elsevier Science BV. All rights reserved.

PII: S0926-6410(02)00059-9



32 M_.A. Meredith | Cognitive Brain Research 14 (2002) 31-40

Environment — +

Sensory
Modality

e

~'\“.C”

Sensory
Transduction

Nervous System >

Integration Perception
_> .
Behavior

Fig. 1. The sequence of multisensory processing. At the left, environmental events frequently generate several simultaneous physical effects, or ‘energies.’
Each ‘energy,” such as light, air-borne vibrations, or dispersion of particulate matter, radiates from the causal event without influencing the physical
properties of the others. When these physical ‘energies’ are encountered by a nervous system, each is detected or transduced by receptors specifically tuned
for a particular stimulus modality (e.g., retina for light, cochlea for air-borne vibrations, etc.). In essence, each receptor acts like a selective filter (gaps in
vertical black bar) that responds only to one particular stimulus modality to the exclusion of the others, and these modality-specific sensory channels are
largely preserved among their central projections. However, in numerous regions of the brain, modality-specific projections (‘A’, ‘B’ and ‘C’) have
projections that converge onto individual neurons, creating those that are influenced by more than one sensory modality: multisensory neurons. The shaded
box indicates that little is known about the functional architecture of multisensory convergence. However, once convergence occurs, multisensory
integration can result in neuronal activity which leads to alterations in perception and or behavior that would not be predicted by responses to unimodal

stimuli presented alone.

tions regarding convergence, however, must be preceded
by the demonstration that the different input channels
involved are, in fact, distinct and independent.

2. The physical nature of environmental events

Environmental events would pass undetected by the
nervous system except for the physical ‘energies’ they
produce (or reflect) that are detectable as sensory stimuli.
These ‘energies’ can occur in a myriad of forms, but the
most familiar are those which occur as light (within
specific electromagnetic wavelengths), air-borne vibra-
tions, solid-body vibrations, or the dispersion of air- or
water-borne molecules. Each of these ‘energies’ has its
own physical properties, such as its velocity of propaga-
tion, and there is virtually no cross-talk between the
physical attributes of these different effects. For example,
vibrations will progress until dissipated whether in the
presence of light or not.

Events often happen, like the impact of a falling
boulder, that simultaneously generate several different
‘energies,” as schematized in Fig. 1. In this example, the
crashing stone not only reflects light at the moment the
rock strikes the ground, but also creates air-borne and
ground-borne vibrations and scatters particulate matter into
the air. Because of their different physical nature, each of
these ‘energies’ has no effect on the other. Yet some of
these physical ‘energies’ can be transduced by the nervous

system, and the transduced ‘energy’ is defined as a
stimulus. A ‘multisensory stimulus’ is actually, then, an
event which generates several independent physical ‘ener-
gies’ each of which is simultaneously detectable by
different types of sensory receptors. Accordingly, the
multisensory status of an event has as much to do with the
design of the recipient nervous system as the physical
event itself.

3. Sensory transduction: from physical stimulus to
receptor-specific signal

The different stimulus modalities, such as light, vi-
bration, air-borne or solubilized chemicals, are transduced
by specialized receptors into neural signals. Each receptor
is ‘tuned’ to a specific range of stimuli. The mammalian
retina transduces light within the spectrum of wavelengths
referred to as ‘white’ light, the cochlea transduces air-
borne pressure waves within frequencies of approximately
50-45,000 Hz, and nerve endings in the skin signal forces
impinging upon them. Some animals exhibit adaptive
specializations that either expand the range in which these
receptor organs operate, or alter their relative roles in
perception and behavior. For example, dogs and cats hear
at higher frequency ranges than humans; bats, whales and
dolphins have entire sensory repertoires dedicated to
ultrasonic perception. In addition, rodents are dependent on
highly modified facial hairs, called vibrissae, to direct a
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variety of behaviors, while some reptiles, such as rattles-
nakes, augment their sensory repertoire with pit organs for
the detection of infrared signals [22].

Each of the different sensory receptors produce signals
that lead through sensory-specific projection pathways to
result in distinct perceptual experiences. For example,
there is simply no commonality between the color blue, the
musical key of ‘G’, and a pinch. Such modality-specific
sensory perceptions have, no doubt, been enhanced by the
elaboration of sensory cortices in complex nervous sys-
tems, which allow for progressively higher levels of
feature extraction and processing. Also, a specific en-
vironmental event can be perceived very differently by
different species depending on their own particular array of
sensory receptors. For example, we as humans perceive
riding next to an open car window largely as an auditory
and tactile experience, whereas for dogs the incoming wind
no doubt also carries a rushing riot of odors.

4. Multisensory convergence

In contrast to the organization of the modality-specific
pathways, the neural connections from the different re-
ceptor organs must find their way onto shared neurons for
information from the different sensory systems to influence
one another. At the point of convergence, a fundamental
change occurs. Where previously there was no physical
interaction between environmental stimuli or modality-
specific receptors, there now arises the potential for
responses to one mode of ‘energy’ to be modified by
responses elicited by another. Thus, by means of multisen-
sory convergence, the resultant forms of processing repre-
sent an emergent property of the brain.

Numerous studies have provided anatomical or EEG/
ERP evidence for ‘convergence’ of inputs from different
sensory modalities into a specific region [3,14,29,51].
However, unless functional interactions are observed,
conclusions regarding convergence using these techniques
must be rendered cautiously. As illustrated in Fig. 2,
convergence within a particular region (areal convergence)
does not prove that the convergence onto individual
neurons (neuronal convergence) necessary for multisensory
integration has occurred. Instead, it may be possible for
populations of different unimodal neurons to intermingle
with one another within the same region (areal conver-
gence) without sharing modality-related information. Ana-
tomical markers that distinguish between unimodal and
multisensory neurons would easily clarify such a dis-
tribution pattern, and are apparently under development
[67]. However, among the current anatomical repertoire,
only double-labelling electron microscopic techniques can
provide reliable data regarding multisensory convergence.
Such an examination would also provide a wealth of
additional information about convergent synaptic forms,
pre- and post-synaptic relationships, etc. Unfortunately,
these ultrastructural studies have not yet been reported. At
present the most reliable and efficient technique for
identifying multisensory convergence is single-unit ex-
tracellular electrophysiological recording. Even so, rela-
tively little is known about the nature of multisensory
convergence onto individual neurons and the functional
architecture underlying multisensory convergence any-
where in the mammalian brain has not yet been described.
Instead, what is known about multisensory convergence in
mammals has been inferred from the predominant model
of multisensory integration, the superior colliculus (for an
example, see Ref. [23]).
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Fig. 2. Identifying multisensory convergence. Inputs from two different modalities (‘A’ and ‘B’) may converge within a given area (dashed box), but like
the example on the left, the different inputs do not terminate on the same neuron (Areal Convergence). This form gives the anatomical appearance of
convergence, but individual neurons respond only to one modality or the other and fail to integrate their simultaneous inputs. To the right, inputs from the
different modalities converge onto the same neuron (Neuronal Convergence) and generate a multisensory neuron that not only responds to stimulation of
either modality, but also can integrate their simultaneous inputs. In all likelihood, most neural areas related to multisensory functions fall within a
continuum between these two forms and exhibit properties of both (see Center box).
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5. Multisensory convergence: excitatory—excitatory

The superior colliculus is a laminated midbrain structure
that is composed of alternating fibrous and cellular layers.
The upper three layers, commonly referred to as the
superficial layers, receive inputs from the retina and
primary visual cortex and contain a retinotopic map of
visual space. The lower four layers, collectively termed the
deep layers (combined intermediate and deepest laminae),
also receive visual inputs but mostly from extraprimary
visual cortical areas (for review, see Ref. [26]) that
contribute to a coarse map of visual space there. Also
found in the deep layers are maps of the body surface
[6,11,36,53,58] and auditory space [32,41,65], which are
constituted by afferents from the brainstem as well as from
extraprimary sensory cortices [23,26,35,60]. Due to the
convergence of these different excitatory inputs, many
superior colliculus neurons can be activated by natural
stimuli from more than one sensory modality. For exam-
ple, the superior colliculus neuron depicted in Fig. 3 was
excited by the presentation of a visual stimulus presented
alone, as well as by an auditory stimulus presented alone.
Therefore, by virtue of multisensory convergence, this
neuron exhibits response properties of both sensory mo-
dalities. Depending on the species (see Table 1), a large
proportion of deep layer superior colliculus neurons have
been shown to receive excitatory inputs from more than
one sensory modality. These types of multisensory neurons
are commonly referred to as ‘bimodal’ (like that depicted
in Fig. 3), while those which are activated by three
modalities are ‘trimodal.” Furthermore, because the domi-
nant nature of sensory inputs to superior colliculus mul-
tisensory neurons is excitatory, they can also be described
as exhibiting an ‘excitatory—excitatory’ form of multisen-
sory convergence, as summarized schematically in Fig. 3D.

In addition to collicular involvement with multisensory
processing, numerous multisensory perceptual effects have
been documented as being cortically based (e.g., Refs.
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Table 1
Proportion of multisensory neurons in deep layers of the superior
colliculus, by species

Species Percentage
Monkey (Macacca mulatta) [55] <27%
Cat [47] 55%
Ferret [29] 22-50%
Hamster [5,51] <10%

[25,27,49]). In addition, single unit recording in the cortex,
subcortex, and thalamus of primates (e.g., Refs.
[12,19,20,50]), cats (e.g., Refs. [2,24,28,59,64]), and ro-
dents (e.g., Ref. [46]) have revealed the presence of
bimodal and trimodal neurons. Many of the cortical
multisensory neurons respond to inputs from more than
one sensory modality alone, show multisensory response
enhancement when the stimuli are appropriately combined
[59], and are also likely to represent a form of excitatory—
excitatory convergence similar to that described for col-
licular neurons.

When inputs from different sensory modalities simul-
taneously converge, many (but not all, see Ref. [30])
bimodal neurons integrate the responses in a fashion that
no longer resembles that evoked by either of the sensory
inputs alone. For example, the neuron depicted in Fig. 3
responded weakly to the presentation of an auditory
stimulus (=2.6%1.9 spikes/presentation), more robustly to
the visual stimulus (=12.6%51.9 spikes/presentation) and
very strongly to their combination (=26.8*=7.5 spikes/
presentation). In this case, the combination of stimuli
evoked a response that was significantly (P>0.05, paired
t-test) greater than the most vigorous unimodal response.
This form of response integration has been termed mul-
tisensory enhancement [39]. Enhancement, however, is not
simply a default mode for multisensory responses, but is
dependent on the complex relationship of a variety of
factors. The temporal relationship of the different stimuli is
critical for the elicitation of response enhancement, and it
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Fig. 3. The result of ‘Excitatory—Excitatory’ multisensory neuronal convergence. Extracellular recording from a cat superior colliculus neuron shows the
responses of a neuron to individual stimulus presentations (rasters) as well as their summed activity (histograms, 10 ms bins) to (A) an auditory stimulus
(squarewave labeled ‘A’; white noise), (B) a visual stimulus (ramp labeled ‘V’; bar of white light moved through visual receptive field) and (C) to the
combination of the same auditory and visual stimuli. This neuron responded to either stimulus presented alone (A, B) as well as integrated their
simultaneous inputs (C) in the form of response enhancement. Thus, the inputs from these different modalities were excitatory and, for this and other
bimodal (and trimodal) neurons, represent an ‘excitatory—excitatory’ form (D) of multisensory convergence.
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has been shown that stimulus combinations that occur
within 100 ms of one another have the highest likelihood
of evoking such a response amplification [37]. This makes
obvious sense because stimuli that occur in close temporal
proximity are most likely to be initiated by the same
environmental event. The spatial relationship of a stimulus
combination is also critical for evoking multisensory
response enhancement. Because the different receptive
fields of a given multisensory neuron tend to exhibit a
spatial correspondence [31,39,40,62], those stimulus
combinations that are aligned in space will fall within the
excitatory receptive field areas and will generate response
enhancement [31,39,40]. This also makes intuitive sense,
since stimuli that arise from the same point in space are
likely to be causally related and enhanced responses to
their combination would be biologically adaptive. Ulti-
mately, these temporal and spatial constraints act like a
filter, or window, such as those illustrated in Fig. 4,
through which only appropriately configured stimulus
combinations are permitted access to circuitry leading to
multisensory response amplification.

Other features that influence multisensory integration are
the modality-specific response properties of the neuron(s)
involved, such as directional or velocity preferences,
intensity thresholds, etc. [56]. In addition, the relative level
of stimulus effectiveness inversely influences the mag-
nitude of multisensory response enhancement [39], such
that stimuli that are maximally effective when presented
alone often elicit little to no response amplification while
those stimuli that are nearly undetectable by themselves
tend to produce the highest levels of response enhance-
ment. These factors are applicable not only to multisensory
interactions in neurons of the superior colliculus, but also
in those of the cerebral cortex and perhaps all other regions
where excitatory—excitatory multisensory convergence has

Environment—

Nervous System

been documented [59]. Furthermore, these same factors
governing multisensory integration at the neuronal level
also apply to multisensory behaviors, such as detection and
orienting [52,55].

6. Multisensory convergence: excitatory—inhibitory

Such ‘excitatory—excitatory’ architecture for multisen-
sory convergence, however, is inadequate to account for
several perceptual phenomena. For example, suppression
of responses to a non-attended stimulus during selective
cross-modal attention [16,25,57] cannot be attributed to
spatial excitatory effects. Specifically: a subject cued to
attend to a visual stimulus at a particular locus reveals a
reduced response when an auditory stimulus is substituted
at the same location. Thus, focussing attention to a
particular sensory modality among many distinguishes the
responses to that stimulus for preferential processing.
Implicit to this scheme is the active inhibition of responses
in the non-attended modalities, as has been demonstrated
for distractor stimuli from within the same modality
[42,47,66]. Thus, for selective attention processes, conver-
gence of excitatory inputs from one modality with inhib-
itory inputs from another presents a more vigorous model
than that offered by multisensory neurons as they are
currently envisioned. Evidence for this ‘new’ form of
‘excitatory—inhibitory’ multisensory convergence has been
described in cat association cortex [7,10].

Recent studies of the cortex surrounding the Anterior
Ectosylvian Sulcus (AES) of the cat reveal that areal
multisensory convergence occurs between the auditory
FAES region and the somatosensory SIV area [10]. How-
ever, neurons within the somatosensory region have not
been reported to exhibit the bimodal properties that would
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Fig. 4. Access to integrative multisensory circuits is determined by the spatio-temporal relationships of the stimuli. Environmental events, such as the
impact of a falling boulder, release a multitude of physical energies that are transduced by different sensory receptors. However, for combinations of
different stimuli ultimately to access integrative multisensory neural circuitry, they must occur within specific temporal (e.g., nearly at the same time) and
spatial (e.g., nearly at the same place) windows. Events that occur outside these windows (stippled arrows) are processed as separate, modality-specific

events.
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Fig. 5. The result of ‘Excitatory—Inhibitory’ multisensory neuronal convergence. Extracellular recording from a neuron in cat somatosensory cortical
region SIV revealed responses to a tactile stimulus presented within the neuron’s receptive field (A; represented by ramp labeled ‘T’), but no activity was
elicited in response to electrical stimulation of indwelling electrodes placed within the auditory cortical region, FAES (B; represented by the pulses labeled
‘St’; 0.1 ms pulse, 100 ms train duration used at 100 Hz at 300 wA). However, when the same tactile and auditory cortical stimulation were combined (C),
the neuronal response was suppressed. Because this neuron responded only to the tactile stimulus presented alone (A), and that response was diminished by
the presence of auditory cortical stimulation (C), these data are consistent with an ‘Excitatory—Inhibitory’ form of multisensory convergence (D).

be expected if convergence occurred with excitatory
auditory inputs [8,9]. Current studies assessing multisen-
sory convergence in this region demonstrated that SIV
neurons, tested specifically for responses to auditory cues
presented alone, were not activated and, therefore, ap-
peared to be purely somatosensory in nature [7]. In
addition, when these same SIV neurons were tested for
inputs from auditory FAES by electrical stimulation of the
FAES, none were excited. However, when effective tactile
stimulation was combined with electrical stimulation of the
auditory FAES, the excitatory responses to the tactile
stimulation of nearly 70% of the SIV neurons were
significantly reduced, as illustrated in Fig. 5. Furthermore,
preliminary experiments [7] show that the suppressive
effect of auditory FAES stimulation on SIV somatosensory

Excitatory-Excitatory

responses is blocked by the presence of Bicuculline
methiodide, an antagonist to the inhibitory neurotrans-
mitter GABA. These data indicate that the net result of
somatosensory—auditory convergence within SIV is inhib-
itory and represents an ‘excitatory—inhibitory’ form of
multisensory neuronal convergence (Fig. 5D).

In summary, there appear to be at least two forms of
multisensory convergence occurring at the neuronal level.
First, and most familiar, are those neurons which are
overtly excited by stimuli from more than one modality.
These bimodal (and trimodal) neurons result from an
‘excitatory—excitatory’ form of convergence, which is
diagrammed in Fig. 6A. However, it is unlikely that any
excitatory system would be left unregulated, and it is well
established that multisensory neurons in the superior

Excitatory-Inhibitory
Convergence

C. D.

Convergence
A. B.
+,( )t +
Modality Modality
A B

Fig. 6. Functional architecture of different patterns of multisensory convergence. Ideally, the results of multisensory convergence are dependent on the
dominant inputs present, either as (A) excitatory inputs from both modality ‘A’ and modality ‘B’, or (D) as excitatory inputs from one with inhibitory
inputs from the other. However, neural circuits are more complex than these representative schemes and, as indicated in the boxed area, most likely occur
as blends between one extreme and the other. Current data indicate that multisensory neurons receiving ‘excitatory—excitatory’ convergence are also
influenced by distant and local inhibitory projections (B), and ‘excitatory—inhibitory’ neurons are also likely to receive subthreshold excitatory inputs (C)
from the ‘inhibitory’ modality. These observations suggest that the actual forms of multisensory convergence, of which there may be many, probably exist
on a continuum between the two poles of ‘excitatory—excitatory’ and ‘excitatory—inhibitory’ convergence.
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colliculus also receive a variety of inhibitory inputs from
extrinsic (for review, see Ref. [26]) as well as intrinsic
sources [38.,43]. Many deep layer bimodal neurons exhibit
inhibitory receptive field surrounds [31,40] and demon-
strate multisensory response depression when the temporal
[37,45] or spatial relationships [39,40] of the stimuli are
out of alignment and are inhibited during local circuit
activity controlled by specific behaviors [1,38,43]. Thus,
there is compelling evidence for inhibitory signals that are
carried perhaps as a component of the dominant excitatory
projections to multisensory superior colliculus neurons.
Therefore, perhaps a more accurate depiction of an ‘ex-
citatory—excitatory’ convergence would include a lesser
proportion of inhibitory inputs that assist in local circuit
modulation and in the construction of modality-specific
receptive fields. This modified representation of ‘excitat-
ory—excitatory’ convergence might be as depicted in Fig.
6B, where excitation would play a dominant role and
spatially/temporally coincident multiple sensory stimuli
could generate response enhancement. Given that be-
haviorally-relevant multisensory stimuli are causally-re-
lated (e.g., the different ‘energies’ created from the impact
of a falling rock; see Fig. 1), and these causally-related
stimuli generally emanate from the same point in time and
space (see Fig. 4), it is clear that this form of multisensory
convergence is well suited for enhancing responses to
these phenomena to facilitate detecting, localizing, and
orienting/escape behaviors [21,52,55]. Also, because the
signals from each of the convergent modalities are merged
into an integrated and substantially transformed product,
these effects are likely to have less to do with fine feature
analysis of the stimuli than the presence/location of the
stimuli in space. In addition, an ‘excitatory—excitatory’
form of convergence is likely to be incorporated into other
multisensory circuits and perceptual processes, given that
some multisensory effects, such as ventriloquism and
‘cocktail party’ effects, also have strong spatial and
temporal attributes.

A second form of multisensory neuronal convergence,
one involving an excitatory—inhibitory organization, is
more novel, although its circuit design is well known
within the modality-specific cortices (e.g., Refs.
[13,17,18,48,63]). Convergent ‘excitatory—inhibitory’ mul-
tisensory circuits are likely to be more complex than
simply the merging of their dominant effects in the manner
depicted in Fig. 5D. At least for cortical circuits, the
convergent inhibitory component probably is indirect.
Because most cortico-cortical projection neurons are
known to have a pyramidal morphology and are excitatory,
it is seems likely that the observed effects occur indirectly
via synapses on inhibitory interneurons. Furthermore,
because of the cortical architecture involved, it is also
probable that subthreshold excitatory inputs, perhaps onto
distal dendrites, accompany the inhibitory inputs from the
second modality (see Fig. 6C). Thus, spatially and tempo-
rally coincident stimuli would activate their respective

modalities, but inputs from one modality would not
enhance but inhibit those from the other. In this fashion,
attention to a specific locus, but not to an anticipated
modality, could lead to a suppressed response (e.g., Refs.
[25,57]) that serves to differentiate attention toward the
anticipated modality. Also, extinction of responses to a
contralateral stimulus in one modality could be achieved
through inhibition from an ipsilateral stimulus of the same
or different modality [15,34], although the role of spatial
disparity in these particular tests has not been completely
ruled out. At a more general level, ‘excitatory—inhibitory’
convergence appears to act to modulate the activity of an
excitatory modality through inhibition and disinhibition
rather than express the more dramatic response changes
observed during multisensory response enhancement. Ulti-
mately, the subtlety of these modulatory effects may be
better suited to influence the quality of a perception rather
than to detect or localize an environmental event. In fact,
under conditions of excitatory—inhibitory convergence, it
would be predicted that spatially coincident stimuli would
serve to depress (not enhance) multisensory response
activity.

It is particularly important to note that, of the SIV
neurons tested for cross-modal excitatory—inhibitory con-
vergence, an overwhelming majority (nearly 70%) were
affected [7,10]. Furthermore, because the convergent in-
hibitory effects were evident only when the stimuli were
combined, current extracellular sampling methods (using
stimuli from different modalities but presented sequential-
ly) will be ineffective in identifying excitatory—inhibitory
multisensory convergence unless there is an unusually high
and regular rate of spontaneous activity in the neurons
examined. Thus, it is possible that the proportion of
multisensory neurons (inclusive of excitatory—excitatory
and excitatory—inhibitory types) in cortex is vastly under-
estimated.

7. Other forms of multisensory convergence

Even though the multisensory convergent circuits pro-
posed above span a continuum between excitation and
inhibition, this scheme is not intended as an exclusive
representation of all possible multisensory convergence
patterns. Certainly, other forms of multisensory conver-
gence must exist. At least one modification to those
proposed above is already known: within the superior
colliculus, there is a subpopulation of ‘excitatory—excitat-
ory’ multisensory neurons which fail to integrate multisen-
sory responses [30] (Stein, personal communication).
These neurons respond to inputs from more than one
modality but their responses fail to significantly influence
one another. These superior colliculus neurons appear to
lack cortical inputs, which are critical for multisensory
integrative capacities of superior colliculus neurons
[30,60,61]. The mechanisms underlying these effects ap-
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pear to involve NMDA receptors, since cortical inputs to
superior colliculus neurons involve NMDA-dependent
components [5] and integrated multisensory responses in
collicular neurons are dependent on NMDA-gated channels
[4]. Therefore, excitatory inputs to multisensory neurons
are complex and contain at least two functional modes: one
which conveys excitatory inputs from a given modality and
another, mediated through cortex, which augments excita-
tion into an integrative level. Thus, it seems possible that
the excitatory components of a modality-specific input may
be mediated by different excitatory receptor classes or
subclasses. How these various forms of inputs to superior
colliculus neurons might contribute to the phenomena of
multisensory processing will undoubtedly be the subject of
continued interest and investigation. Nevertheless, what is
already clear is that multisensory convergence is necessary
but not sufficient in itself to generate multisensory re-
sponse integration (e.g., response enhancement, response
depression; Stein, personal communication).

The proposed patterns of multisensory convergence
described above can account, in general terms, for the
multisensory activity resulting from temporally coincident
stimuli. However, it is entirely unknown how neural
convergence patterns might underlie sequential multisen-
sory events. For example, cross-modal matching (or sen-
sory substitution) requires the formation of a neural percept
or representation within one modality, and then converting
that information in some fashion to represent or access
another modality. While such tasks undoubtedly involve
multisensory circuits that are substantially different than
those proposed above, their actual configuration remains
unresolved. Because the amygdala is necessary for cross-
modal matching [44], an analysis of amygdalar multisen-
sory circuitry and connectivity could provide fascinating
insights into yet unknown forms of multisensory con-
vergent circuitry.

8. Conclusions

Collectively, these observations and possibilities suggest
that architecture of multisensory convergence occurs in at
least two different functional forms: those representing
convergence of two primarily excitatory inputs (excitat-
ory—excitatory convergence) and those which result from a
combination of excitatory afferents from one modality with
inhibitory inputs from another (excitatory—inhibitory con-
vergence) (Fig. 6). Each of these convergence patterns
generates fundamentally different forms of multisensory
interactions: excitatory—excitatory convergence produces
dramatic response interactions in the form of multisensory
response enhancement; excitatory—inhibitory convergence
appears to produce more subtle modulations in the form of
inhibition and disinhibition. It is possible that each of these
different multisensory effects, determined by the nature of

the convergence that produced them, ultimately contribute
to distinct types of multisensory perceptions or behaviors.
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