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Abstract

Traditionally, neuronal studies of multisensory processing proceeded by first identifying neurons
that were overtly multisensory (e.g., bimodal, trimodal) and then testing them. In contrast, the present
study examined, without precondition, neurons in an extrastriate visual area of the cat for their
responses to separate (visual, auditory) and combined-modality (visual and auditory) stimulation.
As expected, traditional bimodal forms of multisensory neurons were identified. In addition,
however, many neurons that were activated only by visual stimulation (i.e., unimodal) had that
response modulated by the presence of an auditory stimulus. Some unimodal neurons showed
multisensory responses that were statistically different from their visual response. Other unimodal
neurons had subtle multisensory effects that were detectable only at the population level. Most
surprisingly, these non-bimodal neurons generated more than twice the multisensory signal in the
PLLS than did the bimodal neurons. These results expand the range of multisensory convergence
patterns beyond that of the bimodal neuron. However, rather than characterize a separate class of
multisensory neurons, unimodal multisensory neurons may actually represent an intermediary form
of multisensory convergence that exists along the functional continuum between unisensory neurons,
at one end, and fully bimodal neurons at the other.
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Introduction

What features identify a neuron (or an area) as multisensory? Multisensory is widely defined
as a neuron (or neural area) whose activity is influenced by inputs from more than one sensory
modality. Controversy, however, has occurred over the use and meaning of the term
“influence,” of whether responses to stimulus combinations must be superadditive, or
proportional, or statistically different from the responses to the same stimuli presented
individually. Nevertheless, one measure that avoids all of these procedural disputes is the
identification of a neuron (or area) that has overt, suprathreshold responses to stimuli from two
or more sensory modalities. At the neuronal level, these effects describe bimodal (and trimodal)
neurons, as depicted in Fig. 1, and this form of multisensory convergence has been examined
for nearly 50 years now (Horn and Hill 1966). The apparent ubiquity of bimodal neurons (for
review, see Stein and Meredith 1993) has led to their widespread acceptance as a model for
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multisensory processing and, as a consequence, the term *bimodal’ has unfortunately become
synonymous with ‘multisensory.’

The multisensory definition, however, does not conceptually limit multisensory processing to
bimodal neurons because ‘influence,” and not ‘activation,” is the operative criterion. However,
the problem of measuring ‘influence’ in non-bimodal multisensory neurons becomes
paramount. Non-bimodal multisensory neurons have been observed in different species
(Newman and Hartline 1981; Barraclough et al. 2005; Sugihara et al. 2006; Bizley et al.
2007; Carriere et al. 2007) as well as in different visual (Allman and Meredith 2007; Allman
etal. 2008a, b), somatosensory (Dehner et al. 2004; Clemo et al. 2007) and auditory (Meredith
et al. 2006; Meredith and Allman 2009) cortices. As a group, these neurons are strongly
activated by stimuli from one modality, are unresponsive to cues from other modalities, but
show facilitated (or suppressed) responses when the different stimuli are combined. Since
multisensory influences have been observed in these neurons only as a modulation of activity
in the effective modality, these neurons have been designated as ‘subthreshold multisensory’
neurons (also called ‘modulatory’; Carriere et al. 2007; Driver and Noesselt 2008).
Subthreshold multisensory effects occur in up to 66% of the neuronal population in their
respective areas (Dehner et al. 2004), are subject to GABA-ergic control (Dehner et al. 2004;
Allman et al. 2008a), and are sensory in nature (as opposed to non-specific, alerting or arousal
phenomena; Allman et al. 2008b). It must be emphasized that the presence of subthreshold
effects does not render the response distribution of the neuron bimodal, but merely diminishes
or augments the response of a single modality (e.g., unimodal). Because such neurons fail to
show a response to the ‘subthreshold’ modality when presented alone, superadditive/
proportional criteria cannot verify these effects as multisensory (e.g., any miniscule response
increase is superadditive). Instead, statistical treatments are required to assess the reliability of
response changes between the separate- and combined-modality test conditions.

Connectional studies of multisensory neurons in cat extrastriate visual cortex have suggested
that subthreshold multisensory neurons may result from the convergence of robust inputs from
one modality with sparse afferents from another (Clemo et al. 2008). If this assumption is
correct, then the connectional difference between bimodal and subthreshold multisensory
neurons may simply reflect a reduction in priority or weighting of synaptic contacts from one
modality. Similarly, connectional differences between unimodal neurons that demonstrate a
significant response modulation (i.e., subthreshold multisensory) and those that do not (i.e.,
unisensory) may be represented in the latter as the complete reduction of inputs from the second
modality, as depicted in Fig. 1. However, the physiological distinction between subthreshold
and unisensory neurons is a statistical test that may not be sufficiently sensitive to reveal subtle
intervening multisensory effects. Therefore, the primary aim of the present investigation, using
the retinotopically organized posterolateral lateral suprasylvian (PLLS; Palmer et al. 1978)
visual cortex, is to determine if there is evidence for multisensory processing in neurons that
are identified as neither bimodal nor subthreshold. Observation of multisensory processing in
such a neuronal population would not only expand our understanding of the range and effect
of multisensory convergence, it would provide strong evidence that multisensory convergence
actually extends along a continuum of connectivity patterns between multisensory and
unisensory neurons.

Materials and Methods

All procedures were performed in compliance with the Guide for Care and Use of Laboratory
Animals (NIH publication 86-23) and the National Research Council’s Guidelines for Care
and Use of Mammals in Neuroscience and Behavioral Research (2003), and were approved by
the Institutional Animal Care and Use Committee at Virginia Commonwealth University.
These same procedures have been used successfully to study multisensory processing in other
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neural areas and animals (e.g., Meredith and Stein 1986, 1996; Wallace et al. 1992; Dehner et
al. 2004; Meredith et al. 2006; Clemo et al. 2007; Allman et al. 2008a, b), in which the
suppressive effects of surgical anesthesia were avoided through the implementation of a 2-step
preparation.

Surgical Procedures

Cats (n = 3) were anesthetized with pentobarbital (40 mg/kg i.p.) and their heads secured in a
stereotaxic frame. Using aseptic surgical conditions, a craniotomy was made over the PLLS
cortex on the left hemisphere over which a recording well/head supporting device was
implanted. The scalp was then sutured closed around the implant and standard postoperative
care was provided. Approximately 7 days recovery elapsed before the recording phase of the
procedure.

PLLS Recording

Recording sessions were initiated by anesthetizing the animal (35 mg/kg Ketamine; 2 mg/kg
Acepromazine, i.m.) and attaching the implanted well to a supporting bar. To achieve
ventilatory control, the animals were intubated through the mouth and sustained on a ventilator
with expired carbon dioxide maintained at ~4.5%. Fluids, supplemental anesthetics (8 mg/kg/
h Ketamine; 0.5 mg/kg/h Acepromazine, i.v.) and, to prevent spontaneous movements, a
muscle relaxant (Pancuronium bromide 0.3 mg/kg initial dose; 0.2 mg/kg/h supplement, i.v.)
were infused continuously. Heart rate was continuously monitored; a heating pad was used to
maintain temperature, monitored rectally, at 37°C.

For recording, a tungsten microelectrode (glass insulated, tip exposure ~20 um, impedance
<1.0 MQ) was inserted into the lateral bank of the suprasylvian sulcus and advanced from the
pial surface and through fundus of the PLLS with a hydraulic microdrive. Neuronal activity
was amplified, displayed on an oscilloscope and played on an audiomonitor. To avoid search
bias, neurons were sought at 125 um intervals (or 250 um for some penetrations) and were
identified by their spontaneous activity or by their responses to manually presented stimuli:
auditory (clicks, whistles and hisses), somatosensory (taps and brushes with a fine paintbrush);
visual (moving bars of light and dark stimuli across a translucent hemisphere positioned in
front of the animal). This series of qualitative tests was systematically presented to each neuron
to assess its suprathreshold sensory properties (i.e., visual only, auditory only, visual-auditory
bimodal, etc.). These qualitative results were tabulated according to the recording depth to map
the sensory/multisensory properties of the PLLS region.

Once a neuron was isolated and its suprathreshold sensory properties identified, a non-
traditional multisensory testing paradigm was introduced. Until now, most multisensory
studies first identified an individual multisensory neuron and then sought to correlate
stimulation variables (e.g., intensity, temporal or spatial relationships) with the resulting levels
of multisensory integration (e.g., Meredith et al. 1987; Meredith and Stein 1996). In this
manner, each multisensory neuron was presented multiple and qualitatively different sensory
tests. In contrast, the present investigation sought to determine for a population of neurons the
levels of multisensory response generated by a single, standardized set of separate- and
combined-modality stimuli. Thus, essentially the same sensory and multisensory tests were
delivered to each neuron in each recording penetration for the entire study. These tests consisted
of computer-triggered visual and auditory stimuli, presented alone and in combination (V, A
and VA). Visual cues were light bars projected onto the translucent hemisphere (92 cm
diameter), whose movement direction, velocity and amplitude across the visual receptive field
was computer-controlled. The size, intensity, duration and velocity of movement were fixed
for each of the neurons tested, but adjustments for preferences in movement direction were
made to ensure a response was elicited. The auditory cues were electronically generated white
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noise bursts (50 ms duration, 55 dB SPL) delivered from a hoop-mounted speaker 44 cm from
the head positioned in spatial register with the visual receptive field of the neuron being
examined. When no visual receptive field was present, it was estimated from those predicted
by the published visuotopic map of Palmer et al. (1978), or from visual neurons at an adjacent
location in the penetration. Each stimulus presentation was separated by 7 s and each condition
was presented 25 times in an interleaved fashion. During the combined stimuli presentation,
the onset of the visual stimulus preceded that of the auditory stimulus by 40 ms, to compensate
for the latency discrepancy between these modalities. Neuronal responses were digitized (rate
>25 kHz) and individual waveforms were templated using Spike2 (Cambridge Electronic
Design) and routed to a computer for storage and later analysis.

Data Analysis

Once the waveform for each recorded neuron was identified and templated, a peristimulus-
time histogram was constructed for each neuron for each of the test conditions (V, A and VA)
using Spike2 software. From the histogram, the response duration for the combined-modality
(VA) condition was measured and the mean spikes per trial (and standard deviation, SD) were
calculated for that same epoch for all three stimulus conditions. Crossmodal effects were
statistically evaluated in two different ways. For activity generated by individual neurons, the
mean spikes/trial evoked by the combined stimuli (VA) were compared (paired, two-tailed t-
test; P <0.05) with that elicited by the most effective single-modality stimulus (V or A). For
the population of neurons sampled, the average of the mean spikes/trial for each category (i.e.,
visual, auditory, bimodal) and test condition (V, A and VVA) were determined and statistically
compared using a paired two-tailed t-test (P <0.05).

Recording Site Reconstruction

Results

For each recording penetration, the depth of each identified neuron was noted and tabulated
with the results of the quantitative sensory tests. Two to three recording penetrations were
obtained from each animal and, at the conclusion, successful recording penetrations were
marked with an electrolytic lesion. At the end of the recording session, the animal was given
a barbiturate overdose followed by perfusion with physiological saline and 10% formalin. The
brain was blocked stereotaxically, removed and postfixed in 30% sucrose/formalin. Frozen
sections (50 um) were cut in the coronal plane through the recording sites and processed using
standard histological procedures with a cresyl violet counterstain. Finally, a projecting
microscope was used to trace sections on which the recording penetrations and locations of the
examined neurons were reconstructed from the lesion sites.

Only those penetrations that spanned the entire bank of the lateral sulcus (n = 8), from the
surface through the fundus, were included. In addition, recordings were taken at every 125
um (or 250 um) interval along a penetration to avoid bias toward a particular layer or neuron
type. At each recording site, the identified neurons were subjected to essentially the same,
standardized set of electronically generated auditory, visual and combined auditory-visual
tests. From a total of 520 neurons tested, 41 (8%) were excited by auditory, 233 (45%) by
visual, 49 (9%) by both auditory and visual stimuli; 197 (38%) were unresponsive to sensory
stimulation. Neurons responsive only to auditory cues were primarily encountered near the lip
of the sulcus, presumably as part of the auditory dorsal zone (DZ), and were excluded from
further analysis. Unimodal visual neurons occurred deep within the lateral bank and fundus of
the sulcus, while bimodal, auditory-visual neurons tended to be located in the upper bank of
the sulcus near the border between the visual PLLS and auditory DZ.
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Bimodal Neurons

Bimodal neurons represented 17% (49/282) of the sensory neurons encountered in the PLLS.
In terms of spike counts evoked by separate- and combined-modality stimulation, bimodal
PLLS neurons, like that depicted in Fig. 2b, responded as would be expected from numerous
other studies of this neuron type (e.g., Meredith and Stein 1986;Wallace et al. 1992). Bimodal
PLLS neurons were activated by visual stimuli as well as auditory stimuli presented alone, and
combined-modality stimulation generally elicited a response increase above either of the
single-modality responses that often (39%; 19/49) reached statistical significance (i.e., met
statistical criterion for multisensory response enhancement). For the population of bimodal
neurons, the scatterplots shown in Fig. 3a and b confirm that combined-modality stimulation
elicited an overall response increase in most of these neurons. Accordingly, the bar graph in
Fig. 3c summarizes that the mean discharge rate for bimodal neurons was significantly
increased when visual and auditory stimuli were combined.

Non-bimodal Neurons

In contrast to the bimodal neurons, the vast majority of sensory PLLS neurons (83%; 233/282)
were strongly activated by visual stimuli but did not respond to any auditory cues (manual
search cues as well as test stimuli) presented alone, as illustrated in Fig. 2c. Curiously, however,
the population results depicted by the scatterplots in Fig. 3d and e showed that responses to
combined visual-auditory stimuli were larger, and the mean discharge rate significantly greater
(bar graph Fig. 3f), than were evoked by the visual stimulus alone.

Relative Contributions to Multisensory Signaling

The results summarized in Fig. 3 demonstrate that both bimodal and unimodal neurons
contribute to multisensory processing in the PLLS. To assess their proportional contribution
to the overall multisensory signal of the region, the difference in spike discharge evoked by
the combined versus visual condition was calculated for each neuron (mean spikesf/trial
difference). These individual differences were summed for each neuron for both of the neuron
categories, where the summed response difference in unimodal neurons was 195.5 spikes, and
for bimodal neurons equaled 88.1 spikes. The proportional contribution was determined by
dividing the group sum by the total (e.g., bimodal = 88.1/(88.1 ? 195.5)). These calculations
reveal that bimodal neurons, which are traditionally regarded as the arbiters of multisensory
processing, carried only 31% of the multisensory signal in the PLLS. Quite unexpectedly, the
major generator of multisensory signals in this region were the unimodal neurons, which
transmitted 69% of the multisensory-evoked spikes.

Unimodal Neurons and Subthreshold Multisensory Effects

Because examples of multisensory processing have been documented in unimodal neurons in
the PLLS (Allman and Meredith 2007; Allman et al. 2008b) and other areas (e.g., Dehner et
al. 2004; Meredith et al. 2006; Allman et al. 2008a; Meredith and Allman 2009), similar
statistical treatments were applied to identify them in the present sample. A paired ‘t’-test was
used to compare the responses of each unimodal neuron to visual and visual-auditory
stimulation and a group of neurons was identified that showed a significant difference between
the two responses. These neurons (n = 37/233), designated as subthreshold multisensory
neurons (as in studies cited above), all showed significantly increased response discharges
elicited by combined visual-auditory stimulation (see Fig. 4a, b). Furthermore, as a population,
their mean discharge rates were quite vigorous and showed a significant multisensory increase,
as summarized in the bar graph (Fig. 4c). In fact, the multisensory response increase of this
group of subthreshold neurons was proportionally larger (42 + 3%) than that observed for
bimodal neurons (30 + 5%).
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Once the neurons that showed significant subthreshold multisensory influences were
subtracted from the overall population of unimodal neurons, it might be expected that the
remaining visual neurons would be unaffected by auditory inputs. As such, plots of visual
versus combined visual-auditory responses for each of the remaining unimodal neurons would
be expected to resemble one another with minor increases or decreases occurring with similar
frequency. However, as the scatter plots in Fig. 4d and e illustrate, a great many more unimodal
neurons showed multisensory increases than equivalences or decreases and the mean spikes/
trial was significantly increased when visual and auditory stimuli were combined (see bar graph
4f). Thus, due to the consistency of this modest effect, unimodal neurons whose response
increase was too small to meet multisensory statistical criteria at the neuronal level still revealed
a significant multisensory effect (11 + 1% increase) at the population level.

Unimodal Multisensory Versus Unisensory Neurons

Although there is a clear difference between bimodal and subthreshold multisensory neurons,
the distinction between subthreshold multisensory and truly unisensory neurons is currently
difficult to discern. Some unimodal PLLS neurons showed virtually no change between visual
and visual-auditory responses, and with the available data, are considered ‘unisensory.” The
apparent ‘gap’ between these unisensory neurons and the subthreshold multisensory neurons
is filled by neurons that should be considered subthreshold multisensory as well. Two lines of
evidence support this assertion. First, by increasing number of trials, the number of neurons
identified as significantly affected by combined-modality stimulation progressively increases.
When using the present data set, Table 1 demonstrates that as the number of trials used in the
‘t’-test was progressively increased from 5 to 25, the number of neurons showing a statistically
significant response change also increased. Therefore, it is logical to assume that if a
substantially larger number of trials had been presented, many more of the unimodal neurons
would have demonstrated significant multisensory response changes at the single neuron level.
At present, however, we cannot estimate what the optimal number of trials would be that would
rigorously separate subthreshold multisensory from unisensory neurons. Second,
pharmacological blockage of local inhibitory circuits is known to reveal subthreshold
multisensory effects in unimodal visual neurons (Allman et al. 2008a), and the systematic
application of this technique may also serve to differentiate those unimodal neurons which
receive multisensory inputs from those which do not.

Discussion

The present single-unit study of multisensory processing in extrastriate visual cortex produced
an unexpected finding: a large proportion of unimodal visual neurons had their visually evoked
responses augmented by concurrent auditory stimulation. In addition to the visual neurons that
demonstrated significant subthreshold multisensory integration (i.e., those neurons whose
response increase reached statistical significance; 16% of visual neurons), an overwhelming
number of unimodal neurons were facilitated by an auditory stimulus in a more subtle manner.
Using a statistical comparison at the population level, we were able to identify these modest
effects in assessing the multisensory capacity of the unimodal neurons within the PLLS.
Ultimately, we found that the population of unimodal neurons showed a significant response
facilitation generated by combined visual-auditory cues that amounted to nearly one additional
spike discharge per stimulus presentation. Finally, and perhaps the most surprising, we found
that the contribution to the multisensory signal generated in the PLLS region overwhelmingly
originated from unimodal, not bimodal, neurons.

Nomenclature Considerations

In the field of multisensory processing there seems little consensus on the meaning of terms
critical to defining the observed effects. Toward that end, we provide here the terms and their
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definitions (and reasoning for them) relevant to our present study. The term ‘multisensory’ is
used to mean the influence of more than one sensory modality (e.g., vision, audition) on a
neuron (or region). Neurons (or regions) that are activated by more than one sensory modality
clearly have a bimodal functional distribution (exhibit responses to one modality and to another
modality). Obviously, neurons (and regions) that are bimodal are also multisensory. In contrast,
neurons that are activated by only one modality have a single, or unimodal, functional
distribution. However, neurons that are activated by only one modality have the potential to
be influenced by subthreshold inputs from other sensory modalities such that their single
functional distribution can be modulated upward or downward by the subthreshold modality.
Experimentally, subthreshold effects are not apparent when presented alone, but become
evident when combined with stimulation in the effective modality. Unimodal neurons whose
responses are modulated by subthreshold inputs from another modality are defined as
subthreshold multisensory neurons (Dehner et al. 2004; Meredith et al. 2006; Allman and
Meredith 2007; Allman et al. 2008a, b; Meredith and Allman 2009; also called ‘modulatory’
Carriere et al. 2007; Driver and Noesselt 2008). It should be noted that subthreshold neurons
are not just bimodal neurons tested with an inadequate stimulus. Certainly there are
circumstances (spatial, temporal, intensity, etc.) among bimodal neurons in which a 2nd
modality seems ineffective (e.g., see Meredith and Stein 1996). However, for subthreshold
neurons, we were unable to identify any parameterization of the 2nd modality that produced a
suprathreshold response. Thus, some unimodal neurons can show multisensory properties. On
the other hand, unimodal neurons may also be unaffected by another sensory modality at the
neuronal and population levels and such neurons are regarded as ‘unisensory’ (see also Bizley
et al. 2007).

Methodological Considerations

Until recently, the sole neuronal model of multisensory convergence has been the bimodal (or
trimodal) neuron, and most electrophysiological investigations of multisensory neuronal
processing first isolate a bimodal neuron and then examine its response properties. This
procedure yielded a wealth of information about the sensory and multisensory responses of
bimodal neurons (for review, see Stein and Meredith 1993). However, if the acceptance
criterion for multisensory is incomplete, then only a partial estimate of the range of
multisensory processing can be determined from this paradigm. On the other hand, it is widely
recognized that bimodal neurons do not exist in isolation from other neuron types. Even the
highly multisensory structure, the deep layers of the feline superior colliculus, contains only
55-60% multisensory neurons (Meredith and Stein 1986). It has been widely assumed that the
non-multisensory neurons in a region must be unimodal (or, as recently adopted, ‘unisensory;’
Bizley et al. 2007). However, multisensory is defined as the influence of more than one
modality and the appropriate test for this criterion is assessing responses of neurons not only
to separate stimuli from different modalities, but also their combination. In this manner,
neurons that appear to be excited by only one sensory modality might have those responses
influenced (facilitated or suppressed) by the presence of a second, otherwise ineffective,
modality. A handful of recent studies have employed this different search paradigm to identify
multisensory neurons and they have revealed the presence not only of the traditional bimodal
forms of multisensory neurons, but subthreshold forms as well (Dehner et al. 2004; Meredith
et al. 2006; Allman and Meredith 2007; Allman et al. 2008a, b; Meredith and Allman 2009).
In fact, using combined multisensory stimulation to identify multisensory neurons (both
bimodal and subthreshold) these studies have determined that between 12% and 66% of
neurons in a given area may be of the subthreshold multisensory variety. Consequently, the
multisensory capacity of the cortex, including the PLLS, has been largely underestimated.
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Multisensory Integration in the PLLS

We reported previously (Allman and Meredith 2007) that within the PLLS the bimodal neurons,
located high in the bank of the sulcus, had visual receptive fields in the periphery, whereas the
visual neurons, found deeper in the bank of the sulcus, had more centrally positioned receptive
fields. Given that excitatory cross-modal interactions might contribute to better localization of
dual-modality objects in space (Newman and Hartline 1981), PLLS neurons with receptive
fields in the periphery (i.e., bimodal neurons) may benefit from greater excitatory convergence,
evident in suprathreshold responses to auditory stimuli. Continuing that thought, PLLS neurons
with more central receptive fields may not require the same extent of converging auditory
inputs, and as such these lessened inputs are capable of facilitating the excitation during
combined stimuli presentations but incapable of eliciting a response to an isolated auditory
stimulus.

By extending the conventional criteria that define multisensory responses in individual neurons
to populations of neurons, it became evident that the subtle crossmodal response changes in
each unimodal neuron could combine into a substantial population effect, whereby the sampled
population of unimodal neurons in the PLLS discharged with an average of one additional
spike per trial (Fig. 3f). This finding, coupled with the suprathreshold effects of the bimodal
neurons, provides support in favor of designating the PLLS as a multisensory area.
Furthermore, because all of the neurons encountered were tested with essentially one stimulus
set, we were able to assess the relative contributions from bimodal and unimodal neurons to
the multisensory response of the region. Despite only subtle response facilitation in most
unimodal neurons, the large number of these similarly responding neurons resulted in the
majority (69%) of the multisensory processing in the PLLS being derived from cross-modal
subthreshold effects in unimodal neurons rather than suprathreshold effects in bimodal
neurons. Taken together, this comparative measure of subthreshold versus suprathreshold
cross-modal effects, and the inability of separately presented auditory stimuli to elicit an
excitatory response in the vast majority of visually responsive neurons (i.e., 83%; 233/282
were unimodal) suggest that the multisensory processing in the PLLS is mitigating effects at
the modulatory end of the multisensory spectrum. Ultimately, the relatively greater
contribution from unimodal versus bimodal neurons to the overall measure of multisensory
integration in the PLLS highlights the need to extend the investigation of multisensory
integration beyond the suprathreshold responses of bimodal neurons, and identifies the benefit
of including population analyses in describing the multisensory capacities of a brain region.

Multisensory Convergence: A Continuum?

The present results provide important insights regarding the circuitry underlying multisensory
processing in general. At present, only one form of convergent architecture is acknowledged:
that of the bimodal-type multisensory neuron. The bimodal neuron is the most easily apparent
and best studied type of multisensory neuron, in which afferents from different modalities
independently excite the target neuron to suprathreshold levels. This fact alone implies
connections that provide potent inputs from different modalities onto high-priority sites on the
recipient neuron. For excitatory inputs, this may represent targeting of proximal dendrites or
dense terminations on primary and secondary branches by afferents from two modalities.
Furthermore, and perhaps as a result of the close spatial arrangement of these different inputs,
the currents they evoke on shared patches of membrane can interact with one another to produce
significantly enhanced levels of activity not achieved by either set of inputs alone. Given these
assumptions, it seems plausible that such an architecture, summarized in Fig. 5, could underlie
the sensory/integrative properties of bimodal neurons. In contrast, neurons which lack bimodal
properties have largely been excluded from consideration as being capable of multisensory
processing. However, numerous reports have now shown that some non-bimodal neurons can
have their response influenced (facilitated or suppressed) by the presence of a stimulus from
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a second, otherwise ineffective modality (e.g., see: Dehner et al. 2004;Meredith et al.
2006;Allman and Meredith 2007;Allman et al. 2008a,b;Meredith and Allman 2009).
Accordingly, subthreshold multisensory neurons are likely to receive strong excitatory inputs
from one modality and, from a second modality, inputs that have lower priority and/or
weighting, as illustrated in Fig. 5 (bottom). Further reduction in the priority/weighting of inputs
from a second modality may underlie unimodal neurons that reveal multisensory properties
only with techniques that adequately reduce statistical variance or by pharmacological
treatment. Finally, reduction of inputs from a second modality to a value of zero priority/
weighting underlies the connectional architecture of unisensory neurons. Therefore, as
depicted in Fig. 5-bottom, it is apparent that the different multisensory circuits together
constitute a connectional continuum from bimodal multisensory forms on one end, to a total
lack of multisensory effects (e.g., unisensory) on the other. Thus, rather than represent a
separate form of multisensory convergence, subthreshold multisensory neurons may actually
represent intermediary forms of multisensory neurons that exist along a functional continuum
to provide a range of activity within a given area in response to multisensory stimulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A hypothetical schematic of sensory inputs that produce bimodal and unimodal sensory
responses. The bimodal neuron (grey) receives inputs (black) at differing locations and number
(or weighting) from sensory modalities ‘A’ and ‘B’. These inputs produce suprathreshold
activity in either modality when stimulated alone. In addition, when inputs from ‘A + B’ are
combined, responses can be integrated to the extent that they are significantly different from
responses to either of the inputs alone. In contrast, the unimodal neuron receives inputs from
only one modality (‘A’), and is unaffected by the presence of stimuli in modality (‘B”) alone
or in combination with (*A”)
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Fig. 2.

Location of the PLLS and representative sensory/multisensory responses. In (a), the lateral
view of the cat cerebral cortex shows the suprasylvian sulcus opened (grey) and the location
of the PLLS (arrows). Some auditory cortical fields are also depicted. The vertical lines indicate
the levels from which the lower, coronal sections are derived. On the coronal sections, the grey
shaded area indicates the location of the PLLS; each dot represents the location of the neurons
whose responses are depicted in parts (b) and (c). In (b), this bimodal PLLS neuron responded
(raster = 25 trials; histogram = 10 ms time bins) to the presentation of a visual stimulus (ramp
labeled “V’) as well as to an auditory stimulus (square wave labeled ‘A’). In the third panel,
both visual and auditory stimuli are presented together (VA) and an even more vigorous
response was recorded. The responses to the different stimulus conditions are summarized in
the bar graph (far right; mean spikes/trial and standard deviation); dashed line = spontaneous
activity level; “*’ statistical significant (P < 0.05, paired ‘t’-test. Part (c) illustrates the responses
of a unimodal PLLS neuron. It was strongly activated by a visual stimulus, but an auditory
stimulus had no effect either alone or in combination with the visual cue
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Fig. 3.

Bimodal as well as unimodal PLLS neurons show multisensory effects. In (a) and (d), the
graphs plot the visual response (V) versus the multisensory response change (visual response
subtracted from combined visual-auditory response) for bimodal and unimodal PLLS neurons.
For bimodal neurons (n = 49), combined (VA) responses were greater than the visual (V)
responses in a large proportion of neurons, and multisensory responses tended to increase with
increases in visual responsiveness, as shown in (a). These data are re-plotted in (b) to show
that the proportion of response change (%) was overwhelmingly in the positive direction. The
bar graph (c) shows that the average response of bimodal neurons was significantly (P < 0.05,
paired ‘t’-test) increased from 7.0 £ 1.0 mean spikes/trial to 8.8 + 1.3 mean spikes/trial when
an auditory stimulus was also present. Surprisingly, these same trends were observed for the
larger population of unimodal PLLS neurons (n = 233), which were activated robustly by visual
stimulation but could not be activated by an auditory stimulus presented alone. In fact, the bar
graph (f) indicates that the average response of unimodal neurons was significantly (P < 0.05,
paired ‘t’-test) increased from 6.0 £ 0.4 mean spikes/trial to 6.9 + 0.7 mean spikes/trial when
visual was combined with auditory stimulation
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Fig. 4.

Unimodal PLLS neurons show multisensory effects. The subset of unimodal neurons (37/233)
that showed a statistically significant response modulation at the single neuron level during
the combined visual-auditory condition (i.e., subthreshold multisensory neurons) all
demonstrated an increased multisensory response change (a), with an average response change
of 42 + 3% (b). The bar graph (c) summarizes this effect, where the average response for the
group of subthreshold multisensory neurons was significantly greater for the combined visual-
auditory (VA; 11.4 £ 1.4 spikes/trial) condition than the visual (V) condition (8.7 + 1.2, P <
0.05, paired “t’-test). The vast majority (81%, 159/196) of seemingly “unisensory’ neurons in
the PLLS, despite failing to achieve the statistical criterion of multisensory processing at the
neuronal level, demonstrated modest group response facilitation during the VA condition
(hence, plotted above zero on the y-axis in d). For these unimodal neurons, the average response
change was 11 + 1% (e). Consequently, as seen in the bar graph (f), the population average
mean spikes/trial for these neurons was significantly greater for the VA condition than the V
condition (5.5+ 0.4 vs. 6.0 £ 0.4, P <0.05, paired ‘t’-test)
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Fig. 5.

Hypothetical schematics of the patterns of sensory inputs that generate different forms of
sensory/multisensory processing. The figures at the top represent the current model of
multisensory processing. For a given neuron (grey colored body and dendrite), afferent axons
and terminals (black) from one sensory modality (e.g., A) or another (B) provide excitatory
drive via the priority (location) or weight (number) of their inputs. In the case of unimodal
neurons (top right), inputs from modality ‘A’ generate suprathreshold responses to that
modality while there is no effect of modality ‘B’ alone or in combination with *A.” In contrast,
for bimodal neurons (top-left), inputs from either modality ‘A’ and ‘B’ are sufficient to activate
the neuron alone, and their combination produces an integration of the responses to ‘A’ and
‘B.” A combined ‘A + B’ stimulus generates a integrated multisensory signal in bimodal
neurons, but a distinct unisensory response from unimodal neurons. The results of the present
investigation suggest that there is a range of convergence patterns that occur between the
bimodal and unisensory extremes. By reducing the priority and/or weighting of inputs from
modality ‘B,” a neuron may loose its suprathreshold response to that modality while still being
significantly affected by it when combined with inputs from modality ‘A.” These forms of
multisensory neurons have been termed ‘subthreshold’ (e.g., Dehner et al. 2004; Allman and
Meredith 2007; Meredith and Allman 2009). In addition, further reduction of input priority/
weighting of modality ‘B’ further reduces its effectiveness of influencing responses to modality
‘A, such that its effect can be seen at population levels or when local inhibitory circuits are
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pharmacologically blocked (Allman et al. 2008a). In this way, combination of modality ‘A +
B’ produces a response within a mixed population of neurons whose levels of activity generate
a smoothed, or continuous distribution between the two extremes. The pattern of multisensory
convergence is not likely to be limited to these schematics; nor do these figures intend to
represent any specific anatomical relationships
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The relationship of number of sensory trials to responses showing statistically significant differences

Table 1

Number of trials

% Significant subthreshold neurons

5

10
15
20
25

4 (n=10/233)
9 (n = 22/233)
12 (n = 27/233)
13 (n = 31/233)
16 (n = 37/233)
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For the full population of unimodal neurons (n = 233), a series of paired ‘t’-tests were conducted that included a progressive increase in the number
of trials (from 5 to 25). Note as the number of trials increased the proportion of neurons showing response changes that met the statistical criterion

also increased
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