The Journal of Neuroscience, August 20, 2014 - 34(34):11233-11243 - 11233

Behavioral/Cognitive

Responses of Prefrontal Multisensory Neurons to
Mismatching Faces and Vocalizations
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University of Rochester School of Medicine and Dentistry, Rochester, New York 14642

Social communication relies on the integration of auditory and visual information, which are present in faces and vocalizations. Evidence
suggests that the integration of information from multiple sources enhances perception compared with the processing of a unimodal
stimulus. Our previous studies demonstrated that single neurons in the ventrolateral prefrontal cortex (VLPFC) of the rhesus monkey
(Macaca mulatta) respond to and integrate conspecific vocalizations and their accompanying facial gestures. We were therefore inter-
ested in how VLPFC neurons respond differentially to matching (congruent) and mismatching (incongruent) faces and vocalizations. We
recorded VLPFC neurons during the presentation of movies with congruent or incongruent species-specific facial gestures and vocaliza-
tions as well as their unimodal components. Recordings showed that while many VLPFC units are multisensory and respond to faces,
vocalizations, or their combination, a subset of neurons showed a significant change in neuronal activity in response to incongruent
versus congruent vocalization movies. Among these neurons, we typically observed incongruent suppression during the early stimulus
period and incongruent enhancement during the late stimulus period. Incongruent-responsive VLPFC neurons were both bimodal and
nonlinear multisensory, fostering their ability to respond to changes in either modality of a face-vocalization stimulus. These results
demonstrate that ventral prefrontal neurons respond to changes in either modality of an audiovisual stimulus, which is important in

identity processing and for the integration of multisensory communication information.
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Introduction
The integration of auditory cues from the voice and visual cues
from the face enhance our ability to communicate effectively and
enable us to make appropriate behavioral responses. Congruent
multisensory information enhances stimulus perception (Meredith
and Stein, 1983; Laurienti et al., 2004; Shams and Seitz, 2008),
whereas mismatching or incongruent multisensory information can
alter our perception, as exemplified by the McGurk effect (McGurk
and MacDonald, 1976). In this paradigm, the simultaneous presen-
tation of an incongruent auditory phoneme /ba/ with a visual pho-
neme /ga/ results in the perception of a different phoneme /da/. This
audiovisual (AV) illusion demonstrates the strength and certainty of
multisensory integration during speech processing.

Neuroimaging studies have examined brain regions activated
by congruent and incongruent AV stimuli to determine the network
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involved in multisensory integration. Many studies have used AV
speech stimuli and dynamic movies (Calvert, 2001; Homae et al.,
2002; Jones and Callan, 2003; Miller and D’Esposito, 2005; Ojanen et
al., 2005; van Atteveldt et al., 2007), whereas other studies have used
nonspeech AV stimuli to examine the effect of stimulus congruency
on AV integration (Hein et al., 2007; Naumer et al., 2009). Across
these studies, ventral prefrontal regions were activated during the
processing of incongruent stimuli.

Electrophysiological recordings have examined multisensory
integration of congruent stimuli in the superior colliculus, tem-
poral lobe, and prefrontal cortex (for review, see Stein and Stan-
ford, 2008), where both enhanced and suppressed multisensory
responses were observed. Early studies in the cat superior collicu-
lus revealed that both temporal and spatial factors dramatically
influenced neuronal response magnitude when combining vi-
sual, auditory, and somatosensory cues (Meredith and Stein,
1986; Meredith et al., 1987). Single-unit recordings in nonhuman
primates have demonstrated multisensory responses in the supe-
rior temporal sulcus (STS; Barraclough et al., 2005) and auditory
cortex (Ghazanfar et al., 2005).

Work in our laboratory and others have shown that ventro-
lateral prefrontal cortex (VLPFC) neurons respond to complex
visual and auditory stimuli including faces and vocalizations
(Wilson et al., 1993; O’Scalaidhe et al., 1997; Romanski and
Goldman-Rakic, 2002; Romanski et al., 2005; Tsao et al., 2008)
and integrate these stimuli (Sugihara et al., 2006). VLPFC neu-
rons exhibit multisensory enhancement or suppression to con-
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gruent AV stimuli when compared with the best unimodal
response (Sugihara et al., 2006). We have recently shown that
VLPFC neurons alter their responses to temporally asynchronous
face-vocalization stimuli in which 59% of cells responded with
decreased firing to asynchronous compared with synchronous
stimuli (Romanski and Hwang, 2012). In the current study, we
asked whether prefrontal neurons detect semantically incongru-
ent face-vocalization stimuli by exhibiting differences in neuro-
nal activity between congruent and incongruent AV stimuli. We
therefore mismatched the video and audio tracks of species-
specific vocalizations to create semantically incongruent stimuli
that were not temporally asynchronous and compared single-
unit VLPFEC responses across these conditions. Our results indi-
cate that a small population of VLPFC multisensory neurons
alters its responses to incongruent face-vocalization movies, con-
firming the importance of VLPFC in face—voice integration.

Materials and Methods

Subjects and surgical procedures. Extracellular recordings were performed
in two rhesus monkeys (Macaca mulatta): one female (5.0 kg) and one
male (10.5 kg). All procedures were in accordance with the NIH Guide-
lines for the Care and Use of Laboratory Animals and the University of
Rochester Care and Use of Animals in Research committee. Before re-
cordings, a titanium head post was surgically implanted to allow for head
restraint, and a titanium recording cylinder was placed over the VLPFC
as defined anatomically by Preuss and Goldman-Rakic (1991) and phys-
iologically by Romanski and Goldman-Rakic (2002). A single tungsten
electrode was lowered into the VLPFC, and neurons were recorded while
the monkey performed behavioral tasks. We recorded each stable unit
that we encountered while lowering the electrode into the brain. Neurons
were recorded from the left hemisphere of both animals and the right
hemisphere of the male subject.

Apparatus and stimuli. Recordings were performed in a sound-
attenuated room lined with Sonex (Acoustical Solutions). Auditory stim-
uli (65-75 dB SPL) were presented via a pair of Audix PH5-vs speakers
(frequency response *3 dB, 75-20,000 Hz) located on either side of a
video monitor positioned 29 inches from the monkey’s head and cen-
tered at the level of the monkey’s eyes. Stimuli were created from vocal-
ization movies of animals in our home colony and from a library of
monkey vocalization movies obtained by L.M.R. A large variety of mov-
ies allowed for the use of both familiar and unfamiliar callers as well as
ensuring the use of multiple exemplars of affiliative and agonistic vocal-
izations across stimulus sets. Movie clips were edited using Adobe Pre-
miere (Adobe Systems), Jasc Animation Studio (Corel), and several
custom and shareware programs. Auditory and visual components of the
movie clips were separated into wav and mpeg tracks for processing. The
visual track was edited to remove extraneous and distracting elements
from the viewing frame. The audio track was also filtered to eliminate
background noise if present using MATLAB (MathWorks) and SIGNAL
(Engineering Design). The audio and visual tracks were recombined for
presentation during recordings. Movies subtended 8 —10° of visual angle.
Eight stimuli were presented within each testing block: two auditory
vocalizations (Al and A2), two silent movies (V1 and V2), and four
combined AV stimuli. For the AV stimuli, two were congruent (A1V1
and A2V2), and two were incongruent (A2V1 and A1V2; see Fig. 1).
Congruent vocalization movies consisted of naturally occurring AV
tracks of a rhesus macaque vocalizing and differed in acoustic morphol-
ogy, semantic meaning, valence, and in some testing blocks, caller iden-
tity. Each block included one coo and one agonistic vocalization. Coo
vocalizations are positive or neutral in valence and are elicited during
friendly approach, individual out of group contact, finding low-value
foods, or grooming. Agonistic vocalizations (barks, growls, pant threats,
and screams) are negative in valence and are elicited during threatening
or adverse interactions. AV vocalizations were semantically distinct and
have been previously characterized as being polar opposites in emotional
valence (Gouzoules et al., 1984; Hauser and Marler, 1993). The use of AV
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vocalization movies that differed greatly in acoustic features, semantic
meaning, and identity, as well as emotional valence increased the possi-
bility of capturing a larger number of responsive cells given the selectivity
of VLPFC neurons (O’Scalaidhe et al., 1997; Romanski et al., 2005).

Incongruent vocalization movies were created by combining the au-
ditory track of one movie with the video track of another movie. To
create incongruent stimuli that were properly aligned in time, specific
exemplars were chosen that had a similar onset and duration. We then
aligned these mismatching vocalizations with the sound envelope of the
original vocalization. Sometimes it was necessary to add silence to the
beginning of the mismatching vocalization to match it to the timing of
the original vocalization. In this manner, the stimuli were incongruent
but not asynchronous. The average duration of each movie was 819.2 ms.

Task and experimental procedures. Monkeys were seated in front of the
monitor and speakers. A white fixation point (0.15 X 0.15 degrees) was
presented in the center of the monitor. Monkeys were required to fixate
the point for 500 ms after which one of the eight stimuli appeared while
the monkey maintained fixation within a 10 X 10 degree window con-
taining the stimulus. Each testing block included two congruent vocal-
ization movies, their separate auditory and visual components, and two
incongruent movie clips (Fig. 1). Each stimulus was randomly presented
8—12 times, yielding a total of 64 —96 trials per testing block. During trials
where the auditory vocalization was presented alone, the white fixation
point remained on the screen. A drop of juice was delivered 250 ms after
the end of the stimulus period. Loss of fixation within the 10 X 10
degree window aborted the trial, and these trials were not included in
the analysis. Single- and multi-unit activity was recorded and dis-
criminated on-line using Plexon. Behavioral task and stimuli were
presented using CORTEX (NIMH). Neuronal data were analyzed off-
line using MATLAB and SPSS (IBM).

The location of the recording cylinder in the male subjects’ right pre-
frontal cortex is shown in Figure 6. We recorded VLPFC neurons in the
male’s left (N = 199) and right (N = 158) hemispheres and in the left
hemisphere of the female subject (N = 240).

Data analysis. Cells in the ventral prefrontal cortex were recorded
during the movie presentation task and responses were analyzed off-line.
Cells with firing rates lower than 0.5 Hz (assessed in all task epochs and
visually inspected) or cells in which recordings were incomplete were
removed from the analysis. We analyzed the response to the auditory,
visual, and combined AV stimuli using a two-way MANOVA (with fac-
tors Auditory and Visual) across two time bins of neuronal activity (an
early period of 0—400 ms and a late period of 401-800 ms). We selected
these time bins based on the known latency of VLPFC neurons (Roman-
ski and Hwang, 2012), the average duration of each stimulus, and as a
means to compare early versus late neuronal responses to the stimuli.
Analyses with different bin widths showed that 2 X 400 ms bins allowed
us to detect a larger number of multisensory responsive cells than other
bin widths.

We performed a two-way MANOVA on each cell for both movie
stimuli tested. Spontaneous activity was measured during a 500 ms pe-
riod, which preceded the onset of the fixation stimulus and converted to
a spike rate. The two-way MANOVA model, which assessed the re-
sponses of neurons to the auditory vocalization (A), the visual movie (V),
or combined audiovisual movie (AV), is given by the following:

r=pt+o+p+4;+o,

where ris the response of the neuron in an individual trial; o;and ; refer
to the main effects of A and V, respectively; w is the intercept; and o is a
Gaussian random variable. §;; is the interaction term (A*V), which
tests the null hypothesis that the response in the multisensory condi-
tion (AV) is the sum of the responses to the corresponding unimodal
stimuli (A and V).

With this analysis, we characterized task-responsive cells as follows:
unimodal auditory if they had a significant main effect of auditory stim-
uli (A), but not visual stimuli (V); unimodal visual if they had a signifi-
cant main effect of V, but not A; linear multisensory, if they had a
significant main effect of A and a main effect of V; nonlinear multisen-
sory if they had a significant interaction effect (A*V). Cells that had a
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main effect of A and V and no interaction effect were considered linear
multisensory since the multisensory response could be explained as a
linear sum of the two unimodal responses. It is important to note that the
interaction term A*V does not test for a significant response in the mul-
tisensory condition with respect to baseline, but rather tests the null
hypothesis that the response in the multisensory condition is equal to the
linear sum of the responses in each of the unimodal conditions. Linear
multisensory neurons that had a main effect of both A and V are referred
to as bimodal multisensory neurons (Sugihara et al., 2006).

For nonlinear multisensory neurons, means were assessed for multi-
sensory suppression or enhancement with the calculation of a modified
multisensory index (MMI), which quantifies the response magnitude
during the AV stimulus presentation in relation to the response to the
best unimodal stimulus (Sugihara et al., 2006; adapted from Meredith
and Stein, 1986). The MMI is defined as follows:

[rAV — max(rA, rV)]

MMI= [rAV + max(rA, rV)]

where rAV, rA, and rV are the mean firing rates to the AV, Auditory (A),
and Visual (V) conditions, respectively. The value calculated is between
—1 and 1, where any value less than zero is classified as a suppressed
multisensory response and any value greater than zero is classified as an
enhanced multisensory response.

We next examined the multisensory time course of suppressed or
enhanced nonlinear multisensory neurons using the procedure from
Perrodin et al. (2014). For each nonlinear multisensory unit, we com-
puted the AV — (A + V) peristimulus time histogram (PSTH) difference
vector between the AV and the summed unimodal auditory and uni-
modal visual responses. We computed this separately for suppressed and
enhanced responses. It was then normalized by converting to SDs from
baseline. The onset of the multisensory effect was defined for each unit, as
the first time point when the difference score was >2 SDs of baseline for
at least 10 ms.

The responses of VLPFC neurons to the incongruent AV stimuli were
examined in several ways. First, we restricted our analyses to only those
cells that were multisensory and displayed a nonlinear or bimodal re-
sponse to AV stimuli with the two-way MANOVA described above. On
this subset of cells, we performed a one-way MANOVA across the same
early and late time bins (0—400 ms and 401-800 ms) by AV condition
(A1V1, A2V2, A2V1, and A1V2). Post hoc Tukey HSD pairwise compar-
isons were used to examine the differences in neuronal activity between
congruent and incongruent stimuli. We categorized neurons as incon-
gruent suppressed if the response was decreased relative to the congruent
stimulus and incongruent enhanced if the response was increased relative
to the congruent stimulus.

The spike density function (SDF) graphs for single-cell examples were
generated using the ksdensity MATLAB function, which convolved the
spike train with a kernel smoothing function and a bin width which
ranged from 20 to 30. For groups of cells, we computed a population SDF
by normalizing the firing rates of neurons then averaging the responses in
MATLAB.

The two congruent vocalization movies included two call types that
differed in both semantic meaning and emotional valence: a positively
valenced coo vocalization (A1V1) and a negatively valenced vocalization
(A2V2; either a scream or an aggressive vocalization movie). Therefore,
the differences in neuronal activity between congruent and incongruent
stimuli might be related to a change in stimulus valence or an alteration
in the behavioral meaning of this new mixed call type that occurs when
switching the video or audio tracks. We therefore categorized cells ac-
cording to this call type/valence change (e.g., affiliative to agonistic:
A1V1vs A2V1 or A1V2; agonistic to affiliative: A2V2 vs A1V2 or A2V1)
that demonstrated significant changes in firing rate between congruent
and incongruent stimuli.

The change in stimulus modality is another feature that could explain
the differences in neuronal activity between congruent and incongruent
vocalization movies. For each testing set, both incongruent vocalization
movies were created by mismatching the auditory and visual tracks of the
congruent vocalization movies. As a result, the differences between con-
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gruent and incongruent stimuli can be perceived as a modality change of
one component in the AV stimulus—either an auditory vocalization
change or a visual face change. For neurons demonstrating significant
changes in firing rate to incongruent stimuli, we categorized the differ-
ence as a vocalization change or a face change (e.g., vocalization change:
A1V1vs A2V1 or A2V2 vs A1V2; face change: A1V1 vs A1V2 or A2V2 vs
A2V1).

Results

Multisensory responses of VLPFC neurons

A total of 597 neurons were isolated and tested during the movie
presentation task. We examined the responses to each of the
movies and their components (Movie 1: Al, V1, and A1V1;
Movie 2: A2, V2, and A2V2) with a two-way MANOVA (for each
movie set, see Fig. 1) across the early and late time bins of the
stimulus period. Of 597 VLPFC neurons, 447 were responsive
(75%) due to either a main effect of A or V or both, or an inter-
action effect of A*V (p < 0.05), for one or both movie sets. As
shown in Figure 2, 15% of cells had a main effect of auditory only
(auditory unimodal, n = 69 cells), and 15% of cells had a main
effect of visual only (visual unimodal, n = 66 cells). Over two-
thirds of the responsive neurons (70%, n = 312/447 cells) were
characterized as multisensory in this analysis: they were either
bimodal (14% of the total responsive population) and had a sig-
nificant main effect of both auditory and visual unimodal stimuli
or they were nonlinear (56% of the total responsive population)
and had a significant interaction effect (A*V), as described above.
Of the 312 multisensory cells, 195 were classified as bimodal, 248
had a significant interaction effect and were classified as nonlin-
ear, and 132 neurons were both bimodal and nonlinear (main
effect of A, V, and a significant interaction A*V). Within the
nonlinear multisensory neurons, 34% (n = 85/248) demon-
strated a multisensory response to both movies, whereas 66%
(n = 163/248) were selective, with a significant multisensory re-
sponse to only one of the two movies. This finding supports
previous claims that multisensory responses are selective and de-
pendent upon the features of the combined stimuli (Meredith
and Stein, 1983; Sugihara et al., 2006). It also suggests that the
number of multisensory neurons for this study is an underesti-
mate due to the finite nature of our testing set.

Upon examining the nonlinear multisensory cells (n = 248),
we noted that significantly more cells exhibited multisensory
suppression across both movies and both stimulus periods com-
pared with multisensory enhancement (62 vs 29%, p < 0.001,
paired t test). Figure 3, A—C, shows examples of three multisen-
sory VLPFC neurons. Figure 3A depicts a VLPFC neuron that
exhibited multisensory suppression during one of the monkey
vocalization movies (AV) and its individual components (A and
V). In this example, the neuron showed a significantly increased
response to the auditory vocalization (A), no response to the
silent movie (V), and a suppressed response to the AV movie
stimulus compared with the response to A. In the two-way
MANOVA, the interaction of A*V was significant for the early
stimulus period (p = 0.003) and the MMI indicated that it was
suppressed relative to the unimodal auditory response. In con-
trast, the neuron shown in Figure 3B is an example of multisen-
sory enhancement, with a significant main effect of V and an
interaction effect (A*V; p = 0.003) that resulted in an increased
response during the presentation of the AV compared with V
stimuli. Figure 3C is an example of a bimodal multisensory neu-
ron with two strikingly distinct patterns of activity during A and
V (p < 0.0001 for A and V in both time bins). Interestingly, this
neuron also demonstrated a nonlinear multisensory response as
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Audiovisual movie presentation task. Audio and video segments of monkey vocalization movies were presented separately and combined. Each testing set contained two different

vocalization movies of differing valence. Each cell was tested with eight stimuli: two vocalizations (Auditory only: A1, A2), two silent movies (Visual only: V1, V2), two congruent audiovisual movies
(A1V1, A2V2), and two incongruent audiovisual movies created by switching the audio and visual components between the same movies (A1V2 and A2V1).

Auditory
Unimodal
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Figure 2.  Percentage of VLPFC neurons with responses to auditory, visual, and audiovisual
monkey vocalization movies. A total of 447 neurons responded to auditory unimodal, visual
unimodal, or audiovisual vocalization stimuli based on a two-way MANOVA (p << 0.05). Sixty-
nine of 447 were classified as auditory unimodal (blue; 15%), 66/447 were classified as visual
unimodal (red; 15%), and 312/447 (75%) were classified as multisensory. Fifty-six percent of
these were nonlinear multisensory (248/447; dark purple) and 14% were bimodal multisensory
(64/447).

shown for the AV stimulus: the evoked response reflects V only,
as if A is suppressed by V, resulting in a significant interaction
effect (p < 0.0001). These results confirm previous findings of
multisensory interactions in ventral prefrontal cortex and dem-
onstrate the heterogeneity of multisensory VLPFC responses to
the presentation of faces and vocalizations (Sugihara et al., 2006).

We performed an analysis on the time course of multisensory
modulation in VLPFC neurons separately for multisensory en-
hanced and suppressed neurons. In this analysis, we computed a
difference PSTH vector AV — (A + V) and for each cell deter-
mined when this difference was significant from baseline for at
least 10 ms. Assessment of # = 35 multisensory neurons, which
showed suppression in the early stimulus period, had a multisen-
sory onset on average of 129 ms (£19 ms SEM). In contrast, the
onset of the multisensory modulation in neurons with multisen-

sory enhancement in the early stimulus period (n = 23) was 293
ms (=45 ms SEM). Comparison of these onset times showed a
significant difference between the early onset in suppressed cells
compared with the later onset in enhanced cells (p < 0.001, Stu-
dent’s t test).

VLPFC responses to incongruent movie stimuli

In an effort to understand the essential components and limits of
integration, we investigated the effects of incongruent stimuli on
VLPFC neurons. While all cells were tested with congruent and
incongruent stimuli, our analysis of incongruence focused on
neurons that were defined as multisensory to congruent AV stim-
uli. For the 312 multisensory neurons, we performed a one-way
MANOVA on the four AV conditions (A1V1, A2V2, A2V1, and
A1V2) to determine whether there was a significant difference
among the congruent and incongruent movies. For this analysis,
32 of the 312 multisensory cells (10%) had a response to one or
more of the incongruent movies that significantly differed from
the response to the congruent movies (one-way MANOVA, p <
0.05, post hoc Tukey). When comparing neuronal activity be-
tween congruent and incongruent stimuli, 18 neurons showed
suppressed activity during one or both of the incongruent movies
compared with the congruent movies. Moreover, 16 neurons
showed enhanced activity during one or both of the incongruent
movies compared with the congruent movies. One neuron
showed suppressed activity during the early stimulus period
(A1V1vs A2V1, post hoc Tukey, p = 0.038) but enhanced activity
during the late stimulus period (A2V2 vs A1V2, post hoc Tukey,
p = 0.002). Another neuron showed suppressed activity between
A2V2 and A1V2 (post hoc Tukey, p = 0.027) but enhanced activ-
ity between A1V1 and A2V1 (post hoc Tukey, p = 0.015) both
during the late stimulus period. Figure 4 illustrates two represen-
tative VLPFC neurons with differential activity between congru-
ent and incongruent AV vocalization movies. The multisensory
neuron in Figure 4A demonstrated incongruent suppression: the
incongruent stimulus (A2V1, auditory scream vocalization + vi-
sual coo face) decreased neuronal firing compared with the con-
gruent A1V1 coo vocalization movie (p = 0.038, early stimulus
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Figure 3.  Multisensory responses of VLPFC neurons. Rasters and SDFs of three single cells recorded in VLPFC in A-C to the vocalization (A, blue SDF), silent movie (V, red SDF), and congruent

face-vocalization movie (AV, purple SDF). Stimulus onset begins at 0 ms. Cell A is an example of a nonlinear multisensory neuron demonstrating a significant interaction between the auditory and
visual stimuli and exhibiting multisensory suppression ( p = 0.003, early stimulus period). Cell B is another nonlinear multisensory neuron demonstrating a significant interaction between auditory
and visual stimuli and exhibiting multisensory enhancement (p = 0.046, late phase of stimulus period). Cell Cis a bimodal multisensory neuron with neuronal activity during the auditory and visual
stimuli that were significantly different from each other (p << 0.0001, both time bins of the stimulus period). This cell also had a nonlinear multisensory response to the AV stimulus, which could not
be predicted from the linear sum of the two unimodal responses (p << 0.0001, both time bins of the stimulus period).

period). In Figure 4B, a different VLPFC multisensory neuron
demonstrated incongruent enhancement: the incongruent stim-
ulus (A2V1, auditory scream vocalization + visual coo face) in-
creased neuronal firing compared with the congruent A2V2
scream vocalization movie (p = 0.02, late stimulus period). In
Figure 4, A and B, the unimodal stimulus that contributed to the
incongruent response is shown on the far right. Figure 4C shows
the population response of neurons, which showed incongruent
suppression during the early stimulus period (gray SDF) com-
pared with the congruent stimulus (purple SDF; n = 10).

In addition to the neuron’s change in response magnitude,
other factors such as response latency may also change between
congruent and incongruent stimuli, and this has been demon-
strated in VLPFC responses to asynchronous stimuli (Romanski
and Hwang, 2012). For example, a neuron may process incon-
gruent AV stimuli more slowly than congruent AV stimuli, re-
sulting in an early suppressed response to incongruent stimuli.
We therefore calculated the number of enhanced or suppressed
incongruent responses that occurred during the early or late
phases of the stimulus period. Figure 5 shows the number of

VLPFC multisensory neurons with significantly enhanced or
suppressed neuronal activity to the incongruent AV stimuli com-
pared with the congruent AV stimuli. More neurons (n = 12)
demonstrated suppressed incongruent activity in the early stimulus
period (0—400 ms from onset), whereas only six neurons had sup-
pressed incongruent activity during the late stimulus period (black
bars; 401800 ms from onset, p < 0.05, post hoc Tukey). Conversely,
we observed 6 incongruent enhanced cells in the early phase and 12
incongruent enhanced cells in the late phase. These propor-
tions include the two cells previously mentioned that showed
both incongruent suppression and enhancement, as well as two
additional neurons that showed enhancement in both early and
late stimulus periods. A comparison of incongruent-suppressed
and incongruent-enhanced cells showed that there was a trend
toward an association of suppressed responses during the early
and late phases of the stimulus period (Fisher’s exact test, p =
0.0943).

We explored the relationship between incongruent suppres-
sion and enhancement with a given neuron’s best unimodal re-
sponse since it is possible that the unimodal responses may
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Figure 4.

Multisensory neurons responsive to incongruent AV stimuli. Rasters and SDFs of two single cells during the presentation of auditory (blue SDFs), visual (red SDFs), congruent (purple

SDFs), and incongruent (black SDFs) stimuli. Same conventions as in Figure 3. 4, Cell A exhibited multisensory enhancement when the two congruent unimodal stimuli are combined in ATV1 (A*V
interaction, p << 0.05, early stimulus period, two-way MANOVA; MMI = 0.181). However, it shows incongruent suppression to the A2V1 compared with the congruent A1V1 stimulus (purple vs black SDFs,
p < 0.05, early stimulus period, one-way MANOVA, post hoc Tukey). B, Cell B was both bimodal and nonlinear multisensory (A2, p = 0.003, late stimulus period; V/2, p << 0.0001, late stimulus period; A*V
interaction, p = 0.046, early stimulus period) and demonstrated multisensory suppression during A1V1 compared with V1 (MMI = —0.0571, early stimulus period; MMI = —0.213, late stimulus period). Cell
B demonstrated incongruent enhancement to the A2V1 compared with the congruent A2V2 stimuli (purple vs black SDFs, p = 0.02, late stimulus period, one-way MANOVA, post hoc Tukey). C, Population
response of VLPFC multisensory neurons that exhibited suppression to an incongruent stimulus (n = 10, gray SDF, with SEM) compared with the congruent response (purple SDF with SEM).
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Figure5. Multisensory neurons demonstrate incongruent enhanced or suppressed neuronal

activity. Number of multisensory neurons with suppressed (black) or enhanced (gray) activity to
the incongruent movie stimuli compared with the congruent vocalization movie stimuli across
early and late stimulus periods (one-way MANOVA with post hoc Tukey HSD, p << 0.05).

explain the incongruent responses. Twenty-one of 32 incongru-
ent neurons had a significant main effect of both auditory and
visual unimodal stimuli in the two-way MANOVAs, while the
remaining cells had a main effect of either auditory or visual

stimuli. Post hoc comparisons between congruent and incongru-
ent stimuli showed that incongruent responses occurred when
the modality for which the neuron had a significant main effect
was changed (27/32 cells). For example, if a neuron had a main
effect of auditory, it would show a significant change between
A1V1 versus A2V1 and A2V2 versus A1V2—when there was a
vocalization change (Fig. 4A). Thus, prefrontal neurons are likely
computing incongruence based on a comparison of each uni-
modal component stimulus in reference to the components that
make up the congruent stimulus.

Location of multisensory and incongruent responses

in VLPFC

A schematic of one of the recording cylinders in VLPFC is shown
in Figure 6A. Location of responsive cells (two-way MANOVA,
p < 0.05) are shown from both hemispheres of the male subject.
The locations of unimodal auditory, unimodal visual, multisen-
sory, and incongruent-responsive cells are depicted in Figure 6B.
As previously reported in Sugihara et al. (2006), visual unimodal
cells were located throughout our recording area (red open
squares), auditory unimodal cells were localized to anterolateral
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Figure 6.

Location of auditory unimodal, visual unimodal, multisensory, and incongruent-responsive multisensory neurons in VLPFC. 4, Lateral schematic of the macaque brain and the

approximate location of the recording chamber over VLPFC (open circle). All recordings were made in the anterolateral quadrant of the recording chamber (open square). B, Auditory unimodal (blue
diamonds), visual unimodal (red open squares), multisensory (purple triangles), and incongruent-responsive multisensory neurons (black Xs) are shown. Location of responsive cells is shown from

both hemispheres of the male subject (two-way MANOVA, p << 0.05).

portions of our recording area (blue diamonds), and multisen-
sory cells were also largely localized to anterolateral portions
(purple triangles). Because enhanced or suppressed incongruent-
responsive cells were selected from the multisensory cells, these
too were also localized to anterolateral portions, with only two
outliers shown. All recordings were made in the anterolateral
quadrant of the recording chamber (black open square).

We recorded from both hemispheres in the male subject.
Nineteen incongruent-responsive cells were observed out of 69
multisensory cells in the left hemisphere, while nine incongruent-
responsive cells were observed out of 68 multisensory cells in the
right hemisphere. Additional subjects and controls are needed to
investigate any potential interhemispheric differences.

Incongruent responses related to call type/valence

Another difference between the neuronal response magnitudes of
congruent and incongruent movies involves stimulus valence or
call type; switching the auditory or visual track of a congruent
movie could alter the semantic or emotional perception of the
incongruent movie. For example, when comparing the affiliative
coo vocalization movie (A1V1) to either incongruent movie
(A2V1 or A1V2), one might perceive the difference between these
stimuli as a shift from a completely positive valence to a partially
negative valence. In this case, one of the affiliative stimulus com-
ponents (face or vocalization) is switched to an agonistic stimulus
component. Each testing set included one affiliative coo vocaliza-
tion (A1V1) and one agonistic vocalization (either a submissive
scream or an aggressive call, A2V2). We were therefore interested
in whether multisensory neurons showed enhanced or sup-
pressed incongruent activity on the basis of this alteration. The
bar graph in Figure 7A shows the number of multisensory neu-
rons with significantly incongruent suppressed or enhanced ac-
tivity when compared with the activity during the affiliative
congruent movie or the agonistic congruent movie. Since most

cells had a significant effect in only one time bin, we collapsed
across both early and late time bins to determine whether this
change specifically evoked incongruent enhanced or suppressed
activity.

Of the 32 incongruent-responsive multisensory neurons, 7
showed incongruent suppression when comparing the firing rate
between the affiliative congruent movie and the incongruent
movies containing an agonistic stimulus component (Fig. 7A, left
black bar). In contrast, 14 showed incongruent suppression when
comparing the firing rate between the agonistic congruent movie
and the incongruent movies containing an affiliative stimulus
component (Fig. 7A, right black bar). For neurons that demon-
strated incongruent enhancement related to changes in the call
type/valence, we noted similar proportions: 11 were observed
when comparing the firing rate between the affiliative congruent
movie and the incongruent movies containing an agonistic stim-
ulus component (Fig. 7A, left gray bar) and 12 were observed
when comparing the firing rate between the agonistic congruent
movie and incongruent movies containing an affiliative stimulus
component (Fig. 7A, right gray bar). These proportions included
the two cells with incongruent suppression and enhancement,
two cells with incongruent enhancement during both stimulus
periods, and four cells with incongruent enhancement and four
cells with incongruent suppression for both call type changes. A
Fisher’s exact test revealed no association of suppressed or en-
hanced incongruent responses with the change in call type/va-
lence of a stimulus (p = 0.373).

Incongruent responses related to modality context

Since we created the incongruent movies by switching one mo-
dality at a time, we could also determine whether a particular
modality was driving an incongruent effect across the population
of cells. For example, we can consider the difference between the
congruent A1V1 stimulus to the incongruent A2V1 stimulus as
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Figure7.  Multisensory neurons related to change in call type/valence and stimulus modal-

ity. A, Number of multisensory neurons with significantly suppressed (black) or enhanced (gray)
neuronal firing to incongruent stimuli based on whether the congruent vocalization movie was
affiliative (left bars) or agonistic (right bars). B, Number of multisensory neurons with signifi-
cantly suppressed (black) or enhanced (gray) neuronal firing to the incongruent stimuli occur-
ring during a vocalization change or a face change.

an auditory change, whereas the difference between the A1V1
and A1V2 stimuli can be considered a visual change. Because we
found that 21/32 incongruent-responsive cells were bimodal and
had a main effect of auditory and main effect of visual stimuli in
our two-way MANOVA, we reasoned that these neurons might
detect a change in either modality. Five incongruent-responsive
cells had only a main effect of auditory and were nonlinear while
three neurons had a main effect of visual and were nonlinear.
Three neurons were nonlinear with no significant response to
unimodal auditory or visual stimuli. Figure 7B shows the propor-
tion of multisensory cells with significantly incongruent sup-
pressed or enhanced activity when a vocalization or face change
occurred. Since most cells had a significant effect in only one bin,
we again collapsed across both early and late time bins for this
analysis. There were also several cells with incongruent suppres-
sion or enhancement across both modality changes. We noted 14
neurons demonstrating incongruent suppression that was due to
a vocalization change (Fig. 7B, left black bar), whereas only 9
neurons demonstrated incongruent suppression due to a face
change (Fig. 7B, right black bar). Twelve incongruent enhanced
neurons were due to a vocalization change (Fig. 7B, left gray bar)
and 11 were due to a face change (Fig. 7B, right gray bar). There
was no association of suppression or enhancement across the
population with the type of modality change (Fisher’s exact test
p = 0.767). As shown above, incongruent responses were depen-
dent on a neuron’s response to each stimulus component (Fig. 4).

Discussion

We explored multisensory integration by testing neurons in the
VLPFC of macaque monkeys with congruent (matching) or in-
congruent (mismatching) face-vocalization movies. Of the neu-
rons recorded in this study, 70% exhibited multisensory profiles,
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a proportion greater than shown previously (46% in Sugihara et
al., 2006), which is most likely due to the additional testing sets
used to determine multisensory responses. These included bi-
modal neurons that responded to both unimodal auditory and
unimodal visual stimuli as well as nonlinear multisensory neu-
rons with a significant response to the combined AV stimulus
that differed from the linear combination of the unimodal stim-
uli. These nonlinear cells typically exhibited multisensory sup-
pression in response to combined AV stimuli compared with the
response of the best unimodal stimulus. Furthermore, many of
the multisensory neurons were selectively responsive to only one
of the two movies. This confirms the idea that multisensory re-
sponses are a product of the stimuli, not a quality of the cell, so
that single units may show enhancement for one pair of congru-
ent stimuli but suppression for another. Finally, a subset of mul-
tisensory neurons (10%) exhibited a change in neuronal response
when a stimulus was made incongruent by changing one of the
stimulus components. Most incongruent-responsive cells were
bimodal multisensory, fostering their ability to respond to
changes in either modality of a face-vocalization stimulus.

Studies have suggested that the timing of incoming afferents is
crucial to the magnitude of the integrated response. Inputs arriv-
ing during the optimal phase of neuronal oscillations evoke en-
hanced responses, whereas inputs arriving during opposite
phases are suppressed (Lakatos et al., 2005, 2007, 2009; Schroeder
etal., 2008). Determining the optimal factors in a spatial domain
is feasible, whereas ascertaining the optimal factors for integra-
tion in the object domain is more difficult. Presumably, evolu-
tionary and behavioral constraints have merged congruent facial
and vocal information, resulting in optimal neuronal processing
of multisensory communication information. Nonetheless, even
when congruent facial and vocal stimuli are temporally aligned,
multisensory suppression often occurs in single units, as we have
demonstrated in the current study and in a previous study (Sugi-
hara et al., 2006). These results contrast with studies where tem-
porally and spatially aligned stimuli elicited the greatest
magnitude response in the cat superior colliculus (Meredith and
Stein, 1986; Meredith et al., 1987). It remains possible that a
specific face-vocalization combination would elicit this “opti-
mal” response in VLPFC, but determining the specific combina-
tion would require a larger stimulus set.

Brain regions associated with stimulus incongruence

While many neuroimaging studies have focused on changes in
the STS during multisensory integration (Calvert, 2001; Jones
and Callan, 2003; Miller and D’Esposito, 2005; van Atteveldt et
al., 2007; Watson et al., 2013), several studies using incongruent
AV stimuli have observed changes in the activity of the inferior
frontal gyrus (IFG; Ojanen et al., 2005; Hein et al., 2007; Nop-
peney et al., 2008; Naumer et al., 2009), a human brain region
similar to the macaque VLPFC (Petrides and Pandya, 2002; Ro-
manski, 2012). Noppeney et al. (2008) reported increased IFG
activation to incongruent versus congruent words and sounds
during a semantic categorization task. The signal increase was
negatively correlated with subjects’ reaction time and positively
correlated with their accuracy, suggesting the importance of the
IFG in detecting mismatching stimuli during semantic process-
ing. Increased IFG activation occurs even with mismatching non-
speech stimuli (Hein et al., 2007; Naumer et al., 2009). In
comparison, VLPFC neurons demonstrated multisensory sup-
pression in 46% of units and multisensory enhancement in 28%
in response to incongruent vocalization movies. The increased
blood flow observed in neuroimaging studies may reflect in-
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creased inhibitory and excitatory synaptic activity that would ac-
count for multisensory suppression of single VLPFC neurons
observed in the current study. Among the few studies examining
the influence of incongruent stimuli on single cells in the nonhu-
man primate, most have focused on the STS and auditory cortex
(Barraclough et al., 2005; Ghazanfar et al., 2005; Dahl et al., 2010;
Kayser et al., 2010; Chandrasekaran et al., 2013). These studies
agree with our results and demonstrate that temporal lobe neu-
rons also show suppression to incongruent stimuli. Thus, multi-
sensory suppression for semantically incongruent stimuli at the
single-unit level is not at odds with increased activation observed
in neuroimaging studies.

Mechanisms for incongruence

Under natural conditions when a face and voice match, an
individual is easily recognized. But if the face and voice are
incongruent or a sensory channel is unreliable, the output signal
from prefrontal neurons is altered and stimulus recognition is
disrupted. Our findings revealed that more VLPFC neurons re-
sponded to incongruent stimuli with decreased firing (suppres-
sion) when compared with congruent stimuli, especially during
the early stimulus period (Fig. 5). It is attractive to view incon-
gruent suppression as a decrease in information from VLPFC due
to mismatching information. This same mechanism was pro-
posed for the neuronal suppression that occurs in VLPFC for
asynchronous stimuli (Romanski and Hwang, 2012). However,
suppression can occur with congruent stimuli, making it unlikely
that suppression would signal a loss of information. Further-
more, it has been suggested that suppression may actually yield
more information than enhancement during integration (Kayser
et al., 2010).

We also observed multisensory neurons with incongruent en-
hancement, which occurred more often during the late stimulus
period (Fig. 5). At a population level, this late response could
reflect additional cognitive processing of the mismatching stim-
uli and the accumulation of additional information needed to
decipher the confused message. Late enhancement during incon-
gruent stimuli could also explain the increased IFG activity to
incongruent stimuli in neuroimaging studies (Ojanen et al., 2005;
Hein et al., 2007; Noppeney et al., 2008; Naumer et al., 2009).

Differences in VLPFC responses to congruent and incongru-
ent multisensory stimuli might also be due to integration of dif-
ferent afferents by VLPFC neurons. VLPFC receives diverse
anatomical inputs from areas that process both unimodal (Web-
ster et al., 1994; Hackett et al., 1999; Romanski et al., 1999a) as
well as multisensory information (Seltzer and Pandya, 1989; Bar-
bas, 1992; Romanski et al., 1999b). We have previously hypoth-
esized that VLPFC may integrate multiple unimodal afferents de
novo or process already integrated multisensory afferents (from
STS) or a combination of both (Sugihara et al., 2006) during
social communication. Therefore, distinct combinations of these
different VLPFC afferents could explain suppression or enhance-
ment observed in the current study.

Effects of call type/valence on VLPFC responses

In humans, fearful voices are perceived as less fearful when pre-
sented with a happy face under different task demands (Vroomen
et al., 2001), and congruent valence information is more easily
recognized during categorization of face—voice stimuli (de Gelder
and Vroomen, 2000; Kreifelts et al., 2007). Our incongruent vo-
calization movies were created by mixing stimulus components
from an affiliative coo and an agonistic scream or bark. Although
our study was not designed to specifically assess changes in emo-
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tional valence, we did note response magnitude changes when an
affiliative face or vocalization replaced a component of the ago-
nistic vocalization (Fig. 7). In mismatching the faces and vocal-
izations, semantic meaning and emotional valence were likely
altered.

Effects of stimulus modality on VLPFC responses

Though most incongruent neurons were bimodal, we observed a
dissociation between neurons affected by face or vocalization
changes when comparing the differences between incongruent
suppressed and enhanced activity (Fig. 7). There was a trend such
that neurons exhibited incongruent suppression more frequently
to auditory (vocalization) changes. Similarly, when Dahl et al.
(2010) switched the auditory track between AV scenes, it altered
the timing and magnitude of firing in STS neurons.

Moreover, our single prefrontal cells are not necessarily de-
tecting a semantic mismatch between the congruent and incon-
gruent stimuli, rather they are responding to a modality change
between the incongruent and congruent movies. The process of
detecting a semantic mismatch within an AV stimulus likely de-
pends on a much larger network of cells and regions. Our findings
support the idea that auditory information can influence visual
perception, just as it has been shown that visual information
affects auditory perception (McGurk and MacDonald, 1976), es-
pecially during face and vocalization processing.

Our results highlight the importance of prefrontal neurons in
the perception and integration of face and vocal stimuli and are
pertinent to understanding the disruption of sensory integration
in social communication disorders including autism spectrum
disorders (ASD) and schizophrenia. Individuals with ASD have
difficulty integrating multisensory information (Iarocci and Mc-
Donald, 2006; Collignon et al., 2013), including facial expres-
sions, vocal stimuli, and gestures (Dawson et al., 2004; Silverman
et al., 2010; Charbonneau et al., 2013; Lerner et al., 2013). Addi-
tionally, patients diagnosed with schizophrenia may experience
heightened multisensory integration (de Jong et al., 2010; Stone
et al., 2011). In both ASD and schizophrenia, ventral prefrontal
regions were disrupted in different working memory tasks in-
volving speech and language (Wang et al., 2004; Akechi et al.,
2010; Davies et al., 2011; Ishii-Takahashi et al., 2013; Eich et al.,
2014; Marumo et al., 2014). Thus, continued research to delin-
eate the neural mechanisms of multisensory integration can shed
light on the neuronal basis of these disorders.
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