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ORIGINAL ARTICLE
An autism-associated serotonin transporter variant disrupts

multisensory processing

JK Siemann’, CL Muller', CG Forsberg? RD Blakely>**>, J Veenstra-VanderWeele®*”#° and MT Wallace>*'%1"12

Altered sensory processing is observed in many children with autism spectrum disorder (ASD), with growing evidence that these
impairments extend to the integration of information across the different senses (that is, multisensory function). The serotonin
system has an important role in sensory development and function, and alterations of serotonergic signaling have been suggested
to have a role in ASD. A gain-of-function coding variant in the serotonin transporter (SERT) associates with sensory aversion in
humans, and when expressed in mice produces traits associated with ASD, including disruptions in social and communicative
function and repetitive behaviors. The current study set out to test whether these mice also exhibit changes in multisensory
function when compared with wild-type (WT) animals on the same genetic background. Mice were trained to respond to auditory
and visual stimuli independently before being tested under visual, auditory and paired audiovisual (multisensory) conditions. WT
mice exhibited significant gains in response accuracy under audiovisual conditions. In contrast, although the SERT mutant animals
learned the auditory and visual tasks comparably to WT littermates, they failed to show behavioral gains under multisensory
conditions. We believe these results provide the first behavioral evidence of multisensory deficits in a genetic mouse model related

to ASD and implicate the serotonin system in multisensory processing and in the multisensory changes seen in ASD.
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INTRODUCTION

Autism spectrum disorder (ASD) is characterized by impairments
in social communication as well as the presence of restricted
interests and repetitive behaviors."? In addition, sensory abnorm-
alities are highly prevalent in ASD and are now part of the
diagnostic criteria.>™> These changes in response to sensory stimuli
have been described in a number of individual sensory systems
(for example, vision, touch, hearing), with ongoing research
continuing to detail both the specific alterations and their
mechanistic bases.>® On the basis of the growing evidence for
disturbances across multiple sensory systems, there has been an
increased focus on examining the integration of information
across the different sensory modalities, with a number of studies
now detailing impaired multisensory processing in ASD.'®""” The
relevance of these multisensory deficits for the autism phenotype
is critical, given that multisensory integration has a central role in
the construction of coherent perceptual representations, and has
been shown to facilitate behavior and perception under a number
of circumstances.'®?

The serotonin system has long been implicated in AS
Elevated whole-blood serotonin (5-HT), termed hyperserotonemia,
is a well-replicated, heritable biomarker present in more than 25%
of children with ASD.?*"%% Genetic studies in autism also point to
the importance of the 5-HT system, including the identification of
a group of rare amino-acid-coding variants in the serotonin
transporter (SERT) in families with evidence of linkage to the

D.22'23

chromosomal region containing SERT.>’ Each of these variants is
known to result in heightened SERT activity.”®?° The most
common of these variants, Ala56, is carried by about three million
Americans, and in a study of multiplex ASD families, was
associated with both sensory alterations and rigid-compulsive
behaviors.?” The SERT Ala56 knock-in mouse model recapitulates
the hyperserotonemia biomarker as well as many of the
phenotypic characteristics associated with autism, including
abnormalities in social and communicative behaviors as well as
repetitive behaviors. 3%

The SERT Ala56 model is of particular interest because it may
represent a bridge connecting altered 5-HT function with changes
in sensory and multisensory functions in ASD. Numerous animal
studies have examined the impact of 5-HT on sensory
development 2%3273% and processing,>* 8 and have demonstrated
that 5-HT and SERT are found in a number of sensory brain
regions.?>33394% ||lystrating the importance of 5-HT signaling in
these processes, genetic elimination of SERT or the 5-HT-
metabolizing enzyme MAOA in the mouse disrupts the develop-
ment and function of somatosensory cortex.>**'™* Similarly,
alterations in serotonin function result in abnormal patterns of
sensory connectivity.?>*>*2% Furthermore, 5-HT has been shown
to modulate neural responses to a variety of sensory stimuli.3&4>~7
Almost all of this work has examined the importance of 5-HT
signaling for unisensory (that is, visual alone, auditory alone,
somatosensory alone) function.3”28%44¢ |n contrast, very little is
currently known about the role of 5-HT for multisensory
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function.>® As multisensory function augments the integration of
information across the different sensory channels, and is thus
dependent upon connectivity across brain regions, it may serve as
a powerful proxy to probe changes in neural connectivity—
changes known to accompany ASD.**7>° Furthermore, sensory
and multisensory networks form the foundation for the creation of
healthy perceptual and cognitive representations, and thus
changes in these sensory networks may scaffold changes in
higher-order function.

In an effort to better understand the relationship of the
serotonin system to sensory and multisensory function and its
potential relevance for autism, here we examined aspects of
sensory and multisensory functions in SERT Ala56 mice. Recent
work has begun to detail neurophysiological changes in multi-
sensory processing in the mouse,>'* and we have recently
developed a new paradigm to assess behavioral gains under
paired audiovisual conditions for, we believe, the first time in the
mouse.>* Here, we show that SERT Ala56 mice have behavioral
deficits in multisensory function that extend beyond changes in
unisensory (that is, vision alone and audition alone) performance.
These results suggest that abnormalities in the serotonin system
may lead to altered multisensory processing in ASD and provide
opportunities for further mechanistic studies in rodents and
human populations.

MATERIALS AND METHODS

All animal procedures were in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved by
Vanderbilt University. SERT Ala56 knock-in mice were constructed as
previously described.3*® Animals were housed and kept under a food-
restricted diet previously outlined.>* Eight SERT Ala56 (four male and four
female) and eight wild-type (WT) littermate control (four male and four
female) mice were used, the sample size was chosen based on our
previous study®® and experimenters were blinded to the genotypes
throughout the behavioral paradigm. SERT Ala56 and WT animals were
backcrossed for over 20 generations, maintained on a 12956/54 inbred
background strain, were the offspring of heterozygous SERT Ala56 parents
and were tested at 14 weeks of age.

Behavioral paradigm

Animals proceeded through behavioral training and testing procedures
previously described (Figure 1).>* In this behavioral paradigm, mice were
initially trained to respond to visual and auditory stimuli separately for a
liquid reward. For unisensory training, mice were first trained to detect and
respond to a visual stimulus (that is, an light-emitting diode (LED) that was
presented within a nose poke hole on either side of an operant chamber in
order to receive a liquid reward. Once mice completed the visual
component of the behavioral task for two consecutive days performing
at or above a 65% correct criterion, animals then progressed to the
auditory-alone component of the task. Under auditory-alone conditions,
mice were presented with either white noise or and 8 kHz tone at 85 dB
from a centrally located speaker. White noise was associated with a
response to the right side of the operant chamber, whereas the tone was
associated with a response to the left side of the chamber in order to
receive a liquid reward (Figure 1). As previously described,** daily training
sessions for these unisensory tasks consisted of 100 trials. After the
unisensory training, animals completed testing sessions where visual,
auditory and congruent audiovisual (multisensory) pairings were pre-
sented. The auditory stimulus was presented simultaneously from a
centrally located speaker, with the visual stimulus originating from either
the left or right nose poke hole. In addition, all audiovisual trials were
congruent (for example, a white noise burst, representing correct
responses to the right side, was paired with an LED stimulus in the right
nose poke hole). As described in Siemann et al.,>* mice were tested across
stimulus durations ranging from 1 s to 50 ms. The rationale for examining
different durations is based on a key principle in the multisensory literature
known as inverse effectiveness. This principle states that as the
effectiveness (that is loudness, brightness and duration) of the unisensory
stimuli decreases, the resultant behavioral gain or benefit increases when
these stimuli are combined.>® Animals completed 150 trials (50 per sensory
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modality) that were presented in a pseudorandom order, which lasted up
to 120 min per testing session, and animals were tested for 5 days at each
of five stimulus durations.

Data analysis

All behavioral experiments were designed with customized Med-PC IV
programs (Med Associates, St. Albans, VT, USA). As previously described,”*
accuracies measured for visual and auditory training sessions were
calculated as percent correct utilizing a 65% correct response rate for
two consecutive days. Multisensory gain was calculated as (mean number
of correct multisensory trials —mean number of correct best unisensory
trials)/(mean number of correct best unisensory trials) x 100. Accuracies
were calculated as correct trials/(correct+incorrect trials). Prism 6
(Graphpad Software, La Jolla, CA, USA) was used for all statistical analyses.
No significant differences in variance between groups were found. Repeated
measures two-way analysis of variances (ANOVAs), Sidak’s multiple compa-
risons tests and s.e.m. were used for all experiments unless otherwise
specified.

RESULTS

SERT Ala56 mice exhibit comparable behavioral performance to
WT mice when trained on visual and auditory stimuli

For the visual task, no significant differences in accuracy (Figure 2a,
P=0.90) or days to learn (Figure 2b, P=0.66) were observed
between SERT Ala56 mice and WT littermate controls. Both
genotypes took significantly longer to complete auditory training
than visual training, but again showed no significant differences
between genotypes for accuracies (Figure 2c, P=0.21) or days to
learn (Figure 2d, P=0.52). In summary, no significant differences in
behavioral performance were observed between genotypes for
learning or performance on the visual and auditory tasks.

SERT Ala56 mice are less accurate than WT mice under
multisensory conditions

After animals completed the auditory training component of the
task for two consecutive days performing at or above a 65%
correct criterion, mice were tested under conditions in which
visual-alone, auditory-alone and paired/congruent audiovisual
trials were interleaved. Mice were initially tested on the longest
duration condition (15s) in response to visual, auditory and
multisensory stimuli for 5 days. However, in order to modulate
the effectiveness of the visual and auditory stimuli in an effort to
best assess multisensory gain,”®™° stimulus duration was then
varied in intervals of 500, 300, 100 and 50 ms in a blocked design.
In an effort to gauge the overarching impact of combined visual-
auditory stimulation, we evaluated global behavioral performance
by collapsing across stimulus durations. In this analysis, behavioral
accuracies under multisensory conditions were significantly
greater than those for visual- or auditory-only conditions for both
groups (Figure 3). Repeated measures two-way ANOVA revealed
significant main effects of genotype (F(1, 39)=11.99; P=0.0013)
and sensory modality (F(2, 78)=51.12; P < 0.0001). When evaluat-
ing within genotype, both SERT Ala56 mice and WT littermate
controls showed significantly improved accuracies under multi-
sensory conditions when compared with both visual and auditory
conditions (Figure 3). However, when utilizing Sidak’'s multiple
comparison test and evaluating across genotypes, impaired
performance was observed in SERT Ala56 animals in comparison
to WT littermate controls under both visual (P=0.0215) and
auditory conditions (P=0.0014). Most strikingly, the most sub-
stantial impairment between the genotypes was found under
multisensory conditions (P < 0.0001).

Next multisensory, visual and auditory performances were
evaluated across the stimulus durations utilizing repeated
measures two-way ANOVAs. When assessing under multisensory
conditions, a significant main effect of stimulus duration (F(4,
28) =32.06; P < 0.0001) and a significant main effect of genotype
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Behavioral task. (a) An outlined progression of the behavioral paradigm. (b) Above: a diagram of the operant chamber during the

presentation of a congruent audiovisual stimulus (represented by the yellow color within the nose poke hole, where the LED was positioned)
and by the active speaker. (b) Below: a schematic representation of the trial sequence and timing. LED, light-emitting diode.

(F(1, 7)=6.645; P=0.0366) were observed (Supplementary
Figure 1A). In addition, significant main effects of duration were
observed for both unisensory conditions; however, no significant
main effects of genotype were found under either visual-only
conditions (F(1, 7) =1.819; P=0.2194; Supplementary Figure 1B) or
auditory-only conditions (F(1, 7)=2.442; P=0.1621; Supplemen-
tary Figure 1C). Thus, WT animals were significantly more accurate
than SERT Ala56 animals under multisensory conditions, and the
greatest differences in behavioral performance between geno-
types were observed under audiovisual conditions.

When comparing performance based on the sex of the animals
irrespective of genotype across stimulus durations, a repeated
measures two-way ANOVA demonstrated no significant main
effect of sex (F(1, 7)=3.152; P=0.1191; Supplementary Figure 2).

In addition, the types of errors were measured for each genotype
under multisensory conditions. Impaired performance in SERT
Ala56 animals was explained by significant differences in the
number of incorrect responses (P=0.0070), with no significant
differences in the number of early (P=0.9331) or late responses
(0.5016) when compared to WT animals (Supplementary Figure 3).
An example of an incorrect response is: if a visual stimulus were
presented on the right side congruently with a white noise
auditory burst (signifying the animal should respond to the right
side to receive a reward) yet the animal responded to the left side
of the chamber. These findings demonstrate that WT mice were
significantly more accurate under multisensory conditions com-
pared to SERT Ala56 mice, and this was not due to abnormal levels
of impulsivity (early errors) or motivation (late errors).

Translational Psychiatry (2017), 1-9
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Evaluating behavioral performance for wild-type and SERT Ala56 mice under unisensory training conditions. Unpaired t-tests

demonstrated no significant differences between genotypes for either (a) accuracies (P=0.90) or (b) days to acquisition (P=0.66) under visual
training conditions. Wild-type mice completed the visual task after 20.6 +4.4 days with a final accuracy of 82.2 +2.1%, whereas SERT Ala56
mice completed the visual training in 17.8 +4.7 days with a final accuracy of 82.6 +2.5%. Unpaired t-tests demonstrated no significant
differences between wild-type and SERT animals in (c) accuracies (P=0.21) or (d) days to acquisition (P=0.52) under auditory training
conditions. Wild-type animals completed the auditory training in 58.0 + 11.1 days and with a final accuracy of 70.8 + 1.4% and SERT Ala56 mice
finished this task after 49.0 + 7.5 days with a final accuracy of 73.2 + 1.2%. SERT, serotonin transporter; WT, wild-type.

Multisensory gain is blunted across all stimulus durations in SERT
Ala56 mice

To evaluate the amount of behavioral facilitation resulting from
having information available from multiple senses, multisensory
gain was calculated using the equation below:

(M-U)
U

x 100

where M=average multisensory correct trials and U=average
best unisensory correct trials.®® For WT animals, multisensory gain
was found to be significantly different from zero at the 15
(P=0.030), 500 ms (P=0.027) and 300 ms (P=0.005) conditions.
For SERT Ala56 mice, however, there was no statistical evidence of
multisensory gain on the group level at any of the stimulus
durations. The greatest multisensory gain was seen for both WT
and SERT Ala56 mice at the 300 ms duration stimuli, with WT
animals exhibiting a greater than 12% gain in behavioral
performance. However, SERT Ala56 animals demonstrated a
significantly smaller gain in performance (Figure 4a) with this
pattern of greater multisensory gain for WT compared to SERT
Ala56 animals holding for each of the tested stimulus durations. As
this group data could have been due to the superior performance
of a few animals, multisensory gain was further evaluated at the
level of the individual.

To accomplish this, we compared the behavioral accuracies
under multisensory and the best unisensory conditions for each
individual mouse at each stimulus duration. First, we utilized
correlations between multisensory and best unisensory accuracies
to determine whether there was a relationship between these two
parameters. When comparing behavioral performance in this
manner, significant Pearson correlations were found collapsing
across both genotypes (Supplementary Figure 4A), as well as for
WT mice (Supplementary Figure 4B) and for SERT Ala56 mice
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alone (Supplementary Figure 4C). These strong correlations simply
highlight that animals, which performed well under multisensory
conditions, also had superior performance under the best
unisensory conditions, regardless of genotype. Next, we evaluated
the individual stimulus durations and found at the 300 ms
duration, using a repeated measures two-way ANOVA, a signifi-
cant main effect of sensory modality (F(1,7)=6.969; P=0.0334)
and a significant main effect of genotype (F(1, 7)=6.159;
P=0.0421; Figure 4c). Significant differences between multi-
sensory and the best unisensory conditions were observed for
WT mice (P=0.02), yet no significant differences were observed
for SERT Ala56 mice (P=0.36). In addition, at the 500 ms stimulus
duration significant differences between multisensory and the
best unisensory conditions were found again for WT mice
(P=0.04, Figure 4b) with no further significant differences
observed at the 15, 100 or 50 ms durations. Strikingly, no signifi-
cant differences between multisensory and the best unisensory
conditions were observed for SERT Ala56 mice at any of the tested
stimulus durations. Therefore, these analyses conducted at the
single subject level reinforce the findings from the group data,
with both highlighting that multisensory gain is a common feature
in WT animals yet absent in SERT Ala56 animals.

DISCUSSION

This is the first study to demonstrate behavioral changes in
multisensory function in a genetic mouse model associated with
ASD. SERT Ala56 gain-of-function mutant animals showed no
difficulties in learning the respective visual or auditory tasks, but
showed significantly diminished multisensory performance in
comparison with WT littermate controls. Concordant with what
has been demonstrated in a variety of mammalian species,'®%'%2
including recently in the mouse by our group,* behavioral gain in
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conditions collapsed across stimulus durations. Overall accuracies
for these collapsed conditions for wild-type animals were as follows:
multisensory—76.4 +1.71%, visual—67.3+1.98% and auditory
69.8 + 1.45%. Accuracies for SERT Ala56 animals were as follows:
multisensory—68.9 +1.99%, visual—63.3+1.68% and auditory
64.5 + 1.72%. Significant main effects of genotype (P=0.0013; F(1,
39=11.99)) and sensory modality (P < 0.0001; F(2, 78=51.12)) were
observed. Also, significant differences between wild-type and SERT
Ala56 animals under multisensory (P < 0.0001), visual (P=0.0215)
and auditory conditions (P=0.0014) were observed. Behavioral
performance was then evaluated within each genotype. For wild-
type animals, significant differences between multisensory and
visual conditions (P < 0.0001), multisensory and auditory conditions
(P<0.0001) and no significant differences between visual and
auditory conditions (P =0.2000) were found. Similarly for SERT Ala56
mice, significant differences between the multisensory and visual
conditions (P=0.0007), multisensory and auditory conditions
(P=0.0093) and no significant differences between visual and
auditory conditions (P=0.6816) were observed. The significant
levels are as follows: (*P <0.05, **P <0.01, ****P < 0.0001). SERT,
serotonin transporter; WT, wild-type.

response to paired audiovisual stimulation was found at both the
group and individual level for WT mice. In contrast, multisensory
gain was substantially influenced (and often eliminated) for the
SERT Ala56 animals. In addition, we observed that the principle of
inverse effectiveness was impaired in SERT Ala56 animals. This key
principle in the multisensory literature states that as the
effectiveness of the unisensory components (auditory alone and
visual alone) degrade, by decreasing stimulus intensity or short-
ening stimulus duration, there is a resultant increase in
performance when these stimuli are combined (that is, congruent
audiovisual presentations).>> We previously evaluated this in
Siemann et al** and found that WT mice demonstrate this
principle as observed in other species.'®®" In the current study we
find this principle to be conserved again in WT mice, based on the
multisensory gain at the 500 and 300 ms stimulus durations;
however, this principle is absent in SERT Ala56 mice based on no
significant gain found across the stimulus durations. This impaired
behavioral performance manifested as more errors under multi-
sensory conditions for SERT Ala56 animals, suggesting that the
finding was not a result of changes in impulsivity (which would
manifest as differences in early errors) or motivation (which would
manifest as differences in late errors).

Although overall it was demonstrated that multisensory
function is atypical in SERT Ala56 animals and that unisensory
(that is, auditory alone and visual alone) processing appears to be
comparable between the genotypes, it is important to provide a
few potential alternate explanations/interpretations and caveats
associated with these results. First, the current study does not
directly measure visual and auditory acuity, but rather evaluates
the ability of animals to utilize information from these individual
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sensory modalities in order to perform the respective behavioral
tasks. Nonetheless, because the animals learned the unisensory
components of these tasks in a comparable manner to WT
animals, there appear to be no gross differences in unisensory
function. However, when collapsing across all stimulus durations,
performance differences were found for the three sensory
conditions (auditory, visual and audiovisual). Therefore, although
the multisensory effects were always greater than those seen
within the individual modalities (and were the only significant
changes when assessed for a given duration), the audiovisual
deficits may reflect an additive or compounding effect of poorer
performance under unisensory conditions. These findings then
may not necessarily demonstrate a selectivity of multisensory
performance deficits; however, the deficits are more severe than
what would be predicted based on the unisensory performance of
the SERT Ala56 animals. Even if the findings are a result of
cumulative effects on auditory and visual functions, they do not
weaken the importance of the observed multisensory effects, as
these findings illustrate changes in the highly adaptive integration
of information across these senses. In addition, it is important to
note that the design for the visual and auditory tasks (that is,
detection versus discrimination, respectively) may be important
differences especially when evaluating multisensory function.
Interestingly, recent investigations have begun to assess how
these behavioral benefits are conferred under multisensory
conditions utilizing different task designs in the mouse model.®®

Recently, there has been an increased interest in better
understanding multisensory processing in individuals with ASD
based on the importance of multisensory function for core
symptoms such as communication and social interactions.®*%°
These human studies have demonstrated atypical multisensory
processing in individuals with ASD on both the behavioral and
neural levels3 1071214166667 Mot germane in the current context,
a number of these human studies have detailed weaker multi-
sensory integrative function.'>'>%8%% A variety of mouse models
associated with ASD have been generated to evaluate the neural
underpinnings and associated behaviors.”® A recent study
demonstrated diminished integration of auditory and somatosen-
sory stimuli in neurons within the insular cortex of multiple mouse
lines relevant to autism (BTBR, Shank3, Mecp2 and GAD65).>* This
work represents the first neural evidence of atypical multisensory
responses in mouse models associated with ASD, and demon-
strated that a pharmacologic intervention early in development
could result in normalizing these atypical multisensory
responses.>> Even though this study focused on audio-tactile
stimulation and our current behavioral study utilized audiovisual
stimuli, based on the atypical neural responses to multisensory
stimuli, it would be highly relevant to determine whether these
mouse models (BTBR, Shank3, Mecp2 and GAD65) demonstrate
similar multisensory behavioral deficits as observed in SERT Ala56
mice. To this point, given the absence of any testing for behavioral
phenotype in these models, the current study could be a powerful
complement to this work and may represent a useful preclinical
tool to test therapeutic strategies.

The current findings can be fit within several of the prevailing
neurobiologically motivated theories of autism. For example,
central coherence is based on the concept that the construction of
coherent perceptual representations entails communication
across widely distributed brain regions.”! In the theory of weak
central coherence, individuals with autism are suggested to have
impairments in integrating information into more global
concepts.”’” Our current findings in the SERT Ala56 mouse
model can be framed in this manner, given that multisensory
function augments communication across sensory domains. In
addition, these findings could be explained based on an
imbalance of excitation/inhibition along with decreased sensory
reliability. It has been shown in ASD that there may be an
imbalance in the ratio of excitation to inhibition signaling with an
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Figure 4. Evaluating multisensory gain across stimulus durations at both the group and individual performance levels. Wild-type animals
demonstrated greater multisensory gain than SERT Ala56 animals at the group level at all stimulus durations (a). The values for multisensory
gain for wild-type mice were as follows: 1 s—9.30%, 500 ms—9.74%, 300 ms—12.70%, 100 ms—6.90% and 50 ms—7.40%. Multisensory gain
values for SERT Ala56 mice were as follows: 1 s—6.30%, 500 ms—6.20%, 300 ms—7.20%, 100 ms—3.14% and 50 ms—1.50%. Significant
differences in accuracies under multisensory and the best unisensory conditions were observed at both the 500 ms (b) and 300 ms (c)
stimulus durations for wild-type animals. At the 300 ms duration, a repeated measures two-way ANOVA demonstrated a significant main effect
of sensory modality (P=0.0334; F(1, 7) =6.969) and a significant main effect of genotype (P=0.0421; F(1, 7) =6.159; c). Significant differences
between multisensory and the best unisensory conditions were observed for wild-type mice (P=0.02) but not SERT Ala56 mice (P=0.36). No
significant differences in behavioral accuracies were observed for SERT Ala56 mice for either the 500 ms (b) or 300 ms (c) stimulus duration.
Black lines represent the group average performance under multisensory and the best unisensory conditions. Note the descending slope of
these lines, which is apparent for wild-type animals at the 500 and 300 ms durations and is not observed for SERT Ala56 mice. The significant

level is: (*P < 0.05). ANOVA, analysis of variance; SERT, serotonin transporter; WT, wild-type.

increase in excitation compared to inhibition,”*”> which could

then result in a less precise or noisier sensory representation.”®””
On the basis of our findings, unisensory function appeared to be
comparable across genotypes; however, the most significant
deficits were observed once this sensory information was
combined under multisensory conditions. One explanation could
be that at the cellular level there may be differences in excitatory/
inhibitory cell number and distribution even in unisensory along
with multisensory brain regions. Therefore, at a circuit level these
deficits may then manifest more clearly once multiple sensory
channels/connections are combined in multisensory brain regions
specifically if there is an atypical cell number or distribution. To
further investigate these potential mechanisms, it would be
necessary to determine whether the cell distribution in primary
sensory cortices as well as higher-order multisensory cortical areas
along with the neural connections between these brain regions
are atypical in mouse models associated with ASD.

It has been demonstrated that 5-HT can modulate signal-to-
noise ratio, receptive field size and structure, and the temporal
dynamics of neuronal responses to unisensory stimuli.>34””% For
example, one study has demonstrated that serotonin can have an
important role in sharpening neural responses to somatosensory
stimuli after prolonged periods of visual deprivation in mice®*—
the first evidence illustrating the effects of serotonin on cross-
modal plasticity.3® Although this study suggests that serotonergic
influences may be important in multisensory function, it must be
noted that this and other studies have only demonstrated the
effects of 5-HT signaling on unisensory function.>”*84778 [jttle is
known about the role of 5-HT in multisensory function.>® Studies
have shown serotonergic projections to cortical and subcortical
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structures to be critical for sensory processing.?**?3° The major
source of brain 5-HT, the dorsal raphe nucleus, projects to the
superior colliculus (SC),**”® a major hub for multisensory
processing®>%°#2 and which expresses multiple 5-HT receptor
subtypes.**8378 Furthermore, the SC is likely to have an important
role in the behaviors examined in the current study, given its
central role in stimulus detection and orientation.®"#%%” |n
addition, studies have identified a variety of cortical brain regions
important for the processing of multisensory information,'®®®
including areas in the rodent model>'*%%%% QOne of these
regions, area V2L, is of strong interest for the current study, given
that it receives direct projections from primary visual and auditory
areas’’™ and has been shown to have an important role in
multisensory behaviors.>® To this point, Hirokawa et al.>® demon-
strated an increase in neuronal activity (that is, increases in cFos
staining) in V2L once rats performed a multisensory behavioral
task. In regards to our current findings, to more fully elucidate the
underlying mechanisms for these multisensory behaviors in both
WT and SERT Ala56 mice, future studies may focus on utilizing
cFos activity to evaluate neuronal activity in the key structures
involved in the assembly of multisensory information including
the SC, unisensory cortical regions (that is, V1 and A1) and
multisensory cortical areas (that is, V2L). In addition, there is some
evidence that the multisensory cortical region in rodents, V2L,
projects to the SC.2*°® This is of interest because it suggests that
there may be a similar cortical-subcortical circuit that has been
previously demonstrated in the cat model system.?® Indeed, in this
work it has been shown that both the SC**%2%” and a cortical
multisensory region that projects to the SC, the anterior
ectosylvian sulcus,®”® display robust multisensory integration.



Intriguingly, it has been found that the cortical projections to the
SC ‘gate’ the integrative abilities of SC neurons.’>'°° Therefore,
based on these foundational observations in the cat and rat model
systems, an important next step is the establishment of the circuit
mechanisms subserving multisensory processing in the mouse.

While the current study demonstrates atypical behavioral
responses under multisensory conditions in SERT Ala56 animals,
it is important to note that we have not demonstrated that 5-HT
signaling is specifically responsible for these multisensory proces-
sing deficits. In order to more fully determine the relationship
between multisensory processing and the serotonergic system
along with the underlying mechanisms behind these multisensory
deficits, future studies may focus on utilizing pharmacology. The
SERT Ala56 mouse model allows for the testing of the hypothesis
that normalizing serotonin signaling with selective serotonin
reuptake inhibitor treatment may reverse or rescue multisensory
behavioral deficits observed in these animals. In addition, in order
to determine potential developmental versus dynamic changes it
would be possible to treat SERT Ala56 animals with selective
serotonin reuptake inhibitors at different developmental stages
and assess multisensory function. Interestingly, it has previously
been shown that multisensory integration can be normalized with
pharmacological manipulation of a different neurotransmitter
system (GABA) in a mouse model associated with ASD if given
early in development as opposed to later in life.>* In addition, to
further evaluate this relationship it would be possible to
chronically treat WT animals with a 5-HT antagonist to limit 5-HT
content and mimic the effects observed in SERT Ala56 animals to
determine whether this results in similar behavioral deficits under
multisensory conditions. These behavioral pharmacology studies
in SERT Ala56 animals would more clearly elucidate the potential
relationship between 5-HT signaling and multisensory processing
and may further elucidate our understanding of the development
and mechanistic underpinnings of multisensory function in the
context of ASD.

In summary, this is the first study to evaluate and characterize
multisensory processing behaviorally in a genetic mouse model
relevant to autism. Here, we demonstrate a striking deficit in the
ability of mice expressing a hyperfunctional SERT variant to derive
behavioral benefits from paired audiovisual stimulation, a result
that provides important insights into potential links between
serotonergic signaling, multisensory function and autism. We
believe that these findings offer great promise as a translational
bridge seeking to link genetic, behavioral and neurodevelop-
mental findings in an effort to better elucidate the contributing
role of alterations in sensory function in autism.

CONFLICT OF INTEREST

Consulting or Advisory Board: Roche, Novartis, SynapDx. Research funding: Roche,
Novartis, SynapDx, Seaside Therapeutics, Forest and editorial stipend: Springer, Wiley
for JV-V. The remaining authors declare no conflict of interest.

ACKNOWLEDGMENTS

We thank Gary Bamberger for help with coding and technical assistance and David
Simon for figure design. This work was supported by the Silvio O Conte Center for
Neuroscience Research at Vanderbilt University P50 MH096972 (RB), the Vanderbilt
Kennedy Center P30 HD1505, 5T32 MH018921-24 and RO1 MH094604 (JV-V).

REFERENCES

1 Kanner L. Autistic disturbances of affective contact. Nervous Child 1943; 2:
217-250.

2 APA. Diagnostic and Statistical Manual of Mental Disorders DSM-5 Development:
Proposed Revisions: Autism Spectrum Disorders. American Psychiatric Association:
Washington, DC, USA, 2011.

3 Marco EJ, Hinkley LB, Hill SS, Nagarajan SS. Sensory processing in autism: a
review of neurophysiologic findings. Pediatr Res 2011; 69(5 Pt 2): 48R-54R.

Altered multisensory processing in ASD mouse model
JK Siemann et al

EN

wv

(<)}

~N

o<}

el

2

22

23

2

ES

2

wv

2

(<)}

2

~

28

2

O

3

(=]

larocci G, McDonald J. Sensory integration and the perceptual experience of
persons with autism. J Autism Dev Disord 2006; 36: 77-90.

Rogers SJ, Ozonoff S. Annotation: what do we know about sensory dysfunction
in autism? A critical review of the empirical evidence. J Child Psychol Psychiatry
2005; 46: 1255-1268.

Cascio CJ. Somatosensory processing in neurodevelopmental disorders. J Neuro-
dev Disord 2010; 2: 62-69.

Kern JK, Trivedi MH, Grannemann BD, Garver CR, Johnson DG, Andrews AA et al.
Sensory correlations in autism. Autism 2007; 11: 123-134.

O'Riordan M, Passetti F. Discrimination in autism within different sensory mod-
alities. J Autism Dev Disord 2006; 36: 665-675.

Spencer JV, O'Brien JM. Visual form-processing deficits in autism. Perception
2006; 35: 1047-1055.

Brandwein AB, Foxe JJ, Butler JS, Russo NN, Altschuler TS, Gomes H et al. The
development of multisensory integration in high-functioning autism: high-
density electrical mapping and psychophysical measures reveal impairments in
the processing of audiovisual inputs. Cereb Cortex 2012; 23: 1329-1341.
Foss-Feig JH, Kwakye LD, Cascio CJ, Burnette CP, Kadivar H, Stone WL et al. An
extended multisensory temporal binding window in autism spectrum disorders.
Exp Brain Res 2010; 203: 381-389.

Kwakye LD, Foss-Feig JH, Cascio CJ, Stone WL, Wallace MT. Altered auditory and
multisensory temporal processing in autism spectrum disorders. Front Integr
Neurosci 2011; 4: 129.

Stevenson RA, Siemann JK, Schneider BC, Eberly HE, Woynaroski TG, Camarata
SM et al. Multisensory temporal integration in autism spectrum disorders.
J Neurosci 2014; 34: 691-697.

Smith EG, Bennetto L. Audiovisual speech integration and lipreading in autism.
J Child Psychol Psychiatry 2007; 48: 813-821.

Foxe JJ, Molholm S, Del Bene VA, Frey H-P, Russo NN, Blanco D et al. Severe
multisensory speech integration deficits in high-functioning school-aged chil-
dren with autism spectrum disorder (ASD) and their resolution during early
adolescence. Cereb Cortex 2013; 25: 298-312.

Stevenson R, Siemann J, Woynaroski T, Schneider B, Eberly H, Camarata S et al.
Brief report: arrested development of audiovisual speech perception in autism
spectrum disorders. J Autism Dev Disord 2013; 44: 1470-1477.

Zaidel A, Goin-Kochel RP, Angelaki DE. Self-motion perception in autism is
compromised by visual noise but integrated optimally across multiple senses.
Proc Natl Acad Sci 2015; 112: 6461-6466.

Sumby WH, Pollack I. Visual contribution to speech intelligibility in noise.
J Acoust Soc Am 1954; 26: 212-215.

Murray MM, Wallace MT. The Neural Bases of Multisensory Processes. CRC Press:
2011, Boca Raton, FL, USA.

Stein BE, Stanford TR. Multisensory integration: current issues from the per-
spective of the single neuron. Nat Rev Neurosci 2008; 9: 255-266.

Stevenson RA, Ghose D, Fister JK, Sarko DK, Altieri NA, Nidiffer AR et al. Identi-
fying and quantifying multisensory integration: a tutorial review. Brain Topogr
2014; 27: 707-730.

Gaspar P, Cases O, Maroteaux L. The developmental role of serotonin: news from
mouse molecular genetics. Nat Rev Neurosci 2003; 4: 1002-1012.

Cook EH, Leventhal BL. The serotonin system in autism. Curr Opin Pediatr 1996; 8:
348-354.

Gabriele S, Sacco R, Persico AM. Blood serotonin levels in autism spectrum
disorder: a systematic review and meta-analysis. Eur Neuropsychopharmacol
2014; 24: 919-929.

Schain RJ, Freedman DX. Studies on 5-hydroxyindole metabolism in autistic and
other mentally retarded children. J Pediatr 1961; 58: 315-320.

Mulder EJ, Anderson GM, Kema IP, de Bildt A, van Lang ND, den Boer JA et al.
Platelet serotonin levels in pervasive developmental disorders and mental
retardation: diagnostic group differences, within-group distribution, and beha-
vioral correlates. J Am Acad Child Adolesc Psychiatry 2004; 43: 491-499.
Sutcliffe JS, Delahanty RJ, Prasad HC, McCauley JL, Han Q, Jiang L et al.
Allelic heterogeneity at the serotonin transporter locus (SLC6A4) confers sus-
ceptibility to autism and rigid-compulsive behaviors. Am J Hum Genet 2005; 77:
265-279.

Prasad HC, Steiner JA, Sutcliffe JS, Blakely RD. Enhanced activity of human
serotonin transporter variants associated with autism. Philos Trans R Soc B Biol Sci
2009; 364: 163-173.

Prasad HC, Zhu C-B, McCauley JL, Samuvel DJ, Ramamoorthy S, Shelton RC et al.
Human serotonin transporter variants display altered sensitivity to protein
kinase G and p38 mitogen-activated protein kinase. Proc Nat/ Acad Sci USA 2005;
102: 11545-11550.

Veenstra-VanderWeele J, Jessen TN, Thompson BJ, Carter M, Prasad HC, Steiner
JA et al. Modeling rare gene variation to gain insight into the oldest biomarker in
autism: construction of the serotonin transporter Gly56Ala knock-in mouse.
J Neurodev Disord 2009; 1: 158-171.

Translational Psychiatry (2017), 1-9



Altered multisensory processing in ASD mouse model
JK Siemann et al

3

=

32

33

34

35

3

(<)}

3

~N

38

3

©

40

4

4

N

4

w

a4

4

[V

46

47

48

49

50

5

iy

52

5

w

5

hS

5

[V}

5

(o)}

57

5

[°4)

Veenstra-VanderWeele J, Muller CL, Iwamoto H, Sauer JE, Owens WA, Shah CR
et al. Autism gene variant causes hyperserotonemia, serotonin receptor hyper-
sensitivity, social impairment and repetitive behavior. Proc Natl Acad Sci USA
2012; 109: 5469-5474.

van Kleef ES, Gaspar P, Bonnin A. Insights into the complex influence of 5-HT
signaling on thalamocortical axonal system development. Eur J Neurosci 2012;
35: 1563-1572.

Lesch K-P, Waider J. Serotonin in the modulation of neural plasticity and
networks: implications for neurodevelopmental disorders. Neuron 2012; 76:
175-191.

Cases O, Vitalis T, Seif I, De Maeyer E, Sotelo C, Gaspar P. Lack of barrels in the
somatosensory cortex of monoamine oxidase A-deficient mice: role of a
serotonin excess during the critical period. Neuron 1996; 16: 297-307.

Esaki T, Cook M, Shimoji K, Murphy DL, Sokoloff L, Holmes A. Developmental
disruption of serotonin transporter function impairs cerebral responses to
whisker stimulation in mice. Proc Natl Acad Sci USA 2005; 102: 5582-5587.
Jitsuki S, Takemoto K, Kawasaki T, Tada H, Takahashi A, Becamel C et al.
Serotonin mediates cross-modal reorganization of cortical circuits. Neuron 2011;
69: 780-792.

Hurley LM, Thompson AM, Pollak GD. Serotonin in the inferior colliculus. Hear Res
2002; 168: 1-11.

Waterhouse BD, Azizi SA, Burne RA, Woodward DJ. Modulation of rat cortical
area 17 neuronal responses to moving visual stimuli during norepinephrine and
serotonin microiontophoresis. Brain Res 1990; 514: 276-292.

Lebrand C, Cases O, Wehrle R, Blakely RD, Edwards RH, Gaspar P. Transient
developmental expression of monoamine transporters in the rodent forebrain.
J Comp Neurol 1998; 401: 506-524.

Binns K. The synaptic pharmacology underlying sensory processing in the
superior colliculus. Progr Neurobiol 1999; 59: 129-159.

Chen X, Ye R, Gargus JJ, Blakely RD, Dobrenis K, Sze JY. Disruption of transient
serotonin accumulation by non-serotonin-producing neurons impairs cortical
map development. Cell Rep 2015; 10: 346-358.

Salichon N, Gaspar P, Upton AL, Picaud S, Hanoun Nm, Hamon M et al. Excessive
activation of serotonin (5-HT) 1B receptors disrupts the formation of sensory
maps in monoamine oxidase a and 5-ht transporter knock-out mice. J Neurosci
2001; 21: 884-896.

Persico AM, Mengual E, Moessner R, Hall SF, Revay RS, Sora | et al. Barrel pattern
formation requires serotonin uptake by thalamocortical afferents, and not
vesicular monoamine release. J Neurosci 2001; 21: 6862-6873.

Murphy S, Uzbekov M, Rose S. Changes in serotonin receptors in different brain
regions after light exposure of dark-reared rats. Neurosci Lett 1980; 17: 317-321.
Hurley LM, Pollak GD. Serotonin effects on frequency tuning of inferior colliculus
neurons. J Neurophysiol 2001; 85: 828-842.

Hurley LM, Pollak GD. Serotonin modulates responses to species-specific voca-
lizations in the inferior colliculus. J Comp Physiol A 2005; 191: 535-546.
Waterhouse BD, Moises HC, Woodward DJ. Interaction of serotonin with soma-
tosensory cortical neuronal responses to afferent synaptic inputs and putative
neurotransmitters. Brain Res Bull 1986; 17: 507-518.

Just MA, Cherkassky VL, Keller TA, Minshew NJ. Cortical activation and syn-
chronization during sentence comprehension in high-functioning autism: evi-
dence of underconnectivity. Brain 2004; 127 (Pt 8): 1811-1821.

Kana RK, Libero LE, Moore MS. Disrupted cortical connectivity theory as an
explanatory model for autism spectrum disorders. Phys Life Rev 2011; 8: 410-437.
Rippon G, Brock J, Brown C, Boucher J. Disordered connectivity in the autistic
brain: challenges for the "new psychophysiology". Int J Psychophysiol 2007; 63:
164-172.

Olcese U, lurilli G, Medini P. Cellular and synaptic architecture of multisensory
integration in the mouse neocortex. Neuron 2013; 79: 579-593.

Reig R, Silberberg G. Multisensory integration in the mouse striatum. Neuron
2014; 83: 1200-1212.

Gogolla N, Takesian AE, Feng G, Fagiolini M, Hensch TK. Sensory integration in
mouse insular cortex reflects GABA circuit maturation. Neuron 2014; 83:
894-905.

Siemann JK, Muller CL, Bamberger G, Allison JD, Veenstra-VanderWeele J, Wal-
lace MT. A novel behavioral paradigm to assess multisensory processing in mice.
Front Behav Neurosci 2015; 8: 456.

Meredith MA, Stein BE. Visual, auditory, and somatosensory convergence on
cells in superior colliculus results in multisensory integration. J Neurophysiol
1986; 56: 640-662.

Gleiss S, Kayser C. Audio-visual detection benefits in the rat. PLoS ONE 2012; 7:
e45677.

Sakata S, Yamamori T, Sakurai Y. Behavioral studies of auditory-visual spatial
recognition and integration in rats. Exp Brain Res 2004; 159: 409-417.
Sheppard JP, Raposo D, Churchland AK. Dynamic weighting of multisensory
stimuli shapes decision-making in rats and humans. J Vis 2013; 13: 4.

Translational Psychiatry (2017), 1-9

59

60

6

62

63

64

65

66

67

68

69

70

7

72

73

74

75

76

77

78

79

80

8

82

83

84

85

86

87

88

Hirokawa J, Bosch M, Sakata S, Sakurai Y, Yamamori T. Functional role of the
secondary visual cortex in multisensory facilitation in rats. Neuroscience 2008;
153: 1402-1417.

Meredith MA, Stein BE. Interactions among Converging Sensory Inputs in the
Superior Colliculus. Science 1983; 221: 389-391.

Stein BE. The New Handbook of Multisensory Processing. MIT Press: Cambridge,
MA, USA, 2012.

Calvert G, Spence C, Stein BE. The Handbook of Multisensory Processes. MIT Press:
2004, Cambridge, MA, USA.

Wimmer RD, Schmitt LI, Davidson TJ, Nakajima M, Deisseroth K, Halassa MM.
Thalamic control of sensory selection in divided attention. Nature 2015; 526:
705-709.

Brandwein AB, Foxe JJ, Butler JS, Frey H-P, Bates JC, Shulman LH et al. Neuro-
physiological indices of atypical auditory processing and multisensory integra-
tion are associated with symptom severity in autism. J Autism Dev Disord 2015;
45: 230-244.

Woynaroski TG, Kwakye LD, Foss-Feig JH, Stevenson RA, Stone WL, Wallace MT.
Multisensory speech perception in children with autism spectrum disorders.
J Autism Dev Disord 2013; 43: 2891-2902.

Keane BP, Rosenthal O, Chun NH, Shams L. Audiovisual integration in high
functioning adults with autism. Res Autism Spect Disord 2010; 4: 276-289.
Williams JH, Massaro DW, Peel NJ, Bosseler A, Suddendorf T. Visual-auditory
integration during speech imitation in autism. Res Dev Disabil 2004; 25: 559-575.
Stevenson RA, Siemann JK, Woynaroski TG, Schneider BC, Eberly HE, Camarata
SM et al. Evidence for diminished multisensory integration in autism spectrum
disorders. J Autism Dev Disord 2014; 44: 3161-3167.

Russo N, Foxe JJ, Brandwein AB, Altschuler T, Gomes H, Molholm S. Multisensory
processing in children with autism: high-density electrical mapping of auditory-
somatosensory integration. Autism Res 2010; 3: 253-267.

Crawley JN. Translational animal models of autism and neurodevelopmental
disorders. Dialogues Clin Neurosci 2012; 14: 293-305.

Happe F. Autism: cognitive deficit or cognitive style? Trends Cogn Sci 1999; 3:
216-222.

Happe F, Frith U. The weak coherence account: detail-focused cognitive style in
autism spectrum disorders. J Autism Dev Disord 2006; 36: 5-25.

Mongillo EA, Irwin JR, Whalen DH, Klaiman C, Carter AS, Schultz RT. Audiovisual
processing in children with and without autism spectrum disorders. J Autism Dev
Disord 2008; 38: 1349-1358.

Rubenstein JL, Merzenich MM. Model of autism: increased ratio of excitation/
inhibition in key neural systems. Genes Brain Behav 2003; 2: 255-267.
Casanova MF. The neuropathology of autism. Brain Pathol 2007; 17: 422-433.
Veldzquez JLP, Galan RF. Information gain in the brain’s resting state: a new
perspective on autism. Front Neuroinform 2013; 7: 37.

Baum SH, Stevenson RA, Wallace MT. Behavioral, perceptual, and neural altera-
tions in sensory and multisensory function in autism spectrum disorder. Prog
Neurobiol 2015; 134: 140-160.

Hurley L, Devilbiss D, Waterhouse B. A matter of focus: monoaminergic mod-
ulation of stimulus coding in mammalian sensory networks. Curr Opin Neurobiol
2004; 14: 488-495.

Andén N-E, Dahlstrom A, Fuxe K, Larsson K. Mapping out of catecholamine and
5-hydroxytryptamine neurons innervating the telencephalon and diencephalon.
Life Sci 1965; 4: 1275-1279.

Wallace MT, Stein BE. Sensory organization of the superior colliculus in cat
and monkey. Prog Brain Res 1996; 112: 301-311.

Hirokawa J, Sadakane O, Sakata S, Bosch M, Sakurai Y, Yamamori T. Multisensory
information facilitates reaction speed by enlarging activity difference between
superior colliculus hemispheres in rats. PLoS ONE 2011; 6: e25283.

Meredith MA, Nemitz JW, Stein BE. Determinants of multisensory integration in
superior colliculus neurons.1. temporal factors. J Neurosci 1987; 7: 3215-3229.
Mooney R, Huang X, Shi M-Y, Bennett-Clarke C, Rhoades R. Serotonin modulates
retinotectal and corticotectal convergence in the superior colliculus. Prog Brain
Res 1996; 112: 57-69.

Mooney RD, Shi MY, Rhoades RW. Modulation of retinotectal transmission by
presynaptic 5-HT1B receptors in the superior colliculus of the adult hamster.
J Neurophysiol 1994; 72: 3-13.

Segu L, Abdelkefi J, Dusticier G, Lanoir J. High-affinity serotonin binding sites:
autoradiographic evidence for their location on retinal afferents in the rat
superior colliculus. Brain Res 1986; 384: 205-217.

Burnett LR, Stein BE, Chaponis D, Wallace MT. Superior colliculus lesions pre-
ferentially disrupt multisensory orientation. Neuroscience 2004; 124: 535-547.
Meredith MA, Stein BE. Spatial factors determine the activity of multisensory
neurons in cat superior colliculus. Brain Res 1986; 365: 350-354.

Driver J, Noesselt T. Multisensory interplay reveals crossmodal influences on
'sensory-specific’ brain regions, neural responses, and judgments. Neuron 2008;
57: 11-23.



8

(=}

920

9

92

9

w

94

9

wv

96

Wallace MT, Ramachandran R, Stein BE. A revised view of sensory cortical par-
cellation. Proc Natl Acad Sci USA 2004; 101: 2167-2172.

Raposo D, Kaufman MT, Churchland AK. A category-free neural population supports
evolving demands during decision-making. Nat Neurosci 2014; 17: 1784-1792.
Laramee ME, Kurotani T, Rockland KS, Bronchti G, Boire D. Indirect pathway
between the primary auditory and visual cortices through layer V pyramidal
neurons in V2L in mouse and the effects of bilateral enucleation. Eur J Neurosci
2011; 34: 65-78.

Charbonneau V, Laramee ME, Boucher V, Bronchti G, Boire D. Cortical and
subcortical projections to primary visual cortex in anophthalmic, enucleated and
sighted mice. Eur J Neurosci 2012; 36: 2949-2963.

Laramée M-E, Rockland K, Prince S, Bronchti G, Boire D. Principal component and
cluster analysis of layer V pyramidal cells in visual and non-visual cortical areas
projecting to the primary visual cortex of the mouse. Cereb Cortex 2013; 23:
714-728.

Sparks DL, Hartwich-Young R. The deep layers of the superior colliculus. Rev
Oculomot Res 1989; 3: 213-255.

Harvey AR, Worthington DR. The projection from different visual cortical areas to
the rat superior colliculus. J Comp Neurol 1990; 298: 281-292.

Stein BE, Wallace MW, Stanford TR, Jiang W. Cortex governs multisensory inte-
gration in the midbrain. Neuroscientist 2002; 8: 306-314.

Altered multisensory processing in ASD mouse model
JK Siemann et al

97

98

929

100

Wallace MT, Meredith MA, Stein BE. Integration of multiple sensory modalities in
cat cortex. Exp Brain Res 1992; 91: 484-488.

Wallace MT, Carriere BN, Perrault TJ, Vaughan JW, Stein BE. The development of
cortical multisensory integration. J Neurosci 2006; 26: 11844-11849.

Wallace MT, Stein BE. Cross-modal synthesis in the midbrain depends on input
from cortex. J Neurophysiol 1994; 71: 429-432.

Wallace MT, Meredith MA, Stein BE. Converging influences from visual, auditory,
and somatosensory cortices onto output neurons of the superior colliculus.
J Neurophysiol 1993; 69: 1797-1809.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2017

Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)

Translational Psychiatry (2017), 1-9


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	An autism-associated serotonin transporter variant disrupts multisensory processing
	Introduction
	Materials and methods
	Behavioral paradigm
	Data analysis

	Results
	SERT Ala56 mice exhibit comparable behavioral performance to WT mice when trained on visual and auditory stimuli
	SERT Ala56 mice are less accurate than WT mice under multisensory conditions

	Figure 1 Behavioral task.
	Multisensory gain is blunted across all stimulus durations in SERT Ala56 mice

	Discussion
	Figure 2 Evaluating behavioral performance for wild-type and SERT Ala56 mice under unisensory training conditions.
	Figure 3 Behavioral accuracies for multisensory, visual and auditory conditions collapsed across stimulus durations.
	Figure 4 Evaluating multisensory gain across stimulus durations at both the group and individual performance levels.
	We thank Gary Bamberger for help with coding and technical assistance and David Simon for figure design. This work was supported by the Silvio O Conte Center for Neuroscience Research at Vanderbilt University P50 MH096972 (RB), the Vanderbilt Kennedy Cent
	We thank Gary Bamberger for help with coding and technical assistance and David Simon for figure design. This work was supported by the Silvio O Conte Center for Neuroscience Research at Vanderbilt University P50 MH096972 (RB), the Vanderbilt Kennedy Cent
	ACKNOWLEDGEMENTS
	REFERENCES



 
    
       
          application/pdf
          
             
                An autism-associated serotonin transporter variant disrupts multisensory processing
            
         
          
             
                Translational Psychiatry 7,  (2017). doi:10.1038/tp.2017.17
            
         
          
             
                J K Siemann
                C L Muller
                C G Forsberg
                R D Blakely
                J Veenstra-VanderWeele
                M T Wallace
            
         
          doi:10.1038/tp.2017.17
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/tp.2017.17
          2158-3188
          7
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/tp.2017.17
            
         
      
       
          
          
          
             
                doi:10.1038/tp.2017.17
            
         
          
             
                tp 7,  (2017). doi:10.1038/tp.2017.17
            
         
          
          
      
       
       
          True
      
   




