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Abstract

Several lines of evidence implicate dysfunction of the serotonin (5-HT) system in autism spectrum 

disorder (ASD). Specifically, the serotonin transporter (5-HTT, SERT) has been scrutinized as an 

ASD candidate risk gene. SERT plays key roles in the development of circuits that underlie 

sensory function, particularly in the somatosensory system. One previous study in ASD found 

association of a rare, hyperfunctional SERT variant with sensory aversion, but studies of common 

SERT variants have never examined sensory symptoms in ASD. Using standardized caregiver 

assessments of sensory function in children, we evaluated patterns of sensory responsiveness in 47 

children with ASD and 38 typically developing (TD) children. Study participants were genotyped 

for the functional SERT promoter polymorphisms, 5-HTTLPR and rs25531, to test the hypothesis 

that the higher expressing genotypes would be associated with hyperresponsiveness to touch, a 
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common sensory aversion in ASD. All measures of sensory hypo- and hyperresponsiveness were 

increased in children with ASD, with hyporesponsive sensory patterns negatively correlated to age 

and hyperresponsive sensory patterns positively correlated to repetitive behavior. Strikingly, high-

expressing SERT genotypes were associated with increased tactile hyperresponsiveness in the 

ASD group. Our findings indicate genetic variation that increases SERT function may specifically 

impact somatosensory processing in ASD.
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1. Introduction

Although autism spectrum disorder (ASD) has been traditionally defined by social 

communication impairments and restricted, repetitive behavior, there is a growing 

appreciation that a significant proportion of individuals with ASD also exhibit sensory 

dysfunction (Crane, Goddard, & Pring, 2009; Leekam, Nieto, Libby, Wing, & Gould, 2007). 

Studies of sensory function in ASD have primarily focused on broad patterns of sensory 

behavior, which have been categorized as hyper- and hyporesponsiveness. While several 

reports indicate that hyporesponsiveness to sensory stimuli is highly prevalent in children 

with ASD and correlates strongly with clinical features (Foss-Feig, Heacock, & Cascio, 

2012), it remains unclear whether patterns of hyperresponsive sensory behaviors are a 

distinctive ASD characteristic (Baranek, David, Poe, Stone, & Watson, 2006; Ben-Sasson et 

al., 2009; Rogers & Ozonoff, 2005; Tavassoli, Hoekstra, & Baron-Cohen, 2014; Watson et 

al., 2011). To clarify these findings, recent investigations of sensory processing have also 

analyzed patterns of behavior across multiple sensory modalities (Kern et al., 2006; Little et 

al., 2011; O’Riordan & Passetti, 2006; Tomchek & Dunn, 2007; L. D. Wiggins, Robins, 

Bakeman, & Adamson, 2009). These studies report distinct differences in auditory, visual, 

and tactile processing in ASD, but the general patterns of sensory dysfunction are 

heterogeneous, with each modality exhibiting varying degrees of impairment. While 

variation in sensory behavior documented in ASD may reflect differences in study 

methodology and demographics, heterogeneity in sensory processing could also indicate 

phenotypically and genetically distinct subpopulations of affected individuals.

One of the most replicated findings in ASD is elevated whole blood serotonin (5-HT) levels, 

termed hyperserotonemia, in approximately 30% of children (Gabriele, Sacco, & Persico, 

2014; Mulder et al., 2004). Due to its central role as a regulator of 5-HT homeostasis in the 

platelet as well as at the serotonergic synapse in the brain, the serotonin transporter (5-HTT, 

SERT) has been extensively studied as a candidate ASD risk gene. In particular, the impact 

of SERT function on human behavior has been scrutinized in the context of the SLC6A4 

promoter polymorphism, 5-HTTLPR, a variable tandem repeat polymorphism consisting of 

two primary alleles, the short allele and higher-expressing long allele (Heils et al., 1996; 

Lesch et al., 1996). More recent 5-HTTLPR studies have also taken into account the 

functional effects of a single nucleotide polymorphism (SNP), rs25531, which modulates 

long allele SERT expression (Hu et al., 2005). While consistent 5-HTTLPR/rs25531 
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associations with anxiety and affective behavior have been reported in the general 

population (Canli & Lesch, 2007), there have been inconsistent relationships found with the 

core behavioral features in ASD (Brune et al., 2006; Cook & Leventhal, 1996; Devlin et al., 

2005; Mulder et al., 2004; Tordjman et al., 2001).

In addition to its role as a neurotransmitter, 5-HT is an important signaling molecule during 

neurodevelopment. Whereas SERT expression in the adult brain is limited to midbrain 

serotonergic neurons, the transporter is transiently expressed in a number of brain regions 

during neurodevelopment, including multiple areas involved in sensory processing (Gaspar, 

Cases, & Maroteaux, 2003). Perinatal SERT function plays a key role in the topographical 

organization of cortical sensory maps, most notably rodent barrel field architecture in 

primary somatosensory cortex (Lebrand et al., 1996; Salichon et al., 2001). Changes in the 

somatotopic organization of primary somatosensory cortex have been described in 

individuals with ASD, but their relationship with altered 5-HT signaling is unknown 

(Coskun et al., 2009). In families with evidence for genetic linkage of autism to SLC6A4, the 

rare SERT Ala56 variant, which leads to increased and dysregulated SERT function, was 

associated with sensory aversion (Sutcliffe et al., 2005). While sensory aversion commonly 

comprises tactile hyperresponsiveness (Rogers, Hepburn, & Wehner, 2003; Tomchek & 

Dunn, 2007), specific sensory modalities were not evaluated in affected carriers of the Ala56 

allele. Collectively, these findings suggest that enhanced SERT function could play a 

specific role in tactile hyperresponsiveness in ASD.

To test the hypothesis that higher-expressing SERT alleles are associated with tactile 

hypersensitivity, we evaluated sensory behavior in children with ASD and age-matched 

controls that were also genotyped for the 5-HTTLPR and rs25531 polymorphisms. Our 

findings provide further evidence of heterogeneous patterns of sensory disturbances in ASD, 

which exhibit previously noted relationships with age and repetitive behavior. In addition, 

we report that measures of tactile hyperresponsiveness are uniquely associated with high-

expressing SERT genotypes in affected individuals.

2. Methods and materials

2.1 Participants

Participants were 47 (40 male) children with ASD and 38 (33 male) typically developing 

controls ages 4–10. Diagnosis of ASD was confirmed by research-reliable administration of 

the Autism Diagnostic Observation Schedule (ADOS) (Lord et al., 2000) and the Autism 

Diagnostic Interview-Revised (ADI-R) (Lord, Rutter, & Le Couteur, 1994), as well as 

clinical diagnosis by a licensed clinical psychologist specializing in ASD. Children in the 

control group did not have any psychiatric, learning or behavioral diagnoses, did not have a 

first degree relative with ASD, and did not have elevated scores on an ASD symptom 

screening measure, the Social Communication Questionnaire (SCQ) (Rutter, Bailey, & 

Lord, 2003). IQ was assessed for all participants with either the Kaufman Brief Intelligence 

Test, Second Edition (KBIT-2) (Kaufman & Kaufman, 2004) or the Weschler Abbreviated 

Scales of Intelligence (WASI) (Weschsler, 1999). When participants were unable to 

complete these measures due to poor language skills, the Mullen Scales of Early Learning 

(MSEL) (Mullen, 1995) was used to assess cognitive ability; however IQ was not able to be 
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calculated because those individuals did not fall within the normed age range for this 

measure. Thus, IQ information was missing for four participants with ASD tested using the 

MSEL. Parents gave informed consent and participants gave informed assent, when able. 

Procedures were approved by Vanderbilt Institutional Review Board. See Table 1 for 

participant characteristics.

2.2 5-HTTLPR/rs25531 genotyping

5-HTTLPR and rs25531 SNP genotyping were performed as previously described with the 

following modifications (Dickel et al., 2007). Saliva samples were collected from each study 

participant using the Oragene DNA Collection Kit (DNA Genotek Inc., Kanata, Ontario, 

Canada). Forward primer, 5′-GGCGTTGCCGCTCTGAATGC-3′, and reverse primer, 5′-

AGGGACTGAGCTGGACAACCAC-3′, were used for PCR amplification. The rs25531 

SNP was genotyped by digesting 5-HTTLPR PCR product with HpaII, a restriction enzyme 

that cuts at the SNP site only if the G allele is present. To determine genotypes, 5-HTTLPR 

amplicons and HpaII digest products were analyzed by agarose gel electrophoresis. The 

resulting genotypes were combined to create composite 5-HTTLPR alleles (i.e. LA, LG, SA, 

SG). Individuals were categorized into two genotype comparison groups for statistical 

analysis: high SERT expressing genotypes (LA/LA) and low SERT expressing genotypes 

(LA/LG, LA/SA, LG/SA, and SA/SA).

2.3 Parent Questionnaires – Sensory Behaviors

Caregivers of study participants completed two sensory questionnaires about their child’s 

current sensory behaviors, the Sensory Profile (SP) (Dunn, 1999) and Sensory Experience 

Questionnaire (SEQ) (Baranek et al., 2006). The SP is a 125-item questionnaire measuring a 

child’s sensory processing abilities across a variety of sensory modalities. The SEQ consists 

of 41 questions and was designed specifically to evaluate patterns of sensory processing in 

children with ASD. Both questionnaires ask caregivers to rate their child’s behavior on a 5-

point Likert scale.

To achieve the most comprehensive representation of each participant’s sensory behavior, 

items from both questionnaires were used to calculate composite hypo- and hyper-

responsiveness variables for tactile, visual, and auditory processing. Items used for the 

hyperresponsiveness variables were the low threshold items from the SP and the 

hyperresponsive items from the SEQ. Composite hyporesponsiveness variables were created 

from the high threshold items from the SP and the hyporesponsive items from the SEQ. 

Items from the SP were reversed scored such that higher values represent greater sensory 

impairment, consistent with scoring on the SEQ. Within each composite variable, items that 

were identical in content (n=2) or were not significantly correlated (n=5) with other included 

items were dropped. Each composite variable had, at most, two items excluded. The 

composite variable score was then averaged from the remaining items. Composite scores 

contained 4 to 14 items, with the auditory hyperresponsiveness score having the fewest and 

the tactile hyperrepsonsiveness score having the most items. Item-to-total composite score 

Spearman Rank correlation coefficient ranged from .38–.88 (see supplemental table).
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2.4 Parent Questionnaire – Repetitive Behaviors

Parents in the ASD group completed the Repetitive Behavior Scale – Revised (RBS-R) 

(Lam & Aman, 2007), a questionnaire about their child’s repetitive behaviors. The RBS-R 

contains 43 items that comprise six subscales corresponding to common repetitive behavior 

patterns in ASD. Parents rate each item on a scale from 0–3 based on how problematic each 

behavior is for their child. A total score, including all 43 items, was also calculated.

2.5 Analysis

Univariate ANOVAs were conducted to examine the effects of diagnostic group on the 

composite sensory variables. A t-test was used to test the primary hypothesis, that the high-

expressing genotype would be associated with somatosensory hyperresponsiveness within 

children with ASD. Exploratory two-way ANOVAs were conducted to examine possible 

interactions between diagnostic group and genotype. A correlation analysis with age and the 

six composite sensory variables was also performed to examine how age uniquely affects 

these sensory behaviors. Finally, relationships between the sensory variables and the total 

score from the RBS-R were explored using Pearson correlations. To further explore 

significant effects, additional correlations between the sensory variable and the six subscales 

of the RBS-R were conducted in order to determine the specific kind of repetitive behavior 

that was related to the sensory behavior. All statistical analysis was performed using SPSS 

Version 21.

3. Results

3.1 Participant Characterization

Participants with ASD did not differ from control participants on age (t(83) = .188, p > .1), 

gender (χ2 = .05, p > .1), or race (χ2 = 4.69, p > .1). Participants with ASD had significantly 

lower full scale IQ (FSIQ) scores than controls (t(79) = 2.7, p < .01). 5-HTTLPR (χ2 = .099, 

df = 2, p = .95) and rs25531 (χ2 = 0, df = 2, p = 1) were in Hardy-Weinberg equilibrium in 

our total sample population. Within each diagnostic group, individuals in the high 

expressing versus low expressing SERT groups did not differ in age, gender, race, or FSIQ, 

all p’s > .1.

3.2 Sensory variables and genetic analysis

All six univariate ANOVAs with each composite sensory variable as the dependent variable 

revealed a main effect of diagnostic group, all p’s < .001, confirming more aberrant sensory 

behaviors across modalities and processing patterns in children with ASD. The primary 

analysis revealed a significant difference in tactile hyperresponsiveness by genotype within 

the ASD group (t(45) = 2.07, p < .05). These analyses were repeated including only the 

Caucasian participants. All ANOVA results remained highly significant, all p’s < .001, and 

the effect of genotype for tactile hyperresponsiveness in the ASD group remained (t(42) = 

2.05, p < .05), suggesting these effects are not due to race. No other sensory domain showed 

a significant association with SERT genotype in the ASD group. Two-way ANOVA 

revealed a trend for an interaction between diagnostic and genotype group that was unique 

to tactile hyperresponsiveness, F(1,81) = 2.87, p = .094. There were no main effects of 

genotype group on any of the composite sensory variables across both diagnostic groups, all 
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p’s > .1. Visual inspection of group means suggests that children with ASD exhibit more 

tactile hyperresponsive behavior patterns; however, those with ASD and high expressing 

SERT show these behaviors to a greater degree (see Figure 1).

3.3 Sensory variables and age/IQ analysis

The six composite sensory variables were correlated with age and FSIQ separately in each 

group. There were no significant correlations in either group with any of the sensory 

variables and FSIQ. There were no significant relationships between age and any of the 

sensory variables in the TD control group. In the ASD group, age was negatively correlated 

with sensory hyporesponsiveness variables, with older individuals displaying fewer sensory 

behaviors (Table 2).

3.4 Sensory variables and repetitive behaviors

Visual inspection of the data revealed one extreme outlier (greater than 3 SD above the 

mean) on the RBS-R. After excluding this outlier, the six composite sensory variables were 

correlated with the overall score from the RBS-R in the ASD group only. Repetitive 

behaviors were positively related to all sensory scores. This relationship was significant for 

tactile (r = .58, p < .001) and auditory (r = .51, p < .01) hyperresponsiveness, with the tactile 

domain showing the strongest correlation to repetitive behaviors (Table 3). Additional 

correlations between tactile and auditory hyperresponsiveness and the subscales of the RBS-

R revealed strongest relationships with the sameness and restricted behaviors subscales. See 

Table 3 for all correlation coefficients. Analyses including the single outlier revealed similar 

results; however, correlations with the repetitive behavior score and both visual hyper- and 

hypo- responsiveness also became significant. Effects of genotype on repetitive behaviors 

were also explored revealing no significant effects.

4. Discussion

To our knowledge, this is the first study to examine the influence of SERT genetic variation 

on specific patterns of sensory behavior. While all measures of auditory, visual, and tactile 

processing impairment were significantly increased in children with ASD compared to TD 

participants, only patterns of tactile hyperresponsive behavior in ASD exhibited a 

relationship with SERT genotype. Specifically, we found that tactile hyperresponsiveness 

scores were significantly increased in affected individuals with high SERT expressing 

genotypes, matching our primary hypothesis.

The relationships of age and repetitive behaviors with sensory processing patterns in our 

population were supported by previous literature. Although ASD is associated with sensory 

dysfunction throughout life (Crane et al., 2009), the degree of sensory impairment appears to 

decrease with age (Ben-Sasson et al., 2009; Kern et al., 2006). Our data matches this trend; 

however, only hyporesponsive, and not hyperresponsive, behaviors decrease within the 4–10 

year age range in our study, suggesting these behaviors may be more malleable early in life.

Whereas age was more related to hyporesponsive behavior patterns, repetitive behaviors 

were related to hyperresponsive patterns, consistent with a prior study in a similar age 

demographic (Boyd et al., 2010). Furthermore, we found that repetitive behaviors, 
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specifically sameness and restricted behavior subscales, were most strongly associated with 

tactile hyperresponsiveness in ASD. However, in contrast to tactile hyperresponsiveness, 

RBS-R scores were not associated with SERT genotype. While a link between common 

SERT polymorphisms and repetitive behavior in ASD has remained elusive, the rare gain-

of-function SERT Ala56 variant is associated with ADI-R measures of rigid-compulsive 

behavior in addition to sensory aversion (Sutcliffe et al., 2005). Interestingly, due to the 

relationship between sensory hyperresponsiveness and repetitive behavior, it has been 

proposed that these behaviors may share common neurobiological mechanisms (Baranek, 

Foster, & Berkson, 1997; Boyd et al., 2010; Chen, Rodgers, & McConachie, 2009). 

Consequently, it is possible that enhanced SERT function may impact shared brain circuits 

that underlie tactile hyperresponsiveness and repetitive behavior in ASD.

While our work is the first to implicate SERT genetic variation in tactile function in ASD, 

there are some notable limitations in our study design. First, our sample size gave us limited 

statistical power to detect genotype/phenotype relationships. In addition, children with ASD 

in our study were generally high-functioning, which prohibits us from generalizing our 

findings to more impaired individuals. Altered patterns of sensory behavior are reported to 

be more prevalent in low-functioning cases of ASD (Patten, Ausderau, Watson, & Baranek, 

2013; Watson et al., 2011), potentially further limiting our power. Furthermore, the SERT 

promoter polymorphisms are, at best, an indirect assessment of SERT expression and 

function, hindering our ability to directly test the effects of SERT on sensory functioning. 

Beyond genotype analyses, it would be of great interest to examine the relationship between 

sensory behavior and whole blood 5-HT levels in ASD, which are partially influenced by 

SERT genetic variation (Anderson et al., 2002; Coutinho et al., 2004; Cross et al., 2008). 

Finally, whereas common variation in a single gene is unlikely to significantly impact 

subjective measures of human behavior, gene variants of modest effect size may have 

stronger relationships with endophenotypes: heritable, biological measures associated with a 

disease state. Using this approach, some ASD neuroimaging studies have had success 

relating changes in brain structure and activity to SERT function (Wassink et al., 2007; J. L. 

Wiggins et al., 2012). To date, there have been few empirical studies of tactile processing in 

ASD (Blakemore et al., 2006; Cascio et al., 2008; Cascio et al., 2012; Coskun et al., 2009; 

Marco et al., 2012; O’Riordan & Passetti, 2006; Tommerdahl, Tannan, Cascio, Baranek, & 

Whitsel, 2007), with a limited understanding of the biological mechanisms underlying 

sensory dysfunction.

In conclusion, the current study highlights a unique association in ASD between high-

expressing SERT genotypes and tactile hyperresponsiveness, as measured by parent report. 

Supplementary analyses with age and repetitive behaviors, factors known to influence 

sensory behaviors, replicated previous findings in the literature and specified that age is 

more related to hyporesponsive patterns and repetitive behaviors are more related to 

hyperresponsive patterns, particularly in the tactile domain. These findings provide an initial 

foundation to explore the biological mechanisms underlying abnormal sensory behavior in 

ASD. Previous attempts to relate 5-HT system dysfunction to specific ASD behavioral 

impairments, such as repetitive behaviors, have produced inconsistent results, but evaluating 

a potential relationship between 5-HT and sensory processing may be able to connect 

variation in this key system and its neurodevelopmental sequelae. While our present findings 
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point to a relationship between SERT and tactile processing deficits, future studies will be 

needed to connect more direct measures of SERT expression and function with aberrant 

sensory behavior and somatosensory neural circuitry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary

5-HT serotonin

ASD autism spectrum disorders

SERT serotonin transporter

SEQ Sensory Experience Questionnaire

SP Sensory Profile

TD typically developing

SNP single nucleotide polymorphism

ADOS Autism Diagnostic Observation Schedule

ADI-R Autism Diagnostic Interview-Revised

SCQ Social Communication Questionnaire

WASI Weschler Abbreviated Scale of Intelligence

KBIT-2 Kaufman Brief Intelligence Test, 2nd edition

MSEL Mullen Scales of Early Learning

RBS-R Repetitive Behavior Scale – Revised

FSIQ full scale IQ
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Highlights

• Genotypic variation in SERT was associated with tactile hyperresponsiveness in 

ASD

• Age was negatively correlated with hyporesponsive sensory behaviors

• Repetitive behaviors were related to hyperresponsive sensory behaviors
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Figure 1. Tactile hyperresponsiveness in children with and without ASD, with high and low 
expressing SERT genotypes
In ASD group, children with high-expressing SERT genotypes display increased tactile 

hyperresponsiveness compared to children with low-expressing SERT genotypes (t(45) = 

2.07, p < .05). SERT genotype effects on tactile hyperresponsiveness were absent in TD 

children.
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Table 2

Correlations between sensory variables and age.b

ASD TD

Age

Auditory
Hyper- −0.134 0.058

Hypo- −0.298* −0.305

Visual
Hyper- −0.198 −0.075

Hypo- −0.308* −0.087

Tactile
Hyper- −0.126 −0.211

Hypo- −0.385** −0.233

Overall
Hyper- −0.179 −0.082

Hypo- −0.409** −0.232

b
Age was significantly correlated with hyporesponsive patterns in all sensory modalities, in which older individuals showed fewer hyporesponsive 

sensory behaviors.

*
p < .05;

**
p < .01
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Table 3

Correlations between sensory variables and RBS-R overall/subscale scores.c

A

RBS-R Overall Score

Auditory
Hyper- 0.392*

Hypo- 0.078

Visual
Hyper- 0.236

Hypo- 0.295

Tactile
Hyper- 0.582***

Hypo- 0.266

Overall
Hyper- 0.512**

Hypo- 0.261

B

Auditory Hyper- Tactile Hyper-

RBS-R Subscale

Stereotyped 0.14 0.40*

Self-Injurious 0.18 0.29

Compulsive 0.27 0.40*

Ritualistic 0.21 0.33

Sameness 0.44** 0.65***

Restricted 0.51** 0.52**

c
A) Overall repetitive behavior score as measured by the RBS-R was significantly positively correlated with hyperresponsive patterns in the 

auditory and tactile modalities. B) Auditory and tactile hyperresponsive behaviors were positively related to all subscales of the RBS-R, with the 
sameness and restricted behaviors scales showing the strongest relationships. (RBS-R = Repetitive Behavior Scale – Revised)

*
p < .05;

**
p < .01;

***
p < .001
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