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Abstract
A promoter-linked insertion/deletion polymorphism of the serotonin transporter gene (SLC6A4)
has been implicated in autism spectrum disorders (ASDs) in numerous family-based association
studies. However, the results of these investigations have been inconsistent in that both the long
and short alleles have been shown to be over-transmitted to affected offspring. In order to further
elucidate the relationship between the 5-HTTLPR variant and autism risk, we undertook a
thorough study of parent-of-origin effects, maternal genotype effects, and offspring genotype
effects in a sample of affected offspring from the Autism Genetic Resource Exchange (AGRE).
Both the overall autism phenotype and measures of autism behaviors from the Autism Diagnostic
Interview-Revised (Lord et al, 1994) were considered. We found evidence of over-transmission
(risk allele short, p=0.012), maternal effects (risk allele long, p=0.035), and parent-of-origin
effects (risk allele short from mother, p=0.018) of the 5-HTTLPR variant in the AGRE sample.
Population-specific and gender-specific effects were also explored as associations may be
heterogeneous across populations and sexes. Parent-of-origin effects of the variant were associated
with maternally-inherited copies of the short allele that resulted in more impaired overall level of
language (p=0.04). Our study was conducted to further investigate the 5-HTTLPR risk variants by
identifying allelic associations that may be population-specific, phenotype-specific, or conferred
by maternal or parent-of-origin effects. In light of conflicting observations from previous studies,
these are just a few of the possible explanations that deserve attention.
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Introduction
Serotonin (5-hydroxytryptamine, 5-HT) is known to play a significant role in a number of
psychiatric processes including mood regulation, cognition, and repetitive and stereotyped
behaviors (Mendelsohn et al., 2009; Veenstra-VanderWeele et al., 2000). Converging
evidence from genetic, imaging and drug treatment studies have implicated serotonin
dysregulation in autism spectrum disorders (ASD) (Cook et al., 1996; Cook et al., 1997a;
Mulder et al., 2004; Chandana et al., 2005; Coon et al., 2005; Hollander et al., 2005;
Nakamura et al., 2010). Additionally, observations such as the presence of high levels of
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serotonin, or hyperserotonemia in patients and family members of individuals with autism
sparked a number of studies investigating the role of serotonin in autism (Schain and
Freedman, 1961; Abramson et al., 1989; Cook et al., 1990; Piven et al., 1991; Cook and
Leventhal et al., 1996). Several genetic studies of autism have focused on the 5-HT
transporter (5-HTT).

The 5HTTLPR was first described by Lesch and colleagues and is comprised of a 20–23 bp
GC-rich sequence present in multiple lengths which can be primarily classified as long form
and short forms although additional forms do occasionally occur in the population (Lesch et
al., 1994, Nakamura et al., 2000). Several studies, with some exceptions (Willeit et al., 2001;
Lim et al., 2008) have suggested that the long allele is associated with higher levels of 5HTT
transcript and higher levels of serotonin uptake in lymphoblastoid cell lines when compared
to the short allele (Lesch et al., 1996; Heils et al., 1996; Little et al., 1998; Mortenson et al.,
1999; Greenberg et al., 1999). The effect of the 5HTTLPR on transporter expression in the
heterozygote state is currently unclear with some groups finding a dominant effect of the
short allele (Lesch et al., 1996) and others finding an additive effect of genotype (Hranilovic
et al., 2004; Bradley et al., 2005).

The 5-HTTLPR has been the focus of candidate gene association studies in many different
populations of children with autism (Longo et al., 2000; Brune et al., 2006; Cho et al., 2007;
Guhathakurta et al., 2008;). The 5-HTTLPR variant is a functional common polymorphism
with short and long alleles that have both been associated with autism and various
endophenotypes (Cook et al., 1997a; Klauck et al., 1997; McCauley et al., 2004; Sutcliffe et
al., 2005; Wassink et al., 2007). Although the largest sample and meta-analysis including the
most studies replicated the initial finding of overtransmission of the short 5-HTTLPR
variant, formal analysis revealed significant heterogeneity across studies (Devlin et al.,
2005). This study attempts to identify the potential sources of heterogeneity previously
found in studies of the 5-HTTLPR by using a recently developed method allowing discovery
of potential maternal effects and/or parent-of-origin genotype effects (Kistner et al., 2006).

Maternal effects may be mediated through gestational exposure to maternal serotonin,
whereas parent-of-origin effects may be mediated through maternal (or paternal)
transmission of the risk alleles to offspring. Thus maternal effects depend only on the
genotype of the mother, not the genotype of the offspring, while parent-of-origin effects
depend on the genotype of the affected offspring. Parent-of-origin effects have already been
shown for early-onset diseases, such as Angelman syndrome, Prader-Willi syndrome, and
Autism Spectrum Disorder, particularly in regions of chromosome 15 (Buiting K et al.,
1995; Schroer RJ et al., 1998). Maternal effects and parent-of-origin effects have not
previously been explored, either independently or jointly, as explanations of the SLC6A4
findings in ASD.

Methods
Subjects

Subjects were selected based on the availability of their 5-HTTLPR genotype. A total of 378
males and 98 females subjects between 2 and 39 years old (mean = 7.8 years ± 4.6) were
included in the initial analysis. The majority of the subjects (61%) came from the Autism
Genome Research Exchange (AGRE); additional subjects came from research at Stanford
(24%), Tufts (14%), and Vanderbilt (<1%) with ADI-R assessment and 5-HTTLPR
genotyping previously described (Sutcliffe et al. 2005). The methods allow inclusion of
subjects with missing genotype data from either the mother or the father, therefore only 85%
of the 476 in the initial sample had complete 5-HTTLPR genotyping. If available, parental
Affymetrix 10K GeneChip genotypes and Affymetrix Genome-wide Human SNP Array 5.0
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genotypes were analyzed to estimate dimensions of population genetic variation, using
Multidimensional scaling (MDS) in PLINK (Purcell S et al., 2007). Subjects with two
parents of European ancestry were included in subpopulation analyses. In this cohort, there
were 282 families identified as of European ancestry and 194 families identified as of non-
European ancestry using MDS. Supplemental Figure S1 illustrates how the European
ancestry subpopulation was defined. Because our analytic methods did not allow multiple
affected siblings from each pedigree, one male and one female, if present, were chosen from
each family to increase the number of subjects in the sex-stratified analysis. For the male
only and female only subpopulation analyses, a total of 435 males and 153 females, with 98
pedigrees contributing both a male and female offspring to sex-stratified hypothesis testing.
All subjects selected met criteria for classification of Autism on the Autism Diagnostic
Interview-Revised. See Table I for a description of the initial sample.

Statistical Analyses
Exact tests of Hardy Weinberg Equilibrium were conducted for the initial sample and the
sex-stratified European ancestry samples. Association analyses of the autism phenotype
were conducted using a log-linear model framework described by Weinberg et al. (Weinberg
CR, Wilcox AJ, Lie RT, 1998; Weinberg 1999). Using this approach, two degree-of-
freedom likelihood ratio tests of association and maternal effects are reported. Tests of
association allow quantifying the effects of inheriting 1 and 2 copies of the risk variant,
while maternal effects tests allow for quantifying the gestational effects for mothers with 1
and 2 copies of the risk variant, in the presence of possible association. Both of these tests
do not impose restrictions on the genetic model, as tests of additive, dominant, or recessive
effects would. Instead, the tests allow detection of all of these models with a flexible two
degree-of-freedom test, which allows discovery of either the heterozygous and/or
homozygous carriers (of long/short alleles) being associated with the phenotype of interest.
Reported parent-of-origin tests are one degree-of-freedom likelihood ratio tests to
distinguish effects of a paternal and a maternal copy of an inherited variant, in the presence
of possible maternal and offspring effects. Tests of genotype-phenotype association were
conducted using a polytomous logistic regression model, incorporating tests of maternal
effects and parent-of-origin effects on the phenotype as well (Kistner et al., 2006). Log-
linear and polytomous logistic models of autism and related phenotypes incorporate
offspring with missing maternal or paternal genotypes. Overall level of language was
categorized as “0” (scores of 0 only, “presence of daily, functional fluent phrase speech”) or
“1” (scores of 1 or 2, “no functional phrase speech or non-verbal”). This categorization was
based on current language level at the time of administration of the ADI-R. For each
population and subpopulation, specifically, the original sample, the European ancestry
sample, the Non-European ancestry sample, the male sample, and the female sample, tests of
offspring genotype, maternal genotype, and parent-of-origin were conducted for both the
autism and overall language level phenotype. All tests were conducted with freeware
developed using SAS V9.1 (Weinberg CR, Wilcox AJ, Lie RT, 1998; Weinberg 1999;
Kistner et al., 2006).

Results
The 5-HTTLPR variant was in Hardy Weinberg Equilibrium in the overall sample (p=0.41).
No Mendelian errors were detected. Using likelihood ratio tests and the log linear model
from Weinberg (1999), we included 476 trios with at least the maternal or paternal genotype
available in order to test offspring genotype effect, maternal genotype effect, and parent-of-
origin genotype effect. A test of the offspring genotype effect was significant in this sample
(p = 0.012) with the short allele as the risk conferring allele. Allowing for an offspring
genotype effect, a maternal genotype effect was also significant (p=0.035) with the long
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maternal allele conferring risk. Lastly a parent-of-origin effect was tested after allowing for
offspring and maternal genotype effects. The parent-of-origin test was also significant
(p=0.018) with a maternal copy of the short allele conferring risk. See Table II.

In order to further investigate these findings, we identified trios of European ancestry (EA)
using MDS as we hypothesized that population admixture may be contributing to results
showing putative effects of both the long and short alleles. In this EA cohort, the parent-of-
origin test was statistically significant, with the risk allele being the maternally derived copy
of the short allele (p = 0.046). In the families of non-European ancestry, the offspring
genotype effect was significant, with the short allele conferring risk (p=0.033).

Affected siblings were included in sex-specific analyses. In the sample of affected males of
both EA and non-EA, a test of the offspring genotype effect was not statistically significant
(p = 0.190). In the same sample allowing for an offspring genotype effect, a maternal
genotype effect was also not statistically significant (p=0.368). Lastly a parent-of-origin
effect was tested after allowing for offspring and maternal genotype effects. The parent-of-
origin test was also not significant (p=0.292). Similarly in the sample of affected females of
both EA and non-EA, a test of the offspring genotype effect was not statistically significant
(p = 0.654). Allowing for an offspring genotype effect in this sample, a maternal genotype
effect was statistically significant in this sample (p=0.029) with the long (“528”) maternal
allele conferring risk. After allowing for offspring and maternal genotype effects, the parent-
of-origin test was not statistically significant in the affected females (p=0.489). Genotype
relative risks and 95% confidence intervals are estimated using families without missing
parental genotypes, as the estimates of standard error are biased in the presence of missing
data. See Table II and Figure 1 for estimated effects from each analysis.

Lastly, we conducted tests of offspring genotype, maternal effects, and parent-of-origin
effects on phenotype separately in the male and female European ancestry samples. All
genotype-phenotype analyses were non-significant, except boys showed a parent-of-origin
effect for overall language level, such that maternally-inherited copies of the short allele
were associated with more severe language impairment (p = 0.040). Although non-
significant, girls who inherited maternal copies of the short allele also showed more severe
language impairment. For boys, 47% of those inheriting the maternal short allele
demonstrated language impairment, while only 33% of those inheriting the paternal short
allele demonstrated impairment. Similarly for girls, 50% of those inheriting the maternal
short allele demonstrated language impairment, while only 40% of those inheriting the
paternal short allele demonstrated impairment.

Discussion
In an initial sample of subjects, tests of association, maternal effects, and parent-of-origin
effects were conducted in an attempt to discover possible explanations for the previously
reported contradictory effects of the 5-HTTLPR variant. Maternal effects, if present, may be
misconstrued as parent-of-origin effects such that offspring who have inherited the maternal
allele appear to be at increased risk when in fact any offspring of a mother with the maternal
risk variant will be at increased risk. For example, maternal effects of SLC6A4 may
manifest through effects of maternally expressed serotonin transporter in the placenta, such
that formally testing a maternal genetic effect of the 5-HTTLPR variant is of interest.

Similarly, parent-of-origin effects may be detected as a weak association between the risk
variant and the phenotype, if not directly tested. Previous work has implicated parent-of-
origin effects as contributing to Autism Spectrum Disorders. A region on chromosome 15q
has been identified in which maternal duplications increase risk of ASD, while variants in
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the same region have been associated with the development of Angelman syndrome, for
which ASD is often a co-morbidity, when the maternally-inherited genes are deleted (Cook
et al., 1997b; Knoll et al., 1989; Buiting et al., 1995).

Given the previously reported effects of the 5-HTTLPR variant, we undertook an extensive
study of association, maternal effects, and parent-of-origin genetic effects for the 5-
HTTLPR variant. In a sample of 476 offspring, we detected evidence of association between
ASD and the short allele, maternal effects of the long allele, and parent-of-origin effects of
the short maternal allele. None of these effects are necessarily contradictory, in that the
mechanism of the maternal effect is not expected to be functionally similar to identified
parent-of-origin effects or linkage and association effects with the offspring genotype. We
also further explored these effects in sex-stratified analyses and subpopulations of European
and non-European descent. Tests of offspring genotype were significant in the non-
European ancestry cohort, while parent-of-origin tests were significant in the European
ancestry cohort. Replications of these results may implicate ancestry specific genetic
mechanisms in autism risk.

Although parent-of-origin effects have been explored as a genetic mechanism of disease in
autism and other early onset disorders, little attention has been given to maternal genetic
effects on prenatal environment that may influence susceptibility after birth. Evidence from
the tph1 knockout mouse suggests that reduced maternal serotonin has a critical impact on
embryonic development. A recent study found that heterozygous tph1 embryos generated by
crosses between null mothers and wild type fathers showed striking cortical abnormalities
not seen in wild type, heterozygous or homozygous offspring from tph1 heterozygous
mothers (Cote et al., 2009). This finding indicates that at early developmental stages, the
murine maternal tph1 genotype is more influential than the genotype of the concepti and that
maternal serotonin is necessary for normal CNS development.

Here we considered both offspring and maternal genetic effects of the SLC6A4 promoter-
linked insertion/deletion polymorphism in ASD. Evidence of offspring genetic effects had
been previously shown, however little attention had been paid to the maternal genotype.
Tests of these effects, after controlling for the offspring genotype, allow exploration of the
intrauterine environment on autism risk, in addition to the transmitted risk conferring
variants. Evidence of both maternal genetic effects and parent-of-origin effects was
observed in this study, however without either a biologic model or a larger cohort available
for testing, results remain inconclusive.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Forest plot of relative risks and 95% confidence intervals associated with offspring,
maternal, and parent-of-origin genotypes, corresponding to estimates shown in Table II.
Relative risks and confidence intervals are constructed from families without missing
parental genotypes. Offspring and maternal genotype relative risks are relative to the
genotype not shown. Parent-of-origin relative risks represent the risk for a child with a
maternally-derived copy of the short allele relative to a paternally-derived copy of the short
allele.
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