Chapter 13

Serotonin in Autism Spectrum Disorder:
Insights from Human Studies and Animal
Models

Natalia Benza and Diane C. Chugani

Abstract Increased blood serotonin in people with autism was first reported over
50 years ago, and this biogenic amine has remained a focus for the understanding,
risk and treatment of Autism Spectrum Disorders (ASD). There is growing evidence
that serotonergic transmission is altered by disparate genetic and environmental risk
factors for ASD. This review will focus on recent developments regarding serotonin
in ASD. Recent studies include epidemiology studies linking ASD with conditions
that alter prenatal serotonin in the fetus, altered serotonin in diverse genetic and
environmental animal models, and human pathology and molecular and functional
brain imaging studies.
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Increased blood serotonin is the earliest biomarker reported for ASD (Schain and
Freedman 1961). This biogenic amine has remained a focus for the understanding,
risk and treatment of ASD. Current evidence now suggests that autism is likely to
be caused by dysfunction of many genes (Zhao et al. 2007). Given that many differ-
ent genes can cause autism, it is striking that 30-50 % of autistic individuals show
elevated serotonin in the blood (Schain and Freedman 1961; Hoshino et al. 1984;
Anderson et al. 1987; Cook et al. 1990). Furthermore, there is growing evidence
that serotonergic transmission is altered by disparate genetic and environmental
risk factors for ASD. This review will focus on recent developments on serotonin in
autism. Recent studies include epidemiologic studies linking ASD with conditions
that alter prenatal serotonin in the fetus, altered serotonin in diverse genetic and
environmental animal models, and human pathology and molecular and functional
brain imaging studies.
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13.1 Overview of the Serotonin Pathway

Serotonin is synthesized from the precursor tryptophan, an essential amino acid
constituting one percent of the total amino acid pool (Hamon et al. 1981). The ma-
jority of tryptophan in blood is bound to plasma protein, with only free plasma
tryptophan being available for transport into the brain. Tryptophan is transported
into the brain via the large neutral amino acid carrier (LAT1) where it competes
for transport with the other large neutral amino acids (Pardridge et al. 1977; Smith
et al. 1987). The first and rate-limiting step of serotonin synthesis is the formation
of 5-hydroxytryptophan catalyzed by the enzyme tryptophan hydroxylase (TPH).
Tryptophan hydroxylase is only 50 % saturated with tryptophan, resulting in the
dependence of brain serotonin levels on the plasma concentration of free trypto-
phan as well as the plasma levels of the other large neutral amino acids (Fernstrom
and Wurtman 1971). This dependence of free plasma tryptophan on brain sero-
tonin levels has been exploited to study the effects of tryptophan depletion on brain
function in adults with ASD (Daly et al. 2012, see below). 5-hydroxytryptophan
is further metabolized by aromatic amino acid decarboxylase (AADC) to form se-
rotonin (Christenson et al. 1972). Serotonin is metabolized by the enzyme mono-
amine oxidase A (MAOA) to produce its major metabolite S-hydorxyindoleacetic
acid (SHIAA) (for review see Bortolato et al. 2008).

The serotonin transporter (SHTT or SERT) mediates uptake of serotonin fol-
lowing release at the synapse and at other sites such as the platelet. The gene for
the serotonin transporter has 2 forms, the short and the long form, that are common
in the general population. The short variant of the SHTT gene has 30-40% lower
mRNA expression leading to 50% lower serotonin uptake than transporters pro-
duced by the long form (Lesch et al. 1996). To date, fifteen receptors for serotonin
have been identified, and these are expressed in the brain and throughout the body
where they regulate numerous processes (for review see Berger et al. 2009). In ad-
dition to receptor-mediated mechanisms, serotonin has been recently reported to
signal through a process called serotonylation (for review see, Walther et al. 2011).
Serotonylation involves the covalent linkage of serotonin to proteins mediated by
the enzyme transglutaminase. Linkage of serotonin to GTPases has been reported to
increase alpha-granule exocytosis in platelets (Walther et al. 2003).

There are 2 genes encoding tryptophan hydroxylase, TPH1 and TPH2 (Sakowski
et al. 2006). TPH2 is found in the brain and in the gastrointestinal nervous system
(Zhang et al. 2004), while TPH1 is located in the pineal gland and throughout the
rest of the body. Many current references suggest that the majority of the serotonin
synthesized in the body is generated by the enterochromaffin cells in the gastroin-
testinal tract (Gershon and Tack 2007). However, tryptophan hydroxylase is located
at many peripheral sites, and there have been no studies comparing the amount
of serotonin produced at all of these sites to that synthesized in the gastrointesti-
nal tract. There is much evidence that TPH1 is ubiquitously distributed and that
serotonin is involved in many different functions throughout the body. Many of
these functions might be related to different aspects of autism. In addition to the
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gastrointestinal tract and the central nervous system, serotonin is synthesized in
bronchial epithelium, taste papillae, thyroid parafollicular cells, ovaries, thymus,
pancreas, breast, skin and arteries (Eddahibi et al. 2006; Ortiz-Alvarado et al. 2006;
Matsuda et al. 2004; Stull et al. 2007; Slominski et al. 2002, Ni et al. 2008). TPH
and AADC mRNAs are expressed in the heart and serotonin is produced and re-
leased in cardiomyocytes (Ikeda et al. 2005). TPH1 mRNA and TPH protein are ex-
pressed in trigeminal neurons and regulated during the estrous cycle (Berman et al.
20006). Serotonin plays an important role in mammary gland function. TPH mRNA
is elevated during pregnancy and lactation and serotonin is present in mammary
epithelium and in milk (Matsuda et al. 2004). Elevated plasma serotonin in autism
might also be affected by changes in storage and degradation. Plasma serotonin is
taken up by platelets through serotonin transporters (Ni and Watts 2006), and is
cleared by liver and lung endothelium (Nocito et al. 2007). Finally, serotonin and
tryptophan are very tightly regulated at the fetal/maternal interface in the placenta.
The serotonin transporter is highly expressed in the brush border membrane of the
human placenta and may mediate transport of serotonin from the maternal circu-
lation to the developing fetus (Balkovetz et al. 1989). Tryptophan is transported
competitively at the placenta via the large neutral amino-acid carrier (LAT1) (Kudo
and Boyd 2002). The placenta expresses TPH2 resulting in serotonin production
(Correa et al. 2009). In addition, tryptophan in the placenta is catalyzed along the
kynurenine pathway by tryptophan 2,3-dioxygenase and indoleamine 2,3-dioxy-
genase (IDO), both of which are expressed in the placenta and have a vital role in
the prevention of allogeneic rejection of the fetus (Munn et al. 1998) and regulation
of feto-placental blood flow in late gestation (Ligam et al. 2005). Finally, Bonnin
et al. (2011) demonstrated that serotonin in the forebrain during the early fetal pe-
riod in the rat has its origin in the placenta. Studies in mice deficient in peripheral
serotonin synthesis have shown that maternal serotonin production is crucial for
normal fetal neurogenesis and development (Cote et al. 2007).

13.2 Elevated Blood Serotonin in Autism

As mentioned above, elevated serotonin in ASD is a long-standing (Schain and
Freedman 1961) and replicated finding (Hoshino et al. 1984; Anderson et al. 1987,
Cook et al. 1990), and extended with the recognition that blood serotonin is also
elevated in the first degree relatives of autistic individuals (Leventhal et al. 1990;
Piven et al. 1991; Cook et al. 1994; Leboyer et al. 1999). The mechanism for the
elevated platelet serotonin may be due to increased exposure to serotonin or altered
handling of serotonin, as recently examined by Anderson et al. (2012). Based on
the lack of difference in the serotonin concentration in platelet poor plasma in sam-
ples from an ASD group, an ASD subgroup with hyperserotonemia and a control
group, these authors suggest that hyperserotonemia may be more related to platelet
handling of serotonin than exposure to serotonin. Mechanisms they discussed for
further study included study of the transporter, the granular transporter and dense
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granule storage mechanisms, serotonin release processes and platelet activation. In
this regard, Veenstra-VanderWeele et al. (2012) developed a mouse model based
upon the SERT Ala56 variant that is over-transmitted to ASD probands. The SERT
Ala56 mouse model showed hyperserotonemia, consistent with a role of the trans-
porter in elevated blood serotonin. However, this mechanism does not explain most
cases of hyperserotonemia, as mutations in SERT are not found in the majority of
cases of ASD.

13.3 Serotonin and Human Brain Pathology in Autism

Given the long standing recognition of altered serotonin in the blood in those with
ASD, it is surprising that studies of serotonergic markers in postmortem brains from
persons with ASD have not been examined until recently. Two reports from the
same group have reported increased serotonin transporter immunoreactivity in hu-
man postmortem brains from individuals with autism aged 2-29 years (Azmitia
et al. 2011a, b). Increased SERT immunoreactivity was demonstrated for the prin-
ciple ascending fiber bundles of the medial and lateral forebrain bundles, Ansa len-
ticularis and stria terminalis, and in the innervation density of the globus pallidus,
amygdala, and in the piriform, superior temporal and parahippocampal cortices. In
addition, in cases over § years of age, the presence of thick, heavily stained dys-
trophic axons were observed. In contrast, Oblak et al. (2013) reported significant
reduction in the density of SERT binding in the deep layers of the fusiform gyrus
and normal binding levels in the superficial layers of the fusiform gyrus, as well
as in both layers of the posterior cingulate cortex. The same investigators reported
significant reductions in 5-HT1A receptor-binding density in superficial and deep
layers of the posterior cingulate cortex and fusiform gyrus and reduced density of
5-HT2A receptors in superficial layers of the posterior cingulate cortex and fusi-
form gyrus. Differences in the results between the immunocytochemistry studies
and the binding studies for SERT may be due to the use of different brain regions,
differences in age or use of different investigational techniques. However, molecu-
lar imaging studies have reported SERT binding in both children and adults with
ASD, including some of the same brain regions that showed an increase SERT im-
munoreactivity (see below).

13.4 Molecular Imaging of Serotonin Precursor,
Transporter and Receptor Studies

In the earliest molecular imaging studies of serotonin in ASD, Chugani et al. (1997)
applied alpha[C-11]methyl-L-tryptophan (AMT) as a PET tracer in children with
autism. AMT, which was developed as a tracer for serotonin synthesis with PET
(Diksic et al. 1990), is an analogue of tryptophan, the precursor for serotonin
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synthesis. Two types of serotonergic abnormality were found in children with au-
tism (Chugani et al. 1997, 1999; Chandana et al. 2005). The first was altered whole
brain serotonin synthesis capacity in autistic children compared to age matched
nonautistic children. Serotonin synthesis capacity was greater than 200 % of adult
values until the age of 5 years followed by a decline to adult values in non-autis-
tic children. In contrast, serotonin synthesis capacity in autistic children increased
gradually between the ages of 2 years and 15 years to values 1.5 times the adult
normal values (Chugani et al. 1999). These data suggested that developmental regu-
lation of brain serotonin synthesis capacity postnally in humans, was disrupted in
children with autism. Secondly, focal symmetries of AMT uptake in frontal cortex,
thalamus and cerebellum were visualized in children with autism, suggesting a role
of the dentato-thalamo-cortical pathway in autism (Chugani et al. 1997). Subse-
quently, the same group measured brain serotonin synthesis in a large group of
autistic children (r=117) with AMT PET and related these data to handedness and
language function (Chandana et al. 2005). Autistic children with left cortical AMT
decreases showed a higher prevalence of severe language impairment, whereas
those with right cortical decreases showed a higher prevalence of left and mixed
handedness. These results suggest that global as well as focal abnormally asym-
metric development in the serotonergic system could lead to miswiring of the neural
circuits specifying hemispheric specialization.

Decreased serotonin transporter binding has been reported in both children and
adults with autism. Makkonen et al. (2008) using the SPECT tracer ['?*I] nor-beta-
CIT labeling both the dopamine and serotonin transporter, reported reduced sero-
tonin transporter binding capacity in medial frontal cortex, midbrain and temporal
lobes. Similarly, Nakamura et al. (2010) reported decreased serotonin transporter
binding throughout the brain in adults with autism (20 men, 18-26 years) using
['""C]McN-5652 imaged with PET. Furthermore, the reduction in binding in anterior
and posterior cingulate cortices was correlated with impairment in social cognition,
while the reduction in serotonin transporter binding in the thalamus was correlated
with repetitive and/or obsessive behavior. In contrast, Girgis et al. (2011) reported
no significant difference in brain serotonin transporter binding, measured with [''C]
DASB and PET, in a group of 8 adults with Asperger’s Disorder (mean age 29.7
years) and 8 healthy control subjects matched for age, gender, and ethnicity. All
subjects in this study had normal intelligence, while this was not the case for the
other studies reporting changes in serotonin transporter binding.

Serotonergic neurotransmission was also studied using tracers for receptor bind-
ing. Murphy et al. (2006) measured SHT2A receptors in eight men with Asperger’s
Syndrome (mean age 26 years) using the SPECT tracer ['231]5-1-R91150, compared
to 10 healthy age-matched men. The group with Asperger’s Syndrome has signifi-
cantly reduced serotonin receptor binding in total, anterior and posterior cingulate
cortex, bilaterally in frontal and superior temporal lobes and in the left parietal lobe.
Interestingly, there were significant correlations with qualitative abnormalities in
social interaction and binding reductions in anterior and posterior cortices, as well
as right frontal cortex. More recently, 5-HT2 receptor distribution was measured
with the PET tracer ['8F] setoperone in six high functioning autistic adults compared
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to ten matched control subjects (Beversdorf et al. 2012). In this study, reduced se-
rotonin receptor binding was found in thalamus, and there was a negative relation-
ship between thalamic binding and history of language impairment. Goldberg et al.
(2009) compared the parents of children with autism (19 parents from 11 families,
8 females, 11 males) compared to adults who do not have children with autism (9
females, 8 males). The cortical SHT2 binding potential, using ['®F]setoperone, to
measure cortical serotonin type-2 receptor (5-HT2) using PET, was significantly
lower in the autism parent group compared to the control group. Furthermore, the
5SHT-2 binding potential was inversely correlated with platelet serotonin levels in
the parent group. These results are interesting in light of family members having
what has been described as the broader phenotype of autism. Finally, Girgis et al.
(2011) reported no difference in SHT2A receptor binding in a PET study using the
tracer ['"CIMDL 100907 in a group of 17 adults with Asperger’s Disorder (mean
age 34.3) compared to 17 healthy matched adults.

In summary, molecular imaging studies provide convincing evidence of altered
serotonergic neurotransmission in both children and adults with autism, as well
as in parents of autistic individuals. Decreased serotonin transporter and SHT2A
binding measured in vivo using molecular imaging techniques are consistent with
postmortem binding studies (Oblak et al. 2013). These studies are discordant with
postmortem immunocytochemistry studies reporting increased serotonin immuno-
reactivity (Azmitia et al. 2011a, b). The reason for the discrepancy between the
binding and immunocytochemistry studies might offer clues regarding the nature
of alterations in serotonergic fibers. For example, these results considered together,
might indicate fewer serotonergic fibers with remaining serotonergic fibers show-
ing higher density of transporters.

13.5 Serotonin and Functional Imaging

In addition to molecular imaging studies that use radiolabeled ligands and substrates
to measure serotonergic metabolism, transport and receptor systems, functional
MRI (fMRI) has been applied in adults with ASD following pharmacological ma-
nipulation of the serotonergic system using either tryptophan depletion or treatment
with the selective serotonin reuptake inhibitor (SSRI) fluoxetine. Following treat-
ment to decrease blood tryptophan, which has been long demonstrated to decrease
brain serotonin (Moja et al. 1988, 1989), Daly et al. (2012) reported altered brain
activation as measured by blood oxygenation labeled dependent (BOLD) response
measured with fMRI to face emotion in adults with ASD compared to matched
control subjects. Furthermore, the differences in brain activation varied by emo-
tion, and brain regions showing altered brain activation in the ASD group include
brain regions showing focal abnormalities in serotonin synthesis, and decreased
numbers of receptors and transporter in the molecular imaging studies. The same
group (Chantiluke et al. 2014) studied the effects of fluoxetine on medial prefrontal
activation during a reward reversal learning task in boys with autism compared to a
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matched group of typically developing boys. This study showed that while placebo
treatment was associated with decreased activation of the medial prefrontal cortex
during the performance of the task in the ASD group, fluoxetine treatment lead to
normalization of the activation in boys with ASD compared to controls. Despite
normalization of brain activation in this study, the fluoxetine treatment did not im-
prove behavioral performance on the task. Altered function related to serotonergic
function in medial prefrontal cortex is consistent with decreased serotonin trans-
porter binding in this region as reported by Makkonen et al. (2008).

The pharmacological treatments combined with fMRI measure of brain activa-
tion complement the postmortem and molecular imaging studies by assessing the
functional significance of altered serotonergic neurotransmission in different brain
regions. These results might be due to differences during brain development and
ongoing changes in serotonergic mechanisms.

13.6 Genetic Evidence Linking Serotonin to Autism

Because of the long-standing link between serotonin and ASD, the serotonin trans-
porter, its receptors and pathway enzymes have been studied as candidate genes for
ASD. The serotonin transporter has 2 isoforms, the short and the long forms, that
are common in the general population. The short variant of the SHTT has 3040 %
lower mRNA expression and 50 % lower serotonin uptake than the long form (Lesch
et al. 1996). There have been conflicting reports regarding the relative roles of the
short and long forms in autism (reviewed in Devlin et al. 2005). More recently, the
short allele of the SHTT receptor was associated with higher gray matter volume in
young boys with autism (Wassink et al. 2007). Altered serotonin synthesis, turnover
and dynamic regulation in multiple brain regions have been reported in mice lack-
ing the serotonin transporter (Kim et al. 2005). Veenstra-VanderWeele et al. (2012)
reported that the SERT Ala56 variant was over-transmitted to ASD probands, but
that it was also seen in some unaffected individuals, suggesting that associated ASD
risk is influenced by the interaction of the SERT variant with other genetic factors.
Subsequently, the same group showed that mice expressing the SERT Ala56 variant
on a 12956/S4 genetic background display multiple biochemical, physiological and
behavioral changes, including hyperserotonemia, altered 5-HT receptor sensitiv-
ity, and abnormal social, communication, and repetitive behavior. The same group
(Kerr et al. 2013) examined the effect of this same mutation on different mouse
backgrounds. Presence of the SERT Ala56 variant on the B6 background caused a
significant increase in mutant pup ultrasonic vocalizations, whereas vocalizations
were decreased on the 129 background. Further, hyperserotonemia, 5-HT receptor
hypersensivity, and repetitive behavior were not observed on the B6 background.
These studies combined, demonstrated how epistatic interactions can modulate the
effect of genetic mutations and how genes may modulate the risk of ASD.

Blood serotonin levels have been linked to an interaction of the serotonin trans-
porter gene (SLC6A4) and integrin beta3 (ITGB3) (Weiss et al. 2006a, b). This
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finding was recently replicated and additional interactions between these 2 genes
were found, including an additive effect of the HTR5A gene, an interaction of TPH1
and SLC6A4, and an interaction between SHTR1D and SLC6A4 for blood sero-
tonin level (Coutinho et al. 2007). Whyte et al. (2014) examined the effect of Itgh3
on SERT function using a mouse genetic approach. Using isolated synaptoneuro-
somes and citalopram binding, they reported significant Slc6a4-driven reductions
in SERT expression in midbrain synapses, but no significant changes in hippocam-
pal or cortical regions. They also measured 5-HT uptake activity in synaptoneu-
rosomal preparations. Itgb3 heterozygous mice displayed significant reductions in
5SHT Vmax, with no changes in Km, in midbrain preparations. These results support
an interaction of SLC6A4 and ITGB3 in the regulation of serotonergic systems in
midbrain but not cortical and hippocampal serotonin synapses.

Several studies report association of genes that may impact serotonin metabo-
lism in autism. Single nucleotide polymorphisms in introns 1 and 4 of TPH2, the
brain specific form of tryptophan hydroxylase, showed an association with autism
(Coon et al. 2005). Brain serotonin synthesis in mouse strains differs depending
on a single nucleotide polymorphism in the Tph2 gene (Siesser et al. 2010). Based
upon this Tph2 polymorphism, the BALB/c strain shows lower brain serotonin syn-
thesis, although serotonin levels were not significantly altered. Behavioral studies
of the BALB/c strain have shown low sociability and other phenotypes relevant to
ASD (Brodkin 2007). Kane et al. (2012) analyzed mice lacking brain serotonin via a
null mutation in the Tph2 gene for behaviors that are relevant to ASD. Mice lacking
brain TPH2 showed substantial deficits in validated tests of social interaction and
communication, as well as repetitive and compulsive behaviors. Newborn TPH22/2
mutant mice showed diminished preference for maternal scents over the scent of an
unrelated female. The authors conclude that lack of serotonin during development
could lead to ASD behavioral traits.

There are several studies linking genetic variation in the MAOA gene to ASD.
Cortical enlargement in autism was reported to be associated with the “low activ-
ity” allele of the MAOA gene (Davis et al. 2008). Jones et al. (2004) reported that
maternal genotypes containing specific polymorphisms at the MAOA locus show
significant negative effects on the intelligence quotient (IQ) in children with autism.
These results are consistent with those of a study which found that a low activity
MAOA allele, due to an upstream variable-number tandem repeat region, is associ-
ated with both lower IQ and more severe autistic behavior in children, as compared
to the high-activity allele (Cohen et al. 2003). Tassone et al. (2011) also reported
an association of ASD with repeats in the MAOA promoter. They found that boys
carrying 4 tandem repeats in the promoter region of the MAOA gene showed a
2-fold higher risk of autism or other forms of ASD than those carrying allele 3.
They also found that mothers homozygous for the 4 tandem repeat allele showed
at least a 3-fold higher risk for having a child with ASD than mothers homozygous
for allele 3. Tassone et al. concluded that the functional MAOA promoter allelles
in male children and mothers play a role in the risk for ASD. Finally, Verma et al.
(2013) analyzed 8 MAOA markers in 421 subjects including cases and ethnically-
matched controls from West Bengal. MAOA marker, rs6323 and haplotypes formed
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between the markers showed a significant association with the ASD. In addition,
gender stratification showed significant genetic effect of rs6323 with low activity
T allele posing higher risk of ASD in males, but not in females. Taken together,
genetic differences in genes for enzymes involved in the synthesis and degrada-
tion of serotonin play a role in the risk for ASD and associated phenotypes such as
brain enlargement and intellectual disability. In addition, these studies suggest that
serotonin alterations in mothers and gender may also play a role in the risk for ASD.

Metabolism of tryptophan by other metabolic pathways may also affect sero-
tonin synthesis, due to the dependence of brain serotonin synthesis on plasma tryp-
tophan levels (Fernstrom and Wurtman 1971). One such study reports the presence
of a susceptibility mutation in a promoter variant of the tryptophan 2,3 dioxygenase
gene (Nabi et al. 2004). Tryptophan 2,3-dioxygenase is a rate-limiting enzyme in
the metabolism of tryptophan by the kynurenine pathway. A mutation that results in
decreased activity of this enzyme could decrease the metabolism of tryptophan by
this pathway and increase the level of whole body serotonin content.

13.7 Altered Serotonin in Autism Caused by Genes not
Related to Serotonin

In addition to genetic variation in genes directly involved with serotonergic func-
tion, there is evidence that serotonergic function is altered in humans and in animal
models having genetic changes associated with ASD. These genetic changes in-
clude mutations involved in causation of Rett syndrome, 15q duplication syndrome
and Fragile X syndrome. There are several studies showing alterations in seroto-
nergic neurotransmission in Rett syndrome, as well as in the MECP2-null mouse
model of Rett syndrome. Decreased levels of the serotonin metabolite SHIAA were
reported in the CSF from 32 patients with Rett syndrome compared to age matched
control subjects (Zoghbi et al. 1989). Serotonin concentrations in whole brains from
mecp2-null mice showed no differences at birth, but were significantly lower at 42
days of age compared to wild-type mice (Ide et al. 2005). However, these changes
were not specific to serotonin and changes in other transmitters were also reported.
Further evidence that the serotonergic system is involved in MeCP2, is the report
that the selective serotonin uptake inhibitor fluoxetine induced up regulation of
Mecp2 el and Mecp2_e?2 transcripts in adult rat brain (Cassel et al. 2006). Samaco
et al. (2009) confirmed lower serotonin metabolite SHIAA in the cerebral spinal
fluid of 64 individuals with Rett syndrome and decreased serotonin in Mecp2-null
male mice. In addition, this study deleted Mecp2 in serotonergic neurons positive
for the marker PET-1 and showed decreased levels of serotonin and decreased ex-
pression of TPH2. These data suggest that Mecp2 is involved in the regulation of
serotonin synthesis by promoting the transcription of TPH2.

The duplication of human chromosome 15q11-13 is a chromosome rearrange-
ment associated with ASD (Cook et al. 1997). Tamada et al. (2010) studied sero-
tonin signaling in a mouse model in which chromosome 7C (orthologous to human
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chromosome 15q11-13) was duplicated. In this study, compared to wild type mice,
there were decreased serotonin levels measured at 1, 2 and 3 weeks of age in cer-
ebellum, cerebral cortex, hippocampus, hypothalamus, midbrain and pons. In adult
animals, serotonin levels remained decreased in midbrain.

Fragile X syndrome is caused by a CGG expansion greater than 200 repeats in
the 5' untranslated region in the fragile X mental retardation 1 gene, encoding the
fragile X mental retardation 1 protein (FMRP), and is a leading single gene cause
of autism (Hagerman et al. 2010). Zhang et al. (2005) used a Drosophila model
and a proteomic approach to find targets of dFMRP in the brain. They found two
upregulated enzymes, phenylalanine hydroxylase (Henna) and GTP cyclohydro-
lase (Punch), which mediate the dopamine and serotonin synthetic pathways. They
confirmed a nearly 2-fold elevation of Punch activity in dfmrl null mutants and
significantly increased dopamine and serotonin in dfmrl null mutants.

Thus, serotonin mechanisms may be impacted by disparate genetic risks for
ASD. These examples illustrate that in the different disorders serotonin levels can
be decreased or increased. Furthermore, changes in serotonergic function may dif-
fer depending on the developmental stage. These results have implications for phar-
macological treatments aimed at serotonergic function.

13.8 Environmental Exposures and ASD

There is evidence for increased risk of autism with several environmental expo-
sures. Three types of exposure will be discussed here as they relate to serotonin:
prenatal antidepressants acting at the serotonin transporter (SSRIs), prenatal so-
dium valproate and maternal infection/inflammation. A recent epidemiology study
reported a modest increased risk for ASD in offspring of mothers taking antide-
pressants, which inhibit serotonin uptake by the serotonin transporter (Croen et al.
2011). However, Hviid et al. (2013) did not replicate a significant association be-
tween maternal use of SSRIs during pregnancy and autism spectrum disorder in
the offspring, although their study could not rule out a relative risk of up to 1.61.
Animal studies of SSRI treatment during pregnancy have demonstrated changes in
brain development and behavior. For example, Smit-Rigter et al. (2012) reported
changes in cortical cytoarchitecture and anxiety in mice exposed to the SSRI fluox-
etine in utero. Further study is required to determine the risk for the development of
ASD with antidepressant treatment in pregnant women.

Epidemiological studies have shown increased risk of developing ASD due to
in utero exposure to the anticonvulsant sodium valproate (Christensen et al. 2013;
Bromley et al. 2013). Among other changes, the rodent valproate model of ASD
shows changes in serotonergic function (Wang et al. 2013). In this model, there
was increase tryptophan hydroxylase immunoreactivity in the dorsal and medial
raphe nuclei and an increase number of TPH immunoreactive neurons in the me-
dial raphe but not in the dorsal raphe of the valproate-exposed group. Using the
SERT ligand ['2’I]JADAM and small animal SPECT, valproate exposed animals
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showed an increase in the uptake of ['>TJADAM in the amygala. Furthermore, long
term potentiation (LTP) was shown to be enhanced in the lateral amygdala at tha-
lamic-amygdala synapses (Lin et al. 2013). Treatment of amygdala slices with the
SHT1A agonist 5-OH-DPAT reversed the excitatory/inhibitory imbalance in tissue
from VPA-exposed animals, as measured by the miniature excitatory postsynaptic
currents and paired pulse facilitation. Furthermore, chronic treatment with 5-OH-
DPAT improved social deficits and fear extinction memory in the valproate exposed
animals.

Case reports and epidemiological studies have linked autism risk to prenatal
viral infections, such as cytomegalovirus, herpes simplex virus, rubella, measles,
and mumps (Chess 1971; Deykin and MacMahon 1979; Ghaziuddin et al. 1992;
Mason-Brothers et al. 1990; Yamashita et al. 2003). In a more recent epidemiologic
study, Zerbo et al. (2013) showed no overall association between diagnoses of any
maternal infection during pregnancy and ASD (Zerbo et al. 2013). However, this
study did find an increased risk for ASD when maternal infection was diagnosed
during a hospital admission. The risk was higher for bacterial infections. Maternal
intrauterine inflammation resulting in immune dysfunction during development has
been implicated in the development of neurodevelopmental disorders such as au-
tism, schizophrenia, and cerebral palsy (Fatemi et al. 2008). A common link among
these disorders appears to be the presence of activated microglia and evidence for
immune dysregulation in the developing brain (Patterson 2009). Brain tissues of
autistic patients were found to have increased number of activated microglia and
astrocytes along with an increase in the levels of proinflammatory cytokines (Var-
gas et al. 2005). One link between maternal infection and intrauterine inflammation
and fetal brain development may be the transport and metabolism of serotonin and
its precursor tryptophan in the placenta. As kynurenine pathway enzyme IDO is
induced by the cytokine interferon-vy, it is upregulated in the placenta with mater-
nal infection (Mackler et al. 2003). Intrauterine infections in women are associated
with upregulation of kynurenine pathway enzyme mRNA expression in the placenta
(Manuelpillai et al. 2005). Increased metabolism of tryptophan by the kynurenine
pathway at the placenta may result in abnormalities in fetal brain development be-
cause of decreased tryptophan available for serotonin synthesis and the neurotoxic
effects of kynurenine metabolites (Stone 2001). ASD animal models of maternal
inflammation have shown alterations in brain serotonin in the postnatal brains. Viral
infections in the prenatal period have been associated with alterations in serotonin
in the cerebellum of P14 mice (Winter et al. 2008). Maternal intrauterine endotoxin
administration in a rabbit model results in microglial activation in the brain of the
newborn rabbit (Kannan et al. 2007) and decreased serotonin synthesis in the cor-
tex of the neonatal rabbit (Kannan et al. 2011). Kannan et al. (2011) demonstrated
that maternal intrauterine endotoxin administration decreased multiple serotonergic
markers in the offspring. Tryptophan metabolism to serotonin as measured by AMT
PET in vivo, and serotonin levels in the frontal and parietal cortices measured in vi-
tro, were significantly decreased following intrauterine endotoxin exposure. In ad-
dition to the decreased serotonin content, there was a loss of serotonin-immunore-
active terminals and decreased expression of SHTT measured in the parietal sensory
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cortex of endotoxin-exposed. In contrast, serotonergic raphe nuclei cell bodies and
TPH2-positive cortical fibers were intact in the endotoxin-treated kits. The authors
concluded that the loss of serotonin-immunoreactive fibers in the cortex was due
to loss of thalamic neurons and thalamocortical afferents that transiently express
SHTT to uptake and store serotonin during development. Diminished serotonin
signaling during development due to intrauterine inflammatory mechanisms may
result in defects in thalamocortical circuit formation. These results are significant
because they demonstrate that maternal intrauterine inflammation can disrupt the
serotonergic developmental regulation of thalamocortical innervation in somato-
sensory cortex of newborn rabbit kits.

13.9 Conclusions

Although a role for serotonin in ASD has been known for over 50 years, mecha-
nisms by which serotonin may be altered in ASD are only now being elucidated.
This new understanding of the role of serotonin in autism has been aided by tech-
nological advances, including the discovery of autism risk genes and the ability to
model these genetic variants in animal models. Molecular and functional imaging
techniques now offer insight into altered serotonin function in vivo in human brain.
Understanding of how prenatal factors such as maternal inflammation, maternal an-
tidepressant use, and maternal genetic factors such as MAOA variants may lead to
new strategies for the prevention of ASD. Understanding how different genetic fac-
tors affect serotonin may lead to individualized pharmacotherapy targeting different
aspects of serotonergic function. Finally, understanding how serotonergic function
during development differs in ASD may guide treatments aimed at particular points
during development.
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