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Abstract

Autism spectrum disorder (ASD) is a neurodevelopmental disorder with high heritability. The domain behavioral symptoms of
ASD are impaired in social interaction, lack of communication, and are often accompanied by repetitive and stereotyped behaviours
or interest. The spectrum of the disease applies to varying in cognitive functioning in those domain behaviors and thereby ASD term
includes autistic disorder, Asperger’s syndrome, pervasive developmental disorder not-otherwise specified. The worldwide preva-
lence of ASD is estimated to be about 1 in 161 children and it is one of the global mental health issues. However, there are no effective
treatment or cure medications available and the challenges to finding a solution still remain. High serotonin level in the platelets or
serotonin system abnormality and transient brain overgrowth are two most replicated findings in ASD research. The abnormality
in serotonin system occurring in the brain as well as peripheral part of the body in ASD individuals, have been reported in several

research findings. In this review, previous research reports on serotonin system abnormality in ASD are highlighted and discussed.
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Background

Serotonin system has been overlooked in several researches concerning the abnormalities in mind and behaviors. And the deficits
in serotonin system have been one of the major concerns in ASD research. ASD is not a fatal or infectious disease, but a highly complex
genetic and neurodevelopmental disorder which causes lifelong disabilities in social interaction, social communication with restricted
and repetitive behaviors and interests [1]; thus required a lifelong caregiver. And the symptoms of ASD appear when the child attains one
and a half years of age [2,3]. The number of ASD continue to increase and the recent estimate in the United States reported by Centers for
Disease Control and Prevention’s (CDC) Morbidity and Mortality Weekly Report (MMWR) Surveillance Summary.is one in 59 among the
children with 8 years of age [4,5]. Global prevalence from the earlier studies reported 62 in 10000 children which is equivalentto 1in 161

individuals and consistently rate of ASD in males is always higher than the females in several studies [6].
Serotonin system and the behavior

Serotonergic system involves serotonin, serotonin receptors, serotonin transporters etc. The 5-hydroxy tryptophan (5-HT), commonly
known as serotonin is a monoamine neurotransmitter produced in serotonin secreting neurons in the brain, enteric neural plexus, en-
terochromaffin cells of gastrointestinal mucosa, mast cells of various connective tissues and pinealocytes of pineal body of animals and
humans. Both in the brain and peripheral part of the body serotonin is synthesized from the amino acid tryptophan in the similar syn-
thetic pathways excepting the rate limiting enzymes. The rate limiting enzyme tryptophan hydroxylase 1 (TPH1) acts in the brain whereas
its isoform tryptophan hydroxylase 2 (TPH2) acts in the peripheral system. Serotonin synthesis occurs mainly in the raphe nuclei of the

brain and enterochromaffin cells of gastro intestinal tract. Since serotonin is strongly believed to control normal behavior, and thereby
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any defect in this neurotransmitter system may lead to different behavioral alterations. Several studies have emphasized the roles in many
psychiatric disorders that include stress, depression, drug addiction, obsessive compulsive disorders, attention-deficit hyperactivity dis-
order, schizophrenia, hallucinogenic drug action, autism, panic and anxiety disorders, aggression, and anorexia bulimia and the details
are extensively discussed in different sections in the Book “Handbook of the Behavioral Neurobiology of Serotonin” [7]. Besides, role of
serotonin has also been strongly implicated in wide range of processes such as cardiovascular and respiratory activity, sleep, aggression,

sexual behavior, nutrient intake, anxiety, mood, motor output, neuroendocrine secretion, and nociception and analgesia behaviors [8].

Serotonin is one of the earliest formed neurotransmitter in mammalian brains [9,10]. In humans the development of serotoninergic
neurons become evident by 5 weeks of gestation [11] and there is dramatic increase by the 10th week of gestation [12,13], where they are
predominantly present in dorsal raphe nuclei [12]. In normally developing brains, serotonin synthesis continues to increase throughout
gestation period until the first 2 years of life and the peak level at the age of 5 years is about the double of adult value [13]; after the age
of 5 years the level declines to adult value [14]. Similar pattern is also observed for serotonin receptor 5HT,, [15] and 5HT,, [16] indicat-

ing role of these receptors during the early development period of life. Studies using rodent models also showed the similar pattern [17].
Dual nature of serotonin

The high level of serotonin observed during the early development stages reveals bifunctional characteristic of serotonin in the brain,
acting as neurotrophic factor as well as neurotransmitter. Numbers of studies using animal models have exhibited self-regulatory action
of serotonin during the earliest stage of life influencing development of its own neurons [17,18]. During the brain development process,
serotonin functions in neurogenesis and neuroprotection [19], gliogenesis [20], migration [21], differentiation and maturation [22]. In
adult brain, it is likely to be involved in the maintenance and plasticity as mentioned elsewhere [23]. It is interesting to note that synap-
togenesis in human, which begins in midgestation [24] and peaks at about 2 years and begin to slow down during adolescence and adult-
hood [25]. This indicates role of serotonin in synaptogenesis of human and its time course is similar to the changes in serotonin level. In
this process serotonin may act directly through 5-HT, receptor or indirectly through the release of tropic factor S100B [26]. Therefore,
it is likely that any factor that causes the changes in the serotonin level during development may lead to changes in the brain morphol-
ogy and function. There are also evidences that showed interferences in serotonin system development due to hypoxia [27], diet [28],
infections [29], and environmental toxins like pesticides etc. [30]. These findings have brought concerns regarding the effects of maternal
stress or drug during pregnancy for altering serotonin level [31]. In human, lower serotonin level in the infant was correlated with pre-
natal maternal cortisol level [32], while maternal depression during pregnancy also causes serotonin loss in the infant [33]. On the other
hand, many studies using animal models for anxiety [34], autism [35], depression [36] and aggression [37] have shown that changes in
serotonin level during development not only change the brain morphology but also the behavior. Furthermore, understanding the role of

serotonin system in the brain had already made a large contribution in the etiology of many psychiatric disorders [7].
Serotonin system imbalance in ASD

Chugani,, et al. (1999) have observed variation in the brain serotonin synthesis capacity between the autistic and non-autistic indi-
viduals using PET (positron emission tomography) scanning protocol [38]. Among the non-autistic children the capacity of synthesis
was more than two times of the adult value until 5 years of age, and then continue to decline towards the adult value with the increase of
age until 14 years; declination is earlier for girls compared to boys. On the contrary for autistic children, the serotonin synthesis capac-
ity gradually increased between the age of 2 and 5 years at the rate of 1.5 times of the adult value [38]. The serotonin synthesis capacity
alteration at this particular age period indicates disruption during the developmental process in autism. Meanwhile, serotonin synthesis
capacity not reaching the developmental peak was also shown to be associated with altered language development [39,40]. Chugani., et
al. in 1997 demonstrated variations in serotonin synthesis capacity at specific brain regions of autistic boys as it was found to decrease in

the dentate-thalamocortical pathway while simultaneous increase was observed in the contralateral dentate deep cerebellar nucleus [40].
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However, serotonin synthesis capacity becomes normal or may be more in adults with ASD [39,40]. Further, a more recent study using
SPECT (single photon emission computed tomography) has demonstrated decrease in serotonin transporter binding capacity among in-
dividuals with ASD aged between 5 - 16 years. This was particularly evident in the medial frontal cortex area of the brain even though the
lower binding capacity was also observed in the midbrain and temporal lobe areas [41]. Interestingly, the reduction was more apparent in
adolescent individuals compared to younger ones [42] indicating participation of serotonin transporters during serotonin development.
It was also pointed out that development of serotonin synthesis capacity in non-autistic children was positively correlated with the de-
velopmental variations in the cortical synaptic density during infancy and childhood [43]. The observations in 12 postmortem specimens
indicated that the number of synapses was maximal at the age of 1 - 2 years and declined at the age 2 - 16 years [44]. Putting this idea
Makkonen., et al. (2008) stated that it is possible to occur less synapse sprouting with a sparse density in serotoninergic pathways which
will affect the serotonin transporter binding capacity for autistic individuals [42]. Subsequently, Chugani., et al. (2002 and 2005) have
indicated that the interventions which enhance serotonergic neurotransmission during early childhood development can have the most
immediate potential in elicitating clinically important adaptive brain changes in children with autism [45]. However, no clue is available

for the link between the brain size and serotonin system.

High serotonin level present at the range of 30-50% in the platelets of ASD individuals has been consistently reported from different
populations in several studies [46]. Studies using animals indicate high platelet serotonin level in ASD individuals which may be related
to early decrease in central serotonin development. Exposing rats to serotonin agonist during mid-gestation to adolescent period leads to
increased pre and postnatal serotonin level and that may result in the loss of central serotoninergic innervations in the pups, probably by
autoregulation through 5HT,, receptor [47]. Besides, 5-HT, , knockout mice show high platelet serotonin level during development and
adulthood while showing transient decrease in the brain during early and postnatal stage [48]. Studies with gestational tryptophan hy-
droxylase inhibition as well as tph1 deficient mice demonstrated that normal brain development and peripheral serotonin in offspring are
direct consequence of peripheral and maternal serotonin availability during gestation [49]. These evidences indicate close link between
central and peripheral serotonin level and its role in brain development even though the mechanism of regulation is yet to be understood.
Since, abnormalities of serotonin function occur in ASD, understanding the mechanism of regulation of serotoninergic system will helpful
in investigating the pathology of ASD. Interestingly, improvement of ASD behavioral symptoms after treatment with selective serotonin

reuptake inhibitors has further supported the correlation between autistic behavior and serotonin system abnormality [50].
Conclusion

Serotonin plays dynamic roles during the neurodevelopmental processes. The abnormalities occurred in the serotonin system could
affect brain and behavior leading to neurodevelopmental disorders such as ASD. There are several reports that indicate association of
serotonin system in ASD. However, conclusive evidence is yet to be established. Further research digging to the causes of serotonin system
abnormality in ASD could provide a clearer understanding on the pathophysiology of ASD that can provide a strategy for proper treatment

and cure.
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