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Preface 
 
 
The terms ‘autism’ and ‘autistic’ derive from the Greek word autos, meaning 

self. This is appropriate to describing the autistic behavioral phenotype in which 
there is a pathological impairment in socialization and verbal and nonverbal 
communication, in addition to behavior and interests that are often highly 
restricted and repetitive. The autistic individual often appears isolated, and unable 
to make sense of the world around them. They often reveal an inability to predict 
and understand the behavior of others, and perceptions of the world remain 
fragmented and are not embedded into a coherent pattern or structure. This book 
discusses the causes and risks of autism from researchers around the globe. 

Chapter I - The central and peripheral serotonin (5-hydroxytryptamine, 5-HT) 
systems are discussed in a single conceptual framework. It is hypothesized that 
the abnormal development of the autistic brain and the blood hyperserotonemia of 
autism are caused by factors that are expressed in both 5-HT systems. The 
underlying biology of these processes is explored in mathematical models of 
blood 5-HT levels. Predictions of the models are discussed in relation to the early, 
unobservable development of the autistic brain. 

Chapter II - Genetic heterogeneity for a multifactorial disease such as autism 
would imply that any two patients are unlikely to share the same susceptibility 
loci. Since different susceptibility loci may affect the same function and since 
functions may be considered at different levels of analysis, the following question 
arises: at what phenotypic levels is convergence attained by different genes in 
autism ? This is an important question to answer in order to shed light on 
subcellular, cellular or multicellular structures and functions possibly involved in 
the pathogenesis of autism. Among the various attempts made to answer this 
question it is worth mentioning the use of the best available genetic information 
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to focus on the formation, structure and function of the glutamatergic synapse. 
How could we use this working scheme in a more efficient and hopefully fruitful 
way ? 

The recent advent of genomic technology offers an unprecedented 
opportunity to study the biological structure of autism deep into its molecular 
roots. For example, recent work on structural genomics has led to the 
identification of many Copy Number Variations in the gene-rich regions of the 
genome detected in a large number of patients. Interesting advances have also 
been made by analyzing the global gene-expression profiles in blood cells of 
autistic patients. The large amount of data generated by these studies is likely to 
contain precious information about the pathogenesis of autism. In this chapter, the 
authors we review the literature on the genomic studies in ASD and present the 
results of a preliminary study showing how candidate biological processes for 
ASD can be identified from microarray data using the Gene Ontology database. 
The authors also discuss the importance of the transition from a strategy based on 
the search for candidate genes to the search for candidate ontology terms to 
expand our current understanding on the biological processes impaired in ASD. 

Chapter III - Gastropods have an unusual genetic mechanism in which the 
mother's genotype determines the shell phenotype of her offspring. Experiments 
have shown that these unknown, maternal-effect genes determine shell chirality, 
the direction each snail shell coils, with dextral or right handed having a 
clockwise spiral, and sinistral or left handed having a counterclockwise spiral. 
Most snail species consist only of dextral individuals, while some species are 
entirely sinistral, and some species are polymorphic for shell chirality, producing 
both dextrals and sinistrals in the same species. This particular genetic mechanism 
implies a lack of homozygous-dominant (R/R) individuals in the alternative shell 
phenotype, while the primary phenotype can have any of the genotypes of 
homozygous dominant, heterozygous (R/r), or homozygous recessive (r/r) in 
snails. In humans, the hair-whorl rotation, the direction in which the hair spins at 
the back of the head, is generally either clockwise or counterclockwise and has 
been associated with handedness, cerebral laterality, and sexual orientation. As 
such, direction of hair-whorl rotation is thought to be a phenotypic marker 
underlying the genetics of various behavioral phenotypes in our species. Previous 
research has already associated handedness with sexual orientation, psychosis, 
and autism spectrum disorders (ASD), but to the best of my knowledge, hair-
whorl rotation has not been tabulated in autistic individuals. A recent theory has 
proposed that maternal-effect genes are involved in determining handedness and 
hair-whorl rotation in humans, in addition to various behavioral phenotypes in our 
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species. These genes (possibly RHD and RHCE) predict a lack of homozygous-
dominant individuals among the alternative phenotypes in humans, analogous to 
shell chirality in snails. If maternal-effect genes are interacting with biparentally-
expressed genes to cause some cases of ASD and other behavioral phenotypes in 
humans, then current genomic search results (i.e., linkage mapping using single 
nucleotide polymorphisms) for all of these genes will be obscured. To increase 
precision of genome searches during sibling studies, researchers should search for 
maternal-effect genes (i.e., never or almost never homozygous in the alternative 
phenotype; alleles shared less commonly than expected by chance in sets of 
affected siblings) in addition to biparentally-expressed genes (i.e., genes always 
or almost always homozygous in the alternative phenotype; alleles shared more 
commonly than expected by chance in siblings). If it can be shown that the snail 
chirality gene is homologous to the human handedness and hair-whorl genes, 
even if these genes turn out not to be RH genes, snails may still provide an animal 
model for evaluating possible environmental causes of ASD in humans. For 
example, aquatic snails, many of which have a short generation time and breed 
easily in captivity, could be treated with mercury to test the expression of the 
opposite chirality in their offspring. Other chemical agents or mixtures could also 
be tested in snails to determine possible correlates to environmental exposure in 
humans. 

Chapter IV - The terms ‘autism’ and ‘autistic’ derive from the Greek word 
autos meaning self. This is appropriate to describing the autistic behavioral 
phenotype in which there is a pathological impairment in socialization and verbal 
and nonverbal communication, in addition to behavior and interests that are often 
highly restricted and repetitive (the triad; American Psychiatric Association, 
1994). The autistic individual often appears isolated, and unable to make sense of 
the world around them. They often reveal an inability to predict and understand 
the behavior of others, and perceptions of the world remain fragmented and are 
not embedded into a coherent pattern or structure. Time is part of the fundamental 
intellectual structure in which we make sense of the events in our lives. ‘Timing 
and time perception allow us to unite action sequences and events occurring 
separately in time, to adapt to reoccurring situations, and to predicate behavior on 
what is expected to occur’. Timing and time perception are essential for 
adaptation and learning, memory and attention, cognitive development, and social 
synchrony and communication (see Meck, 2003). Firsthand accounts of people 
with autism often report a need to adhere to rituals or routines to compensate for a 
failure to predict events, and to their disorientation in time. They reveal a general 
lack of understanding about the passage of time, and appear stuck in the present. 



Alessia C. Giordano and Viola A. Lombardi x 

It is for these reasons that the issue of timing and time perception in autism is 
particularly intriguing. The authors will review empirical evidence that 
collectively suggests time perception may be disordered in autism, and postulate 
that fundamentally, a disturbed ‘time sense’ may contribute to features of the 
autistic behavioral phenotype. 

Chapter V - Language abnormalities are critical in diagnosing autism, 
including the absence of or severe language delay, inability to initiate or sustain a 
conversation and the use of stereotypic or repetitive language. Symptoms related 
to language may vary in intensity; however, the common denominator (i.e., an 
inability to establish effective communication) is ever present in these patients. 

Other diagnostic criteria address deficiency in or lack of social interaction, 
reflected in abnormal play behavior or in the manipulation of elements having 
inappropriate, repetitive patterns of a non-functional ritualistic nature. 

Children suffering from autism generally present no major alterations of early 
motor development during the first and second years of life and the child is able 
to sit, crawl and walk within the expected time-frames. Retrospective studies of 
films of autistic children have shown subtle differences in object manipulation, 
visual attention to social stimuli as well as in smiling and exploration. However, 
the alarm signal (and the one usually triggering consultation) is the absence of or 
defective language development. 

The above observations indicate that the central alteration in an autistic child 
resides in the ability to relate to others, particularly involving verbal and non-
verbal communication, difficulties in establishing social contact and an inability 
to detect the intentions of others. 

Neuro-anatomical studies and functional magnetic resonance imaging have 
shown structural variations and alterations involving the cerebellum, as well as 
temporal and frontal lobes. One of the striking features in these patients from the 
clinical viewpoint is the absence of alerting reaction and response to the human 
voice, while the orientating reflex to environmental sound stimuli remains 
normal. Dysphasia may range from lack of recognizing basic units or phonemes 
to problems in integrating a particular word with its meaning. The clinical picture 
becomes more complex as a child grows older and more participation in activities 
requiring social interaction is expected. 

Early recognition and appropriate treatment of difficulties with processing 
social information provides a basis for treatment methodology that is often able to 
change these patients’ worsening clinical course. 

Short Communication - Histidinemia is one of the most frequent errors of 
amino acid metabolism. Metabolic blockage of histidase activity increases 



Preface xi 

histidine concentrations in body fluids. There have been a lot of controversies 
whether histidinemia is a harmless biochemical error or a neurophycological 
disease. Several investigations demonstrated that histidinemic patients often 
presented autistic features, but others showed that they were asymptomatic. The 
authors investigate on 70 patients with histidinemia whether they are 
accompanied with autistic symptoms or not.  Ten patients (14.3% of 70 patients) 
were diagnosed as having pervasive developmental disorder (DSM-IV). In 
detailed classification, five patients (7.1%) were autistic disorder, four (5.7%) 
were Asperger’s disorder, one (1.4%) was pervasive developmental disorder not 
otherwise specified. The present study confirmed the frequency of pervasive 
developmental disorder was extremely high in histidinemic patients. The authors 
hypothesize that patients should present autistic symptoms if histidinemia and 
other factors (whichever genetic or environmental factor) are combined; that is 
histidinemia may be a risk factors for autism spectrum disorders.  
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Chapter I 
 
 

Autism as a Theoretical Problem  
and the Significance  

of Blood Hyperserotonemia  
 
 

Skirmantas Janušonis*  
Department of Psychology, University of California, 

Santa Barbara, CA 93106-9660 
 
 

1. Abstract 
 

The central and peripheral serotonin (5-hydroxytryptamine, 5-HT) 
systems are discussed in a single conceptual framework. It is hypothesized 
that the abnormal development of the autistic brain and the blood 
hyperserotonemia of autism are caused by factors that are expressed in both 
5-HT systems. The underlying biology of these processes is explored in 
mathematical models of blood 5-HT levels. Predictions of the models are 
discussed in relation to the early, unobservable development of the autistic 
brain. 

 
 
 
 

                                                 
* Skirmantas Janušonis: Tel: 805-893-6032;  FAX: 805-893-4303;  E-mail: 

janusonis@psych.ucsb.edu 
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2. Abbreviations 
 
5-HT, 5-hydroxytryptamine (serotonin);  
5-HTP, 5-hydroxytryptophan;  
5-HIAA, 5-hydroxyindoleacetic acid;  
BBB, blood-brain barrier;  
CSF, cerebrospinal fluid;  
EC cells, enterochromaffin cells;  
ENS, enteric nervous system;  
SERT, serotonin transporter (also abbreviated 5-HTT). 
 
 

3. Introduction 
 
The complexity of autism spectrum disorders (ASDs) arises from two very 

different sources. First, there is a distinct possibility that we are dealing with a 
number of biologically different disorders, even if only “classic” autism is 
considered. While the Diagnostic and Statistical Manual of Mental Disorders 
(DSM-IV-TR) remains the best of the bad options, currently we have no real 
evidence that we are not trying to understand the causes of the general limping 
disorder. The extent of the genetic complexity of ASDs has been demonstrated by 
a number of recent studies (Geschwind, 2007; Sebat et al., 2007; Szatmari et al., 
2007; Abrahams and Geschwind, 2008; Lintas and Persico, 2008). While genetic 
complexity does not necessarily mean structural or functional complexity 
(Babloyantz, 1986; Nicolis and Prigogine, 1989; Geschwind, 2008), ASDs may 
well represent a number of biologically different conditions. The second source of 
the difficulty is our haphazard and inexcusably fragmented approaches, as 
insightfully observed by Belmonte et al. (2004). This situation has some objective 
causes: in autism, one has to step out the central nervous system (CNS) to see the 
entire picture. This comes at a price, as it involves understanding such seemingly 
unrelated and vast systems as the gut and the blood. Conversely, researchers 
specializing in the latter systems may be reluctant to add the CNS to the 
complexities of their own field. 

The main purpose of this chapter is to present a conceptual approach I have 
been developing in the past several years. At its core, this approach is an attempt 
to bring several subfields of autism research into a single conceptual framework. I 
will also briefly review some basic facts about the “central” and “peripheral” 
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serotonin systems, with the aim of furthering collaboration between researchers 
working on only one of these systems. 

 
 

4. The Unobservable Autistic Brain 
 
To date, a remarkably wide range of abnormalities has been reported in 

autistic brains, such as reduced numbers of Purkinje cells in the cerebellum 
(Williams et al., 1980; Ritvo et al., 1986; Kern, 2003), abnormal cortical 
minicolumns (Casanova et al., 2002; Casanova et al., 2003; Casanova et al., 2006; 
Casanova, 2007), abnormalities of the limbic system (Raymond et al., 1996; 
Amaral et al., 2003; Schumann et al., 2004), dysfunction of mirror neurons 
(Dapretto et al., 2006), alterations of cranial nerve nuclei (Rodier et al., 1996; 
Rodier, 2002), abnormal patterns of brain growth (Courchesne et al., 2004; 
Courchesne et al., 2005; Courchesne et al., 2007), inflammation of the brain 
(Vargas et al., 2005), and others (Kemper and Bauman, 2002; Palmen et al., 2004; 
Pickett and London, 2005; DiCicco-Bloom et al., 2006; Amaral et al., 2008). Due 
to the expected difficulty obtaining well-preserved autistic brain specimens, some 
of these reported alterations still await independent confirmation by other groups 
of researchers. Nevertheless, the evidence suggests that many neuroanatomical 
regions are affected in autistic brains. 

By the time an autistic brain is available for examination in MRI or 
postmortem studies, the individual is very likely to have already been diagnosed 
with autism. This currently means that the individual is at least two years of age. 
Because of this late diagnosis, early (prenatal and perinatal) brain abnormalities 
are likely to escape direct detection in clinical and experimental studies. 
Importantly, these early abnormalities may be well-defined and few, but they may 
cause secondary alterations in many brain areas as the brain develops. Such early 
abnormalities would be virtually inaccessible to direct observation (because such 
fetal and perinatal brains would not yet be known to be autistic). 

Given this situation, a successful approach may require (i) focusing on a 
consistent biological finding in diagnosed autistic individuals (phenomenon B), 
(ii) tracing its cellular and molecular origin (phenomenon A), and (iii) exploring 
whether phenomenon A may also affect early brain development (figure 1). To 
date, the most consistent biological alteration has been found in the blood of 
autistic individuals. Specifically, a large number of studies have shown that 
ethnically diverse autistic groups have elevated mean serotonin (5-
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hydroxytryptamine, 5-HT) levels in blood platelets (Schain and Freedman, 1961; 
Hanley et al., 1977; Anderson et al., 1987a; Anderson et al., 1990; Cook, 1996; 
McBride et al., 1998; Anderson et al., 2002b; Coutinho et al., 2004; Mulder et al., 
2004; Coutinho et al., 2007; Hranilovic et al., 2007; Hranilovic et al., 2008; 
Melke et al., 2008). While the biological causes of autism remain unknown, the 
platelet hyperserotonemia of autism currently is one of the most well-replicated 
findings in all of biological psychiatry (Anderson, 2002). 

In contrast to the brain, blood platelets survive only a few days and are 
constantly replaced with new platelets. This means that the process that overloads 
blood platelets with 5-HT continues to be active years after the brain has 
developed. Some of these same molecular factors may play key roles in the 
development of the autistic brain, well before we can observe the brain in its final 
altered form. Therefore, blood platelets may serve as a window into the 
unobservable past of the autistic brain (figure 1). In this respect, the platelet 
hyperserotonemia of autism may be a biological analogy of the cosmic 
microwave background in astrophysics. 

 

 

Figure 1. The platelet hyperserotonemia of autism may be caused, in part, by a factor that 
is also expressed in the developing autistic brain. The central and peripheral 5-HT systems 
are separated by the blood-brain barrier (BBB) that matures after birth. It is usually not 
clear until two years of age whether the brain is autistic. By that time, the alteration that set 
the developing brain on the autistic trajectory may no longer be evident. The factor that 
caused this alteration may continue to operate years after birth in the peripheral 5-HT 
system, where with other factors it may determine 5-HT levels in short-lived blood 
platelets (Janušonis, 2005; modified). 
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Before I present this general idea in more rigorous terms, a brief review of the 
mammalian serotonin systems is useful. 

 
 
5. Central and Peripheral 5-HT Systems 
 
Serotonin, its receptors and the serotonin transporter (SERT) play important 

roles in the embryogenesis of vertebrate and invertebrate species, before the CNS 
develops (Buznikov, 1984; Buznikov et al., 2001; Buznikov et al., 2005; Levin et 
al., 2006). Later in development, two 5-HT systems emerge in mammals (figure 
2). We shall call them the central and peripheral 5-HT systems. It should be 
noted that these names are CNS-centric and may be misleading. These two 5-HT 
systems may also be named the CNS and non-CNS 5-HT systems, or 5-HT 
systems II and I, respectively. 

 

 

Figure 2. The central and peripheral 5-HT systems. Images from Nolte (2002) and Rohen 
et al. (2006) were used in the composite figure.  

In both systems, 5-HT is synthesized from L-tryptophan, an amino acid. In 
both systems, most 5-HT is removed by converting it to 5-hydroxyindoleacetic 
acid (5-HIAA). Tryptophan can cross the blood-brain barrier (BBB), but its entry 
into the brain is limited by the competition among a few neutral amino acids 
(tryptophan is one of them). In contrast, 5-HT cannot cross the BBB, which 
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means there are two separate 5-HT pools in the body: one in the CNS and the 
other outside the CNS. It is important to note that, strictly speaking, there is much 
peripheral 5-HT flowing through the brain in the immediate vicinity of neurons, 
but this 5-HT cannot escape blood capillaries. Blood capillaries are so tightly 
packed that in the cerebral cortex no neuron is more than some 100 μm away 
from a capillary (Duvernoy et al., 1981). Some brain serotonergic neurons can 
monitor carbon dioxide levels in brain blood vessels (Bradley et al., 2002; 
Severson et al., 2003). 

The BBB is actually a number of barriers. These barriers can be defined 
based on the anatomical presence of tight junctions in blood capillaries, the 
functional permeability of blood capillaries for various substances, and other 
components that may or may not be present at the same time (Wenzel and 
Felgenhauer, 1976; Virgintino et al., 2004; Ge et al., 2005). In the human brain, 
tight junctions develop prenatally (Mollgard and Saunders, 1986; Bell et al., 
1991; Virgintino et al., 2004). 

Importantly, the BBB is a dynamic barrier. In this respect, the BBB resembles 
a set of immigration policies rather than a wall. The BBB is modulated by drugs, 
stress and other factors (Sharma, 2004a). The BBB is also altered by luminal and 
abluminal application of 5-HT to brain blood vessels; this process is mediated by 
5-HT2 receptors (Sharma, 2004b). Interestingly, the concentrations of free 5-HT 
on the inside and outside of brain capillaries may be comparable (Anderson et al., 
1987b; Beck et al., 1993; Adell et al., 2002; Anderson, 2007), but without more 
accurate experimental measurements such comparisons should be treated with 
caution. 

 
 

6. Central 5-HT System 
 
In the central 5-HT system, 5-HT is synthesized by serotonergic neurons, 

most of which are located in the raphe nuclei of the brainstem. In this system, the 
enzyme that converts tryptophan into 5-hydroxytryptophan (5-HTP), the 
immediate precursor of 5-HT, is tryptophan hydroxylase 2 (Tph2) (Walther et al., 
2003). In the central 5-HT system, 5-HT acts as a signaling molecule that can be 
detected by (perhaps all) neurons and by some glial cells, such as astrocytes 
(Whitaker-Azmitia, 2001). Serotonergic fibers (axons), originating in the raphe 
nuclei, spread throughout the brain, which becomes virtually embedded in a 
serotonergic meshwork. Even though it is often assumed that 5-HT is released 
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from serotonergic fibers “diffusely”, 5-HT signaling among neurons may occur 
through conventional synapses (Papadopoulos et al., 1987; Parnavelas and 
Papadopoulos, 1989). Extracellular 5-HT is pumped by SERT back into 
serotonergic fibers, where the 5-HT may be recycled. The extracellular 5-HT 
concentration in the brain is very low. In the rostral raphe nuclei, it has been 
estimated to be around 2 – 8 nM and may not be high enough to activate even 5-
HT1A autoreceptors unless 5-HT levels become excessive (Adell et al., 2002). 

During brain development, some neurons may express tryptophan 
hydroxylase 1 (Tph1) (Nakamura et al., 2006). Also, developing thalamocortical 
neurons (and some other non-serotonergic neurons) can transiently express SERT 
and take up 5-HT, even though they themselves do not synthesize 5-HT (Lebrand 
et al., 1996; Lebrand et al., 1998; Lebrand et al., 2006). The exact pattern of the 
transient SERT expression shows species-specific variation (Lebrand et al., 
2006).  

The pineal gland uses Tph1 to synthesize 5-HT (Walther and Bader, 2003), 
which can then be converted to melatonin. Melatonin can cross the BBB. 
However, in several respects the pineal gland lies outside the brain with regard to 
the BBB and, therefore, is a part of the peripheral 5-HT system. 

In the central 5-HT system, 5-HT is converted to 5-HIAA that enters the 
cerebrospinal fluid (CSF) and that can be measured in lumbar puncture samples. 
The concentration of 5-HIAA in the human CSF has been estimated to be around 
122 nM (Narayan et al., 1993). These 5-HIAA levels can be used to indirectly 
assess 5-HT function in the CNS (Anderson et al., 1988; Narayan et al., 1993). It 
has recently been suggested that CSF 5-HT levels, when analyzed with great care 
to minimize blood contamination, may provide a more direct and accurate 
measure of extracellular 5-HT in the CNS (Anderson et al., 2002a). The 
concentration of 5-HT in the CSF of Macaca mulatta has been estimated to be 
around 87 ng/L (Anderson et al., 2002a). 

 
 

7. Peripheral 5-HT System 
 
In the peripheral 5-HT system, most 5-HT is synthesized by enterochromaffin 

(EC) cells and neurons of the gut. Over 95% of the body’s 5-HT is in the gut and 
over 90% of this 5-HT is stored in EC cells that are distributed in the enteric 
epithelium from the stomach through the colon (Gershon, 2004). The enzyme that 
converts tryptophan into 5-HTP in EC cells is tryptophan hydroxylase 1 (Tph1); 
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in gut neurons, it is tryptophan hydroxylase 2 (Tph2) (Walther et al., 2003; 
Gershon and Tack, 2007). Functionally, the 5-HT produced in the gut plays two 
distinct roles: 

First, 5-HT produced in the gut serves as a signaling molecule 
(neurotransmitter) in the enteric nervous system (ENS) (Gershon, 2003) that 
contains as many neurons as the spinal cord (Gershon, 2004). Extracellular 5-HT 
is taken up by neuronal and non-neuronal cells of the gut that express SERT 
(Gershon, 2003; Gershon, 2004). A recent study has shown that SERT is 
important in intestinal immune and inflammatory responses; abnormal SERT 
function may increase the severity of immune-mediated colitis (Bischoff et al., 
2009).   

 

 

Figure 3. The circulation of free 5-HT in the peripheral 5-HT system. The triangle above 
the gut box represents gut 5-HT production, the triangles below boxes represent 5-HT 
clearance. In humans, blood 5-HT (free and sequestered in blood platelets) is usually 
measured in distal venous blood samples (wide arrow). Based on Anderson et al. (1987b). 

Second, 5-HT produced in the gut enters the systemic blood circulation 
(figure 3), where most of this 5-HT is rapidly cleared by the liver, the lungs, and 
other organs (Thomas and Vane, 1967; Anderson et al., 1987b). Some of the 
remaining 5-HT is taken up and stored by blood platelets that express SERT but 
that do not synthesize 5-HT themselves. Blood platelets are an essential 
component of the blood, where they play important roles in blood clotting and in 
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the regulation of vascular tone. Blood platelets are minute (around 1.5 – 3.0 μm in 
diameter) protoplasmic disks covered with membrane. They split off from long 
processes of large (up to 60 μm in diameter), polyploid megakaryocytes in the 
bone marrow. This origin of blood platelets was demonstrated by J.H. Wright in 
1906 (Bremer, 1936); one of his original figures is reproduced in figure 4. Blood 
platelets are short-lived; their half-life has been estimated to be 4 – 6 days 
(Heyssel, 1961; Stuart et al., 1975). 

 

 

Figure 4. Blood platelet production (bp, blood platelets; V, blood vessel). This original 
J.H. Wright's figure is reproduced from Bremer (1936). 

Since 5-HT is constantly added to and cleared from the systemic blood 
ciculation, the concentration of free 5-HT in the blood plasma varies in different 
parts of the peripheral 5-HT system (figure 3). In practice, this concentration is 
usually measured in the distal venous blood, after the liver and the lungs have 
removed most of the 5-HT released from the gut (figure 3). In the distal venous 
blood, the concentration of free 5-HT is very low. It has been estimated to be 
around 304 ng/L (Anderson et al., 1987b) and 0.77 nM (Beck et al., 1993). 
Because of considerable technical challenges, its actual value remains unknown; 
however, it is undoubtedly lower than 1000 ng/L (Anderson, 2007). The levels of 
5-HT in blood platelets are a few orders of magnitude higher; therefore, whole-
blood 5-HT levels are virtually equivalent to the levels of the 5-HT sequestered in 
blood platelets. In normal subjects, these whole-blood 5-HT levels have been 
estimated to be around 187 – 297  μg/L (McBride et al., 1998) and 0.4 μM 
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(Melke et al., 2008); other studies have reported comparable concentrations 
(Anderson et al., 1990; Coutinho et al., 2004; Mulder et al., 2004; Hranilovic et 
al., 2007; see also figure 2 of Janušonis (2008)). 

It is unlikely that blood platelets can escape CNS blood capillaries and cross 
the BBB to reach the brain. Even if this were possible before the BBB has 
developed, platelets would have to rupture inside the brain to release their 5-HT 
content. Considering that platelets are important in blood clotting, such a process 
appears highly improbable. However, it is worth noting that blood platelets share 
many common features with serotonergic synaptosomes (Stahl, 1977); this 
similarity may be accidental or not. 

In the peripheral 5-HT system, 5-HT is converted to 5-HIAA that can be 
detected in urine samples. Expressed per mg creatinine (in order to normalize for 
the body surface area and some other variables), urinary 5-HIAA concentration 
has been estimated to be 3.5 µg/mg creatinine in normal subjects (Minderaa et al., 
1987). Urine also contains 5-HT; urinary 5-HT levels have been found to be 
around 0.1 µg/mg creatinine in normal subjects (Anderson et al., 1989). 

 
 
8. Platelet Hyperserotonemia of Autism 
 
We now return to the conceptual approach we introduced earlier (figure 1) 

and ask the first question: What are the molecular mechanisms that underlie the 
platelet hyperserotonemia of autism? 

The causes of this phenomenon remain poorly understood. In an early study, 
SERT was implicated in autism (Cook et al., 1997). This study offered an 
insightful approach: blood platelets and neurons express the same SERT gene 
(Lesch et al., 1993) and, therefore, some polymorphic SERT variants may both 
overload blood platelets with 5-HT and alter serotonergic signaling in the 
developing brain. More recent studies have shown that SERT polymorphic 
variants do partially determine platelet 5-HT uptake rates (Anderson et al., 
2002b), but that these polymorphisms, alone, do not cause the platelet 
hyperserotonemia of autism (Anderson et al., 2002b; Persico et al., 2002) or 
contribute to autism itself (Persico et al., 2000; Coutinho et al., 2004; Wu et al., 
2005; Ramoz et al., 2006). 

Other studies have suggested that the platelet hyperserotonemia may be 
caused by altered 5-HT release from the gut (Minderaa et al., 1987; 
Croonenberghs et al., 2005). However, currently there is no strong evidence to 
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support this hypothesis. It is likely that altered 5-HT release from the gut, alone, 
cannot elevate platelet 5-HT levels. 

Solving this problem may require more than good experimental approaches. 
In an attempt to move away from common-sense intuitions (which are often 
unreliable when a system contains feedback loops), I have recently introduced a 
quantitative model of the platelet hyperserotonemia of autism (Janušonis, 2005). 
This model is based on the known physiology of the peripheral 5-HT system, but 
it also uses additional assumptions. 

First, I will briefly summarize the structure of the original model. Second, I 
will show that some of the potentially weak assumptions of the original model are 
unnecessary and can be relaxed if a slightly different mathematical approach is 
taken. Third, I will discuss a new model that further reduces the number of 
assumptions that have not yet been validated in experimental studies. 

 
 
9. Blood Platelet 5-HT Levels: Model I 

 
The original model (Janušonis, 2005) is based on the 5-HT circulation in the 

periphery (figure 3). The gut produces 5-HT that is released into the systemic 
blood circulation, where most of the 5-HT is rapidly cleared by the liver, lungs, 
and other organs (Thomas and Vane, 1967; Anderson et al., 1987b). Next, an 
important assumption is made: when the blood re-enters the gut after one full 
circulation, the remaining free 5-HT in the blood plasma is detected by gut cells 
that express 5-HT receptors and that can adjust 5-HT release from the gut. These 
hypothetical detector-cells may be EC cells that synthesize most of the gut 5-HT 
and that express 5-HT1A receptors (Kirchgessner et al., 1996). However, the 
properties of the model would not change if the free 5-HT were detected by other 
cells (e.g., serotonergic or non-serotonergic neurons of the ENS) that then altered 
5-HT release from EC cells. 

The model is described by a system of discrete recursive equations: 
 

,)(1=
set

tset

set

setTt

F
FF

R
RR γα −−−+      (1) 

 
,)(1= TttTt RFF ++ +−γ       (2) 
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where T is the time in which blood completes one circulation cycle; Rt+T is the 5-
HT release rate from the gut at time t+T; Rset is the pre-set (“normal”) 5-HT 
release rate from the gut; Ft is the flow of free 5-HT in the blood as the blood 
exits the gut at time t; Fset is the pre-set (“normal”) flow of free 5-HT in the blood 
that enters the gut; α ≥ 0 is the adjustment strength (“gain”) of the 5-HT release 
rate from the gut; and γ (0 < γ < 1) is the proportion of free 5-HT that is removed 
from the blood in one circulation cycle. 

The structure of the model is straightforward. Suppose we follow a small 
volume of blood that has just left the gut (at time t). The flow of free 5-HT in this 
volume is expected to be high; it is Ft. Soon after the volume leaves the gut, most 
of the free 5-HT is cleared by the liver, lungs, and other organs; the remaining 
flow of free 5-HT is (1 – γ)Ft. As the blood volume re-enters the gut, this 
remaining flow is compared to a pre-set value (Fset) and the gut 5-HT release rate 
is adjusted accordingly (Rt+T). Negative feedback is assumed; therefore, the 5-HT 
release rate is increased if the 5-HT flow is too low and decreased if it is too high. 
Finally, as the blood volume leaves the gut again, its flow of free 5-HT (Ft+T) is 
the sum of the free 5-HT flow before the blood entered the gut and the gut 5-HT 
release rate at time t + T. 

Next, we assume that the 5-HT concentration in blood platelets is a linear 
function of the steady-state flow of free 5-HT in the blood after most of the 5-HT 
released from the gut has been cleared by the liver, lungs, and other organs. The 
linearity of this relationship can be assumed because the Michaelis-Menten 
constant for platelet uptake is considerably larger (approximately 0.5 μM) than 
the levels of free 5-HT (Anderson et al., 1987b; Beck et al., 1993; Anderson et al., 
2002b; Anderson, 2007). This relationship can be studied at the steady state 
because 5-HT uptake by platelets is slow and continues throughout their life span 
(Mezzano et al., 1984). Less is known about when platelets take up most of their 
5-HT. Previous studies have hypothesized, based on physiological data, that 
platelets take up little 5-HT released from the gut before blood reaches the liver 
and the lungs (Anderson et al., 1987b). Then platelet 5-HT levels (P) can be 
expressed as 

 

,ˆ)(1= FAP γ−        (3) 
 

where F-hat is the steady-state value of Ft and A is a constant. Since the steady 
state is defined as Ft = Ft+T ≡ F-hat and Rt = Rt+T ≡ R-hat, it follows immediately 
from equations 1 – 3 that 
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≡     (4) 

 
It also follows from equations 1 – 3 that 
 

FR ˆ=ˆ γ         (5) 
 

and that 
 

,1ˆ=
α

α
α

+
+− set

set

set AFR
R

AFP      (6) 

 
assuming α ≠ 0. 

Equation (6) states that higher steady-state 5-HT release rates of the gut 
should correspond to lower platelet 5-HT levels, if (important!) α is held constant. 
In other words, if one were to sample a group of individuals with the same α, 
measuring their platelet 5-HT levels and gut 5-HT release rates precisely, the 
correlation coefficient between these two variables would be minus one. In 
practice, such a study would be extremely difficult to carry out, because gut 5-HT 
release can be measured only indirectly (e.g., as urinary 5-HIAA levels) and α 
cannot be controlled experimentally or statistically (as a covariate). One study has 
found no significant correlation between the levels of urinary 5-HIAA and whole 
blood 5-HT in autistic and control groups (Minderaa et al., 1987). However, the 
value of the sample correlation was not reported and urinary 5-HIAA levels 
provide only an indirect measure of how much 5-HT is produced by the gut. 
Recently, this problem has been investigated in a new experimental study (Mulder 
et al., 2009). With no evidence to support or invalidate it, equation (6) should be 
considered a hypothetical prediction. What is perhaps more important is that we 
reached this counterintuitive conclusion by making simple, common-sense 
assumptions. This serves as a reminder that we do not have a good intuitive 
understanding of even simple processes with feedback loops. 

When physiologically meaningful values are plugged into equation (4) 
(Janušonis, 2005), platelet 5-HT levels turn out to depend strongly on the 
interaction between the factor that controls 5-HT release from the gut (α) and the 
factor that determines 5-HT clearance after blood leaves the gut (γ). Specifically, 
a low α is a necessary but not sufficient condition for platelet hypersertonemia to 
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occur. It is only when α is low in the presence of a low γ that blood platelets 
accumulate unusually high 5-HT levels (figure 5). The actual molecules behind α 
and γ may be a 5-HT receptor and SERT, respectively, but other functionally 
similar molecules may play these roles as well. If only one of these two molecules 
plays a key role in the development of the autistic brain (figure 1), this interaction 
may explain why, in representative and diagnostically homogeneous samples of 
autistic individuals, many autistic subjects have normal platelet 5-HT levels, even 
though some other individuals always have abnormally high 5-HT levels. 
Obviously, the hypothesis that two different factors determine platelet 5-HT levels 
but only one of them plays a key role in the developing autistic brain can be 
considered independently of the present model. 

 

 

Figure 5. Model I: Platelet levels as a function of the factor that controls 5-HT release from 
the gut (α) and the factor that clears free 5-HT from the blood circulation (γ). This function 
is given by equation (4). Note that if α is normal (high), platelet 5-HT levels remain low 
with any γ, but if α is autistic (low), individuals with a low γ become hyperserotonemic. 
The black circles mark the points whose coordinates are independent of α and are γ* = 
Rset/(Rset + Fset) and P(α, γ*) = AFset. The values of the parameters are Fset  = 210 ng/min, 
Rset = 3000 ng/min, α = 0.20 (normal) or α = 0.02 (autistic). See Janušonis (2005) for 
details. 
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10. Platelet 5-HT Levels: Revised Model I 
 
The presented model is supported by the evidence that EC cells express 5-

HT1A receptors (Kirchgessner et al., 1996) that may potentially adjust 5-HT 
release from the gut depending on extracellular 5-HT levels. Some studies have 
suggested that EC cells also express 5-HT2, 5-HT3 and 5-HT4 receptors (Gebauer 
et al., 1993; Racke et al., 1996; Schworer and Ramadori, 1998), but more recent 
studies have failed to find 5-HT3 and 5-HT4 receptors in these cells 
(Schafermeyer et al., 2004; Liu et al., 2005). Regardless of what 5-HT receptors 
are actually expressed by EC cells, 5-HT1A, 5-HT3 and 5-HT4 receptors are 
expressed by ENS neurons (Kirchgessner et al., 1992; Tack and Sarnelli, 2002; 
Gershon and Tack, 2007) that can potentially modulate 5-HT release from the gut. 

However, the proposed model has a problem in that it postulates that the gut 
can detect free 5-HT in the arriving blood, which is a highly hypothetical 
scenario. It is more likely that gut 5-HT release is controlled not by the levels of 
free 5-HT in the blood but rather by local 5-HT levels in the gut itself. On the 
other hand, platelet 5-HT plays important roles in blood clotting and vascular tone 
and should be homeostatically regulated, even though we may not understand the 
exact mechanisms. Therefore, we can make a deliberately vague assumption that, 
at the steady state, the gut 5-HT release rate is a function of the platelet 5-HT 
levels. Importantly, this does not imply that platelet 5-HT directly controls gut 5-
HT release. This would be unlikely, considering that platelet 5-HT is isolated 
from the blood plasma by the platelet membrane. The mechanism can have many 
steps and can be as complex as one may wish. 

Mathematically, this can be stated as follows: 
 

),(=ˆ PfR         (7) 
 

where f is some analytic function. Next, we simply rewrite equations (2) and (3) 
at the steady state. These two equations are obviously independent of any 
assumptions about how gut 5-HT release is regulated: 

 

,ˆˆ)(1=ˆ RFF +−γ        (8) 
 

.ˆ)(1= FAP γ−        (9) 
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If P does not deviate much from some pre-set value Pset, we can expand f into a 
Taylor (power) series in the neighborhood of Pset: 

 

...)(
2
1))(()(=ˆ 2 +−′′+−′+ setsetsetset PPfPPPfPfR   (10) 

 
If we drop higher-order terms and define the pre-set 5-HT release rate as the rate 
at which platelet 5-HT levels are “normal” (i.e., Rset ≡ f(Pset)), we obtain 

 

),(=ˆ PPRR setset −+ β       (11) 

 
where for brevity we defined β ≡ -f′(Pset). 

From equations (8) and (9) we obtain that, on the other hand, 
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It follows from equations (11) and (12) that 
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This equation is equivalent to equation (4). It becomes apparent if we 

introduce, purely formally, two new variables: 
 

APF setset /≡        (14) 

 
and 
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This yields 
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which is exactly equation (4). 

It is worth reiterating that we achieved this by relying on very general ideas 
about homeostasis and without making any specific assumptions about the exact 
nature of the regulation of 5-HT release from the gut. 

 
 

11. Platelet 5-HT Levels: Model II 
 
The revised model is based on fewer assumptions than the original model, but 

it still fails to address a few important problems. 
First, it still assumes that blood platelets take up little 5-HT before most of 

the 5-HT produced by the gut is cleared by the liver, lungs, and other organs. This 
assumption is based on some physiological evidence (Anderson et al., 1987b), but 
its validity has not been systematically explored. 

Second, the model assumes that 5-HT clearance from the blood circulation is 
independent of both gut 5-HT release and platelet 5-HT uptake. This may not be 
so, because all three processes (5-HT release from the gut, 5-HT clearance from 
the blood circulation and 5-HT uptake by blood platelets) are controlled, in part, 
by the same SERT. The gut 5-HT release rate is likely to depend on the activity of 
SERT, because gut 5-HT appears to enter the blood circulation by simple 
diffusion. The rate of this diffusion should depend on the concentration of free 5-
HT in the gut wall, which, in turn, is likely to depend on the activity of SERT 
(Gershon, 2004). Likewise, 5-HT clearance from the blood circulation depends, at 
least in part, on SERT expression in various organs. (Despite the importance of 
SERT, it may not account for all 5-HT clearance in the gut and other organs 
(Chen et al., 2001)). Finally, SERT is the molecular pump that moves 5-HT 
molecules into blood platelets. The importance of SERT in this process can be 
clearly demonstrated in SERT-deficient mice that have negligible blood 5-HT 
levels (Chen et al., 2001). These multiple roles of SERT pose serious challenges. 
For instance, high activity of SERT may reduce the levels of free 5-HT in the gut 
wall and, consequently, reduce free 5-HT levels in the blood plasma, but this 
same SERT is likely to increase 5-HT uptake by blood platelets. If all of these 
processes are considered, will blood platelets have more or less 5-HT? 
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These apparent complications are addressed in the most recent model of the 
platelet hyperserotonemia of autism that is presented in detail elsewhere 
(Janušonis, 2008). Regarding the first problem, we should be able to calculate the 
average 5-HT uptake rate of blood platelets if we know their numerical 
concentration, life span, and the steady-state concentration of 5-HT in the whole 
blood. In other words, if we know what 5-HT concentration has to be maintained 
in the whole blood and we know how many platelets are available, the average 
uptake rate of a platelet with a known life span becomes completely 
predetermined. Specifically, it can be shown (Janušonis, 2008) that this rate is 

 

,=
p

s

C
Cu
τ

        (17) 

 
where Cs is the concentration of 5-HT in the whole blood, Cp is the numerical 
concentration of platelets in the blood and τ = 1.44 t1/2, where t1/2 is the half-life 
of platelets. In normal humans, Cs/Cp has been experimentally estimated to be 
approximately 3.58·10-18 mol/platelet (Mulder et al., 2004). The half-life of 
platelets is approximately 5 days (Heyssel, 1961; Stuart et al., 1975). It follows 
that u = 3.44·10-22 mol/min. If Michaelis-Menten kinetics is assumed with Km ≈ 
0.6 μM (Anderson et al., 1987b, 2002b) and Vmax ≈ 1.26·10-18 mol/(min·platelet) 
(Anderson et al., 2002b), the free 5-HT concentration that correspond to this 
uptake rate is 0.16 nM. This concentration is on the same order as an accurate 
experimental estimate of free 5-HT in the distal venous plasma obtained by Beck 
et al. (1993). This strongly suggests that platelets take up little 5-HT before most 
of the 5-HT released from the gut is removed from the circulation by the liver, 
lungs, and other organs. 

Regarding the second problem, it can be shown (Janušonis, 2008) that, if a 
number of key components of the peripheral 5-HT system are considered,  
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where, again, P is the platelet 5-HT levels; R-hat is the steady-state gut 5-HT 
release rate; x is the activity of SERT; kp(x), kg(x) and Θ(x) are increasing 
functions of x, representing the platelet 5-HT uptake rate constant, the 5-HT 
uptake rate constant in the gut wall, and the 5-HT clearance in the liver, lungs, 
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and other organs, respectively; and A, a, and b are constants. In equation (18), the 
5-HT production rate is assumed to be independent of the actual 5-HT levels in 
the gut wall and blood platelets. This relationship is similar to equations (4) and 
(16) when α = 0. The full version of equation (18) includes regulation of gut 5-HT 
release, as well as other parameters and their interactions; it yields platelet 5-HT 
levels that are consistent with values reported in experimental studies (Janušonis, 
2008). We are currently testing some predictions of the model experimentally 
(Albay et al., 2009). 

 
 

12. From Platelet Hyperserotonemia  
to the Developing Brain 

 
Models I and II suggest that the platelet hypersertonemia of autism may be 

caused by an interaction between a factor that determines how much 5-HT is 
released from the gut and a factor that removes free 5-HT from the blood 
circulation. We also hypothesized that one of these two factors may play a key 
role in the early development of the autistic brain, where its function may be 
different from that in the peripheral 5-HT system (figure 1). 

Recent evidence appears to be consistent with these predictions. Platelet 5-
HT levels have been shown to depend on the interaction between Tph1 and SERT 
polymorphic variants, as well as between the β3 integrin subunit and SERT 
polymorphic variants (Coutinho et al., 2007). Also, altered melatonin levels have 
been reported in the blood plasma of autistic individuals (Melke et al., 2008). 
Since plasma melatonin is known to be synthesized in the gut and in the pineal 
gland (Bubenik et al., 1996; Saha et al., 2007), this change may indicate 
abnormalities in the gut 5-HT-melatonin synthesis pathway. 

In order to test the validity of the general conceptual approach presented here 
(figure 1), we have analyzed the brain, gut and blood 5-HT levels in developing 
mice lacking the 5-HT1A receptor. By the third postnatal week, the mean platelet 
5-HT levels in the knockout mice were 24% higher than those in age-matched 
wild-type mice (Janušonis et al., 2006). This increase falls within the range of the 
typical platelet hyperserotonemia observed in autistic groups (Anderson et al., 
1990). 

The 5-HT1A receptor is expressed in EC cells (Kirchgessner et al., 1996) and 
it is also known to have high levels of expression in many areas of the developing 
rat and human brain (Bar-Peled et al., 1991; Miquel et al., 1994; del Olmo et al., 
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1994; del Olmo et al., 1998; Patel and Zhou, 2005). The lack of this receptor 
during a critical developmental period results in an “anxious” behavioral 
phenotype in mice (Gross et al., 2002). Interestingly, the Purkinje cells in the rat 
cerebellum express high levels of the 5-HT1A receptor during development, but 
their adult expression levels are very low (Miquel et al., 1994). Reduced Purkinje 
cell numbers have been one of the most consistent observations in autistic brains 
(Williams et al., 1980; Ritvo et al., 1986; Kern, 2003). Mice lacking 5-HT1A 
receptors may also have Purkinje cell abnormalities, but the specificity of this 
phenomenon may be difficult to prove, since many mouse knockouts exhibit 
Purkinje cell deficits (DiCicco-Bloom et al., 2006). In humans, the density of 
brain 5-HT1A autoreceptors has been shown to correlate with the reactivity of the 
amygdala (Fisher et al., 2006). 

The findings that 5-HT1A receptor-knockout mice develop a specific 
behavioral phenotype (Ramboz et al., 1998; Parks et al., 1998; Heisler et al., 
1998) and postnatal platelet hyperserotonemia (Janušonis et al., 2006) suggest 
that the development of the autistic brain and the autistic platelet 
hyperserotonemia may potentially be caused by abnormal function of a 5-HT 
receptor expressed in the developing brain and in the gut. One study has reported 
a decrease in the expression of 5-HT1A receptors in autistic postmortem brains 
(Pickett and London, 2005). However, the 5-HT1A receptor remains the only 5-
HT receptor studied with respect to platelet hyperserotonemia and it is not known 
if other 5-HT receptors also contribute to platelet 5-HT levels. 

An understanding of the origin of the blood hyperserotonemia of autism may 
allow us to focus on just a few 5-HT receptors that may set the developing brain 
on the autistic trajectory. We have shown that early serotonergic afferents arriving 
in the developing cerebral cortex make synaptic contacts with Cajal-Retzius (CR) 
cells in embryonic mice (Janušonis et al., 2004). CR cells are transient cells in the 
cortical marginal zone (the future cortical layer I) that play an important role in 
the positioning of migrating neurons (Soriano and Del Rio, 2005). Such synaptic 
contacts are likely to be present in the primate brain as well, since the anatomical 
distribution of early serotonergic fibers appears to be virtually the same in the 
mouse, rat and human brain (Wallace and Lauder, 1983; Bruning et al., 1997; 
Verney et al., 2002) and CR cells have been described in all studied vertebrate 
species, including humans (Molnar et al., 2006; Cabrera-Socorro et al., 2007; 
Tissir and Goffinet, 2007). In mammals, CR cells are uniquely characterized by 
co-expression of the glycoprotein reelin and the transcription factor p73 (Meyer et 
al., 2002; Tissir and Goffinet, 2007). In the absence of reelin, the normal 
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positioning of neurons in the developing mouse cortex becomes disrupted (Tissir 
and Goffinet, 2003). 

Very little is known about which 5-HT receptors are expressed in rodent CR 
cells and nothing is known about 5-HT receptors in human CR and CR-like 
(Meyer and Goffinet, 1998) cells. Based on previous reports, it has been 
suggested that CR cells may express 5-HT1A receptors (Janušonis et al., 2004) or 
5-HT3 receptors (Tecott et al., 1995), both of which are also expressed in the gut 
(Kirchgessner et al., 1996; Gershon, 2003; Gershon and Tack, 2007). A recent 
report has provided new evidence that mouse CR cells do express 5-HT3 receptors 
(Chameau et al., 2006). 

Altered function of a 5-HT receptor in CR cells may result in altered 
secretion of reelin and, consequently, in the abnormal cortical minicolumns that 
have been reported in autistic brains (Casanova et al., 2002; Casanova et al., 
2006). The cortical minicolumn is a fundamental functional unit of the primate 
cerebral cortex that reflects the radial migration of neurons during development 
(Casanova et al., 2003). An abnormal structure of cortical minicolumns may 
radically alter information processing in the cerebral cortex and may lead to a 
number of autistic symptoms, including increased incidence of seizures and 
auditory-tactile hypersensitivity (Casanova, 2006). Intriguingly, reelin signaling 
does appear to be affected in autism (Fatemi et al., 2005; Serajee et al., 2006). 
However, it remains unclear whether these findings are indicative of altered reelin 
secretion by fetal CR cells, since CR cells disappear at the end of cortical 
development and reelin may be expressed by many other brain and peripheral 
cells. Also, CR cells express MeCP2, a protein that is mutated in Rett syndrome 
and that may be important in autism (Zoghbi, 2003). Abnormal 5-HT signaling at 
CR cells may alter the expression of this protein and perturb cortical 
development. 

 
 

13. Conclusions 
 
The hyperserotonemia of autism may offer a powerful approach to the early 

development of the autistic brain that cannot be observed directly. The current 
state of autism research indicates that a combination of theoretical and 
experimental approaches, as well as close collaboration between groups working 
on different 5-HT systems will be necessary to understand the logic of autism 
spectrum disorders. 
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Abstract 
 

Genetic heterogeneity for a multifactorial disease such as autism would 
imply that any two patients are unlikely to share the same susceptibility loci. 
Since different susceptibility loci may affect the same function and since 
functions may be considered at different levels of analysis, the following 
question arises: at what phenotypic levels is convergence attained by 
different genes in autism? This is an important question to answer in order to 
shed light on subcellular, cellular or multicellular structures and functions 
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possibly involved in the pathogenesis of autism. Among the various attempts 
made to answer this question it is worth mentioning the use of the best 
available genetic information to focus on the formation, structure and 
function of the glutamatergic synapse. How could we use this working 
scheme in a more efficient and hopefully fruitful way? 

The recent advent of genomic technology offers an unprecedented 
opportunity to study the biological structure of autism deep into its molecular 
roots. For example, recent work on structural genomics has led to the 
identification of many Copy Number Variations in the gene-rich regions of 
the genome detected in a large number of patients. Interesting advances have 
also been made by analyzing the global gene-expression profiles in blood 
cells of autistic patients. The large amount of data generated by these studies 
is likely to contain precious information about the pathogenesis of autism. In 
this paper we review the literature on the genomic studies in ASD and 
present the results of a preliminary study showing how candidate biological 
processes for ASD can be identified from microarray data using the Gene 
Ontology database. We also discuss the importance of the transition from a 
strategy based on the search for candidate genes to the search for candidate 
ontology terms to expand our current understanding on the biological 
processes impaired in ASD. 
 
 

Introduction 
 
In the last 25–30 years many research efforts have been made to investigate 

the biological bases of autism, but still early diagnosis, prevention and effective 
treatments for this disorder appear as long-term goals. At the same time, and 
reassuringly, significant progress has been made in many specialized areas of 
autism research, from genetics to cognitive neurosciences (Frith, 2003). Perhaps 
one of the main contributions from these specialized studies has been the 
realization that the monolithic autism phenotype can be destructured and studied 
at several different levels of analysis. Symptomatic of this paradigm shift has 
been the introduction of the important concept of “endophenotype” (Flint and 
Munafo, 2007). MRI, neuropathological and immunological findings, 
macrocephaly, the alteration of certain metabolites in blood or cerebral spinal 
fluid are all examples of endophenotypes that have been detected in autistic 
patients. In principle, studying each of these and other endophenotypes offers the 
opportunity to open a window on the actual molecular, cellular and physiological 
processes that may have been impaired by genetic and/or environmental factors 
during critical periods of the Central Nervous System (CNS) development. With 
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more and more data coming out from these specialized fields it is becoming 
increasingly clear how important is to integrate this information to conceptualize 
realistic models of autism pathogenesis. To bridge the information generated at 
different levels of analysis is a necessary step before addressing the more 
ambitious goal of linking genes to the actual clinical phenotype observed in 
patients. In this context, it may be useful to recall the simple, but crucial notion 
that genes “encode” proteins and not repetitive behaviour or theory of mind. 
These concepts find support in the important advances that have been made 
integrating molecular data with sub-cellular, cellular or multicellular processes 
(e.g. neuroligin genes and synaptogenesis; Jamain et al., 2003). These 
achievements have been mirrored by an analogous progress made integrating, for 
example, psychological/behavioral data with MRI data (e.g., Bird et al., 2004; 
Koshino et al., 2007). 

It has been proposed that behavioral and cognitive impairments in autistic 
patients may result from an abnormal function in complex networks of neurons 
generating a skewed balance of local versus long-range functional connectivity 
(Belmonte et al., 2004a). More specifically, these impairments would result from 
an abnormally low activity of brain regions subserving social cognition, along 
with abnormally high activity of regions subserving lower-level, perceptual 
processing (Belmonte et al., 2004b). This theory is very important because it 
offers an excellent opportunity of integrating different types of neurobiological 
data (including genetic ones) and to formulate fruitful hypotheses. One such 
hypothesis proposes that predisposing genetic factors are likely to exert their 
effect on the structure and dynamics of neural systems, that is, abnormal 
expression within complex networks of genes translates into abnormal function in 
complex networks of neurons (Belmonte and Bourgeron, 2006 ). For example, the 
balance between excitatory and inhibitory neural processes depends on the 
expression of many genes directly or indirectly involved in neurotransmission, 
including receptors, membrane transporters, enzymes for neurotransmitter 
synthesis or degradation, cytoskeletal, and vescicular proteins, signaling and 
effector proteins, and regulators of transcription and translation (Belmonte and 
Bourgeron, 2006). On the other hand, since predisposing genetic factors are likely 
to exert an ongoing action at many if not all phases of CNS development, the 
molecular and cellular mechanisms involved in the early, middle and late phases 
of brain development, should also be taken into account and investigated. For 
instance, a decreased apoptosis has been proposed to explain various 
neuropathological findings in autistic patients (Saskia et al., 2004; Herbert 2005). 
Moreover, Di Bella et al., (2006) have noted that several genes putatively 
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implicated in the etiology of autism such as CDC16 (Di Bella et al ., 2006), NF1 
(Gillberg and Forsell, 1984), H-RAS (Herault et al., 1995), GRPR (Ishikawa-
Brush et al., 1997), TSC1/TSC2 (Crino and Henske, 1999), RAY1/ST7 (Vincent 
et al., 2002) are also involved in the control of cell cycle and cell growth. 
Recently, two other genes with similar functions have been added to the list: c-
MET (Campbell et al., 2006) and APC (Zhou et al., 2007). Overall, these 
observations suggest a role of several processes in the etiology of either the fully 
blown disease or just a sub-clinical expression of certain autistic-like traits or 
endophenotypes in non autistic subjects. 

In summary, whatever is the phenotypic level or developmental stage at 
which a pathogenetic mechanism is considered, a single gene is likely to be less 
important to the dysfunction than is the whole network (or networks) of genes of 
which that gene is part. This interpretation has relevant implications for research 
because it underscores the importance of studying gene networks potentially 
involved in autism pathogenesis towards the identification of a common cause in 
a significant number of patients. The very importance of these goals has clearly 
emerged in the most mature phase of genetic research on autism. The actual 
realization of these goals will probably rely on the new approaches that can now 
be exploited on this disorder thanks to the advent of genomic research.  

 
 

What Lessons Did We Learn from Genetic Studies on Autism ? 
 
There are several excellent reviews on the genetics of autism (Yang and Gill, 

2007; Happè et al., 2006; Veenestra-VanderWeele and Cook, 2004; Muhle et 
al., 2004; Folstein and Rosen-Sheidley, 2001) thus making dispensable the need 
for us to describe and discuss in detail the results of these studies. Overall, 
molecular genetics and cytogenetic studies performed so far, strongly support the 
notion that genetically autism is a very heterogenous disorder. Genetic 
heterogeneity for such a complex disease would imply that it is unlikely that any 
two patients would share the same susceptibility genes. This is the main reason 
why it has been so difficult or impossible to replicate linkage and association 
studies. 

In our opinion, the best available data generated by a genetic research in 
these years have concerned the studies on (i) chromosomal rearrangements, (ii) 
monogenic diseases associated to autism and (iii) few association studies. 
Integrating the information contributed by these studies has been instrumental to 
propose some models of autism pathogenesis. For example, the data on 
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neuroligins nos. 3 and 4, neurexin, FMR1, GluR6, MecP2 and SHANK3 genes 
have been integrated in a general pathogenetic model of autism based on 
alterations of synaptogenesis and synaptic function, specifically of the 
glutamatergic synapse (Zoghbi, 2003; Persico and Bourgeron, 2006; Belmonte 
and Bourgeron, 2006; The Autism Genome Project Consortium, 2007).  

How many autism genes are there ? In the whole population of ASD patients 
this number is probably very high, perhaps hundreds (Pritchard, 2001). In 
contrast, the number of susceptibility genes in one patient would be 2-10 (Pickles 
et al., 1995) but as stated by Folstein and Rosen-Sheidley (2001) these genes 
would rather differ among patients. This latter hypothesis is consistent with the 
observations done by cytogenetic and molecular genetics studies.  

 
 

The Genomic Bases of Autism 
 
Altogether, the above considerations underscore the need for novel and more 

powerful approaches to address the conceptual and technical challenges posed by 
the biological and genetic research on this complex disorder.  

Genomic research offers an unprecedented opportunity to study autism deep 
into its cellular, sub-cellular and molecular roots. These perspectives have been 
opened by the development of microarrays and bioinformatics just to mention few 
relevant technological advances. There are many ways of assessing structural and 
functional genomic changes by microarray technology. For the scope of this 
article, however, we will only consider Copy Number Variations and modulated 
gene expression profiles because these are the type of changes that have been 
mostly studied in autistic patients in recent years.  

 
 

Copy Number Variations (CNVs) 
 
CNVs consist in the loss or gain of specific DNA segments containing a 

variable number of genes. This number depends on the gene density and size of 
the chromosomal region that has been duplicated or deleted. These cryptic 
chromosomal rearrangements may result from a de novo mutation, occurred in 
one of the two parents’ germ cells during gametogenesis. Alternatively, these 
rearrangements can be transmitted from one or both “unaffected” parents to the 
affected siblings. Individuals can be homozygous or heterozygous for a specific 
CNV.  
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It is not yet clear if CNVs detected in unaffected individuals have to be 
considered unexpressed phenotypically. On one hand, it may be anticipated that 
not all CNVs detected in a patient are etiologically relevant for the specific 
phenotype under study (in our case autism). On the other hand, gene dosage for 
one or more genes may affect specific cellular, sub-cellular or molecular 
functions with only a subclinical manifestation. Furthermore, CNV mutations 
may either act throughout the entire life of the patient, from embryonic to adult 
life, or at specific critical developmental windows. A potentially complicating 
factor when interpreting the possible phenotypic effects of a CNV mutation 
depends on the different roles that a gene may play at different developmental 
stages and in different tissues. Finally, with currently used microarray technology 
it will be very difficult to detect all CNVs present in the genome of a patient. In 
addition, CNVs probably represent only a fraction of all disease-causing 
mutations borne by the patient. Pathogenetic point mutations such as those 
affecting the coding sequence might indeed co-exist with CNVs in the genome of 
a patient. 

To date, several studies have reported the identification of many Copy 
Number Variations in the gene-rich regions of the genome in autistic patients 
(The Autism Chromosome Database: http://projects.tcag.ca/autism/project.html). 
Recently, at least four microarray studies have reported the identification of many 
CNVs in large cohorts of autistic patients (Christian et al., 2008; Marshall et al., 
2008; The Autism Genome Project Consortium, 2007; Sebat et al., 2007). 

 
 

Gene Expression Profiling 
 
This type of analysis allows the simultaneous measurements of the levels of 

mRNA transcribed from all genes active in a given cell type or tissue 
(transcriptome). However, simply correlating the observed transcriptional changes 
to the pathogenesis of autism is not straightforward and few relevant conceptual 
and technical points need to be discussed to clarify the nature and action of 
several potentially complicating factors. First, the changes we see in the 
transcriptome of autistic patients’ cells are many steps removed from the root 
causes, the latter ones presumably occurred in early life, i.e., during the CNS 
development. The effects of those root causes could still be ongoing in the 
analyzed cells/tissue of a patient and therefore would be potentially detectable. 
Second, many of the changes in the transcription profiles between cases and 
controls may not be related at all to the disease, thus increasing the noise in 
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microarray data. These latter changes may result from the action of a variety of 
factors (genetic, environmental, epigenetic, metabolic etc.). Third, since only 
changes in the levels of RNAs are monitored, other potentially important 
pathogenetic changes involving, for example, translational or post-translational 
modification of proteins (e.g. a missense mutation affecting the catalytic activity 
or stability of an enzyme) may not be reflected in transcriptional changes and 
would then go undetected. All these effects would translate in a significant 
underestimation of the number of genes actually involved in the pathogenesis of 
autism. Fourth, genetic heterogeneity which is a remarkable feature of autistic 
disorder in theory implies that the number and type of genes underlying the same 
pathogenetic cellular process (e.g. a signal transduction pathway) would differ 
among different patients. In addition, an important limitation in the analysis of 
gene expression profiles of autistic patients consists in the difficulty of carrying 
this analysis in the brain tissue of living or even deceased patients. Purcell et al., 
(2001) have carried out a study of gene expression profiles in post-mortem brain 
tissue from several autistic patients and found specific abnormalities in the levels 
of mRNAs encoding AMPA-type glutamate receptors and glutamate transporters 
in the cerebellum. In another study, Samaco et al., (2004) found that MeCP2 
mRNA expression is frequently reduced in the (post-mortem) frontal cortex of 
autistic patients.  

An alternative to post-mortem brain tissue has been the use of peripheral 
blood cells (PBCs), the latter ones easier to obtain from patients. This approach 
can generate some important information too, assuming that PBCs mirror the 
transcriptome of neural cells in autistic patients. Baron et al., (2006) performed 
statistical analysis of gene expression profiles of lymphoblastoid cell lines 
derived from children with autism and have identified differentially expressed 
genes between cell lines derived from children with autism and those derived 
from their normally developing siblings. These genes were then used to identify 
biochemical pathways potentially involved in autism. Hu et al., (2006) used 
lymphoblastoid cell lines from monozygotic twins discordant with respect to 
severity of autism and/or language impairment and found that they exhibit 
differential gene expression patterns on DNA microarrays. Furthermore, they 
showed that genes important to the development, structure, and/or function of the 
nervous system are among the most differentially expressed genes. Nishimura et 
al., (2007) used microarray analysis to compare the mRNA expression profile in 
lymphoblastoid cells from males with autism due to a fragile X mutation (FMR1 
gene), or a 15q11-q13 duplication (dup 15q), and non-autistic controls. These 
Authors found that gene expression profiles clearly distinguished autism from 
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controls and separated individuals with autism based on their genetic etiology. 
They also identified sixty-eight genes that were dysregulated in common between 
autism with FMR1 mutations and dup(15q).  

Other expression profiling data obtained with microarray technology have 
been deposited in public databases (such as Gene Expression Omnibus database 
GEO http://www.ncbi.nlm.nih.gov/geo/). With more research groups using the 
microarray technology more structural and functional genomics data will become 
available for autistic disorder in the near future. 

 
 

Interpreting Microarray Data 
 
Once microarray data have been analyzed statistically their interpretation 

constitutes the main bottleneck towards the identification of biologically 
meaningful results. Meta-analysis methods have been devised that can help 
interpreting the data in the context of other gene expression data sets. Such an 
evaluation may rely on prior biological knowledge specific to the genes that have 
been picked up by microarray analysis. The biological information on these genes 
can be extracted using, for example, text mining tools for biological and medical 
literature (as it has been done for autism by Baron et al., 2006 and Hu et al., 2006) 
or controlled vocabularies. In the former case the same function may be described 
using numerous alternative wordings, whereas in the latter this is eliminated. 

 
 

Gene Ontology 
 
The most widely used controlled vocabulary is Gene Ontology (GO: 

Ashburner et al., 2000; http://www.geneontology.org/) which describes genes and 
gene product attributes in any organism, including humans. The three organizing 
principles of GO are Cellular Component (CC), Biological Process (BP) and 
Molecular Function (MF). A gene product might be associated with or located in 
one or more cellular components; it is active in one or more biological processes, 
during which it performs one or more molecular functions. The terms in an 
ontology are linked by two relationships: is_a and part_of. The ontologies are 
structured as directed acyclic graphs, which are similar to hierarchies but differ 
from them in that a child, or more specialized term, can have many parents, or 
less specialized terms.  
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The frequency of the ontology term within a set of query genes (e.g. the list 
of genes resulted positive to a CNV array analysis or the list of genes whose 
expression resulted modulated in a microarray experiment), is compared against 
the frequency of the same term in a background gene set (e.g. the entire genome 
or the whole set of genes in the array, respectively). The resulting p-value, whose 
statistical significance is typically evaluated using standard statistical methods, 
based on the hypergeometric distribution or binomial distribution, illustrates the 
chance of enrichment of a GO term under the null hypothesis of random selection 
of the list of genes. 

To date the use of Gene Ontology in autism’s research has been very limited 
for the obvious reason that large sets of data, such as those generated by 
microarray analyses, have not been available. In the study by Yonan et al., 2003, 
383 positional candidate genes were selected by genomewide genetic linkage 
analysis of a large set of families, each with two or more members diagnosed with 
autism, or autism spectrum disorder (ASD). Using this list, the Authors screened 
genes for neural-related terms in the Gene Ontology database. By this and other 
bioinformatics methods they were then able to predict some pathways of 
interacting genes.  

 
 

A Gene Ontology Study on ASD 
 

Methods 
 
The main aim of this study was to test the power of GO analysis to help 

reconstructing biological processes potentially involved in the pathogenesis of 
autism using microarray data on genes involved in CNVs detected in a population 
of autistic patients. To this end, we have performed a meta-analysis by which data 
from each patient were combined to generate a list of genes that was then used to 
query the GO database. We present here the preliminary results of this study. 

 
 

CNV Data 
 
We have compiled a list of genes comprised in the intervals defined by the 

CNVs detected in the autistic population studied by The Autism Genome Project 
Consortium, (2007). The latter Authors analyzed the DNA of each individual 



Valentino Romano, Claudia Coronnello, Salvatore Miccichè et al. 42 

from a large cohort of autistic patients to look for the occurrence of such 
rearrangements using the Affymetrix GeneChip Mapping 10K 2.0 microarray. 
The information about number, size, start and end points of each CNV is 
contained in the Supplementary table 4 of The Autism Genome Project 
Consortium, (2007) and has been downloaded from he Nature website. We have 
used the data referring to 35 patients whom all CNVs have been validated and 
subjected to filtered analysis. The genes included in each CNV were identified 
and retrieved manually using the information contained in the NCBI Mapeviewer 
(Build 35.1: http://www.ncbi.nlm.nih.gov/). 1750 genes were identified. The 
approach we have followed to search the GO database is analogous to the Over 
Representation Analysis (ORA) (Pavlidis et al., 2004; Draghici et al., 2003). 
Using the hypergeometric distribution a p-value was associated to each GO term. 
This allows to select the ontology terms that do not comply with the null 
hypothesis of a randomly selected list of genes. Moreover, the p-values were also 
used to score each GO term (Draghici et al., 2003). The genes contained in the 
HUGO database (http://www.gene.ucl.ac.uk/ nomenclature) were used as a 
reference set of genes. The selected GO terms are those resulting not consistent 
with the random null hypothesis at a confidence level of 5% with p-values 
corrected for multiple comparisons (Draghici, 2003). 

 
 

Results 
 
GO analysis performed on genes enriched within CNVs, uncovered many 

statistically significant GO terms in the BP, MF and CC categories. In particular, 
we have selected 22 of such terms in the BP category that are related to 
neurophysiological processes and central nervous system development (shown in 
the table).  

We have also asked how many patients are contributing information to the 
identification of a specific GO term. For the GO terms we have analyzed so far, 
the number of patients involved appears to be very variable and rarely involves 
one patient only (data not shown). This latter case applies to large dels/dups 
causing loss or gain of a high number of genes. 
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Conclusion 
 
With only few exceptions, the many genetic studies performed on autism in 

past years have not led to a clear understanding of autism pathogenesis. Genetic 
heterogeneity has been considered by many authors a major factor accounting for 
this poor outcome, especially for those studies that have used linkage analysis. 
Other theoretical considerations also suggest that the one-by-one search of 
candidate genes in autism may not be a conceptually appropriate approach to 
cope with the many challenges posed by the complex biological structure of this 
disorder. In this problematic context, some Authors have offered new and 
interesting perspectives on autism pathogenesis. We present below excerpts from 
two recent inspiring reviews: 

 
”….The approach in most studies has been to attempt to dissect autism 

as if it were a lesion, a missing locus or capacity within an otherwise normal, 
fully developed brain in which all other factors have somehow been held 
constant. This approach is inappropriate to the study of developmental 
disorders because it assumes that the disorder is a function of a localised 
module, rather than an emergent property of developmental interactions 
between many brain regions and functions…” (Belmonte et al., 2004b). 

 
“….In networks of interacting neurons, just as in networks of interacting 

genes, dosage effects are crucial, and more is not always better… All of 
these genes participate in setting a level of bias within a continuum of neural 
connectivity, establishing a sort of ‘neural dosage’ analogous to gene dosage. 
Optimizing this neural dosage is crucial in optimizing the representational 
capacity of neural networks…Thus either extreme in the dosage of a 
neuronal property may produce the same neural abnormality. This realization 
may be crucial to making sense of autism’s multifactorial genetics and 
divergent endophenotypes…Considering autism at the network level may 
lead to a useful dissociation of therapy from pathology, in that normalizing 
influences may be applied to the network via mechanisms entirely distinct 
from those that have disrupted it…” (Belmonte and Bourgeron, 2006). 
 
How would one translate these novel and attractive views and interpretations 

on autism pathogenesis to scientific research, especially to genetic research ? We 
suspect that such a translation will probably require a theorethical as well as a 
methodological paradigm shift by which the strategy based on the search for 
candidate genes will be gradually replaced by the search for candidate biological 
processes or pathways. Genomic research with its inventory of technological and 
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analytical tools represents one of the best approaches available to date to assist 
this transition. Based on these considerations, we have recently started structural 
and functional genomics studies in ASD to gain new information and insights on 
the molecular bases of this disorder. In this chapter we are reporting the 
preliminary results of a comprehensive Gene Ontology analysis of the genes 
involved in CNVs detected in autistic patients. To our knowledge this is the first 
extended GO analysis performed for ASD. 

Our meta-analysis identified a wide range of functional categories related to 
various multicellular, cellular, sub-cellular and molecular processes. Interestingly, 
a portion of these GO terms are involved in neurophysiological and cellular 
processes critical for the development of the CNS. Many phases of the 
development are represented, from early neurogenesis/gliogenesis to myelination 
(see the table). How these findings could be interpreted and used ? An important 
point to bear in mind (discussed already in the Introduction), is that changes in 
dosage for certain genes may not be expressed phenotypically or simply are not 
related at all to autism. Thus, the results of a GO analysis will only provide 
information on the “candidate”, rather than the “actual”, biological processes 
involved in the pathogenesis of autism. The candidate biological process could 
then be confirmed by analyzing different sets of microarray data (i.e., CNV or 
expression profiling) obtained from distinct autistic populations.  

The identification of many functional categories could be interpreted as the 
effect of the marked heterogeneity characterizing the autistic population we have 
analyzed. This hypothesis is consistent with the fact that the population studied 
by The Autism Genome Project Consortium (2007) was not stratified according to 
a specific endophenotype. In future studies GO could be used to analyze 
microarray data from patients stratified according to the presence/absence of 
certain endophenotypes to test, for example, if CNVs detected in epileptic autistic 
patients are enriched in genes involved in the synthesis and metabolism of 
excitatory and/or inhibitory neurotransmitters and their receptors.  

The actual involvement of the genes in a network, underlying a specific 
function mapped to GO, could be verified experimentally by decreasing or 
increasing (depending on the specific question asked) their expression in suitable 
model systems. For example, RNA interference of genes in a candidate network 
could be used in cultured neuronal cells to monitor possible morphological and 
functional changes. 

 



 

Table. A selection of GO terms identified by genes involved in Copy Number Variations detected in autistic patients 
(data from The Autism Genome Project Consortium, 2007) 

 
GO code GO classes  p-value* 
GO:0007399 nervous system development 0.006 
GO:0007417 central nervous system development 0.007 
GO:0022008 Neurogenesis 0.006 
GO:0048699 generation of neurons 0.006 
GO:0014017 neuroblast fate commitment 0.004 
GO:0007400 neuroblast fate determination 0.004 
GO:0014016 neuroblast differentiation 0.004 
GO:0042063 Gliogenesis 0.006 
GO:0014014 negative regulation of gliogenesis 0.007 
GO:0043350 neuroblast proliferation (sensu Vertebrata) 0.006 
GO:0008347 glial cell migration 0.003 
GO:0008045 motor axon guidance 0.007 
GO:0030182 neuron differentiation 0.007 
GO:0016358 dendrite development 0.004 
GO:0019226 transmission of nerve impulse 0.007 
GO:0019228 generation of action potential 0.003 
GO:0007268 synaptic transmission 0.007 
GO:0016189 synaptic vesicle to endosome fusion 0.004 
GO:0035249 synaptic transmission, glutamatergic 0.002 
GO:0009450 gamma-aminobutyric acid catabolic process 0.007 
GO:0009448 gamma-aminobutyric acid metabolic process 0.007 
GO:0031641 regulation of myelination 0.007 

*p-values have been corrected for multiple comparisons. 
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In the autistic population we have analyzed with GO, very few patients share 
the same CNVs, and therefore the same genes. This suggests that the “common 
denominator” of autism pathogenesis, among different patients, is unlikely to 
reside on a common gene or even a set of genes. Autistic patients would rather 
share the same GO term (or biological process). We are currently testing this 
model using expression profiling data from blood cells of autistic patients to 
assess the degree of gene-sharing for the same GO term in different patients. 

In conclusion, it can be anticipated that, in the near future, biological research 
on autism will strongly rely on genomic studies. Within this research framework, 
Gene Ontology is especially suited as a “hypotheses-building” tool that can 
inform research on this disorder. Finally, we suggest that functional categories (or 
ontology terms), rather than individual genes, are more suitable and useful “units” 
to describe and dissect experimentally the biological structure of autism. 
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Abstract 
 

Gastropods have an unusual genetic mechanism in which the mother's 
genotype determines the shell phenotype of her offspring. Experiments have 
shown that these unknown, maternal-effect genes determine shell chirality, 
the direction each snail shell coils, with dextral or right handed having a 
clockwise spiral, and sinistral or left handed having a counterclockwise 
spiral. Most snail species consist only of dextral individuals, while some 
species are entirely sinistral, and some species are polymorphic for shell 
chirality, producing both dextrals and sinistrals in the same species. This 
particular genetic mechanism implies a lack of homozygous-dominant (R/R) 
individuals in the alternative shell phenotype, while the primary phenotype 
can have any of the genotypes of homozygous dominant, heterozygous (R/r), 
or homozygous recessive (r/r) in snails. In humans, the hair-whorl rotation, 
the direction in which the hair spins at the back of the head, is generally 
either clockwise or counterclockwise and has been associated with 
handedness, cerebral laterality, and sexual orientation. As such, direction of 
hair-whorl rotation is thought to be a phenotypic marker underlying the 
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genetics of various behavioral phenotypes in our species. Previous research 
has already associated handedness with sexual orientation, psychosis, and 
autism spectrum disorders (ASD), but to the best of my knowledge, hair-
whorl rotation has not been tabulated in autistic individuals. A recent theory 
has proposed that maternal-effect genes are involved in determining 
handedness and hair-whorl rotation in humans, in addition to various 
behavioral phenotypes in our species. These genes (possibly RHD and 
RHCE) predict a lack of homozygous-dominant individuals among the 
alternative phenotypes in humans, analogous to shell chirality in snails. If 
maternal-effect genes are interacting with biparentally-expressed genes to 
cause some cases of ASD and other behavioral phenotypes in humans, then 
current genomic search results (i.e., linkage mapping using single nucleotide 
polymorphisms) for all of these genes will be obscured. To increase 
precision of genome searches during sibling studies, researchers should 
search for maternal-effect genes (i.e., never or almost never homozygous in 
the alternative phenotype; alleles shared less commonly than expected by 
chance in sets of affected siblings) in addition to biparentally-expressed 
genes (i.e., genes always or almost always homozygous in the alternative 
phenotype; alleles shared more commonly than expected by chance in 
siblings). If it can be shown that the snail chirality gene is homologous to the 
human handedness and hair-whorl genes, even if these genes turn out not to 
be RH genes, snails may still provide an animal model for evaluating 
possible environmental causes of ASD in humans. For example, aquatic 
snails, many of which have a short generation time and breed easily in 
captivity, could be treated with mercury to test the expression of the opposite 
chirality in their offspring. Other chemical agents or mixtures could also be 
tested in snails to determine possible correlates to environmental exposure in 
humans. 
 
 

Introduction 
 
A maternal-effect gene is defined as one in which the mother’s genotype 

determines the phenotype displayed by her offspring. The best known and most 
studied example of such genes comes from Gastropods, or snails, but similar 
genes are also known to exist in other species (Beeman and Friesen 1999). Snails 
are hermaphroditic, so each snail possesses both male and female sex organs and 
thus each individual can serve either as mother (the individual that produces the 
eggs) or father (the individual that fertilizes the eggs). Snail shells are either right 
handed (dextral, clockwise spiral from apex of shell) or left handed (sinistral, 
counterclockwise spiral from apex of shell) in their development, and it is the 
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unknown gene that determines handedness or chirality in snails that functions as a 
maternal-effect gene (Schilthuizen and Davison 2005). Most snail species consist 
only of dextral individuals, but some species are entirely sinistral, and some 
species are polymorphic for shell chirality, producing both dextrals and sinistrals 
within the same species (analogous to humans producing individuals who are 
either right handed or non-right handed).  

The manner in which this genetic mechanism functions in snails is that the 
mother snail deposits a substance into each of her eggs that determines the 
chirality of the snails that develop from those eggs. This substance has never been 
identified, but it is known to exist because of the results from experimental 
studies. This unknown substance’s composition depends on the mother’s genes, 
however, not the offspring’s, yet it somehow guides the development of 
asymmetry (and ultimately, chirality) in her offspring. If a snail species is all or 
mostly dextral, then dextral is defined as the primary phenotype for that species. 
If some individuals of that species are also sinistral, then this is defined as the 
alternative phenotype for that species. Similarly, in humans, the primary 
phenotype is defined as right handed because this phenotype is more common and 
the alternative phenotype is then defined as non-right handed. One can also 
extend the definition of primary phenotype in humans by defining the primary 
phenotype as right handed, left brained (i.e., cerebral laterality, the primary 
phenotype has left-sided language lateralization), clockwise hair whorl, 
heterosexual, non-psychotic, non-speech-dyslexic, and non-autistic. Thus, the 
primary phenotype is more common among individuals of our species and the 
alternative phenotypes are much less so. These phenotypes will be discussed in 
more detail below, under the human model. 

If a dextral snail is either homozygous dominant (R/R) or heterozygous (R/r) 
for the chirality gene, as discussed above, she produces and deposits a substance 
into her eggs that causes them to develop into individuals whose shells spiral 
dextrally. If she is homozygous recessive (r/r), however, then her eggs will 
become all or mostly sinistral individuals (Freeman and Lundehus 1982). Thus it 
is the mother’s genes that determine the direction in which her offspring’s shells 
coil, not their own genes. The reason it is important for snails to regulate the 
chirality of their shells is because many species, particularly those with a high 
spire, have difficulty mating with individuals of the opposite chirality 
(Schilthuizen and Davison 2005). Presumably some population genetic reason, 
such as greater fitness in individuals with the specified chirality, explains why the 
mother snail is causing her offspring to have similar chirality among themselves 
via her unknown, maternal-effect genes. 
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One prediction from this model is that the alternative phenotype will never be 
homozygous dominant. The primary phenotype can be homozygous dominant, 
heterozygous, or homozygous recessive, but the alternative phenotype can only 
be heterozygous or homozygous recessive. Thus, the alternative phenotype is 
never homozygous dominant, at least in the genetic etiologies, and this is a 
prediction that can be used in searching or testing for potential candidate genes. 

 
 

Human Model 
 
Recently, I proposed a similar maternal-effect genetic model for handedness 

in humans, with some important differences, as discussed in Hatfield (2006). 
Regardless of the differences, this model leads to the same prediction in humans 
as in snails (i.e., a lack of homozygous-dominant individuals among the 
alternative phenotypes). It should be noted that any such gene that operates this 
way would probably lead to this same prediction. However, it is an unusual and, 
therefore, interesting prediction. It is also testable. 

Klar (2003) proposed a model for the gene that determines handedness and 
hair-whorl rotation in humans. According to this model, humans are either right 
handed or non-right handed, while hair-whorl rotation (i.e., the direction the scalp 
hair turns at the back of the head) can be either clockwise, counterclockwise, or in 
rare cases, even more complicated. Most people ( > 95%) have a single, dominant 
hair whorl, either clockwise or counterclockwise, but some people have double 
hair whorls, with both clockwise and counterclockwise hair whorls on the same 
scalp (Wunderlich and Heerema 1975), and other rare patterns also exist (R. 
Lippa, personal communication). Klar (2003) proposed that a common genetic 
mechanism controls both handedness and hair-whorl rotation in humans (with this 
result being replicated by Beaton and Mellor 2007), that this gene was possibly 
also related to cerebral laterality (with evidence provided later by Weber et al. 
2006), and may also be involved in speech dyslexia (e.g., stuttering) in some 
individuals. He further proposed that this unknown, RGHT gene determines (or at 
least is somehow involved in determining) the various phenotypes for these traits 
in our species. Klar (2004a) speculated that this same gene may be implicated in 
the etiology of some forms of mental illness (specifically, bipolar disorder and 
schizophrenia) and Klar (2004b) inferred that this putative gene is associated with 
sexual orientation in humans by demonstrating an empirical association between 
hair-whorl patterns and male sexual orientation. Considerable earlier research 
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demonstrated a similar association between handedness and sexual orientation, 
with homosexual individuals displaying higher rates of non-right handedness than 
heterosexual individuals (Lalumière et al. 2000, Lippa 2003). 

It is informative to describe in more detail the mechanism that Klar (2003) 
has proposed for how the RGHT gene leads to asymmetries in the development 
our species and others. Specifically, his model provides a mechanism for 
differentiation of particular cell types during mitosis (Klar 2004b, Armakolas and 
Klar 2006, 2007). Klar believes that the RGHT gene acts to cause non-random 
segregation of DNA strands on chromosome 11 during mitosis in our species, and 
this leads to differentiation of certain cell lines in the developing embryo, which 
ultimately leads to asymmetrical placement of brain structures in humans. 
Because of the non-random segregation of DNA strands during mitosis, some 
cells receive different genetic information relative to other cells. Thus, this 
epigenetic mechanism allows for the on-off switches of the genes to be different 
between the daughter cells due to the non-random segregation of the DNA chains 
during mitosis, ultimately leading to differentiation into certain cell types. Klar’s 
proposed mechanism is unorthodox and surprising, however, as it contradicts the 
conventional assumption that DNA strands are allocated randomly to daughter 
cells during mitosis. 

Klar's genetic model operates as follows. If an individual is homozygous 
recessive (r/r) for the RGHT gene, he or she develops handedness and hair-whorl 
rotation at random during fetal development. Thus, 50% of these individuals will 
be right handed, and 50% will be non-right handed, and independently, 50% will 
have clockwise hair whorl, and 50% will have counterclockwise hair whorl. Klar 
termed this process the random recessive pattern of brain development. If an 
individual is homozygous dominant (R/R) or heterozygous (R/r), then these 
individuals develop clockwise hair whorl and become right handed according to 
Klar's model. Klar does not have an explanation for more complicated hair 
whorls, however, and excluded such individuals from his research. 

My theory (Hatfield 2006) is an extension of Klar's model in which I 
proposed maternal-effect genes (possibly RHD and RHCE) determine handedness 
and hair-whorl rotation and are also involved in sexual orientation and other 
behavioral phenotypes in humans, with maternal immunization being the 
mechanism for how the maternal effect is realized. Interestingly, RHD was 
recently linked to sexual orientation in humans (Ellis et al. 2008). In snails, the 
mother determines the chirality of her offspring, so the father's genes are not 
important for determining chirality in snails. In humans, however, assuming my 
model is correct, the father's genes do sometimes have an effect, depending on 
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whether the mother maternally immunizes or not. Thus, first-born children, for 
example, would tend to have their handedness and hair-whorl rotation determined 
by both the father’s and the mother's genes following Klar’s model, but as the 
mother bears more children, and if she maternally immunizes before or during the 
later pregnancies, then her genes are more important for determining the 
phenotypes of these later-born children according to my model.  

Thus, first-born children may follow Klar's model fairly closely, but later-
born children deviate from this model more and more, as maternal immunization 
becomes stronger. This is the maternal effect. Some mothers may not maternally 
immunize at all, so these families would also follow Klar's model. My extension 
of Klar's model basically implies that some heterozygous individuals also go 
through the random-recessive pattern of choosing handedness and hair-whorl 
rotation at random, due to maternal immunization by their mothers. More 
complicated models are also possible. 

In Hatfield (2006), I proposed that autism spectrum disorders (ASD) in 
humans may be associated with our maternally-immunizing genes (specifically 
RHD and RHCE, with a related hypothesis being that RHD is the RGHT gene). 
Asbury (2006) also proposed that the RGHT gene may be associated with ASD. 
Indeed, handedness has been shown to be associated with ASD (Bryson 1990), as 
well as with sexual orientation (Lippa 2003) and psychosis (Klar 2003). The fact 
that more males than females display all of these alternative phenotypes (except 
bipolar disorder, apparently) provides some evidence for maternal immunization 
as well, although certainly other explanations are possible, such as the effects of a 
sex-linked gene and prenatal variations in exposure to sex hormones. Evidence 
for the maternal-immunization hypothesis comes from studies of the fraternal 
birth-order effect found in homosexual males (i.e., the consistently demonstrated 
phenomenon that each additional older brother increases a man’s odds of being 
homosexual; Blanchard 2004, as discussed in Hatfield 2006) and a similar birth 
order effect found with handedness in chimpanzees (Hopkins et al. 2005, 
discussed by Wolman 2005). These findings, coupled with evidence from the 
human monozygotic twin-concordance studies, may help suggest possible 
biological models.  

Of course, a model is of limited value unless data are eventually collected to 
test the model and estimate its parameters, but existing results suggest a priori 
that certain models may be more appropriate than others, if maternally-
immunizing genes are involved as maternal-effect genes in humans. An 
interaction of three maternal-effect genes (acting the way RHD does, in which 
male fetuses are more likely to initiate maternal immunization than female 



Gastropods as an Animal Model for Studying Autism…  57 

fetuses; see Blanchard 2004) working as Klar (2003) and Hatfield (2006) 
proposed, would lead to many more males than females displaying the alternative 
phenotype (ASD, in this case) and it could lead to a twin-concordance prediction 
of 7/8 or 87.5%, if all of the seven possible alternative phenotypes are more 
susceptible to ASD and the primary phenotype (i.e., right handed and left brained) 
is not susceptible. This value of 87.5% is within the range 60-95% given in the 
literature recently (Schellenberg et al. 2006) for monozygotic twin concordance 
for ASD, but certainly other models are possible. Just one maternal-effect gene or 
two interacting maternal-effect genes can lead to a twin-concordance prediction 
of 50%, as is found in the literature on sexual orientation (Lalumière et al. 2000), 
but depending on the model, can also yield twin-concordance predictions of 25% 
or 75%. 

If maternal-effect genes are involved in producing the alternative phenotypes 
discussed above, then they are likely not the only genes involved. Indeed, even a 
maternally-suppressed paternally-associated gene (LRRTM1) was recently found 
to be involved in handedness and schizophrenia in humans via an epigenetic 
mechanism (Francks et al. 2007).  Other studies of schizophrenia have implicated 
a number of contributing genes (e.g., see Law et al. 2006, Barnett et al. 2007, 
Bellon 2007), in addition to RHD (Palmer et al. 2002), and similar studies have 
been conducted for ASD (e.g., see Ylisaukko-oja et al. 2005, Campbell et al. 
2006). In genetic terms, then, there may be several (or many) different etiologies 
leading to the same phenotype, or alternatively, there may be an interaction 
among maternal-effect genes and biparentally-expressed genes (i.e., autosomal, 
non-maternal-effect genes) to cause the development of such phenotypes. It is 
certainly possible that there are some (or many) environmental causes for the 
development of these phenotypes as well, as discussed in Hatfield (2006), and it 
is also possible that genetic factors interact with environmental triggers or factors. 
Regardless, any compound or chemical agent that interferes with the function of 
the RGHT gene in a developing fetus may be responsible for some cases of ASD. 

 
 

Genome Searches 
 
One powerful way to search for genes associated with particular traits is to do 

linkage mapping using single nucleotide polymorphisms (SNPs) from data 
generated with sibling studies. In such studies, one finds a sample of families that 
have two or more siblings displaying the phenotype of interest (e.g., ASD, bipolar 
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disorder, homosexuality, schizophrenia, etc.) and search the siblings’ genomes for 
SNPs in which alleles are more commonly shared among the siblings than 
expected by chance in such siblings. Such searches have been fruitful in finding 
genes in many instances, but for the various alternative phenotypes discussed in 
this chapter, such searches have not been extremely successful to date (IMGSAC 
2001, Levinson et al. 2002, Mustanski et al. 2005, Schellenberg et al. 2006, 
Suarez et al. 2006, Crow 2007, Baum et al. 2008). These searches look for genes 
in which the alternative phenotypes are always or almost always homozygous 
recessive (or dominant). It makes sense to look at this tail of the statistical 
distribution of such genes (i.e., the right-hand tail), because this is indeed how 
many biparentally-expressed genes function. However, maternal-effect genes, like 
those found in snails and proposed in humans, do not fit this model. In fact, it is 
the opposite tail (ironically, the left-hand tail) of the statistical distribution of such 
genes that may help locate maternal-effect genes, because this type of maternal-
effect gene is never or almost never homozygous dominant in the alternative 
phenotype. Thus, to find these genes, one will need to search for SNPs in which 
alleles are less commonly shared among the sets of affected siblings than 
expected by chance in such siblings. Existing SNP data could certainly be re-
analyzed to search for such maternal-effect genes. 

If the genetic etiologies for these phenotypes include interactions between 
biparentally-expressed genes and maternal-effect genes (and paternal-effect 
genes?) these interactions may be difficult to detect with linkage mapping, 
especially if many different genes or genetic mechanisms are involved. However, 
it may be possible to detect such a signature with large sample sizes, if one factors 
into the algorithm that there is an interaction between maternal-effect and 
biparentally-expressed genes. If environmental pathways are also involved in the 
development of some or all of the alternative phenotypes, this further complicates 
the search for relevant genes. 

 
Conclusion 

 
The ideas presented in this chapter and Hatfield (2006) provide the 

motivation for testing hypotheses concerning whether maternal-effect genes are 
involved in ASD and other alternative phenotypes in humans. The similarities 
between the snail chirality gene and the proposed human handedness and hair-
whorl genes may just be an analogy, but if true, it is possible that they are 
homologous as well, not just analogous. Thus, it would be useful to identify the 
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snail chirality gene, as well as the human genes, to determine if they are similar. 
One hypothesis is that these maternal-effect genes are all RH genes (in particular, 
RHD and RHCE, in humans). Of course, it is also possible that none of these 
genes are RH genes, but if one finds the snail chirality gene, then one may be able 
to find the human handedness and hair-whorl genes as well, if they are similar 
(i.e., homologous) to the snail chirality gene. If all of these genes are eventually 
demonstrated to be homologous (RH genes or otherwise) then snails may provide 
an animal model for studying the production of the alternative phenotypes in 
humans (e.g., ASD). Freshwater snails of the genus Lymnaea are already used in 
toxicity studies (Nazrul Islam et al. 2001, Pyatt et al. 2003), and some of these 
same species of Lymnaea are also polymorphic for shell chirality (Schilthuizen 
and Davison 2005). Retrospective studies of exposure in humans are certainly 
possible and should be conducted (i.e., estimate exposure of pregnant mothers to 
some chemical agent of interest and correlate such exposure with, say, ASD rates 
in various areas). However, even if the retrospective studies are conducted and 
they suggest a correlation with some chemical agent, one can never do the 
definitive experimental studies in humans in which one exposes pregnant mothers 
to hypothesized environmental triggers (mercury, for example) to determine if 
exposure causes some of their children to display ASD. Thus, it is impossible to 
prove causation with such retrospective studies, only correlation. However, one 
can expose snails to mercury to determine if such exposure causes some of their 
offspring’s shells to coil in the opposite direction. Thus, if the snail chirality 
genes and human handedness and hair-whorl genes are eventually proven to be 
homologous, snails could be used to test various chemical agents or mixtures to 
assess their effects on chirality. Snails would then constitute a useful animal 
model for studying the production of the alternative phenotypes in humans, at 
least regarding the function (or disrupted function) of the chirality genes. 
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Abstract 
 

The terms ‘autism’ and ‘autistic’ derive from the Greek word autos 
meaning self. This is appropriate to describing the autistic behavioral 
phenotype in which there is a pathological impairment in socialization and 
verbal and nonverbal communication, in addition to behavior and interests 
that are often highly restricted and repetitive (the triad; American Psychiatric 
Association, 1994). The autistic individual often appears isolated, and unable 
to make sense of the world around them. They often reveal an inability to 
predict and understand the behavior of others, and perceptions of the world 
remain fragmented and are not embedded into a coherent pattern or structure. 
Time is part of the fundamental intellectual structure in which we make 
sense of the events in our lives. ‘Timing and time perception allow us to 
unite action sequences and events occurring separately in time, to adapt to 
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reoccurring situations, and to predicate behavior on what is expected to 
occur’. Timing and time perception are essential for adaptation and learning, 
memory and attention, cognitive development, and social synchrony and 
communication (see Meck, 2003). Firsthand accounts of people with autism 
often report a need to adhere to rituals or routines to compensate for a failure 
to predict events, and to their disorientation in time. They reveal a general 
lack of understanding about the passage of time, and appear stuck in the 
present. It is for these reasons that the issue of timing and time perception in 
autism is particularly intriguing. We will review empirical evidence that 
collectively suggests time perception may be disordered in autism, and 
postulate that fundamentally, a disturbed ‘time sense’ may contribute to 
features of the autistic behavioral phenotype. 
 
 

Introduction 
 
Time is an omnipresent feature of the human experience, and accordingly has 

been the subject of enquiry since the dawn of civilization (e.g., Saint Augustine, 
397/398 AD) and the advent of modern psychology (e.g., James, 1890; see 
Fraisse, 1963 for a review of debate about time perception over 25 centuries). 
Time is so fundamental to our understanding of the world that it is difficult to 
imagine a world without it. Imagine if you could not represent the length of a 
minute, a year, or were unable to anticipate the impending change of a traffic 
light, or the length of a movie (how would you know that once started it would 
come to an end?). ‘Our capacity to perceive temporal structure and our sensitivity 
to time on multifarious scales; from short durations (i.e., milliseconds and 
seconds) to long durations (e.g., hours and days), at perceptual, conceptual and 
linguistic levels, is central to our adaptive functioning, and all behavior is 
ultimately under the control of time’ (Michon & Jackson, 1985). These authors 
assert that time “occupies a central position in our cognitive representations of 
reality” (1985, p. 3), and time is widely regarded as the most important dimension 
by which we make sense of the world (Navon, 1978).  

Relatedly, there are anecdotal and clinical reports that individuals with autism 
experience difficulty in comprehending the passage of time, and this has a 
significant impact upon how they perceive the world (see Boucher, 2001). 
“Concepts of time have always puzzled and fascinated philosophers but most 
people are born with the ability to understand it in everyday terms. People with 
autistic disorders seem to lack this understanding to a degree that is markedly 
discrepant with their level of intelligence” (Wing, 1996: 89). Remarkably, very 
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little empirical attention has been paid to examining time perception in autism 
(but see Boucher, Pons, Lind & Williams, 2007; Szelag, Kowalska, Galkowski & 
Poppel, 2004). This chapter will introduce elements in the typical development of 
time perception during infancy and childhood, and will review evidence that 
indicates these may be impaired in autistic individuals. It will speculate on how a 
disordered ‘time sense’ may contribute to the triad of autistic impairments.  

 
 

Typical Development of Time Perception During Infancy 
 
Developing an understanding of temporal structure has been postulated to 

depend upon any number of ‘time experiences’, a comprehensive discussion of 
which is beyond the scope of this chapter (but see Friedman, 1982; Lewkowicz, 
1989; 1992; Poppel, 1978). Suffice to say here, that duration, synchrony, order, 
and ‘past and present’ appear to be key elements that lay the foundation for the 
perception and representation of time. Each of these elements will now be 
discussed in relation to autism.  

 
 

Duration 
 
The developmental psychology of time perception postulates that awareness 

and knowledge about temporal duration emerges from intrinsic biobehavioral 
rhythms and early action (Lewkowicz, 1989). The temporal regulation of 
rhythmic stereotypies displayed by infants (see Thelen, 1981) has been postulated 
to facilitate their adaptation to the temporal contingencies of their physical and 
social environments (Droit & Pouthas, 1992). Furthermore, especially in the early 
years, repetitive motor actions may themselves serve to measure the duration of 
events. Pouthas (1985) observed that when typically developing 10-24 month olds 
were required to withhold responding for a target delay (i.e., 5 s), they did so by 
adopting repetitive actions during the interval (i.e., they engaged in body-rocking 
or moved around the room in a certain fashion), but in older children between the 
ages of 4-7 yrs, manifestations of this ‘behavioral clock’ were significantly 
reduced (Pouthas & Jacquet, 1987). It appears that reliance upon motor actions to 
estimate duration may be supplanted (during development) by more cognitive 
processes. In a similar vein, mentally retarded children aged 6-17 (with an IQ 
between 29 & 48) can reproduce a given duration as accurately as typically 
developing children aged 3-6 years, if they are allowed to engage in repetitive 
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behaviors (and have rhythmic structure) during the interval (see Fraisse, 1982). 
Perhaps then, a failure to acquire an understanding of duration and temporal 
contingencies accounts for the persistence of stereotypic behaviors in autistic 
individuals into adult life. This tenet is strengthened by empirical evidence 
(Szelag et al., 2004) that high-functioning children with autism (9-16 yrs) are 
severely impaired in their ability to reproduce target durations (between 1-5 s) 
compared to age-matched typically developing controls. These authors explicitly 
attribute such failures to deficits in the autistic internal timing system. An 
impaired understanding of duration is also revealed by the autistic “lack of 
awareness that an event, once started, will come to an end” (Wing, 1988, p. 88). 

 
 

Synchrony 
 
Synchrony is considered one of the first features of temporal experience to be 

differentiated by an infant (Lewkowicz, 1992). Here, we will refer to two aspects 
of synchrony: interactional synchrony (the ability to adapt to a temporal structure 
or coordinate with external events), and intermodal synchrony (the ability to 
perceive temporal synchrony in events occurring at the same time), both of which 
can be acquired during parent/infant interactions. It has been postulated that the 
temporal patterning of a parent’s communication toward the infant is the most 
important aspect of these interactions for the child, and allows them to acquire an 
understanding of temporal expectancies and structure (Stern, Beebe, Jaffe & 
Bennet, 1977). An infant’s ability to temporally coordinate his or her behavior 
with that of another person is key to preverbal and verbal interactions, in which 
turn-taking must be accurately timed (Trevarthen & Aitken, 2001). From birth, 
infants are typically able to synchronize with certain aspects of their parents’ 
communication (Malloch, 1999), and exquisite reciprocal behavioral rhythms and 
regularities are observed during parent/infant interactions (for details, see Lester, 
Hoffman & Brazelton, 1985). However, asynchronous social coordination (during 
these interactions) has been retrospectively observed in 11-month-old autistic 
infants (Trevarthen & Daniel, 2005; see also Kubicek, 1980). Moreover, the 
discrimination of temporal synchrony between intermodal events (i.e., the sight 
and sound of the parent’s speech) during parent/infant interactions “may be the 
first step in developing a capacity to discriminate more complex and specific 
forms of language” (Bebko, Weiss, Demark & Gomez, 2006, p. 96). These 
authors report that autistic children (aged 4-6 yrs) reveal atypical responding to 
mutimodal temporal asynchrony with language-specific stimuli. Collectively, 
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these findings lend support to the suggestion that an understanding of temporal 
synchrony may be impaired in autistic individuals. 

 
 

Order and ‘Past and Present’ 
 
The order of successive or serial events is a fundamental aspect of temporal 

structure, and also provides information as to the causal relationships between 
events. Harner (1982) asserts that two types of seriation exist. The first is the 
relative position of two events on a time continuum (i.e., one event precedes the 
other). This form of knowledge about temporal order is likely spared in autism, as 
paired-associate learning and linear sequencing of successive items is typically 
intact (Kanner, 1943; Minshew, Goldstein & Siegal, 1997) and is commonly 
evidenced by echolia, and rote learning for phrases or songs (Boucher, 2001). 
This type of ‘temporal stringing’ has been argued to depend upon linear (or 
circular) visual representations of temporal order (Friedman, 1990). This is 
interesting in relation to autism, as Temple Grandin, one high profile autistic 
individual reports “my mind is like a…quick access videotape. But [in order to 
remember an aspect of an event] I have to play the whole part—no fast forward” 
(Sacks, 1995, p. 269). However “it seems that people with autistic disorders have 
severe problems coping with sequential events that have no independent, concrete 
existence” (Wing, 1988, p. 89), so a child may have difficulty understanding the 
concepts of ‘yesterday’, and ‘tomorrow’, unless these are concretized by showing 
them a calendar and the relevant dates. This is evidenced by the popularity and 
success of picture schedules (of temporally sequenced events) in the training and 
treatment of children with autism (e.g., Lalli, Casey, Goh & Merlino, 1994; 
MacDuff, Krantz & McClannahan, 1993). The second aspect of seriation is the 
position of events in the overall time continuum; although two events will 
maintain a consistent relation to one another, their inclusion in the before or after; 
or past, present and future categories of experience is transitory (e.g., tomorrow 
becomes yesterday). A sensitivity to this more complex form of sequential 
structure is considered crucial for action knowledge, object use, drawing 
inferences from others actions, and planning one’s own behavior (Baldwin, Baird, 
Saylor & Clark, 2001; Zalla, Labruyere & Georgieff, 2006). This type of 
hierarchical temporal coding is likely deficient in autism (see Boucher, 2001, p. 
113). For instance, it has recently been reported (Boucher et al, 2007) that 
children with autism (7-16 yrs) reveal marked impairments in diachronic thought. 
That is, they are unable to i) think about past or future stages of current situation, 
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ii) understand that things can change or evolve over time but are still the same 
thing, and iii) that successive events are part of a unitary process (see also 
Montangero, 1992).  

 
 

How a Disorder of Time Perception May Contribute  
to the Autistic Behavioral Phenotype 

 
It is difficult to know with any degree of certainty how a disordered sense of 

time might impact behavioral and cognitive function, but is easy to speculate. 
That the products of this speculation so closely resemble features of the autistic 
behavioral phenotype is particularly striking. 

 
 

Restricted and Repetitive Behaviors 
 
Janet (1928) noted that one of our earliest experiences with time (duration) 

arises during periods of waiting, when there is an imposed delay between our 
desires and their satisfaction. An inability to wait represents a deficit in linking 
the passage of time with ongoing activities, and is a common problem for autistic 
children and adults (Wing, 1988). “Impatience is common in all young children 
but in people with autistic disorders it can continue for years, even into adult life” 
(1988, p. 88). Recall that in one study (Pouthas, 1985), waiting in young children 
was facilitated by their adoption of repetitive behaviors (e.g., stereotypies) that 
functioned to parse the delay interval. That stereotypies can function as a 
‘behavioral clock’, suggests that a failure to understand the passage of time 
(duration) may account for the persistence of certain repetitive behaviors in 
autism. Stereotypies are typically produced in repeating cycles, and may be 
seperated by (often short) intervals in time—continually measuring intervals in a 
repeating cycle requires less attentional resources (Lewis & Miall, 2003), and so 
repetitive motor behaviors may be a particularly effective time-parsing stratergy 
for autistic individuals, and might function to concretize and reduce the stressor 
of an imposed disorientation in time. Peeters and Gillberg (1999, p. 87) report that 
“most people with autism feel lost in a sea of time…they will often try to develop 
routines and rituals by way of compensation. They want all activities to be 
undertaken in the same sequence every day…and if the sequence of activities 
changes on a certain day, then they have behavior problems” [which can include 
rhythmic lower-order motor behaviors, e.g., head-banging, self-injury]. To 
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reiterate the main point here, an autistic impairment in the perception of duration 
may be compensated for by the production of repetitive motor behaviors (such 
collateral behaviors are often observed during superior temporal performance in 
animal studies), and an overreliance upon intact abilities, such as sequencing and 
order, and the stringing together of temporal units of perseveration or habits. 

One very interesting possibility was considered by Boucher (2001). In her 
own words, “try to imagine periods of time longer than the lifetime of the 
universe…in fact, one cannot imagine a period of time longer than the lifetime of 
the universe except by thinking of a temporal succession of universes with 
cumulative lifetimes” (2001, p. 121). She suggests that there may be a close 
correspondence between the length (and complexity) of repeating behavioral units 
(e.g., stereotypies, rituals) and the ability to imagine extended time frames in 
autism. As shorter and less complex stereotypies are usually observed with lower-
functioning autistic individuals, and more complex, rigid routines are observed in 
those who are higher functioning, it follows that the ability to perceive duration 
might account for quantitative and qualitative differences in repetitive behaviors 
across the autistic spectrum (Boucher, 2001).  

 
 

Language and Social Communication 
 
Selective impairments in the autistic child’s’ ability to temporally coordinate 

to their social environment and to represent the temporal structure of their social 
and physical world, may explain the lack of interest in social interaction from the 
first year of life which parents of autistic children typically report (Wing, 1988). 
It may also contribute to these individuals retreating into their own ‘inner world’ 
(aloofness), and explain their preoccupation for repeating or rhythmical sensory 
stimulation (e.g., Grandin, 2005). Autistic deficits in acquiring knowledge from 
these early ‘time experiences’ (e.g., synchrony, duration) might produce a cascade 
of other autistic deficits (a full discussion of which is beyond the scope of this 
chapter).  For example, we have seen that “in speech perception, temporal factors 
such as synchrony, duration, rate and rhythmic structure play an important role in 
the integration of the visible and audible aspects of the signal” (Lewkowicz, 
1992, p. 34). Generative language production and comprehension is heavily 
dependent upon a multitude of temporal competencies, and with its immanent 
references to time (e.g., past, present and future tenses), language may become an 
irreconcilable code for an individual who lacks temporal fluency, as we postulate 
in autism.  
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The Autistic Perceptual Experience 
 
Our subjective experience of duration is fallible, and can be influenced by a 

variety of factors (such as the content of the interval, drugs, and body 
temperature, e.g., see Meck, 2003). The popular phrase ‘time flies when you’re 
having fun’ is testament to this quality of duration perception. There is also a 
debated phenomena known as ‘time dilation’. This refers to the sensation that 
time can appear to slow down, or pass by in slow motion (particularly during 
periods of heightened arousal). When Alice fell down the rabbit hole at the 
beginning of her adventures in Wonderland, “either the well was very deep, or 
she fell very slowly, for she had plenty of time as she went down to look about 
her, and to wonder what was going to happen next" (L. Carroll, 1992). We might 
be familiar with a similar experience when our car starts to skid off the highway 
at speed. This phenomenon of time ‘warping’ is believed to be the product of an 
increase in the speed of the internal timing apparatus (and is currently being 
investigated by D. M. Eagelman and colleagues). It may be biologically adaptive, 
as it appears to produce a hypersensitivity to sensory events, and prompts an 
elemental rather than configural processing bias that serves to facilitate decision-
making ability. During these moments, the individual is also ‘stuck’ in the 
subjective time present.  In light of the fact that autistic individuals appear to 
experience qualitative differences in sensory perception (Grandin, 2005) it is 
possible that the subjective experience of time is more mercurial to intrinsic 
and/or extrinsic variables in people with autism; with the ‘speed’ or function of 
the internal timing apparatus being different or more variable in these individuals. 
Within this conceptual framework, lower-order rhythmic motor behaviors may 
function to regulate and stabalize the subjective perception of duration.  
Furthermore, if the perception of duration is anomalous between different sensory 
modalities in autism (i.e., visual and auditory; see Penney, Gibbon & Meck, 
2000) then this may produce problems with intersensory integration (and 
intermodal synchrony), and the binding of external inputs into meaningful 
information (e.g., see Brock, Brown, Boucher & Rippon, 2002).  

 
 

Conclusion 
 
The interest in understanding time perception in normal and patient 

populations (including conditions co-morbid with autism) is growing rapidly 
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(e.g., Toplack, Dockstader & Tannock, 2006), yet the paucity of empirical data 
relevant to autism is particularly striking (Boucher et al., 2007) given anecdotal 
reports that ‘whatever it is that typically developing individuals posses that gives 
them a sense of timing we, as individuals with autism certainly lack it’ (Lawson, 
2001, p. 43). This chapter, and those studies which it cites, have elucidated how 
deficits in the experience of time may contribute to the autistic behavioral 
phenotype (the triad; APA, 1994). Pursuing this line of enquiry may enhance our 
understanding of this perplexing disorder, and advance extant interventions and 
strategies designed to concretize the passage of time for autistic individuals. An 
autistic preoccupation with timetables, clocks and calendars is common and may 
be particularly useful in helping autistic individuals to understand time (Wing, 
1988). For example, it would be of particular interest to examine whether devices 
such as the Time Timer™ are effective in reducing repetitive behaviors during 
periods of waiting. Given that sensitivity to the temporal parameters of experience 
can be evidenced within the first year of life, it may also be worthwhile to 
incorporate assessments of temporal competence into early-year studies of at-risk 
autistic infants, in the hope that they may provide some predictive power as to 
later diagnosis. 
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Abstract 
 

Language abnormalities are critical in diagnosing autism, including the 
absence of or severe language delay, inability to initiate or sustain a 
conversation and the use of stereotypic or repetitive language. Symptoms 
related to language may vary in intensity; however, the common 
denominator (i.e., an inability to establish effective communication) is ever 
present in these patients. 

Other diagnostic criteria address deficiency in or lack of social 
interaction, reflected in abnormal play behavior or in the manipulation of 
elements having inappropriate, repetitive patterns of a non-functional 
ritualistic nature. 

Children suffering from autism generally present no major alterations of 
early motor development during the first and second years of life and the 
child is able to sit, crawl and walk within the expected time-frames. 
Retrospective studies of films of autistic children have shown subtle 
differences in object manipulation, visual attention to social stimuli as well 
as in smiling and exploration. However, the alarm signal (and the one usually 
triggering consultation) is the absence of or defective language development. 
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The above observations indicate that the central alteration in an autistic 
child resides in the ability to relate to others, particularly involving verbal 
and non-verbal communication, difficulties in establishing social contact and 
an inability to detect the intentions of others. 

Neuro-anatomical studies and functional magnetic resonance imaging 
have shown structural variations and alterations involving the cerebellum, as 
well as temporal and frontal lobes. One of the striking features in these 
patients from the clinical viewpoint is the absence of alerting reaction and 
response to the human voice, while the orientating reflex to environmental 
sound stimuli remains normal. Dysphasia may range from lack of 
recognizing basic units or phonemes to problems in integrating a particular 
word with its meaning. The clinical picture becomes more complex as a child 
grows older and more participation in activities requiring social interaction is 
expected. 

Early recognition and appropriate treatment of difficulties with 
processing social information provides a basis for treatment methodology 
that is often able to change these patients’ worsening clinical course. 
 
 

Introduction 
 
Severe delay in the appearance of language or the absence of its 

development, an inability to initiate or maintain a conversation and the use of 
stereotyped or repetitive language are some of the diagnostic criteria for autism. 
Added to language disorders, one finds alterations in interpersonal relationships 
and an inadequate response to stimuli, poor eye-contact and repetitive motor 
behavior, which may be totally or partially present. 

Symptoms related to language may vary in intensity; however, they have a 
common denominator which is an inability to establish effective communication. 

Neurobiological studies on autism during the last few years have contributed 
towards elucidating the disease’s etiological factors and neuro-anatomical 
correlates leading to a physio-pathological explanation of the different difficulties 
observed in these patients. 

Given that communication deficiencies are a fundamental part of such 
clinical picture, the present commentary is centered on an approach to the 
physiopathology of language disorder in these children and its relationship to 
other symptoms of autism. Starting from this viewpoint, it may be understood that 
an early intervention orientated towards developing communication strategies 
may modify the course of a child’s development and improve his/her prospects of 
adapting to society. 
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Language in Diagnostic  
Criteria Regarding Autism 

 
Diagnostic criteria for autism, for both DSM IV [1] and CIE 10 [2], are based 

on three groups of symptoms related to social interaction, communication and 
behavior. Limitations may be observed in verbal and non-verbal communication 
ability as well as in social relationships. In such patients language may be absent 
or severely delayed; those who manage to develop some language do it 
inadequately and present difficulties in understanding [3]. 

The natural history of the evolution of children suffering from autism is 
characterized by the symptoms most noticeably observed in their communication 
(or lack of it). The problem of language is often the first symptom presented in 
autism [4]. Little gurgling and limited vocalization may be found during the 
lactation period compared to other babies and, on some occasions, there is no 
language development (if there is, it is neither understandable nor expressive). 
When language develops, it is usually altered in form, use and structuring. It 
might be repetitive, metaphorical, rhetorical or echolalic and the speaker may 
refer to him/herself in the third person. The voice is generally monotonous and 
the tone might be shrill. Prosody might be altered, producing a characteristic 
“robotic talk.” However, such children are able to repeat, quite literally, a 
discourse heard with very close imitation, in some cases with identical 
characteristics of the voice, rhythm and intonation of the one being imitated. 
Some do not acquire language and seem to understand very little of what is said 
to them. 

These children have play limitations and focus themselves on manipulating 
objects; they are not creative regarding representation via symbolic play. They 
linger on aspects of objects such as smell, taste, color or brilliance, texture or 
movement. They seem to perceive parts of objects and people in isolation. Given 
the previous characteristics, interrelationships are difficult with other children [5].  

Autism is also defined by altered social interaction and stereotyped repetitive 
behavior and interests. Altered communication ability may generally vary from 
non-functional language to alterations in phonological processing, semantics, 
syntax and vocabulary compared to their peers of the same age [6]. 

Alterations in the development, use, prosody and other aspects of language 
can also be found in other clinical pictures included in the category of generalized 
development disorders. Such clinical pictures can have different degrees of 
complexity ranging from apparently adequate language use (as in Asperger’s 
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syndrome) to severe deterioration in communicative abilities (i.e. Rett’s 
syndrome). 

 
 

Neuro-Anatomical Studies 
 
The structural and functional characteristics of the brains of those suffering 

from autism have been the subject of careful study and differences have been 
identified in some structures and variations in activating specific areas of the 
central nervous system (CNS), especially when people have to face different 
types of tasks.  

Since Kanner described the first cases, observations have been made 
regarding the relative increase in cranial perimeter which, according to 
Courchesne et al., in work with different age groups, has been confirmed as an 
increase in relative size during infancy, followed by a period of abnormal slowing 
down of growth so that no significant differences in cerebral volume are found in 
older children and adolescents [7]. 

Neuro-anatomical studies have been published since 1985 showing structural 
differences in the cerebral cortex of autistic people and contributions were made 
during the 1990s to clarifying different cerebral structures’ morphological 
characteristics in these patients. 

The first studies found reduced number of Purkinje cells in the vermix and 
cerebellar hemispheres. Smaller size but increasing numbers of neurons have been 
described in the inferior olive [8]. Small neurons, poor lamination of the anterior 
cingulate cortex and cortical dysgenesis have been found in 4 out of 6 autistic 
people diagnosed in life [9] [10]. Pathological study has revealed reduced 
cortexes, high neural density, the presence of neurons in the molecular layer, an 
irregular laminar patterns and a lack of defined limits between grey and white 
matter. The foregoing microscope pathology findings have been found in the 
cortex, cerebellum and cerebral stem, suggesting errors in neural growth and cell 
migration [10]. 

The configuration of the so-called minicolumns described by Mountcastle 
[11] as being anatomical and functional units in the cortex’s smallest level of 
vertical organization have been investigated in autism, smaller and less compact 
minicolumns having been found in nine autistic subjects compared to nine 
controls and in two patients having Asperger’s syndrome compared to 18 subjects 
as control [12]. 
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Classical neuro-pathological observation regarding autism have revealed 
increased cell group density, lesser neuron size in the limbic system, reduced 
number of Purkinje cells in the cerebellum and evidence of cortical dysgenesis or 
altered migration [8]. 

The corpus callosum, an index for neural connections between cerebral 
regions, has also been studied. Overall reduction in size of the corpus callosum, 
involving in particular the anterior regions has been described, indicating lesser 
inter-hemisphere neuronal connections. Greater reduction has been found in the 
genu of the corpus callosum corresponding to prefrontal cortex projections [13]. 
These findings are consistent with cognitive, behavioral and neurophysiological 
evidence of dysfunction in the frontal lobe related to deficit in executive function, 
spatial work memory and the ability to suppress inappropriate responses [14]. 

Brain imaging studies have revealed reduced grey matter density in 
Brodmann’s area 45 in the left inferior frontal gyrus in adults suffering autism, as 
well as asymmetry in the volume of the inferior frontal cortex and the pars 
opercularis. Left temporal planum volume has been found to be reduced in adults 
suffering from autism compared to that of normal adults whilst greater left side 
volume has been found in autistic children compared to controls and 
abnormalities in superior temporal gyrus in most autistic children. Functional 
brain imaging studies have generally revealed abnormalities in autistic 
individuals’ temporal activation [6] [7] [13] [15]. The cerebellum has been 
implicated in multiple functions such as fixing attention, language, procedural 
memory and non-motor learning. Abnormal activation has been reported in 
autistic people regarding attention and motor tasks [16]. It has been proposed that 
cerebellum alteration in autism could limit children’s ability to learn predictive 
relationships between sequences of events and altered attention.  

 
 
Language Development and Dysphasia 

 
For language to develop adequately, the CNS must be able to process 

different and multiple sensory afferent signals and integrate them in order to 
properly organize the perceived information. Moreover, speech requires the 
capacity to structure and program the expression of a determined statement which 
will transmit the message which is being expected to communicate. Likewise, 
some sensory receptors, especially unscathed auditive and visual ones, are needed 
which can capture and transmit the received information to the CNS. Verbal 
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expression requires regulator centers and nervous system programmers, 
structurally suitable phono-articulator organs allowing modulation of the sounds 
of the voice for emitting words and a motor innervation mechanism leading to 
programming the fine movements which must be made when emitting a word.  

All the forgoing must be immersed in a propitious, enriching setting, 
allowing a subject to develop experiences that lead to the construction of 
communication codes valid in a person’s surrounding environment. 

If the previous model is born in mind, then language development disorders 
can be classified as having a central, sensorial, motor and coordination, peripheral 
and/or environmental origin. 

Although developmental language disorders compromise auditory capacity, 
they do not block the communicative intention of a child who must be understood 
by signals and gestures. If such disorders arise from motor alterations and affect 
phono-articulator organs, then difficulties will be observed in expressive language 
aspects, especially in articulating the different phonemes in such a way that 
talking is difficult to understand in some cases or some phonemes are badly 
pronounced. When failures in environmental stimulation occur, then language 
development is delayed; this could be reversed be becoming immersed in an 
environment enriched by linguistic information or by specific language 
stimulation therapy. 

Central language disorders (i.e., those that arise from central nervous system 
involvement) may have different levels of severity.  

There can be different types of language development delay. Some are called 
simple delays, being presented during different stages of development but 
resulting in slight to moderate delay when compared with the events observed in 
peers; there are also delays secondary to cognitive dysfunction, or complex ones 
in which control of language processing is affected and children perform below 
the level for their age-group in tasks requiring phonological, syntactical or 
semantic processing, in spite of being in a suitable environment and possessing 
normal intelligence. This type of language development disorder has been 
associated with the FOXP2 gene [17] [18]. 

Likewise, some delays of language development involve children with 
adequate hearing and motor development, together with rich environmental 
stimulation, but who are not alert to language and/or to gesture, waving and 
signals; such afferences are not processed, and these behaviors are more in line 
with aphasia than with auditive agnosia, even though some authors have proposed 
a primary auditive agnosia in autistic children [5] [19]. Such aphasia (also called 
dysphasia due to the characteristic alterations during language development) 
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could have alterations limited to areas related to the processing of verbal 
afferences to the temporal lobe, in which case it will mainly affect understanding 
and limit the compromise to Wernicke’s area to a greater extent. Dysphasia will 
be expressive in cases where, even though there is understanding and the ability 
to capture a message received from a speaker, there is an impossibility to respond 
to this message and it will be mixed when the two processes become 
compromised. The fact of responding to stereotyped language can reveal the 
possibility of establishing connection circuits between verbal afferences and 
efferences without information having been integrated in processing areas such as 
Wernicke’s area. This is the case of children who repeat or talk automatically, 
without content or who engage in echolalia [20] and in those children who 
spontaneously and automatically develop the ability to read without 
understanding the content of a written text [21].  

Communication disorders, according to DSM IV can be categorized as 
expressive language disorder, expressive receptive language mixed disorder, 
phonological disorder, stammering and non-specified communication disorders 
[1]. Of the foregoing, mixed understanding-expressive disorder corresponds to 
what is called mixed dysphasia in other classifications (dysphasia in the sense that 
it constitutes language difficulty or severe alteration in acquiring it). In this 
picture of development, such dysphasia is comparable to acquired aphasia in that 
the greatest compromise is found in the ability to decode an auditory message that 
is heard but whose verbal expression cannot be programmed.  

 
 

Physiopathological Proposal  
 
The model proposed here does not ignore the presence of other components 

in autism contributing towards the clinical picture; however, it specifically 
focuses on communication given that it is the predominant symptom of autism 
and the pillar for diagnosis. 

During the first and second years of life, the autistic child’s motor 
development is found to be within expected parameters and does not present 
alterations in holding up the head, sitting up, crawling or walking. Their fine 
motor abilities also show no compromise, even though they could present some 
motor behavior which is slightly different to that of their peers when manipulating 
objects, a fact which could obey to the characteristics of their perception more 
than to a specific alteration of their manipulative ability. The characteristics of the 
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first year of life have been studied by filming autistic children and comparing 
them to peers who have developed adequately, finding relatively less visual 
attention and vocalization, as well as placing less emphasis on detail when 
exploring objects. These subtle changes hamper the diagnosis of the clinical 
picture during the first year of life. Most parents of autistic children detect some 
type of abnormality around 24 months of age and request a consultation, 
generally due to the anxiety generated by the child’s reduced auditory ability and 
the lack of language development [21]. 

Careful clinical observation reveals normal responses to sound stimuli from 
the environment with lack of alertness to auditory signals from the human voice, 
lack of recognition of their own names and delay in developing understanding 
and language expression. 

Autism encompasses a wide variability of responses and (depending on the 
degree of compromise) autistic children may present themselves as being more or 
less cut off socially. It is important that the children’s other types of behavior 
should be considered when evaluating the characteristics of their attempts to 
establish communication. The absence of language in a deaf child does not 
impede seeking communication by other routes and establishing codes via gesture 
and signals leading to establishing contact with their parents and family.  

When hypoacusis is diagnosed early, a child can receive treatment before 
developing other forms of communication. Likewise, children present with 
alterations in expressive language development (from simple delay in developing 
language up to verbal praxis alterations) they usually exhibit behaviours that 
indicate the appropriate connection with the environment and reveal their 
understanding ability, although their expression is thereby limited. This is not so 
for children presenting mixed alterations having understanding and expressive 
components in which their ability to understand and to express are compromised. 
These children and those called autistic have difficulty in decoding spoken 
messages and encoding verbal and non-verbal messages in common in their 
attempts to communicate [4] [22]. 

Cases are found within the same spectrum of so-called autism in which 
compromised communication is associated with more or less severe forms of 
isolation. According to such variability, there are cases of autistic children in 
which the lack of contact becomes severely extended, even affecting their ability 
to establish visual contact. Such children are probably those in which altered 
neurodevelopment more severely involves more extensive areas of the CNS. 
There are other cases in which blocking and lack of response to the human voice 
are notable; however, visual and tactile contact is achieved without triggering 
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intolerance, which could correspond to their inadequate ability to process signals 
from the environment. In some autistic children, the clinical picture shown from 
the language point of view lies in their inability to understand and process the 
sounds of language, whilst sounds from the environment and even musical sounds 
alert them and in some cases trigger their fascination.  

Neuro-anatomical studies and image studies have revealed structural 
variations of temporal and frontal regions involved in processing language [8] [9] 
[10] [12] [13] [14]. When the temporal cortex is involved there are alterations in 
processing afferent information thereby hampering a child’s capacity to recognize 
and to integrate the sounds of the human voice with words and with the 
significance so transmitted, in such a way that there is total absence of response to 
triggering and understanding language. Altered neurodevelopment probably 
involves the neural circuits processing verbal information from the most basic 
stages of recognition of the human voice so that a child cannot interpret language. 
The same defect, this same difficulty in processing, may explain why, on 
occasions, a child can repeat words, phrases outside their context or engage in 
echolalia, without understanding the language which is being used. Children can 
sometimes emit words and phrases out of context as if a direct connexion had 
been established between the circuits receiving this information and the routes 
leading to their repetition but without having been processed by the integration 
circuits associating the sounds with their meaning (Wernicke’s area).  

Frontal region dysfunction will be implicated in altered verbal expression, 
from being deaf and mentally retarded to flaws in syntactical and grammatical 
organization, thereby making speech (when there is any) become stereotyped and 
de-structured or out of context. There will be no programming of pre-verbal and 
verbal communicative intention or it will be altered. 

Given the language alterations presented in this model (being coherent with 
evolutionary dysphasia), it can be considered that there is an underlying alteration 
of this type in the picture of autism accompanied by severe language compromise.  

 
 

Conclusion 
 
Managing a child presenting a clinical picture compatible with the DSM IV 

classification of autism must be done by a team of rehabilitation professionals 
establishing an intervention program and family support. 
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If this springs from the physio-pathological proposal so described, then 
treatment should be orientated towards developing communication, as well as 
implementing other abilities compromised as a consequence of alterations in other 
information processing areas in the CNS. 

Even though improvements have been described in some autistic children’s 
stereotyped and disruptive behavior by using pharmacological treatment, there is 
currently no specific medical treatment for autism [23] [24]. 

Considering that a child diagnosed as being autistic is suffering from a 
primary communication disorder, then therapy orientated towards stimulating 
both cognitive and expressive language development can provide promising 
results when begun early enough and when there is suitable collaboration by all 
the people forming part of the environment surrounding an autistic child. 

Language and occupational therapy must be carried out jointly to establish 
routines and to arrange treatment contents according to a particular child’s 
evolutionary stage. 

From the point of view of processing auditive information, amplifying sound 
by selecting specific frequencies (according to the observation of comfort 
expressed in the child’s behavior) could be a method aiding the development of 
auditive perception and slowly integrating the sounds of language within a 
significant context.  

All activities carried out during therapy must be done in play-based 
environments initially containing few stimuli and which, little-by-little, become 
enriched by greater elements. Planning therapy with due respect for these 
children’s susceptibility to excess stimuli will lead to slowly developing the 
ability to recognize the keys to communication which a child can integrate.  

Last but not least, classifying autism as being primarily dysphasic language 
usually changes parents, educators and rehabilitators’ expectations, reduces the 
distress produced by a diagnosis of autism and frequently improves a patient’s 
development perspectives.  
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Abstract 
 

Histidinemia is one of the most frequent errors of amino acid 
metabolism. Metabolic blockage of histidase activity increases histidine 
concentrations in body fluids. There have been a lot of controversies whether 
histidinemia is a harmless biochemical error or a neurophycological disease. 
Several investigations demonstrated that histidinemic patients often 
presented autistic features, but others showed that they were asymptomatic. 
We investigate on 70 patients with histidinemia whether they are 
accompanied with autistic symptoms or not.  Ten patients (14.3% of 70 
patients) were diagnosed as having pervasive developmental disorder (DSM-
IV). In detailed classification, 5 patients (7.1%) were autistic disorder, four 
(5.7%) were Asperger’s disorder, one (1.4%) was pervasive developmental 
disorder not otherwise specified. The present study confirmed the frequency 
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of pervasive developmental disorder was extremely high in histidinemic 
patients. We hypothesize that patients should present autistic symptoms if 
histidinemia and other factors (whichever genetic or environmental factors) 
are combined; that is histidinemia may be a risk factors for autism spectrum 
disorders.  
 
 

Introduction 
 
Histidinemia, one of the most frequent errors of amino acid metabolism, is 

caused by a defect of histidase (figure 1). Metabolic blockage of histidase activity 
increases histidine concentrations in body fluids and decrease urocaic acid. Since 
Ghadimi et al. (1961) reported two cases of histidinemia with slurred and retarded 
speech, many cases with neurophycological symptoms have been reported. 
Several authors (Neville et al. 1972; Kotsopoulos et al.1979) including us 
(Ishikawa et al. 1987) demonstrated the relation between histidinemia and autism. 
Speech disturbance and school difficulty were also repoted (Lot et al.1970; 
Bruckman et al. 1970) On the other hand, enormous cases with histidinemia were 
diagnosed in the neonatal screening program in Japan (Tada et al.1982). As most 
of the cases showed the normal value of Intelligence Quotient (IQ) test, 
histidinemia was regarded as a harmless disorder as far as mental retardation is 
concerned. 

Autism is a behaviorally defined syndrome, characterized by pervasive 
impairments in social interaction and communication, and the presence of 
stereotype. In this decade the diagnostic criteria of autism has been expanded, 
from a strict category (Kanner type) to a broad spectrum, owing the progress of 
neurophycological understanding (Wing L, 1996). The broad spectrum of autism 
is defined as pervasive developmental disorder (PDD) in DSM-IV criteria 
(American Psychiatric Association 1994) and the number of cases has recently 
increased rapidly, in line with the expanding criteria.  A recent study described 
the prevalence in the general population to be 1 to 2% (Baird et al.2006; Posserud 
et al. 2006; Sumi et al. 2006). However, the pathological mechanism of autism 
has not been clarified yet. Until now it has been proved that a small number of 
whole autistic patients are associated with known diseases. For example, about 
20% of untreated patients with phenylketonuria (PKU), a disorder of amino acid 
metabolism, are also diagnosed as having autism (Reiss et al. 1986).  A lot of 
combinations of multi-factors maybe cause the same behavioral dysfunction by 
the impairment in common nerve pathway. 
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Figure 1. Metabolic pathway of histidine. 

In this report, we invest clinical and biochemical observations of 70 cases 
with histidinemia to clarify the relation between this disorder and autism. 

 
 

Patients and Methods 
 

1. Biochemical Diagnosis  
 
In the neonatal screening program, patients having high histidine levels (more 

than 6 mg/dl, measured by the Guthrie method) were examined at Nagoya City 
University Hospital. Amino acid including histidine were measured at SRL 
laboratory (Hachiohji, Tokyo) using the amino acid analyzer.  The diagnosis of 
histidinemia was made by the repeated findings of a fasting plasma concentration 
of histidine above 8 mg/dl. Among 109 patients who were detected in the 
neonatal program, we diagnosed 106 patients as having continual histidinemia 
.All patients were Japanese. 
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2. Neurodevelopmental Evaluation and Diagnosis  
of Pervasive Developmental Disorder 

 
 After careful observations over 5 years after birth, we diagnosed patients. 

Detailed patient’s histories were obtained from parents, with paying attention to 
the autistic symptoms. Each patient was interviewed at least 5 times. 
Developmental quotient (DQ) (below 3 years old) or intelligence quotient (IQ) 
(over 3 years old) was assessed by Tsumori-Inage method or by Wechsler 
Intelligence Scale for Children Revised (WISC-R). Among106 patients, we could 
observe 70 patients according to the above schedule. As we could not continue to 
follow up other cases, we excluded them in this study. We excluded the 27 
patients in this study.  We employed DSM-Ⅳ (American Psychiatric Association, 
1994) criteria for diagnosing pervasive developmental disorder and other 
neurodevelopmental disorders.  Finally they were classified to autistic disorder 
(AS), Rett’s disorder, childhood disintegrative disorder, Asperger’s disorder 
(Asp) and pervasive developmental disorder not otherwise specified (PDD-NOS), 
learning disorder (LD), attention deficit/hyperactivity disorder (ADHD), 
borderline IQ and normal. 

 
Table 1. Frequency of pervasive developmental  

disorder in 70 patients with histidinemia  
 

Diagnosis Number Frequency IQ(mean±S.D.) histidine(mg/dl) 
AS 5 7.1% 89.8±31.2 13.0±1.6 
Asp 4 5.7% 104.2±7.29 12.4±1.09 
PDD-NOS 1 1.4% 107 12 
 
LD 4 5.7% 88.3±7.8 12.6±3.0 
ADHD 2 2.8% 95.5±2.5 14.1±3.12 
Borderline 5 7.1% 79.4±4.2 12.4±2.0 
Normal 49 70% 106.7±12.7 12.7±2.6 
 
Total 70 100% 101.8±16.4 12.6±2.6 

PDD: pervasive developmental disorder, AS: autistic disorder, Asp: Asperger’s disorder, 
PDD-NOS: pervasive developmental disorder not otherwise specified, LD: learning 
disorder, ADHD: attention deficit/hyperactivity disorder, borderline: borderline IQ.  
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Results 
 
As shown in table 1, 10 patients (14.3% of 70 patients) were diagnosed as 

having pervasive developmental disorder, according to the criteria of DSM-IV. In 
a detailed classification, 5 patients (7.1%) were AS, four (5.7%) were Asp, one 
(1.4%) was PDD-NOS. Two patients with AS have already reported in our 
previous report (Cases III and IV in Ishikawa et al, 1987).  

 
 

Conclusion 
 
There have been a lot of controversies whether histidinemia is a harmless 

biochemical error or disease. Neville et al reported 2 of 7 histidinemic patients 
showed characteristic features of autism (Neville et al.1972). Ghadimi et al 
(1961) also described behavior disturbances such as “flighty attitude”, “bad 
temper”, scholastic failure, speech impairment, and mild degree of retardation. 
Kotsopoulos et al (1979) and we also reported several histidinemic patients with 
autistic features (Kotsopoulos et al. 1979).  However, the studies of the neonatal 
screening program (Tada et al. 1982; Scriver et al. 1983) have emphasized the 
normality of IQ in histidinemia.  

On the other hand, the concept of autistic disorder has drastically changed in 
this decade. Autism used to be regarded as an extremely rare disorder manifested 
by severe impairments in social interaction and communication. Most of these 
patients were accompanied with mentally retardation. But the criteria of autism 
has been expanded, from a strict category to a broad spectrum disorder including 
normal IQ patients. We believe it is necessary to invest histidinemia again in a 
view point of the present concept of autism.  

  In our patients the result of IQ test was 101.8±16.4  (mean±S.D.). Only one 
patients showed low IQ score (below 80), corresponding with the previous 
reports. Namely, histidinemia seems to be harmless as far as mental retardation. 
However, we demonstrated that about 14% of histidinemic patients presented 
autistic features, corresponding to the criteria of pervasive developmental 
disorder. The frequency of pervasive developmental disorder in histidimemia is 
much higher than that in normal populations. But we also confirmed that a lot of 
histidinemic patients can develop normally. The reason of this wide clinical 
heterogeneity is still unknown. We could not find any relationship between 
histidine concentrations and clinical symptoms. We also carried out a molecular 
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analysis on histidinemic patients in order to examine a relationship between 
mutations in histidase gene and clinical symptoms. However, we have not able to 
find a clear relationship yet (Kawai et al., 2006).  Therefore, we hypothesize that 
patients should present autistic symptoms if histidinemia and other factor 
(whichever genetic or environmental factor) are combined. Namely histidinemia 
may be a risk factor for autism spectrum disorders. Further investigations are 
necessary to clarify the mechanism of autistic symptoms in histidinemia.  
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