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Abstract  

 

DEVELOPMENTAL ALTERATIONS OF RAPHÉ NUCLEI IN AUTISTIC SUBJECTS 5-15 
YEARS OF AGE- METHODS AND TECHNICAL LIMITATIONS 

 

by  

 

Jarek Wegiel 

 

Advisor: Professor Probal Banerjee  

 

 The role of the serotonergic system in autism is supported by more than 500 reports. 

They reveal a link between serotonergic system alterations and social deficits, repetitive 

behavior, hyperactivity, anxiety and obsessive compulsive behavior observed in autism. 

However, in spite of evidence of altered development of brain serotonergic system and 

contribution of these alterations to the autism phenotype, the raphé nuclei, which are the source 

of brain serotonin, have not been examined. 

 The aim of this stereological and quantitative immunofluorescence-based study of raphé 

nuclei in autistic subjects 5 to 15 years of age and age matched control subjects was to (a) 

establish methods of preparation, staining, and analysis of fixed human brainstem samples 

obtained from brain banks, and (b) characterize the pattern of developmental abnormalities 

which may contribute to the autistic phenotype. 

 Routine neuropathological brainstem dissection results in partial or complete loss of 

raphé nuclei integrity. From 9 autistic and 6 control subjects only four pairs 5 to 15 years of age 

were qualified for the study of raphé nuclei. Formalin-fixed brainstem was dehydrated and 

embedded in polyethylene glycol and cut into serial 50-µm-thick sections. They were stained to 
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estimate cell volume,  and immunostained and examined by fluorescence microscopy to estimate 

the amount of tryptophan hydroxylase (TPH) which is a measure  of  serotonin synthesis level.                                

 3-D reconstruction demonstrated topography and size of raphé nuclei and explained why 

preservation of raphé nuclei located in the midline required modification of brainstem sampling. 

Nucleator applied to TPH (+) sections revealed 24% smaller neuronal soma volume in the dorsal 

raphé nuclei of autistic subjects than in control group. Application of immunofluorescence and 

ImageJ software (NIH) revealed significant increase in tryptophan hydroxylase (TPH) 

immunofluorescence in spite of smaller size of raphé neurons. 

These data indicate developmental impairment of neuron growth comparable to that 

observed in cortex and in subcortical structures. Enhanced TPH immunofluorescence in raphé 

neurons was consistent with enhanced immunoreactivity in serotonergic fibers in several brain 

regions of autistic subjects (Azmitia et al. 2011). Pathology detected in raphé neurons suggests 

that target brain areas were exposed to altered levels of serotonin, which may modify function of 

cerebral cortex and subcortical structures and contribute to the autistic phenotype.  
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            1.  INTRODUCTION 

Autism was identified and described in 1943 by psychologist Leo Kanner as a 

disturbance of affective contact. Although it was once thought of as a rare condition affecting 4 

in every 10,000 children, it is now considered as one of several disorders classified as Autism 

Spectrum Disorders, showing a dramatic increase in prevalence reported in almost all states of 

the U.S.  The Center for Disease Control (CDC 2000, 2007, 2009) records indicate that in 1980, 

the rate of ASD diagnosis was about 1/2000 subjects but after 1980 a consistent increase in 

diagnosis of ASD was observed to 1/150 in 2007 (6.6/1000) and 1/110 in 2009. The Report of 

the Centers for Disease Control and Prevention (CDC) published in 2012 and summarizing 

results of the study of 8.4 % of the US population of 8-year old children in 2008 revealed a 1 in 

88 overall prevalence of autism spectrum disorder (ASD) with a 1 in 54 prevalence for males and 

a 1 in 252 prevalence for females (p < 0.01), with a male to female ratio of 4.7 to 1. In the past 

60 years, autism evolved from an obscure and rare psychiatric disorder to one of our most 

challenging medical problems.  

The past two decades of accelerated research resulted in improvements of autism 

diagnostic criteria, better understanding of autism multi-factor etiology and clinicopathological 

correlations. However, mechanisms contributing to the complex clinical autism phenotype are 

not known. One of the intensively studied hypotheses is concentrated on contribution of 

serotonergic system pathology to developmental alterations and clinical phenotype of autism. 

This hypothesis is supported by more than 500 papers published after Schain and Freedman’s 

first report (1961) demonstrating a link between serotonin and autism (Lam et al. 2006). These 

papers reveal a significant role of serotonin in brain development and maturation, and the link 
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between alterations of the serotonergic system and all major clinical manifestations of autism, 

including social deficits, repetitive behavior, anxiety, hyperactivity, impulsive and aggressive 

behavior, and obsessive compulsive behavior (Buitelaar and Willemsen-Swinkels 2000). 

Recent studies of serotonergic innervation of the brain of autistic subjects revealed 

significant abnormalities (Azmitia et al. 2011ab).  However, the type, distribution, and severity 

of changes in raphé nuclei, the source of brain serotonin, are still not known. This study is 

concentrated on detection and reduction of technical limitations in research on raphé nuclei, 

standardization of methods of unbiased stereological evaluation and fluorescence-based 

quantitative estimates of developmental abnormalities of raphé nuclei of autistic subjects, as well 

as detection of changes in 5- to 15-year old autistic subjects. 

 

 1.1.   Autism clinical phenotype – signs of serotonergic system contribution to 

autism phenotype 

Autism is a lifelong developmental disorder characterized by (a) qualitative impairments 

in reciprocal social interactions, (b) qualitative impairments in verbal and nonverbal 

communication, (c) restricted repetitive and stereotyped patterns of behavior, interests and 

activities, and (d) onset prior to the age of 3 years. There is no specific biochemical indicator or 

distinct neuroanatomical abnormality or neuropathological marker that defines autism, and the 

diagnosis is based only on clinical and behavioral assessment (American Psychiatric Association 

2000). Because of similar qualitative deficits in social behavior and communication, the autistic 

disorder (DSM 299.00), Asperger’s syndrome (DSM 299.80) and pervasive developmental 

disorder – not otherwise specified (PDD-NOS) (DSM 299.80) are classified as autism spectrum 

disorder (Freitag 2007). 
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Evolution of clinical diagnostic criteria of autism from DSM-II to DSM-V.  In the past 

decades the methods of diagnosing of autism have evolved. Evolution of diagnostic criteria 

affects diagnosis of subjects whose brains are examined postmortem and may affect results and 

conclusions of postmortem studies of brains of individuals diagnosed with ASD. 

 Since Leo Kanner’s report (1943), autism remained a poorly characterized 

developmental disability undistinguished from schizophrenia childhood type (Diagnostic and 

Statistical Manual of Mental Disorders DSM-II; 1965-1977), or diagnosed as infantile autism 

(DSM-III (1977-1984), or autistic disorder (DSM-III-R; 1984-1995). DSM-IV (1996) classified 

autism disorder as one of five Pervasive Developmenal Disorders, including Apergers’s disorder, 

Rett syndrome, Childhood Disintegrative Disorder, and Pervasive Developmental Disorder – Not 

Otherwise Specified (PDD-NOS).  

According to DSM-IV, the hallmark of autism is a severe impairment in social relations. 

Autism is diagnosed in subjects with developmental abnormalities with 6 or more of the 12 

features characterizing (a) social interactions, (b) verbal and non-verbal communication, and (c) 

repetitive and stereotypical behaviors. The onset of these clinical symptoms must be observed 

prior to three years of age. These criteria distinguish autism from other Pervasive Developmental 

Disorders, including childhood disintegrative disorder (CDD) and Rett syndrome.  

 Currently, identification of autism is based on application of (a) Autism Diagnostic 

Interview-Revised (ADI-R) (Lord et al. 1999), Autism Diagnostic Observation Schedule-Generic 

(ADOS-G), and Pervasive Developmental Disability- Behavior Inventory (PDD-BI) (Cohen et 

al. 2003).  

According to the fifth edition of the Diagnostic and Statistical Manual of Mental 

Disorders (DSM-5) to be published in May 2013, Autism Spectrum Disorder includes autistic 
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disorder (autism), Aspergers’s disorder, childhood disintegrative disorder, and pervasive 

developmental disorder not otherwise specified (American Psychiatric Association, DSM-5: The 

Future of Psychiatric Diagnosis; www.DSM5.org). According to a new standard, three 

diagnostic domains will be reduced to two: (1) social/communication deficits and (2) fixed 

interests and repetitive behaviors. This change is based on studies indicating that deficits in 

communication and social behaviors are inseparable. Deficits in communication and social 

behaviors are considered as a single set of symptoms with contextual and environmental 

specificity. Delays and deficits in language do not define diagnosis of autism but they influence 

the clinical symptoms of ASD.  In a new definition of autism, unusual sensory behaviors are 

included within a subdomain of stereotyped motor and verbal behaviors. Moreover, it is expected 

that DSM-V will drop the term Asperger syndrome. Asperger syndrome is distinguished from 

autism by relatively normal language development including timing, grammar, and vocabulary, 

but diagnosis of Asperger syndrome is based on the presence of all other DSM-IV diagnostic 

criteria of autism (Miles 2011).  

Diversity of individual presentations of autism.  Autism is defined by a common set of 

diagnostic modalities but individual clinical presentation includes subclassification into complex 

or essential autism, gradual or regressive onset, and such associated features as: identified 

genetic disorder, epilepsy, intellectual disability, anxiety, sensory abnormalities, and self-

injurious behavior. 

Complex and essential autism. About 30% of children are diagnosed with complex 

autism, defined by the presence of dysmorphic features, microcephaly or structural brain 

malformation. Seventy percent of children with autism are diagnosed with essential autism, 

defined as autism without physical abnormalities (Miles et al., 2005).  
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Course of disease. Two patterns of clinical course have been identified.  The most 

common is gradual onset of autism in early childhood.  However, in about 14% (Colorado) or 

32% (Utah), significant regression is observed at the age of 18 to 33 months and this form of 

autism is classified as regressive autism (US Department of Health and Human Services, 2007). 

The clinical course of autism can be modified by intensive behavioral treatment using applied 

behavior analysis methods (ABA).  ABA produces substantial improvements in some children 

who had moderate to severe delays in cognitive, communication, social, and adaptive skills in 

most or all domains after 2 to 3 years of early intensive behavioral treatment (McEachin et al. 

1993, Perry et al. 1995, Weiss 1999, Green et al. 2002).  

Intellectual disability. In about 45% of children, autism is associated with mental 

retardation defined as intelligence quotient (IQ) scores of < 70 (Department of Health and 

Human Services, 2007). A comparison of autistic children diagnosed in 1987 and 1998 reveals 

that one of the features of a new trend in diagnosis of autism is a decrease in prevalence of 

autism associated with severe and profound mental retardation, and doubled prevalence of cases 

of autism without mental retardation. 

Epilepsy. Epilepsy among children in the general population is estimated at 2-3%, 

whereas about 30% of autistic individuals develop epileptic seizures (Gillberg 2000, Tuchman 

and Rapin 2002).  All seizure types are seen in autism, including tonic-clonic, complex partial, 

atypical absence, and myoclonic. Two peaks of high seizure frequency were reported - before the 

age of 5 years and after the age of 10 years (Tuchman and Rapin 2002). Dysplasia and 

heterotopia in the hippocampus, amygdala and neocortex are known as epileptogenic foci.  They 

were identified in idiopathic autism and their prevalence increases in autistic subjects diagnosed 

with dup15 whose death was seizure-related. Serotonergic fibers show unmodified morphology 
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in cryptogenic epilepsy (no cortical dysplasia), but in patients with focal cortical dysplasia with 

giant neurons and giant astrocytes, dysplastic epileptogenic areas show serotonergic 

hyperinnervation with increased density of serotonergic fibers. (Trottier et al. 1996).  

  Anxiety. Approximately 80% of children diagnosed as high functioning ASD (De Bruin 

2007) and up to 40% of ASD children with IQ below 70 have a concurrent anxiety disorder 

(Sukhodolsky 2008). Anxiety is defined as a state of chronic apprehension about future harm, 

characterized by tension, worry, negative affect, and a feeling of insecurity elicited by 

unpredictability and by the perception of potential, unseen, or symbolic threats (Grillon 2008). 

Individuals with anxiety are hyper-vigilant, constantly scanning the environment for potential 

threats.  When such a stimulus is detected, the individuals narrow their attention and have trouble 

disengaging from it (Craske 2009).  This negative arousal combined with difficulties controlling 

negative emotion leads to overreactivity (Green 2010). Cognitive/language impairments of 

autistic children reduce the ability of expressing fear and anxiety and enhance anxiety. Multiple 

genetic and environmental factors may be interacting and contributing to the condition. Anxiety 

has long been treated by anti-anxiety (tranquilizers, benzodiazepine) and anti-depressant 

medications including Selective Serotonin Reuptake Inhibitors (SSRIs) and Monoamine Oxidase 

Inhibitors (MAOIs). The non-pharmacological treatment of choice for anxiety is Cognitive 

Behavioral Therapy (CBT) (Ollendick 2006). 

Sensory abnormalities and pain. Sensory abnormalities in autism had been reported in 

Kanner’s original description of the disorder in 1943. Autistic individuals have various 

perceptual processing abnormalities, which are manifested by a hypersensitivity to tactile and 

auditory stimuli (Gomot 2002). In ASD, both sensory under-responsiveness and over-

responsiveness have been observed (Baranek 2006). Baranek showed that 69% of young autistic 



7 
 

children had a high level of multimodal sensory processing problems. Sensory alterations include 

taste, smell, and tactile sensitivity, auditory filtering, underreactivity and stimulation seeking 

(Corbett 2009).  

 Sound sensitivity has been reported to vary with times and type of sound.  Positive 

auditory experiences including interaction have been reported with music. Heightened awareness 

of sound and curiosity have also been reported. Autistic children show sensitivity to bright light, 

especially sunlight. Some have negative reactions to certain visual stimuli such as television. 

Others have positive experiences and enjoy controlling light sources.  Tactile stimuli had positive 

effects when they involved interpersonal touching or certain natural phenomena such as wind. 

Autistic children seem to have an aversion to actions addressed towards the head and face. 

Negative food experiences can include taste, smell, texture and visual aspects. A common theme 

has been the inability to control or terminate a stimulus often being a negative experience 

(Dickie 2009). 

 Self injurious behavior (SIB). The serotonergic system has been identified to have a 

role in SIB (Cook, 1999).  SIB may include head banging, picking, and self-

biting/hitting/scratching.  It is believed that self-injury is related to altered pain processing. 

While normally pain is a result of proper activation of sensory neurons which detect tissue 

damaging stimuli (nociceptors), sensitivity can increase after repetitious injury, due to a possible 

change in intracutaneous nerves.  Response to abnormal sensory experiences such as increased 

pain sensitivity due to altered nerve fibers may result in self-injury. The chronic inflammatory 

response to chronic SIB may produce pain and the feed forward cycle can continue indefinitely. 

A chronic state of pain can result in sickness behavior including decreased exploration and 
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socializing, as well as changes in sleep patterns. Decreased pain responses result in self-injurious 

behavior (Symons, 2011).    

Role of serotonin in affective disorders. Numerous studies indicate that a deficiency of 

central serotonergic signaling may predispose individuals to development of mood disorders 

including aggression, anxiety, impulsivity, depression, and obsessive-compulsive disorder (Lucki 

1998, Mann et al. 2001, Nelson and Chiavegatto 2001, Lemberger et al. 1985, Hrdina et al. 

1989). Impairment of 5-HT synthesis by tryptophan depletion worsens the clinical state of 

patients diagnosed with depression (Shopsin et al. 1975, Delgado et al. 1990). Altered serotonin 

neurotransmission has been associated with affective disorders (Risch and Nemeroff 1992) and 

suicidal behavior (Arango and Mann 1992). Decreased serotonin transporter (SERT) was 

reported in the frontal cortex and hypothalamus of suicide victims (Stanley et al. 1982, 1983, 

Paul et al. 1984, Arato et al. 1991).  

The serotonin system is involved in modulation of impulsive aggressive behavior (Brown 

et al. 1982, Olivier et al. 1989, Olivier and Mos 1992, Miczek et al. 2004, Faccidomo et al. 

2008). Changes of 5-HT levels regulate distinct phases of aggressive behavior. The prefrontal 

cortex is the most involved area in the execution and recovery from an aggressive encounter 

(Van Erp and Miczek 2000, Halasz et al. 2006, Miczek and Fish 2006).  

Controversies regarding treatments targeted at serotonergic system. Significant 

improvements observed in overall functioning and in a wide range of symptoms, including 

anxiety, aggression, and repetitive behavior were reported in children and young adults with 

autism treated with selective serotonin reuptake inhibitors (SSRIs), including fluoxetine and 

related drugs (Mehlinger et al. 1990, Gordon et al. 1992, McDougle et al. 1996b, DeLong et al. 

1998). DeLong et al. (1998) reported excellent response in 30% and good response in another 
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30% of autistic children. However, in 40% lack of response or negative response with 

aggressiveness, agitation, and hyperactivity were observed.  In addition to these only at times 

positive results, Kolevzon et al. (2006) revealed that SSRIs do not improve social and 

communication deficits. 

A selective response of some autism modalities to SSRIs (Brodkin et al. 1997, Kolevzon 

et al. 2006, King et al. 2009) suggests that the serotonergic system is affected by developmental 

alterations and that these changes contribute to some autistic symptoms. Moreover, detection of 

positive and negative response and no response suggest interindividual differences in 

serotonergic system alterations of autistic subjects. Studying the raphé nuclei as the source of 

serotonergic innervation of the brain, and target cortical and subcortical structures may identify 

differences which contribute to (a) heterogeneity of clinical manifestations, and (b) heterogeneity 

of patient response to treatment. This assumption was confirmed by Azmitia et al. (2011 a,b) 

postmortem studies of serotonergic innervation in 2.8 to 29-year old autistic subjects which 

revealed an increase in 5-HT axons in the medial and lateral forebrain bundles, and increased 

density of 5-HT-positive axons in the amygdala, piriform cortex, and in the temporal superior 

and parahippocampal gyrus. In autistic subjects 8 years of age and older, several types of 

dystrophic SERT-positive fibers were detected in the termination fields, including long heavily 

immunolabelled axons with irregularly spaced small circular or elliptical varicosities. These 

axons have intensively SERT immunoreactive bulbous, tapered or “cork-screw” endings. The 

detected increase in the number of serotonin-positive axons in the cortex and forebrain pathways 

may explain the negative response of autistic patients to SSRIs and suggests that in some cases 

application of serotonin antagonists may result in clinical improvement (Azmitia et al. 2011 a,b).  
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1.2.   Autism etiology and links to serotonergic system 

It is estimated that an earlier age of diagnosis and inclusion of milder cases account for 

more than two thirds of the reported increase of autism prevalence (Hertz-Picciotto and Deliche 

2009). The true increase in the prevalence of autism is linked to genetic factors, environmental 

factors acting during pre-, peri-, and postnatal life, and concurrent diseases (Muhle et al. 2004; 

Newschaffer et al. 2002; Rutter et al. 1994, Landrigan, 2010). The etiology has a significant 

contribution to type, topography and severity of neuropathological changes and autism clinical 

phenotype. 

Genetic factors.   Autism has a strong genetic component (Bailey et al. 1995). Gene 

mutations, gene deletions, copy number variants and other genetic anomalies are linked to 

autism. Autism is highly heritable. Heritability provides an estimate of the proportion of 

phenotypic variation in the population that is due to genetic variation (Brown 2010). The study 

of 503 pairs of autistic twins born between 1992 and 2000 in California revealed concordance 

rates among the monozygotic males of 57% and among the monozygotic females of 67%. The 

heritability is estimated in range of 19-35% for males and 50-63% for females (Liu et al. 2010). 

Identical twin discordance might be due to epigenetic changes (Kaminsky et al. 2009).  

Several potential candidate genes have been identified including the tuberous sclerosis 

gene on chromosomes 9 and 16; gamma-aminobutyric acid receptor-beta 3 on chromosome 15; 

neuroligins on the X chromosome (Vorstman et al. 2006) and PTEN on chromosome 10 (Butler 

et al. 2005). Moreover, two types of genetic defects of the serotonergic system are considered as 

increasing autism susceptibility: modifications of the serotonin transporter gene on chromosome 

17 (Vorstman et al. 2006) and modifications detected in the tryptophan hydroxylase gene on 

chromosome 12 (Coon et al. 2005).  
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Approximately 5% to 10% of autism cases are associated with several distinct genetic 

conditions including fragile X syndrome, tuberous sclerosis, phenylketonuria, Rett syndrome and 

chromosomal anomalies such as Down syndrome (DS) and chromosome 15 duplication (Folstein 

and Rosen-Scheidley, 2001; Fombonne, 2003;Yonan et al. 2003). The prevalence of autism in 

boys with DS was estimated as at least 7% (Kent et al. 1999). The prevalance of autism in the 

fragile X syndrome is estimated as 15 - 28% (Hagerman 2002). Partial duplications, deletions, 

and inversions in the 15q11-q13-region account for 1% to 4% of autism cases (Cook, 1998; 

Gillberg, 1998). Application of the Gilliam Autism Rating Scale (GARS; Gilliam et al. 1995) to 

the idic15 group revealed that 20 of 29 children and young adults with idic15 were autistic (69%) 

(Rineer et al. 1998). Comparable prevalence of autism (78%) has been reported in a postmortem 

group of subjects diagnosed with dup15.   

Genetic factors are clearly implicated in autism etiology, however they account for only 

7-8% of autism cases (review by Landrigan 2010). The occurrence of sporadic cases, different 

clinical phenotype, discordant development in monozygotic twins, occurrence in family of 

autism as well as of only autistic traits suggests the contribution of a combination of genetic and 

environmental factors to autism etiology (Daniels 2006). Environmental factors could act 

together with inherited susceptibilities or through epigenetic changes (Mehler et al. 2008). 

Environmental factors. The most powerful evidence is provided by studies specifically 

linking autism to fetus exposure in early pregnancy to thalidomide, misoprostol, valproic acid , 

the organophosphate insecticides, maternal rubella infection and other environmental factors 

(Chess, 1971, Strömland et al. 1994, Miller et al. 2005). The variation in interplay between 

different environmental exposures and genetic susceptibilities may result in the observed 

heterogeneity in the autism phenotype (Landrigan 2010). The significant contribution of 
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epigenetic factors to autism etiology is strongly supported by results of early screening tests that 

reveal signs of autism in about one-quarter of premature babies (Limperopoulos et al. 2008), and 

presence of  autism-related behavioral profile  in early infancy (Karmel et al. 2010). These data 

suggest that etiologic heterogeneity has a significant contribution to clinical diversity of autism 

and potentially to alterations detected in postmortem studies.  

The role of maternal tryptophan and serotonin in fetus development. In the brain of a 

human fetus, first serotonergic neurons are detectable in the 5th week of gestation. Maternal and 

placental serotonin control fetal brain development before and during development of fetal 

serotonergic system (Côté et al. 2007). To produce serotonin, placenta and fetal brain cells use 

maternal tryptophan (Bonin et al. 2011). Connors et al. (2006) postulated that maternal 

tryptophan and serotonin deficit may alter fetal brain and fetus raphé development with lifelong 

functional consequences including autism.  

Serotonin in developing brain. Serotonin is one of the first brain neurotransmitters 

regulating cell proliferation, differentiation, and apoptosis (Whitaker-Azmitia 1991, Azmitia 

2001, Verney et al.. 2002). The 35-fold increase in the level of tryptophan hydroxylase mRNA 

between embryonic day 18 and postnatal day 22 (Rind et al. 2000) suggest that serotonin plays a 

significant role in brain development. The increase of serotonin level during infancy and 

decrease to adult levels at age of five years appears to correspond to a high demand for serotonin 

during fetal and child development and reduced demand in late childhood and in adults. It also 

suggests that any modifications of this highly regulated process may result in defects of brain 

development, functional abnormalities and autism (Sodhi and Sanders-Bush, 2004). 

Fetal serotonergic system exposure to maternal medication and drugs. A growing 

percentage of pregnant women receive SSRIs prescribed to treat depression, anxiety, and 
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obsessive-compulsive disorder (Wisner et al. 2000, Cohen et al. 2004). Increase of the 

percentage of females using antidepressants during pregnancy, from 1% in 1990 to 13% in 2010 

parallels the increase in the prevalence of autism observed in these two decades. In utero 

exposure to antidepressants interacting with fetal SERT and a developing serotonergic system is 

considered one of several new epigenetic factors contributing to a growing risk of autism. Fetus 

exposure to SSRIs during the first trimester increases risk of autism by 3.8 times (Hadjikhani 

2010, Croen et al. 2011). Experimental studies show that transient exposure may result in 

permanent alterations in the offspring’s serotonergic system. SSRIs decrease the level of TPH in 

the dorsal raphé and serotonin transporter level in the cortex, with permanent effect observed in 

adult animals (Maciag et al. 2006). The second new risk factor is a growing prevalence of fetus 

exposure to drugs, including cocaine and such amphetamines as ecstasy, both binding to SERT. 

Ecstasy increases serotonin level and causes serotonin fiber degeneration (O’Hearn 1988). 

Cocaine (Akbari et al. 1992) as well as ethyl alcohol also increase serotonin concentration 

(Eriksen et al. 2002, Zhou et al. 2003) and may contribute to developmental alterations including 

autism (Davis et al. 1992, Nanson 1992). 

 

1.3.   Serotonergic system pathology in autism 

  5-hydroxytryptamine (5-HT; serotonin) serves as both a neurotransmitter and an 

important developmental signal in the brain. Serotonin regulates the size of neurons, the size of 

the dendritic tree and the number of synapses in innervated cortical and subcortical structures 

and cerebellum.  Therefore, developmental abnormalities in the serotonergic system may 

contribute to structural and functional changes in target brain regions and structures. Virtually all 

regions of the brain receive serotonergic afferents from raphé system neurons (Azmitia 2012). 
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The rostral raphé nuclei form ascending pathways of axons mainly to the forebrain. The caudal 

raphé system innervates the lower brainstem and the spinal cord (Aitken and Törk, 1988; Lidov 

and Molliver, 1982). Dysregulation of the 5-HT system during development may be responsible 

for both developmental abnormalities and functional deficits seen in autism (Anderson et al. 

1990, Chandana et al. 2005, Chugani et al. 1999, 2002, Cook et al. 1993, Janusonis et al. 2006, 

McNamara et al. 2008, Whitaker-Azmitia, 2005).  In fact, all known chemical inducers of autism 

including cocaine, thalidomide, valproate and alcohol modulate 5-HT levels in the brain (Harris 

et al. 1995; Kramer et al. 1994; Narita et al. 2002; Rathbun and Druse 1985; Stromland et al. 

1994).  

A broad spectrum of studies indicate that developmental alterations of the peripheral  

and brain serotonergic system are involved in the autism clinical phenotype: 

1. Increased prevalence of hyperserotonemia in the blood in autistic subjects (Schain and 

Freedman 1962, Cook and Leventhal 1996, McBride et al. 1998, Hranilovic et al. 2007, and 

Melke et al. 2008).  

2. The association between hyperserotonemia and increased risk of recurrence of autism within 

families (Cook et al. 1990, Piven et al. 1991, Cross et al. 2008). 

3. The correlation between blood serotonin level and severity of clinical symptoms (Hérault et 

al. 1996). 

4.  The correlation between low level of serotonin precursor (tryptophan) and severity of 

stereotyped behaviors in autistic subjects (McDougle et al. 1996a). 

5. Impairment of the serotonergic system in the brain of autistic subjects (Chugani et al. 1997, 

1999, Makkonen et al. 2008). 

6. Link between brain serotonin deficit and severity of social deficits (Chugani et al. 1999) 
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7. Link between reduced uptake of tryptophan and severe language deficits (Chandana et al. 

2005). 

8. Amelioration of obsessive compulsive behavior, anxiety and aggression in some subjects 

treated with SSRIs (McDougle et al. 1996, de Long et al. 1998, Fatemi et al. 1998, Hollander 

et al. 2005, Kolevzon et al. 2006). 

9. Abnormalities of serotonergic fibers in many target cortical and subcortical structures known 

to be involved in autism phenotype (Azmitia et al. 2011a). 

10. Azmitia (2011b) review reveals links between serotonergic system alterations and epilepsy, 

immune dysregulation, gastrointestinal and sleep disorders, as well as anxiety, aggression, 

obsessive compulsive behavior and mood disorders observed in autism.  

 

 Blood hyperserotonemia. The blood hyperserotonemia observed in autism is an increase 

in the serotonin level in blood platelets by 25% to 50% (Anderson 2002). Blood platelets 

themselves do not synthesize 5-HT, but they take up serotonin from plasma using serotonin 

transporter (SERT). Since the first report published by Schain and Freedman in 1961, 

hyperserotonemia was confirmed in many reports (Hanley et al. 1977, Anderson et al. 1990, 

Cook 1996, McBride et al. 1998, Mulder et al. 2004, Hranilovic et al. 2007, Melke et al. 2008). 

Therefore, hyperserotonemia is considered the most consistent serotonin-related finding in 

autism. However, the cause of hyperserotonemia in autistic subjects is not clear. The relationship 

between peripheral hyperserotonemia and central nervous system dysfunction remains unknown. 

SERT polymorphic variants affect platelets’ serotonin uptake rates (Anderson et al. 2002) and 

platelet serotonin levels (Coutinho et al. 2004). SERT polymorphism is unlikely the cause of 

hyperserotonemia in autism (Anderson et al. 2002, Persico et al. 2002). Mice lacking the 5-HT1A 
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receptor expressed in the gut (Kirchgessner et al. 1996), develop autistic-like blood 

hyperserotonemia (Janusonis et al. 2006), which may be caused by altered regulation of the gut 

5-HT release rate. Janusonis’ (2008) model predicts that platelet serotonin level should be 

sensitive to changes in the platelet serotonin uptake rate constant, the proportion of free serotonin 

cleared in the liver and lungs, the gut 5-HT production rate and its regulation. Spivack et al. 

(2004) reported a negative correlation between plasma-free 5-HT concentration and the level of 

aggressiveness in autistic adults.  

 Platelet serotonin level in autism. Hranilovic et al. (2007) revealed that the mean 

platelet serotonin level in 53 autistic subjects aged 16 to 45 years was 75.7+-37.4 ng/µL whereas 

in 45 control subjects aged 20 to 55 years the mean level was 59.2+-16.2 ng/µL.  32% of autistic 

subjects revealed hyperserotonemia.  A negative correlation was observed between platelet 

serotonin level and speech development, but there is no correlation with severity of symptoms as 

measured by total CARS score and degree of mental retardation (Hranilovic 2007). A significant 

negative correlation between whole blood 5-HT levels and verbal abilities of autistic subjects 

and their first degree relatives was found by Cook et al. 1990 and Cuccaro et al. 1993. 

 Origin of blood serotonin and serotonin degradation. Plasma serotonin is the product 

of enterochromaffin cells of the gut mucosa (Gershon 2004). Human gut serotonin production 

was estimated at 3,000 ng/min (Anderson et al. 1987). In the GI tract, serotonin is also produced 

by myenteric neurons (Wardell et al. 1994, Furness et al. 1982, Erde et al. 1985). Extracellular 

serotonin is taken up by SERT- expressing gut cells (Gershon and Tack 2007). Serotonin 

diffused in blood plasma is used by SERT-positive blood platelets. However, the majority of 

plasma serotonin is rapidly cleared by the liver and lungs (Thomas and Vane 1967, Anderson et 

al. 1987).  
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Brain - dynamic changes in serotonin level during development and maturation. 

Severity of hyperserotonemia is correlated with severity of autistic behaviors (Chandana et al. 

2005; Chugani et al. 1999, 2002; Kuperman et al. 1987).  Chugani et al. (1999) and Chandana et 

al. (2005) reported significant differences in early postnatal serotonin level in the frontal, 

temporal, parietal and occipital cortex between children with autism and control subjects. 

Serotonin level in a normal human cortex, as in rodents, is highest shortly after birth and 

decreases with age up to sexual maturity. However, young children with autism have a 

significantly attenuated peak in serotonin synthesis compared to age- matched controls (Chugani 

et al. 1999; Chandana et al. 2005).  Their capacity for serotonin synthesis increases gradually 

from 2 to 15 years.   

 A causal role for serotonergic abnormalities in the etiology of autism is also suggested by 

studies indicating autism-specific genetic polymorphisms in 5-HT metabolizing enzyme, 

transporter or receptor genes (Sutcliffe et al. 2005).   

Cellular consequences of increased serotonergic activity during brain development. 

The first serotonergic neurons are detected by the 5th week of gestation (Sundstrom et al. 1993). 

Their number increases dramatically by the 10th week (Kontur et al. 1993, Levallois et al. 1997) 

and at the age of 15 weeks of gestation raphé nuclei are formed (Takahashi et al. 1986). 

Serotonin levels increase throughout the first two to five years, but in adulthood serotonin level 

is only 50% of the concentration observed in infancy (Toth and Fekete 1986, Chugani et al. 

1999). This suggests that high levels of serotonin are necessary during brain development and 

suggests the contribution of serotonin to normal brain development.  Whitaker-Azmitia (2005) 

hypothesized that serotonin neuron development is associated with an increase of the serotonin 

to a level at which serotonin innervation reaches a level higher than that required for normal 
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brain structure/function. A negative feedback mechanism, most likely mediated by the 5-HT1A 

receptor, curtails neuron growth to adult brain level.    

Cellular consequences of peripheral hyperserotonemia in autism. According to the 

second Whitaker-Azmitia (2005) hypothesis, peripheral hyperserotonemia observed in some 

autistic children may affect development of the brain serotonergic system with structural and 

functional consequences contributing to a behavioral autism phenotype. Hyperserotonemia at 

early stages of brain development, when the blood brain barrier is immature, results in an 

excessive amount of serotonin that can enter the brain of the developing fetus, and down-regulate 

development of the raphé nuclei through negative feedback.  The 5-HT1A receptor present both 

on the body of the serotonergic neurons in the raphé nuclei and in brain target neurons, plays an 

inhibitory role in autoregulation of serotonergic neuron development, and acts as an inhibitory 

autoreceptor in the mature brain (Whitaker-Azmitia and Azmitia 1986, Lauder et al. 2000, 

Gaspar et al. 2003).   

 

1.4.   Serotonin, serotonin transporter, and receptors 

5-HT synthesis. Over 95% of the body 5-HT is present in the gastrointestinal tract 

(Erspamer 1966), mostly in enterochromaffin cells of the mucosal epithelium (Gershon et al. 

1994) and in serotonergic neurons of the enteric nervous system (Gershon et al. 1994, Erde et al. 

1985).  Serotonin action is regulated temporally and spatially by cells possessing enzymes 

catabolyzing 5-HT (Martel 2006). Enzymes catabolyzing 5-HT, including monoamine oxidase 

(MAO) and glucuronyl transferase are located in the cell cytoplasm. Therefore, inactivation of 5-

HT of extracellular origin requires 5-HT internalization by cell plasmalemma. In the central and 
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peripheral nervous system, 5-HT is inactivated primarily by reuptake into the serotonergic 

neurons.   

 

Fig. 1.   5-HT synthesis.  The rate of 5HT synthesis is limited by the intracellular level of L-
tryptophan, the essential amino acid provided with food, and tryptophan hydroxylase (TPH). 
 

In humans and animals, serotonin is synthesized in a two- step process from the amino 

acid L-tryptophan.  The first step requires tryptophan hydroxylase (TPH).  The TPH- mediated 

reaction is the rate limiting step in this pathway. TPH exists in two forms: TPH1 present in 

various tissues and TPH2 which is a brain-specific isoform. Genetic polymorphisms in both 

TPH1 and TPH2 influence susceptibility to anxiety and depression. Addition of a hydroxyl group 

to L-tryptophan results in 5-hydroxy-L-tryptophan (5-HTP). The product of action of 5-

Hydroxytryptophan decarboxylase on 5-hydroxy-L-tryptophan is serotonin (5-HT). Monoamine 
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oxidase and aldehyde dehydrogenase break down serotonin to 5-hydroxyindoleacetic acid (5-

HIAA) which is excreted.   

 5-HT distribution. Experimental studies of the rat brain revealed that 5-HT 

immunolabeling in axons is distributed diffusely throughout the portion of axonal cytoplasm or 

is observed in large (80 to 150 nm in diameter) dense core vesicles (DCV). However, application 

of different protocols of tissue preservation suggests that 5-HT distribution is in part modified by 

fixation techniques.  In glutaraldehyde- fixed tissue more diffuse labeling is observed in axons 

and in axon terminals whereas in acrolein-fixed tissue immunolabeling of 5-HT was found 

mainly in dense core vesicles (DCV) in axons and axon terminals (Pickel and Chan 1999).  

Synaptic and non-synaptic transmission of 5-HT. Serotonin transmission might be 

restricted to the synaptic cleft (hard-wired neurotransmission) or neurotransmitter diffusion to 

remote sites (volume or paracrine transmission). Knowledge of synaptic transmission in the brain 

is based in part on studies of acetylcholine action at the neuromuscular junction, where ACh 

released into the synaptic cleft diffuses and interacts with intrasynaptic receptors. Rapid binding 

to receptors restricts ACh diffusion and increases probability of degradation of ACh by 

acetylcholinesterase (Magleby and Terrar 1975, Bartol et al. 1991). This process is known as 

“buffered diffusion” (Katz and Miledi 1973) and is restricted spatially to the synaptic cleft.  

 In contrast, 5-HT can participate in what has been termed “volume” (Fuxe and Agnati 

1991) or paracrine transmission in the dorsal raphé and in the substantia nigra pars reticulata 

(Bunin and Wightman 1998). In the DRN, 5-HT neurons exhibit little synaptic specialization and 

the majority of 5-HT uptake sites is extrasynaptic.  In the DRN serotonergic neurons accumulate 

5-HT in the cell body and dendrites in vesicles in a releasable form (Hery and Ternaux 1981, 

Iravani and Kruk 1997, Bunin and Wightman 1998) as well as in axon collaterals and terminals 
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(Mosko et al. 1977, Liposits et al. 1985). Ultrastructural studies suggest junctional and non-

junctional release of 5-HT but non-junctional predominates. For the serotonergic system which 

communicates mainly by extrasynaptic means, synapses may exist simply as a point of 

anatomical connectivity, but transmission is based on extrasynaptic mechanisms (Bunin and 

Wightman 1998). 

 Dopamine also diffuses from the synaptic cleft and interacts with receptors and 

transporters at remote sites (Smiley et al. 1994, Nirenberg et al. 1997). The dopamine (DA) 

transporter regulates the lifetime of DA in the extracellular space and the distance DA can travel 

from its release site (Garris and Wightman 1995, Giros et al. 1996). Interactions of 5-HT and 

dopamine in extrasynaptic space allow for longer range of activity and less specific interactions 

than neurotransmission restricted to the synaptic cleft (Clements 1996). The computed excess of 

both receptor and transporter sites relative to the number of 5-HT molecules suggests that 

innervated brain structures (such as substantia nigra) may optimally use the large amount of 5-

HT  released by rapid bursts that can originate in the cell bodies of the raphé neurons (Hajos et 

al. 1996).  In contrast to glutamate and GABA using synaptic transmission and not activating 

second messenger systems but directly activating ion channels, most DA and 5-HT receptors are 

coupled to second messengers  (Kandel et al. 1991).  

Serotonin transporter (SERT) 

 SERT, a 630 residue hydrophobic phosphoglycoprotein with the molecular weight of 

59kD (Blakely et al. 1991, Hoffman et al. 1991, Mayser et al. 1991, Baker et al. 1994) is a 

member of the Na+/Cl- dependent plasma membrane transporter family.  It is expressed in 

perisynaptic areas of afferent fibers from median and dorsal raphé nuclei.  The prefrontal cortex 

as well as hippocampal sectors CA1 and CA3, have the highest densities of this transporter. The 
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serotonin transporter takes up released serotonin from the synapse to replenish neuron stores.  

Dysfunction of the receptor and the subsequent abnormal levels of serotonin in the synapse are 

characteristic of anxiety, depression, alcoholism and drug addiction.  Some medications that treat 

these conditions work by blocking this transporter (Wersinger 2006).  Antidepressants increase 

serotonin levels by blocking SERT.  Serotonin re-uptake depends on the level of active 

transporter on the cell surface.  

SERT is a marker of serotonergic axons.  Immunostaining for SERT allows one to follow 

projections of serotonergic fibers from the raphé nuclei to brain target areas (Verney 2002).  

Serotonin transporters appear evenly distributed throughout the dorsal raphé nucleus.  Repeated 

application of certain antidepressants changes expression of the serotonin transporter in the 

dorsal raphé (Stockmeier 1996).  Removal of extracellular serotonin by SERT proteins is a major 

pathway for 5-HT inactivation. Serotonin that is not bound to receptors is removed from the 

synapse by transporters and transported back into the neuron where it is metabolized.   

 Molecular cloning of SERT from human placenta (Ramamoorthy et al. 1993), rat brain 

(Blakely et al. 1991), basophilic leukemia cell cDNA libraries (Hoffman et al. 1991) and from 

human raphé (Lesch et al. 1993) revealed the 5-HT transporter’s primary structure. SERT 

contains 12 putative transmembrane domains, cytoplasmic N- and C-termini and N-glycosylation 

sites within the large extracellular loop between transmembrane segments 3 and 4 (Blakely et al. 

1993).  

Serotonergic raphé neurons reveal high levels of SERT mRNA (Austin et al. 1994, 

Charnay et al. 1996). In situ hybridization studies in the rat (Fujita et al. 1993) and human 

(Austin et al. 1994) brain revealed that SERT mRNA is predominantly expressed in raphé 

neurons but failed to demonstrate SERT mRNA in glial cells.  
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SERT catalyzes the co-transport of Na+, Cl- and 5-HT and removes 5-HT from the 

extracellular space. The uptake mechanism is activated within less than a millisecond after 

transmitter release. Therefore SERT shapes the time course of the postsynaptic response (Bruns 

et al. 1993). 5-HT release is a near instantaneous process that accompanies impulse flow, 

whereas uptake is time-dependent (Bunin and Wightman 1998). 

Relationships between 5-HT release, SERT,  and 5-HT extracellular levels. 

 Ultrastructural immunolabeling demonstrates 5-HT in large dense core vesicles (Pickel 

and Chan 1999). Vesicular release of 5-HT by serotonergic neurons (Gobbi et al. 1998) is 

accompanied by reuptake into these neurons through the serotonin transporter (SERT) (Qian et 

al. 1995). The extracellular 5-HT levels reflect vesicular release and plasmalemmal reuptake 

through SERT. Experimental studies of the nucleus accumbens in the rat suggest that increased 

5-HT release without concomitant increase in SERT expression in individual axons may 

contribute to higher extracellular levels of serotonin (Pickel and Chan 1999). Similar 

relationships are observed between extracellular levels of dopamine and plasmalemmal 

dopamine transporter (Nirenberg et al. 1997, Jones et al. 1996).  

The studies of Down syndrome and an experimental model of DS (Ts65Dn mice) 

indicate that alterations in the serotonergic system are involved in abnormal neurogenesis and 

developmental neuronal deficits (Bianchi et al. 2010). This concept is supported by reports 

documenting reduced 5-HT level in DS (Risser et al. 1997) and the causative link between 5-HT 

depletion and permanent reduction in neuron number in the adult brain (Whitaker-Azmitia 

2001). Antidepressants increase neurogenesis in the dentate gyrus and subventricular zone of the 

lateral ventricle (Malberg et al. 2000, Shankaran et al. 2006). Treatment of neonate Ts65Dn mice 

(animal model of DS) from postnatal day P3 to P15 with fluoxetine, an antidepressant that 
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inhibits serotonin reuptake increases neuronal proliferation in the adult Ts65Dn mice (Clark et al. 

2006). P15 Ts65Dn mice had defective proliferation in the hippocampal dentate gyrus, 

subventricular zone, striatum and neocortex, but defects of proliferation were completely rescued 

by fluoxetine. Moreover, behavioral tests revealed complete recovery of memory performance in 

fluoxetine treated Ts65Dn mice (Bianchi et al. 2010). 

SERT distribution.  SERT immunogold labeling is detected in ultrastructural studies in 

axons, axonal terminals, dendrites and glial processes. SERT immunolabeling prevails at 

nonsynaptic sites of axons (Zhou et al. 1998, Pickel and Chan 1999). In dendrites, SERT 

immunogold particles are observed (a) along plasma membrane of one dendrite apposed to other 

dendrite, (b) along plasma membrane of dendrite far from synapses or (c) along plasma 

membrane apposed to synaptic terminals. 

In unmyelinated axons, SERT is observed along plasma membrane (a) apposed to other 

unmyelinated axon, (b) unmyelinated axon apposed to the dendrite, or (c) synaptic terminals. 

Reaction is observed along plasma membranes or associated with membranes of small synaptic 

vesicles (SSVs) of axons. 

Double immunolabeling for 5-HT and SERT shows that small unmyelinated axons 

express both SERT and 5-HT. Labeling for 5-HT is seen as diffuse labeling within the axon, 

whereas immunogold SERT labeling is localized along the plasma membrane.    

In the rat nucleus accumbens, SERT was detected in 60-61% of unmyelinated axons. 

Immunolabeling appeared denser in small axons than in axon terminals. Immunolabeling for 

SERT was detected also in 2 to 4% of dendritic profiles or dendritic spines as well as in glial 

processes (Pickel and Chan 1999). These observations suggest a role for SERT in synaptic and 

nonsynaptic communication. The extrasynaptic distribution of SERT (Pickel and Chan 1999) and 
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dopamine transporter DAT (Nirenberg et al. 1997) suggests that monoamines diffuse from sites 

of release into the synaptic cleft to distant receptors in a paracrine mode of transmission (Bunin 

and Wightman 1998). This hypothesis is consistent with the presence of receptors for 5-HT and 

dopamine located at pre- and post-synaptic sites, as well as nonsynaptic sites on plasma 

membranes (Pickel and Sesack 1995, Hirst et al. 1998ab, Jakab and Goldman-Rakic, 1998). 

SERT expression and 5-HT uptake by glial cells. The results of studies of SERT 

expression in glial cells are inconsistent. A study of SERT distribution in rat brain revealed that 

there is no evidence for the presence of SERT activity in glial cell bodies and processes (Sur et 

al. 1996). However, it was shown that cultured astroglial cells take up 5-HT (Whitaker et al. 

1983). Moreover, the Na+-dependent, fluoxetine sensitive serotonin uptake by astrocytes from rat 

cerebral cortex suggests SERT involvement (Dave and Kimelberg 1994). 

Drugs binding to SERT. Enhancement of extracellular concentration of 5-HT is a 

fundamental mechanism for the success of application of antidepressants. SERT is considered a 

primary target for antidepressant drugs. It was documented that antidepressants, such as 

fluoxetine, bind to SERT and increase extracellular level of 5-HT (Schloss and Williams 1998, 

Staley et al. 1998).  

The role of monoamine oxidase in 5-HT pathways.  It has been proposed that after 

reuptake mediated by SERT, the 5-HT is deaminated by mitochondrial monoamine oxidase 

(MAO) and that this process produces 5-hydroxyindolacetic acid (5-HIAA).  MAO-A is known 

as having a high affinity for 5-HT.  However, serotonergic neurons do not appear to have MAO-

A. Therefore reuptake into the nerve terminals may lead to reutilization of 5-HT rather than 

degradation, whereas uptake of 5-HT by MAO-A-positive astrocytes results in 5-HT inactivation 

(Bel et al. 1997). 
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Serotonin receptors.  In the nervous system the function of serotonin is mediated by 14 

subtypes of 5-HT receptors (Hoyer et al., 1994; Martin and Humphrey, 1994; Saudou and Hen, 

1994). The 5-HT1A receptor appears the earliest of the serotonin receptors and reveals a prenatal 

peak. In the human cortex, density of 5-HT1A receptors decreases with age (Stockmeier 1996). It 

is found on bodies of raphé nuclei serotonergic neurons, on target neurons, and enterochromaffin 

cells in the gut (Janusonis 2006).  In the brain, somatodendritic autoreceptors regulate serotonin 

release from raphé neurons. Lack of these receptors in a critical period of brain development 

results in anxiety in adult mice (Janusonis 2006).    

 The 5-HT1A receptor is involved in activation of hyperpolarizing K+ channels, which 

leads to a decrease in firing of neurotransmitters.  Initially after treatment with the receptor’s 

agonist, the agonist binds to autoreceptors on raphé neurons.  Serotonin release at the presynaptic 

terminal is decreased due to the hyperpolarizing effect of 5-HT1A autoreceptors.  Any excess 

agonist is free to act on postsynaptic 5-HT1A receptors, inhibiting postsynaptic neurons.  

However, prolonged treatment with agonists leads to internalization and desensitization of the 

autoreceptors on the raphé neurons while the postsynaptic receptors are unaffected.  Inhibition of 

autoreceptors results in an increased 5-HT release.  Released 5-HT binds to postsynaptic 5-HT1A 

receptors causing elevated signaling (Banerjee 2007). 

The serotonin2A (5-HT2A) receptor is one of the most common serotonin receptors 

involved in facilitating the formation and maintenance of synapses (Niitsu et al., 1995) and 

associated with psychological and mental events (Roth, 1994).  Immunostaining shows that the 

entire soma and dendritic tree of Purkinje cells is covered with 5-HT2A receptors (Maeshima et 

al. 1998).  In vitro studies have shown that 5-HT inhibits the growth and arborization of Purkinje 
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cell dendrites through 5-HT2a receptors and stimulates them through the 5-HT1A receptor 

(Kondoh et al., 2004).  5-HT promotes the formation of synapses in a developing and mature 

brain and spinal cord (Chen et al., 1997; Niitsu et al., 1995; Okado et al., 1993), and this process 

is mediated by the 5-HT2a receptor (Niitsu et al.., 1995).   

 SERT in astrocytes. Bel et al. 1997 suggest that a low concentration of SERT mRNA or 

protein in a single astrocyte may not give a detectable signal but higher numerical density of 

astrocytes than neurons makes astrocyte SERT a significant factor in regulation of extracellular 

5-HT level. The level of extracellular 5-HT is regulated by neuronal 5-HT synthesis and release 

into the extracellular space, uptake by 5-HT receptors and autoreceptors and reuptake mediated 

by SERT on neurons and astrocytes.   

The uptake of 5-HT by rat brain astrocytes has been documented (Katz and Kimelberg 

1985, Kimelberg and Katz 1985, Dave and Kimelberg 1994).  mRNA for the 5-HT transporter is 

detected in cultured rat astrocytes and in adult rat brain both in areas with serotonergic cell 

bodies (in midbrain and brainstem), and in areas without serotonergic cell bodies (frontal cortex). 

Primary cultures of cortical rat and mouse astrocytes reveal that astrocytes take up and deaminate 

5-HT (Fitzgerald et al. 1990, Bel et al. 1997). In vivo studies also demonstrate that rat astrocytes 

uptake 5-HT and that this process is mediated by the astrocyte’s serotonin transporter. 

Antidepressants, including citalopram, clomipramine, fluoxetine, fluvoxamine, paroxetine and 

sertaline inhibit serotonin uptake by astrocytes (Bel et al. 1997). Astrocytes may play a 

significant role in control of serotonergic activity by inactivating 5-HT in sites distant from 

serotonergic terminals. Therefore astrocytes are another cellular target for antidepressant drugs 

that inhibit 5-HT uptake.  Uptake of 5-HT into astrocytes (containing MAO-A) may result in 

inactivation of 5-HT and regulation of extracellular serotonin level (Bel et al. 1997). The 
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presence of MAO-A has been shown in astrocytes by immunohistochemistry (Westlund et al. 

1988).  

 

 1.5.   Anatomy and connectivity of the human raphé serotonergic system 

 Detection of serotonergic neurons in human postmortem brain tissue samples.  The 

raphé nuclei in the brainstem are the source of serotonin in the human brain.  The term “raphé” 

describes a midline seam where the left and right halves of the brainstem appear to be fused 

(Törk and Hornung 1990).  Cresyl violet staining shows that medium to large neurons with 

strongly stained Nissl substance form several distinct nuclei of the raphé. Heavily stained 

neurons corresponding to the dorsal raphé nucleus were described first by Kölliker in 1893. A 

detailed cytoarchitecture of the human raphé system was based on application of the aldehyde-

fuchsin technique applied to thick sections by Braak in 1970.  The first histological localization 

of monoamines was based on application of the histofluorescence technique demonstrating 

distribution of serotonergic neurons near the brainstem midline (Dahlström and Fuxe 1964). 

Characteristics of serotonergic neurons were refined by application of immunohistochemical 

methods demonstrating distribution of tryptophan hydroxylase involved in serotonin synthesis 

(Joh et al., 1975), serotonin (Steinbusch 1981) and serotonin transporter (Sur et al. 1996, Zhou et 

al. 1996). Cytoarchitecture and chemoarchitecture of human raphé nuclei has been described by 

Halliday et al. 1988a, 1990, Törk and Hornung 1990, Baker et al. 1991ab, and reviewed by 

Hornung (2003).  

Serotonergic neurons in the human brain can be seen at 5 weeks of gestation (Sundstrom 

1993).  Formation of raphé nuclei can be seen at 15 weeks.  Serotonin fibers grow into the cortex 

prenatally.  Serotonin levels continue rising but after 2-5 years of life decline to adult levels.   
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 Technology available for detection of serotonergic neurons in human postmortem 

material is limited. Methods of detection of serotonin in animal material cannot be used in 

postmortem material because serotonin rapidly dissipates from the cells after death.  

Fetal brain. Brain of fetuses rapidly frozen or fixed immediately after an abortion was 

used by Nobin and Bjorklund (1973), Olson et al. (1973), and Takahashi et al. (1986) to 

demonstrate serotonergic neurons in the human fetal brainstem. 

Aldehyde-fuchsin method. Braak et al. 1970 employed the aldehyde-fuchsin technique 

for thick sections to study the cytoarchitecture of the human raphé system. Braak’s report has 

provided the most detailed analysis of the human raphé nuclei to date although the technique is 

not specific to serotonergic neurons. 

Tryptophan hydroxylase.  Törk and Hornung (1990) delineated serotonergic nuclei in 

formalin fixed human brain using mAb PH8 which recognizes tryptophan hydroxylase, the 

biosynthetic enzyme of serotonin (Haan et al. 1987).  Törk and Hornung’s (1990) protocol 

appears to be the best one for preservation of human brainstem for research.  Törk fixed the 

brainstem in 4% buffered formaldehyde solution for several months, washed in phosphate-

buffered solution (PBS), then immersed in a 30% sucrose solution and sectioned 50-µm-thick 

serial sections on a freezing microtome. Four sets of serial sections were stained with: (a) PH8 

antibody (1:2000) for demonstration of tryptophan hydroxylase-like immunoreactivity, (b) 

antibody against tyrosine hydroxylase (TH; 1:1500) (Van den Pol et al. 1984) for tyrosine 

hydroxylase-like immunoreactivity, (c) Cresyl violet, and (d) Weigert staining. Every eighth 

section of one complete brainstem (left and right) was immunohistochemically stained and used 

for 3D reconstruction of TPH-immunopositive neurons, presumed to be serotonergic neurons 

(Hornung and Kraftsik 1988). 
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Anatomical divisions of the human raphé nuclei 

 Based on cyto- and chemoarchitecture, spatial distribution and projections (Halliday et al. 

1988a, 1990, Törk and Hornung 1990, Baker et al. 1991a and b), and properties of neuronal 

precursor populations (Ding et al. 2003) six clusters of serotonergic neurons in the human 

brainstem are divided into a rostral and a caudal group.  

Rostral group. The rostral group accounts for 85% of all serotonergic neurons in the 

brain (Hornung 2003), is confined to the mesencephalon and rostral pons, and consists of the 

Caudal Linear Nucleus (CLN), Dorsal Raphé Nucleus (DRN), and Median Raphé Nucleus 

(MRN)(also called Nucleus Centralis Superior Pars Medialis). Serotonergic neurons of a rostral 

group project mainly to the forebrain.  

Caudal group. The caudal group consists of the Nucleus Raphé Magnus (NRM), 

Nucleus Raphé Obscurus (NRO), and Nucleus Raphé Pallidus (NRP).  The caudal group extends 

from the caudal pons to the caudal portion of the medulla oblongata.  Neurons of the caudal 

group project to the caudal brainstem and to the spinal cord (Hornung 2003).  

Caudal Linear Nucleus (CLN).  The CLN is located dorsal and caudal to the 

interpeduncular nucleus and occupies a region on the midline between the two red nuclei 

(Halliday and Törk, 1986). The CLN contains a heterogenous population of neurons including 

large serotonergic and dopaminergic neurons pigmented like neurons in the substantia nigra or 

locus coeruleus, and neurons positive for substance P (Halliday et al. 1990). The majority of 

serotonergic neurons have a few dendrites oriented in the dorsoventral and rostrocaudal direction 

(parallel with the midline) (Törk and Hornung 1990). Due to the large population of serotonergic 

neurons, the CLN is considered the most rostral portion of the serotonergic raphé system. 
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According to Hornung (2003) estimates, serotonergic neurons in CLN are ten times less 

numerous than in the dorsal or in the median raphé nuclei. 

Dorsal Raphé Nucleus (DRN).  The DRN is located on the border of the mesencephalon 

and pons. The most rostral DRN cells appear at the level of the caudal part of the oculomotor 

nucleus. The largest portion of this nucleus is present caudally to the oculomotor complex and is 

the largest at the level of the trochlear nucleus. At this level serotonergic neurons extend laterally 

into the ventral periaqueductal gray and partially surround the medial longitudinal fasciculus. 

The DRN is subdivided into four subdivisions: dorsal (DRD), ventral (DRV), interfascicular 

(DRIF)(also called Nucleus Centralis Superior Pars Dorsalis) and ventro-lateral (DRVL) (Baker 

et al. 1990). The caudal subdivision of the dorsal raphé nucleus (DRc) becomes slender and 

extends to the midpontine level. DRN neurons are large multipolar cells extending their dendrites 

for about 100 µm from the cell body (Törk and Hornung 1990, Baker et al. 1990). In about 40% 

of neurons in the rostral half of DRN serotonin is colocalized with substance P (Baker et al. 

1991a) but some neurons also synthesize several neuropeptides including dynorphin, 

angiotensin, neurotensin or enkephalin (Jennes et al. 1982, Björklund and Hökfelt 1985). 

 The ventrolateral group located just dorsal to the trochlear nuclei is characterized with the 

highest numerical density of serotonergic neurons. The small multipolar neurons in this 

subnucleus extend caudally from the midbrain (anterior pole of DRN) into the rostral pons (Törk 

and Hornung 1990).  

 The lateral group of cells, which cannot be recognized in Nissl stainings, includes the 

largest TPH positive neurons in the dorsal raphé, which are loosely arranged. They have a 

characteristic morphology- they are multipolar, have 3-4 straight, aspiny dendrites that have 
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dichotomous divisions. The dendrites end approximately 100 µm from the cell soma. (Törk and 

Hornung 1990) 

 The dorsal subnucleus is located dorsomedial to the ventrolateral group and ventral to the 

aqueduct floor. Medium-seized neurons are loosely arranged (Underwood 1999). The two wings 

of the dorsal subnucleus are joined at the midline.   

The interfascicular subnucleus located between left and right medial longitudinal 

fasciculi stretches from the rostral end of the dorsal raphé to the caudal end of the median 

nucleus. The densely arranged neurons are oriented parallel to midline.  The caudal portion of 

the dorsal nucleus is made up of two strips of neurons on either side of midline. The cells are 

densely arranged, and small to medium sized with short dendrites. The caudal group continues 

well into the rostral pons (Törk and Hornung 1990).    

Median Raphé Nucleus (MRN) (also called Nucleus Centralis Superior Pars 

Medialis).  In the human brainstem, the volume of the MRN is the largest of all the raphé nuclei. 

The MRN extends from the caudal limit of the decussation of the superior cerebellar peduncle to 

the level of the trigeminal motor nucleus. The MRN is divided into a rostral half and caudal half.  

The rostral half is located in the midline and called the median region or median raphé proper. In 

this subdivision more than 80% of neurons synthesize serotonin. The caudal half consists of a 

paramedian region and two lateral extensions in the reticular formation. The dorsal extension 

consists of serotonergic neurons in the nucleus pontis oralis (PnO). The ventral extension 

consists of serotonergic neurons dispersed in the supralemniscal nucleus (SuL) (Baker et al. 

1991a). The percentage of serotonin producing neurons is significantly less in lateral divisions of 

the MRN (Baker et al. 1991b). Few neurons in the MRN contain substance P, cholecystokin, 

dynorphin, enkephalin, or neurotensin (Björklund and Hökfelt 1985). 
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TPH-immunoreactive neurons have round cell soma and thin short dendrites. They are 

densely packed in the rostral portion of the MRN and loosely arranged in the caudal part.  The 

caudal portion is rich in TPH-negative cells. 

Caudal group of raphé nuclei. The three nuclei of the caudal group account for only 

15% of serotonergic neurons in the human brain (Hornung 2003).  

Nucleus Raphé Magnus (NRM).  The NRM is the largest nucleus of the caudal group 

made up of about 30,000 neurons (Hornung et al. 2003).  It’s located above the medial lemniscus 

at the level of the facial nucleus, adjacent to the midline.  The NRM extends from the rostral 

superior olive back to cranial nerve XII.  It consists of medium sized to large multipolar neurons.  

There is continuity between the NRM and the cluster located in the neighboring gigantocellular 

reticular nucleus (pars α) 

Nucleus Raphé Obscurus (NRO).  The NRO is located caudally to the NRM in the 

dorsal half of the medulla close to the midline.  The NRO is divided into the paired subnucleus 

extraraphalis and an unpaired subnucleus intraraphalis. The subnucleus extraraphalis is made 

up of elongated and multipolar neurons with long dendrites.  The subnucleus intraraphalis 

consists of medium to large, spindle-shaped neurons with large dark Nissl bodies (Azmitia 

1999). Neurons of the NRO express substance P (Del Fiacco et al. 1984, Halliday et al. 1988b, 

Rikard-Bell et al. 1990) and galanin (Blessing and Gai 1997).  

Nucleus Raphé Pallidus (NRP).  The NRP is an unpaired median nucleus with medium 

and large cells.  These contain few peripheral Nissl bodies and have irregular ragged edges.  The 

NRP is located adjacent to the midline between the pyramids and the overlying medial 

lemniscus.  NRP is the smallest group in the raphé system with only approximately 1,000 

serotonergic neurons (Hornung  2003). The nucleus has its maximal development at the level of 
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the rostral pole of the inferior olive.  At the caudal end of the nucleus only a few cells can be 

seen between the fibers of the medial lemniscus.    

Reticular formation - chemical and functional differentiation of serotonergic 

neurons. The pontine reticular formation includes the rostral and caudal pontine reticular 

nucleus composed mainly of small to medium-sized neurons, except in the gigantocellular 

reticular nucleus. They project to the thalamus, hypothalamus, septum, and medial frontal cortex 

(Jones and Yang 1985, Robertson and Feiner, 1982). Rostral and caudal reticular nuclei are 

involved in sleep (Morrison and Reiner 1985), coma (Katayama et al. 1986), horizontal gaze 

control (Fuchs et al. 1985), pain perception (caudal paralemniscus) (Mehler et al. 1960). The 

gigantocellular reticular nucleus (Olszewski and Baxter 1954) contains the largest multipolar 

neurons which are probably involved in general arousal.  Several clusters of large multipolar 

TPH-IR neurons with long aspiny dendrites are present in the reticular formation, especially in 

the rostral portion of the pons laterally to the median nucleus (Törk and Hornung 1990). One of 

the most prominent gatherings of serotonergic neurons in the reticular formation is located in the 

human (Törk and Hornung 1990), cat (Jacobs et al. 1984) and monkey (Azmitia and Gannon 

1986) oral pontine nucleus. The second large cluster of TPH-IR neurons located dorsally to the 

medial lemniscus is the human homolog to the B9 cell group identified by Dahlström and Fuxe 

(1964). Westlund’s (1988) observation that in contrast to raphé MAO B-positive neurons, 

serotonergic neurons in the reticular formation are MAO B-negative, suggests that reticular 

formation serotonergic neurons represent chemically and functionally different populations of 

serotonergic neurons with different connections.  

Serotonergic neurons in the central gray.  Rostrally to the dorsal raphé nucleus are 

serotonergic neurons dispersed in three nuclei of the central gray (Nobin and Bjorklund 1973). 
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Three major subdivisions: median, dorsal and lateral central gray nuclei were identified by 

Olszewski and Baxter (1954). Golgi studies distinguished loosely dispersed fusiform, stellate and 

pyramidal neurons (Mantyh 1982). Central gray neurons are innervated by serotonergic neurons. 

While the role of serotonergic innervation of the central gray neurons has not be determined, 

Soubrie’s (1986) review suggests their role in human behavior. They may modulate numerous 

connections of the central gray with amygdala, hypothalamus, hippocampus and several cortical 

regions (Beitz 1991). 

Morphometric studies of human raphé nuclei. Only a few immunocytochemistry- 

based morphometric studies of human raphé nuclei are published. Several characterize the DRN 

in alcoholism and depression (Underwood et al. 2007, Halliday et al. 1993, Baker et al. 1996). 

While Underwood et al. did not demonstrate a difference in the number of PH8-immunoreactive 

neurons in DRN in the alcoholic group, Halliday et al. (1993) observed fewer serotonergic 

neurons in alcoholic individuals with Wernicke encephalopathy and Wernicke-Korsakoff 

syndrome compared to controls. Baker et al. (1996) reported lower TPH immunoreactivity but 

no difference in the total number of neurons.  

The number of DRN serotonergic PH8-immunoreactive neurons in 6 control subjects 17 

to 74 years of age was determined as 80,386 ±10,238 and was similar to estimates in alcoholic 

individuals (85,884±12,478; n = 9, aged 16 to 66 years). 

The volume of the DRN was 88±9 mm3 in controls and 55±5 mm3 in alcoholics. The 

length of the DRN was 15±2 mm in controls and 18±1 mm in alcoholic individuals. The average 

size of DRN neurons was 352±12µm2  in the control group vs 360±15 µm2 in alcoholic subjects. 

However, alcoholic individuals had optical density TPH-IR 42% greater than the control subjects 

dorsal raphé nucleus (p = 0.028). There was no effect of age or severity of disease. However, the 
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density of neuron processes (area of immunoreactive processes/DRN crossection area) was 2.2-

fold greater in the DRN of alcoholics than in control subjects (p=0.03) and increase correlated 

with duration of alcoholism.  

Autoradiographic and immunohistochemical studies have shown that in the rat the DRN 

contains about 35,500 neurons among which 11,500 contain 5-HT (Descarries et al. 1982). The 

cat DRN is reported to have 24,300 5-HT neurons, which constitute about 70% of the total 

(Wiklund et al. 1981).  In human the DRN contains about 165,000 5-HT- immunoreactive 

neurons (Baker et al. 1991a). 

The study suggests increased content of TPH which may reflect an increase in the overall 

synthesis of 5-HT. Lower CSF 5-HIAA in alcoholic subjects (Fils-Aime et al. 1996) and higher 

TPH-IR optical density may indicate abnormal enhanced intracellular accumulation of 5-HT but 

reduced release. These data suggest that lower serotonin function in alcoholic individuals is not 

due to deficit of 5-HT-synthesizing neurons or reduced level of TPH. Reduced serotonin 

transporter binding in the brainstem of alcoholic subjects demonstrated in SPECT imaging 

(Heinz et al. 1998) but an unmodified number of neurons suggests less transporter binding per 

serotonergic neuron.  

Connections of the raphé nuclei. Virtually all regions of the brain receive serotonergic 

afferents from raphé system neurons (Azmitia 2012). Studies on rat indicate that the serotonergic 

system can be divided into two developmentally distinct subsystems (Aitken and Törk 1988, 

Lidov and Molliver 1982). The rostral raphé nuclei form ascending pathways of axons sent 

mainly to the forebrain. The caudal raphé system mainly innervates the lower brainstem and the 

spinal cord. The superior group of raphé nuclei projects to the forebrain. Limbic areas, primary 

sensory association areas, suprachiasmatic nucleus in the hypothalamus and substantia nigra are 
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abundant in serotonin fibers. All cortical layers receive serotonergic projections with higher 

branching in granule cell layers (IV).   

The dorsal raphé nucleus innervates the occipital lobe and most of lateral thalamus via 

the dorsal raphé cortical tract.  The interfascicular subdivision of the DRN (also called nucleus 

centralis superior pars dorsalis) innervates the frontal cortex, lateral regions of hypothalamus, 

amygdala, corpus striatum, and lower hippocampus via the lateral forebrain bundle.  The median 

raphé nucleus (also called nucleus centralis superior pars medialis) innervates the medial cortex, 

medial regions of the thalamus, septum, and upper hippocampus via the medial forebrain bundle. 

(Azmitia 2012)   

The caudal raphé system innervates the lower brainstem and spinal cord. The ventral horn 

of the spinal cord is innervated by the nucleus raphé obscurus. This entry is made through the 

posterior fasciculus. Serotonin fibers follow the MLF and tectospinal tract. The dorsal horn is 

innervated by the nucleus raphé magnus.  Ventral lateral medullary neuron fibers use the lateral 

fasciculus to innervate the lateral horn (Azmitia 1999). 

Various synaptically connected target regions may be innervated by fibers from a single 

serotonergic neuron or group of neurons. It is estimated that one serotonergic neuron can 

influence approximately 10,000 target neurons. The diversity of cellular targets of raphé 

serotonergic neurons including neurons, glia, ependymal cells, and brain neuroendocrine centers, 

suggests that serotonin is involved in homeostatic regulation of the entire brain (Azmitia 1999, 

2012). 

Raphé nuclei function (respiration, blood pressure, arousal). The serotonergic system 

of the medulla oblongata consists of 5-HT neurons located in the midline raphé, lateral extra 

raphé and helps regulate autonomic and respiratory function (Kinney and Paterson 2004).  These 
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medullary nuclei are interconnected (Kinney et al. 2001) and project to nuclei in the brainstem 

and spinal cord and influence respiratory drive (Bou-Flores et al. 2000), blood pressure 

regulation (Henderson 2000), thermoregulation (Berner et al. 1999), upper airway reflexes and 

arousal (Krammer et al. 1979). Medullary 5-HT neurons have also been proposed to be central 

respiratory chemosensors (Richerson 2004) critical in generation of respiratory rhythm (Pena and 

Ramirez 2002, Tryba et al. 2006).  

Dorsal Raphé role in pain modulation. DRN is a powerful pain modulator. Electrical 

stimulation of DRN can cause powerful antinociception (Fardin 1984). Oliveras et al. (1979) 

reported that DRN is the most effective nucleus for stimulation- produced analgesia.  Moreover, 

stimulation of DRN increases the analgesic effect of morphine (Samanin and Valzelli 1971) 

whereas DRN lesions partly abolish morphine induced analgesia (Yaksh 1977). 

Difference between axons of DRN and MRN. Experimental studies with anterograde 

tracer (Phaseolus vulgaris leukoagglutinin) administered by iontophoresis indicate that rat dorsal 

and median raphé nuclei give rise to axons that are morphologically different. Axons which arise 

from neurons in the DRN are fine and typically have small, pleomorphic varicosities that range 

from extremely fine granular dilatations to spindle-shaped, fusiform varicosities from 1 to 3 µm 

diameter) (type D axons). Axons of neurons of the MRN are characterized by large (3 to 5 µm 

diameter) spherical varicosities (type M axons). DR and MR projections overlap in many cortical 

areas. However, large varicose type M fibers appear to preferentially innervate the hippocampus 

and other limbic areas. In the frontal cortex there is an extremely high density of fusiform and 

granular (Type D) fibers (Kosofsky and Molliver 1987). Larger size and greater varicosity of 5-

HT axons has been reported in the nucleus accumbens shell (Sequela et al. 1989). A relatively 

homogenous distribution of fine, sparingly varicose 5-HT immunoreactive axons was observed 
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in the core of the NAc (Van Bockstaele and Pickel 1993) and in the dorsal striatum (Azmitia and 

Segal 1978, Steinbusch et al. 1978, Soghomonian et al. 1989). These data indicate that the 

structure of axon terminals of serotonergic neurons is determined by the cells of origin and not 

by local factors at the site of termination. 

Differential vulnerability of 5-HT immunoreactive f ibers. Projections of raphé nuclei 

differ both structurally and pharmacologically. They exhibit striking differences in vulnerability 

to the amphetamine derivative 3,4-methylendioxymethamphetamine (MDMA, Mamounas et al. 

1991). Thin, slightly beaded fibers originating from dorsal raphé are selectively ablated 

following administration of MDMA. Thicker, beaded fibers originating from median raphé are 

more resistant to MDMA (Mamounas et al. 1991).  

5-HT-positive varicosities. The density of 5-HT varicosities in the SNr was determined 

as 9x106 sites/mm3 (Moukhles et al. 1997). Varicosities are positive for both 5-HT and SERT 

(Sur et al. 1996). 

 

1.6.   Neuropathology in Autism  

Macrocephaly and microcephaly in autism. Macrocephaly was detected in 37% of 

autistic children under the age of 4 years (Courchesne et al. 2001), whereas microcephaly was 

detected in 15.1% of 126 autistic subjects from 2 to 16 years of age (Fombone et al. 1999). The 

study of 107 dup(15) cases revealed macrocephaly in 2.8% and microcephaly in 16.8% (Schroer 

et al. 1998). The postmortem dup(15) group is characterized by a high prevalence of 

microcephaly, intellectual deficits, epilepsy and epilepsy related death.  

Accelerated brain growth. The abnormal trajectory of brain growth appears to be a 

global marker of developmental changes. By 3-5 years old, 12-20% of autistic subjects are 
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macrocephalic (Lainhart et al. 2006). Reduction in brain growth by the age of 5 years results in 

partial normalization of brain size and head circumference (Courchesne et al. 1987, Redcay and 

Courchesne 2005).  Post childhood, brain volume has been shown to decrease at a higher rate 

than in normal individuals (Courchesne et al. 2010). 

 Courchesne (2003) has identified 4 phases of brain growth characteristic to autism: (a) 

small or normal brain volume at birth; (b) rapid overgrowth in first year of life; (c) age 2-4, 

decline of growth; and (d) close to normal brain size in late childhood and adulthood. Brain 

enlargement is not present at birth. The outgrowth has been shown to occur in a gradient, with 

most happening in the frontal and temporal cortex and least in the occipital.  These changes 

occur in regions responsible for development of high order social, emotional, and language 

functions (Courchesne et al. 2007). The increased brain size is mostly due to increased white 

matter volume in cerebrum and cerebellum as well as increased gray matter volume in cerebrum 

(Carper et al. 2002). Theories for the overgrowth have included failure of apoptosis and excess 

neurons due to alterations of cell cycle regulation.  Courchesne et al. has shown excess in neuron 

number in autistic males (Courchesne et al. 2010). The list of possible causes includes excessive 

numbers of neurons, excessive rate of growth for either neurons or glia, increased density of 

minicolumns, early expansion of dendritic arbors, increased number of connections, and 

premature myelination (Courchesne et al. 2003). 

The cerebellum of autistic individuals also shows age-specific changes.  The hemispheres 

are about normal size in childhood while in adulthood become reduced in size.  Lobules VI to 

VII of the vermis display hypoplasia at 10 months of age, through infancy, childhood and into 

adulthood (Courchesne 2010). The studies of the brainstem revealed various striking 

abnormalities, including abnormal inferior olives (Bauman 1985), reduced neurons in facial 
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nucleus, a shortening of the brainstem and a non- existent superior olive (Rodier 1996). Jou et al. 

has shown a decrease in gray matter volume in the brainstem (Jou 2009).     

Neuron number in autism. Several reports suggest brain region–specific alterations in 

the number of neurons ranging from a striking increase to a decrease below control level. 

Neocortical studies have revealed a 67 % increase in the number of neurons in the prefrontal 

cortex (Courchesne et al. 2011) and a 53 % increase in the ratio between von Economo neurons 

and pyramidal neurons in the fronto-insular cortex (Santos et al. 2011). However, in the fusiform 

gyrus a reduced number of neurons was found (van Kooten et al. 2008). Both qualitative 

(Kemper and Bauman 1993) and quantitative studies (Bailey et al. 1998, Fatemi et al. 2002) 

revealed a regional decrease of the number of Purkinje cells and prenatal loss of Purkinje cells 

(Whitney et al. 2008, 2009). Increased cell packing density reported in several nuclei in the 

amygdala of 9-29 year old autistic subjects (Bauman and Kemper 1985, 1994) suggested arrested 

amygdala development (Kemper and Bauman 1993). However, estimates of packing density do 

not take into account the volume of an anatomical region.  Unbiased stereological methods 

revealed reduced number of neurons in the amygdala overall and in the lateral nucleus in nine 

autistic subjects from 10 to 44 years of age. The cause of the lower number is not known. 

Authors assumed that in autistic subjects few neurons were generated during development or that 

excessive degeneration/loss reduced the number of neurons to one lower than in control level 

(Schumann and Amaral 2006). Kulesza et al. (2011) reported a significant decrease in the 

number of neurons in the superior olivary complex of autistic subjects 2 to 36 years of age 

suggesting a link between these developmental defects and auditory deficiency commonly 

reported in autistic subjects. It has been suggested that Purkinje cells disappear between the 32nd 

gestational week and birth (Whitney et al. 2009) whereas defects of the brainstem tegmentum, 
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including superior olive complex, are a result of alterations around the fourth gestational week, 

coinciding with neural tube closure (Rodier et al. 1996). The number of neurons in the raphé 

nuclei was not examined in autistic subjects. 

Neuron volume in autism. The first neuropathological studies of brains from autistic 

subjects showed that autism is associated with neuropathological changes (Bauman and Kemper, 

1985; Courchesne et al., 1987; Damasio et al., 1980; Hashimoto et al., 1989, 1993; Murakami et 

al., 1989; Ritvo et al., 1986). Curtailed development of neurons seen as a feature of an immature 

brain (Friede 1975) was one of the first findings in autism reported by Bauman and Kemper 

(1985, 2005). Reduced size of neurons is the most consistent pathology reported in brains of 

people with autism (Courchesne et al. 2005 a,b, Casanova et al. 2006, Van Kooten et al. 2008, 

(Jacot-Descombes et al. 2012). 

Casanova’s 2006 study of the superior and middle frontal gyrus in 6 autistic subjects 4-24 

years of age compared to 6 age-matched control subjects showed reduced minicolumnar width, 

increased neuron density (by 23%) and reduced neuron size. Van Kooten’s 2008 study of the 

fusiform gyrus of 7 autistic subjects 4 to 23 years of age and 10 control subjects 4 to 65 years of 

age revealed a reduced total number of neurons and reduced mean perikaryal volume of neurons 

in layers V (21%), and VI (-13.4%). The authors considered these developmental alterations as a 

sign of pathology contributing to impaired face processing in autism. The study of the inferior 

frontal cortex BA 44 and 45 involved in language processing, imitative functioning and social 

processing networks revealed smaller pyramidal neuron volume in layers III (-18%), V (-18.5%) 

and VI (-22%) in autistic subjects 4 to 52 years old compared to age- matched control subjects 

(Jacot-Descombes et al. 2012). Significantly smaller neurons in layers I-III and V-VI in the 

anterior cingulate cortex in autistic males 15 to 54 years of age suggests a contribution to 



43 
 

abnormal affective and cognitive behaviors, defects of emotional attachments and emotional self 

control, poor adaptive responses to changing conditions, and deficits of attention (Simms et al. 

2009). 

The reduction by 24% in Purkinje cell size in autistic subjects 20-30 years of age 

compared to age- matched controls was considered by Fatemi et al. (2002) as a marker of 

Purkinje cells atrophy. 

 Minicolumns are the basic functional units of the neocortex. Reduced minicolumn width 

observed in autistic subjects is associated with an increased number of minicolumns per cortical 

unit volume and reduced neuron soma and neuron nucleus size (Casanova et al. 2002, 2003). 

Such closely packed minicolumns could result in a more complex cortex where each functional 

unit is more interdependent (Williams and Casanova 2010; Baron-Cohen 2004).   
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            2.   AIMS AND HYPOTHESES 

 

Raphé nuclei in autism. Imaging studies reveal signs of impairment of the serotonergic 

system in autism (Chugani et al. 1997, 1999, Makkonen et al. 2008). These data support clinical 

applications of serotonin- enhancing drugs such as serotonin reuptake inhibitors (Mehlinger et al. 

1990, Fatemi et al. 1998, Kolevzon et al. 2006). However, lack of improvement or worsening of 

clinical status (Brodkin et al. 1997, King et al. 2009, Williams et al. 2010) is in conflict with the 

assumption that serotonin level is reduced in the brain of autistic patients. To address this 

Azmitia at al (2011ab) performed the first postmortem study of both serotonergic pathways and 

serotonergic innervation in brain target structures of young autistic subjects. The authors found 

increased number of serotonin axons immunoreactive to 5-HT transporter in forebrain pathways 

(medial forebrain pathway, stria terminalis and ansa lenticularis) and in target areas (amygdala, 

temporal cortex and globus pallidus). The detected signs of over-activity of the serotonergic 

system may explain adverse effects of SSRI application additionally enhancing serotonin 

utilization in the brain of autistic patients (Azmitia et al. 2011ab). Presence of developmental 

alterations within serotonergic pathways and serotonergic innervation in all examined target 

structures suggests that these changes are a reflection of developmental alterations in neurons in 

raphé nuclei which synthesize serotonin and produce serotonergic pathways and axonal 

projections within target brain structures. Characterization of serotonin producing neurons and 

level of TPH reflecting serotonin synthesis in neurons in the raphé of autistic subjects may fill 

the gap between imaging studies showing reduction in brain serotonin (Chugani et al. 1997, 

1999) and studies demonstrating an increase in serotonin transporter-positive axons (Azmitia et 
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al. 2011ab). Therefore, the overall aim of this study is to characterize the pattern of 

developmental alterations in raphé nuclei of autistic subjects.  

Technical limitations and risk factors. In contrast to the genetic uniformity, age and 

gender sampling, and identical protocols of tissue fixation without a postmortem delay in 

experiments on serotonergic system in animals, the postmortem human material is strikingly 

different due to a combination of genetic and epigenetic factors, a broad spectrum of differences 

in postmortem cell structural and chemical degradation, and different methods of brain dissection 

and tissue preservation for postmortem studies. However, only human tissue is a carrier of 

autistic developmental and age associated changes that define the autism clinical phenotype, and 

only human brain studies can specifically address conflicting observations. In contrast to the 

highly standardized quantitative stereological methods, immunofluorescence-based methods of 

quantitative human tissue evaluation do not have universally accepted standards and have limited 

software support. Therefore this first stereological and immunofluorescence-based quantitative 

study of raphé in autistic subjects is focused both on standardization of methods of tissue 

preservation for quantitative evaluation and detection of markers of developmental alterations in 

raphé nuclei of autistic subjects. The review of literature and the amount and quality of material 

suitable for postmortem study of the brainstem revealed a conflict between methods of tissue 

preservation for routine pathology and quantitative studies of the raphé nuclei complex in the 

human brainstem. Therefore, a significant effort was focused on standardization of methods 

facilitating studies of the serotonergic system in autism. 
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Specific Aims 

 

Aim 1:  To detect the type and topography of developmental changes in raphé nuclei of autistic 

children.   

Hypothesis 1:  A study of raphé nuclei of 5-15 year old autistic subjects can identify early 

developmental changes in the serotonergic system. Genetic and epigenetic factors determine both 

clinical differences among autistic subjects and interindividual differences in type and 

topography of morphological changes. It is hypothesized that in spite of interindividual 

differences, delayed neuronal growth and alterations in TPH cellular expression are dominant 

features of autistic subjects’ raphé nuclei which may contribute to the autistic phenotype. 

 

Aim 2: To establish standards for brainstem tissue preservation, immunostaining, and 

quantitative evaluation.  

Hypothesis 2:  One may assume that establishment of standards of tissue preservation and 

evaluation will help demonstrate that: 

- Developmental morphological changes are mainly quantitative and are detectable with 

unbiased morphometric methods. 

- Developmental abnormalities result in measurable changes of expression and distribution of 

tryptophan hydroxylase, the key marker of neuron serotonin synthesis. 

 

The brain of autistic subjects is a unique registry of the organism’s response to genetic 

and/or epigenetic factors including pre- and postnatal exposure to noxious factors and changes 

related to multiple and diverse treatments. This complexity and diversity corresponds to 
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complexity and diversity of clinical autism manifestations. One may expect that this study will 

help in designing standards for large group studies, and in developing methods to identify 

developmental alterations in the raphé and their contribution to autistic phenotype.   
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3.   MATERIAL AND METHODS 

 

3.1.   Material 

The autistic group consisted of 4 subjects ranging from 5 to 15 years of age including 2 

females and 2 males, whereas the control group consisted of 4 subjects 6 to 15 years of age, 

including 3 males and 1 female (Table 1). These cases were selected from 9 autistic subjects and 

6 control subjects. Selection was based on clinical diagnosis of autism and existence of complete 

raphé nuclei for qualitative and quantitative studies. 

Clinical characteristics of autistic subjects. Medical records of autistic subjects 

consisted of psychological, behavioral, neurological and psychiatric evaluation reports. In those 

records, the Autism Diagnostic Interview-Revised (ADI-R) or ADOS-G7 was applied by a 

licensed psychologist as a standard tool for characterizing behavioral alterations related to 

autism. For postmortem cases, ADI-R was based on clinical records and interview of parent or 

caregiver. These were obtained from ATP portal as they are available for researchers using 

donated tissue. 
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Table 1.  Control and autistic subjects qualified for study 

Group Brain Bank 
# 

Histol # Cause of death Hemi; 
BS only 

Age 
(y) 

Sex PMI 
(h) 

Fix 
(m) 

Autism B7002 M1-08 Drowning R   5 F 33.0   6 
Autism B5569     M2-08 Drowning R   5 M 25.5 98 
Autism B7079 M13-10 Asphyxiation due 

to hanging 
R 15 M 23.2   3 

Autism B7619 M3-10 Acute aspiration 
pneumonitis 

LR 15 F - 15 

       Mean 31 
m 

Control CNL1567   M9-10 Asphyxiation due 
to hanging 

L (BS) 6 F - 59  

Control CNL 1388P M4-06 Drowning L 4 M 72   9 
Control CNL1548 M1-10 Carbon monoxide 

intoxication 
L 10 M - 48 

Control CNL1566  M8-10 Carbon monoxide 
intoxication 

L (BS) 15 M 32.0 52 

       Mean 42 
m 

 

Inclusion criteria . Inclusion of a subject in this study was based on a summary of scores 

of four domains:  

(A) qualitative abnormalities in reciprocal social interaction;  

(B) qualitative abnormalities in verbal and nonverbal communication;  

(C) restricted, repetitive, and stereotyped patterns of behavior, and  

(D) abnormality of development evident at or before 36 months (Lord et al. 2000).  

In three cases (M2-08, M13-10, and M3-10) autism was confirmed using ADI-R, 

whereas in M1-08 autism diagnosis was confirmed with ADOS-G7. 
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Table 2.  Neurological evaluation of autistic subjects 

Case # Seizures Anxiety Sleep Sensory 
alterations 

Other 

M1-08 No 
seizures 

 Sleep onset 
difficulties 

Sensitive to 
smells, light, 
sounds.  

Developmental 
delay 

M2-08 No 
seizures 

Freq. agitation, 
screaming and 
crying. Treatment: 
Prozac for 3 years, 
2.5 mg on daily 
basis; Valium-
occasionally. 

Significant sleep 
disorder with sleep 
walking. Night: 3-4 
h of sleep; 
afternoon: 3 h of 
sleep. Treatment: 
melatonin  

Significantly 
reduced 
sensitivity 

Regression at 
age of 6 m. 
Often laughed 
for no apparent 
reason 

M13-
10 

No 
seizures 

    

M3-10 No 
seizures 

Anxiety, 
hyperactive, 
attention disorder 

   

 

Table 2 summarizes neurological records including some related to serotonergic function. 

Numerous data indicate that a deficiency of central serotonergic signaling may predispose 

individuals to development of mood disorders including aggression, anxiety, impulsivity, 

depression and obsessive-compulsive disorder (Lucki 1998, Mann et al. 2001, Nelson and 

Chiavegatto 2001). These symptoms are also observed in subjects diagnosed with autism. Due to 

clinical diagnosis of mood disorders patients are treated, among others, with selective serotonin 

reuptake inhibitors (fluoxetine, paraxetin, citalaprom and others) which may modify expression 

of tryptophan hydroxylase and/or serotonin transporter. An uncontrolled pattern of laughing is 

associated with function or dysfunction of the raphé magnus and rostral nucleus obscurus (Assal 

et al. 2000). Insomnia and abnormal sleep patterns are reported in approximately 60% of children 

with autism (Souders et al. 2009). 

Allergies and treatments of autistic subjects. The 5-year old boy (M2-08) had  
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records of severe allergic symptoms including frequent swelling and rashes in response to milk, 

soy and various other food products. He was treated with Benadryl, as needed, and epinephrine 

to reduce swelling.  

Pregnancy, perinatal and postnatal period - potential risk of exposure to epigenetic 

factors. Records for the same subject (M2-08) reveal significant exposure to pregnancy-related 

risk factors. The mother suffered from cluster headaches in the first trimester and was treated 

with Imitrex. In the third trimester she was also diagnosed with hypoglycemia, decreased blood 

pressure, and fainting. During early childhood, the examined subject was diagnosed with chronic 

otitis media and required multiple treatments with antibiotics and bilateral ear tube installation. 

Significant behavioral regression was reported at the age of 6 months. 

Genetic component in two autistic subjects. Family medical records of M2-08 reveal 

pervasive developmental disorder, bipolar disorder, dyslexia and learning disabilities in the 

maternal extended family. The 15 year old female (M3-10) was diagnosed with dup(15) and 

autism. Dup(15), known also as supernumerary isodicentric chromosome 15q11.2-q13 or 

inverted duplication 15, is a relatively common genetic anomaly observed as tetrasomy or mixed 

trisomy/tetrasomy of a segment of the proximal long arm of ch15.  In 69% of maternal origin 

duplications of 15q11.2-q13, copy number alterations are associated with autism, as well as with 

intellectual deficits, epilepsy, seizures, hyperactivity and hypotonia commonly observed in 

idiopathic autism groups (Cook et al. 1997, Dawson et al. 2002, Bolton et al. 2001 and 2004). 

Tissue acquisition. Brain tissue samples, usually one entire brain hemisphere, were 

assigned to a project funded by the U.S. Department of Defense Autism Spectrum Disorders 

Research Program. The PI of Neuropathological Subproject in this Program Project approved 

application of brainstem tissue for this study of the serotonergic system. Beginning in 2010, I 
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prepared (processed, embedded, cut and immunostained) 5 brainstems for this project and used 3 

brainstems already removed, embedded and cut in 2006 and 2008. In 2010, the brainstem 

dissection protocol was modified to improve preservation of raphé nuclei. The modifications 

were done under consultation of Prof. Efrain C. Azmitia from NYU. 

Due to sudden unexpected death of all autistic and control subjects, the autopsy was 

performed by medical examiners. After tissue recovery by forensic pathologists and partial brain 

dissection to preserve samples for routine toxicology and pathological evaluation and diagnosis, 

remains of the brain or one intact brain hemisphere cut midsaggitally were sent to brain banks, 

consistently with next of kin donation. Brain tissue for this project was obtained from the 

Harvard Brain Tissue Resource Center and the Brain Bank for Developmental Disabilities and 

Aging of the NYS Institute for Basic Research in Developmental Disabilities. Brain banks are 

authorized to request medical records and caregiver’s additional data, but the scope of records 

provided ranges from very detailed to a few demographic records. 

Brainstem sampling. Brain dissection by medical examiners is performed consistently 

with pathology standards. A midsaggital cut is used to divide the entire brain including brain 

hemispheres and the brainstem into left and right hemisphere. This cut may result in partial loss 

of raphé nuclei located in the brainstem midline. The next cut on the level of the midbrain 

exposes the substantia nigra for routine pathology evaluation, but this cut results in a loss of 

caudal linear nucleus and portion of dorsal raphé nucleus.  

        Anonymity of the donor and coding of the tissue. Each brain hemisphere number given 

by the institution that received the donation was used as the only identifier of clinical records and 

tissue samples. The methods applied in this study were approved by the Institutional Review 

Board at the New York State Institute for Basic Research in Developmental Disabilities.  
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3.2.   Methods 

Fixation. The brain hemispheres with cerebellum and brainstem had previously been 

fixed with 10% buffered formalin for an average of 42 months in the control group (from 9 to 59 

m). Average fixation time of brain hemispheres of autistic subjects was 31 m (range 3 to 98 m).  

  Dehydration. Formalin was washed from tissue using overnight rinses with filtered 

water. The brainstems were then dehydrated in a series of ethyl alcohols on shaker (50% ethanol 

for 3 days; 70% ethanol for 4 days; 80% ethanol for 3 days; 95% for 4 days, 100% for 2 days).  

Embedding and sectioning. The brainstem was embedded in polyethylene glycol (PEG, 

Iqbal et al. 1993). Serial 50 µm-thick sections were cut, washed 3x in EtOH to remove residues 

of PEG and stored in 70% ethanol. Due to faster penetration of EtOH and PEG into a smaller 

brainstem, sample processing was shorter than processing of the brain hemisphere. 

 

Human brainstem processing and embedding protocol 

Washing overnight in tap water 
 
Dehydration:   EtOH 50% 3 days 

EtOH 70% 4 days 
                        EtOH 80% 3 days 
                        EtOH 95% 4 days 
                        EtOH 100% 2 days 
 
Infiltration:     PEG 400 (I) 2 days (room temp) 
                       PEG 400 (II) 2 days (room temp) 
                       PEG 1000 (I) 2 days (42 oC) 
                       PEG 1000 (II) 2 days (42 oC) 
Embedding     PEG 1000 (fresh; 42 oC)  
 
PEG block storage: 4°C 
 
Cutting:  50µm-thick serial sections. 
 
Storage of sections: 70% EtOH 
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Colorimetric staining 

Detection of serotonin synthesizing neurons.  Neuron morphometry (cell volume 

measurement) was done using sections immunostained with PH8 mouse monoclonal antibody 

anti- human tryptophan hydroxylase (Millipore Catalogue No. MAB5278, Millipore, Temecula, 

CA). Serotonin is rapidly metabolized and the level of serotonin decreases several hours after 

death to an undetectable level (Joyce 1962). Serotonin synthesizing neurons are detected with 

mAb PH8 that binds a common epitope of tryptophan hydroxylase, tyrosine hydroxylase, and 

phenylalanine hydroxylase (Cotton et al. 1988). Tryptophan hydroxylase converts tryptophan to 

5-hydroxytryptophan, therefore the cellular level of this serotonin synthesis-limiting enzyme is a 

measure of serotonin synthesis. In formalin fixed brain tissue, at lower PH8 concentrations 

(1:5,000 – 1:10,000) only serotonergic neurons are stained, whereas in increased concentrations 

all brainstem monoaminergic neurons, including noradrenergic neurons of the locus coeruleus 

and dopaminergic neurons in the substantia nigra are stained. However, in contrast to light brown 

staining of noradrenergic and dopaminergic neurons, tryptophan hydroxylase positive neurons 

synthesizing serotonin are brown/black.  

After wash in fresh 70% ethanol, tissue was washed for 15 min in ascending 

concentrations of EtOH (70%, 80%, 95%).  Blocking of endogenous peroxidase was done with 

0.5% hydrogen peroxide in absolute methanol. After a PBS wash, the sections were then treated 

with 10% FBS in phosphate buffer solution (PBS) for 30 minutes to block nonspecific binding. 

The antibody PH8 was diluted in 10% FBS serum in PBS (1:4000), and sections were treated 

overnight at 4°C. The sections were washed and treated for 30 minutes with biotinylated sheep 

anti-mouse IgG antibody diluted 1:300. The sections were treated with an extravidin peroxidase 

conjugate (1:200) for 1 hour, and the product of reaction was visualized with diaminobenzidine 
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(0.5 mg/mL with 1.5% hydrogen peroxide in PBS). After immunostaining, sections were lightly 

counterstained with hematoxylin. 

 

Immunofluorescence staining 

TPH.  Immunofluorescence was applied to detect and measure cellular content of 

tryptophan hydroxylase. This method of estimation of TPH signal was selected due to less 

dependence on multi-step immunocytochemistry such as that finalized with DAB as a 

chromogen and variability with incubation times. Mouse monoclonal Ab PH8 (1:5000) was used 

as primary antibody and affinity-purified donkey antisera against mouse IgG labeled with Alexa 

Fluor 555 (1:500) were used for immunodetection of reaction product. Alexa Fluor 555 was 

chosen over previously tested Alexa Fluor 488 due to bleed-through with 488.  Sections were 

mounted with Prolong Gold Antifade reagent (P36930, Molecular Probes). 

SERT. Serotonin transporter was detected with monoclonal Ab ST51 (1:600) and 

antisera against mouse IgG labeled with Alexa Fluor 555 (1:500)(MAB Technologies).  

Neuronal nuclear marker. Antibodies that recognize the DNA-binding, neuron specific 

protein NeuN are used for immunodetection of neurons in human surgical and autopsy brain 

tissue (Andres et al. 2005). NeuN protein is restricted to neuronal nuclei, perikarya and some 

proximal neuronal processes. Anti NeuN antibodies react with most neuronal cell types. 

However, several types of neurons, including Purkinje cells, most neurons in the retina and in 

sympathetic chain ganglia are not immunolabeled (Wolf et al. 1996). Tests with mouse 

monoclonal anti-NeuN antibody MAB377 (Millipore, catalog no. MAB377, 1:2000 dilution) 

also revealed lack of reaction with neuron nucleus and soma in human raphé nuclei.  This was 

confirmed in another lab. 
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TOPRO-3 from Invitrogen (1:1000) was used as a nuclear marker. DAPI (non-neuron 

specific) was considered. However, it is not viewable under all confocal setups due to optimal 

excitation wavelength of DAPI, which is in the near UV range.  Nuclear staining was done only 

for visualization of cells when combined with immunostaining for TPH as TOPRO also stains 

non-serotonergic neuron nuclei and non-neuron nuclei. TOPRO3 was used because of its long 

wavelength fluorescence far from green and red fluorophores.  Various TOPRO concentrations 

and incubation times were tested and optimal conditions were selected. 

Long PMIs, autolytic changes, and variable time of tissue fixation affected structure and 

biochemical properties of tissue, including immunostaining, immunofluorescence and nuclear 

staining.  TOPRO nuclear staining with soma staining or lack of nuclear staining in presence of 

cytoplasmic staining was often observed in neurons. These staining artifacts could be due to 

degradation of the nuclear envelope.  A long postmortem interval such as reported in examined 

cases is the cause of growing permeability of the lysosomal membrane, and leaking of lysosomal 

enzymes that break down organelles, membranes and proteins. Damage of nuclear membranes 

results in DNA and histone leak into the cytoplasm and observed distortion of nuclear markers in 

human material. Immediate fixation of animal material prevents this type of artifact. 

 Axonal marker. Axons of raphé nuclei neurons were detected with mouse monoclonal 

pan-axonal neurofilament marker SMI-312 (1:1000)(COVANCE, Princeton, NJ).   

  

Imaging. Images were generated using a Nikon C1 confocal microscope system with 

EZC1 image analysis software.  
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Immunofluorescent staining standardization 

The original immunofluorescent staining revealed strong background and numerical data 

did not show the significant differences seen visually between examined control and autistic 

subjects. The staining protocol was revised.  Standardization of staining protocol involved: (1) 

antigen retrieval, (2) incubation time and antibody dilutions, (3) nuclear staining, (4) application 

of detergents, (5) use of proper controls (Table 3-4). 

In formalin- fixed tissue with protein cross-links which mask the antigenic sites, antigen 

retrieval increases immunolabeling.  Heat induced epitope retrieval using a buffer was applied, 

however, when temperature exceeds 80-85º C and time exceeds 15 min the risk of tissue damage 

increases. The standard used in preservation of tissue for immunofluorescence-based quantitative 

analysis was 2x saline sodium citrate buffer (SSC) for 2 hours at 65ºC. The SSC buffer was used 

at a neutral pH because depending on epitope, retrieval at a lower or high pH may lead to 

decreased immunolabeling.  

Triton X-100, a popular detergent for improving penetration for immunohistochemistry 

was used in low concentrations.  Reducing Triton-X concentration to 0.1% improves 

immunofluorescence with PH8 and ST51 in comparison to 0.4% Triton. 

Washing of serial sections in ethanol was expanded to include 70%, 50%, and 30% 

before immersing in PBS to make the transition from alcohol less destructive for free floating 

sections. 

Serum blocking times from 3 hours to overnight were tested and 3 hour long blocking 

was chosen to reduce unspecific binding.  Due to a short time, the concentration of sera was 

increased to 10%. These conditions prevented both unspecific binding and excessive blocking 

that may cause masking of antigenic sites.  
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The indirect staining method was used with primary and secondary antibodies.  

Monoclonal antibodies were used where possible to reduce cross-reactivity. Various primary 

antibody concentrations were tested to determine optimal concentration where staining was 

strong but the least background was seen. Tests were performed with various concentrations of 

secondary antibody to set optimum conditions. Concentration of secondary antibodies was 

decreased from 1:300 to 1:500 to reduce background staining. Incubation time was decreased 

from overnight to 3 hours to preserve specific staining but reduce background and unspecific 

precipitations.  

Positive controls utilized were pathology- free dorsal raphé sections. Elimination of 

primary antibody was applied for negative controls. 

Summary of sample procedure (TPH). EtOH washes were extended to include 70%, 

50%, and 30%.  These were followed by 3x wash in cold PBS totaling 30 min.  Antigen retrieval 

at 65C in 2x SSC buffer was followed by room temperature wash in same buffer.  Nonspecific 

staining was blocked at room temperature using 10% serum of the host of the secondary 

antibody.  Samples were left overnight at 4o Celsius in primary antibody diluted in PBS/10% 

serum of host of secondary antibody.  After 30 min total wash in cold PBS, sections were treated 

in the dark with secondary antibody linked to fluorochrome in 10% serum/PBS/0.1% Triton-X 

for 3 hours in room temp.  Another wash with cold PBS was followed by labeling with 1:1000 

TOPRO3 in PBS/Triton for 10 minutes in the dark.  Another wash in cold PBS totaling 30 min 

was followed by mounting with antifade mounting medium in the dark.   
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Table 3. TPH protocol 

Procedure for 
TPH stack measurements  

Case  Case  
Section  Section  
Staining with PH8, and TOPRO 
 

Negative control for 
staining with PH8 

Wash in descending EtOH 
concentrations 

70%, 50%, 30% EtOH (x 5min) 70%, 50%, 30% EtOH 
(x 5 min) 

Cold PBS  3x10 min 3x10 min 
Antigen retrieval 2x SSC buffer/ 2 h 65 oC 2x SSC buffer/ 2 h 65 

oC 
Wash 5 min in  SSC 2x 5 min in  SSC 2x 
Block unspecific binding 
using serum of the host of 
secondary ab  

10% donkey serum/PBS, 0.1% 
TritonX 3 h (room temp) 

10% donkey 
serum/PBS, 0.1% 
TritonX 3 h (room 
temp) 

Wash.  No No 
Primary ab diluted in 
PBS/serum of the host of the 
secondary Ab 
 

PH8 Mouse 
1:5,000 (in PBS/Donkey 
Serum) OVERNIGHT (4 oC) 

10% Donkey Serum 
/PBS, 0.1% Triton X 
 OVERNIGHT (4 oC) 

Cold PBS 3x10 min 3x10 min 
Secondary Ab diluted in PBS 
(in dark) 
 

Donkey Alexa Fluor 555-tagged 
anti-mouse (red) 1:500  (in 10% 
donkey serum /PBS/0.1% 
TritonX), 3 h room 

Donkey Alexa Fluor 
555-tagged anti-mouse 
(red) 1:500  (in 10% 
donkey serum 
/PBS/0.1% TritonX), 3 
h room 

Cold PBS (in dark) 3x10 min 3x10 min 
Label with TOPRO3 in PBS, 
0.1% Triton X-100   (in dark) 

10 min. TOPRO 1:1000 in PBS, 
0.1% Triton X-100    

10 min. TOPRO 
1:1000 in PBS, 0.1% 
Triton X-100    

PBS (in dark) 3x10 min 3x10 min  
Mounting  Keep in dark Keep in dark 
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Table 4.  SERT Protocol 

 
Staining with ST51  

Case#  Case#  
Section# Section# 
Staining with ST51, and TOPRO 
 

Negative control for 
staining with ST51 

Wash in 70%, 50%, 30% 
EtOH  

5 min 5 min 

Cold PBS  3x10 min 3x10 min 
Antigen retrieval 2x SSC buffer/2 h 65 oC 2x SSC buffer/2 h 65 

oC 
Wash 5 min in  SSC 2x 5 min in  SSC 2x 
Block unspecific 
binding using serum of the 
host of  secondary Ab  

10% donkey serum/PBS, 0.1% 
Triton X100; 3 h                                                      
room temp. 

10% donkey 
serum/PBS, 0.1% 
Triton-X100 3 h 
(room temp) 

Wash.  No No 
Primary ab diluted in 
PBS/serum of the host of the 
sec Ab 
 

Abcam Mouse ST51. 1:600 (in 
10% Donkey Serum/PBS, 0.1% 
Triton X100) (overnight, 4 oC) 

10% Donkey Serum 
/PBS, 0.1% Triton 
X100 (overnight, 4 
oC) 

Cold PBS  3x10 min 3x10 min 
Secondary Ab diluted in PBS 
(DARK) 
 

Donkey Alexa Fluor 555-tagged 
anti-mouse (red) 1:500  (in 10% 
donkey serum /PBS/0.1% Triton 
X100), 3 h room temp. 

Donkey Alexa Fluor 
555-tagged anti-
mouse (red) 1:500  (in 
10% donkey serum 
/PBS/0.1% Triton 
X100), 3 h room 

Cold PBS (DARK) 3x10 min 3x10 min 
Label with TOPRO3 in PBS, 
0.1% Triton X-100 (DARK) 

10 min 
TOPRO 1:1000 in PBS, 0.1% 
Triton X-100 

10 min 
TOPRO 1:1000 in 
PBS, 0.1% Triton 
X100  

PBS (DARK) 3x10 min 3x10 min 
Mounting (DARK) Keep in dark Keep in dark 
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Intraneuronal distribution of TPH.   Double immunofluorescence (Table 5) was 

applied to determine the pattern of distribution of TPH in neuronal soma and processes. TPH was 

used as a marker of sites of serotonin synthesis. Pan-axonal neurofilament marker SMI-312 was 

used as selective marker of cytoskeleton in axons. TPH-positive but SMI-312-negative processes 

correspond to dendrites of serotonergic neurons. 

  SERT distribution in serotonergic neurons. Double immunofluorescence with ST51 

detecting SERT and with SMI-312 was applied to differentiate SERT in serotonergic neuron 

soma and dendrites versus SERT distribution in SMI-312-positive axons.  
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Table 5.  Double immunostaining protocol sample 

Double staining 
with PH8 and SMI 

Case#  Case#  Case#  
Section# Section# Section# 
Staining with PH8, SMI 
and TOPRO 

Negative control for  
staining with PH8 

Negative control for  
staining with SMI 

70%, 50%, 30% 
EtOH  

 x5 min x5 min x5 min 

Cold PBS  3x10 min 3x10 min 3x10 min 
Antigen retrieval 
(65°C) 

2x SSC buffer 2 h 2x SSC buffer 2 h  2x SSC buffer 2 h  

Wash 5 min in  SSC 2x 5 min in  SSC 2x 5min in  SSC 2x 
Block unspecific 
binding using serum 
of the host of  
secondary ab  

10% donkey serum/PBS, 
0.1% TritonX 3hrs, RT 

10% donkey serum/PBS, 
0.1% TritonX 3 h, RT 

10% donkey 
serum/PBS, 0.1% 
TritonX 3 h, RT 

Wash.  No wash No wash No wash 
Primary ab diluted 
in PBS/serum of the 
host of the sec ab 
 

PH8 Mouse 1:5,000 (in 
PBS/Donkey 
Serum), overnight, 4 oC 

10% Donkey Serum 
/PBS, 0.1% Triton X, 
overnight, 4 oC 

PH8 Mouse 
1:5,000 (in 
PBS/Donkey 
Serum), overnight 4oC 

Cold PBS  3x10 min 3x10 min 3x10 min 
Secondary Ab 
diluted in PBS 
(DARK) 
 

Donkey Alexa Fluor 555-
tagged anti-mouse (red) 
1:500  (in 10% donkey 
serum /PBS/0.1% 
TritonX), 3 h RT 

Donkey Alexa Fluor 555-
tagged anti-mouse (red) 
1:500  (in 10% donkey 
serum /PBS/0.1% 
TritonX), 3 h RT 

Donkey Alexa Fluor 
555-tagged anti-mouse 
(red) 1:500  (in 10% 
donkey serum /PBS/ 
0.1% Triton), 3 h RT 

Cold PBS (DARK) 3x10 min (DARK) 3x10 min (DARK) 3x10 min (DARK) 
Block using  serum 
of host of second 
secondary ab  

10% goat serum/PBS, 
0.1% TritonX 3 h, RT 
(DARK) 

10% goat serum/PBS, 
0.1% TritonX 3 h, RT  
(DARK) 

10% goat serum/PBS, 
0.1% TritonX 3 h, RT 
(DARK) 

2nd Primary ab 
diluted in 
PBS/serum of the 
host of the sec ab 
(DARK,overnight) 

anti-axonal SMI-312R 
antibody mouse 
monoclonal 1:1000 ( in 
10% goat serum/PBS, 
0.1% TritonX 

anti-axonal SMI-312R 
antibody mouse 
monoclonal 1:1000 ( in 
10% goat serum/PBS, 
0.1% TritonX 

10% goat serum/PBS, 
0.1% TritonX  

Cold PBS  3x10 min (DARK) 3x10 min (DARK) 3x10 min (DARK) 
2nd Secondary Ab 
(DARK) 
 

Goat Alexa Fluor 488-
tagged anti-mouse 
(green); 1:500 in PBS 3 
hrs, 10% goat serum 
0.1% TritonX 

Goat Alexa Fluor 488-
tagged anti-mouse 
(green); 1:500 in PBS 3 
hrs, 10% goat serum 
0.1% TritonX 

Goat Alexa Fluor 488-
tagged anti-mouse 
(green); 1:500 in PBS 
3 hrs, 10% goat serum 
0.1% TritonX 

PBS  3x10 min (DARK) 3x10 min (DARK) 3x10 min (DARK) 
Label with 
TOPRO3 in PBS, 
0.1% Triton X-100    

10 min. TOPRO 1:1000 
in PBS, 0.1% Triton X-
100 (DARK) 

10 min. TOPRO 1:1000 
in PBS, 0.1% Triton X-
100 (DARK) 

10 min. TOPRO 
1:1000 in PBS, 0.1%  
Triton X-100 (DARK)   

PBS  3x10 min (DARK) 3x10 min (DARK) 3x10 min (DARK) 
Mounting  Keep in dark Keep in dark Keep in dark 



63 
 

 Anatomical parcellation of the raphé nuclei.  Large, heavily stained neurons clustered 

dorsally to the trochlear nucleus and corresponding to the dorsal raphé nucleus were described in 

the human brain by Kölliker in 1893 (Kölliker, 1893). Dahlström and Fuxe distinguished nine 

nuclei of serotonin-containing neurons in the midline of the brainstem of animals and labeled 

them in caudo-rostral order from B1 to B9 (Dahlström and Fuxe 1964). Serotonergic neurons not 

related to raphé nuclei were found also in the reticular formation lateral to the raphé nuclei in 

several species of animals (Jacobovitz and MacLean 1978, Poitras and Parent 1978, Steinbusch 

1981, Steinbusch and Nieuvenhuys 1983) and much more numerous in primates (Azmitia and 

Gannon, 1986) and in human fetus brain (Nobin and Björklund 1973, Olson et al. 1973, 

Takahashi et al. 1986).  

 The basic histological characteristics of the human raphé system were reported by Braak 

in 1970 who applied staining with aldehyde-fuchsin. Immunohistochemical detection of 

serotonin in postmortem human material is limited because serotonin dissipates rapidly after 

death. The application of mouse monoclonal antibody PH8 which recognizes in formalin- fixed 

tissue tryptophan hydroxylase, the biosynthetic enzyme of serotonin (Haan et al., 1987), resulted 

in Törk and Hornung’s (1990) detailed delineation of human raphé nuclei and computer 

supported reconstruction of the serotonergic system in the human brainstem (Hornung and 

Kraftsik, 1988).   

3D Reconstruction.  For mapping, PH8 immunostained serial sections were 

photographed using objective lens 1.25x.  Prints at final magnification were combined into 

panels. 852 images were used to build 71 panels.  Contours of 6 raphé nuclei and several other 

subregions rich in tryptophan hydroxylase positive neurons were delineated.  Among these 

structures were the B9 area, lateral paragigantocellular nucleus, pontis oralis nucleus, and 
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paramedian raphé nucleus.  The 3D reconstruction starts with a loose cloud of PH8 positive 

neurons in the central gray and few neurons belonging to the beginning of the caudal linear 

nucleus and continues to the end of the nucleus obscurus in the medulla oblongata. 

 Mercury Systems Amira 4.1.2 was used to reconstruct the brainstem from digital 

microscope photographs. Manual segmentation was performed on serial sections. In a single 

case, the entire brainstem including both hemispheres was available for examination (15 yr old 

female; M3-10). This sample was used for 3d reconstruction. Raphé nuclei in this subject were 

present in 710 sections, each 50 µm thick.  Total length of raphé nuclei complex was 35mm.  

Segmentation produced 3 dimensional polygon surfaces for each structure which were rendered 

to 2d for final editing and layout in Adobe Photoshop CS2.   

 3d reconstruction was also performed on 20x magnification of PH8 positive neurons. 

Confocal series of immunofluorescent digital images were transferred to Amira (Mercury 

Systems). 3D surfaces were created using Amira’s realtime threshold- based isosurface function. 

The series consisted of 175 512x512 pixel images.    

 Morphometry.  All morphometric measurements were performed without knowledge of 

the subject’s age, severity of mental retardation, gender, clinical diagnosis, or neuropathological 

status for the material being analyzed. Neuronal morphometry was performed at a workstation 

consisting of Axiophot II (Carl Zeiss) light microscope with Plan Apo objectives 1.25x 

(numerical aperture, N.A., 0.15); 2.5x (0.075), and 40x (N.A. 0.75), specimen stage with 3-axis 

computer-controlled stepping motor system (Ludl Electronics; Hawthorne, NY, USA), CCD 

color video camera (CX9000 mbf Bioscience) and stereology software (Stereo Investigator, 

MicroBrightField Bioscience, Inc., Williston, VT, USA).  
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 Numerical density of TPH-positive neurons. Evaluation of the total number of neurons 

for the entire raphé nuclei complex and per individual nuclei was impossible because in majority 

of cases only half of the brainstem was available. One half and a portion of the second half was 

preserved in 8 cases included in this analysis. Therefore the study was limited to unbiased 

numerical density of TPH-positive neurons in the available half of the brainstem.   

 The numerical density of neurons was evaluated using the optical disector method (Stereo 

Investigator, MicroBrightField). The optical disector is used to count objects without any 

assumptions about neuron size, shape or orientation in equal distance serial sections. The region 

of interest (individual raphé nucleus) was delinated using Stereo Investigator. Grid size and the 

virtual counting space were designed for each brain structure individually to adapt to the size and 

shape of the region of interest, and to reduce SD and the coefficient of error (CE). Using a 40x 

objective lens the focal plane (optical section) was moved a known distance (depth of dissector = 

30 µm) and the number of number nuclei of TPH-positive neurons was determined per dissector. 

The motion through the focal plane axis was determined using a position encoder mounted on 

the microscope. A 5-µm top guard zone was applied to eliminate an area of mechanical damage 

by knife. Consistently with Stereo Investigator instructions, neurons that fall inside of the 

counting frame and those on the top and right line of the counting frame were included, whereas 

those on the left and bottom line were excluded. The number of neurons per cubic mm was 

calculated for the individual raphé nucleus. Numerical density of TPH-positive neurons 

immunodetected with PH8 antibody in DAB protocol was determined. 

  Volume of TPH-positive neuron soma. The volume of the neuron soma was estimated 

with the nucleator method (Gundersen, 1988) using MicroBrightfield software. The software 

defined a systematic random sampling sequence of counting frames within the boundaries of the 
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ROI.  Guard zones were set on top and bottom of every section to prevent bias related to 

sectioning artifacts.  Grid size and the virtual counting space were designed for each brain 

structure individually to adapt to the size and shape of the region of interest, and to reduce SD 

and the coefficient of error (CE). More than 100 neuronal measurements per case resulted in CE 

<0.01.  The software provided volume per cell which was then used to calculate mean TPH 

positive neuron soma volume per section and structure. 

 Fluorescence intensity measurements. ImageJ software was used to measure neuron 

mean gray value of signal for each cell (PH8).  All photographs with a specific staining were 

taken at same gain level preset in confocal microscope control software.  

Sampling standardization. Application of automated estimation of TPH 

immunofluorescence in raphé neurons to detect difference between autistic and control subjects 

required standardization of: 

(a) Image acquisition, sampling of size, number and distribution of test units (stacks),  

(b) Image analysis, and 

(c) Background. 

 

Selection of interfascicular nucleus for quantitative immunofluorescence.  

 The dorsal raphé  nucleus was chosen based on DRN’s high neuron density,  large size 

and widespread projections, including areas linked with autism phenotype: frontal cortex 

(executive function), hypothalamus (social interactions, aggression), striatum (rituals, 

stereotypes, planning movement, cognition), nucleus accumbens (social attachment, reward), 

amygdala (social activity, anxiety, aggression, fear, cognition), and substantia nigra (reward, 

addiction, movement). 
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 It was not possible to work on the Dorsal Raphé Nucleus as a whole as it consists of 

several known subdivisions and the test area would give different results based on placement, as 

different DRN subdivisions have characteristic neuron distribution, density, orientation, etc. 

 The interfascicular subdivision was chosen because it has a characteristic neuron 

distribution including a parallel orientation and is bordered on 3 sides by non-dorsal raphé 

structures, making for easier delineation in fluorescence.  More importantly, fibers from the 

interfascicular subdivision of the DRN travel in the lateral forebrain bundle and innervate the 

frontal cortex, hypothalamus, amygdala, and striatum involved in functional changes observed in 

autism. 

Image acquisition - stack number, size, distribution 

Stack number. Tests were done to determine what number of stacks would provide a 

representative sample of serotonergic neurons.  Results from 4 stacks systematically distributed 

within a DRN subdivision per case were compared to results from a single stack.  Differences 

within stacks of the same DRN subdivision were large (mean intensity ranging more than 2-fold 

in IF subdivision), therefore it was concluded that using a single stack to represent a DRN 

subdivision was inadequate.  A test for placement of stacks randomly over the DRN without 

taking into account subdivision boundaries, showed 4-fold variation making this approach 

unusable as well.   

Stack distribution and size. At 40x, four sets of images (four image stacks) were able to 

fit in the IF structure. The total thickness of the stack was 25µm with 25 images in each stack.  

To reduce cutting- and mounting –related distortions of the specimen and corresponding images, 

the top and bottom 5 images were removed as guard zones. This correction reduced the stack 

thickness to 15µm and 15 images.  The single image area was 512 x 512 pixels (318 x 318µm). 
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The volume of the stack was 318 x 318 x 15µm = 1.52 million µm3. This volume was almost 170 

times larger than the average volume of neuron (approximately 9,000 µm3). 

 

Fluorescence image analysis 

Selection of neuron soma TPH immunofluorescence as most representative measure 

of neuron 5-HT synthesis. Tests of intensity measurements of an entire field of view showed 

significant differences in intensity within an individual. Intensity measurements of entire field 

resulted in 4 datapoints per brain, whereas individual soma intensity measurements resulted in 

60+ datapoints per brain. 

Due to the fact that stacks and therefore stack projection images contain variable numbers 

of neurons, the total fluorescence per image is biased by differences in number of neuronal 

bodies. To reduce bias associated with variable number of neurons, technical artifacts and 

vessels, fluorescence intensity was measured per neuron soma after outlining the soma of each 

neuron with cell nucleus exclusion. However, significant differences in individual neuron soma 

PH8 immunoreactivity observed in both control and autistic subjects are most likely a measure of 

individual neuron involvement in 5-HT synthesis at the time of death and this variability is 

reflected in case’s standard deviation.   

  Application of average or maximum projection. Average projections were created 

from stacks in order to perform intensity measurements. They were more representative of stacks 

than maximum projections. Maximum projections create an image where each pixel contains the 

maximum value over all the images in the stack at that particular location whereas average 

intensity projections store in each pixel the average intensity over all images in stack at 

corresponding pixel location. 
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Background subtraction.  

 The eight brains were stained (concurrently) under the same conditions, stored in same 

conditions after staining (4°C), and photographed in one session under the same confocal 

settings including pinhole size, laser intensity, filter settings and gain.  Samples were exposed to 

laser for the same amount of time. 

Numerous standardization steps mentioned previously resulted in background reduction 

but not elimination. Intensity of background may be specific for each case and related to 

postmortem chemical cell degradation, formalin fixation, PEG exposure, nuances in section 

immunolabeling and other poorly characterized factors.  

To compare tryptophan hydroxylase immunofluorescence in the raphé of control and 

autistic subjects, four approaches were tested to correct for background, including:  

(a) equal background correction across all 8 cases,  

(b) pair wise background correction (modification by same value in single pair),  

(c) individual brain background correction (each brain corrected separately), 

(d) mean cell backround correction using adjacent section without primary and secondary 

antibody to define cytoplasmic backround 

Equal background subtraction. For across the board background subtraction method, 

the method consisted of starting with the highest background case, choosing 10 brightest pixels 

in areas with no soma/fibers and taking average of their intensities, outlining the neuron soma on 

image, using Math/Subtract in ImageJ software to subtract the previously mentioned value from 

each pixel of image for all images of all cases, and measuring average intensity per cell soma. 

Pairwise background subtraction. This method differed in that the correction value was 

chosen from the image with stronger background in each pair of cases. 
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Individual background subtraction . The individual subtraction method differed in that 

the correction value was established for each individual brain.  

External cell background correction. For each control and autistic subject the section 

adjacent to TPH- immunolabeled section was treated with an identical protocol but both primary 

and secondary antibody conjugated with fluorochrome were omitted. The aim of this external 

control was to define and subtract unspecific signal, including lipofuscin autofluorescence in the 

cytoplasm of raphé neurons. Subtraction of neuron cytoplasmic background was case specific 

and eliminated distortion of cellular measurements by subtraction of neuropil background. 

Statistical analysis. Descriptive statistics were applied for each case including mean and 

standard error.  T-tests were done on mean signal intensity for each case to test for equality of 

means. Two-tailed p values were calculated without any assumption regarding direction.  

Statistical analysis was performed using Excel and Stata.  Tests for TPH intensity equality of 

means on Control vs Autism groups were carried out with the help of Dr.Flory utilizing cluster 

sampling .  They treated individual neurons as the unit of analysis with autism as a fixed factor, 

while adjusting variance estimates to account for effects on sample variances of sampling a 

limited number of cases. Thus the precision achieved by the measurement of many neurons was 

taken into account while using the methods of cluster sampling to account for the fact that 

sampling had been done in a limited number of clusters which here are the individual cases 

(Cochran 1977, Scheaffer et al. 2011, Sukhatme et al. 1984).  Data were poststratified to adjust 

for the differing numbers of neurons sampled per individual so as to weight each individual 

equally. Analyses were conducted using version 11.1 of the Stata statistical package (StataCorp 

2009).   
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Spearman’s rank correlation coefficient was calculated between age and TPH intensity as 

a nonparametric measure of statitistical dependence.  This test allowed analysis of correlations 

without the need for a linear relationship between variables.  
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  4.  RESULTS                           

 

4.1.   Clinical, pathological and technical criteria of brainstem sample selection  

 Application of clinical diagnostic criteria based on ADI-R and ADOS, and 

neuropathological criteria which eliminated cases with severe pathology related to mechanisms 

of death and technical criteria, resulted in reduction of the number of autistic subjects from 9 to 4 

and control subjects from 6 to 4.  These data indicate that 50% or more of samples cannot be 

used for study of raphé nuclei even in a limited scope of research, that is one half (left or right 

half) of the raphé and only rostral group of raphé nuclei. Evaluation of this material revealed that 

the method of brainstem dissection is critical for quality of brainstem sample and research 

design. Examination of brainstem samples provided by brain banks indicates that pathologists 

employ two protocols of brain dissection and that neither one is optimal for preservation of raphé 

nuclei for research.  

Mid-saggital brain dissection. A mid-saggital cut divides the brain into a left and right  

hemisphere (Fig 1.5). 3D reconstruction of raphé nuclei indicates that raphé nuclei are located in 

the midline and extend 2-3 mm from the midline (Fig. 2). Therefore, application of this protocol 

results in loss of anatomical integrity of raphé nuclei and random preservation of only portions of 

raphé nuclei. A mid-saggital dissection is in conflict with basic needs of raphé nuclei 

preservation.  

The assumption that each brainstem can be cut exactly in the midline is usually not true 

because the cut is almost always off the midline due to postmortem deformation of a 60-70 mm 

long brainstem sample during fixation. When a sample is bent to the left or right side, the 

distortion affects symmetry of raphé nuclei. When a brainstem is bent in the vertical plane, (Fig. 
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1), the anterior nuclei are cut and visualized in a correct transverse plane, whereas caudal nuclei 

(mainly magnus, pallidus and obscurus) are cut and visualized in different planes reflecting 

curvature of bend, and distorting spatial relationships between anterior and posterior nuclei. 

Recommendations for studying half of the brainstem are based on the assumption that 

half of the raphé is representative of the entire raphé. However, delineation of the midline of 

nuclei is possible only when about 2 mm of the other half are present in the sample assigned to 

study. Therefore, dissection requires a 2-3 mm shift from the midline on the entire length of 

raphé nuclei (Fig. 3).  In only a few autopsy samples, the brainstem’s left or right part was 

preserved with extra tissue from the second half and in only these cases can half of the raphé 

nuclei be examined on the entire rostro-caudal extent. 

However, this protocol does not provide a perfect sample for morphology as well as 

biochemistry or molecular biology (undetermined portions of brainstem nuclei missing, 

including raphé nuclei).  

Transverse brainstem dissection. The second  routine protocol of brainstem dissection 

starts with cutting off the brainstem on the level of the substantia nigra and transverse slicing of 

the brainstem into several (usually 4-5) slabs and alternative selection of slices for morphological 

and biochemical studies (Fig. 3).  It results in preservation of random brainstem slices or slices 

with specific diagnostic or research targets, such as the substantia nigra, locus coeruleus, inferior 

olive, or other. Because raphé nuclei occupy approximately 45 mm in rostro-caudal direction of 

the brainstem, application of this protocol results in a loss of anatomical integrity and random 

preservation of parts of raphé nuclei for morphological and biochemical studies.  

Distortion of tissue sample volume during dehydration with EtOH . Dehydration in 

ascending EtOH concentrations, including absolute EtOH, significantly reduces the volume of 
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tissue sample. Fig. 4 shows that the length of brainstem from colliculus superior (the most 

anterior portion of raphé) to the end of the inferior olive (the level of the most caudal portion the 

nucleus obscurus) is 60 mm, whereas the length of reconstructed raphé nuclei is 42% less (35 

mm). Dehydration- related shrinkage affects such morphometric parameters as cell volume and 

length of neuronal processes. However, a comparable rate of shrinkage in all examined samples, 

including brainstem of control and autistic subjects, allows for detection of disease- related 

changes.  
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Fig. 1.5.   Brainstem sampling. Hemispheric sampling based on dissection of the brain 
approximately in the midline provides cerebral and cerebellar hemispheric samples and usually a 
close to midline dissection of brainstem with loss of a portion or entire raphé nuclei located on 
midline. Fig (a) and (b) show left brain hemisphere before and after dissection. Lateral (c), 
midsaggital (d), dorsal (e), and ventral (f) view of brainstem hemisample.  Cutting off the 
brainstem in front of colliculus “c” means that the most anterior nuclei (CLN, DRN) are 
preserved.  A caudal cut several mm behind the inferior olive means that the most caudal portion 
of the raphé (RNO) is also preserved (Fig c). However, a view of the nucleus colliculus and 
nucleus ruber (arrowhead) crossection (Fig d) indicates that the midsaggital cut was at least 1-
1.5mm too far to the left side and about 60% of raphé nuclei are missing. Figure (i) and (j) 
illustrate results of transverse dissection (perpendicular to long axis of brainstem) and absence of 
the majority (g) or large portion of the raphé nuclei, and loss of integrity of the serotonergic 
complex. Fig (g) (ventral view) and (h) (lateral view) show post autopsy distortion of the shape 
of the brainstem. This results in a distortion of topographic relationships of raphé nuclei on serial 
transverse sections.  Dorsal (k), ventral (l) and lateral (m) view illustrates a well-preserved 
brainstem sample suitable for cutting serial sections and for unlimited applications in 
morphometric studies and 3D reconstruction.   
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Fig. 2.  3D reconstruction of raphé nuclei.  Lateral view of 3D model based on reconstruction 
of images of serial TPH- immunostained sections illustrates spatial distribution of raphé nuclei, 
their size and shape. The anterior complex of raphé nuclei consists of the three largest nuclei: 
caudal linear nucleus (CLN), dorsal raphé nucleus (DRN) including caudal portion of dorsal 
raphé nucleus (DRNc), and median raphé nucleus (MRN). The caudal complex of raphé nuclei 
consists of the nucleus raphé magnus (NRM), nucleus raphé obscurus (NRO), and a much 
smaller/poorly delineated nucleus raphé pallidus (NRP).   
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Fig. 3.   Transverse and midsaggital brainstem dissection.  A 3D model of raphé nuclei was 
used to illustrate consequences of application of two routinely used protocols of brain dissection. 
The lateral view demonstrates loss of integrity of raphé nuclei in transversely cut slices 
designated for (a) morphological studies “M” including diagnostic neuropathology and 
qualitative/ quantitative immunocytochemistry based evaluation, and (b) biochemical or 
molecular studies “B” with random preservation of brainstem nuclei known for their extremely 
diversified chemical and molecular properties.  
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Fig. 4.  Brainstem shrinkage during dehydration.   Figure (a) shows size of formalin fixed 
brainstem sample before dehydration, embedding and cutting, whereas figure (b) shows size of 
reconstructed brainstem sample reduced from 60 mm to 35 mm. It corresponds to 42% shrinkage 
caused by dehydration in ETOH. 
 

 

4.2.   Clinical and pathological markers of heterogeneity within autistic group 

 Review of clinical records and neuropathological reports revealed striking differences 

between four autistic subjects qualified for this study suggesting a strong contribution of genetic 

factors in two cases (M2-08 and M3-10) and a combination of epigenetic factors resulting in 

involvement of the serotonergic system.  
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5-year old female (M1-08): The records of this individual demonstrate a relatively 

moderate pattern of clinical manifestations of autism combined with moderate sleep disorder and 

enhanced response to sensory stimuli. The unique feature of this subject’s brain were numerous 

developmental defects, limited only to the cerebral cortex, and resulting in two types of cortical 

changes: multifocal dysplasia and multifocal bottom of sulcus microdysgenesis. Defects of 

cortical folding may have a genetic background but the history of this subject, including family 

medical history and mother’s status during gestation, is not available because she was adopted at 

the age of 1 year. There is no record of genetic studies. 

5-year old male (M2-08): All available data suggest that brain pathology might be linked 

to both genetic factors reflected in a complex medical history on mother’s side with learning 

disabilities, PDD, bipolar disorder, and dyslexia, and epigenetic factors suggested by severe 

complications of pregnancy with cluster headaches and aggressive treatment, hypoglycemia, 

decreased blood pressure, fainting, premature birth, and postpartum depression. Results of 

application of ADI-R indicate that patient was affected by severe autism. Frequent episodes of 

agitation which required chronic treatment with selective serotonin reuptake inhibitors, chronic 

and severe sleep disorder, laugh for no apparent reason (linked to caudal raphé alterations; Assal 

2000) and multifocal cortical dysplasia and cerebellar flocculo-nodular dysplasia (associated 

with local alterations of serotonergic system) suggest multiple links to functional and potentially 

structural serotonergic system changes. 

 15 year old male (M13-10). He was diagnosed as high functioning autism. A gap in 

clinical records and lack of a neuropathological report does not allow clinical and 

neuropathological correlations. However, suicidal death by hanging may suggest suicidal 

tendencies with contribution of an altered serotonergic system. 
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15 year old female (M3-10). She was diagnosed with autism, dup(15), attention disorder 

and hyperactivity. Postmortem evaluation revealed microcephaly with a brain weight of 1125g. 

The patient died suddenly without an apparent reason. All forms of pathology including 

abnormal brain growth, behavioral changes, as well as sudden unexpected death without known 

cause may indicate alterations of the serotonergic system.  

Clinical and genetic diversity of these four subjects suggest a high risk of significant 

interindividual differences in morphological and immunocytochemical characteristics of raphé 

nuclei, and heterogeneity of results of morphometric and immunocytochemical studies. 

Therefore, this study is concentrated both on interindividual differences between 4 autistic 

subjects and differences between age- matched autistic and control subjects.   

 

4.3.    Immunocytochemistry- based anatomical subdivisions of raphé nuclei in 

autism 

Serial sections 500 µm apart demonstrate the number and distribution of mAb PH8-

positive neurons in raphé nuclei of the 4 year old control male (Fig. 5-10). The most rostral PH8-

positive neurons were dispersed within the central gray matter below aqueductus (Fig 5; ss. 187 

and 197) and in the midline between left and right nucleus ruber (CLN).  Increases in the number 

of immunoreactive neurons within the central gray marked the most rostral portion of the DRN 

(S 237). Increases in the number of neurons in DRN were paralleled by an increase in the 

number of neurons in CLN.  However, the CLN was small and extended only for 4.5 mm (from s 

187 to 277). 

The dorsal raphé nucleus is largest at the level of the trochlear nucleus (tn) with long 

neuronal processes traversing the trochlear nucleus, mediolateral fasciculus (mlf), and running 
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ventro-laterally toward the substantia nigra. Dense bundles of processes of DRN merge with the 

main body of the CLN (s 237). In a more caudal region the number of neurons in DRN decreases 

and disappearance of the neuron body rich dorsal, ventral, and ventrolateral sub-nuclei (s 297) 

marks the caudal end of the main part of the DRN. The main body of DRN usually examined in 

morphometric studies extends for 4.5 mm (between sections 207 and 297). However, the caudal 

portion of the DRN (DRNc) made up of only two relatively small subnuclei, dorsal and 

interfascicular, extends 12 mm (from s 297 to 537). The total rostro-caudal length of the main 

body of DRN and DRNc is approximately 16.5 mm.   

The caudal portion of the CLN becomes almost invisible but in the same area the number 

of PH8-positive neurons increases again and these cells form the densely populated median 

raphé nucleus (MRN) located in the midline with numerous processes and few neurons in the 

paramedian nucleus. The median raphé extends for 4 mm (from s287 to 367).    

Change in the shape of MRN and expansion of serotonergic neurons from the midline 

laterally mark the caudal end of the MRN and the beginning of rostral portion of nucleus raphé 

magnus (NRM). The shape of NRM is more irregular with lateral extensions merging with two 

large complexes of serotonergic neurons dispersed within the oral pontine nucleus (PON) located 

more dorsally and B9 nucleus located above the median lemniscus (ml). The caudal end of all 

major complexes: DRNc, NRM, and B9 nucleus marks the border between these 3 subnuclei and 

two of the most caudal nuclei: nucleus raphé pallidus (NRP) and nucleus raphé obscurus (NRO).  

The B9 nucleus is the analog of the rat B9 nucleus and in human brain is also labeled as B9 

(Törk and Hornung 1990). 

The nucleus raphé pallidus is small and poorly defined morphologically. In contrast to 

NRO, neurons of NRP are located in the midline and extend laterally a short distance above the 
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medial lemniscus (ml). In the rostro-caudal direction, the NRP extends a distance of 6.5 mm 

(between sections 577 and 707). 

Neurons of the NRO form two symmetric lines separated by the distinct neuron-free 

bundle of fibers of the raphé, present for 6.5 mm (between sections 637 and 767) (Fig. 9-10). 

However, a small number of serotonergic neurons which belong to the NRO is detected in the 

medulla oblongata over a much longer distance including the entire length of the inferior olive 

(IO).   Another cluster of serotonergic neurons is present in the lateral paragigantocellular 

nucleus located dorso-laterally to the inferior olive (sections from 647 to 767).  
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Fig. 5.  Caudal Linear and Dorsal Raphé Nucleus.  The most anterior part of the raphé nuclei 
is represented by TPH positive neurons of the Caudal Linear Nucleus (CLN), located in the 
midline between the red nuclei (RN).  TPH positive neurons in the central gray matter (CG) 
represent the anterior part of the Dorsal Raphé Nucleus (DRN).  The main body of the DRN is 
developed dorsally to the trochlear nucleus (tn).  (C M4-06 4y, PH8, 1.5x) 
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Fig. 6.  Median Raphé Nucleus.  The main body of the DRN becomes a long caudal DRN 
(DRNc). The ventrally located CLN disappears and in the same midline, densely packed neurons 
form the Median Raphé Nucleus (MRN).   Lateral to the MRN, TPH positive neurons emerge in 
the oral pontine nucleus (PON) and form the B9 cell group.  (C M4-06 4y, PH8, 1.5x) 
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Fig. 7.  Nucleus Raphé Magnus and B9.   The MRN is replaced by laterally extending neurons 
of the Nucleus Raphé Magnus (NRM).  At the level of the NRM, large populations of 
serotonergic neurons occupy PON and form the caudal part of the B9 cell group. Adrenergic 
neurons form the locus coeruleus (LC). (C M4-06 4y, PH8, 1.5x)   
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Fig.  8.  Nucleus Raphé Magnus and Pallidus.   The caudal portion of the DRNc and NRM 
is separated from the more anterior portion of the Nucleus Pallidus (NRP) and Nucleus 
Obscurus (NRO) by a zone almost free of serotonergic neurons (section 547-567)  (C M4-06 
4y, PH8, 1.5x) 
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Fig.  9.  Nucleus Raphé Pallidus and Obscurus.   Neurons of the Nucleus Raphé Pallidus 
(NRP) are located in the midline ventrally to the anterior part of the Nucleus Obscurus (NRO).  
The two paramedian lines of neurons of the NRO are separated by the fibrous septum of the 
medulla, whereas NRP neurons are aggregated in the midline.  Dendrites of the NRO neurons 
project laterally to the reticular formation and another large cluster of serotonergic neurons in the 
lateral Paragigantocellular Nucleus (LPGi).  (C M4-06 4y, PH8, 1.5x) 
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Fig. 10.  Caudal portion of Nucleus Raphé Obscurus. Two paramedian clusters of NRO 
neurons form the long caudal portion of the raphé nuclei.  At the level of the anterior part of 
the inferior olive (IO), the midline is occupied by the caudal part of the NRP.  (C M4-06 4y, 
PH8, 1.5x) 
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       4.4.     Neuronal TPH distribution in 3D reconstruction. 

 Immunocytochemistry revealed strong PH8 immunoreactivity in raphé neurons. The aim 

of the 3D reconstruction was to visualize the distribution of TPH in the soma of neurons and in 

the dendritic tree. The 3D reconstruction shows several thick dendrites and a dense network of 

thin dendrites, all filled with PH8-positive material (Fig. 11). These images suggest that the 

amount of TPH might be a major marker of neuron involvement in serotonin production and 

function. Therefore the next sections are focused on detection and measurements of intracellular 

TPH in young autistic subjects compared to control subjects.   

  

 

Fig.  11.  3D reconstruction of TPH (+) neurons.   The most noticeable feature of 3D-
reconstructed PH8 immunolabeled neurons are numerous thick branches of dendrites and dense 
tryptophan hydroxylase- positive dendritic network within dorsal raphé (Amira) (Autism, M3-
10; 15y, PH8). 
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4.5.   Intraneuronal TPH and SERT distribution by confocal microscopy. 

            TPH distribution in raphé neuron soma and dendrites. The aim of double 

immunolabeling was to visually examine the pattern of distribution of TPH as a marker of sites 

of serotonin synthesis. SMI312 was applied to identify axons. Immunolabeling of TPH with 

mAb PH8 revealed intense but non-uniform immunofluorescence (red) in neuron soma and less 

prominent fluorescence in neuronal processes in the dorsal raphé. Immunolabeling with SMI312 

(green) showed a selective reaction with neurofilaments in axons of serotonergic and 

nonserotonergic neurons.  Fig. 12 depicts TPH distribution (immunolabeling with mAb PH8) in 

neuronal soma and in some neuronal processes in control subject M8-10.  

 

 

Fig. 12.  TPH distribution in raphé neuron soma and dendrites. TPH (red) immunoreactivity 
reflects 5-HT synthesis in the neuron soma and dendrites. Green staining corresponds to SMI312 
immunoreactivity with axonal neurofilaments. TOPRO (blue) shows nuclei (Obj. 100x) (15-year 
old control subject, M8-10). 
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Figure 13 illustrates TPH (shown with mAb PH8) in neuronal soma and  dendrites 

identified as SMI312 negative in an autistic subject. PH8 identifies sites of serotonin synthesis in 

neuronal soma and fibers. SMI312 identifies axonal cytoskeleton and axons. 

 

Fig.  13.   Double immunolabeling for TPH and axons in raphé of autistic subject.  Granular 
staining corresponds to TPH (red) in neuron soma and dendrites. Green immunofluorescence 
reflects SMI312 positive neurofilaments in axons. Nuclei shown with TOPRO (blue) (100x) (15-
yr old autistic subject, M3-10). 
 

Immunostaining of bundles of fibers adjacent to raphé nuclei shows SMI312-positive 

axons outside of the DRN (Fig. 14).  PH8-negative (red) but SMI312-positive axons (green) 

confirmed the absence of TPH in these particular axons.  
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A  

B  

Fig. 14.  Axons in vicinity of Dorsal Raphé Nucleus.  SMI312 positive neurofilaments (green) 
in axons that are negative for TPH (red). Control case (M8-10; panel A) and autism case (M3-10; 
panel B). Neurons stained with TOPRO (blue)(100x). 
 
 

           SERT distribution in neuronal soma, dendrites and axons. The goal of double 

immunolabeling of SERT and SMI312 was to visualize SERT on axons of serotonergic neurons 

in the dorsal raphé. SERT immunofluorescence illustrates neuron serotonin reuptake and 

reutilization potential.  Immunolabeling of SERT reveals sparse immunoreactivity within 

serotonergic neuron cytoplasm, cell body membrane, and processes with a strong overlap with 

SMI312 immunolabeling of axons. This photograph (Fig. 15) demonstrates strong 

immunofluorescence of SERT (red) in neuronal processes and in a portion of serotonergic 

neuron cytoplasm. Green fluorescence of SMI312 positive axons and yellow fluorescence in 
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merged images shows SERT in numerous axons. Non-overlaping red fluorescence in neuronal 

processes may correspond to SERT distribution in SMI312 negative dendrites. 

 

 

Fig. 15.  SERT distribution in neuron soma, dendrites and axons in DRN of control subject. 
A few intracellular SERT-positive deposits (red) within neuron cytoplasm reflect SERT 
synthesis and intracellular transport. SERT staining in many processes corresponds to SERT 
distribution in cell membrane in dendrites and axons in DRN. Merged image (bottom right 
micrograph) illustrates distribution of SERT in SMI312 positive axons (yellow). Control 15 yr 
old subject (M8-10). SMI312 axons (green). Nuclear staining with TOPRO (blue). 100x. 
 

 

The photographs in Fig.16 from dorsal raphé of 15-year old subject with autism show 

strong immunofluorescence of SERT (red) in a dense network of neuronal processes. Green 

fluorescence in a few longitudinally cut and transverse profiles of SMI312 positive axons 
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indicated that the majority of fibers in selected area are SERT-positive and SMI312-negative 

dendrites.  

 

Fig. 16.  SERT in dendrites and axons in DRN of autistic subject.  SERT immunostaining 
with mAb ST51 (red) reflects dense network of dendrites and axons of serotonergic neurons in 
15-year old autistic subject (M3-10). Relatively few SMI312-positive axons (green) are shown in 
upper right micrograph. Merged image (bottom right) illustrates distribution of SERT within 
serotonergic cell axons (yellow). Nuclear staining with TOPRO (blue). 100x. 
 
   

Figure 17 shows bundles of SERT-positive fibers in 15 year old control subject (M8-10; 

panel A) and in autistic subject (M3-10; panel B) in neuronal projections outside of raphé nuclei 

perimeter. Staining for SMI312 shows numerous transversly cut axons detectable at high 

magnification. Only the central bundle represented axons of serotonergic raphé neurons.  
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A  B             

Fig. 17.  Bundles of SERT (+) and (-) fibers in vinicity of DRN. Comparison of SERT(+) 
bundles (red/yellow) with SERT(-) SMI312(+) axons (green). TOPRO labeling of cell nuclei 
(blue). 100x. (A: M8-10, B: M3-10)  
 
 

4.6.   Altered TPH expression in autistic subjects in immunofluorescence- based     
            quantitative study  

Standardization of methods of background subtraction.  The critical factor for 

estimation of neuronal TPH was standardization of both immunolabeling and quantitative 

evaluation of the amount of intracellular TPH.  Four methods of background detection and 

subtraction were applied including: equal background correction for all 8 examined cases,  

pairwise background correction, individual background correction, and correction based on 

subtraction of only cytoplasmic background.  I have attempted to work around the difficulties 

associated with human postmortem formalin fixed tissue and produce meaningful data using 

several approaches which have been applied systematically to all the human brainstems.  The 

results and limitations of all these approaches were compared. 
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Equal background correction in all 8 cases.  

Image correction by subtraction of one average background value established for all 8 

subjects results in distortion of results with loss of almost all existing signal in two control 

subjects (values of 2.6 and 0.8 arbitrary units, respectively), and similar loss of signal in two 

autistic subjects (0.7 and 11.9). The mean signal in two older control and two autistic subjects 

(Figs. 18-20) was disproportionately high (65 and 266 in control subjects, and 403 and 1304 in 

autistic subjects, respectively).  
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Fig. 18.   Equal background subtraction. The DRN IF nucleus immunolabeled with mAb PH8 
(TPH labeling) in pairs of control and autistic subjects before equal background correction and 
after correction.  Equal background subtraction established for all 8 subjects with significant 
clinical and neuropathological differences, as well as differences in vessels and neuropil signal 
intensity dramatically distorted PH8 intensity readings shown as a loss of signal in two control 
and autistic subjects (upper panel, images after subtraction). 
 
 

 It should be noted that the autistic subject in pair one (M2-08) always had weak staining 

(including at all tested concentrations/times in colorimetric staining) and the subject had a 
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premature birth.  The subject’s mother was hypoglycemic and suffered from low blood pressure 

as well as fainting during pregnancy.  These, as well as premature birth may have contributed to 

hypoxia and permanent injury to some brainstem neuronal populations. 

 

Fig. 19.  Mean neuron soma TPH IF after equal background subtraction (bar graph).  
Mean soma intensity results of application of equal background subtraction in 8 examined cases. 
Significant signal increase in 3 out of 4 autistic cases.  Extremely low values in two youngest 
subjects and extremely high value in M3-10. 

 



99 
 

 

Fig. 20.  Mean neuron soma TPH IF after equal background subtraction (line graph). This 
graph illustrates in a different way the distortion of TPH immunofluorescence with equal 
background subtraction. Distortion is most noticeable in two youngest pairs. M4-06: 4y M, M2-
08: 5y M, M9-10: 6y F, M1-08: 5y F, M1-10: 10y M, M13-10: 15y M, M8-10: 15y M, M3-10: 
15y F  
  
 

The result of this correction was a signal reduction by 72% (p=0.063) in the first autistic 

subject (M2-08), and signal increase in second autistic subject (M1-08) of 1286% (p=0.009), in 

autistic subject three (M13-10) of 517%, (p=7.11E-12), and in autistic subject four (m3-10) of 

390%, (p=6.33E-23) (Fig. 21). 
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Fig. 21.   Mean neuron soma TPH IF in autistic subjects as percent change from control 
after equal background subtraction.  Proportions between control and autistic subject 
immunofluorescence after equal background subtraction.   
 
 

In this method, the average soma intensity per group measured 91 arbitrary units for the 

control group and 563 arbitrary units for the autistic group.  There was a significant increase in 

the autistic group (P < 0.001). (Fig. 22) 
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Fig. 22.  Increase in mean cell TPH IF in autistic group after equal background 
subtraction.  Equal background subtraction results in a very high (6.2x) disproportion between 
immunofluorescence in autism and in control group.     
 

 The Spearman correlation coefficient for the equal background correction approach 

measured 0.8 for the control group and 0.8 for the autistic group. 

 The results of application of equal background subtraction in all cases (Figs. 18-22) 

indicated that equal background subtraction did not effectively correct the existing signal but on 

the contrary, resulted in distortion. The method of uniform background correction resulted in the 

least constant background intensity and the highest loss of signal from a large number of cells 

with lower signal values (which in many cases is equal to complete loss of existing neuronal 

signal). Lost neurons contributed to the low mean intensities for a given case and large 

percentage differences between those cases and those where intensity values did not bottom out 

at 0. Standard deviations were also large. Results of this test indicate that both direct cell body 
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fluorescence measurements (uncorrected background) and measurements corrected by 

subtraction of a constant background value from all subjects are biased. 

 The variations in background intensity at constant confocal settings (Fig. 23) seen in TPH 

negative controls without primary antibody contributed to the ineffectiveness of the equal 

background correction method.   

 

Fig. 23.  DRN IF TPH negative controls (no primary antibody).  Images of negative control 
tissue for each subject’s DRN taken at constant settings illustrating variation in background. 
 

 

Pairwise background correction in four pairs of autistic and control subjects.  

In the pairwise approach, following the chosen method did not result in preserving all 

cells from disappearing nor keeping the background consistent due to existence of background 

intensity variations. 
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Fig. 24.   Pairwise background subtraction.  DRN IF immunolabelled with mAb PH8 (TPH 
labeling) in pairs of control and autistic subjects before and after pairwise background correction. 
  

The second method showed that tryptophan hydroxylase immunofluorescence measured 

in arbitrary units per neuron body area was decreased in autistic subject in the interfascicular 

subdivision of the dorsal raphé nucleus in pair 1 (-31%, p=0.025), but increased in autistic 
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subject in pair 2 (+53%, p=0.001), pair 3 (+1248%, p=7.12E-11), and pair 4 (+306%, p=4.22E-

25). The average increase for three autistic subjects was 536% (Figs. 25-27). 

 

 

Fig. 25.   Mean neuron soma TPH IF after pairwise background subtraction (bar graph).  
Mean soma intensity results of application of pairwise background subtraction in 8 examined 
cases. Significant signal increase seen in 3 out of 4 autistic cases. 
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Fig. 26.   Mean neuron soma TPH IF after pairwise background subtraction (line graph).  
Mean soma intensity results of application of pairwise background subtraction in 8 examined 
cases. M4-06: 4y M, M2-08: 5y M, M9-10: 6y F, M1-08: 5y F, M1-10: 10y M, M13-10: 15y M, 
M8-10: 15y M, M3-10: 15y F 
 

The mean intensity percent change in autistic subjects was -31% (M2-08), 53% (M1-08), 

1248% (M13-10), and 306% (M3-10) (Fig. 27). 
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Fig. 27.   Mean neuron soma TPH IF in autistic subjects as percent change from control 
after pairwise background subtraction.  Correction results in distortion of proportions between 
control and autistic subjects, especially large in the pair of M13-10 (autism) and M1-10 (control). 
  
 

In this method, the average soma intensity per group measured 160 arbitrary units for the 

control group and 684 arbitrary units for the autistic group.  There was a significant increase in 

the autistic group (P < 0.001). (Fig. 28) 
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Fig. 28.   Increase in mean cell TPH IF in autistic group after pairwise background 
subtraction.  The ratio between average immunfluorescence in autistic and control subjects is in 
range of 4.3x.    
 

 The Spearman correlation coefficient for the pairwise background correction approach 

measured 0.4 for the control group and 0.8 for the autistic group. 

Again, an almost 14- fold higher immunofluorescence in control subject M8-10 than in 

M1-10 suggests that these results do not reflect TPH cellular concentration in examined cases but 

rather a distortion created by subtraction of a background factor calculated for pairs of subjects 

with different tissue properties. 

 

Individual background correction.  

In the third method, there was variation in background even with correction value set for 

each individual brain. There is variation even between stacks of the same brain.  Due to the fact 

that .tif files are used, however, there are enough grayscale levels to record non-zero intensity 

values for cells, which may have become invisible to the eye. (Fig. 29) 
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Fig. 29.  Individual background subtraction.  DRN IF immunolabelled with mAb PH8 (TPH 
labeling) in pairs of control and autistic subject cases before individual background correction 
and after correction. 
 

This method showed that tryptophan hydroxylase immunofluorescence measured in 

arbitrary units per neuron body area was decreased in autistic subject in the interfascicular 

subdivision of the dorsal raphé nucleus in pair 1 (-6%, p=0.542), but increased in autistic subject 
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in pair 2 (+29%, p=0.01), pair 3 (+148%, p=1.18E-10), and pair 4 (+386%, p =2.23E-33). The 

average increase for the autistic subjects, which increased in intensity was 187% (Figs. 30-32). 

 

 

Fig. 30.  Mean neuron soma TPH IF after individual background subtraction (bar graph).  
Mean soma intensity results of application of individual background subtraction in 8 examined 
cases. Significant signal increase in 3 out of 4 autistic cases. 
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Fig. 31.  Mean neuron soma TPH IF after individual background subtraction (line graph). 
Signal increase in autistic group expressed as line graph.  M4-06: 4y M, M2-08: 5y M, M9-10: 
6y F, M1-08: 5y F, M1-10: 10y M, M13-10: 15y M, M8-10: 15y M, M3-10: 15y F 
 

The mean intensity percent change in autistic subjects was -6% (M2-08), 29% (M1-08), 

148% (M13-10), and 386% (M3-10) (Fig. 32.) There was a significant difference in TPH signal 

in age-matched pairs between control and autistic cases in the individual correction method. 
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Fig. 32.  Mean neuron soma TPH IF in autistic subjects as percent change from control 
after individual background subtraction.   Signal increased in autistic group. 
 

In this method, the average soma intensity per group measured 183 arbitrary units for the 

control group and 658 arbitrary units for the autistic group.  There was a significant increase in 

the autistic group (P < 0.001). (Fig. 33) 
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Fig. 33.  Increase in mean cell TPH IF in autistic group after individual background 
subtraction.  The ratio between immunofluorescence in autistic and control subjects is 
approximately 3.6x     
 

 The Spearman correlation coefficient for the individual background correction approach 

measured 0.8 for the control group and 0.8 for the autistic group. 

 

Results of immunofluorescence based estimation of TPH levels in neurons of control 

and autistic subjects after individual background correction. 

 Intracellular immunofluorescence estimated after individual background subtraction in 

four control cases combined revealed a normal distribution of 132 measurements with a mean 

value of 183 arbitrary units (SE, 10; SD, 111), whereas in autistic group the mean value of 156 

measurements was higher by 360% (658 arbitrary units; SE, 49; SD, 607) (t-test for two samples 

with unequal variances; p=1.41E-17). 
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 A bimodal distribution within the autistic group suggested heterogeneity reflected in 

detachment of measurements above ~700 arbitrary units (Fig. 34, 35). Analysis of individual 

records revealed that all neuronal measures of subject diagnosed with autism associated with 

dup15 were in range from 704 to 2356 a.u. without overlap with any control or idiopathic autism 

case. All these readings correspond to the second normal but lower, bell-like distribution. Mean 

fluorescence level in neurons of autism/dup15 (M3-10; 1,350 a.u.) was 485% more than age 

matched control case (M8-10; 278 a.u., p< 2.23E-33). 

 Further analysis of differences between autistic subjects revealed that consistently with 

observations, readings in case M2-08 are 2.3 and 3.9x less than in two other cases of idiopathic 

autism (M1-08 and M13-10), respectively), and slightly less (p<0.542) than in age-matched 

control subject (M4-06). 

 Immunofluorescence-based evaluation of the cytoplasmic level of TPH detected in 

neurons in the interfascicular nucleus of the dorsal raphé with mAb PH8 revealed significant 

heterogeneity in pattern of changes. They reflect the role of the genetic causative factor in autism 

associated with dup15. The role of epigenetic factors is considered in case M2-08 with the 

impact of in utero exposure to mother’s hypoglycemia, low blood pressure and fainting, as well 

as premature child birth. All these factors could directly affect development of raphé neurons, 

known to be sensitive to anoxia and hypoxia. Frequent agitation, screaming and crying, 

significant sleep disorder, sensory alterations, and laughter for no apparent reason appear to be 

related to raphé developmental injury. On the other hand, patient treatment with prozac for 3 

years and valium occasionally might be another epigenetic factor modifying raphé neuron 

biochemistry and function, including tryptophan hydroxylase expression. 
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Fig.  34.  Distribution of TPH IF in neuron soma in 4 control and 4 autistic subjects. Normal 
distribution in control group but bimodal distribution in autistic group with all readings in range 
from ~700 to 2,400 arbitrary units observed only in autistic subject with dup15 and not observed 
in control group. 
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Fig. 35.  Individual distributions of TPH IF in neuron soma in 4 control (left column) and 4 
autistic subjects (right column). 
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Subtraction of cytoplasmic background of serotonergic neurons measured in 

adjacent sections processed without primary and secondary antibodies.  

All TPH-immunofluorescence measurements are limited to the serotonergic neuron soma 

excluding the TPH-negative nucleus. Therefore, the fourth method of defining background and 

background subtraction was limited to the soma of neurons in the nucleus interfascicularis. Two 

adjacent brainstem sections from each subject were treated with one of two protocols: (a) 

immunostaining with primary antibody and secondary antibody conjugated with fluorochrome, 

and (b) omitting the primary antibody and secondary antibody conjugated with fluorochrome 

(control).  Both sections were examined in identical conditions in confocal microscope. 

Measurements were limited to the cytoplasm of neurons in both sections. Mean value of signal 

from control section neuron soma was subtracted from signal measurements in individual neuron 

soma in immunostained section.  

Several arguments support application of this method as appropriate for background 

correction in the cytoplasm in raphé neurons. Measurements are performed on adjacent sections 

of the same subject which eliminates variation related to the difference between control and 

autistic subject sample. Measurements are restricted to the cytoplasm, which eliminates variation 

of neuropil signals. In this method, cytoplasmic signal including lipofuscin autofluorescence is 

detected in the laser channel used for detection of AlexaFluor 555 used in measurements in 

immunostained sections. The protocol repeats all steps and timing of tissue treatment but omits 

the primary and the secondary antibody conjugated with fluorochrome, which preserves all cell 

cytoplasm signals, including lipofuscin autofluorescence. 

For each of 4 control and four autistic subjects, a panel of three images illustrates 

background fluorescence in section processed without application of primary and secondary 
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antibodies (Ab-), section incubated with primary antibody (PH8 detecting TPH) and secondary 

antibody conjugated with AlexaFluor 488 (Ab+). The third image (Ab+ After) reflects 

immunofluorescence (Ab+) after subtraction of mean fluorescence detected in the cytoplasm in 

Ab- section. Subtraction of mean neuron cytoplasmic signal measured in Ab- section ultimately 

reduces neuropil signal but this artifact does not affect measurements and corrections restricted 

to neuron cytoplasm as intended (Fig. 36). 
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Fig. 36.  External background subtraction. Subtraction of cytoplasmic background in DRN IF 
automatically affects neuropil fluorescence, but neuropil signal is not measured in this approach.  
Ab- (omission of primary and secondary ab), Ab+ (PH8 primary and secondary), Ab+ After 
(PH8 primary and secondary ab minus background). 40x, magnified. 
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  In this method, the mean intensity of TPH immunofluorescence in neurons in autistic 

subjects was reduced in M2-08 case by 48%, but increased by 105%, 249% and 90% (p<0.001) 

in three autistic subjects (M1-08, M13-10, and M3-10, respectively) in comparison to age-

matched control subjects  (Figs. 37-39). 

 

Fig. 37.  Mean neuron soma TPH IF after external background subtraction (bar graph).  
Mean soma intensity results of application of external background subtraction in 8 examined 
cases. Significant signal increase in 3 out of 4 autistic cases. 
 

Immunofluorescence within cytoplasm of one idiopathic autism case (M13-10) and in 

autistic subject with dup15 is much stronger than in third autistic subject (M1-08). The 
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immunofluorescence in autistic subject M2-08 is the lowest in comparison to all autistic subjects 

and reflects most likely permanent neuronal injury caused by hypoxia during fetal life (Fig. 38).   

 

 

Fig. 38.  Mean neuron soma TPH IF after external background subtraction (line graph).  
Graph reflects increase of signal in both older autistic subjects in comparison to two younger 
subjects. Increase in control group is observed only in 15 year old control, whereas 3 younger 
controls are in the same range of TPH fluorescence. M4-06: 4y M, M2-08: 5y M, M9-10: 6y F, 
M1-08: 5y F, M1-10: 10y M, M13-10: 15y M, M8-10: 15y M, M3-10: 15y F 
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Fig. 39.  Mean neuron soma TPH IF in autistic subjects as percent change from control 
after external background subtraction.  The increase in autistic subjects is almost identical in 
M1-08 and M3-10 (105% and 90% respectively). The increase by 249% in M13-10 and decrease 
by 48% in M2-08 reflect expected significant interindividual differences and may explain 
different patient responses to treatments.   
 

In this method, the average soma intensity per group measured 219 arbitrary units for the 

control group and 518 arbitrary units for the autistic group.  There was a significant increase in 

the autistic group (P < 0.001). (Fig. 40) 
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Fig. 40.  Increase in mean cell TPH IF in autistic group after external background 
subtraction.  The graph illustrates the general trend in examined group of autistic subjects.  
 

The Spearman correlation coefficient for the external background correction approach 

measured 0.4 for the control group and 0.8 for the autistic group. 

 

4.7.   Abnormal neuron soma volume in autistic subjects 

Reduced size of neurons in the cerebral cortex, subcortical structures, and in the 

brainstem is a commonly reported developmental defect observed in autism.  Increased size of 

neurons in the inferior olive in the brainstem of 9 to 12 year old and decreased size in 22 to 29 

year old autistic subjects were reported by Bauman and Kemper (1994).  However, these studies 

were not performed with unbiased morphometric methods. The majority of individuals 

diagnosed with ASD demonstrate some degree of auditory dysfunction ranging from deafness to 

difficulty listening with background noise (Greenspan and Wieder 1997, Tomchek and Dunn 

2007) suggesting dysfunction of the lower auditory brainstem and disrupted encoding of simple 

sounds. Kulesza’s study of the auditory system in the brainstem of autistic subjects revealed 
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reduced size of neuron soma in the medial superior olive (Kulesza and Manguanay 2009) as well 

as a neuronal deficit and reduced neuron size in the superior olivary complex (Kulesza et al. 

2011). The human superior olivary complex includes two principal nuclei, the medial and lateral 

superior olives, which have essential roles in sound localization (Kulesza 2007).  

 Defects of growth of neurons in the brain cortex, cerebellum and in the brainstem 

superior and inferior olives suggest that other brainstem nuclei, including raphé nuclei, may be 

affected by developmental alterations.   

 Application of the Nucleator probe revealed only small interindividual differences in 

mean volume of neuronal soma in the dorsal raphé nucleus of control subjects:  10,067 µm3 (M4-

06), 9,573 µm3 (M9-10) and 10,558 µm3 (M1-10).  The volume of neuronal soma was much less 

in the three autistic subjects: 7,828 µm3 (M2-08), 7,920 µm3 (M1-08), 7,319 µm3 (M13-10) (Fig. 

41).  The mean volume of neuron soma in dorsal raphé nuclei was less in autistic subjects by 

24% (7,689 µm3) than in control group (10,066 µm3) (p<0.006) (Fig. 42).  P values in pairs were: 

M4-06/M2-08: 1.35E-11, M9-10/M1-08: 0.0007, M1-10/M13-10: 1.02E-14.  
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Fig. 41. Individual characteristics of neuron volume deficit in DRN. Application of Nucleator 
revealed lower mean volume of PH8-positive neurons soma in DRN of all three examined 
subjects and small interindividual differences in DRN neuron volume within control and autistic 
groups.    
 

 

Fig. 42.  Mean neuron soma volume deficit in autistic subjects. Consistent reduction of 
neuron soma volume in all three subjects allows generalization of individual observations. Mean 
neuron soma volume reduced on average by 24% reflects developmental neuron growth defect in 
all three examined autistic subjects regardless of clinical differences.   
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A histogram of frequency distribution shows that the volume of 77% of neurons in the 

DRN of autistic subjects is less than 10,000 µm3, whereas in control subjects only 53% of 

neurons are less than 10,000 µm3 (cumulative %) (Fig. 43).  

 

 

Fig. 43.   Neuronal volume frequency distribution in DRN in control and autistic subjects.  
The graph illustrates a shift of a large percentage of autistic DRN neurons to a smaller than 
control group volume. 
 

 

4.8.   Numerical density of PH8-positive neurons 

Increase in the number of neurons in the prefrontal cortex by 67% (Courchesne et al. 

2011) but reduced number of neurons in the fusiform gyrus (van Kooten et al. 2008) and in the 

amygdala (Schuman and Amaral 2006), as well as reduced number of Purkinje cells (Bailey et 

al. 1998, Fatemi et al. 2002, Whitney et al. 2008, 2009) and neurons in the superior colliculus 
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(Kulesza et al. 2011) suggest that defects of brain development may include a developmental 

deficit and/or defects of apoptosis regulating size of neuronal populations in early childhood. 

Detection of an enhanced level of cytoplasmic TPH required evaluation of the number of 

neurons in raphé nuclei to determine raphé capacity to produce serotonin.    

 In control subjects, the mean numerical density in the dorsal raphé nucleus was 

5,207/mm3, whereas numerical density in autistic subjects measured 4,852/mm3. These values 

were not statistically different (Fig. 44). 

 

 

 

Fig. 44.  Numerical density of PH8 (+) neurons in DRN of control and autistic subjects.  No 
significant difference in numerical density of PH8-positive neurons in DRN between control and 
autistic group was seen. 
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5.   DISCUSSION 

 

5.1.   Tissue preservation for raphé studies in autism  

 Application of clinical, pathological, and technical inclusion and exclusion criteria 

resulted in reduction of the autistic group from 9 to 4 cases and control group from 6 to 4 cases 

(four age- and gender-matched pairs).  Due to a partial lack of the caudal complex of nuclei 

(magnus, pallidus and obscurus) caused by inappropriate brainstem dissection during autopsy, 

the study was concentrated on three anterior (CLN, DRN, and MRN) nuclei, and then limited to 

the DRN for reasons given.  Due to postmortem degradation of serotonin, the project was limited 

to immunocytochemical detection of TPH, SERT and SMI312. The need for numerous 

modifications reflects research limits in the raphé serotonergic system in routinely formalin fixed 

brain of autistic subjects.  

 

 Progress in brainstem research, especially research on raphé nuclei of autistic and control 

subjects is limited by:  

a. A very low number of postmortem brain donations of autistic subjects of any age; 

b. A limited number of pediatric control donations; 

  c. Distribution of brain samples to many unrelated projects resulting in lack of material 

for global studies of serotonergic system abnormalities including those of raphé nuclei, and 

target structures regulated developmentally and functionally by raphé nuclei originating 

serotonin; 
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d.  Application of brainstem dissection protocols designed for neuropathological 

diagnosis (midsaggital or transverse cut) that result in loss of anatomical integrity of the 

brainstem’s serotonergic system.  

 

Numerous studies indicate that alterations are raphé subregion- specific (Bonkale et al. 2004, 

2006, Underwood 2004, 2007) but incomplete brainstem samples restrict research on disorder- 

specific topographic differences in the type and severity of pathology. 

 

The optimal protocol of brainstem preservation for study of raphé nuclei requires: 

a.   Preservation of the entire brainstem from the anterior pole of the substantia nigra 

(anterior cut) to about 2 mm below the inferior olive (posterior cut);  

b.   Prevention of brainstem shape distortion during fixation and dehydration, and  

c.   Precise orientation of the long axis of the brainstem during serial section cutting.  

 

 Correction of routine protocols of brainstem preservation would provide material for 

quantitative studies of architecture of raphé nuclei in (a) normal development, maturation and 

aging, and (b) abnormal development, maturation and aging of autistic subjects.   

 Because of these limitations only a few complex studies of all human raphé nuclei have 

been accomplished and many were a result of cooperation of a few researchers from Australia 

and Switzerland using the same material (Stone et al. 1987, Baker et al. 1990, 1991ab, 1996, 

Törk and Hornung 1990, Halliday et al. 1993). They provided a comprehensive characterization 

of human raphé anatomy and cytoarchitecture in an unaffected brain but they were performed on 

a few samples preserved specially for the study of the brainstem. The most fundamental report, 
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which included anatomical and cytoarchitectonic parcellation of raphé nuclei, some 

morphometric procedures and a 3D raphé reconstruction, was based on examination of a single 

brainstem stained with PH8 (Törk and Hornung 1990). Due to similar technical limitations, the 

majority of recent studies are restricted mainly to dorsal raphé nuclei or a single raphé nucleus. 

In some studies only a few sections were used to compare affected and unaffected subjects 

(Baker et al. 1991ab, 1996, Halliday et al. 1993, Bonkale et al. 2004, 2006, Underwood et al. 

2004, 2007).  

In spite of hundreds of reports indicating that the serotonergic system is affected in 

autism, the alterations in raphé nuclei of autistic subjects are not studied yet. Therefore, this first 

study of raphé in autism required focus on obstacles limiting research of raphé in autism and 

methods of addressing the major restrictions. Technical problems addressed in this project 

included: use of PEG-protocol for brainstem embedding and cutting of 50-µm-thick serial 

sections, standardization of free floating section staining and immunostaining for stereological 

evaluation, application of stereological protocols for raphé studies, and standardization of 

immunofluorescence-based quantitative image analysis to detect autism associated 

developmental changes.  

 Therefore this study was focused on (1) improvement of raphé research design and 

implementing unbiased quantitative methods for detection of developmental changes and (2) 

evidence of structural and chemical abnormalities in raphé of 5 to 15 year old autistic subjects. 

 

5.2.   Justification for concentration on interfascicular nucleus. 

Dual serotonergic innervation of human forebrain. Based on degeneration studies of 

raphé nuclei in the cat brainstem, Brodal et al. (1960) postulated that the dorsal raphé has 
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massive projections to the forebrain. Application of tritiated amino-acids (Azmitia and Segal 

1978, Bobillier et al. 1976) for tracing of ascending raphé projections revealed that the dorsal 

and median raphé nuclei form two major bundles of fibers projecting to the forebrain: the bundle 

detected in the central gray matter and the second bundle detected in the ventral part of the 

tegmentum. Kosofsky and Molliver’s (1987) studies of the rat serotonergic ascending fibers 

revealed that the fiber systems emerging from the dorsal and median raphé nuclei are 

morphologically different. Detection of fine axons with small fusiform varicosities emerging 

from the dorsal raphé and axons with large and round varicosities emerging from median nucleus 

suggests that these structural differences reflect presence of two parallel but functionally 

different serotonergic subsystems (Mulligan and Törk 1988). Cortical nonpyramidal neurons are 

the target of serotonergic fibers with large round varicosities (Mulligan and Törk 1988). 

Different response of these two types of fibers to neurotoxic compounds reflects structural, 

biochemical and functional differences in projections from dorsal and medial raphé nuclei. A 

dual innervation of the human cortex has been confirmed by Törk and Hornung’s (1987) study of 

human biopsies and Kosofsky and Kowall (1989) study of human postmortem tissues. 

The role of the interfascicular nucleus (dorsal division of the nucleus centralis 

superior) in brain serotonergic innervation. This study is concentrated on the interfascicular 

nucleus. Raphé nuclei form a superior group that mainly projects to the forebrain and an inferior 

group that projects to the spinal cord (Dahlstrom and Fuxe 1964). The dorsal raphé nucleus and 

the nucleus centralis superior are the main nuclei within the superior group. Nucleus centralis 

superior has two divisions: dorsal division (synonymous with interfascicular nucleus) and medial 

division (synonymous with the median raphé nucleus) (Azmitia 2012). 
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In rat, the fibers from the medial division of the nucleus centralis superior travel in the 

medial forebrain bundle (MFB) and innervate medial nuclei of the thalamus, septum, medial 

cortex and upper hippocampus (Azmitia and Segal 1978). 

The fibers from the interfascicular nucleus (dorsal division of the nucleus centralis 

superior) travel in the lateral forebrain bundle (LFB) and innervate lateral regions of the 

hypothalamus, amygdala, striatum, frontal cortex and lower hippocampus (Azmitia and Segal 

(1978). Detection of fine axons with small fusiform varicosities emerging from the dorsal raphé 

(Mulligan and Törk 1988, Törk and Hornung 1990) suggests that the studied neuronal population 

in the interfascicular nucleus is contributing to one of two parallel serotonergic systems 

innervating key structures involved in all three diagnostic autism domains. A parallel study of 

the median nucleus would characterize the pattern of changes of the second serotonergic 

subsystem and its contribution to the autistic phenotype. 

In addition to the role of the DRN IF in innervation of target structures related to autism 

diagnosis, the nucleus was chosen based on its characteristic cell orientation parallel to the 

midline, as well as its ease of delineation- being bordered on three sides by non raphé 

serotonergic neurons.  Scarcity of tissue was another element which limited the choice of study 

material.  

 

5.3.   Distribution of TPH and SERT in confocal microscopy  

In the examined material immunolabeling with PH8 antibody revealed intense 

immunofluorescence in the neuron soma. Lack of colocalization of TPH with axonal 

neurofilament marker (SMI312) in projections and presence of TPH in SMI312-negative 

processes demonstrates presence of TPH in neuron dendrites but not in axons in the particular 
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material studied.  Ultrastructural studies revealed that TPH is diffusely distributed in raphé 

neuron cytoplasm. TPH localization in association with membranes of endoplasmic reticulum 

and Golgi apparatus possibly reflects the sites of this protein’s synthesis. In processes in raphé 

nuclei the enzyme is primarily associated with microtubules (Joh et al. 1975). The association of 

both tryptophan hydroxylase and tyrosine hydroxylase with microtubules suggests transport of 

these enzymes from cell body (site of synthesis) to axons (Pickel et al. 1975). However, in 

contrast to well detected TPH in soma, potential axonal TPH appears to be masked and does not 

have an immunocytochemically detectable equivalent as shown in results.  

 It has long been believed that serotonin is released and taken up exclusively at the 

synaptic junction (synaptic neurotransmission). However, in the past decade research has 

provided evidence that serotonin reuptake is not restricted to the synaptic junction, but occurs at 

perisynaptic sites and along the axonal membrane. This study of serotonin transporter 

distribution in human raphé nuclei indicates that SERT detected with mAb ST51 is present in 

several clusters of granular material in cell soma that may correspond to endoplasmic reticulum 

and/or Golgi apparatus. A small amount of immunoreactive material is detected in the cellular 

membrane in neuron soma and a large amount in dendrites and axons. Confocal microscopy with 

SMI312 selectively detecting axonal neurofilaments and ST51 detecting SERT demonstrates 

transporter in the axolemma. A merging of fluorescent images results in focal overlap but 

proximity rather than a real colocalization is responsible for this yellow fluorescence. These 

results are consistent with ultrastructural studies demonstrating the majority of SERT in the 

membrane of axons (on the cytoplasmic site of axolemma), and in the membrane of axon 

varicosities but not in the axoplasm. Presence of a significant portion of SERT outside synaptic 

junctions suggests that SERT is involved in serotonin level regulation through extrasynaptic 
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(volume) transmission (Zhou et al. 1998).  In situ hybridization studies in human (Austin et al. 

1994, 1999), rat (Blakely et al. 1991, Fujita et al. 1993) and cat (Charnay et al. 1996), and 

immunocytochemical studies of animal brainstem (Qian et al. 1995, Sur et al. 1996) indicate that 

raphé neurons express both serotonin transporter messenger RNA and protein. Presence of SERT 

in the cell perikaryon and perinuclear enhancement of SERT immunoreactivity, similar to those 

in human neurons, has been reported in rat raphé nuclei (Sur et al. 1996). The somatic staining 

around unstained cell nucleus extends into the dendritic tree of rat raphé neurons (Qian et al. 

1995). Immunoreactivity with mAb ST51 within the cell cytoplasm, especially in the perinuclear 

area, known as the location of the cell protein synthesis apparatus in rough endoplasmic 

reticulum, processing in smooth endoplasmic reticulum and Golgi apparatus, may correspond to 

the site of SERT synthesis before transport to the cell soma, dendritic and axonal membranes. 

The studies of rat brain show a pattern of SERT expression in raphé nuclei similar to that 

obtained by labeling adjacent sections with 5-HT antisera (Qian et al. 1995). 

  Microdialysis reveals extrasynaptic serotonin in the brain (Auerbach et al. 1989, Matos et 

al. 1992). Serotonin released in synapses spills out of the synaptic cleft and diffuses away from 

synapses to distances up to 20 µm, several times farther than diffusion of dopamine (Garris et al. 

1994), glutamate and GABA (Clements 1996). Only a portion of serotonin is picked up by 

perisynaptic SERT (Zhou et al. 1998), whereas the majority is picked up by axonal SERT, 

including SERT of axonal varicosities. It may suggest that axonal SERT has a limited role in 

regulation of serotonin synaptic transmission but may play a major role in recollecting and 

conserving serotonin which has diffused from the synaptic cleft.  

Enhanced immunofluorescence corresponding to increased levels of tryptophan 

hydroxylase per cell suggests that small, immature neurons may produce disproportionally large 
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amount of serotonin. One may speculate that it can result in enhanced levels of extracellular 

serotonin in autistic children.  

An attempt was made at measuring the intensity of fluorescent SERT staining per region 

of interest (randomized areas of raphé subnuclei).  However, all SERT immunopositive material 

cannot be outlined such as with PH8 stained cell bodies. SERT is present in numerous neuronal 

processes and in a small amount in cell body cytoplasmic membrane. There are also issues with 

strongly reacting blood vessels with SERT positive platelets, in addition to all the tissue and 

background related problems faced with PH8.   

 

5.4.   Interindividual differences  

 Detection of a combination of interindividual differences (reflecting etiological, clinical 

and pathological heterogeneity) and common denominators which reflect the mainstream 

pathology regardless of differences between examined subjects are the main findings which 

require modifications in research design in the future. Differences in the clinical phenotype and 

pathological heterogeneity of changes in raphé in the four examined autistic subjects suggest that 

in a larger group, at least 3 subpatterns of changes can be expected. They will reflect (a) 

pathology in idiopathic autism without detectable genetic and/or epigenetic etiology (illustrated 

by changes in 2 subjects examined: M1-08 and M13-10), (b) pathology linked to epigenetic 

factors active during in utero development (one subject: M2-08), and (c) pathology linked to 

dup15 (one subject: M3-10). Duplications of chromosome 15q11-q13 account for approximately 

0.5 to 3% of ASD and are considered the single most common identifiable cause of autism 

(Schroer et al. 1998). Clinical studies indicate that 69% of individuals with dup(15) are 

diagnosed with autism, and most is associated with maternal origin of dup(15) (Rineer et al. 
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1998). The review of 107 cases of dup(15) revealed that microcephaly is more common than 

macrocephaly but both are reported (microcephaly in 17% and macrocephaly in 3%) (Schroer et 

al.1998). In a group of 126 children with idiopathic autism, 15% of subjects were diagnosed as 

microcephalic (Fombone et al. 1999). The examined dup(15) case’s (M3-10) low brain weight 

(1,125g) qualified this subject as microcephalic.  

Analysis of power indicated that a minimum group size of 5 is required in morphometric 

studies of TPH immunoreactivity in raphé nuclei in alcoholics (Underwood et al. 2007). 

However, the link between type, topography, and severity of serotonergic system alterations and 

numerous behavioral and neurological abnormalities defining the subject’s phenotype can be 

determined only in large group postmortem studies. The list of these most common clinical 

cofactors includes: intellectual deficits defining low to high functioning autism (Mazzone et al. 

2012), prevalence of seizures, significant differences in level of anxiety, aggression, self-

injurious behavior, depression, attention disorder, sleep pattern alterations, sensory 

abnormalities, and common medications often targeting the serotonergic system, including 

selective serotonin reuptake inhibitors (Sasayama et al. 2009, Shanahan et al. 2011, Kolevzon et 

al. 2010, Nakamura et al. 2010, King et al. 2009). They may all contribute to inter-individual 

differences in the raphé subregion and raphé global alterations detected in postmortem studies as 

observed in depression, psychoses or alcoholism (Halliday et al. 1993, Baker et al. 1996, 

Underwood et al. 1999, 2004, 2007, Boldrini et al. 2005, Bonkale et al. 2004, 2006). 

Another major cofactor are gender-specific differences in serotonergic regulation during 

development (Chandana et al. 2005; Chugani et al. 1999), combined with a 52% higher rate of 5-

HT biosynthesis in the male over female brain (Nishizawa et al. 1997), and the increased 

susceptibility of males to early insults imposed by elevated levels of 5-HT. These may contribute 
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to the four-fold higher propensity of males to develop autism as compared to females. A higher 

rate of serotonin biosynthesis in the male might be reflected in a higher level of TPH in control 

and autistic males. 

 

 5.5.   Spectrum of morphological developmental abnormalities  

This study of raphé nuclei in four autistic subjects suggests that the spectrum of morphological 

developmental defects includes: 

-     Enhanced TPH immunoreactivity in neuron soma 

-     Reduced volume of neuron soma 

-     Clinical and pathological heterogeneity  

 

5.5.1.   Enhanced TPH immunoreactivity in neuron soma  

Morphometric methods estimating the volume of neuronal body and TPH 

immunoreactivity are commonly used methods of detection of disease-associated alterations. 

However, different protocols of tissue preservation, immunostaining and estimating TPH 

immunoreactivity may contribute to differences between published results. The most complex 

methodology has been developed by three groups including Baker et al. (1996) Underwood et al. 

(1999, 2004, 2007), and Bonkale et al. (2004, 2006) to study pathology in depression, psychoses 

and alcoholism. Serotonin is implicated in the regulation of alcohol preference and intake in 

humans (Underwood et al. 2004, Wong et al. 2003). Serotonin reuptake inhibitors decrease the 

desire to drink in a dose dependent manner (Cornelius et al. 1995, 1997, Naranjo and Brenner 

1993). Selective increase of TPH-immunoreactivity was reported in neurons in dorsal raphé 

subnucleus using immunoautoradiography in alcohol-dependent depressed suicides (Bonkale et 
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al. 2006). A similar increase in TPH-IR in alcohol-dependent depressed suicides was detected by 

Underwood et al. (2007).  

This raphé study revealed increased immunofluorescence of cytoplasmic TPH in autistic 

cases. Because tryptophan hydroxylase is the rate-limiting enzyme for serotonin biosynthesis, the 

observed increase in TPH immunofluorescence in neuron soma is considered a marker of an 

enhanced level of serotonin production and release. In autism, developmental alterations in 

different raphé nuclei with projections to different brain regions may contribute to differences in 

structural changes in target brain structures such as amygdala, caudate, putamen, globus pallidus, 

n. accumbens and different cortical regions reported in qualitative and morphometric studies 

(Bauman and Kemper et al. 2005, Courchesne et al. 2005a, Van Kooten et al. 2008, Schumann et 

al. 2004, Schumann and Amaral 2006). The relatively low level of PH8 immunostaining in M2-

08 may reflect interindividual differences in genetic and epigenetic factors contributing to 

differences in the morphological and functional phenotype. 

The pattern of higher TPH fluorescence in autism for 3 out of 4 studied pairs was seen in 

all background correction approaches utilized.  There also appeared to be an increase in TPH 

signal intensity in neurons with increasing age.  However, the study consisted of a limited 

number of cases with varying etiologies.  Interindividual differences in this small group may 

account for an unknown amount of the observed differences.  The patterns based on this small 

sample appear to be independent of sex of subjects, as pairs studied included both males and 

females in various combinations.   

Several studies suggest that regional increase in TPH level in raphé nuclei is typical of 

psychiatric disorders. Serotonin dysfunction has been implicated in alcoholism, depression, and 

suicide. Bonkale et al. (2006) revealed a 46% TPH increase in the dorsal subnucleus of the dorsal 
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raphé in depressed suicide victims with alcohol dependence, while the increase in other dorsal 

subnuclei was not significant.  However, tryptophan hydroxylase immunoreactivity was normal 

in dorsal raphé of depressed suicide victims (Bonkale 2004).  Topography and severity of 

response to a toxic insult is species- and insult-specific. In rats chronically treated with alcohol, 

the number of tryptophan hydroxylase- positive neurons was decreased in the dorsal raphé (Casu 

et al. 2004, Jang et al. 2002).  Similarly, these neurons were decreased in the DRN of subjects 

with chronic alcoholism and Wernicke’s encephalopathy or Korsakoff’s psychosis (Baker et al. 

1996, Halliday et al. 1993). Bonkale et al. (2006) speculated that the increase in TPH-

immunoreactivity in the dorsal subnucleus in depressed alcohol-dependent suicide subjects is an 

attempt to elevate TPH biosynthesis to compensate for reduced serotonin neurotransmission in 

specific cortical or subcortical terminal fields (Mantere et al. 2002, Underwood et al. 2004).   

Morphometric methods of estimation of TPH expression in human raphé nuclei.  

Underwood (2007) examined raphé nuclei in 10 control subjects 17 to 74 years of age, and 9 

alcoholic individuals 16-66 years of age. The brainstem was separated with a transverse cut at 

the anterior border of the superior colliculi, fixed in 10% formalin, cryoprotected and 50-um-

thick sections were incubated with PH8 antibody diluted 1:50,000 for 7 days. The product of 

immunostaining was visualized with DAB. The subtraction of the area of the labeled neuron 

soma from the total area of immunolabeling resulted in the estimate of immunoreactivity 

corresponding to PH8-positive processes. Neuron number and the average size of neurons were 

similar in alcoholics and control subjects. However, the area occupied by PH8-positive processes 

was 2.2-fold greater in alcoholic individuals compared to controls suggesting that alcohol affects 

serotonergic system and causes neuron process sprouting. Moreover, optical density of TPH 



139 
 

reaction was 42% higher in alcoholic individuals than in control subjects (Underwood et al. 

2007).  

Autoradiographic method of estimating TPH –immunoreactivity in human raphé 

nuclei. Bonkale et al. (2004) estimated TPH immunoreactivity in dorsal raphé nuclei in 

depressed suicide victims brainstem obtained in the course of routine autopsies performed by a 

medical examiner. Two tissue blocks with midbrain/pons and caudal medulla blocks were frozen 

in isopentane and stored at –80C. 20 µm-thick sections were cut and fixed in 4% 

paraformaldehyde. The TPH primary antiserum (PH8) was applied at 1:10,000 dilution for 48h. 

Sections were incubated with the [125I] labeled secondary antibody and radioactivity was 

determined within individual DR nuclei. The quantitative autoradiographic measurements of 

TPH-IR from control subjects revealed regional differences in TPH-IR concentration among the 

DR nuclei: Drif>DRv>DRvl>DRd, but differences between depressed and control subjects were 

found not significant (Bonkale et al. 2004). However, the study of depressed suicide victims with 

alcohol dependence revealed a selective significant increase in TPH-IR levels (by 46%) in the 

dorsal subnucleus when compared with controls.  

These results indicate that abnormalities in 5-HT biosynthesis in the brain of depressed 

alcoholic suicide subjects are restricted within distinct regions of the DR (Underwood et al. 

1999, Bonkale et al. 2006). 

Methods applied in this study of raphé nuclei in autism. The study of TPH 

immunofluorescence was concentrated on the interfascicular nucleus. Within the dorsal raphé, 

the ventrolateral and interfascicular nuclei contain the greatest number of tryptophan 

hydroxylase mRNA-positive neurons (Austin and O’Donnell 1999). Moreover, localization of 
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the interfascicular nucleus between the left and right medial longitudinal fasciculus reduces the 

risk of incorrect delineation of the border of ROI.  

In contrast to Bonkale and Underwood protocols, formalin fixed as opposed to frozen 

tissue was used in this study. The brainstem was embedded in PEG and cut into 50-µm-thick 

sections in a transverse plane. Antigen retrieval at 65C in 2x SSC buffer in free-floating sections 

was applied. TPH was detected with mAb PH8 diluted 1:5000 and secondary antibody linked to 

fluorochrome (Alexa 555). Detection of PH8 immunofluorescence was a reflection of TPH 

distribution. 

At 40x, four image stacks distributed systematically in one column covered almost 

completely one half of the IF nucleus. The total thickness of the stack was 15µm and 

corresponded to 15 images per stack. The single image area was selected to have 10+ neurons for 

TPH-immunoreactivity evaluation. The volume of individual stack was approximately 170 larger 

than the average neuron volume. Fluorescence intensity was measured per neuron soma after 

outlining the soma of each neuron with cell nucleus exclusion. Therefore, individual neuron 

soma PH8 immunoreactivity could be considered a measure of individual neuron involvement in 

5-HT synthesis at the time of tissue fixation. To perform measurements average projections were 

created from each stack.  

Background subtraction. The intensity of background might be specific for each case 

due to postmortem changes, different time of tissue fixation in formalin, PEG exposure, and 

subtle differences in section immunolabeling in spite of rigorous standardization. Four 

approaches were tested to correct for background. 

1. Across the board background subtraction  

 2. Subtracting background pair wise  
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 3. Subtracting background individually  

 4. Cytoplasm background subtraction 

The first three methods of background subtraction were based on background measured 

in the neuropil (outside of neuron soma). Subtraction of neuropil background distorted 

cytoplasmic TPH immunofluorescence measurements. Distortion is caused by measurement and 

subtraction of neuropil signal which is the equivalent of average signal/noise from astrocytes, 

microglia and oligodendrocyte bodies and processes; bodies, axons and dendrites of non-

serotonergic neurons residing in the raphé nuclei- all artifacts related to formalin fixation by 

variable period of time and tissue exposure to PEG. All these factors become components of 

“background” to be subtracted from TPH-immunofluorescence in serotonergic neuron 

cytoplasm. The second type of distortion is associated with inability of detection and subtraction 

of neuron cytoplasmic signal, including neuronal lipofuscin autofluorescence. The fourth method 

eliminates these distortions. 

 Measurement of background in the cytoplasm of neurons in the region of interest in 

sections treated without primary and secondary antibody is the most specific. This method results 

in detection of neuron cytoplasm- specific type and strength of background. Among others, this 

background includes a measure of lipofuscin autofluorescence, therefore subtraction of signal 

from control section (not treated with antibodies) results in measure of cytoplasmic TPH 

immunofluorescene only. 

 Age and TPH intensity correlation analysis.  Spearman’s correlation coefficient was 

calculated for age and TPH intensity for both control and autistic groups in four background 

correction approaches.  Spearman correlation analysis is a non-parametric approach and unlike 

Pearson correlation does not require a linear relationship between variables.  The Spearman 



142 
 

correlation coefficient in this study ranged from 0.4 to 0.8, which might be suggestive of a weak 

to moderate correlation.  However, since the sample is quite small (n=4 in each group), these 

correlation results should be considered only as indications of a general agreement between age 

and TPH intensity.  Since only a perfect rank agreement would produce a significant result 

(p<0.05) using a sample of four, even strong rank correlations would be statistically 

insignificant. 

 
 5.5.2. Higher TPH immunoreactivity versus reduced neuron soma volume and 

unmodified neuronal numerical density 

The decrease in neuron volume in studied autistic group is on the order of 24%, whereas 

the average increase in TPH fluorescence in autism in the four approaches including reversed 

case is +530% (equal background correction), +394% (pairwise background correction), +139% 

(individual background correction), and +99% (neither antibody background correction).  

Therefore, even if one were to make the argument that a smaller neuron concentrates the staining 

in a smaller space and this is the reason for the intensity increase, the average intensity increase 

is several times higher than the decrease in volume.   

One may assume that increased cytoplasmic TPH immunofluorescence reflects enhanced 

serotonin synthesis in developmentally defective raphé neurons, an increased level of 

cytoplasmic and potentionally axonal serotonin, as well as enhanced serotonin level in target 

structures as shown by Azmitia et al. (2011a,b).   

Moreover, the unchanged numerical density of neurons in the dorsal raphé nucleus, 

combined with ~24% reduction of neuron soma volume and increase of TPH expression in 3 

subjects suggests that in the majority of autistic subjects TPH, and possibly serotonin, are 
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overexpressed and that in autism neuron soma volume is not a predictor of raphé neuron 

serotonin synthesis.  

These data are the first indicator that reduced size of neuron soma reported in many brain 

regions is not equal to reduced neuron protein synthesis. However, this information can’t be 

generalized and only specific protein estimates may define how synthesis of cell cytoskeletal 

proteins, receptors, and transporters are modified in autistic subject neurons. Cautious 

interpretation of results indicates that in some autistic subjects reduced neuron soma volume is 

paralleled by disproportional increase of TPH and possibly serotonin levels.    

 The lower than normal volume of DRN neurons detected in 3 autistic subjects 5 to 15 

years of age examined in this project suggests that regardless of etiological, clinical, and 

pathological differences, alterations in neuron growth are a consistent feature of autistic children 

raphé neurons and are a marker of global encephalopathy associated with autism. One may 

expect that dynamic changes in neuron soma or permanent defects of raphé neuron growth will 

be reflected in patterns of structural and functional changes in target brain structures, altered 

function and their contribution to the autism clinical phenotype. 

 Several studies indicate that serotonin plays an important role in normal development of 

the central nervous system and that it induces neurogenesis and neuronal differentiation. As a 

trophic factor serotonin is involved in neuron growth and maturation in the brain cortex and 

subcortical structures (Buznikov 1984, Chubakov et al. 1986, Whitaker-Azmitia et al. 1991, 

1996, Azmitia 2012). Therefore, developmental defects of raphé nuclei may result in secondary 

alterations of neurogenesis, differentiation and maturation with brain structure-specific 

functional changes.   
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 5.5.3.   Clinical and neuropathological heterogeneity 

Examination of medical records of four subjects diagnosed with autism revealed clinical, 

genetic and epigenetic heterogeneity. Two subjects represented idiopathic autism without 

detectable genetic etiology (M1-08, M13-10). The youngest autistic subject (M2-08) represented 

autism with both a complex history of multiple disorders in the family suggesting genetic autism 

etiology, and complex history of fetal exposure to mothers medications and diseases suggesting 

contribution of epigenetic factors to autistic phenotype. The fourth subject (M3-10) represented a 

subpopulation of autistic subjects with known autism etiology (autism linked to dup15). 

  

Unique pattern of developmental alterations in 5-year old autistic subject. The 5-

year old autistic male’s (M2-08) medical records and family medical history reveal complex and 

heterogeneous etiology and links between neuropathological changes and clinical manifestations 

of autism (Fig.32). He did not follow the trend seen in other autistic subjects. He had a striking 

deficit of TPH as shown in all tested pretreatments, antibody dilutions and times of incubation in 

colorimetric and fluorescence methods. The pattern of changes suggests that this is an example 

of an individual rather than group pathology. Regional pathology, rather than pathology affecting 

all raphé nuclei is consistent with numerous studies of alcoholism, depression, and suicidal 

behaviors (Young et al. 2008, Underwood et al. 2007).  However, in this case pre- and postnatal 

exposure to noxius factors appears to be the cause of neuron injury, changes in cell biochemistry 

and most likely function.  

He experienced immune system deficiencies such as infections (chronic ottitis media) 

and allergies (milk, soy, other food leading to frequent swelling, indicating immune system 

alterations).  He displayed an abnormal gaze, possibly related to cerebellar floccular dysplasia 
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detected in postmortem study. His intellectual deficits could be related to defects of cellular 

migration and defects of cytoarchitecture detected in postmortem study as multifocal cortical 

dysplasia and hypocellularity. His frequent agitation, crying, reduced sensory response, and 

severe sleep disorder might be related to serotonergic system alterations, including region- 

restricted neuron loss or deficit, and tryptophan hydroxylase and serotonin transporter deficit. 

His agitation required chronic treatment with prozac and valium, whereas severe sleep 

disorder required treatment with melatonin.    

 

Fig.  45.   Link between genetic factors, brain pathology, serotonergic system 
abnormalities and clinical phenotype.  Genetic factors and epigenetic factors acting during 
all three trimesters appear to cause: 
(a) developmental brain abnormalities with multifocal cortical dysplasia contributing to 

autistic phenotype and intellectual deficit;  
(b) floccular dysplasia associated with abnormal gaze;  
(c) serotonergic system pathology including deficit of tryptophan hydroxylase 
(d) immune system deficits resulting in chronic infections and severe allergies. 
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 The etiology of these clinical abnormalities might be linked to several mechanisms, 

including genetic and epigenetic factors. Family history consisted of pervasive developmental 

disorder, bipolar disorder, dyslexia in cousins and learning disabilities.  The mother suffered 

from cluster headaches in the first trimester of pregnancy and was treated with Imitrex. In the 

third trimester she was diagnosed with hypoglycemia and decreased blood pressure resulting in 

frequent fainting. This suggests that the mother’s hypoxia lead to fetus’ hypoxia and hypoxia- 

related neuronal loss as well as distortion of neuronal networks with postnatal structural and 

functional consequences. Premature birth, at 37 weeks, was an indication that fetus development 

was affected by pregnancy complications. The mother’s post partum depression was another sign 

of imbalance of mother’s health during gestation and after delivery. 

 The potential links between mother’s health during pregnancy and child autism are 

supported by other reports. Numerous gestation complications, mother’s metabolic changes 

and/or psychological factors may increase risk for autism including: bleeding during pregnancy 

(Brimacombe et al. 2007), long labor (Glasson et al. 2004), pre-term and induced labor 

(Brimacombe et al. 2007), anxiety and fear (Beversdorf et al. 2005), sadness (Zhang et al. 2010), 

fear of abortion (Glasson et al. 2004).   

Hypo- and hyperserotonemia in autism. Hyperserotonemia, identified as an increase in 

the serotonin level in blood platelets by 25% to 50% is a frequent finding in autism (Anderson 

2002). The first report of hyperserotonemia in autism by Schain and Freedman (1961) was 

confirmed by other studies of blood serotonin in autism (Hanley et al. 1977, Anderson et al. 

1990, Cook 1996, McBride et al. 1998, Mulder et al. 2004, Hranilovic et al. 2007, Melke et al. 

2008). Clinical studies reveal that tryptophan depletion can worsen repetitive behaviors of 

autistic subjects (McDougle 1993). Imaging studies demonstrate signs of impairment of the 
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serotonergic system in autism (Chugani et al. 1997, 1999, Makkonen et al. 2008) and justify 

clinical applications of serotonin- enhancing drugs such as serotonin reuptake inhibitors 

(Mehlinger et al. 1990, McDougle et al. 1993, Fatemi et al. 1998, Kolevzon et al. 2006). 

However, lack of improvement or worsening of clinical status in the majority of patients 

(Brodkin et al. 1997, King et al. 2009, Williams et al. 2010) contradicts SSRIs application. The 

first postmortem study of serotonergic fibers (Azmitia et al. 2011ab) revealed an increase in the 

number of serotonin axons in forebrain pathways and in cortex of autistic donors. The detected 

signs of over-activity of the serotonergic system may explain adverse effects observed in clinical 

trials and suggest that use of serotonin antagonists may be a more advantageous therapeutic 

strategy (Azmitia et al. 2011ab).  

However, there is no report characterizing serotonin level in raphé neurons of autistic 

subjects to fill the gap between imaging studies showing reduction in brain serotonin (Chugani et 

al. 1997, 1999) and histopathological studies showing an increase in serotonin transporter-

positive fibers (Azmitia et al. 2011ab). This study of raphé nuclei of autistic subjects indicates 

that cells may have a smaller volume, decreased tryptophan hydroxylase (and probably 

serotonin) levels detected in one autistic subject, or significantly increased levels of tryptophan 

hydroxylase detected in three autistic subjects.  

In the 5-year old autistic male (M2-08), the detected pattern of postmortem pathology 

indicates deficits of tryptophan hydroxylase, reflecting most likely hyposerotonemia in raphé 

nuclei, as well as in brain cortex and subcortical structures innervated by the altered anterior 

raphé nuclei. This pattern of developmental defects was strikingly different than in three other 

autistic subjects with signs of enhanced tryptophan hydroxylase level in raphé and most likely in 

projection areas in the cerebral cortex and subcortical structures. The pattern detected in these 
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three subjects may correspond to raphé and brain hyperserotonemia. Medical family history and 

clinical records of M2-08 suggest a link between severe and diverse insults during fetal 

development and appear to explain causes of severe clinical manifestations of autism on one 

hand and a unique pattern of morphological changes in raphé nuclei on the other hand. The 

detected diversity of clinical and postmortem observations in this small group of 4 autistic 

subjects appears to be a reflection of etiological, clinical, and neuropathological heterogeneity. 

Moreover, this diversity may explain the striking differences in response of autistic subjects to 

treatments targeting SERT.   

Clinical differences in responses to selective serotonin reuptake inhibitors (SSRIs).  

SSRIs are used to reduce binding of serotonin to transporter.  Azmitia (2011) demonstrated an 

increase in the number of serotonin-positive axons in cortex and pathways of autism patients 

which suggests that currently common use of serotonin enhancing drugs such as SSRIs in autism 

may not be the correct approach (Azmitia et al. 2011 a,b).  DeLong reported that SSRIs 

enhanced learning and memory in a group of 2-7 year olds with idiopathic autism but individual 

treatment responses varied widely. Out of nearly 40 children, after continued fluoxetine 

treatment of mean duration 21 months, 30% had a very good response and were able to join 

regular classrooms. Another 30% had a good response although remained autistic. However, in 

40% of treated autistic subjects, there was no improvement or significant negative response was 

observed, and treatment needed to be discontinued due to enhanced aggression, agitation, 

hyperactivity, or lethargy.  Several other studies revealed positive response to selective serotonin 

reuptake inhibitors (Mehlinger et al. 1990, Fatemi et al. 1998, Kolevzon et al. 2006). However, 

Brodkin et al. (1997) reported adverse effects (seizures, agitation, constipation, weight gains) in 

37% of 35 young adults treated with clomipramine for 3 months. Impulsiveness, decreased 
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concentration, hyperactivity, enhanced stereotypic behavior, and insomnia were reported after 

treatment with Citalopram (King et al. 2009). It may indicate that applied SSRIs in some patients 

enhance reuptake of serotonin in an already hyperactive serotonergic system leading to a 

negative patient response. 

 All the children studied by DeLong had a normal development until a time of regression 

in language, cognition, and social functions (1-3 years of age).  In the group that had an excellent 

response, “vestiges of their condition remained”.  Excellent response meant appropriate social 

interactions, improvements in language, and normalized movement.  In those with a negative 

response, changes for the worse were seen anywhere from immediately to months into treatment.  

In some cases both negative and positive changes were seen in the same individual.  In certain 

cases there was no long-term benefit even though initially the patients seemed to respond well.  

Stopping of treatment usually meant a regression of symptoms, sometimes within weeks or 

months.  There was no measure of whether they regressed below treatment baseline. Regression 

after discontinuation of SSRIs is an indication that treatment has a functional positive effect, but 

pathology which is the cause of functional alterations is intact and treatment does not have a 

permanent positive structural and functional outcome. Regression toward pretreatment baseline 

shortly after discontinuation of “successful” treatment suggests that (a) clinical improvement is 

transient and functional, (b) biochemical/structural changes in the serotonergic system are 

permanent, (c) they are the cause of clinical alterations and deficits, and (d) treatment does not 

correct structural/biochemical developmental alterations.  

Signs of genetic diversity contributing to phenotype and response to treatment.  In 

21 children studied by DeLong, a family history of major affective disorder (bipolar or 

schizoaffective disorder or major depression) was found.  In children whose family history 
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showed no psychopathology, 40% had excellent, 20% good, and 40% poor outcome.  Of 10 

children with a positive psychiatric family history not including major affective disorder, only 

one had a positive response.  One patient with no positive outcome was quoted as responding 

with “increased nervous energy, increased obsessive behavior, increased frustration, decreased 

communication” (DeLong 1998).  
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6.  CONCLUSIONS 

   

1. The study of raphé nuclei of 5 to 15 year old autistic subjects revealed: 

a) Significant interindividual differences of the pattern of morphological changes, 

most likely reflecting contribution of genetic and pre- and postnatal alterations to 

postmortem detected changes. 

b) Increase in TPH immunoreactivity per cell body that appears to reflect increased 

level of serotonin in interfascicular nucleus. 

c) Reduced volume of neuron soma in DRN consistent with numerous reports 

published in past two decades demonstrating small neuron size in cerebral cortex, 

subcortical structures, and cerebellum in autistic subjects. 

 

2. The study recognized several limitations of research on raphé nuclei of autistic 

subjects:  

a) Very low number of postmortem brain donations of autistic subjects of all ages; 

b) Limited number of pediatric control donations; 

c) Lack of brainstem samples with preserved anatomical integrity of brainstem 

serotonergic system due to routine methods of brainstem dissection in midsaggital 

or transverse plane designed for neuropathological diagnosis; 

d) Lack of material for global studies of serotonergic system abnormalities due to 

brain sampling for non-integrated projects. 
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Standardization of brainstem preservation, immunostaining and methods for quantitative 

analysis, especially immunofluorescence-based measurements of key proteins reflecting raphé 

structure and function, will contribute to detection and characterization of serotonergic system 

alterations in autism. 

Diversity of detected alterations might be a reflection of genetic and/or epigenetic factors. 

One may expect that a study of the brainstem of 16 to 20 autistic subjects would identify patterns 

of interindividual differences and provide data for a preliminary subclassification of patterns 

according to genetic and epigenetic factors, gender and age, and clinical phenotype.  
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