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Abstract

DEVELOPMENTAL ALTERATIONS OF RAPHE NUCLEI IN AUTISTC SUBJECTS 5-15
YEARS OF AGE- METHODS AND TECHNICAL LIMITATIONS

by

Jarek Wegiel

Advisor: Professor Probal Banerjee

The role of the serotonergic system in autisnuggpsrted by more than 500 reports.
They reveal a link between serotonergic systemaitas and social deficits, repetitive
behavior, hyperactivity, anxiety and obsessive aaisipe behavior observed in autism.
However, in spite of evidence of altered develophe¢ibrain serotonergic system and
contribution of these alterations to the autismnaitygpe, the raphé nuclei, which are the source
of brain serotonin, have not been examined.

The aim of this stereological and quantitative inmofluorescence-based study of raphé
nuclei in autistic subjects 5 to 15 years of age @pe matched control subjects was to (a)
establish methods of preparation, staining, antlyaiseof fixed human brainstem samples
obtained from brain banks, and (b) characterizepttttern of developmental abnormalities
which may contribute to the autistic phenotype.

Routine neuropathological brainstem dissectionltesn partial or complete loss of
raphé nuclei integrity. From 9 autistic and 6 cohsubjects only four pairs 5 to 15 years of age
were qualified for the study of raphé nuclei. Foliméixed brainstem was dehydrated and

embedded in polyethylene glycol and cut into sé&@ahm-thick sections. They were stained to



estimate cell volume, and immunostained and exathiny fluorescence microscopy to estimate
the amount of tryptophan hydroxylase (TPH) which imeasure of serotonin synthesis level.

3-D reconstruction demonstrated topography arela&izaphé nuclei and explained why
preservation of raphé nuclei located in the midtieguired modification of brainstem sampling.
Nucleator applied to TPH (+) sections revealed 2#8aller neuronal soma volume in the dorsal
raphé nuclei of autistic subjects than in controlup. Application of immunofluorescence and
ImageJ software (NIH) revealed significant incremsigyptophan hydroxylase (TPH)
immunofluorescence in spite of smaller size of eapaurons.

These data indicate developmental impairment ofaregrowth comparable to that
observed in cortex and in subcortical structuresaaced TPH immunofluorescence in raphé
neurons was consistent with enhanced immunoregciivserotonergic fibers in several brain
regions of autistic subjects (Azmitia et al. 20JHathology detected in raphé neurons suggests
that target brain areas were exposed to alteredsl@f serotonin, which may modify function of

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

Autism was identified and described in 1943 by ps}ogist Leo Kanner as a
disturbance of affective contact. Although it wag® thought of as a rare condition affecting 4
in every 10,000 children, it is now considered as of several disorders classified as Autism
Spectrum Disorders, showing a dramatic increageanalence reported in almost all states of
the U.S. The Center for Disease Control (CDC 2@00,7, 2009) records indicate that in 1980,
the rate of ASD diagnosis was about 1/2000 subjagtsifter 1980 a consistent increase in
diagnosis of ASD was observed to 1/150 in 2007/16@0) and 1/110 in 2009he Report of
the Centers for Disease Control and Prevention (O@lished in 2012 and summarizing
results of the study of 8.4 % of the US populatd8-year old children in 2008 revealed a 1 in
88 overall prevalence of autism spectrum disord&0Y) with a 1 in 54 prevalence for males and
a 1lin 252 prevalence for femalgs<0.01), with a male to female ratio of 4.7 tdrithe past
60 years, autism evolved from an obscure and yehpatric disorder to one of our most
challenging medical problems.

The past two decades of accelerated researcha@snlimprovements of autism
diagnostic criteria, better understanding of autmuaiti-factor etiology and clinicopathological
correlations. However, mechanisms contributindgi®domplex clinical autism phenotype are
not known. One of the intensively studied hypotBaseconcentrated on contribution of
serotonergic system pathology to developmentalaitas and clinical phenotype of autism.
This hypothesis is supported by more than 500 gamablished after Schain and Freedman’s
first report (1961) demonstrating a link betweerot@in and autism (Lam et al. 2006). These

papers reveal a significant role of serotonin iaitodevelopment and maturation, and the link



between alterations of the serotonergic systemaindajor clinical manifestations of autism,
including social deficits, repetitive behavior, &ty, hyperactivity, impulsive and aggressive
behavior, and obsessive compulsive behavior (Baatehnd Willemsen-Swinkels 2000).

Recent studies of serotonergic innervation of ttaénbof autistic subjects revealed
significant abnormalities (Azmitia et al. 2011albjowever, the type, distribution, and severity
of changes in raphé nuclei, the source of braiotsain, are still not known. This study is
concentrated on detection and reduction of techhiodations in research on raphé nuclei,
standardization of methods of unbiased stereolbgiauation and fluorescence-based
guantitative estimates of developmental abnornealitif raphé nuclei of autistic subjects, as well

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

1.1. Autism clinical phenotype — signs of seratergic system contribution to
autism phenotype

Autism is a lifelong developmental disorder chagaeed by (a) qualitative impairments
in reciprocal social interactions, (b) qualitatimgairments in verbal and nonverbal
communication, (c) restricted repetitive and stgneed patterns of behavior, interests and
activities, and (d) onset prior to the age of 3rge@here is no specific biochemical indicator or
distinct neuroanatomical abnormality or neuropaigmal marker that defines autism, and the
diagnosis is based only on clinical and behaviasaessment (American Psychiatric Association
2000). Because of similar qualitative deficits atial behavior and communication, the autistic
disorder (DSM 299.00), Asperger’s syndrome (DSM.209and pervasive developmental
disorder — not otherwise specified (PDD-NOS) (DS38.30) are classified as autism spectrum

disorder (Freitag 2007).



Evolution of clinical diagnostic criteria of autismfrom DSM-1l to DSM-V. In the past
decades the methods of diagnosing of autism havieex. Evolution of diagnostic criteria
affects diagnosis of subjects whose brains are eahpostmortem and may affect results and
conclusions of postmortem studies of brains ofvittlials diagnosed with ASD.

Since Leo Kanner’s report (1943), autism remaa@aorly characterized
developmental disability undistinguished from solpiarenia childhood type (Diagnostic and
Statistical Manual of Mental Disorders DSM-II; 196977), or diagnosed as infantile autism
(DSM-III (1977-1984), or autistic disorder (DSM-R; 1984-1995). DSM-1V (1996) classified
autism disorder as one of five Pervasive Develo@hBrsorders, including Apergers’s disorder,
Rett syndrome, Childhood Disintegrative Disorded ervasive Developmental Disorder — Not
Otherwise Specified (PDD-NOS).

According to DSM-1V, the hallmark of autism is aszeee impairment in social relations.
Autism is diagnosed in subjects with developmealaiormalities with 6 or more of the 12
features characterizing (a) social interactionsyésbal and non-verbal communication, and (c)
repetitive and stereotypical behaviors. The onk#tese clinical symptoms must be observed
prior to three years of age. These criteria distisig autism from other Pervasive Developmental
Disorders, including childhood disintegrative dider (CDD) and Rett syndrome.

Currently, identification of autism is based on laggiion of (a) Autism Diagnostic
Interview-Revised (ADI-R) (Lord et al. 1999), AutisDiagnostic Observation Schedule-Generic
(ADOS-G), and Pervasive Developmental DisabilitghBvior Inventory (PDD-BI) (Cohen et
al. 2003).

According to the fifth edition of the DiagnosticdaBtatistical Manual of Mental

Disorders (DSM-5) to be published in May 2013, AatiSpectrum Disorder includes autistic



disorder (autism), Aspergers’s disorder, childhdmintegrative disorder, and pervasive
developmental disorder not otherwise specified (Aca@ Psychiatric Association, DSM-5: The

Future of Psychiatric Diagnosis; www.DSM5.hréccording to a new standard, three

diagnostic domains will be reduced to two: (1) alcommunication deficits and (2) fixed
interests and repetitive behaviors. This chandp@ased on studies indicating that deficits in
communication and social behaviors are insepar&@gcits in communication and social
behaviors are considered as a single set of syngptath contextual and environmental
specificity. Delays and deficits in language do aefine diagnosis of autism but they influence
the clinical symptoms of ASD. In a new definitiohautism, unusual sensory behaviors are
included within a subdomain of stereotyped motat aerbal behaviors. Moreover, it is expected
that DSM-V will drop the term Asperger syndromepAgger syndrome is distinguished from
autism by relatively normal language developmediuiting timing, grammar, and vocabulary,
but diagnosis of Asperger syndrome is based oprtgence 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 presation includes subclassification into complex
or essential autism, gradual or regressive onsdtsach associated features as: identified
genetic disorder, epilepsy, intellectual disabjlanxiety, sensory abnormalities, and self-
injurious behavior.

Complex and essential autismAbout 30% of children are diagnosed with complex
autism, defined by the presence of dysmorphic featunicrocephaly or structural brain
malformation. Seventy percent of children with antiare diagnosed with essential autism,

defined as autism without physical abnormalitiesiéset al., 2005).



Course of diseaseTwo patterns of clinical course have been idesttif The most
common is gradual onset of autism in early childhoblowever, in about 14% (Colorado) or
32% (Utah), significant regression is observedhatage of 18 to 33 months and this form of
autism is classified as regressive autism (US Deprt of Health and Human Services, 2007).
The clinical course of autism can be modified gmsive behavioral treatment using applied
behavior analysis methods (ABA). ABA produces saitiigal improvements in some children
who had moderate to severe delays in cognitive haomication, social, and adaptive skills in
most or all domains after 2 to 3 years of earlgmsive behavioral treatment (McEachin et al.
1993, Perry et al. 1995, Weiss 1999, Green etCal2p

Intellectual disability. In about 45% of children, autism is associated witntal
retardation defined as intelligence quotient (IQQres of < 70 (Department of Health and
Human Services, 2007). A comparison of autistitdebin diagnosed in 1987 and 1998 reveals
that one of the features of a new trend in diagnosautism is a decrease in prevalence of
autism associated with severe and profound meetaidation, and doubled prevalence of cases
of autism without mental retardation.

Epilepsy. Epilepsy among children in the general populatoastimated at 2-3%,
whereas about 30% of autistic individuals develpieptic seizures (Gillberg 2000, Tuchman
and Rapin 2002). All seizure types are seen i@ including tonic-clonic, complex partial,
atypical absence, and myoclonic. Two peaks of bajhure frequency were reported - before the
age of 5 years and after the age of 10 years (Tankand Rapin 2002). Dysplasia and
heterotopia in the hippocampus, amygdala and neocare known as epileptogenic foci. They
were identified in idiopathic autism and their peance increases in autistic subjects diagnosed

with dupl5 whose death was seizure-related. Sezayanfibers show unmodified morphology



in cryptogenic epilepsy (no cortical dysplasia)t inupatients with focal cortical dysplasia with
giant neurons and giant astrocytes, dysplastiegimfenic areas show serotonergic
hyperinnervation with increased density of serotgitefibers. (Trottier et al. 1996).

Anxiety. Approximately 80% of children diagnosed as highctioning ASD (De Bruin
2007) and up to 40% of ASD children with IQ belo®/Yave a concurrent anxiety disorder
(Sukhodolsky 2008). Anxiety is defined as a stdtehoonic apprehension about future harm,
characterized by tension, worry, negative affentl a feeling of insecurity elicited by
unpredictability and by the perception of potentiaiseen, or symbolic threats (Grillon 2008).
Individuals with anxiety are hyper-vigilant, constig scanning the environment for potential
threats. When such a stimulus is detected, theithdils narrow their attention and have trouble
disengaging from it (Craske 2009). This negatnisal combined with difficulties controlling
negative emotion leads to overreactivity (Green®@OCognitive/language impairments of
autistic children reduce the ability of expressiear and anxiety and enhance anxiety. Multiple
genetic and environmental factors may be intergaimd contributing to the condition. Anxiety
has long been treated by anti-anxiety (tranquilizbenzodiazepine) and anti-depressant
medications including Selective Serotonin Reuptakébitors (SSRIs) and Monoamine Oxidase
Inhibitors (MAOIs). The non-pharmacological treatrhef choice for anxiety is Cognitive
Behavioral Therapy (CBT) (Ollendick 2006).

Sensory abnormalities and painSensory abnormalities in autism had been reponted i
Kanner's original description of the disorder irdB9 Autistic individuals have various
perceptual processing abnormalities, which are fest@d by a hypersensitivity to tactile and
auditory stimuli (Gomot 2002). In ASD, both sensander-responsiveness and over-

responsiveness have been observed (Baranek 20@1@ndk showed that 69% of young autistic



children had a high level of multimodal sensorygassing problems. Sensory alterations include
taste, smell, and tactile sensitivity, auditoryefiing, underreactivity and stimulation seeking
(Corbett 2009).

Sound sensitivity has been reported to vary viities and type of sound. Positive
auditory experiences including interaction havenb@ported with music. Heightened awareness
of sound and curiosity have also been reportedsacichildren show sensitivity to bright light,
especially sunlight. Some have negative reactiorcettain visual stimuli such as television.
Others have positive experiences and enjoy comtgoliight sources. Tactile stimuli had positive
effects when they involved interpersonal touchingertain natural phenomena such as wind.
Autistic children seem to have an aversion to astiaddressed towards the head and face.
Negative food experiences can include taste, stegliire and visual aspects. A common theme
has been the inability to control or terminateiaslus often being a negative experience
(Dickie 2009).

Self injurious behavior (SIB). The serotonergic system has been identified te laav
role in SIB (Cook, 1999). SIB may include headdiag, picking, and self-
biting/hitting/scratching. It is believed thatfsiljury is related to altered pain processing.
While normally pain is a result of proper activatiof sensory neurons which detect tissue
damaging stimuli (nociceptors), sensitivity canrgase after repetitious injury, due to a possible
change in intracutaneous nerves. Response torabhsensory experiences such as increased
pain sensitivity due to altered nerve fibers mapulein self-injury. The chronic inflammatory
response to chronic SIB may produce pain and e fierward cycle can continue indefinitely.

A chronic state of pain can result in sickness bieinancluding decreased exploration and



socializing, as well as changes in sleep patté&yasreased pain responses result in self-injurious
behavior (Symons, 2011).

Role of serotonin in affective disordersNumerous studies indicate that a deficiency of
central serotonergic signaling may predispose iddals to development of mood disorders
including aggression, anxiety, impulsivity, depreasand obsessive-compulsive disorder (Lucki
1998, Mann et al. 2001, Nelson and Chiavegatto 20@hberger et al. 1985, Hrdina et al.
1989). Impairment of 5-HT synthesis by tryptophapldtion worsens the clinical state of
patients diagnosed with depression (Shopsin 93k, Delgado et al. 1990). Altered serotonin
neurotransmission has been associated with aféedtsorders (Risch and Nemeroff 1992) and
suicidal behavior (Arango and Mann 1992). Decreasgdtonin transporter (SERT) was
reported in the frontal cortex and hypothalamuswide victims (Stanley et al. 1982, 1983,
Paul et al. 1984, Arato et al. 1991).

The serotonin system is involved in modulationmopulsive aggressive behavior (Brown
et al. 1982, Olivier et al. 1989, Olivier and Md392, Miczek et al. 2004, Faccidomo et al.
2008). Changes of 5-HT levels regulate distinctsglsaof aggressive behavior. The prefrontal
cortex is the most involved area in the executioth l@@covery from an aggressive encounter
(Van Erp and Miczek 2000, Halasz et al. 2006, Mkcaed Fish 2006).

Controversies regarding treatments targeted at setonergic system.Significant
improvements observed in overall functioning and imide range of symptoms, including
anxiety, aggression, and repetitive behavior weperted in children and young adults with
autism treated with selective serotonin reuptakéitors (SSRIs), including fluoxetine and
related drugs (Mehlinger et al. 1990, Gordon e1882, McDougle et al. 1996b, DelLong et al.

1998). DelLong et al. (1998) reported excellentoasp in 30% and good response in another



30% of autistic children. However, in 40% lack e§ponse or negative response with
aggressiveness, agitation, and hyperactivity wbeeved. In addition to these only at times
positive results, Kolevzon et al. (2006) revealst SSRIs do not improve social and
communication deficits.

A selective response of some autism modalitiesSieIS (Brodkin et al. 1997, Kolevzon
et al. 2006, King et al. 2009) suggests that thetseergic system is affected by developmental
alterations and that these changes contributen@ saitistic symptoms. Moreover, detection of
positive and negative response and no responsesugterindividual differences in
serotonergic system alterations of autistic subjestudying the raphé nuclei as the source of
serotonergic innervation of the brain, and targetical and subcortical structures may identify
differences which contribute to (a) heterogeneitglmical manifestations, and (b) heterogeneity
of patient response to treatment. This assumptesmcenfirmed by Azmitia et al. (2011 a,b)
postmortem studies of serotonergic innervation.&t@ 29-year old autistic subjects which
revealed an increase in 5-HT axons in the med@li@eral forebrain bundles, and increased
density of 5-HT-positive axons in the amygdalaifpim cortex, and in the temporal superior
and parahippocampal gyrus. In autistic subjectsd8g/of age and older, several types of
dystrophic SERT-positive fibers were detected mtdrmination fields, including long heavily
immunolabelled axons with irregularly spaced srombular or elliptical varicosities. These
axons have intensively SERT immunoreactive bulbtapgred or “cork-screw” endings. The
detected increase in the number of serotonin-pesétxons in the cortex and forebrain pathways
may explain the negative response of autistic pegito SSRIs and suggests that in some cases

application of serotonin antagonists may resudflimcal improvement (Azmitia et al. 2011 a,b).
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1.2. Autism etiology and links to serotonergic sfem

It is estimated that an earlier age of diagnostsiaalusion of milder cases account for
more than two thirds of the reported increase tisauprevalence (Hertz-Picciotto and Deliche
2009). The true increase in the prevalence of musdinked to genetic factors, environmental
factors acting during pre-, peri-, and postnatal land concurrent diseases (Muhle et al. 2004;
Newschaffer et al. 2002; Rutter et al. 1994, Lagai 2010). The etiology has a significant
contribution to type, topography and severity ainopathological changes and autism clinical
phenotype.

Genetic factors. Autism has a strong genetic component (Baileal.1995). Gene
mutations, gene deletions, copy number variantso#imer genetic anomalies are linked to
autism. Autism is highly heritable. Heritabilityquides an estimate of the proportion of
phenotypic variation in the population that is do@enetic variation (Brown 2010). The study
of 503 pairs of autistic twins born between 199@ 2600 in California revealed concordance
rates among the monozygotic males of 57% and anfengonozygotic females of 67%. The
heritability is estimated in range of 19-35% forlesaand 50-63% for females (Liu et al. 2010).
Identical twin discordance might be due to epigengtanges (Kaminsky et al. 2009).

Several potential candidate genes have been iggehtifcluding the tuberous sclerosis
gene on chromosomes 9 and 16; gamma-aminobutydaexeptor-beta 3 on chromosome 15;
neuroligins on the X chromosome (Vorstman et al&@&ndPTEN on chromosome 10 (Butler
et al. 2005). Moreover, two types of genetic defedtthe serotonergic system are considered as
increasing autism susceptibility: modificationstloé serotonin transporter gene on chromosome
17 (Vorstman et al. 2006) and modifications deatethe tryptophan hydroxylase gene on

chromosome 12 (Coon et al. 2005).
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Approximately 5% to 10% of autism cases are assatiaith several distinct genetic
conditions including fragile X syndrome, tuberogkesosis, phenylketonuria, Rett syndrome and
chromosomal anomalies such as Down syndrome (D6glammosome 15 duplication (Folstein
and Rosen-Scheidley, 2001; Fombonne, 2003;Yonah 2003). The prevalence of autism in
boys with DS was estimated as at least 7% (Keak é1999). The prevalance of autism in the
fragile X syndrome is estimated as 15 - 28% (Hager@002). Partial duplications, deletions,
and inversions in the 15g11-g13-region accounfiférto 4% of autism cases (Cook, 1998;
Gillberg, 1998). Application of the Gilliam AutisRating Scale (GARS; Gilliam et al. 1995) to
the idic15 group revealed that 20 of 29 childred goung adults with idic15 were autistic (69%)
(Rineer et al. 1998). Comparable prevalence osau(i’8%) has been reported in a postmortem
group of subjects diagnosed with dup15.

Genetic factors are clearly implicated in autisiolegy, however they account for only
7-8% of autism cases (review by Landrigan 2010 dtcurrence of sporadic cases, different
clinical phenotype, discordant development in mggotic twins, occurrence in family of
autism as well as of only autistic traits suggésescontribution of a combination of genetic and
environmental factors to autism etiology (Daniéd®@). Environmental factors could act
together with inherited susceptibilities or througggenetic changes (Mehler et al. 2008).

Environmental factors. The most powerful evidence is provided by studecifically
linking autism to fetus exposure in early pregnatacghalidomide, misoprostol, valproic acid ,
the organophosphate insecticides, maternal rulmd#ation and other environmental factors
(Chess, 1971, Stromland et al. 1994, Miller eR@D5). The variation in interplay between
different environmental exposures and genetic fudukties may result in the observed

heterogeneity in the autism phenotype (LandrigatD20The significant contribution of
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epigenetic factors to autism etiology is stronglpgorted by results of early screening tests that
reveal signs of autism in about one-quarter of @tene babies (Limperopoulos et al. 2008), and
presence of autism-related behavioral profileeany infancy (Karmel et al. 2010). These data
suggest that etiologic heterogeneity has a sigmficontribution to clinical diversity of autism
and potentially to alterations detected in posterarstudies.

The role of maternal tryptophan and serotonin in feéus development In the brain of a
human fetus, first serotonergic neurons are detkta the & week of gestation. Maternal and
placental serotonin control fetal brain developmeefore and during development of fetal
serotonergic system (Coté et al. 2007). To prodeacetonin, placenta and fetal brain cells use
maternal tryptophan (Bonin et al. 2011). Connoral.e2006) postulated that maternal
tryptophan and serotonin deficit may alter fetaibrand fetus raphé development with lifelong
functional consequences including autism.

Serotonin in developing brain Serotonin is one of the first brain neurotransenst
regulating cell proliferation, differentiation, amagoptosis (Whitaker-Azmitia 1991, Azmitia
2001, Verney et al.. 2002). The 35-fold increasthenlevel of tryptophan hydroxylase mRNA
between embryonic day 18 and postnatal day 22 (Rimadl 2000) suggest that serotonin plays a
significant role in brain development. The increatserotonin level during infancy and
decrease to adult levels at age of five years appgeaorrespond to a high demand for serotonin
during fetal and child development and reduced aehnalate childhood and in adults. It also
suggests that any modifications of this highly tated process may result in defects of brain
development, functional abnormalities and autisod(® and Sanders-Bush, 2004).

Fetal serotonergic system exposure to maternal megdition and drugs A growing

percentage of pregnant women receive SSRIs preskctibtreat depression, anxiety, and
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obsessive-compulsive disorder (Wisner et al. 2Q@hen et al. 2004). Increase of the
percentage of females using antidepressants dpregnancy, from 1% in 1990 to 13% in 2010
parallels the increase in the prevalence of autisserved in these two decadesutero

exposure to antidepressants interacting with 8ERT and a developing serotonergic system is
considered one of several new epigenetic factanfriboiting to a growing risk of autism. Fetus
exposure to SSRIs during the first trimester insesaisk of autism by 3.8 times (Hadjikhani
2010, Croen et al. 2011). Experimental studies sthatvtransient exposure may result in
permanent alterations in the offspring’s serotoresgstem. SSRIs decrease the level of TPH in
the dorsal raphé and serotonin transporter leviglarcortex, with permanent effect observed in
adult animals (Maciag et al. 2006). The second ngkvfactor is a growing prevalence of fetus
exposure to drugs, including cocaine and such ataptiees as ecstasy, both binding to SERT.
Ecstasy increases serotonin level and causes sarditoer degeneration (O’Hearn 1988).
Cocaine (Akbari et al. 1992) as well as ethyl atid@iso increase serotonin concentration
(Eriksen et al. 2002, Zhou et al. 2003) and mayrdaute to developmental alterations including

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

1.3. Serotonergic system pathology in autism

5-hydroxytryptamine (5-HT; serotonin) serves at@heurotransmitter and an
important developmental signal in the brain. Sermteegulates the size of neurons, the size of
the dendritic tree and the number of synapsesneruated cortical and subcortical structures
and cerebellum. Therefore, developmental abnotiesln the serotonergic system may
contribute to structural and functional changetget brain regions and structures. Virtually all

regions of the brain receive serotonergic afferéois raphé system neurons (Azmitia 2012).
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The rostral raphé nuclei form ascending pathwayxohs mainly to the forebrain. The caudal
raphé system innervates the lower brainstem andpimal cord (Aitken and Tork, 1988; Lidov
and Molliver, 1982). Dysregulation of the 5-HT systduring development may be responsible
for both developmental abnormalities and functiatedicits seen in autism (Anderson et al.
1990, Chandana et al. 2005, Chugani et al. 199¥R,2D00Kk et al. 1993, Janusonis et al. 2006,
McNamara et al. 2008, Whitaker-Azmitia, 2005).fdnt, all known chemical inducers of autism
including cocaine, thalidomide, valproate and atdohodulate 5-HT levels in the brain (Harris
et al. 1995; Kramer et al. 1994; Narita et al. 2(R&thbun and Druse 1985; Stromland et al.
1994).

A broad spectrum of studies indicate that develogaialterations of the peripheral

and brain serotonergic system are involved in tlisia clinical phenotype:

1. Increased prevalence of hyperserotonemia in thedadlo autistic subjects (Schain and
Freedman 1962, Cook and Leventhal 1996, McBrids. €t998, Hranilovic et al. 2007, and
Melke et al. 2008).

2. The association between hyperserotonemia and sedagsk of recurrence of autism within
families (Cook et al. 1990, Piven et al. 1991, Gresal. 2008).

3. The correlation between blood serotonin level anasty of clinical symptoms (Hérault et
al. 1996).

4. The correlation between low level of serotonincpirsor (tryptophan) and severity of
stereotyped behaviors in autistic subjects (McDewglal. 1996a).

5. Impairment of the serotonergic system in the badiautistic subjects (Chugani et al. 1997,
1999, Makkonen et al. 2008).

6. Link between brain serotonin deficit and severitgacial deficits (Chugani et al. 1999)
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7. Link between reduced uptake of tryptophan and selaerguage deficits (Chandana et al.
2005).

8. Amelioration of obsessive compulsive behavior, atyxand aggression in some subjects
treated with SSRIs (McDougle et al. 1996, de Lohal.e1998, Fatemi et al. 1998, Hollander
et al. 2005, Kolevzon et al. 2006).

9. Abnormalities of serotonergic fibers in many targettical and subcortical structures known
to be involved in autism phenotype (Azmitia et2dl11a).

10. Azmitia (2011b) review reveals links betweerotmergic system alterations and epilepsy,
immune dysregulation, gastrointestinal and slesprders, as well as anxiety, aggression,

obsessive compulsive behavior and mood disordessreed in autism.

Blood hyperserotonemia.The blood hyperserotonemia observed in autism ia@ease
in the serotonin level in blood platelets by 2596086 (Anderson 2002). Blood platelets
themselves do not synthesize 5-HT, but they takseuptonin from plasma using serotonin
transporter (SERT). Since the first report publishg Schain and Freedman in 1961,
hyperserotonemia was confirmed in many reports igyeet al. 1977, Anderson et al. 1990,
Cook 1996, McBride et al. 1998, Mulder et al. 2084anilovic et al. 2007, Melke et al. 2008).
Therefore, hyperserotonemia is considered the nwsistent serotonin-related finding in
autism. However, the cause of hyperserotonemiatistac subjects is not clear. The relationship
between peripheral hyperserotonemia and centrabosrsystem dysfunction remains unknown.
SERT polymorphic variants affect platelets’ seratamptake rates (Anderson et al. 2002) and
platelet serotonin levels (Coutinho et al. 200BRS polymorphism is unlikely the cause of

hyperserotonemia in autism (Anderson et al. 20@2siBo et al. 2002). Mice lacking the 5-HT
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receptor expressed in the gut (Kirchgessner é98I6), develop autistic-like blood
hyperserotonemia (Janusonis et al. 2006), whichlmeagaused by altered regulation of the gut
5-HT release rate. Janusonis’ (2008) model prethetisplatelet serotonin level should be
sensitive to changes in the platelet serotoninkgptate constant, the proportion of free serotonin
cleared in the liver and lungs, the gut 5-HT prdotucrate and its regulation. Spivack et al.
(2004) reported a negative correlation betweemmdaee 5-HT concentration and the level of
aggressiveness in autistic adults.

Platelet serotonin level in autismHranilovic et al. (2007) revealed that the mean
platelet serotonin level in 53 autistic subjectech@6 to 45 years was 75.7+-37.4uhgivhereas
in 45 control subjects aged 20 to 55 years the rfesaat was 59.2+-16.2 ngll.. 32% of autistic
subjects revealed hyperserotonemia. A negativeledion was observed between platelet
serotonin level and speech development, but tlseme correlation with severity of symptoms as
measured by total CARS score and degree of mesttdation (Hranilovic 2007). A significant
negative correlation between whole blood 5-HT Is\aid verbal abilities of autistic subjects
and their first degree relatives was found by Cebél. 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 (Gens®004). Human gut serotonin production
was estimated at 3,000 ng/min (Anderson et al. 198%he Gl tract, serotonin is also produced
by myenteric neurons (Wardell et al. 1994, Furredsd. 1982, Erde et al. 1985). Extracellular
serotonin is taken up by SERT- expressing gut ¢&lesshon and Tack 2007). Serotonin
diffused in blood plasma is used by SERT-positikmd platelets. However, the majority of
plasma serotonin is rapidly cleared by the lived Amgs (Thomas and Vane 1967, Anderson et

al. 1987).
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Brain - dynamic changes in serotonin level during evelopment and maturation.
Severity of hyperserotonemia is correlated withesity of autistic behaviors (Chandana et al.
2005; Chugani et al. 1999, 2002; Kuperman et é&719Chugani et al. (1999) and Chandana et
al. (2005) reported significant differences in gaubstnatal serotonin level in the frontal,
temporal, parietal and occipital cortex betweerndcan with autism and control subjects.
Serotonin level in a normal human cortex, as irentsl, is highest shortly after birth and
decreases with age up to sexual maturity. Howewemg children with autism have a
significantly attenuated peak in serotonin synthesimpared to age- matched controls (Chugani
et al. 1999; Chandana et al. 2005). Their capdaitgerotonin synthesis increases gradually
from 2 to 15 years.

A causal role for serotonergic abnormalities inehielogy of autism is also suggested by
studies indicating autism-specific genetic polyniosms in 5-HT metabolizing enzyme,
transporter or receptor genes (Sutcliffe et al.5200

Cellular consequences of increased serotonergic adty during brain development.
Thefirst serotonergic neurons are detected by thevéek of gestation (Sundstrom et al. 1993).
Their number increases dramatically by th& a@ek (Kontur et al. 1993, Levallois et al. 1997)
and at the age of 15 weeks of gestation raphé inrareldormed (Takahashi et al. 1986).
Serotonin levels increase throughout the first tavéive years, but in adulthood serotonin level
is only 50% of the concentration observed in infa(ioth and Fekete 1986, Chugani et al.
1999). This suggests that high levels of serotanennecessary during brain development and
suggests the contribution of serotonin to normalrbdevelopment. Whitaker-Azmitia (2005)
hypothesized that serotonin neuron developmerdgssaated with an increase of the serotonin

to a level at which serotonin innervation reachéssal higher than that required for normal
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brain structure/function. A negative feedback meddra, most likely mediated by the 5-IthT
receptor, curtails neuron growth to adult brairelev

Cellular consequences of peripheral hyperserotonemiin autism. According to the
second Whitaker-Azmitia (2005) hypothesis, periphbyperserotonemia observed in some
autistic children may affect development of theibserotonergic system with structural and
functional consequences contributing to a behalvarasm phenotype. Hyperserotonemia at
early stages of brain development, when the bloathtbarrier is immature, results in an
excessive amount of serotonin that can enter thia lof the developing fetus, and down-regulate
development of the raphé nuclei through negatiedlfack. The 5-Hil receptor present both
on the body of the serotonergic neurons in theéanltlei and in brain target neurons, plays an
inhibitory role in autoregulation of serotonergieunon development, and acts as an inhibitory
autoreceptor in the mature brain (Whitaker-Azmatngl Azmitia 1986, Lauder et al. 2000,

Gaspar et al. 2003).

1.4. Serotonin, serotonin transporter, and receirs

5-HT synthesis.Over 95% of the body 5-HT is present in the gastestinal tract
(Erspamer 1966), mostly in enterochromaffin ceflthe mucosal epithelium (Gershon et al.
1994) and in serotonergic neurons of the entemeaus system (Gershon et al. 1994, Erde et al.
1985). Serotonin action is regulated temporallg spatially by cells possessing enzymes
catabolyzing 5-HT (Martel 2006). Enzymes catabalgz-HT, including monoamine oxidase
(MAO) and glucuronyl transferase are located indék cytoplasm. Therefore, inactivation of 5-

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

neurons.

Tryptophan hydroxylase (TPH)
L-Tryptophan-5-monooxygenase

OH =
Y

O, Tetrahydro- Hydroxytetra-
biopterine hydrobiopterine

L-Tryptophan 5-Hydroxy-L-Tryptophan
(5-HTP)

5-Hydroxytryptophan decarboxylase

Aromatic L-amino acid decarbi lase
Iy i ino aci rboxylas Pyridoxal

phosphate

Monoamine oxidase (MAQ)
Aldehyde dehydrogenase

OH <}:
NH,, H,0, l/ R 0, HO

5-Hydroxyindoleacetic acid Serotonin
(5-HIAA) (5-HT)

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

In humans and animals, serotonin is synthesizedwo- step process from the amino
acid L-tryptophan. The first step requires trygtap hydroxylase (TPH). The TPH- mediated
reaction is the rate limiting step in this pathw@l?H exists in two forms: TPH1 present in
various tissues and TPH2 which is a brain-spe@béorm. Genetic polymorphisms in both
TPH1 and TPH2 influence susceptibility to anxietyg @alepression. Addition of a hydroxyl group
to L-tryptophan results in 5-hydroxy-L-tryptophasiTP). The product of action of 5-

Hydroxytryptophan decarboxylase on 5-hydroxy-L-toghan is serotonin (5-HT). Monoamine
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oxidase and aldehyde dehydrogenase break dowroserdd 5-hydroxyindoleacetic acid (5-
HIAA) which is excreted

5-HT distribution. Experimental studies of the rat brain revealed SRl
immunolabeling in axons is distributed diffuselyatighout the portion of axonal cytoplasm or
is observed in large (80 to 150 nm in diametersdesore vesicles (DCV). However, application
of different protocols of tissue preservation suggge¢hat 5-HT distribution is in part modified by
fixation techniques. In glutaraldehyde- fixed tissnore diffuse labeling is observed in axons
and in axon terminals whereas in acrolein-fixeduesimmunolabeling of 5-HT was found
mainly in dense core vesicles (DCV) in axons anohaberminals (Pickel and Chan 1999).

Synaptic and non-synaptic transmission of 5-HTSerotonin transmission might be
restricted to the synaptic cleft (hard-wired neransmission) or neurotransmitter diffusion to
remote sites (volume or paracrine transmissionpvidadge of synaptic transmission in the brain
is based in part on studies of acetylcholine adtiotihe neuromuscular junction, where ACh
released into the synaptic cleft diffuses and adtx with intrasynaptic receptors. Rapid binding
to receptors restricts ACh diffusion and incregaedability of degradation of ACh by
acetylcholinesterase (Magleby and Terrar 1975,dBattal. 1991). This process is known as
“buffered diffusion” (Katz and Miledi 1973) andisstricted spatially to the synaptic cleft.

In contrast, 5-HT can participate in what has beemed “volume” (Fuxe and Agnati
1991) or paracrine transmission in the dorsal raitein the substantia nigra pars reticulata
(Bunin and Wightman 1998). In the DRN, 5-HT neurerkibit little synaptic specialization and
the majority of 5-HT uptake sites is extrasynaptitthe DRN serotonergic neurons accumulate
5-HT in the cell body and dendrites in vesicles ireleasable form (Hery and Ternaux 1981,

Iravani and Kruk 1997, Bunin and Wightman 1998)vadl as in axon collaterals and terminals
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(Mosko et al. 1977, Liposits et al. 1985). Ultrastural studies suggest junctional and non-
junctional release of 5-HT but non-junctional pretleates. For the serotonergic system which
communicates mainly by extrasynaptic means, sysapsg exist simply as a point of
anatomical connectivity, but transmission is base@xtrasynaptic mechanisms (Bunin and
Wightman 1998).

Dopamine also diffuses from the synaptic cleft ameracts with receptors and
transporters at remote sites (Smiley et al. 199 nWerg et al. 1997). The dopamine (DA)
transporter regulates the lifetime of DA in theragellular space and the distance DA can travel
from its release site (Garris and Wightman 199%50%et al. 1996). Interactions of 5-HT and
dopamine in extrasynaptic space allow for longageaof activity and less specific interactions
than neurotransmission restricted to the synapeit (Clements 1996). The computed excess of
both receptor and transporter sites relative totimaber of 5-HT molecules suggests that
innervated brain structures (such as substantranigay optimally use the large amount of 5-
HT released by rapid bursts that can originathéncell bodies of the raphé neurons (Hajos et
al. 1996). In contrast to glutamate and GABA usggaptic transmission and not activating
second messenger systems but directly activatmghannels, most DA and 5-HT receptors are
coupled to second messengers (Kandel et al. 1991).

Serotonin transporter (SERT)

SERT, a 630 residue hydrophobic phosphoglycopratéih the molecular weight of
59kD (Blakely et al. 1991, Hoffman et al. 1991, Mayet al. 1991, Baker et al. 1994) is a
member of the Na+/Cl- dependent plasma membransgoater family. It is expressed in
perisynaptic areas of afferent fibers from mediad dorsal raphé nuclei. The prefrontal cortex

as well as hippocampal sectors CA1 and CA3, hazdijhest densities of this transporter. The
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serotonin transporter takes up released serotommn the synapse to replenish neuron stores.
Dysfunction of the receptor and the subsequentrabaldevels of serotonin in the synapse are
characteristic of anxiety, depression, alcoholisi drug addiction. Some medications that treat
these conditions work by blocking this transpo(Wersinger 2006). Antidepressants increase
serotonin levels by blocking SERT. Serotonin réakip depends on the level of active
transporter on the cell surface.

SERT is a marker of serotonergic axons. Immunostgifor SERT allows one to follow
projections of serotonergic fibers from the raphélai to brain target areas (Verney 2002).
Serotonin transporters appear evenly distributealifhout the dorsal raphé nucleus. Repeated
application of certain antidepressants changesesgmn of the serotonin transporter in the
dorsal raphé (Stockmeier 1996). Removal of exthaee serotonin by SERT proteins is a major
pathway for 5-HT inactivation. Serotonin that i bound to receptors is removed from the
synapse by transporters and transported backhetadguron where it is metabolized.

Molecular cloning of SERT from human placenta (Ramorthy et al. 1993), rat brain
(Blakely et al. 1991), basophilic leukemia cell cBNbraries (Hoffman et al. 1991) and from
human raphé (Lesch et al. 1993) revealed the Sratsporter’s primary structure. SERT
contains 12 putative transmembrane domains, cygoptaN- and C-termini and N-glycosylation
sites within the large extracellular loop betweemsmembrane segments 3 and 4 (Blakely et al.
1993).

Serotonergic raphé neurons reveal high levels ®8ISEBRNA (Austin et al. 1994,
Charnay et al. 1996). In situ hybridization studrethe rat (Fujita et al. 1993) and human
(Austin et al. 1994) brain revealed that SERT mRBlAredominantly expressed in raphé

neurons but failed to demonstrate SERT mRNA inl gidis.
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SERT catalyzes the co-transport of N@l and 5-HT and removes 5-HT from the
extracellular space. The uptake mechanism is detivaithin less than a millisecond after
transmitter release. Therefore SERT shapes thedomese of the postsynaptic response (Bruns
et al. 1993). 5-HT release is a near instantanpoacess that accompanies impulse flow,
whereas uptake is time-dependent (Bunin and Wighth®®8).

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

Ultrastructural immunolabeling demonstrates 5-HTarge dense core vesicles (Pickel
and Chan 1999). Vesicular release of 5-HT by seetgic neurons (Gobbi et al. 1998) is
accompanied by reuptake into these neurons thrthegberotonin transporter (SERT) (Qian et
al. 1995). The extracellular 5-HT levels reflecsioilar release and plasmalemmal reuptake
through SERT. Experimental studies of the nuclegesimbens in the rat suggest that increased
5-HT release without concomitant increase in SERJression in individual axons may
contribute to higher extracellular levels of serato(Pickel and Chan 1999). Similar
relationships are observed between extracelluwaideof dopamine and plasmalemmal
dopamine transporter (Nirenberg et al. 1997, Jehat 1996).

The studies of Down syndrome and an experimentaletaf DS (Ts65Dn mice)
indicate that alterations in the serotonergic systee involved in abnormal neurogenesis and
developmental neuronal deficits (Bianchi et al. @0This concept is supported by reports
documenting reduced 5-HT level in DS (Risser e18987) and the causative link between 5-HT
depletion and permanent reduction in neuron nunmbiére adult brain (Whitaker-Azmitia
2001). Antidepressants increase neurogenesis idethiiate gyrus and subventricular zone of the
lateral ventricle (Malberg et al. 2000, Shankaraal €2006). Treatment of neonate Ts65Dn mice

(animal model of DS) from postnatal day P3 to P1th Wuoxetine, an antidepressant that
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inhibits serotonin reuptake increases neuronaifpration in the adult Ts65Dn mice (Clark et al.
2006). P15 Ts65Dn mice had defective proliferatiothe hippocampal dentate gyrus,
subventricular zone, striatum and neocortex, bteale of proliferation were completely rescued
by fluoxetine. Moreover, behavioral tests revealeohplete recovery of memory performance in
fluoxetine treated Ts65Dn mice (Bianchi et al. 2010

SERT distribution. SERT immunogold labeling is detected in ultraduiced studies in
axons, axonal terminals, dendrites and glial pree®sSERT immunolabeling prevails at
nonsynaptic sites of axons (Zhou et al. 1998, Piakd Chan 1999). In dendrites, SERT
immunogold particles are observed (a) along plasmabrane of one dendrite apposed to other
dendrite, (b) along plasma membrane of dendritéréan synapses or (c) along plasma
membrane apposed to synaptic terminals.

In unmyelinated axons, SERT is observed along pasiembrane (a) apposed to other
unmyelinated axon, (b) unmyelinated axon appos¢deaendrite, or (c) synaptic terminals.
Reaction is observed along plasma membranes ociatsbwith membranes of small synaptic
vesicles (SSVs) of axons.

Double immunolabeling for 5-HT and SERT shows #maall unmyelinated axons
express both SERT and 5-HT. Labeling for 5-HT mnsas diffuse labeling within the axon,
whereas immunogold SERT labeling is localized althvegplasma membrane.

In the rat nucleus accumbens, SERT was detect@@d-61% of unmyelinated axons.
Immunolabeling appeared denser in small axonsitharon terminals. Immunolabeling for
SERT was detected also in 2 to 4% of dendriticif@®br dendritic spines as well as in glial
processes (Pickel and Chan 1999). These obsersaimuyest a role for SERT in synaptic and

nonsynaptic communication. The extrasynaptic distron of SERT (Pickel and Chan 1999) and
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dopamine transporter DAT (Nirenberg et al. 199 9gasts that monoamines diffuse from sites
of release into the synaptic cleft to distant réoegin a paracrine mode of transmission (Bunin
and Wightman 1998). This hypothesis is consistetit the presence of receptors for 5-HT and
dopamine located at pre- and post-synaptic sitegiedl as nonsynaptic sites on plasma
membranes (Pickel and Sesack 1995, Hirst et aBdl®2akab and Goldman-Rakic, 1998).

SERT expression and 5-HT uptake by glial cellsThe results of studies of SERT
expression in glial cells are inconsistent. A stofl$ERT distribution in rat brain revealed that
there is no evidence for the presence of SERTIigctivglial cell bodies and processes (Sur et
al. 1996). However, it was shown that culturedaggial cells take up 5-HT (Whitaker et al.
1983). Moreover, the Nedependent, fluoxetine sensitive serotonin uptakadtrocytes from rat
cerebral cortex suggests SERT involvement (Davekamelberg 1994).

Drugs binding to SERT. Enhancement of extracellular concentration of Bila
fundamental mechanism for the success of applicati@ntidepressants. SERT is considered a
primary target for antidepressant drugs. It wasuduented that antidepressants, such as
fluoxetine, bind to SERT and increase extracellldael of 5-HT (Schloss and Williams 1998,
Staley et al. 1998).

The role of monoamine oxidase in 5-HT pathwayslt has been proposed that after
reuptake mediated by SERT, the 5-HT is deaminayeditochondrial monoamine oxidase
(MAOQO) and that this process produces 5-hydroxyiadetic acid (5-HIAA). MAO-A is known
as having a high affinity for 5-HT. However, seno¢rgic neurons do not appear to have MAO-
A. Therefore reuptake into the nerve terminals teay to reutilization of 5-HT rather than
degradation, whereas uptake of 5-HT by MAO-A-pesitastrocytes results in 5-HT inactivation

(Bel et al. 1997).
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Serotonin receptors. In the nervous system the function of serotonimésliated by 14
subtypes of 5-HT receptors (Hoyer et al., 1994;tMand Humphrey, 1994; Saudou and Hen,
1994). The 5-HTareceptor appears the earliest of the serotonimptereand reveals a prenatal
peak. In the human cortex, density of 51fieceptors decreases with age (Stockmeier 1996). It
is found on bodies of raphé nuclei serotonergica®s) on target neurons, and enterochromaffin
cells in the gut (Janusonis 2006). In the braamatodendritic autoreceptors regulate serotonin
release from raphé neurons. Lack of these receptarsritical period of brain development
results in anxiety in adult mice (Janusonis 2006).

The 5-HT;4 receptor is involved in activation of hyperpolang K™ channels, which
leads to a decrease in firing of neurotransmittémngtially after treatment with the receptor’s
agonist, the agonist binds to autoreceptors onéraghirons. Serotonin release at the presynaptic
terminal is decreased due to the hyperpolarizifecebf 5-HT4 autoreceptors. Any excess
agonist is free to act on postsynaptic 5:klfleceptors, inhibiting postsynaptic neurons.
However, prolonged treatment with agonists leadstgrnalization and desensitization of the
autoreceptors on the raphé neurons while the puetsiz receptors are unaffected. Inhibition of
autoreceptors results in an increased 5-HT releReéeased 5-HT binds to postsynaptic 5:KHT
receptors causing elevated signaling (Banerjee 2007

The serotonigh (5-HT,a) receptor is one of the most common serotoninptecs
involved in facilitating the formation and mainterca of synapses (Niitsu et al., 1995) and
associated with psychological and mental event$h(R®94). Immunostaining shows that the
entire soma and dendritic tree of Purkinje cellsogered with 5-H7a receptors (Maeshima et

al. 1998). In vitro studies have shown that 5-Hfibits the growth and arborization of Purkinje
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cell dendrites through 5-HBIreceptors and stimulates them through the 5sH@ceptor

(Kondoh et al., 2004). 5-HT promotes the formatdisynapses in a developing and mature
brain and spinal cord (Chen et al., 1997; Niitsalgt1995; Okado et al., 1993), and this process
is mediated by the 5-HIreceptor (Niitsu et al.., 1995).

SERT in astrocytes Bel et al. 1997 suggest that a low concentratfdBERT mRNA or
protein in a single astrocyte may not give a detdetsignal but higher numerical density of
astrocytes than neurons makes astrocyte SERT éicagi factor in regulation of extracellular
5-HT level. The level of extracellular 5-HT is reégied by neuronal 5-HT synthesis and release
into the extracellular space, uptake by 5-HT remegpaind autoreceptors and reuptake mediated
by SERT on neurons and astrocytes.

The uptake of 5-HT by rat brain astrocytes has loeenmented (Katz and Kimelberg
1985, Kimelberg and Katz 1985, Dave and Kimelb&g4). mRNA for the 5-HT transporter is
detected in cultured rat astrocytes and in adulbran both in areas with serotonergic cell
bodies (in midbrain and brainstem), and in aredisout serotonergic cell bodies (frontal cortex).
Primary cultures of cortical rat and mouse astresyeveal that astrocytes take up and deaminate
5-HT (Fitzgerald et al. 1990, Bel et al. 1997)vivo studies also demonstrate that rat astrocytes
uptake 5-HT and that this process is mediated bystrocyte’s serotonin transporter.
Antidepressants, including citalopram, clomipramiihgoxetine, fluvoxamine, paroxetine and
sertaline inhibit serotonin uptake by astrocytesl @ al. 1997). Astrocytes may play a
significant role in control of serotonergic actwhy inactivating 5-HT in sites distant from
serotonergic terminals. Therefore astrocytes aoghen cellular target for antidepressant drugs
that inhibit 5-HT uptake. Uptake of 5-HT into astytes (containing MAO-A) may result in

inactivation of 5-HT and regulation of extracellugerotonin level (Bel et al. 1997). The
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presence of MAO-A has been shown in astrocytesnmgunohistochemistry (Westlund et al.

1988).

1.5. Anatomy and connectivity of the human raphéerotonergic system

Detection of serotonergic neurons in human postmtem brain tissue samples.The
raphé nuclei in the brainstem are the source oftgein in the human brainThe term “raphé”
describes a midline seam where the left and rightds of the brainstem appear to be fused
(Térk and Hornung 1990). Cresyl violet stainingwsis that medium to large neurons with
strongly stained Nissl substance form severalmistiuclei of the raphé. Heavily stained
neurons corresponding to the dorsal raphé nucleus described first by Kélliker in 1893. A
detailed cytoarchitecture of the human raphé systambased on application of the aldehyde-
fuchsin technique applied to thick sections by Bri@al970. The first histological localization
of monoamines was based on application of the fhiste@scence technique demonstrating
distribution of serotonergic neurons near the lstaim midline (Dahlstrom and Fuxe 1964).
Characteristics of serotonergic neurons were rdftmeapplication of immunohistochemical
methods demonstrating distribution of tryptophadriyylase involved in serotonin synthesis
(Joh et al., 1975), serotonin (Steinbusch 1981)s@ndtonin transporter (Sur et al. 1996, Zhou et
al. 1996). Cytoarchitecture and chemoarchitectéifeiman raphé nuclei has been described by
Halliday et al. 1988a, 1990, Tork and Hornung 1®ker et al. 1991ab, and reviewed by
Hornung (2003).

Serotonergic neurons in the human brain can beae®mweeks of gestation (Sundstrom
1993). Formation of raphé nuclei can be seen ateldks. Serotonin fibers grow into the cortex

prenatally. Serotonin levels continue rising bitera2-5 years of life decline to adult levels.
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Technology available for detection of serotonergtarons in human postmortem
material is limited. Methods of detection of serotoin animal material cannot be used in
postmortem material because serotonin rapidly pises from the cells after death.

Fetal brain. Brain of fetuses rapidly frozen or fixed imme@igtafter an abortion was
used by Nobin and Bjorklund (1973), Olson et a873), and Takahashi et al. (1986) to
demonstrate serotonergic neurons in the humanbdedaistem.

Aldehyde-fuchsin method Braak et al. 1970 employed the aldehyde-fucheshriique
for thick sections to study the cytoarchitectureha human raphé system. Braak’s report has
provided the most detailed analysis of the humahéanuclei to date although the technique is
not specific to serotonergic neurons.

Tryptophan hydroxylase. Térk and Hornung (1990) delineated serotonergaeaiun
formalin fixed human brain using mAb PH8 which rgoizes tryptophan hydroxylase, the
biosynthetic enzyme of serotonin (Haan et al. 1989rk and Hornung's (1990) protocol
appears to be the best one for preservation of huoranstem for research. Tdiked the
brainstem in 4% buffered formaldehyde solutiondeveral months, washed in phosphate-
buffered solution (PBS), then immersed in a 30% e solution and sectioned hfr-thick
serial sections on a freezing microtome. Four gesgrial sections were stained with: (a) PH8
antibody (1:2000) for demonstration of tryptophadrdoxylase-like immunoreactivity, (b)
antibody against tyrosine hydroxylase (TH; 1:150(n den Pol et al. 1984) for tyrosine
hydroxylase-like immunoreactivity, (c) Cresyl vigland (d) Weigert staining. Every eighth
section of one complete brainstem (left and rigla¥y immunohistochemically stained and used
for 3D reconstruction of TPH-immunopositive neurgmesumed to be serotonergic neurons

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

Based on cyto- and chemoarchitecture, spatiailoliston and projections (Halliday et al.
1988a, 1990, Tork and Hornung 1990, Baker et &14%nd b), and properties of neuronal
precursor populations (Ding et al. 2003) six clustid serotonergic neurons in the human
brainstem are divided into a rostral and a caudalm

Rostral group. The rostral group accounts for 85% of all serotgizeneurons in the
brain (Hornung 2003), is confined to the mesenclgohand rostral pons, and consists of the
Caudal Linear Nucleus (CLN), Dorsal Raphé NucléRN), and Median Raphé Nucleus
(MRN)(also called Nucleus Centralis Superior Parxiilis). Serotonergic neurons of a rostral
group project mainly to the forebrain.

Caudal group. The caudal group consists of the Nucleus RaphgnM&a(NRM),

Nucleus Raphé Obscurus (NRO), and Nucleus RaphiéiBa{NRP). The caudal group extends
from the caudal pons to the caudal portion of tieelmia oblongata. Neurons of the caudal
group project to the caudal brainstem and to tiheaspord (Hornung 2003).

Caudal Linear Nucleus (CLN). The CLN is located dorsal and caudal to the
interpeduncular nucleus and occupies a region ®@milline between the two red nuclei
(Halliday and Tork, 1986). The CLN contains a hegenous population of neurons including
large serotonergic and dopaminergic neurons pigeadike neurons in the substantia nigra or
locus coeruleus, and neurons positive for substBré¢alliday et al. 1990). The majority of
serotonergic neurons have a few dendrites oriantdte dorsoventral and rostrocaudal direction
(parallel with the midline) (Térk and Hornung 199Due to the large population of serotonergic

neurons, the CLN is considered the most rostraigopf the serotonergic raphé system.
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According to Hornung (2003) estimates, serotonemgigzrons in CLN are ten times less
numerous than in the dorsal or in the median raypioéei.

Dorsal Raphé Nucleus (DRN).The DRN is located on the border of the meseraeph
and pons. The most rostral DRN cells appear dethed of the caudal part of the oculomotor
nucleus. The largest portion of this nucleus is@n¢ caudally to the oculomotor complex and is
the largest at the level of the trochlear nucléaghis level serotonergic neurons extend laterally
into the ventral periaqueductal gray and partiallyround the medial longitudinal fasciculus.
The DRN is subdivided into four subdivisions: do(§RD), ventral (DRV), interfascicular
(DRIF)(also called Nucleus Centralis Superior Hamssalis) and ventro-lateral (DRVL) (Baker
et al. 1990). The caudal subdivision of the doraphé nucleus (DRc) becomes slender and
extends to the midpontine level. DRN neurons aigelanultipolar cells extending their dendrites
for about 10Qum from the cell body (Tork and Hornung 1990, Ba&eal. 1990). In about 40%
of neurons in the rostral half of DRN serotonicasocalized with substance P (Baker et al.
1991a) but some neurons also synthesize sevenapeptides including dynorphin,
angiotensin, neurotensin or enkephalin (Jennels #0982, Bjorklund and Hokfelt 1985).

The ventrolateral group located just dorsal tottbehlear nuclei is characterized with the
highest numerical density of serotonergic neurdhg. small multipolar neurons in this
subnucleus extend caudally from the midbrain (amt@ole of DRN) into the rostral pons (Tork
and Hornung 1990).

The lateral group of cells, which cannot be reaogphin Nissl stainings, includes the
largest TPH positive neurons in the dorsal raphéchvare loosely arranged. They have a

characteristic morphology- they are multipolar, &8v4 straight, aspiny dendrites that have
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dichotomous divisions. The dendrites end approxegatOOum from the cell soma. (Tork and
Hornung 1990)

The dorsal subnucleus is located dorsomedialgéwémtrolateral group and ventral to the
aqueduct floor. Medium-seized neurons are loosegnged (Underwood 1999). The two wings
of the dorsal subnucleus are joined at the midline.

The interfascicular subnucleus located betweeraladtright medial longitudinal
fasciculi stretches from the rostral end of thesdbraphé to the caudal end of the median
nucleus. The densely arranged neurons are origatatiel to midline. The caudal portion of
the dorsal nucleus is made up of two strips of oesiion either side of midline. The cells are
densely arranged, and small to medium sized wibit sfendrites. The caudal group continues
well into the rostral pons (Térk and Hornung 1990).

Median Raphé Nucleus (MRN) (also called Nucleus Cealis Superior Pars
Medialis). In the human brainstem, the volume of the MRN &sl#rgest of all the raphé nuclei.
The MRN extends from the caudal limit of the deaties of the superior cerebellar peduncle to
the level of the trigeminal motor nucleus. The MRNlivided into a rostral half and caudal half.
The rostral half is located in the midline and edlthe median region or median raphé proper. In
this subdivision more than 80% of neurons syntleeserotonin. The caudal half consists of a
paramedian region and two lateral extensions imgheular formation. The dorsal extension
consists of serotonergic neurons in the nucleusigporalis (PnO). The ventral extension
consists of serotonergic neurons dispersed intpetemniscal nucleus (SulL) (Baker et al.
1991a). The percentage of serotonin producing msusosignificantly less in lateral divisions of
the MRN (Baker et al. 1991b). Few neurons in theNVif®ntain substance P, cholecystokin,

dynorphin, enkephalin, or neurotensin (Bjorklund &tokfelt 1985).
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TPH-immunoreactive neurons have round cell somalaindshort dendrites. They are
densely packed in the rostral portion of the MRN boosely 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 fdy on
15% of serotonergic neurons in the human brainiftiog 2003).

NucleusRaphé Magnus (NRM). The NRM is the largest nucleus of the caudal group
made up of about 30,000 neurons (Hornung et al3R0's located above the medial lemniscus
at the level of the facial nucleus, adjacent torthéline. The NRM extends from the rostral
superior olive back to cranial nerve XII. It costsiof medium sized to large multipolar neurons.
There is continuity between the NRM and the clukteated in the neighboring gigantocellular
reticular nucleus (parg

Nucleus Raphé Obscurus (NRO).The NRO is located caudally to the NRM in the
dorsal half of the medulla close to the midlineneTNRO is divided into the paired subnucleus
extraraphalis and an unpaired subnucleus intratispifesubnucleus extraraphalisis made
up of elongated and multipolar neurons with longdidges. Thesubnucleus intraraphalis
consists ofmedium to large, spindle-shaped neurons with ldegk Nissl bodies (Azmitia
1999). Neurons of the NRO express substance PHiBeto et al. 1984, Halliday et al. 1988Db,
Rikard-Bell et al. 1990) and galanin (Blessing &a 1997).

Nucleus Raphé Pallidus (NRP).The NRP is an unpaired median nucleus with medium
and large cells. These contain few peripherallNiedies and have irregular ragged edges. The
NRP is located adjacent to the midline betweerptlramids and the overlying medial
lemniscus. NRP is the smallest group in the ragylséem with only approximately 1,000

serotonergic neurons (Hornung 2003). The nuclasste maximal development at the level of
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the rostral pole of the inferior olive. At the ckliend 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 ralséaind caudal pontine reticular
nucleus composed mainly of small to medium-sizagaors, except in the gigantocellular
reticular nucleus. They project to the thalamugdtlgalamus, septum, and medial frontal cortex
(Jones and Yang 1985, Robertson and Feiner, 1B®2jral and caudal reticular nuclei are
involved in sleep (Morrison and Reiner 1985), cdiatayama et al. 1986), horizontal gaze
control (Fuchs et al. 1985), pain perception (capdealemniscus) (Mehler et al. 1960). The
gigantocellular reticular nucleus (Olszewski anct®a 1954) contains the largest multipolar
neurons which are probably involved in general sabu Several clusters of large multipolar
TPH-IR neurons with long aspiny dendrites are presethe reticular formation, especially in
the rostral portion of the pons laterally to thedme nucleus (T6rk and Hornung 1990). One of
the most prominent gatherings of serotonergic neuno the reticular formation is located in the
human (Térk and Hornung 1990), cat (Jacobs et9@4)land monkey (Azmitia and Gannon
1986) oral pontine nucleus. The second large adlu$t€PH-IR neurons located dorsally to the
medial lemniscus is the human homolog to the BBgeelp identified by Dahlstrom and Fuxe
(1964). Westlund’s (1988) observation that in casitto raphé MAO B-positive neurons,
serotonergic neurons in the reticular formationMA B-negative, suggests that reticular
formation serotonergic neurons represent chemiealtl/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 nucldietentral gray (Nobin and Bjorklund 1973).
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Three major subdivisions: median, dorsal and latsnatral gray nuclei were identified by
Olszewski and Baxter (1954). Golgi studies distiagad loosely dispersed fusiform, stellate and
pyramidal neurons (Mantyh 1982). Central gray nesrare innervated by serotonergic neurons.
While the role of serotonergic innervation of tlemtral gray neurons has not be determined,
Soubrie’s (1986) review suggests their role in hafa@havior. They may modulate numerous
connections of the central gray with amygdala, hlyglamus, hippocampus and several cortical
regions (Beitz 1991).

Morphometric studies of human raphé nucleiOnly a few immunocytochemistry-
based morphometric studies of human raphé nuagiablished. Several characterize the DRN
in alcoholism and depression (Underwood et al. 26fafliday et al. 1993, Baker et al. 1996).
While Underwood et al. did not demonstrate a défifee in the number of PH8-immunoreactive
neurons in DRN in the alcoholic group, Hallidayakt(1993) observed fewer serotonergic
neurons in alcoholic individuals with Wernicke eplkalopathy and Wernicke-Korsakoff
syndrome compared to controls. Baker et al. (19869rted lower TPH immunoreactivity but
no difference in the total number of neurons.

The number of DRN serotonergic PH8-immunoreacteserans in 6 control subjects 17
to 74 years of age was determined as 80,386 +1@A288vas similar to estimates in alcoholic
individuals (85,884+12,478; n = 9, aged 16 to 6érge

The volume of the DRN was 88+9 mim controls and 55+5 mtin alcoholics. The
length of the DRN was 15+2 mm in controls and 18t in alcoholic individuals. The average
size of DRN neurons was 3524i#° in the control group vs 360+18n°in alcoholic subjects.
However, alcoholic individuals had optical dendi§H-IR 42% greater than the control subjects

dorsal raphé nucleus (p = 0.028). There was natedfeage or severity of disease. However, the
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density of neuron processes (area of immunoreaptveesses/DRN crossection area) was 2.2-
fold greater in the DRN of alcoholics than in cehBubjects (p=0.03) and increase correlated
with duration of alcoholism.

Autoradiographic and immunohistochemical studiegrshown that in the rat the DRN
contains about 35,500 neurons among which 11,50taro5-HT (Descarries et al. 1982). The
cat DRN is reported to have 24,300 5-HT neuronsc¢hvbonstitute about 70% of the total
(Wiklund et al. 1981). In human the DRN contaibs@ 165,000 5-HT- immunoreactive
neurons (Baker et al. 1991a).

The study suggests increased content of TPH whaphneflect an increase in the overall
synthesis of 5-HT. Lower CSF 5-HIAA in alcoholiclgects (Fils-Aime et al. 1996) and higher
TPH-IR optical density may indicate abnormal enleahiatracellular accumulation of 5-HT but
reduced release. These data suggest that loweosieréunction in alcoholic individuals is not
due to deficit of 5-HT-synthesizing neurons or reellilevel of TPH. Reduced serotonin
transporter binding in the brainstem of alcoholibjects demonstrated in SPECT imaging
(Heinz et al. 1998) but an unmodified number ofrnaa suggests less transporter binding per
serotonergic neuron.

Connections of the raphé nucleiVirtually all regions of the brain receive serotogic
afferents from raphé system neurons (Azmitia 20%8)dies on rat indicate that the serotonergic
system can be divided into two developmentallyigestsubsystems (Aitken and Tork 1988,
Lidov and Molliver 1982). The rostral raphé nudl@im ascending pathways of axons sent
mainly to the forebrain. The caudal raphé systenmipmanervates the lower brainstem and the
spinal cord. The superior group of raphé nuclejguts to the forebrain. Limbic areas, primary

sensory association areas, suprachiasmatic nudlé¢is hypothalamus and substantia nigra are
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abundant in serotonin fibers. All cortical layeeseive serotonergic projections with higher
branching in granule cell layers (IV).

The dorsal raphé nucleus innervates the occipited bnd most of lateral thalamus via
the dorsal raphé cortical tract. The interfas@cslubdivision of the DRN (also called nucleus
centralis superior pars dorsalis) innervates thetél cortex, lateral regions of hypothalamus,
amygdala, corpus striatum, and lower hippocampashe lateral forebrain bundle. The median
raphé nucleus (also called nucleus centralis soippars medialis) innervates the medial cortex,
medial regions of the thalamus, septum, and upip@obampus via the medial forebrain bundle.
(Azmitia 2012)

The caudal raphé system innervates the lower liesmmand spinal cord. The ventral horn
of the spinal cord is innervated by the nucleutéapbscurus. This entry is made through the
posterior fasciculus. Serotonin fibers follow théMand tectospinal tract. The dorsal horn is
innervated by the nucleus raphé magnus. Venterldemedullary neuron fibers use the lateral
fasciculus to innervate the lateral horn (Azmité9%).

Various synaptically connected target regions najnbervated by fibers from a single
serotonergic neuron or group of neurons. It isestied that one serotonergic neuron can
influence approximately 10,000 target neurons. dikersity of cellular targets of raphé
serotonergic neurons including neurons, glia, eperad cells, and brain neuroendocrine centers,
suggests that serotonin is involved in homeostagalation of the entire brain (Azmitia 1999,
2012).

Raphé nuclei function (respiration, blood pressurearousal). The serotonergic system
of the medulla oblongata consists of 5-HT neurocsatied in the midline raphé, lateral extra

raphé and helps regulate autonomic and respirétation (Kinney and Paterson 2004). These
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medullary nuclei are interconnected (Kinney e28D1) and project to nuclei in the brainstem
and spinal cord and influence respiratory drivey®tores et al. 2000), blood pressure
regulation (Henderson 2000), thermoregulation (Begt al. 1999), upper airway reflexes and
arousal (Krammer et al. 1979). Medullary 5-HT nesrbave also been proposed to be central
respiratory chemosensors (Richerson 2004) criticgeneration 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 antinociceptjFardin 1984). Oliveras et al. (1979)
reported that DRN is the most effective nucleusstonulation- produced analgesia. Moreover,
stimulation of DRN increases the analgesic efféchorphine (Samanin and Valzelli 1971)
whereas DRN lesions partly abolish morphine induarealgesia (Yaksh 197.7)

Difference between axons of DRN and MRNExperimental studies with anterograde
tracer Phaseolus vulgaris leukoagglutinin) administered by iontophoresiscate that rat dorsal
and median raphé nuclei give rise to axons thatrem@hologically different. Axons which arise
from neurons in the DRN are fine and typically hawgall, pleomorphic varicosities that range
from extremely fine granular dilatations to spindleped, fusiform varicosities from 1 tqu
diameter) (type D axons). Axons of neurons of trieNMare characterized by large (3 tarh
diameter) spherical varicosities (type M axons). & MR projections overlap in many cortical
areas. However, large varicose type M fibers apfeepreferentially innervate the hippocampus
and other limbic areas. In the frontal cortex theran extremely high density of fusiform and
granular (Type D) fibers (Kosofsky and Molliver I98Larger size and greater varicosity of 5-
HT axons has been reported in the nucleus accunghetigSequela et al. 1989). A relatively

homogenous distribution of fine, sparingly varicdseT immunoreactive axons was observed
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in the core of the NAc (Van Bockstaele and Picl893) and in the dorsal striatum (Azmitia and
Segal 1978, Steinbusch et al. 1978, Soghomoniah £889). These data indicate that the
structure of axon terminals of serotonergic neuisrtetermined 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. Thexhibit striking differences in vulnerability
to the amphetamine derivative 3,4-methylendioxyraethhetamine (MDMA, Mamounas et al.
1991). Thin, slightly beaded fibers originatingrfralorsal raphé are selectively ablated
following administration of MDMA. Thicker, beadeibérs 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 wasesimined
as 9x10sites/mmi (Moukhles et al. 1997). Varicosities are positiselioth 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 (Cowsnoheet al. 2001), whereas microcephaly was
detected in 15.1% of 126 autistic subjects frora 26 years of age (Fombone et al. 1999). The
study of 107 dup(15) cases revealed macroceph&@yB# and microcephaly in 16.8% (Schroer
et al. 1998). The postmortem dup(15) group is attarezed by a high prevalence of
microcephaly, intellectual deficits, epilepsy amilepsy related death.

Accelerated brain growth. Theabnormal trajectory of brain growth appears to be a

global marker of developmental changes. By 3-5g/elt, 12-20% of autistic subjects are
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macrocephalic (Lainhart et al. 2006). Reductiobri@n growth by the age of 5 years results in
partial normalization of brain size and head cirtenence (Courchesne et al. 1987, Redcay and
Courchesne 2005). Post childhood, brain volumedeas shown to decrease at a higher rate
than in normal individuals (Courchesne et al. 2010)

Courchesne (2003) has identified 4 phases of lgraiwth characteristic to autism: (a)
small or normal brain volume at birth; (b) rapideogrowth in first year of life; (c) age 2-4,
decline of growth; and (d) close to normal brairesn late childhood and adulthood. Brain
enlargement is not present at birth. The outgrdvathbeen shown to occur in a gradient, with
most happening in the frontal and temporal cortexlaast in the occipital. These changes
occur in regions responsible for development ohtagder social, emotional, and language
functions (Courchesne et al. 2007). The increaseaith Bize is mostly due to increased white
matter volume in cerebrum and cerebellum as weh@gased gray matter volume in cerebrum
(Carper et al. 2002). Theories for the overgrowahenincluded failure of apoptosis and excess
neurons due to alterations of cell cycle regulati@Qourchesne et al. has shown excess in neuron
number in autistic males (Courchesne et al. 20M9. list of possible causes includes excessive
numbers of neurons, excessive rate of growth tbeeneurons or glia, increased density of
minicolumns, early expansion of dendritic arbongréased number of connections, and
premature myelination (Courchesne et al. 2003).

The cerebellum of autistic individuals also shows-apecific changes. The hemispheres
are about normal size in childhood while in adutititdbecome reduced in size. Lobules VI to
VII of the vermis display hypoplasia at 10 montsge, through infancy, childhood and into
adulthood (Courchesne 2010). The studies of thadisan revealed various striking

abnormalities, including abnormal inferior olivé&agiman 1985), reduced neurons in facial
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nucleus, a shortening of the brainstem and a nasteat superior olive (Rodier 1996). Jou et al.
has shown a decrease in gray matter volume inrdiadtem (Jou 2009).

Neuron number in autism. Several reports suggest brain region—specificaltns in
the number of neurons ranging from a striking iaseeto a decrease below control level.
Neocortical studies have revealed a 67 % increatigeinumber of neurons in the prefrontal
cortex (Courchesne et al. 2011) and a 53 % incrieabe ratio between von Economo neurons
and pyramidal neurons in the fronto-insular co®antos et al. 2011). However, in the fusiform
gyrus a reduced number of neurons was found (vanefoet al. 2008). Both qualitative
(Kemper and Bauman 1993) and quantitative studiagdy et al. 1998, Fatemi et al. 2002)
revealed a regional decrease of the number of Rjerkells and prenatal loss of Purkinje cells
(Whitney et al. 2008, 2009). Increased cell packlagsity reported in several nuclei in the
amygdala of 9-29 year old autistic subjects (BauarahKemper 1985, 1994) suggested arrested
amygdala development (Kemper and Bauman 1993). Menvestimates of packing density do
not take into account the volume of an anatomiegian. Unbiased stereological methods
revealed reduced number of neurons in the amygu@eall and in the lateral nucleus in nine
autistic subjects from 10 to 44 years of age. Tdese of the lower number is not known.
Authors assumed that in autistic subjects few nesimere generated during development or that
excessive degeneration/loss reduced the numbesundns to one lower than in control level
(Schumann and Amaral 2006). Kulesza et al. (20dd9nted a significant decrease in the
number of neurons in the superior olivary compléauwistic subjects 2 to 36 years of age
suggesting a link between these developmental ted@a auditory deficiency commonly
reported in autistic subjects. It has been sugdeht Purkinje cells disappear between tHE 32

gestational week and birth (Whitney et al. 2009 melas defects of the brainstem tegmentum,
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including superior olive complex, are a result ibémations around the fourth gestational week,
coinciding with neural tube closure (Rodier etl®96). The number of neurons in the raphé
nuclei was not examined in autistic subjects.

Neuron volume in autism The first neuropathological studies of braingirautistic
subjects showed that autism is associated withopatinological changes (Bauman and Kemper,
1985; Courchesne et al., 1987; Damasio et al., ;1l986himoto et al., 1989, 1993; Murakami et
al., 1989; Ritvo et al., 1986). Curtailed developitnaf neurons seen as a feature of an immature
brain (Friede 1975) was one of the first findingsutism reported by Bauman and Kemper
(1985, 2005). Reduced size of neurons is the nusistent pathology reported in brains of
people with autism (Courchesne et al. 2005 a,ba@as et al. 2006, Van Kooten et al. 2008,
(Jacot-Descombes et al. 2012).

Casanova’s 2006 study of the superior and middietél gyrus in 6 autistic subjects 4-24
years of age compared to 6 age-matched contro¢éstslghowed reduced minicolumnar width,
increased neuron density (by 23%) and reduced nesire. Van Kooten’s 2008 study of the
fusiform gyrus of 7 autistic subjects 4 to 23 yeafrage and 10 control subjects 4 to 65 years of
age revealed a reduced total number of neuronsealuted mean perikaryal volume of neurons
in layers V (21%), and VI (-13.4%). The authors sidered these developmental alterations as a
sign of pathology contributing to impaired face ggssing in autism. The study of the inferior
frontal cortex BA 44 and 45 involved in languagegassing, imitative functioning and social
processing networks revealed smaller pyramidaloreuolume in layers Il (-18%), V (-18.5%)
and VI (-22%) in autistic subjects 4 to 52 yead @dmpared to age- matched control subjects
(Jacot-Descombes et al. 2012). Significantly smaléirons in layers I-lll and V-VI in the

anterior cingulate cortex in autistic males 154oyBars of age suggests a contribution to
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abnormal affective and cognitive behaviors, defe€amotional attachments and emotional self
control, poor adaptive responses to changing comgdit and deficits of attention (Simms et al.
20009).

The reduction by 24% in Purkinje cell size in aitisubjects 20-30 years of age
compared to age- matched controls was consider&atayni et al. (2002) as a marker of
Purkinje cells atrophy.

Minicolumns are the basic functional units of tleocortex. Reduced minicolumn width
observed in autistic subjects is associated witimareased number of minicolumns per cortical
unit volume and reduced neuron soma and neurorusisize (Casanova et al. 2002, 2003).
Such closely packed minicolumns could result incearcomplex cortex where each functional

unit is more interdependent (Williams and Casar/AD; Baron-Cohen 2004).
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2. AIMS AND HYPOTHESES

Raphé nuclei in autism Imaging studies reveal signs of impairment ofsaetonergic
system in autism (Chugani et al. 1997, 1999, Makkoet al. 2008). These data support clinical
applications of serotonin- enhancing drugs suckeastonin reuptake inhibitors (Mehlinger et al.
1990, Fatemi et al. 1998, Kolevzon et al. 2006 )wkieer, lack of improvement or worsening of
clinical status (Brodkin et al. 1997, King et &0®, Williams et al. 2010) is in conflict with the
assumption that serotonin level is reduced in taelof autistic patients. To address this
Azmitia at al (2011ab) performed the first postreortstudy of both serotonergic pathways and
serotonergic innervation in brain target structwkgoung autistic subjects. The authors found
increased number of serotonin axons immunoreatigeHT transporter in forebrain pathways
(medial forebrain pathway, stria terminalis andaalesiticularis) and in target areas (amygdala,
temporal cortex and globus pallidus). The detestgds of over-activity of the serotonergic
system may explain adverse effects of SSRI apphicatdditionally enhancing serotonin
utilization in the brain of autistic patients (Azmaiet al. 2011ab). Presence of developmental
alterations within serotonergic pathways and seegic innervation in all examined target
structures suggests that these changes are aimfle€ developmental alterations in neurons in
raphé nuclei which synthesize serotonin and prodacetonergic pathways and axonal
projections within target brain structures. Chaggaeation of serotonin producing neurons and
level of TPH reflecting serotonin synthesis in g in the raphé of autistic subjects may fill
the gap between imaging studies showing reductidorain serotonin (Chugani et al. 1997,

1999) and studies demonstrating an increase itcsenctransporter-positive axons (Azmitia et
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al. 2011ab). Therefore, the overall aim of thigigtis to characterize the pattern of
developmental alterations in raphé nuclei of aigtstibjects.

Technical limitations and risk factors. In contrast to the genetic uniformity, age and
gender sampling, and identical protocols of tigsxegion without a postmortem delay in
experiments on serotonergic system in animalspdsémortem human material is strikingly
different due to a combination of genetic and epage factors, a broad spectrum of differences
in postmortem cell structural and chemical degiadatnd different methods of brain dissection
and tissue preservation for postmortem studies.g¥ew only human tissue is a carrier of
autistic developmental and age associated chahgeddfine the autism clinical phenotype, and
only human brain studies can specifically addresslicting observations. In contrast to the
highly standardized quantitative stereological md#) immunofluorescence-based methods of
guantitative human tissue evaluation do not hawveeusally accepted standards and have limited
software support. Therefore this first stereologacad immunofluorescence-based quantitative
study of raphé in autistic subjects is focused lootistandardization of methods of tissue
preservation for quantitative evaluation and dedeodf markers of developmental alterations in
raphé nuclei of autistic subjects. The review wrhture and the amount and quality of material
suitable for postmortem study of the brainstem aéaca conflict between methods of tissue
preservation for routine pathology and quantitasittedies of the raphé nuclei complex in the
human brainstem. Therefore, a significant effors faxrused on standardization of methods

facilitating studies of the serotonergic systerauism.
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Specific Aims

Aim 1: To detect the type and topography of developaiatitanges in raphé nuclei of autistic
children.

Hypothesis 1 A study of raphé nuclei of 5-15 year old autistiibjects can identify early
developmental changes in the serotonergic systemeti& and epigenetic factors determine both
clinical differences among autistic subjects artdrindividual differences in type and
topography of morphological changes. It is hypattegsthat in spite of interindividual
differences, delayed neuronal growth and alteratioTPH cellular expression are dominant

features of autistic subjects’ raphé nuclei whicyroontribute to the autistic phenotype.

Aim 2: To establish standards for brainstem tissue praerny immunostaining, and
guantitative evaluation.

Hypothesis 2. One may assume thestablishment of standards of tissue preservatidn a
evaluation will help demonstrate that:

- Developmental morphological changes are mainbntjtative and are detectable with
unbiased morphometric methods.

- Developmental abnormalities result in measurahbinges of expression and distribution of

tryptophan hydroxylase, the key marker of neuraotsain synthesis.

The brain of autistic subjects is a unique regisfrthe organism’s response to genetic
and/or epigenetic factors including pre- and pdsirexposure to noxious factors and changes

related to multiple and diverse treatments. Thimglexity and diversity corresponds to
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complexity and diversity of clinical autism manifagons. One may expect that this study will
help in designing standards for large group stydied in developing methods to identify

developmental alterations in the raphé and theitrdmution to autistic phenotype.
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3. MATERIAL AND METHODS

3.1. Material

The autistic group consisted of 4 subjects ranfioigp 5 to 15 years of age including 2
females and 2 males, whereas the control groupstedof 4 subjects 6 to 15 years of age,
including 3 males and 1 female (Table 1). Thesesagre selected from 9 autistic subjects and
6 control subjects. Selection was based on clim@gnosis of autism and existence of complete
raphé nuclei for qualitative and quantitative ségdi

Clinical characteristics of autistic subjectsMedical records of autistic subjects
consisted of psychological, behavioral, neurologarel psychiatric evaluation reports. In those
records, the Autism Diagnostic Interview-Revise®(/R) or ADOS-G7 was applied by a
licensed psychologist as a standard tool for charamg behavioral alterations related to
autism. For postmortem cases, ADI-R was basedioical records and interview of parent or
caregiver. These were obtained from ATP portahayg aire available for researchers using

donated tissue.



Table 1. Control and autistic subjects qualified ér study
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Group | Brain Bank | Histol # | Cause of death Hemi; | Age | Sex | PMI | Fix

# BS only | (y) (h)y |(m)

Autism | B7002 M1-08 | Drowning R 5F 33.0 6

Autism | B5569 M2-08 | Drowning R 5M 25.5 | 98

Autism | B7079 M13-10| Asphyxiation due| R 15| M 23.2 3
to hanging

Autism | B7619 M3-10 | Acute aspiration | LR 15| F - 15
pneumonitis

Mean| 31

m

Control| CNL1567 M9-10 | Asphyxiation due| L (BS) 6|F - 59
to hanging

Control| CNL 1388P | M4-06 | Drowning L 4M 72 9

Control | CNL1548 M1-10 | Carbon monoxide L 10| M - 48
intoxication

Control | CNL1566 M8-10 | Carbon monoxide L (BS) 15| M 32.0 | 52
intoxication

Mean| 42

m

Inclusion criteria. Inclusion of a subject in this study was base@ snmmary of scores
of four domains:

(A) qualitative abnormalities in reciprocal social naigtion;

(B) qualitative abnormalities in verbal and nonvert@ahmunication;

(C) restricted, repetitive, and stereotyped patterrizebgvior, and

(D) abnormality of development evident at or beforen®6iths (Lord et al. 2000).

In three cases (M2-08, M13-10, and M3-10) autisms a@nfirmed using ADI-R,

whereas in M1-08 autism diagnosis was confirmeti WDOS-G7.



Table 2. Neurological evaluation of autistic subjets
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|

Case #| Seizures Anxiety Sleep Sensory Other
alterations
M1-08 | No Sleep onset Sensitive to | Developmenta
seizures difficulties smells, light,| delay
sounds.
M2-08 | No Freq. agitation, Significant sleep | Significantly | Regression at
seizures | screaming and disorder with sleep reduced age of 6 m.
crying. Treatment:| walking. Night: 3-4| sensitivity | Often laughed
Prozac for 3 years| h of sleep; for no apparen
2.5 mg on daily afternoon: 3 h of reason
basis; Valium- sleep. Treatment:
occasionally. melatonin
M13- | No
10 seizures
M3-10 | No Anxiety,
seizures | hyperactive,
attention disorder

Table 2 summarizes neurological records includomges related to serotonergic function.

Numerous data indicate that a deficiency of cemseabtonergic signaling may predispose

individuals to development of mood disorders inaligdaggression, anxiety, impulsivity,

depression and obsessive-compulsive disorder (L1&%8, Mann et al. 2001, Nelson and

Chiavegatto 2001). These symptoms are also obsenaibjects diagnosed with autism. Due to

clinical diagnosis of mood disorders patients eezated, among others, with selective serotonin

reuptake inhibitors (fluoxetine, paraxetin, citalam and others) which may modify expression

of tryptophan hydroxylase and/or serotonin trantgvoAn uncontrolled pattern of laughing is

associated with function or dysfunction of la@hé magnus and rostral nucleus obscurus (Assal

et al. 2000). Insomnia and abnormal sleep pat@mmseported in approximately 60% of children

with autism (Souders et al. 2009).

Allergies and treatments of autistic subjectsThe5-year old boy (M2-08) had
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records of severe allergic symptoms including fexgiswelling and rashes in response to milk,
soy and various other food products. He was treatddBenadryl, as needed, and epinephrine
to reduce swelling.

Pregnancy, perinatal and postnatal period - potenél risk of exposure to epigenetic
factors. Records for the same subject (M2-08) reveal sigaifi exposure to pregnancy-related
risk factors. The mother suffered from cluster faedes in the first trimester and was treated
with Imitrex. In the third trimester she was alsaghosed with hypoglycemia, decreased blood
pressure, and fainting. During early childhood, ékemined subject was diagnosed with chronic
otitis media and required multiple treatments vaititibiotics and bilateral ear tube installation.
Significant behavioral regression was reportedhatage of 6 months.

Genetic component in two autistic subjectsFamily medical records of M2-08 reveal
pervasive developmental disorder, bipolar disordgs|exia and learning disabilities in the
maternal extended family. The 15 year old femal8{M) was diagnosed with dup(15) and
autism. Dup(15), known also as supernumerary igodiic chromosome 15g11.2-q13 or
inverted duplication 15, is a relatively common ggnanomaly observed as tetrasomy or mixed
trisomy/tetrasomy of a segment of the proximal lang of ch15. In 69% of maternal origin
duplications of 15q11.2-g13, copy number alteratiare associated with autism, as well as with
intellectual deficits, epilepsy, seizures, hypakatst and hypotonia commonly observed in
idiopathic autism groups (Cook et al. 1997, Dawsbal. 2002, Bolton et al. 2001 and 2004).

Tissue acquisition.Brain tissue samples, usually one entire brain bphdre, were
assigned to a project funded by the U.S. DepartmieDefense Autism Spectrum Disorders
Research Program. The Pl of Neuropathological Syégtrin this Program Project approved

application of brainstem tissue for this studyl# serotonergic system. Beginning in 2010, |
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prepared (processed, embedded, cut and immunadt&ireainstems for this project and used 3
brainstems already removed, embedded and cut i& &0@ 2008. In 2010, the brainstem
dissection protocol was modified to improve preation of raphé nuclei. The modifications
were done under consultation of Prof. Efrain C. Aarirom NYU.

Due to sudden unexpected death of all autisticcamtrol subjects, the autopsy was
performed by medical examiners. After tissue recpby forensic pathologists and partial brain
dissection to preserve samples for routine toxigpland pathological evaluation and diagnosis,
remains of the brain or one intact brain hemispleatanidsaggitally were sent to brain banks,
consistently with next of kin donation. Brain tissfor this project was obtained from the
Harvard Brain Tissue Resource Center and the Bank for Developmental Disabilities and
Aging of the NYS Institute for Basic Research invBlepmental Disabilities. Brain banks are
authorized to request medical records and carégiadditional data, but the scope of records
provided ranges from very detailed to a few demplgiarecords.

Brainstem sampling.Brain dissection by medical examiners is perforroaasistently
with pathology standards. A midsaggital cut is ugedivide the entire brain including brain
hemispheres and the brainstem into left and rightiephere. This cut may result in partial loss
of raphé nuclei located in the brainstem midlinkee Tiext cut on the level of the midbrain
exposes the substantia nigra for routine patho&gyuation, but this cut results in a loss of
caudal linear nucleus and portion of dorsal rapl#eaus.

Anonymity of the donor and coding of the isue.Each brain hemisphere number given
by the institution that received the donation wasdias the only identifier of clinical records and
tissue samples. The methods applied in this stughe @pproved by the Institutional Review

Board at the New York State Institute for Basic &ash in Developmental Disabilities.
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3.2. Methods
Fixation. The brain hemispheres with cerebellum and bramdtad previously been
fixed with 10% buffered formalin for an averaged@ months in the control group (from 9 to 59
m). Average fixation time of brain hemispheres wiistic subjects was 31 m (range 3 to 98 m).
Dehydration. Formalin was washed from tissue using overnigisiess with filtered
water. The brainstems were then dehydrated iniessef ethyl alcohols on shaker (50% ethanol
for 3 days; 70% ethanol for 4 days; 80% ethanoBfdays; 95% for 4 days, 100% for 2 days).
Embedding and sectioning.The brainstem was embedded in polyethylene giRaG,
Igbal et al. 1993). Serial 50m-thick sections were cut, washed 3x in EtOH toaeeresidues
of PEG and stored in 70% ethanol. Due to fasteefpation of EtOH and PEG into a smaller

brainstem, sample processing was shorter than gsimgeof 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 (1) 2 days (room temp)
PEG 400 (Il) 2 days (roommf®
PEG 1000 (I) 2 days (€
PEG 1000 (ll) 2 days (€

Embedding PEG 1000 (fresh; 42

PEG block storage: 4°C

Cutting: 50um-thick serial sections.

Storage of sections70% EtOH
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Colorimetric staining

Detection of serotonin synthesizing neuronsNeuron morphometry (cell volume
measurement) was done using sections immunostaiied?PH8 mouse monoclonal antibody
anti- human tryptophan hydroxylase (Millipore Catale No. MAB5278, Millipore, Temecula,
CA). Serotonin is rapidly metabolized and the lesfederotonin decreases several hours after
death to an undetectable level (Joyce 1962). Sarogynthesizing neurons are detected with
mAb PH8 that binds a common epitope of tryptophglrdxylase, tyrosine hydroxylase, and
phenylalanine hydroxylase (Cotton et al. 1988) ptophan hydroxylase converts tryptophan to
5-hydroxytryptophan, therefore the cellular levettos serotonin synthesis-limiting enzyme is a
measure of serotonin synthesis. In formalin fixegirbtissue, at lower PH8 concentrations
(2:5,000 — 1:10,000) only serotonergic neuronsstamed, whereas in increased concentrations
all brainstem monoaminergic neurons, including dogaergic neurons of the locus coeruleus
and dopaminergic neurons in the substantia nigratained. However, in contrast to light brown
staining of noradrenergic and dopaminergic neurggiophan hydroxylase positive neurons
synthesizing serotonin are brown/black.

After wash in fresh 70% ethanol, tissue was wagbedl5 min in ascending
concentrations of EtOH (70%, 80%, 95%). Blockifigodogenous peroxidase was done with
0.5% hydrogen peroxide in absolute methanol. AtBBS wash, the sections were then treated
with 10% FBS in phosphate buffer solution (PBS)30rminutes to block nonspecific binding.
The antibody PH8 was diluted in 10% FBS serum i8RPB4000), and sections were treated
overnight at 4C. The sections were washed and treated for 30tasmith biotinylated sheep
anti-mouse 1gG antibody diluted 1:300. The sectiwase treated with an extravidin peroxidase

conjugate (1:200) for 1 hour, and the product atten was visualized with diaminobenzidine
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(0.5 mg/mL with 1.5% hydrogen peroxide in PBS).eAftmmunostaining, sections were lightly

counterstained with hematoxylin.

Immunofluorescence staining

TPH. Immunofluorescence was applied to detect and measliular content of
tryptophan hydroxylase. This method of estimatibm®H signal was selected due to less
dependence on multi-step immunocytochemistry sadhat finalized with DAB as a
chromogen and variability with incubation times. dde monoclonal Ab PH8 (1:5000) was used
as primary antibody and affinity-purified donkeytiaara against mouse IgG labeled with Alexa
Fluor 555 (1:500) were used for immunodetectioneafction product. Alexa Fluor 555 was
chosen over previously tested Alexa Fluor 488 duaeéed-through with 488. Sections were
mounted with Prolong Gold Antifade reagent (P36930lecular Probes).

SERT. Serotonin transporter was detected with monoclébabT51 (1:600) and
antisera against mouse IgG labeled with Alexa Fa&d (1:500)(MAB Technologies).

Neuronal nuclear marker. Antibodies that recognize the DNA-binding, neurpedfic
protein NeuN are used for immunodetection of nesiiarhuman surgical and autopsy brain
tissue (Andres et al. 2005). NeuN protein is rettd to neuronal nuclei, perikarya and some
proximal neuronal processes. Anti NeuN antibodeset with most neuronal cell types.
However, several types of neurons, including Pyekaells, most neurons in the retina and in
sympathetic chain ganglia are not immunolabeledI{\&tal. 1996). Tests with mouse
monoclonal anti-NeuN antibody MAB377 (Millipore,tedog no. MAB377, 1:2000 dilution)
also revealed lack of reaction with neuron nuckeus soma in human raphé nuclei. This was

confirmed in another lab.
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TOPRO-3 from Invitrogen (1:1000) was used as aegarainarker. DAPI (hon-neuron
specific) was considered. However, it is not vielgaimder all confocal setups due to optimal
excitation wavelength of DAPI, which is in the né#Y range. Nuclear staining was done only
for visualization of cells when combined with imnagtaining for TPH as TOPRO also stains
non-serotonergic neuron nuclei and non-neuron NUBERPRO3 was used because of its long
wavelength fluorescence far from green and reddlploores. Various TOPRO concentrations
and incubation times were tested and optimal canditwere selected.

Long PMIs, autolytic changes, and variable timésgue fixation affected structure and
biochemical properties of tissue, including immuaosng, immunofluorescence and nuclear
staining. TOPRO nuclear staining with soma stgimnlack of nuclear staining in presence of
cytoplasmic staining was often observed in neurdhsse staining artifacts could be due to
degradation of the nuclear envelope. A long posteno interval such as reported in examined
cases is the cause of growing permeability of yjgedomal membrane, and leaking of lysosomal
enzymes that break down organelles, membranesratens. Damage of nuclear membranes
results in DNA and histone leak into the cytoplesmd observed distortion of nuclear markers in
human material. Inmediate fixation of animal matkeprevents this type of artifact.

Axonal marker. Axons of raphé nuclei neurons were detected miblnse monoclonal

pan-axonal neurofilament marker SMI-312 (1:1000)\@&MICE, Princeton, NJ).

Imaging. Images were generated using a Nikon C1 confoaabistope system with

EZC1 image analysis software.
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Immunofluorescent staining standardization

The original immunofluorescent staining revealedrsgy background and numerical data
did not show the significant differences seen Viguzetween examined control and autistic
subjects. The staining protocol was revised. Stahdation of staining protocol involved: (1)
antigen retrieval, (2) incubation time and antibadytions, (3) nuclear staining, (4) application
of detergents, (5) use of proper controls (Tabfg.3-

In formalin- fixed tissue with protein cross-linkich mask the antigenic sites, antigen
retrieval increases immunolabeling. Heat indugatbpe retrieval using a buffer was applied,
however, when temperature exceeds 80-85° C andetieeeds 15 min the risk of tissue damage
increases. The standard used in preservationsofeifor immunofluorescence-based quantitative
analysis was 2x saline sodium citrate buffer (S®€2 hours at 65°C. The SSC buffer was used
at a neutral pH because depending on epitopegvatrat a lower or high pH may lead to
decreased immunolabeling.

Triton X-100, a popular detergent for improving peation for immunohistochemistry
was used in low concentrations. Reducing TritooeXcentration to 0.1% improves
immunofluorescence with PH8 and ST51 in compartedh4% Triton.

Washing of serial sections in ethanol was expand&aclude 70%, 50%, and 30%
before immersing in PBS to make the transition fiedoohol less destructive for free floating
sections.

Serum blocking times from 3 hours to overnight wested and 3 hour long blocking
was chosen to reduce unspecific binding. Duedioaat time, the concentration of sera was
increased to 10%. These conditions prevented bathacific binding and excessive blocking

that may cause masking of antigenic sites.
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The indirect staining method was used with primerg secondary antibodies.
Monoclonal antibodies were used where possibledoce cross-reactivity. Various primary
antibody concentrations were tested to determiienapconcentration where staining was
strong but the least background was seen. Testspegformed with various concentrations of
secondary antibody to set optimum conditions. Cotradon of secondary antibodies was
decreased from 1:300 to 1:500 to reduce backgrstaiding. Incubation time was decreased
from overnight to 3 hours to preserve specificrstej but reduce background and unspecific
precipitations.

Positive controls utilized were pathology- freesidraphé 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 Id B&S totaling 30 min. Antigen retrieval
at 65C in 2x SSC buffer was followed by room tenap@re wash in same buffer. Nonspecific
staining was blocked at room temperature using $46fem of the host of the secondary
antibody. Samples were left overnight aCelsius in primary antibody diluted in PBS/10%
serum of host of secondary antibody. After 30 total wash in cold PBS, sections were treated
in the dark with secondary antibody linked to flociirome in 10% serum/PBS/0.1% Triton-X
for 3 hours in room temp. Another wash with coBiSPwas followed by labeling with 1:1000
TOPRO3 in PBS/Triton for 10 minutes in the darknagher wash in cold PBS totaling 30 min

was followed by mounting with antifade mounting nugd in the dark.



Table 3. TPH protocol
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Procedure for

Case

Case

TPH stack measurements

Section

Section

Staining with PH8, and TOPRGC

Negative control for
staining with PH8

Wash in descending EtOH
concentrations

70%, 50%, 30% EtOH (x 5min)

70%, 50%, 30% EtG
(x 5 min)

H

Cold PBS

3x10 min

3x10 min

Antigen retrieval

2x SSC buffer/i265°C

2x SSC bhuffer/ & 65
°C

Wash

5minin SSC 2x

5 minin 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

PBS/serum of the host of the
secondary Ab

1:5,000 (in PBS/Donkey
Serum) OVERNIGHT (4C)

temp)
Wash. No No
Primary ab diluted in PH8 Mouse 10% Donkey Serum

IPBS, 0.1% Triton X
OVERNIGHT (4°C)

Cold PBS

3x10 min

3x10 min

Secondary Ab diluted in PBS
(in dark)

Donkey Alexa Fluor 555-taggec
anti-mouse (red) 1:500 (in 109
donkey serum /PBS/0.1%
TritonX), 3h room

| Donkey Alexa Fluor

b 555-tagged anti-mous
(red) 1:500 (in 10%
donkey serum
/PBS/0.1% TritonX), 3
h room

117

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




Table 4. SERT Protocol
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Case#

Case#t

Staining with ST51

Section#

Section#

Staining with ST51, and TOPR

DNegative control for
staining with ST51

Wash in 70%, 50%, 30% 5 min 5 min
EtOH
Cold PBS 3x10 min 3x10 min

Antigen retrieval

2x SSC bufferf265°C

2Xx SSC buffer/2 65
°C

Wash

5 minin SSC 2x

5 minin SSC 2x

Block unspecific
binding using serum of the

10% donkey serum/PBS, 0.1%
Triton X100; 3h

10% donkey
serum/PBS, 0.1%

host of secondary Ab room temp. Triton-X100 3h
(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, 0.19
Triton X100) (overnight, 4C)

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-taggec
anti-mouse (red) 1:500 (in 109
donkey serum /PBS/0.1% Trito
X100), 3h room temp.

| Donkey Alexa Fluor

b 555-tagged anti-

nmouse (red) 1:500 (in
10% donkey serum
/PBS/0.1% Triton
X100), 3h 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 distributiom®H in neuronal soma and processes. TPH was
used as a marker of sites of serotonin syntheais.aRonal neurofilament marker SMI-312 was
used as selective marker of cytoskeleton in axbRsl-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 toeddhtiate SERT in serotonergic neuron

soma and dendrites versus SERT distribution in SMA-positive axons.



Table 5. Double immunostaining protocol sample
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Double staining Case# Case#t Caset#t

with PH8 and SMI | Section# Section# Section#
Staining with PH8, SMI | Negative control for Negative control for
and TOPRO staining with PH8 staining with SMI

70%, 50%, 30% x5 min x5 min x5 min

EtOH

Cold PBS 3x10 min 3x10 min 3x10 min

Antigen retrieval 2x SSC buffer 2 h 2x SSC buffer 2 h 2x SSC bufar

(65°C)

Wash 5 minin SSC 2x 5 minin SSC 2x 5min in &XC

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 | PH8 Mouse 1:5,000 (in | 10% Donkey Serum PH8 Mouse
in PBS/serum of the PBS/Donkey /PBS, 0.1% Triton X, 1:5,000 (in
host of the sec ab | Serum), overnight, 2 | overnight, £C PBS/Donkey

Serum), overnightC

serum /PBS/0.1%
TritonX), 3 h RT

serum /PBS/0.1%
TritonX), 3 h RT

Cold PBS 3x10 min 3x10 min 3x10 min
Secondary Ab Donkey Alexa Fluor 5551 Donkey Alexa Fluor 5551 Donkey Alexa Fluor
diluted in PBS tagged anti-mouse (red) | tagged anti-mouse (red) | 555-tagged anti-mous
(DARK) 1:500 (in 10% donkey | 1:500 (in 10% donkey | (red) 1:500 (in 10%

donkey serum /PBS/
0.1% Triton), 3 h RT

[47]

Cold PBS (DARK)

3x10 min (DARK)

3x10 min (DARK)

3RImin (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)

2" 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 MPARK)

2" 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 serun
0.1% TritonX

PBS

3x10 min (DARK)

3x10 min (DARK)

3x10 min (DARK

Label with
TOPRO3 in PBS,

10 min. TOPRO 1:1000
in PBS, 0.1% Triton X-

10 min. TOPRO 1:1000
in PBS, 0.1% Triton X-

10 min. TOPRO
1:1000 in PBS, 0.1%

0.1% Triton X-100 | 100 (DARK) 100 (DARK) Triton X-100 (DARK)
PBS 3x10 min (DARK) 3x10 min (DARK) 3x10 min (DARK
Mounting Keep in dark Keep in dark Keep in dark
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Anatomical parcellation of the raphé nuclei. Large, heavily stained neurons clustered
dorsally to the trochlear nucleus and correspontbirtge dorsal raphé nucleus were described in
the human brain by Kadlliker in 1893 (Kdlliker, 189®ahlstrom and Fuxe distinguished nine
nuclei of serotonin-containing neurons in the nmdlof the brainstem of animals and labeled
them in caudo-rostral order from B1 to B9 (Dahlstréand Fuxe 1964). Serotonergic neurons not
related to raphé nuclei were found also in theuédr formation lateral to the raphé nuclei in
several species of animals (Jacobovitz and Macll8d@8, Poitras and Parent 1978, Steinbusch
1981, Steinbusch and Nieuvenhuys 1983) and muck manerous in primates (Azmitia and
Gannon, 1986) and in human fetus brain (Nobin gadkiind 1973, Olson et al. 1973,
Takahashi et al. 1986).

The basic histological characteristics of the hamaphé system were reported by Braak
in 1970 who applied staining with aldehyde-fuch&mmunohistochemical detection of
serotonin in postmortem human material is limitedduse serotonin dissipates rapidly after
death. The application of mouse monoclonal antid®Eg which recognizes in formalin- fixed
tissue tryptophan hydroxylase, the biosynthetig/erezof serotonin (Haan et al., 1987), resulted
in Tork and Hornung's (1990) detailed delineatidinoman raphé nuclei and computer
supported reconstruction of the serotonergic systetime human brainstem (Hornung and
Kraftsik, 1988).

3D Reconstruction. For mapping, PH8 immunostained serial sectiongwer
photographed using objective lens 1.25x. Prinfgyat magnification were combined into
panels. 852 images were used to build 71 paneasitoQrs of 6 raphé nuclei and several other
subregions rich in tryptophan hydroxylase positieeirons were delineated. Among these

structures were the B9 area, lateral paragigartsdaehucleus, pontis oralis nucleus, and
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paramedian raphé nucleus. The 3D reconstructastsstith a loose cloud of PH8 positive
neurons in the central gray and few neurons betantgi the beginning of the caudal linear
nucleus and continues to the end of the nucleusuobs in the medulla oblongata.

Mercury Systems Amira 4.1.2 was used to reconisthgcbrainstem from digital
microscope photographs. Manual segmentation wdsrpexd on serial sections. In a single
case, the entire brainstem including both hemisggghesas available for examination (15 yr old
female; M3-10). This sample was used for 3d recangon. Raphé nuclei in this subject were
present in 710 sections, each 80 thick. Total length of raphé nuclei complex v@&snm.
Segmentation produced 3 dimensional polygon susfémeeach structure which were rendered
to 2d for final editing and layout in Adobe PhotoplCS2.

3d reconstruction was also performed on 20x magibn of PH8 positive neurons.
Confocal series of immunofluorescent digital imagese transferred to Amira (Mercury
Systems). 3D surfaces were created using Amiraléimee threshold- based isosurface function.
The series consisted of 175 512x512 pixel images.

Morphometry. All morphometric measurements were performed witlkmowledge of
the subject’s age, severity of mental retardati@mder, clinical diagnosis, or neuropathological
status for the material being analyzed. Neuronaptmametry was performed at a workstation
consisting of Axiophot Il (Carl Zeiss) light micragpe with Plan Apo objectives 1.25x
(numerical aperture, N.A., 0.15); 2.5x (0.075), d@a (N.A. 0.75), specimen stage with 3-axis
computer-controlled stepping motor system (LudkcEltmics; Hawthorne, NY, USA), CCD
color video camera (CX9000 mbf Bioscience) andestieigy software (Stereo Investigator,

MicroBrightField Bioscience, Inc., Williston, VT, 8A).
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Numerical density of TPH-positive neuronsEvaluation of the total number of neurons
for the entire raphé nuclei complex and per indigichuclei was impossible because in majority
of cases only half of the brainstem was availaDlee half and a portion of the second half was
preserved in 8 cases included in this analysistéfbee the study was limited to unbiased
numerical density of TPH-positive neurons in thaikble half of the brainstem.

The numerical density of neurons was evaluateagusie optical disector method (Stereo
Investigator, MicroBrightField). The optical disecis used to count objects without any
assumptions about neuron size, shape or orientatiegual distance serial sections. The region
of interest (individual raphé nucleus) was delidaising Stereo Investigator. Grid size and the
virtual counting space were designed for each tstucture individually to adapt to the size and
shape of the region of interest, and to reduce 18Dtlae coefficient of error (CE). Using a 40x
objective lens the focal plane (optical sectionywaoved a known distance (depth of dissector =
30 um) and the number of number nuclei of TPH-positieerons was determined per dissector.
The motion through the focal plane axis was deteeshiusing a position encoder mounted on
the microscope. A um top guard zone was applied to eliminate an af@@echanical damage
by knife. Consistently with Stereo Investigatortinstions, neurons that fall inside of the
counting frame and those on the top and rightdif#he counting frame were included, whereas
those on the left and bottom line were excludea filimber of neurons per cubic mm was
calculated for the individual raphé nucleus. Nuwedrdensity of TPH-positive neurons
immunodetected with PH8 antibody in DAB protocolswetermined.

Volume of TPH-positive neuron somaThe volume of the neuron soma was estimated
with the nucleator method (Gundersen, 1988) usimgdBrightfield software. The software

defined a systematic random sampling sequenceuniticy frames within the boundaries of the
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ROI. Guard zones were set on top and bottom afyesextion to prevent bias related to
sectioning artifacts. Grid size and the virtualicting space were designed for each brain
structure individually to adapt to the size andpghaf the region of interest, and to reduce SD
and the coefficient of error (CE). More than 10Qno@al measurements per case resulted in CE
<0.01. The software provided volume per cell whes then used to calculate mean TPH
positive neuron soma volume per section and streictu

Fluorescence intensity measurementtmageJ software was used to measure neuron
mean gray value of signal for each cell (PH8). pkibtographs with a specific staining were
taken at same gain level preset in confocal miapscontrol software.

Sampling standardization.Application of automated estimation of TPH
immunofluorescence in raphé neurons to detectrdiffee between autistic and control subjects
required standardization of:

(a) Image acquisition, sampling of size, number anttiligtion of test units (stacks),
(b) Image analysis, and

(c) Background.

Selection of interfascicular nucleus for quantitatve immunofluorescence

The dorsal raphé nucleus was chosen based ondt@di neuron density, large size
and widespread projections, including areas linkgl autism phenotype: frontal cortex
(executive function), hypothalamus (social intei@tt, aggression), striatum (rituals,
stereotypes, planning movement, cognition), nucéaesimbens (social attachment, reward),
amygdala (social activity, anxiety, aggressionr,feagnition), and substantia nigra (reward,

addiction, movement).
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It was not possible to work on the Dorsal Raphéldls as a whole as it consists of
several known subdivisions and the test area woiuvlel different results based on placement, as
different DRN subdivisions have characteristic imeuwdistribution, density, orientation, etc.

The interfascicular subdivision was chosen becéusss a characteristic neuron
distribution including a parallel orientation arsdbiordered on 3 sides by non-dorsal raphé
structures, making for easier delineation in flsoence. More importantly, fibers from the
interfascicular subdivision of the DRN travel iretlateral forebrain bundle and innervate the
frontal cortex, hypothalamus, amygdala, and stnfaituvolved in functional changes observed in
autism.

Image acquisition - stack number, size, distributia

Stack number. Tests were done to determine what number of stackild provide a
representative sample of serotonergic neuronsul®dsom 4 stacks systematically distributed
within a DRN subdivision per case were compareesolts from a single stack. Differences
within stacks of the same DRN subdivision weredaigean intensity ranging more than 2-fold
in IF subdivision), therefore it was concluded thsing a single stack to represent a DRN
subdivision was inadequate. A test for placeméstaxcks randomly over the DRN without
taking into account subdivision boundaries, shod«ald variation making this approach
unusable as well.

Stack distribution and size At 40x, four sets of images (four image stacksjenable to
fit in the IF structure. The total thickness of 8tack was 25um with 25 images in each stack.
To reduce cutting- and mounting —related distodiohthe specimen and corresponding images,
the top and bottom 5 images were removed as guaesz This correction reduced the stack

thickness to 15um and 15 images. The single imaggewas 512 x 512 pixels (318 x 318um).
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The volume of the stack was 318 x 318 x 15um = m#on pnv. This volume was almost 170

times larger than the average volume of neuronr¢eqpately 9,000 pr).

Fluorescence image analysis

Selection of neuron soma TPH immunofluorescence asost representative measure
of neuron 5-HT synthesisTests of intensity measurements of an entire ékdew showed
significant differences in intensity within an irdiual. Intensity measurements of entire field
resulted in 4 datapoints per brain, whereas indaidoma intensity measurements resulted in
60+ datapoints per brain.

Due to the fact that stacks and therefore stadgleg@iion images contain variable numbers
of neurons, the total fluorescence per image isdaldy differences in number of neuronal
bodies. To reduce bias associated with variablebeurof neurons, technical artifacts and
vessels, fluorescence intensity was measured peomsoma after outlining the soma of each
neuron with cell nucleus exclusion. However, sigaifit differences in individual neuron soma
PH8 immunoreactivity observed in both control antdstic subjects are most likely a measure of
individual neuron involvement in 5-HT synthesigla 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 measuneisiel hey were more representative of stacks
than maximum projections. Maximum projections aeest image where each pixel contains the
maximum value over all the images in the stackat particular location whereas average
intensity projections store in each pixel the agermtensity over all images in stack at

corresponding pixel location.
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Background subtraction.

The eight brains were stained (concurrently) uidersame conditions, stored in same
conditions after staining (4°C), and photographedrie session under the same confocal
settings including pinhole size, laser intensitiyer settings and gain. Samples were exposed to
laser for the same amount of time.

Numerous standardization steps mentioned previagasiyited in background reduction
but not elimination. Intensity of background maydpecific for each case and related to
postmortem chemical cell degradation, formalintixa, PEG exposure, nuances in section
immunolabeling and other poorly characterized fiscto

To compare tryptophan hydroxylase immunofluoreseéndhe raphé of control and
autistic subjects, four approaches were testedn@ct for background, including:

(a) equal background correction across all 8 cases,

(b) pair wise background correction (modificationdame value in single pair),

(c) individual brain background correction (eachibrcorrected separately),

(d) mean cell backround correction using adjaceatien without primary and secondary

antibody to define cytoplasmic backround

Equal background subtraction. For across the board background subtraction rdetho
the method consisted of starting with the higheskiground case, choosing 10 brightest pixels
in areas with no soma/fibers and taking averagbef intensities, outlining the neuron soma on
image, using Math/Subtract in ImageJ software turagt the previously mentioned value from
each pixel of image for all images of all casesl measuring average intensity per cell soma.

Pairwise background subtraction This method differed in that the correction vales

chosen from the image with stronger backgroundichepair of cases.
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Individual background subtraction. The individual subtraction method differed inttha
the correction value was established for each iddat brain.

External cell background correction For each control and autistic subject the section
adjacent to TPH- immunolabeled section was treatdtdan identical protocol but both primary
and secondary antibody conjugated with fluorochrevaee omitted. The aim of this external
control was to define and subtract unspecific dignaluding lipofuscin autofluorescence in the
cytoplasm of raphé neurons. Subtraction of neuytoptasmic background was case specific
and eliminated distortion of cellular measureméxytsubtraction of neuropil background.

Statistical analysis Descriptive statistics were applied for each ¢askiding mean and
standard error. T-tests were done on mean sigteisity for each case to test for equality of
means. Two-tailed p values were calculated witlaoytassumption regarding direction.
Statistical analysis was performed using Excel@tada. Tests for TPH intensity equality of
means on Control vs Autism groups were carriednotlt the help of Dr.Flory utilizing cluster
sampling . They treated individual neurons asuthie of analysis with autism as a fixed factor,
while adjusting variance estimates to account fieces on sample variances of sampling a
limited number of cases. Thus the precision achidyethe measurement of many neurons was
taken into account while using the methods of elusampling to account for the fact that
sampling had been done in a limited number of ehgsivhich here are the individual cases
(Cochran 1977, Scheaffer et al. 2011, Sukhatme #084). Data were poststratified to adjust
for the differing numbers of neurons sampled pdividual so as to weight each individual
equally. Analyses were conducted using version dfithe Stata statistical package (StataCorp

2009).
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Spearman’s rank correlation coefficient was cakeuldetween age and TPH intensity as
a nonparametric measure of statitistical dependeimbes test allowed analysis of correlations

without the need for a linear relationship betweanables.
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4. RESULTS

4.1. Clinical, pathological and technical critera of brainstem sample selection

Application of clinical diagnostic criteria based ADI-R and ADOS, and
neuropathological criteria which eliminated caséb wevere pathology related to mechanisms
of death and technical criteria, resulted in reduncof the number of autistic subjects from 9 to 4
and control subjects from 6 to 4. These data atdithat 50% or more of samples cannot be
used for study of raphé nuclei even in a limitedpscof research, that is one half (left or right
half) of the raphé and only rostral group of raphélei. Evaluation of this material revealed that
the method of brainstem dissection is criticaldaality of brainstem sample and research
design. Examination of brainstem samples provideldrhain banks indicates that pathologists
employ two protocols of brain dissection and theither one is optimal for preservation of raphé
nuclei for research.

Mid-sagagital brain dissection.A mid-saggital cut divides the brain into a lefidaright
hemisphere (Fig 1.5). 3D reconstruction of raphéeiundicates that raphé nuclei are located in
the midline and extend 2-3 mm from the midline (2} Therefore, application of this protocol
results in loss of anatomical integrity of raph&leuand random preservation of only portions of
raphé nuclei. A mid-saggital dissection is in cmflvith basic needs of raphé nuclei
preservation.

The assumption that each brainstem can be cutlgxat¢he midline is usually not true
because the cut is almost always off the midline tdupostmortem deformation of a 60-70 mm
long brainstem sample during fixation. When a sanpbent to the left or right side, the

distortion affects symmetry of raphé nuclei. Whdmainstem is bent in the vertical plane, (Fig.
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1), the anterior nuclei are cut and visualized aoaect transverse plane, whereas caudal nuclei
(mainly magnus, pallidus and obscurus) are cutvaswhlized in different planes reflecting
curvature of bend, and distorting spatial relatiops between anterior and posterior nuclei.

Recommendations for studying half of the brainsteenbased on the assumption that
half of the raphé is representative of the entipghe. However, delineation of the midline of
nuclei is possible only when about 2 mm of the otiadf are present in the sample assigned to
study. Therefore, dissection requires a 2-3 mnt #ioim the midline on the entire length of
raphé nuclei (Fig. 3). In only a few autopsy saspthe brainstem’s left or right part was
preserved with extra tissue from the second halfiaronly these cases can half of the raphé
nuclei be examined on the entire rostro-caudalnexte

However, this protocol does not provide a perfactgle for morphology as well as
biochemistry or molecular biology (undeterminedtpaors of brainstem nuclei missing,
including raphé nuclei).

Transverse brainstem dissectionThe second routine protocol of brainstem diseacti
starts with cutting off the brainstem on the leskethe substantia nigra and transverse slicing of
the brainstem into several (usually 4-5) slabsaltetnative selection of slices for morphological
and biochemical studies (Fig. 3). It results iagarvation of random brainstem slices or slices
with specific diagnostic or research targets, agthe substantia nigra, locus coeruleus, inferior
olive, or other. Because raphé nuclei occupy apprately 45 mm in rostro-caudal direction of
the brainstem, application of this protocol resuita loss of anatomical integrity and random

preservation of parts of raphé nuclei for morphaaband biochemical studies.

Distortion of tissue sample volume during dehydratn with EtOH. Dehydration in

ascendingetOH concentrations, including absolute EtOH, signifibareduces the volume of
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tissue sample. Fig. 4 shows that the length ohistam from colliculus superior (the most
anterior portion ofaphd to the end of the inferior olive (the level oktmost caudal portion the
nucleus obscurus) is 60 mm, whereas the lengtbaoinstructedaphénuclei is 42% less (35
mm). Dehydration- related shrinkage affects suchpmametric parameters as cell volume and
length of neuronal processes. However, a comparatdeof shrinkage in all examined samples,
including brainstem of control and autistic subgeetlows for detection of disease- related

changes.
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Midsaggital BS shape distortion

Fig. 1.5. Brainstem sampling.Hemispheric sampling based on dissection of taabr
approximately in the midline provides cerebral artebellar hemispheric samples and usually a
close to midline dissection of brainstem with lo§s portion or entire raphé nuclei located on
midline. Fig (a) and (b) show left brain hemisphleegore and after dissection. Lateral (c),
midsaggital (d), dorsal (e), and ventral (f) viefAbcainstem hemisample. Cutting off the
brainstem in front of colliculus “c” means that tm@st anterior nuclei (CLN, DRN) are
preserved. A caudal cut several mm behind theiorfelive means that the most caudal portion
of the raphé (RNO) is also preserved (Fig c). Havea view of the nucleus colliculus and
nucleus ruber (arrowhead) crossection (Fig d) miei€ that the midsaggital cut was at least 1-
1.5mm too far to the left side and about 60% ohéapuclei are missing. Figure (i) and (j)
illustrate results of transverse dissection (pedpriar to long axis of brainstem) and absence of
the majority (g) or large portion of the raphé miichnd loss of integrity of the serotonergic
complex. Fig (g) (ventral view) and (h) (latera¢wi) show post autopsy distortion of the shape
of the brainstem. This results in a distortionaggdgraphic relationships of raphé nuclei on serial
transverse sections. Dorsal (k), ventral (I) atdrial (m) view illustrates a well-preserved
brainstem sample suitable for cutting serial sestiand for unlimited applications in
morphometric studies and 3D reconstruction.
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midbrain pons medulla

Lateral view

Dorsal view

Ventral view

Fig. 2. 3D reconstruction of raphé nuclei Lateral view of 3D model based on reconstruction
of images of serial TPH- immunostained sectionsitates spatial distribution of raphé nuclei,
their size and shape. The anterior complex of rayiuéei consists of the three largest nuclei:
caudal linear nucleus (CLN), dorsal raphé nucl®RN) including caudal portion of dorsal
raphé nucleus (DRNc), and median raphé nucleus (MRIiNe caudal complex of raphé nuclei
consists of the nucleus raphé magnus (NRM), nuckpisé obscurus (NRO), and a much
smaller/poorly delineated nucleus raphé palliduR P\
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Transverse sampling: M-morphology B-biochemistry

Lateral view

M B M B M B

Midsaggital sampling

Dorsal view

10 mm

Fig. 3. Transverse and midsaggital brainstem dissectionA 3D model of raphé nuclei was
used to illustrate consequences of applicationvofroutinely used protocols of brain dissection.
The lateral view demonstrates loss of integrityagfhé nuclei in transversely cut slices
designated for (a) morphological studies “M” indhugl diagnostic neuropathology and
qualitative/ quantitative immunocytochemistry basgdluation, and (b) biochemical or
molecular studies “B” with random preservation odibstem nuclei known for their extremely
diversified chemical and molecular properties.
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Lateral view (before processing)

Fig. 4. Brainstem shrinkage during dehydration. Figure (a) shows size of formalin fixed
brainstem sample before dehydration, embeddingatishg, whereas figure (b) shows size of
reconstructed brainstem sample reduced from 60 o8B imm. It corresponds to 42% shrinkage
caused by dehydration in ETOH.

4.2. Clinical and pathological markers of heterogneity within autistic group

Review of clinical records and neuropathologieglarts revealed striking differences
between four autistic subjects qualified for thisdy suggesting a strong contribution of genetic
factors in two cases (M2-08 and M3-10) and a coatibn of epigenetic factors resulting in

involvement of the serotonergic system.



79

5-year old female (M1-08) The records of this individual demonstrate atneddy
moderate pattern of clinical manifestations of smtcombined with moderate sleep disorder and
enhanced response to sensory stimuli. The uniquarkeof this subject’s brain were numerous
developmental defects, limited only to the cereboatex, and resulting in two types of cortical
changes: multifocal dysplasia and multifocal bottowingulcus microdysgenesis. Defects of
cortical folding may have a genetic backgroundtbathistory of this subject, including family
medical history and mother’s status during gestai®not available because she was adopted at
the age of 1 year. There is no record of genetidiss.

5-year old male (M2-08) All available data suggest that brain pathologghnbe linked
to both genetic factors reflected in a complex ro@dnistory on mother’s side with learning
disabilities, PDD, bipolar disorder, and dyslexad epigenetic factors suggested by severe
complications of pregnancy with cluster headacmelsagygressive treatment, hypoglycemia,
decreased blood pressure, fainting, premature, lairth postpartum depression. Results of
application of ADI-R indicate that patient was atfed by severe autism. Frequent episodes of
agitation which required chronic treatment withestive serotonin reuptake inhibitors, chronic
and severe sleep disorder, laugh for no apparasbre(linked to caudal raphé alterations; Assal
2000) and multifocal cortical dysplasia and cerkldlocculo-nodular dysplasia (associated
with local alterations of serotonergic system) sgggnultiple links to functional and potentially
structural serotonergic system changes.

15 year old male (M13-10)He was diagnosed as high functioning autism. piga
clinical records and lack of a neuropathologicaloré does not allow clinical and
neuropathological correlations. However, suicidztth by hanging may suggest suicidal

tendencies with contribution of an altered serotgicesystem.
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15 year old female (M3-10)She was diagnosed with autism, dup(15), atterdisorder
and hyperactivity. Postmortem evaluation revealedanephaly with a brain weight of 1125g.
The patient died suddenly without an apparent reash forms of pathology including
abnormal brain growth, behavioral changes, as agfludden unexpected death without known
cause may indicate alterations of the serotonesggtem.

Clinical and genetic diversity of these four subgesuggest a high risk of significant
interindividual differences in morphological andnmanocytochemical characteristics of raphé
nuclei, and heterogeneity of results of morphoroetnd immunocytochemical studies.
Therefore, this study is concentrated both on intievidual differences between 4 autistic

subjects and differences between age- matchediaatigl control subjects.

4.3. Immunocytochemistry- based anatomical subdsions of raphé nuclei in
autism

Serial sections 500m apart demonstrate the number and distributionAtb PHS8-
positive neurons in raphé nuclei of the 4 yearaaldtrol male (Fig. 5-10). The most rostral PH8-
positive neurons were dispersed within the cemgray matter below aqueductus (Fig 5; ss. 187
and 197) and in the midline between left and rigitleus ruber (CLN). Increases in the number
of immunoreactive neurons within the central gragrked the most rostral portion of the DRN
(S 237). Increases in the number of neurons in DRk paralleled by an increase in the
number of neurons in CLN. However, the CLN waslsarad extended only for 4.5 mm (from s
187 to 277).

The dorsal raphé nucleus is largest at the leviiefrochlear nucleus (tn) with long

neuronal processes traversing the trochlear nuakeediolateral fasciculus (mlf), and running
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ventro-laterally toward the substantia nigra. Demsedles of processes of DRN merge with the
main body of the CLN (s 237). In a more caudalorghe number of neurons in DRN decreases
and disappearance of the neuron body rich dorsatral, and ventrolateral sub-nuclei (s 297)
marks the caudal end of the main part of the DRiN ain body of DRN usually examined in
morphometric studies extends for 4.5 mm (betweetises 207 and 297). However, the caudal
portion of the DRN (DRNc) made up of only two relaty small subnuclei, dorsal and
interfascicular, extends 12 mm (from s 297 to 53 total rostro-caudal length of the main
body of DRN and DRNCc is approximately 16.5 mm.

The caudal portion of the CLN becomes almost itmWesbut in the same area the number
of PH8-positive neurons increases again and thellseform the densely populated median
raphé nucleus (MRN) located in the midline with rious processes and few neurons in the
paramedian nucleus. The median raphé extendsrfon 4from s287 to 367).

Change in the shape of MRN and expansion of seeoggnneurons from the midline
laterally mark the caudal end of the MRN and thgifm@ng of rostral portion of nucleus raphé
magnus (NRM). The shape of NRM is more irregulahvateral extensions merging with two
large complexes of serotonergic neurons dispersiiwvthe oral pontine nucleus (PON) located
more dorsally and B9 nucleus located above the anddmniscus (ml). The caudal end of all
major complexes: DRNc, NRM, and B9 nucleus markshibrder between these 3 subnuclei and
two of the most caudal nuclei: nucleus raphé padlifNRP) and nucleus raphé obscurus (NRO).
The B9 nucleus is the analog of the rat B9 nuctaukin human brain is also labeled as B9
(Térk and Hornung 1990).

The nucleus raphé pallidus is small and poorlyraefimorphologically. In contrast to

NRO, neurons of NRP are located in the midline exténd laterally a short distance above the
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medial lemniscus (ml). In the rostro-caudal directithe NRP extends a distance of 6.5 mm
(between sections 577 and 707).

Neurons of the NRO form two symmetric lines sepatdty the distinct neuron-free
bundle of fibers of the raphé, present for 6.5 rbetWeen sections 637 and 767) (Fig. 9-10).
However, a small number of serotonergic neuronglvhelong to the NRO is detected in the
medulla oblongata over a much longer distance thefuthe entire length of the inferior olive
(10). Another cluster of serotonergic neuronprissent in the lateral paragigantocellular

nucleus located dorso-laterally to the inferiowel{sections from 647 to 767).



83

187 ) 197 ) 207

Fig. 5. Caudal Linear and Dorsal Raphé NucleusThe most anterior part of the raphé nuclei
is represented by TPH positive neurons of the Adudaar Nucleus (CLN), located in the
midline between the red nuclei (RN). TPH positiairons in the central gray matter (CG)
represent the anterior part of the Dorsal Radghéleus (DRN). The main body of the DRN is
developed dorsally to the trochlear nucleus ({€).M4-06 4y, PH8, 1.5x)
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Fig. 6. Median Raphé Nucleus.The main body of the DRN becomes a long caudaliDR
(DRNCc). The ventrally located CLN disappears anthansame midline, densely packed neurons
form the Median Raphé Nucleus (MRN). Lateralite MRN, TPH positive neurons emerge in
the oral pontine nucleus (PON) and form the BO gedlip. (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 nesro
of the Nucleus Raphé Magnus (NRM). At the levethaef NRM, large populations of
serotonergic neurons occupy PON and form the caqpatabf the B9 cell group. Adrenergic
neurons form the locus coeruleus (LC). (C M4-06P3, 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 ofNeleus Pallidus (NRP) and Nucleus
Obscurus (NRO) by a zone almost free of serotonergiirons (section 547-567) (C M4-06

4y, PH8, 1.5x)
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Fig. 9. Nucleus Raphé Pallidus and ObscurusNeurons of the Nucleus Raphé Pallidus
(NRP) are located in the midline ventrally to tmeeaior part of the Nucleus Obscurus (NRO).
The two paramedian lines of neurons of the NRGsaparated by the fibrous septum of the
medulla, whereas NRP neurons are aggregated mithime. Dendrites of the NRO neurons
project laterally to the reticular formation andb#rer large cluster of serotonergic neurons in the
lateral Paragigantocellular Nucleus (LPGi). (C PB4y, PH8, 1.5x)
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Fig. 10. Caudal portion of Nucleus Raphé Obscurug.wo paramedian clusters of NRO
neurons form the long caudal portion of the raph@ai. At the level of the anterior part of
the inferior olive (10), the midline is occupied by caudal part of the NRP. (C M4-06 4y,
PH8, 1.5x)
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4.4. Neuronal TPH distribution in 3D reonstruction.

Immunocytochemistry revealed strong PH8 immundréagin raphé neurons. The aim
of the 3D reconstruction was to visualize the dstion of TPH in the soma of neurons and in
the dendritic tree. The 3D reconstruction showss\thick dendrites and a dense network of
thin dendrites, all filled with PH8-positive mat@r(Fig. 11). These images suggest that the
amount of TPH might be a major marker of neuromimement in serotonin production and
function. Therefore the next sections are focusedaiection and measurements of intracellular

TPH in young autistic subjects compared to corgutljects.

Fig. 11. 3D reconstruction of TPH (+) neurons. The most noticeable feature of 3D-
reconstructed PH8 immunolabeled neurons are nuaéhack branches of dendrites and dense
tryptophan hydroxylase- positive dendritic netwwaiikhin 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 ad dendrites. The aim of double
immunolabeling was to visually examine the patt@#rdistribution of TPH as a marker of sites
of serotonin synthesis. SMI312 was applied to idgatkons. Immunolabeling of TPH with
mAb PH8 revealed intense but non-uniform immuna#saeence (red) in neuron soma and less
prominent fluorescence in neuronal processes idahgal raphé. Immunolabeling with SMI312
(green) showed a selective reaction with neuro#ats in axons of serotonergic and
nonserotonergic neurons. Fig. 12 depicts TPHildigion (immunolabeling with mAb PH8) in

neuronal soma and in some neuronal processes irocsuabject M8-10.

TPH RED SMI312 GREEN

TOPRO3 BLUE

Fig. 12. TPH distribution in raphé neuron soma anddendrites. TPH (red) immunoreactivity
reflects 5-HT synthesis in the neuron soma and itesdGreen staining corresponds to SMI312
immunoreactivity with axonal neurofilaments. TOPRlue) shows nuclei (Obj. 100x) (15-year
old control subject, M8-10).
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Figure 13 illustrates TPH (shown with mAb PH8) gunonal soma and dendrites
identified as SMI312 negative in an autistic subj¢i8 identifies sites of serotonin synthesis in

neuronal soma and fibers. SMI312 identifies axaytdskeleton and axons.

TPH RED

TOPRO3 BLUE

Fig. 13. Double immunolabeling for TPH and axons raphé of autistic subject. Granular
staining corresponds to TPH (red) in neuron sonted@mdrites. Green immunofluorescence
reflects SMI312 positive neurofilaments in axonachi shown with TOPRO (blue) (100x) (15-
yr old autistic subject, M3-10).

Immunostaining of bundles of fibers adjacent tdhepuclei shows SMI312-positive

axons outside of the DRN (Fig. 14). PH8-negatred) but SMI312-positive axons (green)

confirmed the absence of TPH in these particulanax
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TPH RED

TOPRO3 BLUE
A

TPH RED
TOPRO3 BLUE
B

Fig. 14. Axons in vicinity of Dorsal Raphé NucleusSMI312 positive neurofilaments (green)
in axons that are negative for TPH (red). Contedec(M8-10; panel A) and autism case (M3-10;
panel B). Neurons stained with TOPRO (blue)(100x).

SERT distribution in neuronal soma, dendrites and &ons.The goal of double
immunolabeling of SERT and SMI312 was to visualb#RT on axons of serotonergic neurons
in the dorsal raphé. SERT immunofluorescence itities neuron serotonin reuptake and
reutilization potential. Immunolabeling of SERVeals sparse immunoreactivity within
serotonergic neuron cytoplasm, cell body membrané,processes with a strong overlap with
SMI312 immunolabeling of axons. This photograply(Ai5) demonstrates strong
immunofluorescence of SERT (red) in neuronal preegsnd in a portion of serotonergic

neuron cytoplasm. Green fluorescence of SMI312tpesaxons and yellow fluorescence in
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merged images shows SERT in numerous axons. Natapugy red fluorescence in neuronal

processes may correspond to SERT distribution it3&Rinegative dendrites.

SERT RED

TOPRO3 BLUE

Fig. 15. SERT distribution in neuron soma, dendries and axons in DRN of control subject.
A few intracellular SERT-positive deposits (red}Yhim neuron cytoplasm reflect SERT
synthesis and intracellular transport. SERT stagimnmany processes corresponds to SERT
distribution in cell membrane in dendrites and axoNnDRN. Merged image (bottom right
micrograph) illustrates distribution of SERT in SMP positive axons (yellow). Control 15 yr
old subject (M8-10). SMI312 axons (green). Nuckgaining with TOPRO (blue). 100x.

The photographs in Fig.16 from dorsal raphé of @&ryld subject with autism show
strong immunofluorescence of SERT (red) in a dere$eork of neuronal processes. Green

fluorescence in a few longitudinally cut and tragrse profiles of SMI312 positive axons
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indicated that the majority of fibers in selectedaaare SERT-positive and SMI312-negative
dendrites.

SERT RED

TOPRO3 BLUE

Fig. 16. SERT in dendrites and axons in DRN of autistic sulgct. SERT immunostaining

with mAb ST51 (red) reflects dense network of déedrand axons of serotonergic neurons in
15-year old autistic subject (M3-10). Relativelwf&MI312-positive axons (green) are shown in
upper right micrograph. Merged image (bottom riglstrates distribution of SERT within
serotonergic cell axons (yellow). Nuclear stainivih TOPRO (blue). 100x.

Figure 17 shows bundles of SERT-positive fibers5nyear old control subject (M8-10;
panel A) and in autistic subject (M3-10; panel Bheuronal projections outside of raphé nuclei
perimeter. Staining for SMI312 shows numerous trargy cut axons detectable at high

magnification. Only the central bundle represermteoins of serotonergic raphé neurons.
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SERT RED

TOPRO3 BLUE TOPRO3 BLUE

L.

A B

Fig. 17. Bundles of SERT (+) and (-) fibers in vinicity of DRN. Comparison of SERT(+)

bundles (red/yellow) with SERT(-) SMI312(+) axomgsgen). TOPRO labeling of cell nuclei
(blue). 100x. (A: M8-10, B: M3-10)

4.6. Altered TPH expression in autistic subjects immunofluorescence- based

guantitative study

Standardization of methods of background subtractia. The critical factor for
estimation of neuronal TPH was standardizationodh bmmunolabeling and quantitative
evaluation of the amount of intracellular TPH. Fmethods of background detection and
subtraction were applied including: equal backgobaorrection for all 8 examined cases,
pairwise background correction, individual backgrdweorrection, and correction based on
subtraction of only cytoplasmic background. | hattempted to work around the difficulties
associated with human postmortem formalin fixesugsand produce meaningful data using
several approaches which have been applied systathato all the human brainstems. The

results and limitations of all these approacheswempared.
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Equal background correction in all 8 cases.

Image correction by subtraction of one average ¢packnd value established for all 8
subjects results in distortion of results with lo§simost all existing signal in two control
subjects (values of 2.6 and 0.8 arbitrary unitspeetively), and similar loss of signal in two
autistic subjects (0.7 and 11.9). The mean signal/o older control and two autistic subjects
(Figs. 18-20) was disproportionately high (65 aBé ih 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 pdis before equal background correction and
after correction. Equal background subtractioal@sthed for all 8 subjects with significant
clinical and neuropathological differences, as \asldifferences in vessels and neuropil signal
intensity dramatically distorted PH8 intensity regs$ shown as a loss of signal in two control
and autistic subjects (upper panel, images aftairaction).

It should be noted that the autistic subject iim pae (M2-08) always had weak staining

(including at all tested concentrations/times itbametric staining) and the subject had a
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premature birth. The subject’'s mother was hypagtyic and suffered from low blood pressure
as well as fainting during pregnancy. These, dsaggpremature birth may have contributed to

hypoxia and permanent injury to some brainstemorairpopulations.

Mean intensity per cell DRN IF

1500

1400 -
1300 -
1200 -
1100 -
1000 -
900 -
800 -
700 -
600 -
500 -
400 -
300 -
200 -
100 -

Mean Intensity +/- SE

O Control
B Autism

p=0.063

p=0.009

p=7.11E-12

0

m4-06/m2-08

m9-10/m1-08

p=6.33E-23

m1-10/m13-10

m8-10/m3-10

O Control

2.68

0.86

65.37

266.12

B Autism

0.75

11.97

403.53

1304.09

4yM/5yM

6yF/5yF

10yM/15yM

15yM/15yF

Fig. 19. Mean neuron soma TPH IF after equal background subtractn (bar graph).

Mean soma intensity results of application of edpgadkground subtraction in 8 examined cases.
Significant signal increase in 3 out of 4 autisiises. Extremely low values in two youngest
subjects and extremely high value in M3-10.
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Fig. 20. Mean neuron soma TPH IF after equal background subtction (line graph). This
graph illustrates in a different way the distortmilTPH immunofluorescence with equal
background subtraction. Distortion is most notidead two youngest pairs. M4-06: 4y M, M2-
08: 5y M, M9-10: 6y F, M1-08: 5y F, M1-10: 10y M,1\3-10: 15y M, M8-10: 15y M, M3-10:
15y F

The result of this correction was a signal redurchy 72% (p=0.063) in the first autistic
subject (M2-08), and signal increase in secondacisubject (M1-08) of 1286% (p=0.009), in
autistic subject three (M13-10) of 517%, (p=7.118;kAnd in autistic subject four (m3-10) of

390%, (p=6.33E-23) (Fig. 21).
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Mean TPH Intensity of Autism Samples as %
change from Control in DRN IF
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Fig. 21. Mean neuron soma TPH IF in autistic subjects as peent change from control
after equal background subtraction. Proportions between control and autistic subject
immunofluorescence after equal background subtracti

In this method, the average soma intensity pergroeasured 91 arbitrary units for the
control group and 563 arbitrary units for the aigigroup. 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 autistigroup after equal background
subtraction. Equal background subtraction results in a very l@&Rx) disproportion between
immunofluorescence in autism and in control group.

The Spearman correlation coefficient for the edpaakground correction approach
measured 0.8 for the control group and 0.8 foratitestic group.

The results of application of equal backgroundmadbion in all cases (Figs. 18-22)
indicated that equal background subtraction didefilgictively correct the existing signal but on
the contrary, resulted in distortion. The methodimform background correction resulted in the
least constant background intensity and the higbestof signal from a large number of cells
with lower signal values (which in many cases isad@o complete loss of existing neuronal
signal). Lost neurons contributed to the low mewdarisities for a given case and large
percentage differences between those cases arelihese intensity values did not bottom out

at 0. Standard deviations were also large. Resiittss test indicate that both direct cell body
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fluorescence measurements (uncorrected backgremadneasurements corrected by
subtraction of a constant background value fronsathjects are biased.

The variations in background intensity at constamifocal settings (Fig. 23) seen in TPH
negative controls without primary antibody conttimlito the ineffectiveness of the equal

background correction method.

11-25)1

M4-06 C 4y M M2-08:A 5y-M

Fig. 23. DRN IF TPH negative controls (no primary antibody). Images of negative control
tissue for each subject’'s DRN taken at constamihgstillustrating variation in background.

Pairwise background correction in four pairs of auistic and control subjects.
In the pairwise approach, following the chosen rodttiid not result in preserving all
cells from disappearing nor keeping the backgratorsistent due to existence of background

intensity variations.
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) minus150.4
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Fig. 24. Pairwise background subtraction. DRN IF immunolabelled with mAb PH8 (TPH
labeling) in pairs of control and autistic subjeotdore and after pairwise background correction.

The second method showed that tryptophan hydrosytamunofluorescence measured
in arbitrary units per neuron body area was deeckasautistic subject in the interfascicular

subdivision of the dorsal raphé nucleus in pai31%, p=0.025), but increased in autistic
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subject in pair 2 (+53%, p=0.001), pair 3 (+1248¥%/.12E-11), and pair 4 (+306%, p=4.22E-

25). The average increase for three autistic stsjgas 536% (Figs. 25-27).
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Fig. 25. Mean neuron soma TPH IF after pairwise background subtration (bar graph).
Mean soma intensity results of application of p&@eabackground subtraction in 8 examined
cases. Significant signal increase seen in 3 odtanftistic cases.
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Fig. 26. Mean neuron soma TPH IF after pairwise background sbtraction (line graph).
Mean soma intensity results of application of p&@eabackground subtraction in 8 examined
cases. M4-06: 4y M, M2-08: 5y M, M9-10: 6y F, M1:@ F, M1-10: 10y M, M13-10: 15y M,
M8-10: 15y M, M3-10: 15y F

The mean intensity percent change in autistic stdbpwas -31% (M2-08), 53% (M1-08),

1248% (M13-10), and 306% (M3-10) (Fig. 27).
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Mean TPH Intensity of Autism Samples as %

change from Control in DRN IF
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Fig. 27. Mean neuron soma TPH IF in autistic subjects as peent change from control

after pairwise background subtraction. Correction results in distortion of proportiongveeen

control and autistic subjects, especially largthapair of M13-10 (autism) and M1-10 (control).
In this method, the average soma intensity pergroeasured 160 arbitrary units for the

control group and 684 arbitrary units for the aigigroup. 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 afte pairwise background
subtraction. The ratio between average immunfluorescence istautind control subjects is in

range of 4.3x.

The Spearman correlation coefficient for the paesbackground correction approach
measured 0.4 for the control group and 0.8 forathtéstic group.

Again, an almost 14- fold higher immunofluoresceimceontrol subject M8-10 than in
M1-10 suggests that these results do not reflekt @@llular concentration in examined cases but
rather a distortion created by subtraction of &kgemund factor calculated for pairs of subjects

with different tissue properties.

Individual background correction.

In the third method, there was variation in backa even with correction value set for
each individual brainChere is variation even between stacks of the daaia. Due to the fact
that .tif files are used, however, there are enayrglgscale levels to record non-zero intensity

values for cells, which may have become invisibléhe eye. (Fig. 29)
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M4-06

BEFORE

AFTER

Fig. 29. Individual background subtraction. DRN IF immunolabelled with mAb PH8 (TPH
labeling) in pairs of control and autistic subjeates before individual background correction
and after correction.

This method showed that tryptophan hydroxylase imofluorescence measured in

arbitrary units per neuron body area was decreiasadtistic subject in the interfascicular

subdivision of the dorsal raphé nucleus in pak6¥%4, p=0.542), but increased in autistic subject
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in pair 2 (+29%, p=0.01), pair 3 (+148%, p=1.185;Hhd pair 4 (+386%, p =2.23E-33). The

average increase for the autistic subjects, whickeased in intensity was 187% (Figs. 30-32).
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Fig. 30. Meanneuron soma TPH IF after individual background subtaction (bar graph).
Mean soma intensity results of application of indiinal background subtraction in 8 examined
cases. Significant signal increase in 3 out oftdstia cases.



110

Mean TPH Intensity per cell DRN IF

Mean Intensity +/- SE
o0
o
o

N

o

o
1

0 50 100 150 200 250
Age (Months)

Fig. 31. Mean neuron soma TPH IF after individuabackground subtraction (line graph).
Signal increase in autistic group expressed agliaph M4-06: 4y M, M2-08: 5y M, M9-10:
6y F, M1-08: 5y F, M1-10: 10y M, M13-10: 15y M, M&: 15y M, M3-10: 15y F

The mean intensity percent change in autistic stdbjpas -6% (M2-08), 29% (M1-08),
148% (M13-10), and 386% (M3-10) (Fig. 32.) Thereswassignificant difference in TPH signal

in age-matched pairs between control and autisBegin the individual correction method.
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Fig. 32. Mean neuron soma TPH IF in autistic subjects as peent change from control
after individual background subtraction. Signal increased in autistic group.

In this method, the average soma intensity pergroaasured 183 arbitrary units for the
control group and 658 arbitrary units for the aidigroup. 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 afte individual background
subtraction. The ratio between immunofluorescence in autastid control subjects is
approximately 3.6x

The Spearman correlation coefficient for the indial background correction approach

measured 0.8 for the control group and 0.8 foratitestic group.

Results of immunofluorescence based estimation oPH levels in neurons of control

and autistic subjects after individual background orrection.

Intracellular immunofluorescence estimated aftdniildlual background subtraction in
four control cases combined revealed a normalibigton of 132 measurements with a mean
value of 183 arbitrary units (SE, 10; SD, 111), vélas in autistic group the mean value of 156
measurements was higher by 360% (658 arbitrarg,u8E, 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 groupggested heterogeneity reflected in
detachment of measurements above ~700 arbitrary {(fig. 34, 35). Analysis of individual
records revealed that all neuronal measures oéstiljagnosed with autism associated with
dupl5 were in range from 704 to 2356 a.u. withaatrlap with any control or idiopathic autism
case. All these readings correspond to the secommdah but lower, bell-like distribution. Mean
fluorescence level in neurons of autism/dupl15 (M311,350 a.u.) was 485% more than age
matched control case (M8-10; 278 a.u., p< 2.23E-33)

Further analysis of differences between autistiijects revealed that consistently with
observations, readings in case M2-08 are 2.3 &hdI8ss than in two other cases of idiopathic
autism (M1-08 and M13-10), respectively), and dligless (p<0.542) than in age-matched
control subject (M4-06).

Immunofluorescence-based evaluation of the cysopialevel of TPH detected in
neurons in the interfascicular nucleus of the doegzhé with mAb PH8 revealed significant
heterogeneity in pattern of changes. They refleetrble of the genetic causative factor in autism
associated with dupl15. The role of epigenetic fad®considered in case M2-08 with the
impact ofin utero exposure to mother’s hypoglycemia, low blood puessand fainting, as well
as premature child birth. All these factors coutectly affect development of raphé neurons,
known to be sensitive to anoxia and hypoxia. Fragagitation, screaming and crying,
significant sleep disorder, sensory alterationd, langhter for no apparent reason appear to be
related to raphé developmental injury. On the obtaerd, patient treatment with prozac for 3
years and valium occasionally might be anotherespatjc factor modifying raphé neuron

biochemistry and function, including tryptophan roxdylase 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 distriburt in autistic group with all readings in range
from ~700 to 2,400 arbitrary units observed onlainistic 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 serotonerig neurons measured in

adjacent sections processed without primary and sendary antibodies.

All TPH-immunofluorescence measurements are linitetthe serotonergic neuron soma
excluding the TPH-negative nucleus. Therefore folieth method of defining background and
background subtraction was limited to the somaenirans in the nucleus interfascicularis. Two
adjacent brainstem sections from each subject tkeated with one of two protocols: (a)
immunostaining with primary antibody and secondariibody conjugated with fluorochrome,
and (b) omitting the primary antibody and secondarybody conjugated with fluorochrome
(control). Both sections were examined in idemtoanditions in confocal microscope.
Measurements were limited to the cytoplasm of nesiio both sections. Mean value of signal
from control section neuron soma was subtractad Bignal measurements in individual neuron
soma in immunostained section.

Several arguments support application of this nabt®appropriate for background
correction in the cytoplasm in raphé neurons. Measents are performed on adjacent sections
of the same subject which eliminates variationteeldo the difference between control and
autistic subject sample. Measurements are restriotéhe cytoplasm, which eliminates variation
of neuropil signals. In this method, cytoplasmignsil including lipofuscin autofluorescence is
detected in the laser channel used for detectiddiefaFluor 555 used in measurements in
immunostained sections. The protocol repeatsefissand timing of tissue treatment but omits
the primary and the secondary antibody conjugaiédfluorochrome, which preserves all cell
cytoplasm signals, including lipofuscin autofluaresce.

For each of 4 control and four autistic subjectsaael of three images illustrates

background fluorescence in section processed withgpiication of primary and secondary
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antibodies (Ab-), section incubated with primaryilaody (PH8 detecting TPH) and secondary
antibody conjugated with AlexaFluor 488 (Ab+). Tthed image (Ab+ After) reflects
immunofluorescence (Ab+) after subtraction of miaorescence detected in the cytoplasm in
Ab- section. Subtraction of mean neuron cytoplassignal measured in Ab- section ultimately
reduces neuropil signal but this artifact doesatfgct 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, butrogil signal is not measured in this approach.
Ab- (omission of primary and secondary ab), Ab+ 8Riimary and secondary), Ab+ After
(PH8 primary and secondary ab minus background). #@gnified.
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In this method, the mean intensity of TPH immuunofescence in neurons in autistic

subjects was reduced in M2-08 case by 48%, bu¢asad by 105%, 249% and 90% (p<0.001)

in three autistic subjects (M1-08, M13-10, and MB+Eespectively) in comparison to age-

matched control subjects (Figs. 37-39).
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Fig. 37. Mean neuron soma TPH IF after external background subtr&tion (bar graph).
Mean soma intensity results of application of ex&background subtraction in 8 examined
cases. Significant signal increase in 3 out oftdstia cases.

Immunofluorescence within cytoplasm of one idiopatdutism case (M13-10) and in

autistic subject with dup15 is much stronger thathird autistic subject (M1-08). The
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immunofluorescence in autistic subject M2-08 isltveest in comparison to all autistic subjects

and reflects most likely permanent neuronal ingaysed by hypoxia during fetal life (Fig. 38).
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Fig. 38. Mean neuron soma TPH IF after external background sbtraction (line graph).
Graph reflects increase of signal in both oldeistiotsubjects in comparison to two younger
subjects. Increase in control group is observey wnl5 year old control, whereas 3 younger
controls are in the same range of TPH fluorescevde06: 4y M, M2-08: 5y M, M9-10: 6y F,
M1-08: 5y F, M1-10: 10y M, M13-10: 15y M, M8-10: ¥, M3-10: 15y F
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Fig. 39. Mean neuron soma TPH IF in autistic subjects as peent change from control

after external background subtraction. The increase in autistic subjects is almost idahtic

M1-08 and M3-10 (105% and 90% respectively). Tloeaase by 249% in M13-10 and decrease
by 48% in M2-08 reflect expected significant intefividual differences and may explain

different patient responses to treatments.

In this method, the average soma intensity pergroeasured 219 arbitrary units for the

control group and 518 arbitrary units for the aidigroup. 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 afte external background
subtraction. The graph illustrates the general trend in examgredp of autistic subjects.
The Spearman correlation coefficient for the exdelbackground correction approach

measured 0.4 for the control group and 0.8 forathtestic group.

4.7. Abnormal neuron soma volume in autistic sulgcts

Reduced size of neurons in the cerebral cortexgatibal structures, and in the
brainstem is a commonly reported developmentalai@feserved in autism. Increased size of
neurons in the inferior olive in the brainstem db92 year old and decreased size in 22 to 29
year old autistic subjects were reported by BauarahKemper (1994). However, these studies
were not performed with unbiased morphometric maghdhe majority of individuals
diagnosed with ASD demonstrate some degree of@yditysfunction ranging from deafness to
difficulty listening with background noise (Greeaspand Wieder 1997, Tomchek and Dunn
2007) suggesting dysfunction of the lower auditonginstem and disrupted encoding of simple

sounds. Kulesza’s study of the auditory systenméntrainstem of autistic subjects revealed
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reduced size of neuron soma in the medial supelive (Kulesza and Manguanay 2009) as well
as a neuronal deficit and reduced neuron sizeastiperior olivary complex (Kulesza et al.
2011). The human superior olivary complex inclutes principal nuclei, the medial and lateral
superior olives, which have essential roles in sdonalization (Kulesza 2007).

Defects of growth of neurons in the brain cortstebellum and in the brainstem
superior and inferior olives suggest that othemstam nuclei, including raphé nuclei, may be
affected by developmental alterations.

Application of the Nucleator probe revealed ontyadl interindividual differences in
mean volume of neuronal soma in the dorsal rapkkeuns of control subjects: 10,06 (M4-
06), 9,573um? (M9-10) and 10,558m* (M1-10). The volume of neuronal soma was much les
in the three autistic subjects: 7,828&° (M2-08), 7,920um® (M1-08), 7,319um* (M13-10) (Fig.
41). The mean volume of neuron soma in dorsalé&agitlei was less in autistic subjects by
24% (7,68um°) than in control group (10,066n°) (p<0.006) (Fig. 42). P values in pairs were:

M4-06/M2-08: 1.35E-11, M9-10/M1-08: 0.0007, M1-1QIB}+10: 1.02E-14.
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Fig. 41 Individual characteristics of neuron volume deficitin DRN. Application of Nucleator
revealed lower mean volume of PH8-positive neusmma in DRN of all three examined
subjects and small interindividual differences iRNDneuron volume within control and autistic
groups.
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Fig. 42. Mean neuron soma volume deficit in autistic subjest Consistent reduction of

neuron soma volume in all three subjects allowsgdization of individual observations. Mean
neuron soma volume reduced on average by 24% teflevelopmental neuron growth defect in
all three examined autistic subjects regardlesdiical differences.
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A histogram of frequency distribution shows tha tlolume of 77% of neurons in the
DRN of autistic subjects is less than 10,006, whereas in control subjects only 53% of

neurons are less than 10,008° (cumulative %) (Fig. 43).

Neuronal volume frequency distribution in DRN
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Fig. 43. Neuronal volume frequency distributionm DRN in control and autistic subjects.
The graph illustrates a shift of a large percent#geutistic 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 prefrasaekx by 67% (Courchesne et al.
2011) but reduced number of neurons in the fusifgynus (van Kooten et al. 2008) and in the
amygdala (Schuman and Amaral 2006), as well ascestioumber of Purkinje cells (Bailey et

al. 1998, Fatemi et al. 2002, Whitney et al. 2AI®)9) and neurons in the superior colliculus
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(Kulesza et al. 2011) suggest that defects of ltauelopment may include a developmental
deficit and/or defects of apoptosis regulating sizeeuronal populations in early childhood.
Detection of an enhanced level of cytoplasmic TB#luired evaluation of the number of
neurons in raphé nuclei to determine raphé capsxityoduce serotonin.

In control subjects, the mean numerical densithédorsal raphé nucleus was
5,207/mnf, whereas numerical density in autistic subjectasueed 4,852/mmThese values

were not statistically different (Fig. 44).
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Fig. 44. Numerical density of PH8 (+) neurons in RN of control and autistic subjects. No
significant difference in numerical density of PH8sitive neurons in DRN between control and
autistic group was seen.
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5. DISCUSSION

5.1. Tissue preservation for raphé studies in aism

Application of clinical, pathological, and techalénclusion and exclusion criteria
resulted in reduction of the autistic group froo9! cases and control group from 6 to 4 cases
(four age- and gender-matched pairs). Due to ap&ck of the caudal complex of nuclei
(magnus, pallidus and obscurus) caused by inappategrainstem dissection during autopsy,
the study was concentrated on three anterior (QRN, and MRN) nuclei, and then limited to
the DRN for reasons given. Due to postmortem dkgian of serotonin, the project was limited
to immunocytochemical detection of TPH, SERT and&M. The need for numerous
modifications reflects research limits in the ragkéotonergic system in routinely formalin fixed

brain of autistic subjects.

Progress in brainstem research, especially res@arcaphé nuclei of autistic and control
subjects is limited by:

a. A very low number of postmortem brain donatiohautistic subjects of any age;

b. A limited number of pediatric control donations;

c. Distribution of brain samples to many unredgbeojects resulting in lack of material
for global studies of serotonergic system abnotiralincluding those of raphé nuclei, and
target structures regulated developmentally andtfonally by raphé nuclei originating

serotonin;
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d. Application of brainstem dissection protocoésigned for neuropathological
diagnosis (midsaggital or transverse cut) thatlt@sloss of anatomical integrity of the

brainstem’s serotonergic system.

Numerous studies indicate that alterations aregapibregion- specific (Bonkale et al. 2004,
2006, Underwood 2004, 2007) but incomplete bramstamples restrict research on disorder-

specific topographic differences in the type anceséy of pathology.

The optimal protocol of brainstem preservationsitudy of raphé nuclei requires:
a. Preservation of the entire brainstem fromathigrior pole of the substantia nigra
(anterior cut) to about 2 mm below the inferiowvel(posterior cut);
b. Prevention of brainstem shape distortion dufixation and dehydration, and

c. Precise orientation of the long axis of thaitstem during serial section cutting.

Correction of routine protocols of brainstem pregagon would provide material for
guantitative studies of architecture of raphé niunl¢a) normal development, maturation and
aging, and (b) abnormal development, maturationaamag of autistic subjects.

Because of these limitations only a few complexigts of all human raphé nuclei have
been accomplished and many were a result of cotiperaf a few researchers from Australia
and Switzerland using the same material (Stoné &087, Baker et al. 1990, 1991ab, 1996,
Tork and Hornung 1990, Halliday et al. 1993). Thegvided a comprehensive characterization
of human raphé anatomy and cytoarchitecture innaffected brain but they were performed on

a few samples preserved specially for the studir@brainstem. The most fundamental report,
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which included anatomical and cytoarchitectoniacpHlation of raphé nuclei, some
morphometric procedures and a 3D raphé reconsiryatias based on examination of a single
brainstem stained with PH8 (Tork and Hornung 19BQie to similar technical limitations, the
majority of recent studies are restricted mainlgdoosal raphé nuclei or a single raphé nucleus.
In some studies only a few sections were usednteoe affected and unaffected subjects
(Baker et al. 1991ab, 1996, Halliday et al. 199@ni&ale et al. 2004, 2006, Underwood et al.
2004, 2007).

In spite of hundreds of reports indicating that$lkeotonergic system is affected in
autism, the alterations in raphé nuclei of autistibjects are not studied yet. Therefore, this firs
study of raphé in autism required focus on obstabiting research of raphé in autism and
methods of addressing the major restrictions. Tieahproblems addressed in this project
included: use of PEG-protocol for brainstem embegl@nd cutting of 5@m-thick serial
sections, standardization of free floating secstaining and immunostaining for stereological
evaluation, application of stereological protodolsraphé studies, and standardization of
immunofluorescence-based quantitative image arsalgsiletect autism associated
developmental changes.

Therefore this study was focused on (1) improveméraphé research design and
implementing unbiased quantitative methods for at&te of developmental changes and (2)

evidence of structural and chemical abnormalitieiaphé of 5 to 15 year old autistic subjects.

5.2. Justification for concentration on interfasecular nucleus.
Dual serotonergic innervation of human forebrain Based on degeneration studies of

raphé nuclei in the cat brainstem, Brodal et &#6Q) postulated that the dorsal raphé has
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massive projections to the forebrain. Applicatidtritiated amino-acids (Azmitia and Segal
1978, Bobillier et al. 1976) for tracing of ascerglraphé projections revealed that the dorsal
and median raphé nuclei form two major bundlesharE projecting to the forebrain: the bundle
detected in the central gray matter and the sebandle detected in the ventral part of the
tegmentum. Kosofsky and Molliver's (1987) studiéshe rat serotonergic ascending fibers
revealed that the fiber systems emerging from threal and median raphé nuclei are
morphologically different. Detection of fine axowgth small fusiform varicosities emerging
from the dorsal raphé and axons with large anddaamicosities emerging from median nucleus
suggests that these structural differences rgflestence of two parallel but functionally
different serotonergic subsystems (Mulligan andkTi#88). Cortical nonpyramidal neurons are
the target of serotonergic fibers with large rowadcosities (Mulligan and Tork 1988).

Different response of these two types of fibersdarotoxic compounds reflects structural,
biochemical and functional differences in projestidrom dorsal and medial raphé nuclei. A
dual innervation of the human cortex has been ooefil by Térk and Hornung's (1987) study of
human biopsies and Kosofsky and Kowall (1989) stfdyuman postmortem tissues.

The role of the interfascicular nucleus (dorsal diision of the nucleus centralis
superior) in brain serotonergic innervation. This study is concentrated on the interfascicular
nucleus. Raphé nuclei form a superior group thahipnarojects to the forebrain and an inferior
group that projects to the spinal cord (Dahlstromd Buxe 1964). The dorsal raphé nucleus and
the nucleus centralis superior are the main nwaldin the superior group. Nucleus centralis
superior has two divisions: dorsal division (synmoys with interfascicular nucleus) and medial

division (synonymous with the median raphé nucléag)nitia 2012).
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In rat, the fibers from the medial division of thecleus centralis superior travel in the
medial forebrain bundle (MFB) and innervate mediatlei of the thalamus, septum, medial
cortex and upper hippocampus (Azmitia and Sega8)197

The fibers from the interfascicular nucleus (doigision of the nucleus centralis
superior) travel in the lateral forebrain bundl&B) and innervate lateral regions of the
hypothalamus, amygdala, striatum, frontal cortex lamwer hippocampus (Azmitia and Segal
(1978). Detection of fine axons with small fusifouaricosities emerging from the dorsal raphé
(Mulligan and Térk 1988, Tork and Hornung 1990) gests that the studied neuronal population
in the interfascicular nucleus is contributing teecf two parallel serotonergic systems
innervating key structures involved in all threaghostic autism domains. A parallel study of
the median nucleus would characterize the pattechanges of the second serotonergic
subsystem and its contribution to the autistic jotygre.

In addition to the role of the DRN IF in innervatiof target structures related to autism
diagnosis, the nucleus was chosen based on itaathastic cell orientation parallel to the
midline, as well as its ease of delineation- bdingdered on three sides by non raphé
serotonergic neurons. Scarcity of tissue was an@lement which limited the choice of study

material.

5.3. Distribution of TPH and SERT in confocal micoscopy

In the examined material immunolabeling with PH8laody revealed intense
immunofluorescence in the neuron soma. Lack ofaadipation of TPH with axonal
neurofilament marker (SMI312) in projections andgance of TPH in SMI312-negative

processes demonstrates presence of TPH in neunainiteés but not in axons in the particular
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material studied. Ultrastructural studies revedhed TPH is diffusely distributed in raphé
neuron cytoplasm. TPH localization in associatiothwvimembranes of endoplasmic reticulum
and Golgi apparatus possibly reflects the sitahisfprotein’s synthesis. In processes in raphé
nuclei the enzyme is primarily associated with wigbules (Joh et al. 1975). The association of
both tryptophan hydroxylase and tyrosine hydroxghagh microtubules suggests transport of
these enzymes from cell body (site of synthesis)xtins (Pickel et al. 1975). However, in
contrast to well detected TPH in soma, potentialhax TPH appears to be masked and does not
have an immunocytochemically detectable equivadsrghown in results.

It has long been believed that serotonin is rel@asmd taken up exclusively at the
synaptic junction (synaptic neurotransmission). ldeer, in the past decade research has
provided evidence that serotonin reuptake is riticted to the synaptic junction, but occurs at
perisynaptic sites and along the axonal membralmis. Siudy of serotonin transporter
distribution in human raphé nuclei indicates thBRS detected with mAb ST51 is present in
several clusters of granular material in cell sdh@d may correspond to endoplasmic reticulum
and/or Golgi apparatus. A small amount of immunctiga material is detected in the cellular
membrane in neuron soma and a large amount in idesidnd axons. Confocal microscopy with
SMI312 selectively detecting axonal neurofilamertd ST51 detecting SERT demonstrates
transporter in the axolemma. A merging of fluoregamages results in focal overlap but
proximity rather than a real colocalization is r@sgible for this yellow fluorescence. These
results are consistent with ultrastructural studesionstrating the majority of SERT in the
membrane of axons (on the cytoplasmic site of a®ola), and in the membrane of axon
varicosities but not in the axoplasm. Presencesig@ificant portion of SERT outside synaptic

junctions suggests that SERT is involved in serottevel regulation through extrasynaptic
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(volume) transmission (Zhou et al. 1998). In &iybridization studies in human (Austin et al.
1994, 1999), rat (Blakely et al. 1991, Fujita etl®93) and cat (Charnay et al. 1996), and
immunocytochemical studies of animal brainstem (@tal. 1995, Sur et al. 1996) indicate that
raphé neurons express both serotonin transportesanger RNA and protein. Presence of SERT
in the cell perikaryon and perinuclear enhancemé&®8ERT immunoreactivity, similar to those
in human neurons, has been reported in rat raptiéi{&ur et al. 1996). The somatic staining
around unstained cell nucleus extends into theritenttee of rat raphé neurons (Qian et al.
1995). Immunoreactivity with mAb ST51 within thdlogytoplasm, especially in the perinuclear
area, known as the location of the cell proteirtisgsis apparatus in rough endoplasmic
reticulum, processing in smooth endoplasmic raticuand Golgi apparatus, may correspond to
the site of SERT synthesis before transport tacéllesoma, dendritic and axonal membranes.
The studies of rat brain show a pattern of SERTesgdon in raphé nuclei similar to that
obtained by labeling adjacent sections with 5-Hiisgna (Qian et al. 1995).

Microdialysis reveals extrasynaptic serotonithi@ brain (Auerbach et al. 1989, Matos et
al. 1992). Serotonin released in synapses spitlefaine synaptic cleft and diffuses away from
synapses to distances up top2, several times farther than diffusion of dopan{i@arris et al.
1994), glutamate and GABA (Clements 1996). Onlyp#dipn of serotonin is picked up by
perisynaptic SERT (Zhou et al. 1998), whereas thpnrty is picked up by axonal SERT,
including SERT of axonal varicosities. It may sugfghat axonal SERT has a limited role in
regulation of serotonin synaptic transmission baymplay a major role in recollecting and
conserving serotonin which has diffused from theagyic cleft.

Enhanced immunofluorescence corresponding to iseckekevels of tryptophan

hydroxylase per cell suggests that small, immatetgons may produce disproportionally large
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amount of serotonin. One may speculate that itreanlt in enhanced levels of extracellular
serotonin in autistic children.

An attempt was made at measuring the intensitjuoféscent SERT staining per region
of interest (randomized areas of raphé subnuckdwever, all SERT immunopositive material
cannot be outlined such as with PH8 stained celldso SERT is present in numerous neuronal
processes and in a small amount in cell body cg®pic membrane. There are also issues with
strongly reacting blood vessels with SERT posiplaelets, in addition to all the tissue and

background related problems faced with PH8.

5.4. Interindividual differences

Detection of a combination of interindividual @ifences (reflecting etiological, clinical
and pathological heterogeneity) and common denamisiavhich reflect the mainstream
pathology regardless of differences between exairsnbjects are the main findings which
require modifications in research design in thereit Differences in the clinical phenotype and
pathological heterogeneity of changes in raph@&éfour examined autistic subjects suggest that
in a larger group, at least 3 subpatterns of cheange be expected. They will reflect (a)
pathology in idiopathic autism without detectabémgtic and/or epigenetic etiology (illustrated
by changes in 2 subjects examined: M1-08 and MJ3{b) pathology linked to epigenetic
factors active during in utero development (ongexxtbM2-08), and (c) pathology linked to
dupl5 (one subject: M3-10). Duplications of chroomae 15911-g13 account for approximately
0.5 to 3% of ASD and are considered the single mastmon identifiable cause of autism
(Schroer et al. 1998). Clinical studies indicatat 9% of individuals with dup(15) are

diagnosed with autism, and most is associated méternal origin of dup(15) (Rineer et al.
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1998). The review of 107 cases of dup(15) reveddatimicrocephaly is more common than
macrocephaly but both are reported (microcephaly’/# and macrocephaly in 3%) (Schroer et
al.1998). In a group of 126 children with idiopathutism, 15% of subjects were diagnosed as
microcephalic (Fombone et al. 1999). The examingz(1b) case’s (M3-10) low brain weight
(1,1259) qualified this subject as microcephalic.

Analysis of power indicated that a minimum grougesof 5 is required in morphometric
studies of TPH immunoreactivity in raphé nuclealooholics (Underwood et al. 2007).
However, the link between type, topography, ane&sgvof serotonergic system alterations and
numerous behavioral and neurological abnormalatefging the subject’s phenotype can be
determined only in large group postmortem studiée list of these most common clinical
cofactors includes: intellectual deficits definilogv to high functioning autism (Mazzone et al.
2012), prevalence of seizures, significant diffeemnin level of anxiety, aggression, self-
injurious behavior, depression, attention disordieep pattern alterations, sensory
abnormalities, and common medications often tangdtie serotonergic system, including
selective serotonin reuptake inhibitors (Sasayanah @009, Shanahan et al. 2011, Kolevzon et
al. 2010, Nakamura et al. 2010, King et al. 2009ey may all contribute to inter-individual
differences in the raphé subregion and raphé ghlberdations detected in postmortem studies as
observed in depression, psychoses or alcoholistidbiaet al. 1993, Baker et al. 1996,
Underwood et al. 1999, 2004, 2007, Boldrini e28l05, Bonkale et al. 2004, 2006).

Another major cofactor are gender-specific diffeenin serotonergic regulation during
development (Chandana et al. 2005; Chugani e88B)] combined with a 52% higher rate of 5-
HT biosynthesis in the male over female brain (MiaWwa et al. 1997), and the increased

susceptibility of males to early insults imposedebgvated levels of 5-HT. These may contribute
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to the four-fold higher propensity of males to depeautism as compared to females. A higher
rate of serotonin biosynthesis in the male mightdfkected in a higher level of TPH in control

and autistic males.

5.5. Spectrum of morphological developmental almmmalities
This study of raphé nuclei in four autistic subgestiggests 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 sma

Morphometric methods estimating the volume of neatdody and TPH
immunoreactivity are commonly used methods of dete®f disease-associated alterations.
However, different protocols of tissue preservatiormunostaining and estimating TPH
immunoreactivity may contribute to differences begw published results. The most complex
methodology has been developed by three groupsdimg Baker et al. (1996) Underwood et al.
(1999, 2004, 2007), and Bonkale et al. (2004, 26068}udy pathology in depression, psychoses
and alcoholism. Serotonin is implicated in the taggan of alcohol preference and intake in
humans (Underwood et al. 2004, Wong et al. 200&)t8nin reuptake inhibitors decrease the
desire to drink in a dose dependent manner (Carmelial. 1995, 1997, Naranjo and Brenner
1993). Selective increase of TPH-immunoreactivinsweported in neurons in dorsal raphé

subnucleus using immunoautoradiography in alcolepleddent depressed suicides (Bonkale et
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al. 2006). A similar increase in TPH-IR in alcolt@pendent depressed suicides was detected by
Underwood et al. (2007).

This raphé study revealed increased immunofluorescef cytoplasmic TPH in autistic
cases. Because tryptophan hydroxylase is theiraitnlg enzyme for serotonin biosynthesis, the
observed increase in TPH immunofluorescence inamesoma is considered a marker of an
enhanced level of serotonin production and reldasautism, developmental alterations in
different raphé nuclei with projections to diffetdmain regions may contribute to differences in
structural changes in target brain structures sisciimygdala, caudate, putamen, globus pallidus,
n. accumbens and different cortical regions reparneyualitative and morphometric studies
(Bauman and Kemper et al. 2005, Courchesne ef@b& Van Kooten et al. 2008, Schumann et
al. 2004, Schumann and Amaral 2006). The relatilelylevel of PH8 immunostaining in M2-

08 may reflect interindividual differences in gaoetnd epigenetic factors contributing to
differences in the morphological and functional pdtype.

The pattern of higher TPH fluorescence in autisnBfout of 4 studied pairs was seen in
all background correction approaches utilized. réladso appeared to be an increase in TPH
signal intensity in neurons with increasing ageawidver, the study consisted of a limited
number of cases with varying etiologies. Interudiial differences in this small group may
account for an unknown amount of the observed idiffees. The patterns based on this small
sample appear to be independent of sex of subgxizairs studied included both males and
females in various combinations.

Several studies suggest that regional increas®kh [Evel in raphé nuclei is typical of
psychiatric disorders. Serotonin dysfunction haanbeplicated in alcoholism, depression, and

suicide. Bonkale et al. (2006) revealed a 46% Tirtreiase in the dorsal subnucleus of the dorsal
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raphé in depressed suicide victims with alcohokdelence, while the increase in other dorsal
subnuclei was not significant. However, tryptophgdroxylase immunoreactivity was normal
in dorsal raphé of depressed suicide victims (BRA04). Topography and severity of
response to a toxic insult is species- and inqdt#ic. In rats chronically treated with alcohol,
the number of tryptophan hydroxylase- positive nesrwas decreased in the dorsal raphé (Casu
et al. 2004, Jang et al. 2002). Similarly, theserans were decreased in the DRN of subjects
with chronic alcoholism and Wernicke’s encephalbpatr Korsakoff's psychosis (Baker et al.
1996, Halliday et al. 1993). Bonkale et al. (208p¢culated that the increase in TPH-
immunoreactivity in the dorsal subnucleus in depedsalcohol-dependent suicide subjects is an
attempt to elevate TPH biosynthesis to compensatetiuced serotonin neurotransmission in
specific cortical or subcortical terminal fields étere et al. 2002, Underwood et al. 2004).
Morphometric methods of estimation of TPH expressio in human raphé nuclei.
Underwood (2007) examined raphé nuclei in 10 cdstibjects 17 to 74 years of age, and 9
alcoholic individuals 16-66 years of age. The bsem was separated with a transverse cut at
the anterior border of the superior colliculi, fikin 10% formalin, cryoprotected and 50-um-
thick sections were incubated with PH8 antibodyteidl 1:50,000 for 7 days. The product of
immunostaining was visualized with DAB. The subti@t of the area of the labeled neuron
soma from the total area of immunolabeling resultethe estimate of immunoreactivity
corresponding to PH8-positive processes. Neurorbeum@nd the average size of neurons were
similar in alcoholics and control subjects. Howewbe area occupied by PH8-positive processes
was 2.2-fold greater in alcoholic individuals comgzhto controls suggesting that alcohol affects

serotonergic system and causes neuron procesgisgrddoreover, optical density of TPH
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reaction was 42% higher in alcoholic individualarthn control subjects (Underwood et al.
2007).

Autoradiographic method of estimating TPH —immunoreactivity in human raphé
nuclei. Bonkale et al. (2004) estimated TPH immunoreatstivi dorsal raphé nuclei in
depressed suicide victims brainstem obtained icdlese of routine autopsies performed by a
medical examiner. Two tissue blocks with midbraom'e and caudal medulla blocks were frozen
in isopentane and stored at —80C pf-thick sections were cut and fixed in 4%
paraformaldehyde. The TPH primary antiserum (PH&3 applied at 1:10,000 dilution for 48h.
Sections were incubated with tHé”] labeled secondary antibody and radioactivity was
determined within individual DR nuclei. The quaative autoradiographic measurements of
TPH-IR from control subjects revealed regionalaliéinces in TPH-IR concentration among the
DR nuclei: Drit>DRv>DRvVI>DRd, but differences betaredepressed and control subjects were
found not significant (Bonkale et al. 2004). Howeube study of depressed suicide victims with
alcohol dependence revealed a selective significanéase in TPH-IR levels (by 46%) in the
dorsal subnucleus when compared with controls.

These results indicate that abnormalities in 5-kbBynthesis in the brain of depressed
alcoholic suicide subjects are restricted withistidct regions of the DR (Underwood et al.
1999, Bonkale et al. 2006).

Methods applied in this study of raphé nuclei in atism. The study of TPH
immunofluorescence was concentrated on the intgdasr nucleus. Within the dorsal raphé,
the ventrolateral and interfascicular nuclei camntlie greatest number of tryptophan

hydroxylase mRNA-positive neurons (Austin and O’Delh 1999). Moreover, localization of
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the interfascicular nucleus between the left agbdtrmedial longitudinal fasciculus reduces the
risk of incorrect delineation of the border of ROI.

In contrast to Bonkale and Underwood protocolanfain fixed as opposed to frozen
tissue was used in this study. The brainstem wasedded in PEG and cut into p@a-thick
sections in a transverse plane. Antigen retrie&8b& in 2x SSC buffer in free-floating sections
was applied. TPH was detected with mAb PH8 dilut&®00 and secondary antibody linked to
fluorochrome (Alexa 555). Detection of PH8 immunioilescence was a reflection of TPH
distribution.

At 40x, four image stacks distributed systematjcaidlone column covered almost
completely one half of the IF nucleus. The totatkhess of the stack was 15um and
corresponded to 15 images per stack. The singlgaraeea was selected to have 10+ neurons for
TPH-immunoreactivity evaluation. The volume of widual stack was approximately 170 larger
than the average neuron volume. Fluorescence ityemas measured per neuron soma after
outlining the soma of each neuron with cell nuclexslusion. Therefore, individual neuron
soma PH8 immunoreactivity could be considered asoresof individual neuron involvement in
5-HT synthesis at the time of tissue fixation. sfprm measurements average projections were
created from each stack.

Background subtraction. The intensity of background might be specificéach case
due to postmortem changes, different time of tission in formalin, PEG exposure, and
subtle differences in section immunolabeling irtespif 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 subtractierevbased on background measured
in the neuropil (outside of neuron soma). Subtoactf neuropil background distorted
cytoplasmic TPH immunofluorescence measuremenstofiion is caused by measurement and
subtraction of neuropil signal which is the equerdlof average signal/noise from astrocytes,
microglia and oligodendrocyte bodies and procedsadies, axons and dendrites of non-
serotonergic neurons residing in the raphé nualkartifacts related to formalin fixation by
variable period of time and tissue exposure to PAQhese factors become components of
“background” to be subtracted from TPH-immunoflsmence in serotonergic neuron
cytoplasm. The second type of distortion is assediavith inability of detection and subtraction
of neuron cytoplasmic signal, including neuronpbfuscin autofluorescence. The fourth method
eliminates these distortions.

Measurement of background in the cytoplasm of oreain the region of interest in
sections treated without primary and secondaryadti is the most specific. This method results
in detection of neuron cytoplasm- specific type atrdngth of background. Among others, this
background includes a measure of lipofuscin autoélscence, therefore subtraction of signal
from control section (not treated with antibodiesjults 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 colnind autistic groups in four background
correction approaches. Spearman correlation asasya non-parametric approach and unlike

Pearson correlation does not require a linearioglstiip between variables. The Spearman
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correlation coefficient in this study ranged from @0 0.8, which might be suggestive of a weak
to moderate correlation. However, since the samspigiite small (n=4 in each group), these
correlation results should be considered only dations of a general agreement between age
and TPH intensity. Since only a perfect rank agree would produce a significant result
(p<0.05) using a sample of four, even strong raketations would be statistically

insignificant.

5.5.2. Higher TPH immunoreactivity versus reducedheuron soma volume and
unmodified neuronal numerical density

The decrease in neuron volume in studied autistiogis on the order of 24%, whereas
the average increase in TPH fluorescence in autigire four approaches including reversed
case is +530% (equal background correction), +3@#i6wise background correction), +139%
(individual background correction), and +99% (neitantibody background correction).
Therefore, even if one were to make the argumexttatsmaller neuron concentrates the staining
in a smaller space and this is the reason forttemsity increase, the average intensity increase
is several times higher than the decrease in valume

One may assume that increased cytoplasmic TPH irafltuamescence reflects enhanced
serotonin synthesis in developmentally defectiy@éaneurons, an increased level of
cytoplasmic and potentionally axonal serotoninyjali as enhanced serotonin level in target
structures as shown by Azmitia et al. (2011a,b).

Moreover, the unchanged numerical density of neuinothe dorsal raphé nucleus,
combined with ~24% reduction of neuron soma volunkiacrease of TPH expression in 3

subjects suggests that in the majority of autmtisjects TPH, and possibly serotonin, are



143

overexpressed and that in autism neuron soma volkima a predictor of raphé neuron
serotonin synthesis.

These data are the first indicator that reduceel sizyeuron soma reported in many brain
regions is not equal to reduced neuron proteinh@gis. However, this information can't be
generalized and only specific protein estimates define how synthesis of cell cytoskeletal
proteins, receptors, and transporters are modifieditistic subject neurons. Cautious
interpretation of results indicates that in somiséia subjects reduced neuron soma volume is
paralleled by disproportional increase of TPH aadsibly serotonin levels.

The lower than normal volume of DRN neurons deigat 3 autistic subjects 5 to 15
years of age examined in this project suggestsdgardless of etiological, clinical, and
pathological differences, alterations in neuronnghoare a consistent feature of autistic children
raphé neurons and are a marker of global encepdthlppssociated with autism. One may
expect that dynamic changes in neuron soma or permaefects of raphé neuron growth will
be reflected in patterns of structural and funalarhanges in target brain structures, altered
function and their contribution to the autism atali phenotype.

Several studies indicate that serotonin playsrgortant role in normal development of
the central nervous system and that it inducesogemesis and neuronal differentiation. As a
trophic factor serotonin is involved in neuron gtbhvand maturation in the brain cortex and
subcortical structures (Buznikov 1984, Chubakoal 1986, Whitaker-Azmitia et al. 1991,
1996, Azmitia 2012). Therefore, developmental dsfe€ raphé nuclei may result in secondary
alterations of neurogenesis, differentiation andumadion with brain structure-specific

functional changes.



144

5.5.3. Clinical and neuropathological heterogerigy

Examination of medical records of four subjectgyd@sed with autism revealed clinical,
genetic and epigenetic heterogeneity. Two subjegiesented idiopathic autism without
detectable genetic etiology (M1-08, M13-10). Therygest autistic subject (M2-08) represented
autism with both a complex history of multiple diders in the family suggesting genetic autism
etiology, and complex history of fetal exposurerothers medications and diseases suggesting
contribution of epigenetic factors to autistic pbsme. The fourth subject (M3-10) represented a

subpopulation of autistic subjects with known autistiology (autism linked to dup15).

Unique pattern of developmental alterations in 5-yar old autistic subject. The 5-
year old autistic male’s (M2-08) medical recordd &éamily medical history reveal complex and
heterogeneous etiology and links between neurofmgital changes and clinical manifestations
of autism (Fig.32). He did not follow the trend see other autistic subjects. He had a striking
deficit of TPH as shown in all tested pretreatmeasibody dilutions and times of incubation in
colorimetric and fluorescence methods. The patérhanges suggests that this is an example
of an individual rather than group pathology. Regigoathology, rather than pathology affecting
all raphé nuclei is consistent with numerous stidfealcoholism, depression, and suicidal
behaviors (Young et al. 2008, Underwood et al. 208However, in this case pre- and postnatal
exposure to noxius factors appears to be the aduseuron injury, changes in cell biochemistry
and most likely function.

He experienced immune system deficiencies suchfestions (chronic ottitis media)
and allergies (milk, soy, other food leading tayfrent swelling, indicating immune system

alterations). He displayed an abnormal gaze, plyssglated to cerebellar floccular dysplasia
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detected in postmortem study. His intellectual deficould be related to defects of cellular
migration and defects of cytoarchitecture deteatgubstmortem study as multifocal cortical
dysplasia and hypocellularity. His frequent ag@aficrying, reduced sensory response, and
severe sleep disorder might be related to seragansystem alterations, including region-
restricted neuron loss or deficit, and tryptophgdrboxylase and serotonin transporter deficit.
His agitation required chronic treatment with pmaad valium, whereas severe sleep

disorder required treatment with melatonin.

FAMILY HISTORY PREGNANCY POSTPARTUM
. Cousins: I Trimester: . III Trimester: || Mother’s depression
L.earrfl‘n'g Perv. Dev. Dis. Cluster 1 Trlmestel:: Decreased P
disabilities Bipolar disord. | |headaches  |[HYPoglycemia |f;,0,q
Dyslexia pressure

Frequent fainting

b\
Fetus hypoxia-
neuronal loss?

Treatment:
Imitrex

DEVELOPMENTAL IMMUNE SYSTEM
CORTICAL ALTERATIONS SEROTONIN SYSTEM ALTERATIONS DEFICITS
Multifocal cortical T ; Neuron deficit Infections Allergies
dysplasia. oceuiar lor loss TPH
280 dysplasia deficit SERT
hypocellularity fici Chroni
deficit O Milk, soy, other
ottitis media | | ¢)0d.

Intellectual Abnormal Frequent agitation, crying. Frequent
deficits gaze Sensory response reduced. swelling, rash.
Severe sleep disorder.

Treatment:
Prozac, Valium,
elatonin

Fig. 45. Link between genetic factors, brain pathology, setonergic system

abnormalities and clinical phenotype. Genetic factors and epigenetic factors actingngur

all three trimesters appear to cause:

(a) developmental brain abnormalities with multifocattecal dysplasia contributing to
autistic phenotype and intellectual deficit;

(b) floccular dysplasia associated with abnormal gaze;

(c) serotonergic system pathology including deficitrgbtophan hydroxylase

(d) immune system deficits resulting in chronic infeos and severe allergies.
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The etiology of these clinical abnormalities migketlinked to several mechanisms,
including genetic and epigenetic factors. Famibtdry consisted of pervasive developmental
disorder, bipolar disorder, dyslexia in cousins Baining disabilities. The mother suffered
from cluster headaches in the first trimester egpancy and was treated with Imitrex. In the
third trimester she was diagnosed with hypoglycesnia decreased blood pressure resulting in
frequent fainting. This suggests that the mothleyjsoxia lead to fetus’ hypoxia and hypoxia-
related neuronal loss as well as distortion of aeal networks with postnatal structural and
functional consequences. Premature birth, at 3ksyeeas an indication that fetus development
was affected by pregnancy complications. The méhmrst partum depression was another sign
of imbalance of mother’s health during gestatiod after delivery.

The potential links between mother’s health dupnggnancy and child autism are
supported by other reports. Numerous gestation toatipns, mother’'s metabolic changes
and/or psychological factors may increase riskaiastism including: bleeding during pregnancy
(Brimacombe et al. 2007), long labor (Glasson €2@04), pre-term and induced labor
(Brimacombe et al. 2007), anxiety and fear (Bevexfset al. 2005), sadness (Zhang et al. 2010),
fear of abortion (Glasson et al. 2004).

Hypo- and hyperserotonemia in autismHyperserotonemia, identified as an increase in
the serotonin level in blood platelets by 25% t&58 a frequent finding in autism (Anderson
2002). The first report of hyperserotonemia in gmatby Schain and Freedman (1961) was
confirmed by other studies of blood serotonin itisaa (Hanley et al. 1977, Anderson et al.
1990, Cook 1996, McBride et al. 1998, Mulder e28I04, Hranilovic et al. 2007, Melke et al.
2008). Clinical studies reveal that tryptophan déph can worsen repetitive behaviors of

autistic subjects (McDougle 1993). Imaging studiemonstrate signs of impairment of the
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serotonergic system in autism (Chugani et al. 192999, Makkonen et al. 2008) and justify
clinical applications of serotonin- enhancing drggsh as serotonin reuptake inhibitors
(Mehlinger et al. 1990, McDougle et al. 1993, Fatetral. 1998, Kolevzon et al. 2006).
However, lack of improvement or worsening of cladistatus in the majority of patients
(Brodkin et al. 1997, King et al. 2009, Williamsatt 2010) contradicts SSRIs application. The
first postmortem study of serotonergic fibers (Atzanet al. 2011ab) revealed an increase in the
number of serotonin axons in forebrain pathwaysiarrtex of autistic donors. The detected
signs of over-activity of the serotonergic systeayraxplain adverse effects observed in clinical
trials and suggest that use of serotonin antagomsaty be a more advantageous therapeutic
strategy (Azmitia et al. 2011ab).

However, there is no report characterizing serotéevel in raphé neurons of autistic
subjects to fill the gap between imaging studiesiashg reduction in brain serotonin (Chugani et
al. 1997, 1999) and histopathological studies shgwn increase in serotonin transporter-
positive fibers (Azmitia et al. 2011ab). This stuafyraphé nuclei of autistic subjects indicates
that cells may have a smaller volume, decreas@dtophan hydroxylase (and probably
serotonin) levels detected in one autistic subcsignificantly increased levels of tryptophan
hydroxylase detected in three autistic subjects.

In the 5-year old autistic male (M2-08), the detelgbattern of postmortem pathology
indicates deficits of tryptophan hydroxylase, refileg most likely hyposerotonemia in raphé
nuclei, as well as in brain cortex and subcortstalctures innervated by the altered anterior
raphé nuclei. This pattern of developmental defeets strikingly different than in three other
autistic subjects with signs of enhanced tryptopiairoxylase level in raphé and most likely in

projection areas in the cerebral cortex and sulmadstructures. The pattern detected in these
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three subjects may correspond to raphé and br@arkgrotonemia. Medical family history and
clinical records of M2-08 suggest a link betweevese and diverse insults during fetal
development and appear to explain causes of selei@al manifestations of autism on one
hand and a unique pattern of morphological chaimgesphé nuclei on the other hand. The
detected diversity of clinical and postmortem ofsatons in this small group of 4 autistic
subjects appears to be a reflection of etiologaijcal, and neuropathological heterogeneity.
Moreover, this diversity may explain the strikingfefences in response of autistic subjects to
treatments targeting SERT.

Clinical differences in responses to selective séomin reuptake inhibitors (SSRIs).
SSRIs are used to reduce binding of serotoniratesporter. Azmitia (2011) demonstrated an
increase in the number of serotonin-positive axpredrtex and pathways of autism patients
which suggests that currently common use of semot@mhancing drugs such as SSRIs in autism
may not be the correct approach (Azmitia et al.128b). DelLong reported that SSRIs
enhanced learning and memory in a group of 2-7 glkesrwith idiopathic autism but individual
treatment responses varied widely. Out of nearlgHiiren, after continued fluoxetine
treatment of mean duration 21 months, 30% hadyg®@od response and were able to join
regular classrooms. Another 30% had a good respitis®igh remained autistic. However, in
40% of treated autistic subjects, there was noavgmment or significant negative response was
observed, and treatment needed to be discontinuetbdenhanced aggression, agitation,
hyperactivity, or lethargy. Several other studigealed positive response to selective serotonin
reuptake inhibitors (Mehlinger et al. 1990, Fatetnal. 1998, Kolevzon et al. 2006). However,
Brodkin et al. (1997) reported adverse effectsz(gess, agitation, constipation, weight gains) in

37% of 35 young adults treated with clomipramine3anonths. Impulsiveness, decreased
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concentration, hyperactivity, enhanced stereotipitavior, and insomnia were reported after
treatment with Citalopram (King et al. 2009). Itynadicate that applied SSRIs in some patients
enhance reuptake of serotonin in an already hypeeagerotonergic system leading to a
negative patient response.

All the children studied by DeLong had a normal@epment until a time of regression
in language, cognition, and social functions (1edng of age). In the group that had an excellent
response, “vestiges of their condition remaineikcellent response meant appropriate social
interactions, improvements in language, and nozedlmovement. In those with a negative
response, changes for the worse were seen anyivberéemmediately to months into treatment.
In some cases both negative and positive changessgen in the same individual. In certain
cases there was no long-term benefit even thougaliythe patients seemed to respond well.
Stopping of treatment usually meant a regressi@ywmiptoms, sometimes within weeks or
months. There was no measure of whether theyseggebelow treatment baseline. Regression
after discontinuation of SSRIs is an indicatiort tineatment has a functional positive effect, but
pathology which is the cause of functional altenasiis intact and treatment does not have a
permanent positive structural and functional outeoRegression toward pretreatment baseline
shortly after discontinuation of “successful” tne&nt suggests that (a) clinical improvement is
transient and functional, (b) biochemical/structefanges in the serotonergic system are
permanent, (c) they are the cause of clinical alitens and deficits, and (d) treatment does not
correct structural/biochemical developmental atters.

Signs of genetic diversity contributing to phenotyp and response to treatmentin
21 children studied by DelLong, a family historynodjor affective disorder (bipolar or

schizoaffective disorder or major depression) veasél. In children whose family history
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showed no psychopathology, 40% had excellent, 2686 ,gand 40% poor outcome. Of 10
children with a positive psychiatric family histonpt including major affective disorder, only
one had a positive response. One patient withasdipe outcome was quoted as responding
with “increased nervous energy, increased obseggliavior, increased frustration, decreased

communication” (DeLong 1998).
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6. CONCLUSIONS

1. The study of raphé nuclei of 5 to 15 year old d@atsubjects revealed:

a)

b)

Significant interindividual differences of the patt of morphological changes,
most likely reflecting contribution of genetic apce- and postnatal alterations to
postmortem detected changes.

Increase in TPH immunoreactivity per cell body thppears to reflect increased
level of serotonin in interfascicular nucleus.

Reduced volume of neuron soma in DRN consistertit mitmerous reports
published in past two decades demonstrating sreallam size in cerebral cortex,

subcortical structures, and cerebellum in autstigjects.

2. The study recognized several limitations of aesle on raphé nuclei of autistic

subjects:

a)
b)

C)

d)

Very low number of postmortem brain donationsuatistic subjects of all ages;
Limited number of pediatric control donations;

Lack of brainstem samples with preserved anatorméadrity of brainstem
serotonergic system due to routine methods of bt@am dissection in midsaggital
or transverse plane designed for neuropatholodiegiosis;

Lack of material for global studies of serotonergystem abnormalities due to

brain sampling for non-integrated projects.
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Standardization of brainstem preservation, immuaiostg and methods for quantitative
analysis, especially immunofluorescence-based measnts of key proteins reflecting raphé
structure and function, will contribute to deteat@nd characterization of serotonergic system
alterations in autism.

Diversity of detected alterations might be a reftat of genetic and/or epigenetic factors.
One may expect that a study of the brainstem @bX® autistic subjects would identify patterns
of interindividual differences and provide data &opreliminary subclassification of patterns

according to genetic and epigenetic factors, geaddrage, and clinical phenotype.
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