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ABSTRACT OF THE DISSERTATION 
 
 
 

Microglial and Neuronal Abnormalities in the Autistic Brain 
 
 
 

by 
 

John T. Morgan 
 
 
 

Doctor of Philosophy in Neurosciences 
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Professor Eric Courchesne, Chair 
 
 
 

Autism is a neurodevelopmental disorder of social cognition that is marked by 

frontally pronounced early brain overgrowth.  Functional magnetic resonance imaging 

studies have shown that the regions of the brain that display the greatest overgrowth early 

in life, such as dorsolateral prefrontal cortex, also demonstrate significant deficits in older 

children and adults with the disorder. However, there is relatively little information about 

the cellular abnormalities that underlie these observed macrostructural and functional 

alterations.  A single study has directly observed altered glial morphology in the 
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postmortem autistic frontal cortex, while a handful of studies have observed neuron loss 

in older subjects with autism.   

Therefore, we conducted a series of experiments aimed at elucidating both 

population and organizational abnormalities in the microglial and neuronal populations in 

the autistic dorsolateral prefrontal cortex.  In chapter II of this thesis, we use optical 

disector and isotropic nucleator to describe Iba-1 positive microglial density and volume 

in an unprecedentedly large sample of postmortem autism tissue.  Our findings indicate 

that increased density and somal volume are present in a sizeable fraction of subjects with 

autism from an early age, including during the period of early brain overgrowth, and that 

these alterations are not attributable to seizure.  In chapter III, we turn to an examination 

of average horizontal neuron distance in the same set of subjects.  We describe an 

increase in horizontal neuronal spacing early in life that likely reflects an early 

overproduction of neuropil, while confirming previous findings of reduced horizontal 

distance in adults, suggesting a gradual degenerative decline.  In chapter IV, we turn to 

spatial pattern analysis to examine whether there are alterations in neuronal and 

microglial organization.  We discover emergent alterations in local neuron-neuron and 

microglia-microglia organization across the autistic lifespan, along with group 

differences in local microglia-neuron clustering that do not show a developmental trend.   

These experiments describe several novel microstructural features of the 

developing autistic brain, and suggest that microglial activation and neuropil 

overproduction are present during early brain overgrowth and are followed by gradual 

neuropil degeneration and loss of cellular organization in adolescents and adults that may 

be related at least in part to ongoing microglial activation.  Further investigation of 
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cellular and microstructural abnormalities in the autistic brain may hold the key to 

understanding the complex set of alterations that underlie this disorder, and point the way 

towards diagnostic strategies and therapeutic instruments. 
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Autism: Current Knowledge and the Microstructural Gap 

Autism is a neurodevelopmental disorder that is diagnosed based on the presence 

of a core triad of behavioral abnormalities: impairments in social interaction, deficits in 

verbal and non-verbal communication, and the presence of restricted and/or repetitive 

behaviors.  It was first identified as a distinct disorder via detailed qualitative behavioral 

observations of 11 children by Dr. Leo Kanner in the seminal 1943 paper Autistic 

Disturbances of Affective Contact (Kanner, 1943).  Autism is now estimated to affect 

approximately 1 in 500 people in the United States, and 1 in 150 children are now 

diagnosed with an autism spectrum disorder (ASD), which includes not only autism but 

also Asperger’s syndrome and Pervasive Developmental Disorder-Not Otherwise 

Specified (PDD-NOS).  People with Asperger’s syndrome are generally considered to 

demonstrate the social and behavioral abnormalities of autism without the presence of 

developmental communication deficits, while subjects diagnosed with PDD-NOS meet 

criteria for autism in some but not all of the three core behavioral domains.   

The rate of diagnosis of both autism and the other spectrum disorders has steadily 

increased over the past few decades in developed countries and is still rising today 

(Fombonne, 2002; Lawler et al., 2004).  This pattern has provoked significant societal 

concern and media interest.  However, a significant fraction of this increase may be due 

to improved early detection systems and increasingly sensitive diagnostic instruments, 

along with a growing tendency to assign marginal cases a spectrum diagnosis so that they 

will receive beneficial behavioral therapy. 

It is important to emphasize at the outset that the diagnosis of autism has never 

been constrained by a specific etiological factor; rather, subjects are categorized based on 
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behavioral abnormalities that become apparent within the first few years of life.  There 

are few entirely consistent behavioral alterations that are present from subject to subject; 

many subjects are hyperactive and also receive a diagnosis of attention deficit-

hyperactivity disorder, while others may be extremely passive and limited in their 

engagement with the world.  In addition, while many children with autism never display 

normal social development, as many as 40% of subjects with autism may demonstrate 

normal or nearly normal early development and then marked behavioral regression as late 

as two years of age (Werner and Dawson, 2005).  Autistic diagnoses may also co-occur 

with a wide array of other neurological disorders, ranging from tuberous sclerosis to 

Fragile X, although no additional neurological disorder is consistently present (Bolton 

and Griffiths, 1997; Curatolo et al., 2004; DiCicco-Bloom et al., 2006).  Approximately 

60% of people with autism demonstrate co-morbid mental retardation (Fombonne, 2005), 

while approximately 30-40% have a seizure disorder (Tuchman and Rapin, 2002).  Thus, 

the bulk of the evidence suggests the strong possibility that an array of genetic and 

environmental triggers may produce largely but not entirely similar phenotypes that are 

currently classified as autism, perhaps by impacting similar regions of the social brain at 

critical points in development.   

 In recent years, evidence has emerged via both head circumference and magnetic 

resonance imaging (MRI) studies that brain development in the average child with autism 

is marked by substantial overgrowth in the first few years of life.  This overgrowth results 

in an volumetric enlargement on the order of 10% on average relative to controls at 

approximately two to three years of age (Carper et al., 2002; Courchesne et al., 2003; 

Courchesne et al., 2001; Dawson et al., 2007; Dementieva et al., 2005; Dissanayake et al., 
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2006; Hazlett et al., 2005; Redcay and Courchesne, 2005; Sparks et al., 2002; Webb et 

al., 2007).  Whether early overgrowth is primarily focused in white or gray matter is still 

a matter of debate (Amaral et al., 2008), but there appear to be substantial abnormalities 

in both types of brain tissue.  Early overgrowth does not persist into adulthood in the 

large majority of subjects with autism, although a small fraction of autistic subjects 

remain significantly macrencephalic well into adulthood. (We qualitatively analyze one 

such severely macrencephalic adolescent case in each of the three chapters in this thesis.)  

While within-subject longitudinal data is still sparse, particularly in older children and 

adults, meta-analysis suggests that control children approach autistic subjects in average 

brain volume by early adolescence at the latest (Redcay and Courchesne, 2005).  Thus, in 

addition to early overgrowth it also appears probable that in most subjects with autism 

there is a period of aberrant cessation of growth in mid-to-late childhood.  

Early brain overgrowth appears likely to at least partially underlie the abnormal 

development of social and communication abilities in autism.  For one, it takes place at 

approximately the same time that those skills usually begin to emerge in infants and 

toddlers (Flavell et al., 1999; Johnson, 2001).  Additionally, brain overgrowth appears to 

be most pronounced in the frontal cortices, particularly the medial and dorsolateral 

prefrontal cortices (Carper and Courchesne, 2005; Carper et al., 2002).  The frontal 

cortex plays critical roles in higher-order cognitive, language, social, and emotional 

functions (Stuss and Knight, 2002), each of which is seriously deficient in autism 

according to theoretical views (Damasio and Maurer, 1978; Mundy, 2003), clinical 

studies (Baron-Cohen, 1992; Dahlgren and Gillberg, 1989; Lord and Risi, 2000; Rogers 

and Di Lalla, 1990; Wetherby et al., 2008) and a great deal of experimental evidence 
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(Barnea-Goraly et al., 2004; Belmonte et al., 2004; Belmonte and Yurgelun-Todd, 2003; 

Chugani et al., 1997; Dawson et al., 2001; Friedman et al., 2003; Hughes et al., 1994; 

Luna et al., 2002; McEvoy et al., 1993; Minshew et al., 1997; Pennington and Ozonoff, 

1996; Pierce et al., 2004; Rumsey and Hamburger, 1990; Townsend et al., 2001; 

Zilbovicius et al., 1995).  In older children and adults with autism, long after early 

overgrowth, the frontal cortices continue to demonstrate some of the most aberrant 

functioning, as do other regions demonstrating moderate but still substantial overgrowth 

such as temporal cortex and amygdala (Bailey et al., 1998; Boddaert et al., 2003; Carper 

et al., 2002; Castelli et al., 2002; Gervais et al., 2004; Pierce et al., 2001; Schumann et al., 

2004; Sparks et al., 2002).  Based on these regional features, we have selected 

dorsolateral prefrontal cortex as a locus of particular interest for our studies.  However, it 

must be emphasized that numerous cellular alterations are likely present in other regions 

of the autistic brain as well, and that these alterations may or may not be entirely similar 

to those we describe in the dorsolateral prefrontal cortex.   

While the time course and regional localization of early neurodevelopmental 

abnormality in autism has now been described in substantial detail, it is less clear what 

cellular and/or molecular abnormalities these volumetric and functional alterations may 

reflect.  Autism is likely to have a strong genetic component, as it is highly heritable 

relative to other neuropsychiatric disorders.   There is a concordance rate of 60-90% in 

monozygotic, i.e. genetically identical, twins depending on the strictness of the diagnostic 

criteria, while in dizygotic twins and siblings there is only a concordance of roughly 5-

20% (Constantino and Todd, 2003; Folstein and Rutter, 1977; Ritvo et al., 1985).  The 
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rate of incidence of autism differs markedly between genders; there is a male:female ratio 

of approximately 4:1 among diagnosed subjects (Beaudet, 2007).   

Several genes of potential interest have been identified in autism, with a particular 

emphasis on those that affect synaptic function such as Shank 3 and Neuroligin 4 

(Durand et al., 2007; Jamain et al., 2003; Moessner et al., 2007; Tabuchi et al., 2007).   In 

addition, specific chromosomal loci, such as 15q, have been repeatedly identified as 

associated with autism via linkage analyses, and there is much current interest in the 

presence of copy number variations at a handful of specific chromosomal locations 

(Jacquemont et al., 2006; Sebat et al., 2007).  Despite these advances, however, no genes 

have been identified that individually account for a substantial fraction of autism cases.  

Several individual alleles have been conclusively linked to the disorder but are typically 

vanishingly rare, often observed in no more than one or a handful of specific families and 

frequently co-occurring with a number of secondary features that are not commonly 

present in the broader autism population (Amir et al., 1999; Butler et al., 2005; Jamain et 

al., 2003; Splawski et al., 2004; Vincent et al., 2004).  Even copy number variations 

appear to afflict only a modest fraction of subjects with autism spectrum disorder, on the 

order of perhaps 10% (Sebat et al., 2007).  The majority of genetic researchers now 

expect that as many as fifteen to twenty alleles may be abnormal in the average subject 

with autism, and this estimated number has generally increased over time (Pickles et al., 

1995; Risch et al., 1999).  These genes may interact in an additive or unpredictable 

manner, such that nearly equivalent fractions of controls display the same abnormal 

alleles without demonstrating clinically detectable symptoms.  The complicated genetic 

situation has resulted in substantial difficulties in replicating the large majority of 
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published genetic findings over the past decade and a half.  In addition, after more than 

thirty major genetics studies of autism, no genetic abnormality been successfully 

connected to a corresponding macrostructural or functional brain abnormality, except in 

instances of genetic disorders with autism as a secondary feature such as Fragile X (E. 

Courchesne, personal communication).   

The macrostructural and genetic studies to date have made significant progress 

towards discovering the causes of autism.  However, they have been notably hindered by 

the absence of a critical link: a fundamental understanding of the abnormalities present in 

the cellular microstructure of the cortex.  Knowledge of these abnormalities would 

simultaneously provide critical guidance to future genetic studies of the disorder and 

improve our understanding of the elements underlying the functional and structural 

abnormalities observed via in vivo imaging.   

If it were feasible, it would be fastest and cheapest to describe abnormalities in 

the cellular structure of the cortex via animal models, which would also have the benefit 

of allowing for careful experimental control.  Many animal models of autism have been 

developed, some of them with multiple behavioral and macrostructural similarities to 

autism (Patterson, 2002).  However, as discussed above, no fundamental etiology has 

been found for the disorder and indeed one may not even exist.  Thus, it is unclear 

whether the animal models presented to date reproduce any actual etiology.  Additionally, 

even if a specific autism etiology were to be found, is uncertain how close of an 

approximation would be possible in any animal model since autism is first and foremost a 

disruption of evolutionarily recent, higher-order social cognitive functions that are largely 

absent in lower mammals.  It is telling that several animal models of autism have also 
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been advanced as putative models for other neuropsychiatric disorders such as 

schizophrenia, which has a vastly different developmental course and presentation in 

humans.  

Thus, we believe it is of critical importance to directly study postmortem human 

tissue for cellular abnormalities.  In the past three decades of postmortem human 

research, dating back to 1980 (Williams et al., 1980), there have been over 40 

postmortem studies of the cellular microstructure of the autistic brain (Bailey et al., 1998; 

Bauman and Kemper, 1985a; Kemper and Bauman, 1998), encompassing almost 100 

unique cases (Amaral et al., 2008).  To date, however, all but a small handful of these 

studies have analyzed abnormalities qualitatively, typically via a single unblinded 

observer, which significantly raises the possibility of unintentional experimenter bias.  

Most have utilized only cresyl violet stained sections, which prevents identification of 

glial subtypes, and the majority analyze no more than a few cases per study, often with 

poor controls for variables like age and gender.  As a result, the abnormalities that have 

been qualitatively observed in a single study have rarely been replicated later by different 

observers in different brains.  The only notable exception is an apparent decrease in 

Purkinje neuron density in the cerebellum (Bailey et al., 1998; Courchesne, 1997; Fehlow 

et al., 1993; Ritvo et al., 1986; Williams et al., 1980)  (but see also (Fatemi et al., 2002)).  

Numerous studies have qualitatively suggested aberrant neuronal organization in various 

cortical and subcortical regions of the brain, but there is little agreement on the precise 

location or nature of the abnormalities (Bailey et al., 1998; Bauman and Kemper, 1985b; 

Coleman et al., 1985; Guerin et al., 1996; Hof et al., 1991; Kemper and Bauman, 1993; 

Rodier et al., 1996; Williams et al., 1980).  The few quantitative studies that have been 
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performed to date are discussed in more detail below in the individual relevant chapters; 

if anything, they suggest neuron loss in older subjects with autism across multiple cortical 

areas, most of which have been marked by significant early macrostrucutral overgrowth 

(Kennedy et al., 2007; Schumann and Amaral, 2006; van Kooten et al., 2008).  Molecular 

postmortem studies have similarly suggested that neuronal death is ongoing in the adult 

autistic brain; frontal and parietal cortex and cerebellum in autism have exhibited reduced 

levels of Bcl-2, an anti-apoptotic factor, and increased levels or p53, a pro-apoptotic 

factor (Araghi-Niknam and Fatemi, 2003; Fatemi and Halt, 2001; Fatemi et al., 2001).   

However, few firm conclusions regarding neuronal loss or other neuronal abnormalities 

have been drawn due the variability in subjects and brain regions studied.  

Given the current state of the literature, this thesis focuses on describing 

fundamental cellular abnormalities in the autistic cortex in a consistent set of subjects and 

in a consistent brain region, dorsolateral prefrontal cortex, selected on the basis of its 

marked structural and functional abnormalities.  Because quantitative descriptions of 

cellular alteration in the developing autistic brain have been markedly limited to date, all 

primary brain cell populations remain of significant interest.  Neurons are of obvious 

interest due to their fundamental role in information processing in the brain and previous 

reports of abnormal organization (Bailey et al., 1998) and neuron loss (Schumann and 

Amaral, 2006; van Kooten et al., 2008).  Each glial subtype is also of significant interest 

due to their multiple support roles.  There are three primary glial subtypes in the brain: 

microglia, astroglia, and oligodendrocytes.  There are also support cells such as 

perivascular cells, and additional central nervous system (CNS) glial subtypes have at 

times been identified (Peters, 2004).  
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 However, there is currently no primary antibody that reliably images 

oligodendrocytes in formalin-fixed tissue, the main tissue preparation available for our 

studies.  In addition, astroglia generally do not demonstrate significant changes in density 

or location except in extreme instances of neuroinflammation due to their progenitor cell 

lineage, which eliminates or severely limits their capacity to divide (Gross et al., 1996).  

Even if significant numerical differences were present due to early developmental events 

in the astrocyte population, the uneven distribution of these cells in gray matter, 

particularly in humans (Colombo and Reisin, 2004; Colombo et al., 2000), makes it 

relatively difficult to perform reliable, unbiased quantitation.  Studies of abnormal 

cytokine production might identify astrocytic abnormalities, but these experiments would 

require frozen rather than formalin-fixed tissue and achieving quantitative results specific 

to the cell population necessitates the use of difficult, time-consuming cell capture 

techniques.  While such experiments are of significant interest, they were not assigned 

the highest priority given the current lack of basic knowledge about cellular abnormalities 

in the autistic brain.   

 

Microglial Abnormalities in the Autistic Brain 

The final primary glial cell type is microglia, which among several functions 

serve as the resident macrophages in the brain.  Their origin is currently a matter of 

significant debate; some may derive from a neuroectodermal lineage, but it is likely that 

most are myeloid in origin (Ransohoff and Perry, 2009).  These microglia are thought to 

continually infiltrate the brain throughout the lifespan by crossing the blood-brain barrier, 

particularly in neuroinflammatory disorders (Davoust et al., 2006).  Recent evidence 
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suggests that microglia conduct extensive surveillance of their local environment for 

inflammatory signals with a bevy of constantly extending and retracting processes; these 

observations are in accordance with qualitative observations that microglia display a 

remarkably lattice-like distribution in the control brain, suggesting that each microglial 

cell is responsible for monitoring a specific domain (Nimmerjahn et al., 2005).  After 

receiving an activation signal, microglial processes retract, the cell swells and assumes a 

more amoeboid morphology, and the microglia move to the location of the insult, where 

they engage in a phagocytic response that is at times accompanied by other 

neuroprotective actions (Hanisch and Kettenmann, 2007). 

In recent years, it has become increasingly clear that in addition to addressing 

foreign insults, microglia are responsible for an array of functions that are critical to 

normal brain development.  Indeed, these functions are so extensive that if microglial 

function is disrupted, aberrant neuronal function is almost an inevitable consequence.  

For one, microglial activation may play a critical role in regulating neuron numbers; an in 

vitro study of the developing mouse cerebellum demonstrated that activated microglia 

may normally play a key role in naturally occurring Purkinje neuron death (Marin-Teva 

et al., 2004).  This finding is particularly striking given that it occurs via secretion of 

reactive oxygen species that are typically upregulated in activated microglia and that 

there are frequent qualitative observations of Purkinje neuron loss in autism, as discussed 

above (Marin-Teva et al., 2004).  Similarly, microglia have been shown to play a role in 

early retinal cell death via secretion of NGF in rodents (Frade and Barde, 1998).  In 

addition to promoting the apoptosis of supernumary neurons in select populations, 

activated microglia also eliminate cell corpses that have been produced by other 
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developmental processes (Ashwell, 1990; Marin-Teva et al., 1999; Rakic and Zecevic, 

2000; Upender and Naegele, 1999).  A failure to deactivate after completion of 

developmental clearance could well result in long-term, pathological activation of 

microglia.  However, the extent to which these processes take place in the developing 

human brain as opposed to primate or murine models is still debated, with some 

researchers suggesting that in humans there may be much less supernumary neuron 

production and thus much less developmental microglial activation (Francis et al., 2006; 

Monier et al., 2006). 

In addition to their activated functions, resting microglia now appear to play a 

substantial role in the development of synaptic connectivity.  One mechanism for this 

interaction is via a family of growth-promoting extracellular matrix factors called 

thrombospondins (Christopherson et al., 2005).  Several studies in knockout mice have 

demonstrated abnormalities in synaptic function and plasticity when KARAP/DAP12, a 

microglial protein expressed during the prenatal period, is knocked out (Roumier et al., 

2004).  Although microglia are present prenatally shortly after gestation, they achieve 

their maximal density in mice around postnatal day 18 (Dalmau et al., 1998; Dalmau et 

al., 2003), which is approximately the time of peak synaptogenesis (De Felipe et al., 

1997; Steward and Falk, 1986).  In addition to their critical developmental role, microglia 

also express a wide array of cytokines, neurotrophins, and neurotransmitters that impact 

synaptic function throughout the lifespan (review: (Bessis et al., 2007)).   

There are numerous studies suggesting glial or immune abnormality in the autistic 

brain, including epidemiological studies, single case descriptions, assays of CSF and 

blood samples, and genetic association studies (Ashwood and Van de Water, 2004; 
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Ciaranello and Ciaranello, 1995; Hornig and Lipkin, 2001; Laurence and Fatemi, 2005; 

Lawler et al., 2004; Muhle et al., 2004; Shi et al., 2003; Veenstra-VanderWeele and 

Cook, 2004; Zimmerman et al., 2005).  Whether there is an association between autism 

and an abnormal immune response is currently a focus of intensive study (reviews: 

(Ashwood and Van de Water, 2004; Ciaranello and Ciaranello, 1995; Hornig and Lipkin, 

2001; Lawler et al., 2004; Libbey et al., 2005).  There is still relatively little direct 

evidence for an adaptive immune reaction (e.g., T-cell infiltration; deposition of 

immunoglobulin) in any autistic brain examined, but the case for activation of the innate 

component of the immune system is building (Li et al., 2009).   Studies of glial fibrillary 

astrocyte protein (GFAP), which is upregulated in activated astrocytes, showed increases 

in CSF in autistic children (Ahlsen et al., 1993) and frozen tissue from dorsolateral 

Brodmann area (BA) 9, BA 40, and the cerebellum in adults (Laurence and Fatemi, 

2005).  Other studies have observed upregulation of an array of pro-inflammatory 

cytokines in frozen tissue from adult frontal cortex, particularly in the Th1 family (Li et 

al., 2009; Vargas et al., 2005), although there has been at best modest overlap between 

such studies in the affected cytokines.  Most recently, Garbett et al described alterations 

in gene expression in the temporal lobe of 6 age-unsegregated subjects indicative of 

immune activation, particularly late-stage autoimmune reaction (Garbett et al., 2008).   

Until recently, there was minimal direct evidence for the possibility of glial 

alteration in autism.  A qualitative postmortem study of cresyl violet stained slices from a 

small number of autism cases observed infrequent local gliotic events in a subset of 

subjects, a result that is not replicated in our studies (Bailey et al., 1998).  Recently, one 

study has directly examined glial morphology and density in the autistic brain (Vargas et 
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al., 2005).  The authors qualitatively observed activated microglia and astroglia in autistic 

subjects in the medial frontal gyrus, anterior cingulate, and cerebellum (Vargas et al., 

2005).  A fractional area assessment, describing the amount of HLA-DR positive 

microglial staining, was performed.  However, due to the small number of cases, the only 

region in which significant group differences were observed was the cerebellum, 

although there were strong trends in the frontal cortical regions (Vargas et al., 2005).   

While this study provides tantalizing clues that the microglial population is 

abnormal in the autistic brain, it leaves many critical questions unanswered.  For one, 

while HLA-DR is a primary antibody with a decades-long history of use in visualizing 

microglia, there is significant concern that it primarily visualizes activated rather than 

resting microglia, although this issue has been disputed (C. Pardo-Villamizar, personal 

communication).  Thus, if no staining is observed in a case, it is not clear whether there is 

actually no microglial activation or whether it simply reflects poor tissue quality due to 

postmortem interval, fixation technique, or tissue storage technique/interval.  In addition, 

HLA-DR rarely returns substantial microglial detail beyond the cell soma, significantly 

reducing the amount of morphological information available about these cells.  The 

fractional area staining quantification methodology employed in the study, while ideal for 

a rapid, initial examination of microglial abnormalities, leaves unanswered what actual 

alterations in microglia are present; if there is more staining, is that reflective of an 

increase in microglial density, an increase in microglial somal volume, or an increase in 

process staining?   Finally, despite the developmental nature of autism, no analysis has 

been performed describing developmental trends in microglial features or examining 

young cases specifically, leaving it unclear whether microglial abnormality is present 
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from an early age or instead emerges later, after the period of early brain overgrowth, 

which would suggest that it emerges secondarily, for example as a response to seizure or 

chronic aberrant neuronal function.  

 This thesis addresses these outstanding questions.  To visualize microglia, we 

employ a primary antibody to Iba-1, a relatively novel microglia-specific marker that 

images a protein in a Ca2+-triggered signaling pathway with multiple effects on 

microglial activity and morphology (Imai et al., 1996; Ito et al., 1998; Ito et al., 2001; 

Ohsawa et al., 2000).  This antibody has been developed and come into increasingly 

widespread use over the past decade, and provides highly specific microglial staining in 

both activated and resting microglia, although it is modestly upregulated in activated 

microglia (Ito et al., 1998; Ito et al., 2001).  In addition, our studies use an 

unprecedentedly large group of autistic subjects in order to better characterize the 

developmental course of microglial alteration and describe any potential heterogeneity.   

Finally, we employ modern quantitative cellular techniques, stereology and 

isotropic nucleator, to describe the microglial population in detail.  Stereology is a 

method for unbiased estimation of the number of particles in an area that minimizes the 

expenditure of time and labor.  It utilizes systematic-random sampling of a region of 

interest with an optical disector, a three-dimensional counting frame (Gundersen, 1986; 

West et al., 1991).  While stereology can be used to estimate total cellular number, we did 

not have complete, well-defined regional boundaries in each subject and so average 

density was estimated instead.  The isotropic nucleator is a methodology that estimates 

somal volume; briefly, a series of rays is extended from the nucleus of a cell and their 

points of intersection with the somal boundary are marked.  The distance to the boundary 
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of the cell soma is averaged across multiple rays, and from this measure an estimated 

somal volume can be calculated.   In chapter 2, we employ these techniques to investigate 

whether there are significant alterations in microglial density and somal volume in the 

autistic brain, whether these alterations are present from an early age, and whether they 

are significantly affected by potential confounds such as postmortem interval and the 

presence of seizure. 

 

Minicolumn Abnormalities in the Autistic Brain 

Given the deficits in cognitive processing in autism, abnormalities in neuron 

number and connectivity are another primary feature of substantial interest.  Neuronal 

connectivity is of particular interest if glial abnormalities are observed because of the 

strong interactions between glial activity and the development and maintenance of 

synaptic connectivity detailed above.   Normal developmental arborization in postmortem 

human tissue has only been quantified in a small number of subjects in a handful of 

studies (Huttenlocher, 2002).  Thus, even fundamental questions such as whether there is 

a single wave of dendritic proliferation and then pruning or a more gradual, iterative 

process remain unanswered (Quartz and Sejnowski, 1997).  What is clear is that there is 

exuberant postnatal arborization in humans, that at times excessive synaptic formation 

takes place and is followed by some degree of synaptic pruning, and that these processes 

appear to follow a distinct fronto-occipital gradient in human neocortex.  In the occipital 

lobe, dendritic arbors are approximately a third of their adult size at birth (with moderate 

variability between subregions and layers), and have nearly completed maturation by 2 

years of age (Huttenlocher, 2002).  In frontal cortex, by contrast, arbors are estimated to 
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be only 3-5% of the adult size at birth, and do not reach full size until the end of 

childhood (Huttenlocher, 2002).  It is intriguing that several of the same cortical regions 

most severely enlarged early in life in autism also develop some of the largest arbors over 

the longest timescales in normal children.  The more extensive arborization processes of 

more frontal cortices appear likely to increase the susceptibility of their arborization 

processes to disruption by aberrant genetic or environmental factors (Courchesne and 

Pierce, 2005). 

 Studies conducted in a small handful of autistic subjects to date using Golgi 

staining or qualitative assessments of cellular spacing have suggested some reduction in 

the average size of dendritic arbors in the hippocampus and amygdala in autism in adult 

subjects (Bauman and Kemper, 1994; Kemper and Bauman, 1998; Raymond et al., 

1996).  However, Golgi staining can be difficult to perform with consistency, time-

consuming to reliably quantify, and exceptionally demanding on a tissue resource base 

that is still relatively limited.  Thus, the primary microstructural feature quantitatively 

analyzed in the autism literature to date, and the only one examined in frontal cortex, is 

minicolumn width.    

Minicolumns are an observed microstructural feature of the brain in which cells, 

primarily excitatory pyramidal neurons, align in columns roughly orthogonal to the pial 

surface.  They are generated during development via radial glial migration and are further 

consolidated (or dispersed) over the course of development depending on the region and 

layer of cortex in question.  Three studies have demonstrated a reduction in the width 

between columns of pyramidal neurons in multiple cortical regions in the autistic brain, 

particularly frontal cortex (Casanova et al., 2002a; Casanova et al., 2002b; Casanova et 
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al., 2006).  The preliminary indication prior to our studies was that these alterations may 

emerge after the period of early cerebral enlargement, as a single young subject displayed 

unchanged frontal minicolumnar width relative to an age-matched control in cortical 

layer III (Buxhoeveden et al., 2006).  The other studies to date have not analyzed subjects 

for developmental alterations despite including tissue from one or more cases under the 

age of 7, when the brain is undergoing or has just ceased early overgrowth (Casanova et 

al., 2002a; Casanova et al., 2006).  

Given that columns are normal in size when the brain is enlarged and reduced in 

size when the brain is normal, the literature to date has primarily presented these findings 

as indicative of an overproduction of columns and therefore neurons in the disorder 

(Casanova, 2006).  However, the raster-based methodologies primarily employed in these 

studies (Buxhoeveden et al., 2006; Casanova et al., 2002a) operate by identifying regions 

of multiple dark pixels indicative of cells in a given row, then averaging the horizontal 

distances between these regions across all rows of pixels.  Thus, columnar width might 

more accurately be termed horizontal nearest neighbor distance.  It could even be 

considered a highly imprecise proxy for cellular density and thus the proportion of space 

occupied by neuronal soma relative to that occupied by all other cellular components of 

the brain.  The space occupied by these cellular components - dendritic arbors, axons, 

synapses, and glia, and the like – has recently been assigned the term neuropil (Casanova 

et al., 2002b), a subtle shift from its previous definition (Schleicher et al., 1986).   

There are also specific software tools that can be used to directly establish the 

ratio of neuropil to neuronal bodies (Buxhoeveden et al., 2006; Casanova et al., 2002b).  

This ratio can in turn be a marker for the degree of over or undergrowth of synaptic 
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connections relative to the number of neurons in the brain, whether or not there is a 

change in the basal number of neurons.   In chapter 3 of this thesis, we investigate not 

only whether columnar width and neuropil ratio are altered in autism, but also whether 

they demonstrate significant developmental patterns; in other words, can much of the 

early brain overgrowth observed via macrostructural studies be attributed to 

overproduction of neuropil?  We also examine the impact of several covariates on 

columnar width and neuropil volume, and the variability in columnar features between 

different cortical layers.  

 

Cellular Spatial Patterning Abnormalities in the Autistic Brain 

The first two primary data chapters of this thesis establish fundamental alterations 

in the microglial population and in neuronal columnar organization in autism.  However, 

they leave many additional questions about microglial and neuronal activity and 

organization unanswered.  If there is microglial activation, does that result in changes in 

microglial organization suggestive that the usual lattice-like framework of microglia has 

broken down and the microglia are moving abnormally in response to some sort of 

environmental trigger?  If there are developmental changes in proportional neuropil 

volume, does that result in changes in neuronal organization beyond simply increased 

spacing; that is to say, is the normal organization of neurons disrupted?  Most 

importantly, are microglial alterations actually in response to neuronal alterations?  Are 

microglia moving closer to neurons in response to neuronal functional abnormality or 

other signaling (such as misidentification of neuronal proteins as foreign antigens)?  Or 

are the two populations demonstrating largely unrelated aberrant features, perhaps in 
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response to brain overgrowth or a common genetic factor that also triggers brain 

overgrowth? 

To answer these questions, we turn in chapter 4 to spatial pattern analysis.  Spatial 

pattern analysis is a technique that was adapted to examine cellular organization 

approximately two decades ago from its previous use describing the two-dimensional 

geographical distributions of animals and plants (Diggle and Chetwynd, 1991).  Spatial 

pattern analysis can be conceived as measuring the number of instances of a population 

of interest at a given distance from another population of interest.  These measurements 

are then compared to a large number of trials in which the same density and large-scale 

structural features of populations are maintained but the location of individual population 

members is randomized.  This produces a density-independent measure of clustering 

between populations, an important feature given the alterations in microglial and 

neuronal density that we describe in both chapters 2 and 3.   

Spatial pattern analysis has not been previously applied to subjects with autism, 

but has developed a significant experimental track record and numerous theoretical 

refinements over many years of describing cellular organization abnormalities in other 

neuropsychiatric disorders (Beasley et al., 2005; Chana et al., 2003; Cotter et al., 2002).  

In Chapter 4, we apply this technique to autism for the first time, using the same set of 

subjects as in previous chapters.  In addition to addressing the fundamental question of 

altered cellular organization, we also develop several important refinements to the 

existing spatial pattern analysis methodology.  Because we are analyzing a region of the 

brain, dorsolateral prefrontal cortex, with marked variability between layers, we 

implement density correction by individual cortical layer.  Additionally, for the first time 
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we describe individual subject clustering values in addition to fundamental differences 

between diagnostic groups.  These individual subject values are of critical importance in 

the study of a neurodevelopmental disorder such as autism, because they allow us to 

investigate correlations between our clustering values and age, as well as other potential 

covariates of interest in the disorder such as brain mass.  Finally, we implement an 

analysis technique that returns exploratory clustering values at a series of finely grained 

intermediate distances, allowing a more precise narrative of cellular alteration as the 

distance from a population of interest increases rather than simply confirming an 

alteration in overall cellular clustering at maximum distance or a handful of distance 

intervals.    
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Abstract 
 
Context 

Autism is a neurodevelopmental disorder that has been associated with 

abnormalities of the immune system.  Microglial activation has been reported in a single 

previous study, but there is no knowledge about the pathological features of microglia in 

autism, no assessments have been performed via a quantitative stereological 

methodology, and abnormalities have not been analyzed developmentally or with respect 

to important covariates. 

 

Objective 

To determine whether there are abnormalities in the microglial population of the 

autistic brain in a region of early overgrowth, and whether those abnormalities vary 

developmentally and with respect to covariates of interest. 

 

Design 

Case-control study. 

 

Setting 

University of California, San Diego. 

 

Participants 

Formalin-fixed tissue was acquired postmortem from the dorsolateral prefrontal 

cortex of 15 subjects with autism and 9 controls.  
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Main Outcome Measures 

Qualitative alterations in morphological features of microglia, Iba-1 positive 

microglial density as estimated by stereological quantification, and microglial somal 

volume as assessed via isotropic nucleator. 

 

Results 

A majority of subjects with autism display significant alterations in microglial 

morphology.  Microglial density is significantly increased in gray matter in autism 

(p=.003), and in white matter as well after correction for covariates (p=.048).  Microglial 

volume is significantly increased in both gray (p=.040) and white (p=.009) matter in 

autism.  Alterations are present in subjects across the lifespan, including many of the 

youngest subjects.  There is no significant interaction with the presence of seizure. 

 

Conclusions 

In many patients with autism, there are profound alterations in the microglial 

population indicative of activation and ongoing pathological processes.  These 

differences appear to be present from a young age and are likely retained across the 

lifespan.  Microglial activation may be either a central etiological factor or a response to 

aberrant processes in other cell populations.  Treatment with anti-inflammatory agents 

may yield significant therapeutic benefits and should be investigated. 
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Introduction 

Several abnormalities suggestive of a degenerative or otherwise aberrant long-

term neuronal environment have been reported in autism.  In adolescent and adult brains, 

reductions in neuron number (Schumann and Amaral, 2006; van Kooten et al., 2008) 

have been observed in regions demonstrating functional abnormality and/or early 

overgrowth.  Neuropathology studies have reported alterations in the organization of 

neuronal populations in many areas of the autistic brain, although consistency between 

subjects is relatively low (Bailey et al., 1998; Bauman, 1996; Bauman and Kemper, 1985; 

Kemper and Bauman, 1998).  Frontal and parietal cortex and cerebellum display reduced 

levels of Bcl-2, an anti-apoptotic factor, and increases in pro-apoptotic factor p53 

(Araghi-Niknam and Fatemi, 2003; Fatemi and Halt, 2001; Fatemi et al., 2001).   

The presence of immune abnormalities in autism has been suggested by many 

proteomic and genomic studies. Several but not all examinations of cerebrospinal fluid 

(CSF) and brain tissue have revealed alterations in cytokine profiles and elevations in 

subsets of pro-inflammatory factors (Ahlsen et al., 1993; Garbett et al., 2008; Gupta et 

al., 1998; Jyonouchi et al., 2001; Li et al., 2009; Singh et al., 1991; Vargas et al., 2005; 

Zakian et al., 2000; Zimmerman et al., 2005).  Increased levels of the astroglial protein 

GFAP, which is upgregulated during activation, are observed in frozen tissue from 

Brodmann areas (BA) 9 and 40, as well as cerebellum (Laurence and Fatemi, 2005).   

Do these findings indicate that the autistic brain is marked by glial abnormality?  

Infrequent gliotic events were first reported in a subset of a small group of subjects via a 

qualitative neuropathological assessment of cresyl violet-stained glial nuclei (Bailey et 

al., 1998).  However, when immunohistochemical visualization techniques are employed 
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to more precisely identify glial subpopulations, this finding has not been replicated (C. 

Pardo-Villamizar, personal communication; C. Achim, personal communication).  

Recently, a single study has described glial abnormalities suggestive of activation in both 

frontal cortex and cerebellum in a group of autistic subjects not segregated by age 

(Vargas et al., 2005).  However, in this study the microglia were visualized via HLA-DR, 

which has a tendency to visualize activated microglia more strongly than ramified 

microglia, making any alterations in staining difficult to disentangle from alterations in 

tissue quality.  A fractional area methodology was applied, finding increased staining in 

autism that reached significance in the cerebellum but not either frontal cortical region. 

(Vargas et al., 2005).  While an intriguing preliminary result, this methodology left 

unresolved whether increased microglial staining in autism represented a change in the 

number of microglia, a change in somal volume indicative of adoption of a more 

amoeboid morphology, or a change in the proportion of processes stained.   

In addition to the fundamental question of glial abnormality in autism, critical 

questions about the relationship of these abnormalities to central features of the disorder 

remain unanswered.  Brain overgrowth has been observed in the first few years of life in 

autism via both head circumference measurement and structural magnetic resonance 

imaging (Carper et al., 2002; Courchesne et al., 2003; Courchesne et al., 2001; Dawson et 

al., 2007; Dementieva et al., 2005; Dissanayake et al., 2006; Hazlett et al., 2005; Redcay 

and Courchesne, 2005; Sparks et al., 2002; Webb et al., 2007).  The frontal cortex, 

specifically the medial and dorsolateral subregions, is particularly affected, although 

many other regions of the brain display abnormality as well (Carper and Courchesne, 

2005; Carper et al., 2002).  This overgrowth period appears to be followed in most 
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subjects by an aberrant cessation of growth such that no significant group volume 

differences between autistic and control subjects are present by early adolescence, 

although macrencephaly persists into adulthood in a small fraction of cases (Courchesne 

et al., 2001; Redcay and Courchesne, 2005).  The disorder is additionally marked by the 

presence of seizure, which may occur in anywhere from 5% to 44% of subjects 

(Tuchman and Rapin, 2002).   

Despite these striking features, it has not been determined whether microglial 

abnormalities are present during early brain overgrowth, which would suggest that glial 

abnormality might be an etiological factor, or instead emerge later, which would indicate 

that glial alteration is a response to chronic aberrant function or other degenerative 

processes.  There has also been little assessment of any relationship between glial 

abnormalities and heterogeneously present features such as seizure.  To address these 

critical questions, we assessed microglial abnormalities in the dorsolateral prefrontal 

cortex (DLPFC) using Iba-1 histology, which returns exceptional detail in both resting 

and activated microglia.  In addition to a qualitative morphological assessment, we used 

rigorous quantitative methods to examine microglial density and somal volume in the 

largest group of postmortem autism subjects studied to date.  This group included an 

unprecedented number of very young subjects, allowing developmental analyses of 

microglial alteration, as well as a single macrencephalic adolescent with a 1990g brain, 

one of the largest brains ever reported (Courchesne et al., 2001).   

 

Methods 

Tissue Acquisition and Processing 
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Individual case information is provided in Table 2.1.   

Tissue sectioning for n=8 cases (n=5 autism and n=3 control; “NSA” processing 

in Table 2.1) was performed by Dr. Robert Switzer (Neuroscience Associates, Knoxville, 

TN), as previously described (Buxhoeveden et al., 2006). 

Tissue sectioning for n=17 cases (n=11 autism and n=6 control; “UCSD” 

processing in Table 2.1) was performed by J.M. as described in Chapter 3 (Morgan et al., 

submitted). 

Eight sections from each of the n=17 UCSD cases were processed along with 

eight individual gyri isolated from the DLPFC of the n=8 NSA coronal sections with a 

straightedge razor.  All tissue was washed in TBS, slide mounted via ddH2O, and air 

dried for two nights.  Immunohistochemistry was performed by J.M. as follows: 

peroxidase activity was blocked with a 30 minute exposure to 3% H2O2 in MeOH.  The 

slides were microwaved in simmering antigen retrieval citra (Biogenex, San Ramon, CA) 

for 10 minutes, followed by a 30 minute cooldown.  The tissue was then blocked and 

permeabilized with a solution of 5% NGS and .1% triton x-100 in TBS for 3 hours.  

Incubation with the primary antibody to Iba-1 (Wako USA, Richmond, VA) was carried 

out at 1:1000 concentration in .1% triton x-100 in TBS for 40 hours at 4oC.  Following 

primary incubation, the sections were incubated in rabbit secondary antibody prepared as 

described from ABC reagent kit (Vector Laboratories, Burlingame, CA) for 2 hours, 

followed by 2 hours in ABC reagent.  The sections were developed using DAB (Vector 

Laboratories) as chromagen with a 12 minute exposure time.  Finally, the sections were 

counterstained in dilute hematoxylin/eosin (Vector Laboratories) for 7 minutes, then 
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dehydrated through a progressive series of 50%/70%/95%/100% EtOH (3 minutes each) 

and 100% xylene (20 minutes) rinses, coverslipped, and left to dry overnight.    

 

Data Acquisition 

Microglia were assessed via Nikon 80i microscope (Nikon USA, Melville, NY) 

using a Nikon Plan Apo 100x objectives with a 1.4 numerical aperture lens.  Microglia 

were distinguished from neurons, astroglia, oligodendroglia, and other glial cell subtypes 

on the basis of Iba-1 staining, which was robust in microglial and endothelial cells.  

Microglia were distinguished from endothelial cells on the basis of the rod-shaped 

morphology of endothelial cells and their location adjacent to blood vessels, which were 

faintly visible via hematoxylin/eosin counterstaining.  

Iba-1 positive glial cell density and somal was estimated from eight sections per 

case using the optical disector and isotropic nucleator features of Stereo Investigator 

(MicroBrightField, Williston, VT).  In the density assessment, the counting frame was 10 

µm thick with an upper guard zone of 2 µm; glia were sampled in a systematic-random 

fashion at a density sufficient to achieve Schaeffer coefficient of error < .10 in each case 

and sampling region.  The microglial cell nucleus, visible via counterstain, was used as 

the inclusion criterion.  Volume was calculated for every microglial cell recorded during 

the density assessment. 

 

Statistical Analysis 

Data were analyzed via both Student t-test and ANCOVA with age, PMI, and 

processing location as covariates. Effect sizes for subgroups were calculated via Cohen’s 
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d. The macrencephalic case was qualitatively assessed independently from other subjects.  

Due to a strong colinearity with processing location (r(24)=.80; p<.001), hemisphere was 

not assessed as a variable.  Due to a strong correlation with age (r(24)=.49; p=.014) and 

marginally significant correlation with processing location, (r(24)=.40; p=.050) brain 

mass was not included as a covariate in analyses.  Cases for which mass and postmortem 

interval information was not available were included in ANCOVA analyses via 

interpolation of those values; brain mass was projected based on age and diagnostic 

group, while postmortem interval was projected based on diagnostic group.  

 

Results 

Panlaminar alterations in microglia cell morphology were qualitatively observed 

in a narrow majority of autistic cases, including several subjects under the age of 6 

(Figure 2.1).  The alterations were primarily characterized by enlargement and loss of 

definition in the soma alongside a pronounced thickening and shortening of processes and 

reduction in the number of processes.   

Iba-1 positive microglial cell density was significantly increased in gray matter 

(t(22)=3.35; p=.003) in autism (Figure 2.2).  Significant increases in microglial somal 

volume were present in both gray (t(22)=2.18; p=.040) and white (t(22)=2.87; p=.009) 

matter in autism (Figure 2.2).  Multivariate regression via ANCOVA, with age, 

postmortem interval, and processing location as covariates, revealed significant increases 

in Iba-1 positive cell density in both gray matter (F(1,23)=10.3; p=.005) and white matter 

(F(1,23)=4.50; p=.048).  A significant increase in microglial volume was present in white 

matter (F(1,23)=4.96; p=.039) via ANCOVA but not gray matter (F(1,23)=2.36; p=.14).   
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There were an insufficient number of cases under the age of 6 (n=3 autism, n=2 

control) to make direct statistical comparisons within this population.  However, effect 

sizes in the young subjects were indicative of moderate alterations (Cohen’s d: gray 

matter density, .40; gray matter volume, .44; white matter volume, .44).  Additionally, the 

proportional alterations in outcome measures demonstrated by this group were of a 

remarkably similar magnitude compared to autistic subjects as a whole (gray matter 

density, 22% vs. 27%, white matter density, 6% vs. 12%, gray matter volume, 47% vs. 

38%, and white matter volume, 39% vs. 49%).   

Adult subjects ages 20 and older demonstrated qualitatively slightly larger 

increases than subjects as a whole, showing alterations of 39% in gray matter density 

(t(10)=2.98; p=.025), 35% in white matter density, 39% in gray matter volume, and 55% 

in white matter somal volume.  However, there was no significant correlation between 

age and any outcome measure either across all subjects as a whole or within the autistic 

population. 

Gray matter microglial density and white matter microglial density were 

positively correlated (r(24)=.42; p=.040) across all subjects as a whole.  Gray matter 

microglial volume and white matter microglial volume were positively correlated 

(r(24)=.91; p<.001) across all subjects as a whole, as well as within subjects with autism 

specifically (r(15)=.90; p<.001).  However, microglial density and volume were not 

significantly correlated in either gray or white matter in any diagnostic group. 

N=6 subjects with autism had medical records sufficient to judge that a clinical 

history of seizure was unlikely, while n=6 had medical records indicating multiple 

premortem seizures.  No significant differences were present between the seizure and 
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seizure-free autistic groups on any microglial measures.   Microglia in the group with 

seizures displayed qualitative reductions in microglial gray matter density (-4%), gray 

matter somal volume (-23%), and white matter somal volume (-28%), but increased white 

matter density (+11%) (Figure 2.3).  Seizure was strongly correlated with age (r(12)=.63; 

p=.029) and brain mass (r(12)=-.64; p=.025). 

Brain mass was negatively correlated with gray matter microglial density across 

all subjects as a whole (r(24)=-.60; p=.002) and within autistic subjects specifically 

(r(15)=-.60; p=.019), with a trend in white matter across all subjects as a whole (r(24)=-

.36; p=.084).  Strong trends were present towards a correlation between brain mass and 

somal volume in both gray (r(15)=.49; p=.065) and white matter (r(15)=.46; p=.09) 

within autism subjects specifically.  PMI was negatively correlated with gray matter 

microglial density both across subjects as a whole (r(24)=-.55; p=.006) and within autism 

specifically (r(15)=-.59; p=.022).  Tissue processing location was strongly correlated with 

microglial white matter density (r(24)=-.67; p<.001), gray matter somal volume 

(r(24)=.63; p=.001), and white matter somal volume (r(24)=.59; p=.002) across all 

subjects as a whole, and also within autistic subjects specifically ((r(15)=-.76; p=.001), 

(r(15)=.63; p=.013), and (r(15)=.59; p=.021), respectively).  

A 16-year-old autism case with a 1990g brain demonstrated relatively little 

qualitative alteration in microglial morphology relative to controls (Figure 2.1).  

However, average microglial somal volume was the smallest of any individual subject in 

both the control and autism groups in both gray and white matter. While white matter 

microglial density was more elevated than all but 2 of 16 autism cases, gray matter 
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microglial density was closer to the control mean than the autism mean and ranked 12th 

out of 16 autism subjects.   

To describe the pattern of alteration in the microglial population in the autistic 

brain, we generated a histogram of gray matter microglial volume for each individual 

subject (Figure 2.4).  Virtually all subjects demonstrated a skewed-right distribution of 

volumes.  The modal volume for controls was observed to be in the 150-200 µm3 range, 

while the modal volume for autistic subjects was in the 200-250 µm3 range.  No control 

subject demonstrated greater than 5% of cells with a volume greater than 1000 µm3, 

while three out of sixteen autistic subjects displayed more than 14% of cells greater than 

1000 µm3 in volume, and an additional three autistic subjects displayed 5-8% of cells 

greater than 1000 µm3 in volume (Figure 2.4).  The mode was 400-500 µm3 in the cases 

in the most severe group, although a small fraction of cells remained under 250 µm3 in 

size in all cases.   

 

Comment 

Microglial density is significantly increased in gray matter in the DLPFC in 

autism, as well as in white matter after correction for covariates.  This increase in density 

suggests ongoing microglial activation in autism, as increases in microglial number and 

density are observed during activation in other clinical disorders (Buckner et al., 2006; 

Heneka and O'Banion, 2007; McGeer and McGeer, 2008).  The lineage of the additional 

microglial cells in these disorders is still debated; there is evidence to support ongoing 

cell division in the brain but it is generally thought that most are of a myeloid lineage and 
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infiltrate via the blood-brain barrier (Ajami et al., 2007; Davoust et al., 2006; Ransohoff 

and Perry, 2009).    

Increased microglial somal volume was also observed in white matter in autism, 

as well as in gray matter before correction for covariates.  This result is unsurprising 

given the dramatic alterations in morphology qualitatively observed in a number of 

autistic subjects.  The more amoeboid morphology that is apparent in many subjects with 

the disorder is another strong indicator of some form of microglial activation 

(Nimmerjahn et al., 2005; Rock et al., 2004).  Does amoeboid morphology reflect 

microglial movement and response to aberrantly functioning neurons?  In the same set of 

cases analyzed in this study, we observed patterns indicative of increased microglia-

neuron clustering in autism, as well as increases in microglia-microglia clustering that 

may be due to multiple microglia moving towards individual cells in distress (Morgan et 

al., in preparation).  However, in no subject was there the qualitative impression of a 

gliotic event marked by profound microglial clustering around specific cells or in specific 

regions of the brain (C. Achim, personal communication). 

Our developmental analysis suggests that significant alteration in microglial 

function is present from an early age in some subjects with autism, including during the 

early period of brain overgrowth and prior to aberrant cessation of growth.  Indeed, there 

was no significant correlation between age and either microglial density or volume, by 

contrast with other glial and neuronal properties examined in these same subjects 

(Morgan et al., in preparation; Morgan et al., submitted).  There are minor trends 

suggesting that microglial alterations may be very modestly increased in older autistic 

subjects relative to age-matched controls, but these trends did not achieve significance.  
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Any additional alteration in older subjects may reflect ongoing aberrant processes in the 

autistic brain. 

There was significant heterogeneity, both qualitative and quantitative, in the 

microglial abnormalities we observed in autism.  Nearly half of the subjects with autism 

demonstrated virtually no qualitative alterations in cellular morphology and few 

alterations in microglial density or volume; among these was the profoundly 

macrencephalic case.  Other subjects demonstrated 60-80% increases in density and a 

doubling of somal volume relative to the age-adjusted control mean, suggesting dramatic 

alterations in microglial function.   

Subjects with larger brains generally displayed reduced microglial density.  One 

possible explanation is that excessive brain growth moves microglia farther apart, 

perhaps via excessive production of neuronal connective elements.  However, it may also 

be the case that the factors producing excessive brain growth are largely distinct from 

those that cause microglial activation.  In effect, our data may suggest the presence of 

two entirely distinct etiological profiles.  

The potential explanatory covariate most commonly advanced for glial alteration 

in autism is the presence of seizure.  However, no significant correlation was present 

between seizure and our outcome measures.  Indeed, similar to the interaction with brain 

mass, the trends in the microglial volume measures suggest that subjects who display 

glial alteration in autism might actually tend to be a different group than those who have 

multiple seizures.   

The most concerning potential confound, and one that we cannot statistically 

address due to group differences and a lack of control medical records, is the cause of 
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death, which was drowning in a slim majority of autism cases.   However, there is also 

reason to suspect that the microglial alterations reported are not attributable to drowning.  

To the extent that there are any suggested trends in microglial activation in autism, it is 

our adult subjects over the age of 20, none of whom drowned, who demonstrate modestly 

more substantial alterations.  In addition, our subject group includes a case with 

approximately 24 hours of life support under anoxic conditions (UMB-4899) after an 

initial drowning event.  Density and volume measures in this subject are all at or below 

the autism group mean, and well below many subjects with no drowning event.   

The processes that produce these alterations in the microglial population in autism 

remain uncertain.  Increased glial number may represent an aberrant event during 

microglial genesis and migration that might or might not be reflected in astroglia and 

neuron populations (Courchesne et al., 2001) given the separate developmental lineage of 

microglia.  Alternately, the alterations might reflect a reaction to aberrant environmental 

events such as excessive neuron generation or aberrant neuronal connectivity, particularly 

given the critical roles microglia are now thought to play in regulating synaptic 

development and function (Bessis et al., 2005; Christopherson et al., 2005).   There is 

little available information at present about other cell populations in autism, particularly 

in the developing brain, that might be used to distinguish between these scenarios.  

In addition to these possibilities, microglial activation might be triggered 

environmentally.  Maternal murine respiratory infection with influenza virus at mid-

gestation results in a wide range of behavioral and microstructural deficits in the 

offspring, including Purkinje neuron loss in the cerebellum, unusually patterned cortical 

growth, and a variety of social and motor deficits reminiscent of autism as well as other 
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developmental disorders (Patterson, 2002; Shi et al., 2003).  Developing rodents 

intracerebrally injected with Borna virus, meanwhile, express stereotypic behaviors, 

reduced exploration, deficits in play and social interaction, growth delay, and motor 

abnormalities, with apoptosis focused in cerebellum and hippocampus (Hornig et al., 

1999).   

Another possibility is that microglial activation may reflect autoimmune reaction.  

Antibodies to a diverse set of brain proteins have now been observed in subjects with 

autism (Ashwood and Van de Water, 2004; Cabanlit et al., 2007; Connolly et al., 2006; 

Connolly et al., 1999; Singer et al., 2006; Singh and Rivas, 2004; Singh et al., 1997; 

Singh et al., 1993; Todd and Ciaranello, 1985; Todd et al., 1988; Wills et al., 2009).  

These antibodies could result in identification of the brain’s own proteins as foreign 

antigens and trigger microglial activation that is poorly focused and thus does not come 

to appear like gliosis.  Alternately, long-running microglial activation might be 

responsible for the plethora of observed autoimmune abnormalities via stochastic 

inappropriate presentation of brain proteins as antigens (Byram et al., 2004). 

Numerous secondary developmental effects of microglial activation are possible.  

Activated microglia have been found to increase their production of growth factors such 

as BDNF (Batchelor et al., 1999; Batchelor et al., 2002; Krenz and Weaver, 2000); 

BDNF has been reported to be elevated in children with autism (Connolly et al., 2006).  

Activated microglia facilitate synaptic remodeling and elimination of cell debris that has 

been produced by normal developmental processes (Ashwell, 1990; Marin-Teva et al., 

1999; Rakic and Zecevic, 2000; Upender and Naegele, 1999).  We have observed 

microstructural alterations suggestive of aberrant early synaptic connectivity (Morgan et 
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al., submitted).  Substantial neuron loss has been reported in older subjects with autism 

(Schumann and Amaral, 2006; van Kooten et al., 2008), though young subjects have yet 

to be investigated for these alterations.  Microglia may normally play a central role in 

regulating naturally occurring Purkinje neuron death, via reactive oxygen species whose 

release is likely to be upregulated in activated microglia (Marin-Teva et al., 2004); 

Purkinje neuron loss is the most commonly and consistently reported qualitative 

microstructural abnormality in autism (Bailey et al., 1998; Courchesne, 1997; Fehlow et 

al., 1993; Ritvo et al., 1986; Vargas et al., 2005; Williams et al., 1980; Vargas et al., 

2005).    

These interactions raise the possibility that intervention with anti-inflammatory 

drugs may yield significant benefits for both children and adults with autism.  However, 

caution should be employed in exploring this possibility, given that microglial activation 

may play a primarily beneficial role.  Indeed, the case that activated microglia play a 

largely pathological role in the brain is based on a combination of in vitro studies of 

microglial function and reports of associations between activated microglia and 

pathological events in Alzheimer’s Disease, Parkinson’s Disease, HIV dementia, ALS, 

MS, ischemic injury, and prion disease (Mattiace et al., 1990; McGeer et al., 1988; 

Perlmutter et al., 1990; Perlmutter et al., 1992).  In vitro studies indicate that activated 

microglia release a variety of neurotoxins, including proinflammatory cytokines, 

complement proteins, and free radicals (Akiyama et al., 2000; Eikelenboom et al., 2002; 

McGeer and McGeer, 2001; Rogers et al., 2002).  However, it may be that at normal 

levels of activation, microglia have neutral or even positive effects in vivo, particularly in 

the short term (Streit, 2004; Streit et al., 2005; Wyss-Coray and Mucke, 2002).  Chronic 
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microglial activation, however, is generally considered to be potentially damaging to 

neurons (Chavarria and Alcocer-Varela, 2004; Minghetti, 2005; Minghetti et al., 2005; 

Wyss-Coray and Mucke, 2002).   

In sum, our findings suggest that microglial activation may be present throughout 

the lifespan in many subjects with autism, including at an early, developmentally critical 

age.  To better understand the origin and effects of this phenomenon, it will be important 

to quantitatively determine whether microglial activation takes places alongside astroglial 

and neuronal abnormalities, whether there are relationships between microglial activation 

and autoimmune disorders, and whether there are additional relationships between 

microglial activation and observed genomic, macrostructural, and functional 

abnormalities.  Detailed, quantitative knowledge of microglial alteration in autism may 

substantially impact the search for mechanisms of pathogenesis, more reliable early 

identification tests, and effective treatments.   

 

Acknowledgments 

Tissue for this work was provided by the National Institute of Child Health and 

Human Development Brain and Tissue Bank for Developmental Disorders (Baltimore, 

MD) under contracts N01-HD-4-3368 and N01-HD-4-3383, the Brain and Tissue Bank 

for Developmental Disorders (Miami, FL), Autism Tissue Program (Princeton, NJ), 

Harvard Brain Tissue Resource Center (Belmont, MA), and UCSD Lifesharing (San 

Diego, CA).  We wish to thank Dr. Ronald Zielke at the National Institute of Child 

Health and Human Development Brain and Tissue Bank for Developmental Disorders 

and Dr. Jane Pickett at the Autism Tissue Program for facilitation of tissue acquisition.  



 

 

53 

We wish to thank Dr. Sophia Colamarino of Cure Autism Now/Autism Speaks for her 

feedback and assistance at many stages throughout the development of this research.  We 

are deeply indebted to the families of the donors who have made this study possible.   

Chapter 2, in full, is in preparation for submission for publication; Morgan, JT, 

Chana, G, Semendeferi, K, Pardo-Villamizar, C, Achim, C, Buckwalter, JA, Courchesne, 

E, and Everall, IP.  The dissertation author was the primary author on this paper.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

54 

Table 2.1: Case information for control and ASD subjects. Methodology codes are as 
follows: manual-identification, MI; automatic-raster, AR; qualitative assessment of a 
single 16-year-old macrencephalic case via both methodologies, QA.  Medication history: 
aMedical records unavailable; bZyprexa, Reminyl, Adderall; cFluvoxamine, Tegretol, 
Ritalin, Clonidine, Pondimin, Prozac, Luvox, Risperidal; dDesipramine; eClonidine; 
fRitalin, Clonidine; fTrileptal, Zoloft, Clonidine, Melatonin; gPhenobarbital, Mysoline, 
Dilantin, Diamox, Zarotin, Tegretol, Diazepam, Clonazepam, Depokene, Tranxene, 
Cisapride, Valproic Acid; hTegretol, Risperidal, Zyprexa, Melaril, Luvox, Depakote; 
iTegretol, Epival, Cogentin, Zyprexa, Loxepac, Flurazepam, Synthroid, Dalmane, 
Stelazine, Nozinan, Rivotril, Chloral Hydrate, Largactil, Kemadrin, Haldol, Procyclidine, 
Ativan, Lithium, Risperdal, Anafranil, Sulfate Ferreux. 
 

Case 
Number Diagnosis Age 

Meth
odol
ogy 

Processi
ng 
Location 

Hemis
phere 

Brain 
Mass 
(g) 

PMI 
(h) 

Cause of 
Death 

Seizure 
History 

Clinical 
History 

BTB-
4021 Autism 3 

MI, 
AR NSA Left 1330 15 Drowning No None 

BTB-
4029 Autism 3 

MI, 
AR NSA Left 1130 13 Drowning N/A None 

UMB-
1349 Autism 5 MI  UCSD Right 1620 39 Drowning No 

Obesity, 
undescended 
testicle 

UMB-
4231b Autism 8 MI  UCSD Right 1570 12 Drowning No None 

B-4925c Autism 9 MI UCSD Right 1320 27 Seizure Yes 

Venous 
angioma in 
frontal lobe, 
chronic middle 
ear disease 

UMB-
797d Autism 9 MI UCSD Right 1500 13 Drowning No 

Chronic 
migraine 

BTB-
2004e Autism 10 MI UCSD Left N/A 23 Drowning No 

Chronic ear 
infection 

BTB-
3878f Autism 12 MI UCSD Right 1630 23 Drowning N/A 

Moderate 
hypotonia 

UMB-
4899g Autism 14 MI UCSD Right N/A 9 Drowning Yes None 

B-5223 Autism 16 QA NSA Right 1990 48 

Undetermin
ed, 
Possible 
Cardiac 
Arrhythmia No None 

B-5000 Autism 27 MI UCSD Right 1575 8 Drowning No 

Viral 
Meningitis, 
Growth 
Hormone 
Deficiency, 
Vision 
Impairment, 
Arthritis 

BTB-
3663a Autism 27 MI UCSD Right 1420 30 

Neuroleptic 
Malignant 
Syndrome Yes None reported 

B-5173h Autism 30 MI UCSD Right 1230 20 GI Bleeding Yes 
Scoliosis, 
Gastric Polyp 

CAL-
101i Autism 34 

MI, 
AR NSA Left 1367 17 

Adult 
Respiratory 
Distress 
Syndrome Yes Pneumonia 
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Table 2.1:  Case information for control and ASD subjects, continued 
 

Case 
Number Diagnosis Age 

Met
hod
olog
y 

Processi
ng 
Location 

Hemis
phere 

Brain 
Mass 
(g) 

PMI 
(h) 

Cause of 
Death 

Seizure 
History 

Clinical 
History 

CAL-
104j Autism 41 

MI, 
AR NSA Left 1385 N/A 

Food 
Aspiration Yes None 

UMB-
1445a Autism 45 MI  UCSD Right 1700 23 N/A N/A 

Possible 
Amyotrophic 
Lateral 
Sclerosis 

BTB-
3958 Control 1 

MI, 
AR NSA Left N/A 24 N/A No None 

UMB-
4670 Control 4 MI UCSD Right N/A 17 

Commotio 
Cordis No None 

UMB-
1796 Control 16 

MI, 
QA NSA Right 1440 16 

Multiple 
Injuries No None 

UMB-
1649 Control 20 MI UCSD Right N/A 22 N/A No None 

B-6221 Control 22 MI UCSD Right 1535 24 N/A No None 
UMB-
818 Control 27 MI UCSD Right N/A 10 

Multiple 
Injuries No None 

B-5873 Control 28 MI UCSD Right 1580 23 N/A No None 

B-5813 Control 41 MI UCSD Right 1815 27 N/A No None 
BTB-
3859 Control 44 

MI, 
AR NSA Right 1640 30 N/A No None 
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Figure 2.1:  Qualitative alterations in Iba-1 positive microglial morphology in autism. A. 
Resting morphology in a 4-year-old control (UMB-4670).  Note the small, clearly defined 
soma and extensive arbor of thin processes.  B. Activated morphology in a 3-year-old 
subject with autism (BTB-4021).  Note the lack of definition in somal boundaries and 
relative reduction in number of processes.  C. Resting morphology in a control adult (B-
6221).  D. Activated morphology in the most severely affected adult with autism (B-
5000).  E. Resting morphology in a 16-year-old autistic subject with severe 
macrencephaly and a history of seizure (B-5223).   F.  Activated morphology in a 7-year-
old female with autism (UMB-1174); this case was not included in our analyses due to 
gender but qualitatively was among the most severely affected of our autism cases.   
 



 

 

57 

Figure 2.2:  Microglial density and volume are both elevated in autism.  A. Microglial 
density in gray matter is significantly increased in autism.  There is significant 
heterogeneity; many subjects overlap with controls while others show density increases 
of 60-80% relative to the control trend line.  B. Microglial density in white matter is 
significantly increased after but not before correction for covariates.  C. Microglial 
volume in gray matter is significantly increased before but not after correction for 
covariates.  Up to three-fold variability in average somal volume is apparent within the 
autism group in both volume measures, with some subjects demonstrating a doubling in 
average volume relative to the control trend line.  D. Microglial volume in white matter is 
significantly increased in autism. 
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Figure 2.3:  No significant interaction is present between any outcome measure and the 
presence of seizure. A.  No consistent trend is apparent between microglial density and 
seizure in gray and white matter.  B. No significant differences in microglial volume are 
present between the seizure and seizure-free groups; trends suggest that seizure and 
microglial volume may prove significantly anti-correlated in expanded groups.   
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Figure 2.4:  Histograms reveal relatively smooth distributions of microglial morphology 
in the gray matter in autism.  The most severely affected subjects still demonstrate a 
subset of microglia at normal volume.  A. Somal volume distribution in one of the three 
most severely affected autistic subjects (B-5173).  B. Somal volume distribution in an 
autistic subject ranked 4-6 in relative abnormality (UMB-797).  C. Somal volume 
distribution in an autistic subject demonstrating alteration in line with the control mean 
(B-4925).  D. Somal volume distribution in the control subject closest to the average of 
the control group (B-5813). 
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Abstract 

Background 

Normal minicolumn width has been reported in layer III of the frontal cortex of an 

autistic child during a period of early brain overgrowth.  Reduced minicolumn width has 

been reported in autistic adults and autistic subjects not age-segregated during a period 

when autism brain volume is normal.  An increase in columnar number in autism has 

been theorized. 

 

Methods 

Horizontal distance was calculated across all cortical layers in an unprecedentedly 

large group of n=15 autistic and n=9 control subjects via manual identification of the 

locations of all neurons in a controlled region of interest.  Distance and neuropil features 

were assessed within layer III via a previously published methodology, automatic-raster, 

that was applied to multiple fields of view acquired from n=5 autistic and n=3 control 

subjects.   

 

Results 

In young children with autism, horizontal distance was increased in cortical layers 

II and V relative to controls.  In layer III, normal distance but increased proportional 

neuropil volume was observed.  Horizontal distance decreased over development in 

layers II, III, and V in autism such that autistic adults displayed decreased distance in 

layers III and V relative to controls.  A macrencephalic adolescent autistic case displayed 
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increased distance across several layers.  Automatic-raster distance calculations covaried 

with section thickness and gyral location.   

 

Conclusions 

During developmental brain overgrowth in autism there is a layer-specific 

increase in horizontal neuron distance that may reflect early enlargement or 

overproliferation of dendritic arbors and axons.  Previously reported reductions in 

minicolumn width may represent a late, maturational state in the autistic brain. 
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Introduction 
  

Autism is marked by brain overgrowth in the first few years of life as observed 

via both head circumference measurement and structural magnetic resonance imaging 

(Carper et al., 2002; Courchesne et al., 2003; Courchesne et al., 2001; Dawson et al., 

2007; Dementieva et al., 2005; Dissanayake et al., 2006; Hazlett et al., 2005; Redcay and 

Courchesne, 2005; Sparks et al., 2002; Webb et al., 2007).  The frontal cortex is among 

the most affected cortical regions, particularly the dorsolateral and medial prefrontal 

cortices (DLPFC and MPFC) (Carper and Courchesne, 2005; Carper et al., 2002). There 

appear to be no differences in autistic brain volume from normal by early adolescence 

based on meta-analysis (Redcay and Courchesne, 2005), suggesting that an aberrant 

cessation of growth occurs in autism during late childhood, although confirmation of this 

developmental trajectory awaits longitudinal study (Carper and Courchesne, 2005; 

Courchesne et al., 2001; reviews: Courchesne and Pierce, 2005; Courchesne et al., 2007).   

The alterations in cellular microstructure underlying early brain overgrowth in 

autism remain largely unstudied, as the quantitative analyses that have been performed to 

date examine groups of older or age-unsegregated subjects.  These studies have found 

reduced neuron number (Schumann and Amaral, 2006) and glial abnormalities suggestive 

of neuroinflammation (Vargas et al., 2005) in regions of the brain that displayed early 

overgrowth.  The most studied microstructural feature to date, however, is minicolumn 

width.  Minicolumns are vertically organized columns of neurons, principally pyramidal 

projection neurons, that are surrounded by cell-sparse regions (Casanova et al., 2002a; 

Casanova et al., 2006).  They arise during radial glial migration and are further 

consolidated in some regions of the cortex during development.  Whether these columns 
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have unique computational properties remains debated (Casanova et al., 2002b; 

Mountcastle, 1997; Rakic, 1995; Swindale, 1990).   

Casanova et al (2002) reported reduced minicolumn width in an age-unsegregated 

group of subjects with autism in layer III of Brodmann areas (BA) 9 (DLPFC), 21, and 22 

(temporal lobe) (Casanova et al., 2002a).  The number of neurons per column was also 

decreased, resulting in no net change in the ratio of area occupied by neuronal soma to 

area consisting of neuropil (which is primarily comprised of axons and dendritic arbors), 

a measure termed gray level index (GLI) in the minicolumn literature (Casanova et al., 

2002b; Wree et al., 1982).  Similarly, a reduction in width was detected in BA 9 in a later 

experiment using an enhanced minicolumn detection algorithm and covering an area of 

analysis from layers II to VI; neuron density was also increased (Casanova et al., 2006).   

Because of the marked macrostructural developmental profile of autism, 

Buxhoeveden et al (2006) assessed minicolumn abnormalities by age group.  A 3 year old 

child with autism displayed layer III DLPFC cortical minicolumn width equivalent to that 

of two age-matched controls, while an adult with autism displayed reduced minicolumn 

width as well as increased GLI (Buxhoeveden et al., 2006).  This study preliminarily 

suggested that reduced minicolumn width might in fact be a feature that emerges in older 

autistic subjects. 

We employed two methodologies to address the outstanding question of 

minicolumn abnormality during development.  In our novel manual-identification 

methodology we pursued several areas of potential advancement on existing approaches.  

We manually identified neurons and recorded their locations in a region of interest (ROI) 

in Brodmann area 9/46 extending from layer II to layer VI in order to individually 
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examine each layer, as horizontal distance often varies substantially between layers 

(Figure 3.1).  This methodology also enabled rigorous control of both section thickness 

and the cellular composition of the assessed population.  

In the automatic-raster experiment, we employed a previously published and 

accepted methodology (Buxhoeveden et al., 2006; Casanova et al., 2002a).  For the first 

time, we assessed the impact of section thickness and gyral location on the outcome 

measures horizontal neuronal distance, GLI, and particle density.  This experiment also 

allowed us to examine the relationship between our novel methodology and previously 

published methods.  In addition to our primary experiments, we separately assessed via 

both methodologies a single adolescent case marked by extreme macrencephaly, with a 

weight of 1990 grams, an increase of nearly 40% compared to the male adult mean and 

one of the largest autistic brains ever recorded (Courchesne et al., 1999).   

 

Methods and Materials 

All protocols were approved by the Institutional Review Board at the University of 

California, San Diego. 

 

Tissue Sectioning 

Tissue processing for n=8 cases (n=5 autism and n=3 control; “NSA” processing 

in Table 3.1) was performed by Dr. Robert Switzer (Neuroscience Associates, Knoxville, 

TN) as previously described (Buxhoeveden et al., 2006).   

Tissue processing for n=17 cases (n=11 autism and n=6 control; “UCSD” 

processing in Table 3.1) was carried out as follows: small blocks of formalin-fixed tissue 
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were acquired from DLPFC (Figure 3.2).  The tissue was cryoprotected in 10% sucrose-

.1% DMSO for two days, followed by 20% sucrose-.1% DMSO for two days, then 

sectioned at 50 µm on a freezing microtome and stored at -20o C.    

 

Cytoarchitectonic Localization 

In each case, all available tissue from DLPFC was visually assessed.  BA 9/46 

was defined for each case individually using rigorous cytoarchitectonic criteria (Petrides 

and Pandya, 1994; Rajkowska and Goldman-Rakic, 1995), with definitions confirmed by 

a second observer with expertise in cortical frontal cytoarchitecture (K.S.)   

 

Manual-Identification Methodology  

Tissue Processing 

Eight sections from each of the n=17 UCSD cases were processed along with 

individual gyri isolated from the DLPFC of the n=8 NSA sections with a straightedge 

razor.  All tissue was washed in TBS, slide mounted via ddH2O, and air dried for two 

nights.  An immunohistochemical protocol for a separate experiment (Morgan et al., in 

preparation) was performed as follows: peroxidase activity was blocked with a 30 minute 

exposure to 3% H2O2 in MeOH.  The slides were microwaved in simmering antigen 

retrieval citra (Biogenex, San Ramon, CA) for 10 minutes, followed by a 30 minute cool 

down.  The tissue was then blocked and permeabilized with a solution of 5% NGS and 

0.1% triton x-100 in TBS for 3 hours.  Incubation with a primary antibody, Iba-1 (Wako 

USA, Richmond, VA) was carried out at 1:1000 concentration in 0.1% triton x-100 in 

TBS for 40 hours at 4oC.  Following primary incubation, the sections were incubated in 
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rabbit secondary antibody prepared as described from ABC reagent kit (Vector 

Laboratories, Burlingame, CA) for 2 hours, followed by 2 hours in ABC reagent.  The 

sections were developed using DAB (Vector Laboratories) as chromagen with a 12 

minute exposure time.  Finally, the sections were counterstained in hematoxylin/eosin for 

7 minutes, producing a stain similar to Nissl, then dehydrated via a progressive series of 

50%/70%/95%/100% EtOH (3 minutes each) and 100% xylene (20 minutes) washes and 

coverslipped with Permount.   

 

Data Acquisition 

In the single most suitable of the 8 processed sections, a region of interest was 

assessed that extended from pial surface to white matter, covered an area greater than 625 

µm in width, contained consistently vertical columns to the naked eye in all layers, and 

was located on the high sulcal wall (Location 3 in Figure 3.2).  The x,y-coordinates of all 

neurons in this region were recorded from an area 8 µm in depth, with a 2 µm guard 

zone, by a rater blind to subject identity (J.M.) via Stereo Investigator software 

(MicroBrightField, Williston, VT), on a Nikon Eclipse 80i microscope with a 

MicroBrightField cx9000 camera through a 1.4 n.a. 100x lens.  Only the hematoxylin-

eosin counterstain was examined for the purposes of this experiment; the Iba-1 histology 

is reported elsewhere (Morgan et al., in preparation). Neurons were distinguished on the 

basis of large cell size, the presence of a large nucleus with a visible rim of surrounding 

cytoplasm, and the presence of a distinct nucleolus.  

 

Analysis 
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 To prevent artifacts from the edge of the ROI, neurons were excluded if they were 

closer to the layer boundary on either the x-axis or y-axis than 1/20 the length of the 

boundary of the appropriate axis in that layer.  For each neuron, the horizontal and 

vertical distances to every other neuron in the ROI were calculated.  Neurons were 

excluded as neighbors if they fell within a minimum horizontal range of 7 µm in either 

direction, considered to be the core of the neuron’s own column based on previous 

studies of columnar width (Casanova et al., 2006).   Potential neighbors were also 

excluded if they fell outside of a vertical range of 100 µm, considered too distant to 

consistently indicate membership in a neighboring column.  The shortest horizontal 

distance to a neighboring neuron was reported for each neuron, and was considered as a 

separate data point for analysis in the primary “by-cell” analyses.  

“By-case” results were generated by averaging all by-cell results for a case.  

Density-corrected by-case results were generated by division of the by-case results over 

the average value returned by 200 density-matched simulations in which the location of 

each neuron was randomly assigned by layer over an area of analysis identical to the 

original ROI.  

 

Automatic-Raster Methodology 

Tissue Processing 

Serial coronal sections from the n=8 NSA cases were mounted and Nissl stained 

as previously described (Buxhoeveden et al., 2006).   

 

Data Acquisition 
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The entirety of BA 9/46 was manually reviewed via 10x objective, and every 

instance of a suitable field of view in layer IIIc was captured in black and white on an 

Optronics Microfire camera mounted on a Nikon Eclipse 80i microscope via Stereo 

Investigator software, resulting in a total of n=515 images from 182 sections.  Suitable 

fields met the following criteria: that the cellular organization appeared exactly vertical 

across the image to the naked eye, and that there were no tears, tissue folding, staining 

abnormalities, or other visible disruptions. 

 

Analysis 

Fields of view were cropped and analyzed with a modified version of ImageJ 

software, using semi-automated methods previously described (Buxhoeveden et al., 

2006).  Thickness measurements were acquired for each field of view through a 60x oil 

immersion objective on a microscope with Kohler illumination using a z-axis sensor 

(Ludl Electronics, Hawthorne, NY) in combination with Stereo Investigator.  Gyral 

location was assessed on an integer scale from 1 to 5.  Sites on the gyral crown were 

scored 1, sites on the shoulder between crown and sulcal wall were scored 2, sites on the 

upper half of the sulcal wall were scored 3, sites on the lower half of the sulcal wall were 

scored 4, and sites within a 1800 radius of the lowest point of the sulcus received a 5 

(Figure 3.2). 

 

Results 

Young Group Analysis 
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There was an increase in horizontal distance in both layer II (t(687)=2.07; p=.04) 

and layer V (t(1062)=2.74; p=.006) in n=3 autism subjects under 6 years of age by 

comparison to n=2 control subjects as calculated by the manual-identification method.  

There was no significant difference in horizontal distance in layer III (t(1483)=.614, 

p=.54).   

There was also no change in layer III horizontal distance (t(145)=.37; p=.71), as 

calculated via automatic-raster; however, there were significant decreases in layer III GLI 

(t(145)=3.95; p<.001) and particle density (t(145)=3.21; p=.002).  

 

Developmental Trajectory 

Horizontal distance was significantly decreased in older autistic subjects in layers 

II (r(2190)=-.053; p=.01), III (r(4842) =-.085; p<.001), and V (r(2518)=-.13; p<.001) as 

well as across all layers as a whole (r(14348)=-.061; p<.001) as calculated via the 

manual-identification methodology; in controls, a significant negative trend was present 

in layer III (r(2598)=-.091; p<.001) (Figure 3.3).  An insufficient variety of ages was 

present in the subjects assessed via automatic-raster methodology to carry out a 

developmental analysis. 

 

Adult Group Analysis 

Reduced horizontal distance was observed across all layers as a whole 

(t(11262)=3.92; p<.001) as well as in layers III (t(3969)=3.75; p<.001) and V 

(t(2058)=6.49; p<.001) specifically in n=6 autism subjects relative to n=6 controls older 

than 18 years of age, as determined by manual-identification methodology.   These 
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changes were also observed via ANOVA across all layers (F(1,11257)=18.6; p<.001) as 

well as in layers III (F(1,3964)=34.9; p<.001) and V (F(1,2053)=6.79; p=.009) 

specifically, with a strong trend in layer II (F(1,1807)=3.47; p=.06). Increased horizontal 

distance was observed in layer IV in autism (F(1,1742)=10.6; p=.001). 

In the automatic-raster methodology, in n=2 adult autistic subjects relative to n=1 

control there was a similar reduction in layer III horizontal distance (t(192)=5.16; 

p<.001) and increases in both GLI (t(192)=3.44; p=.001) and particle density 

(t(192)=3.44; p=.001).  

 

Whole Group Analysis 

 A decrease in horizontal neuron distance was observed in autism in layer III 

(F(1,8819)=7.46; p=.006), as calculated with automatic-identification methodology, via 

ANOVA with age, brain mass, PMI, and processing location as covariates.  Similarly, a 

decrease of 7% in distance in layer III of the autistic group was similarly observed via 

automatic-raster methodology (t(375)=4.84; p<.001).  No significant differences in GLI 

or particle density were observed. 

Increased distance was observed in layer IV (F(1,3873)=14.1; p<.001) via 

manual-identification methodology, alongside a trend towards reduced width in layer V 

(F(1,4585)=2.45; p=.12).  No significant difference was visible between groups across 

layers II-VI when analyzed as a whole (F(1,25261)=.91; p=.34).   

 

Macrencephalic 16-year-old Case  
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The 16-year-old autism case with a 1990g brain was assessed relative to an age-

matched control.  Significantly increased horizontal spacing distances were observed in 

layer III (t(1013)=9.39; p<.001), layer IV (t(622)= 8.42, p<.001), and layer V 

(t(494)=3.22, p=.001) via manual-identification methodology.  Similarly, after correction 

for section thickness and gyral location a significant increase in horizontal distance was 

observed in layer III (F(1,101)=35.6; p<.001) via automatic-raster methodology, along 

with significantly decreased GLI (F(1,101)=45.7; p<.001) and particle density 

(F(1,101)=8.31; p=.005).   

 

Impact of Clinical Covariates 

A negative correlation was present between horizontal distance and the presence 

of seizure in autism both across all layers (r(11874)=-.036; p<.001) and within layers III 

(r(4482=-.055; p<.001), V (r(2140)=-.054; p=.013), and VI (r(1169=-.059; p=.044) in the 

manual-identification methodology.  However, age and the presence of seizures were also 

strongly correlated (r(12)=.63; p=.029).  A positive correlation was present between 

postmortem brain mass and horizontal distance in layer III in autism (r(4842)=.075; 

p<.001), while a negative correlation was present in layer II (r(2190)=-.092; p<.001).  A 

negative correlation between mass and horizontal distance was present in layer III in 

controls (r(2598)=-.073; p<.001).  While groups were matched for brain mass (t(23)=.21; 

p=.83), a strong trend was present towards reduced brain mass in autistic subjects over 

age 20 (t(10)=2.05; p=.07).  A positive correlation was also observed between horizontal 

distance and PMI in autistic subjects in layer III (r(4842)=.087; p<.001).  Hemisphere 

was not included as a covariate in any analyses due to its strong colinearity with 
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processing location (r(25)=.72; p<.001), which prevented disambiguation of the 

contribution of this variable.   

 

Impact of Section Thickness and Gyral Location 

In the automatic-raster methodology, correlation analysis revealed that calculated 

horizontal distance was significantly reduced in thicker sections (r(434)=-.42; p<.001) 

and more apical gyral locations (r(434)=.18; p<.001) (Figure 3.4).  Significant 

correlations were also observed between section thickness (r(434)=.41; p<.001) and both 

gray level index (r(434)=.19; p<.001) and particle density (r(434)=.20; p<.001), and gyral 

location and particle density (r(434)=-.15; p=.002), with decreased GLI and particle 

density in thinner sections and more basal gyral locations.   

In an ANOVA incorporating age, mounted section thickness and gyral location as 

covariates, decreased distance (F(1,367)=63.7; p<.001) and increased GLI (F(1,367)=8.4; 

p=.004) continued to be observed in autism across all ages, along with a strong trend 

towards increased particle density (F(1,367)=3.77; p=.053).  In the child cohort, absence 

of group difference in horizontal distance (F(1,144)=1.92; p=.17), and decreased particle 

density (F(1,144)=8.47; p=.004) and GLI (F(1,144)=11.2; p=.001) survived correction.  

In the adult cohort, a significant decrease in horizontal distance remained observed in 

autism (F(1,186)=77.6; p<.001), while particle density (F(1,186)=25.8; p<.001) and GLI 

(F(1,186)=62.5; p<.001) remained increased.   

 

Comparability of Experimental Methodologies 
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 Density-corrected by-case horizontal neuronal distance as calculated by the 

manual-identification methodology was correlated with horizontal distance (r(514)=.23; 

p<.001), GLI (r(514)=-.12; p=.007) and particle count (r(514)=-.16; p<.001) in the 

automatic-raster methodology.  

 

Impact of Analytical Approach 

When by-cell results from the manual-identification methodology were averaged 

to produce a single data point for each case, a significant reduction in horizontal distance 

was observed in adults with autism in layer III in the density-corrected analysis 

(t(10)=3.53; p=.005) as well as in layer V in the density-uncorrected analysis 

(t(10)=2.73;p=.021).  After correction for covariates, decreased horizontal neuronal 

distance was present only in layer II (F(1,17)=5.44; p=.03) in autistic subjects as a whole 

in the density-corrected analysis.  There were trends in adult subjects in the direction of 

decreased horizontal neuronal distance autism in layer III (F(1,5)=4.51; p=.09) in the 

density corrected assessment and increased horizontal neuronal distance in layer 

IV(F(1,5)=3.70; p=.11) in the density uncorrected assessment.  Due to the small number 

of subjects assessed via automatic-raster methodology, no by-case analysis was pursued. 

  

Discussion 

In young children with autism, horizontal neuron distance is increased relative to 

controls in layers II and V.   Normal horizontal distance but decreased particle density 

and GLI are observed in layer III.  These alterations suggest that there is an increase in 

the proportional area occupied by neuropil in the developing autistic brain, which in turn 
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increases the average horizontal distance between neurons.  This increase may reflect 

overly prolific dendritic arborization and synaptic formation and/or stabilization 

(Courchesne and Pierce, 2005), and it may or may not co-occur with excess neuronal and 

thus columnar generation.  In either event, excess neuropil production is likely a 

substantial contributor to the early brain overgrowth observed in frontal cortex in autism.  

If neuropil production is increased early in life in autism, it begs the question why 

normal horizontal distance is observed in layer III in both our findings and a previous 

publication (Buxhoeveden et al., 2006).  While no differences in horizontal distance are 

observed in this layer, the GLI and density alterations we report are indicative of 

increased proportional neuropil volume.  One possible explanation is that aberrant, 

excessive neuropil production results in moderate cellular disorganization in this layer. 

This disorganization could counterbalance the effects of increased neuropil volume on 

horizontal distance by increasing the number of columns detected by our algorithms 

(Casanova et al., 2002b).    

In addition to its concordance with our findings, excess developmental neuropil 

generation may significantly explain the frontal focus of early enlargement observed in 

structural MRI studies.  Arborization and synapse formation occur later, are more 

protracted, and are far more extensive in the more frontal cortices, thus leaving them 

more vulnerable to disruption (Courchesne and Pierce, 2005; Huttenlocher, 2002).  This 

hypothesis also accounts for the relative lack of minicolumn abnormality observed in BA 

17 at any age in previous studies, as arbors in occipital cortex are relatively small and 

develop rapidly (Buxhoeveden et al., 2006; Casanova et al., 2006).   
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What might cause aberrantly extensive neuronal connection in early childhood?  

There are many possibilities, and the present study does not distinguish between them.  

These include but are not limited to: genetic abnormalities disproportionately favoring 

synaptic formation and/or retention, an aberrant trophic environment that may be driven 

by genetic abnormalities or abnormal glial activity, and aberrant sensory gating 

prohibiting proper experiential input in synaptic pruning. 

In addition to our novel observations in children, we observe significant decreases 

in horizontal distance during development in autism in layers II, III, and V, such that 

column width is reduced in layers III and V in adults.  Similar reductions in width have 

been primarily reported in the literature to date (Buxhoeveden et al., 2006; Casanova et 

al., 2002a; Casanova et al., 2006).  Our results do differ in that panlaminar decreases in 

distance (Casanova et al., 2006) and increases in GLI in layer III (Casanova et al., 2002a) 

fail to achieve significance in our broadest groups; however, these differences may 

simply reflect our inclusion of a sizable proportion of very young autistic subjects 

demonstrating significantly increased horizontal distance and decreased GLI.   

What mechanisms might account for the decline in horizontal distance over time, 

which in turn likely reflects a gradual loss of neuropil?  Aberrant functioning of 

unusually connected neurons or homeostatic feedback mechanisms related to brain 

overgrowth may eventually impede the normal development of connective elements.  The 

novel observation of increased horizontal distance in autism in input layer IV, an effect 

that appears to be driven primarily by adults, may reflect ongoing abnormalities in proper 

input regulation that would produce deficits in experience-driven synaptic pruning.    
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Might the reduction in horizontal distance with advancing age instead primarily 

reflect the effects of seizure?  This possibility is difficult to address conclusively, as age 

and seizure are strongly correlated in our autism cohort.  The increase in horizontal 

distance within layer IV specifically is indicative that generalized neuropil and neuronal 

damage is not present.  Additionally, the single adult autism subject with no history of 

seizure did not show any consistent deviation from adults with a history of seizure across 

different layers.  However, a full accounting for possible effects of seizure will require 

further study with additional subjects, particularly seizure-free adults.  

Whatever the cause, the decline in horizontal distance that takes place in autism 

might be expected to produce macrostructural decreases in brain size; to date, no such 

decreases have been consistently reported.  One possibility is that there is simultaneously 

excess neuron proliferation and thus increased column number in autism, resulting in no 

net change in brain volume (Casanova et al., 2006).  However, there was also a strong 

trend towards reduced postmortem brain mass in our adult autistic subjects.  We observed 

an equivocal relationship between brain mass and columnar width in autism, with a 

negative correlation in layer II and a positive correlation in layer III.    

In a single severely macrencephalic adolescent with autism, significantly 

increased horizontal distance in layers III, IV, and V was observed via the manual-

identification methodology, alongside increased horizontal distance and decreased GLI 

and particle density in layer III detected via automatic-raster methodology.  These 

alterations differ markedly from the reduction in distance observed in autistic adolescents 

and adults with brain masses within two standard deviations of normal.  This may either 

reflect an entirely different etiology or instead a continuation of the early processes 
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producing increased neuropil volume in autism, which for unknown reasons in this case 

do not transition to the cessation of growth that appears to typically occur in late 

childhood in the disorder.  Additional study of macrencephalic brains will help elucidate 

the frequency and characteristics of this unusual phenotype. 

 

Covariates and Confounds in Minicolumn Analysis 

The novel manual-identification methodology exhibits significant correlation with 

the previously published automatic-raster methodology, and both methodologies produce 

results substantially consistent with the extant minicolumn literature in areas of overlap.  

The manual-identification approach has some novel advantages in that it allows direct 

control of ROI thickness and cellular composition.  At the same time, the automatic-

raster approach has the distinct advantage of sampling across a much greater portion of 

the cortex.  These methodologies may be best used in a complimentary fashion in future 

research, or, given their strong demonstrated correlation, a single method may be selected 

depending on experimental priorities.   

Our findings using the automatic-raster methodology confirm the previously 

theorized impact of mounted section thickness on two-dimensional assessments 

employing image capture (Casanova et al., 2006).  Certain tissue processing protocols, 

such as celloidin embedding (Casanova et al., 2002a; Casanova et al., 2006), may help to 

limit the variability of mounted section thickness.  Another covariate demonstrating 

significant interaction with horizontal distance is gyral location.  Studies reliant on a 

single sampling location per brain, such as our manual-identification methodology, 
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should carefully control this variable.  Otherwise, gyral location may be recorded and 

incorporated into analyses as a covariate.   

 Despite the significant relationship that we observed between minicolumn width 

and both mounted section thickness and gyral location, previous analyses that did not 

fully incorporate these covariates produced results largely consonant with our findings 

(Buxhoeveden et al., 2006; Casanova et al., 2002a; Casanova et al., 2006).  It may be the 

case that beyond a certain minimum section thickness, there is little additional impact on 

minicolumn width (Casanova et al., 2006); the interaction appears increasingly 

asymptotic with increasing mounted section thickness (Figure 3.4), although additional 

thickness effects may emerge in much thicker sections (D. Buxhoeveden, personal 

communication). Previous studies may also have controlled for gyral location 

(Buxhoeveden et al., 2006) or achieved a relatively consistent distribution of gyral 

location.   

It must be noted that while intriguing findings have been reported in the 

minicolumn literature to date, all have been limited in subject number due to a paucity of 

suitable tissue.  This limitation has resulted in the analysis of individual fields of view as 

data points rather than averaging all results within a subject.  In the manual-identification 

methodology, we applied a similar level of analysis with our by-cell approach.  When a 

more traditional and widely statistically accepted by-case analysis approach was applied, 

however, we failed to detect most but not all of the group differences observed in the by-

cell results, though many effects were still present as strong trends.  We anticipate that in 

the near future, thanks to the concerted efforts of brain banks, enough tissue will be 

available that more traditional by-case analysis approaches may be employed to examine 
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the alterations indicated via the by-field, by-column, and by-cell analysis approaches 

employed to date. 
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Table 3.1: Case information for control and ASD subjects. Methodology codes are as 
follows: manual-identification, MI; automatic-raster, AR; qualitative assessment of a 
single 16-year-old macrencephalic case via both methodologies, QA.  Medication history: 
aMedical records unavailable; bZyprexa, Reminyl, Adderall; cFluvoxamine, Tegretol, 
Ritalin, Clonidine, Pondimin, Prozac, Luvox, Risperidal; dDesipramine; eClonidine; 
fRitalin, Clonidine; fTrileptal, Zoloft, Clonidine, Melatonin; gPhenobarbital, Mysoline, 
Dilantin, Diamox, Zarotin, Tegretol, Diazepam, Clonazepam, Depokene, Tranxene, 
Cisapride, Valproic Acid; hTegretol, Risperidal, Zyprexa, Melaril, Luvox, Depakote; 
iTegretol, Epival, Cogentin, Zyprexa, Loxepac, Flurazepam, Synthroid, Dalmane, 
Stelazine, Nozinan, Rivotril, Chloral Hydrate, Largactil, Kemadrin, Haldol, Procyclidine, 
Ativan, Lithium, Risperdal, Anafranil, Sulfate Ferreux. 
 

Case 
Number Diagnosis Age 

Meth
odol
ogy 

Processi
ng 
Location 

Hemis
phere 

Brain 
Mass 
(g) 

PMI 
(h) 

Cause of 
Death 

Seizure 
History 

Clinical 
History 

BTB-
4021 Autism 3 

MI, 
AR NSA Left 1330 15 Drowning No None 

BTB-
4029 Autism 3 

MI, 
AR NSA Left 1130 13 Drowning N/A None 

UMB-
1349 Autism 5 MI  UCSD Right 1620 39 Drowning No 

Obesity, 
undescended 
testicle 

UMB-
4231b Autism 8 MI  UCSD Right 1570 12 Drowning No None 

B-4925c Autism 9 MI UCSD Right 1320 27 Seizure Yes 

Venous 
angioma in 
frontal lobe, 
chronic middle 
ear disease 

UMB-
797d Autism 9 MI UCSD Right 1500 13 Drowning No 

Chronic 
migraine 

BTB-
2004e Autism 10 MI UCSD Left N/A 23 Drowning No 

Chronic ear 
infection 

BTB-
3878f Autism 12 MI UCSD Right 1630 23 Drowning N/A 

Moderate 
hypotonia 

UMB-
4899g Autism 14 MI UCSD Right N/A 9 Drowning Yes None 

B-5223 Autism 16 QA NSA Right 1990 48 

Undetermin
ed, 
Possible 
Cardiac 
Arrhythmia No None 

B-5000 Autism 27 MI UCSD Right 1575 8 Drowning No 

Viral 
Meningitis, 
Growth 
Hormone 
Deficiency, 
Vision 
Impairment, 
Arthritis 

BTB-
3663a Autism 27 MI UCSD Right 1420 30 

Neuroleptic 
Malignant 
Syndrome Yes None reported 

B-5173h Autism 30 MI UCSD Right 1230 20 GI Bleeding Yes 
Scoliosis, 
Gastric Polyp 

CAL-
101i Autism 34 

MI, 
AR NSA Left 1367 17 

Adult 
Respiratory 
Distress 
Syndrome Yes Pneumonia 
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Table 3.1:  Case information for control and ASD subjects, continued 
 

Case 
Number Diagnosis Age 

Met
hod
olog
y 

Processi
ng 
Location 

Hemis
phere 

Brain 
Mass 
(g) 

PMI 
(h) 

Cause of 
Death 

Seizure 
History 

Clinical 
History 

CAL-
104j Autism 41 

MI, 
AR NSA Left 1385 N/A 

Food 
Aspiration Yes None 

UMB-
1445a Autism 45 MI  UCSD Right 1700 23 N/A N/A 

Possible 
Amyotrophic 
Lateral 
Sclerosis 

BTB-
3958 Control 1 

MI, 
AR NSA Left N/A 24 N/A No None 

UMB-
4670 Control 4 MI UCSD Right N/A 17 

Commotio 
Cordis No None 

UMB-
1796 Control 16 

MI, 
QA NSA Right 1440 16 

Multiple 
Injuries No None 

UMB-
1649 Control 20 MI UCSD Right N/A 22 N/A No None 

B-6221 Control 22 MI UCSD Right 1535 24 N/A No None 
UMB-
818 Control 27 MI UCSD Right N/A 10 

Multiple 
Injuries No None 

B-5873 Control 28 MI UCSD Right 1580 23 N/A No None 

B-5813 Control 41 MI UCSD Right 1815 27 N/A No None 
BTB-
3859 Control 44 

MI, 
AR NSA Right 1640 30 N/A No None 
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Figure 3.1: Dorsolateral prefrontal cortex cytoarchitectonic areas identified in the present 
study.  From left to right: Brodmann area (BA) 9/46 and neighboring BAs 10, 47, 32 and 
44 in an adult control human. BA 9/46 was analyzed quantitatively in autistic and control 
subjects. 
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Figure 3.2: A. Anatomical localization of the dorsolateral prefrontal cortex (marked in 
green).  B. Locations of gyral subdivisions.  The gyral crown was scored as a 1, the 
shoulder region was scored as a 2, the upper half of the sulcal wall was scored as a 3, the 
lower half of the sulcal wall was scored as a 4, and the fundus of the sulcus was scored as 
a 5.  No columnar images were captured from regions in which columnar patterning was 
disrupted due to a tangential plane of cut (TA). 
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Figure 3.3:  A. Relationship between age and horizontal neuronal spacing distance as 
determined by the manual-identification methodology in Layer II.  B. Layer III.  C. Layer 
IV.  D. Layer V.   Significant negative correlations were detected between age and 
horizontal neuronal distance in autism in layers II (p=.01), III (p<.001), and V (p<.001); 
as well as in layer III in control subjects (p<.001).  No significant correlation was 
observed in layers IV or VI, although significantly increased column width was present in 
autism in layer IV. 
 
 
 
 
 
 
 
 
 



 94 

 
 
Figure 3.4:  A. Minicolumn width decreases with increasing section thickness in the 
automatic-raster methodology.  B. Associations between gyral location and minicolumn 
width are present in the automatic-raster methodology and appear to be driven largely by 
increased width in control subjects in deep sulcus gyral locations 4 and 5.  
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Abstract 

Context  

Alterations in neuron number and density and microglial abnormalities suggestive 

of activation have been observed in autism in brain regions displaying substantial early 

overgrowth.  However, it is unknown whether neuronal and microglial populations 

demonstrate significant organizational abnormality in these regions. 

 

Objective  

To apply spatial pattern analysis to describe neuronal and microglial organization 

in autism and control subjects in the dorsolateral prefrontal cortex, a region of 

pronounced early brain overgrowth in autism. 

 

Design  

Case-control study. 

 

Setting  

University of California, San Diego. 

 

Participants  

Formalin-fixed tissue was acquired postmortem from the dorsolateral prefrontal 

cortex of 15 subjects with autism and 9 controls.  

 

Main Outcome Measures   
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The primary analysis examines group differences in density-corrected neuron-

neuron, microglia-neuron, and microglia-microglia clustering at four distances between 

25 and 100 µm.  Secondary analyses examine the developmental profile of these 

measures, describe their alteration over distance in finer detail via exploratory t-test, and 

investigate their correlation with several potential explanatory factors. 

 

Results  

Local neuron-neuron, microglia-neuron, and microglia-microglia density-

corrected clustering are all increased in autism.  Exploratory analysis suggests the 

movement of microglia from intermediate to local distances; this pattern was absent in 

neuron-neuron interactions.  Moderate to long-range neuron-neuron clustering and local 

to moderate-range microglia-microglia clustering increased with age in autism.  Local 

microglia-neuron anti-clustering increased with age in controls, but no trend was present 

in autism. Significant anti-clustering was present in all instances except microglia-neuron 

clustering in autistic subjects, which demonstrated no organization.    

 

Conclusions  

Increased neuron-neuron clustering in older autistic subjects reflects modest, 

additive decreases in organization over increasing distances; the alterations are suggestive 

of a gradual, haphazard loss of neuropil.  Microglia-neuron interaction lacks normal 

organization across the lifespan in autism, suggesting that the mechanisms governing this 

relationship are permanently aberrant.  Local microglia-microglia clustering increases 
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over time in autism, perhaps reflecting microglial movement towards aberrantly 

functioning cells.   
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Introduction 

Autism is a neurodevelopmental disorder diagnosed on the basis of a core 

behavioral triad of deficits in communication, abnormalities in reciprocal social 

interaction, and the presence of restricted and/or repetitive behaviors.  The disorder is 

additionally marked by the presence of seizure, which may occur in anywhere from 5% 

to 44% of subjects (Tuchman and Rapin, 2002).  Brain overgrowth has been observed in 

autism in the first few years of life via head circumference measurement and structural 

magnetic resonance imaging (Carper et al., 2002; Courchesne et al., 2003; Courchesne et 

al., 2001; Dawson et al., 2007; Dementieva et al., 2005; Dissanayake et al., 2006; Hazlett 

et al., 2005; Redcay and Courchesne, 2005; Sparks et al., 2002; Webb et al., 2007).  The 

frontal cortex is among the most affected cortical regions, with dorsolateral and medial 

prefrontal cortices (DLPFC and MPFC) particularly affected (Carper and Courchesne, 

2005; Carper et al., 2002).  However, meta-analysis suggests that by early adolescence 

brain volume in autistic subjects as a group does not differ from that of controls (Redcay 

and Courchesne, 2005).  Thus, there is likely aberrant cessation of brain growth in autism 

during late childhood, although this speculation has not yet been confirmed by 

longitudinal study (Carper and Courchesne, 2005; Courchesne et al., 2001); reviews: 

(Courchesne and Pierce, 2005; Courchesne et al., 2007).   

 The alterations in cellular microstructure that take place over this developmental 

course in autism remain sparsely described.  Numerous neuropathology studies have 

reported alterations in the organization of neuronal populations in many areas of the 

autistic brain, although little there is little apparent consistency from subject to subject 

(Bailey et al., 1998; Bauman, 1996; Bauman and Kemper, 1985; Kemper and Bauman, 
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1998).  Reductions in neuron number (Schumann and Amaral, 2006; van Kooten et al., 

2008) and glial abnormalities suggestive of activation (Vargas et al., 2005; Morgan et al., 

in preparation) have been observed in the adolescent and adult autistic brain, primarily in 

regions that display pronounced developmental brain overgrowth (Bolte et al., 2006; 

Dalton et al., 2005; Gilbert et al., 2008; Gilbert et al., 2009; Kanwisher et al., 1999; 

Kennedy et al., 2006; Pierce et al., 2001; Schumann et al., 2004; Sparks et al., 2002). 

While evidence has slowly mounted for alterations in both the neuronal and 

microglial populations in autism, what alterations in cellular activity these changes may 

reflect remain unresolved.  One approach to unraveling this mystery is to examine 

changes in cellular organization.  Minicolumn analyses have suggested a reduction in 

columnar width in adults and age-unsegregated subjects with autism in regions of early 

brain overgrowth (Buxhoeveden et al., 2006; Casanova et al., 2002; Casanova et al., 

2006).  However, there may actually be an increase in neuropil volume in some cortical 

layers in young subjects, indicative of early developmental increases that are then 

reversed in adults (Morgan et al, submitted).  

To date, no study has quantitatively examined alterations in cellular organization 

in autism after correction for these group differences in cell density (Buxhoeveden et al., 

2006; Casanova et al., 2002; Casanova et al., 2006); Morgan et al., submitted).  In other 

words, no differences in cellular behavior have been described to date independent of 

alterations in the density and composition of the cellular population.  Therefore, we 

recorded cellular coordinates of both neurons and microglia in a carefully controlled 

region of interest (ROI) and applied spatial pattern analysis.  Spatial pattern analysis is a 

technique that has previously been adapted to assess density-independent alterations in 



 104 

cellular organization in human postmortem tissue in several clinical disorders (Asare et 

al., 1996; Beasley et al., 2005; Chana et al., 2003; Cotter et al., 2002; Diggle and 

Chetwynd, 1991; Landau, 2008; Landau, 2004).   

 

Methods 

Tissue Acquisition and Processing 

Individual case information is provided in Table 4.1.   

Tissue processing for n=8 cases (n=5 autism and n=3 control; “NSA” processing 

in Table 4.1) was performed by Dr. Robert Switzer (Neuroscience Associates, Knoxville, 

TN), as previously described (Buxhoeveden et al., 2006). 

Tissue processing for n=17 cases (n=11 autism and n=6 control; “UCSD” 

processing in Table 4.1) was carried out by J.M. as follows: small blocks of formalin-

fixed tissue with an approximate average size of 2x2x1 cm were acquired from DLPFC.  

The tissue was cryoprotected in 10% sucrose-.1% DMSO for two days, followed by 20% 

sucrose-.1% DMSO for two days, then sectioned at 50 µm on a freezing microtome and 

stored in cryoprotectant at -20o C. 

 

Tissue Preparation  

Eight sections from each of the n=17 UCSD cases were processed along with 

eight individual gyri isolated from the DLPFC of the n=8 NSA coronal sections with a 

straightedge razor.  All tissue was washed in TBS, slide mounted via ddH2O, and air 

dried for two nights.  Immunohistochemistry was performed by J.M. as follows: 

peroxidase activity was blocked with a 30 minute exposure to 3% H2O2 in MeOH.  The 
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slides were microwaved in simmering antigen retrieval citra (Biogenex, San Ramon, CA) 

for 10 minutes, followed by a 30 minute cooldown.  The tissue was then blocked and 

permeabilized with a solution of 5% NGS and .1% triton x-100 in TBS for 3 hours.  

Incubation with a primary antibody, Iba-1 (Wako USA, Richmond, VA) was carried out 

at 1:1000 concentration in .1% triton x-100 in TBS for 40 hours at 4oC.  Following 

primary incubation, the sections were incubated in rabbit secondary antibody prepared as 

described from ABC reagent kit (Vector Laboratories, Burlingame, CA) for 2 hours, 

followed by 2 hours in ABC reagent.  The sections were developed using DAB (Vector 

Laboratories) as chromagen with a 12 minute exposure time.  Finally, the sections were 

counterstained in dilute hematoxylin/eosin (Vector Laboratories) for 7 minutes, then 

dehydrated through a progressive series of 50%/70%/95%/100% EtOH (3 minutes each) 

and 100% xylene (20 minutes) rinses, coverslipped, and left to dry overnight.    

 

Data Acquisition 

Localization to BA 9/46 was individually confirmed for each case using rigorous 

cytoarchitectonic criteria (Petrides and Pandya, 1994; Rajkowska and Goldman-Rakic, 

1995), with definitions confirmed by a second observer with expertise in cortical frontal 

cytoarchitecture (K.S.)   

For each case, a single field of view in an area 625-725 µm in width, extending 

from pial surface to white matter, and located on the high gyral wall was assessed 

(Figure 4.1).  The x,y-coordinates of all neurons and microglia in this region were 

recorded from an area 8 µm in depth, with a 2 µm guard zone, by a rater blind to subject 

identity (J.M.), on a Nikon Eclipse 80i microscope with a MicroBrightField cx9000 
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camera through a 1.4 n.a. 100x lens.  Neurons were stained via hematoxylin/eosin, and 

distinguished from glial nuclei on the basis of large cell size, the presence of a large 

nucleus with a visible rim of surrounding cytoplasm, and the presence of a distinct 

nucleolus.  Microglia were distinguished from other glia on the basis of Iba-1 staining, 

which was robust in microglial and endothelial cells, and distinguished from endothelial 

cells on the basis of the distinctive rod-shaped morphology of endothelial cells and their 

location adjacent to blood vessels, which were faintly visible via hematoxylin/eosin 

staining.   

 

Data Analysis 

Neuron-neuron clustering, microglia-neuron clustering, and microglia-microglia 

clustering were assessed via k-function (Chana et al., 2003; Diggle and Chetwynd, 1991; 

Landau, 2004) (Figure 4.1).  Seed cell locations and the maximum analysis range were 

set so as to avoid ROI edge effects (seed cells in the central ½ of the ROI, analysis range 

¼ of the shortest side of the smallest counting frame, in this instance 156 µm,).   Each 

case was individually density corrected with reference to 200 Poisson simulations 

matched for cell density by layer (Diggle and Chetwynd, 1991) to produce a clustering 

ratio.  Layer boundaries were assigned by a blind rater based on a computer 

reconstruction of neuronal coordinates.  

Data closer than 20 µm to the cellular nucleus was discarded due to excessive 

artifact, likely primarily attributable to the physical space occupied by each seed cell.  

Data beyond 100 µm from the seed cell was discarded due to a lack of interaction effects 

relative to randomness across all diagnostic groups and cell comparison conditions.  Due 
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to the potential non-normality of density-corrected clustering ratios, group differences 

were assessed via bootstrapping (Landau, 2008; Landau, 2004) at every 25 µm within the 

analysis range, with 100,000 resamples per bootstrap.  The results were fitted to a bias-

corrected and accelerated (BCa) curve, among the most current and widely accepted 

bootstrapping curves.  Repetition revealed variability of p=.002 or less between 

bootstrapping runs.  Due to the computational requirements of bootstrapping, an 

exploratory Student t-test was also conducted on the density-corrected results every 1 µm 

to elucidate the features of the underlying clustering curves more precisely.  Individual 

subject density-corrected clustering values were examined for correlation with subject 

age, brain mass, seizure, PMI, and processing location.  Due to a strong colinearity with 

processing location (r(25)=.72; p<.001), hemisphere was not assessed. 

 

Results 

Group Statistics 

Within all subjects as a whole, there was a strong positive correlation between age 

and brain mass (r(24)=.494; p=.014).  Within autism subjects, there were strong 

correlations between seizure and both age (r(12)=.63; p=.029) and both brain mass 

(r(12)=-.64; p=.025).  Within control subjects, there was an extremely strong correlation 

between age and brain mass (r(9)=.95; p<.001).   

There was a marginal correlation between brain mass and processing location 

across all subjects (r(24)=.404; p=.050).  Within autistic subjects, there was a significant 

correlation between brain mass and processing location (r(24)=.57; p=.026).   
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Neuron-Neuron Organization 

A significant increase in neuron-neuron clustering was observed in autism at the 

distance of 25 µm (p=.04).  Trends were observed at 50 µm (p=.11), 75 µm (p=.08), and 

100 µm (p=.08).  Exploratory analysis via t-test revealed a lack of remarkable features in 

the neuron-neuron clustering profile; clustering was significant at all distances with a 

maximum at 34 µm (t(22)=3.00; p=.007) (Figure 4.2).   

Control subjects demonstrated clustering at approximately 80% of randomness at 

25 µm, increasing gradually to 97.5% of randomness at 100 µm.  Autistic subjects 

demonstrated clustering at 89% of randomness at 25 µm, increasing to 102% of 

randomness at 100 µm. 

Within the autism group, we observed a significant, positive correlation between 

age and neuron-neuron clustering at all distances beyond 37 µm, with a maximum at 45 

µm (r(15)=.61; p=.015).  By contrast, there were no significant correlations between age 

and clustering in controls, except at 21 µm (r(9)=-.68; p=.045); however, the trend 

direction of the correlation was negative at all distances interrogated.   

Because of the significant developmental profile of clustering (Figure 4.4), we 

assessed adults ages 20 and older as a subgroup.  Significant increases in clustering were 

present at 75 µm (p=.016) and 100 µm (p=.020), with strong trends at 25 µm (p=.077) at 

50 µm (p=.050).  As in the broader group, exploratory analysis via t-test revealed few 

remarkable features; all distances demonstrated significant group differences, with 

maximum significance at 47 µm (t(10)=3.58; p=.008). (Figure 4.3)   
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Within the autism group, seizure was positively correlated with neuron-neuron 

clustering at all distances beyond 30 µm, with a maximum at 50 µm (r(12)=.68; p=.015).  

However, there was no correlation or trend at any distance after controlling for age. 

Within all subjects as a whole, there was a negative correlation between brain 

mass and neuron-neuron clustering specifically at 20 µm (r(24)=.41; p=.048)  No 

correlation was present in the autism subgroup at any distance.  Within the control 

subgroup, strong negative correlations were present between clustering and brain mass at 

distances from 20-26 µm, with the maximum difference at 21 µm (r(9)=-.80; p=.009).     

Neither PMI nor processing location were correlated with neuron-neuron 

clustering at any distance in any subgroup. 

 

Microglia-Neuron Organization 

Microglia-neuron clustering was found to be significantly increased in autistic 

subjects relative to control subjects at 25 µm (p=.04), with trends at 50 µm (p=.10), 75 

µm (p=.08), and 100 µm (p=.08)   Exploratory analysis via t-test suggested group 

differences at all distances between 20 µm and 47 µm (Figure 4.3), with the most 

strongly significant difference at 25 µm (t(22)=11.4; p=.003).  Clustering at distances just 

beyond this range were notably lacking in significance relative to more distant regions 

(Figure 4.3), with the least significant point at 60 µm (t(22)=-1.36; p=.18)); this 

reduction at 60 µm was confirmed via bootstrapping (p=.15).   

Control subjects demonstrated clustering at approximately 88% of randomness at 

25 µm, increasing gradually to 96% of randomness at 100 µm.  Autistic subjects 
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demonstrated clustering at 98% of randomness at 25 µm and 99% of randomness at 100 

µm. 

Within all subjects as a whole, negative correlations were present between age 

and microglia-neuron clustering at 20, 21, and 23 µm, with a peak at 20 µm (r(24)=-.45; 

p=.029).  Within autism subjects, there were no correlations between age and microglia-

neuron clustering.  Within control subjects, significant negative correlations were present 

between age and clustering at most distances between 21-31 µm, with a local maximum 

at 25 µm (r(9)=-.76; p=.018) and at most distances from 88-100 µm, with a local 

maximum at 89 µm (r(9)=-.69; p=.039). 

In adult subjects, significantly increased microglia-neuron clustering was present 

at 25 µm (p=.037), 75 µm (p=.013), and 100 µm (p=.005), with a strong trend at 50 µm 

(p=.052).  Exploratory analyses via t-test revealed significant group differences at all 

distances between 20 and 51 µm, with a maximum effect at 26 µm (t(22)=9.54; p=.002) 

(Figure 4.4).  

Within autism subjects, seizure was positively correlated with microglia-neuron 

clustering at 31, 35-36, and 48-50 µm, with a maximum at 35 µm (r(12)=.62; p=.033).  

However, there was no correlation or trend at any distance after controlling for age. 

Within all subjects as a whole, negative correlations were present between brain 

mass and microglia-neuron clustering at all distances 30 µm and under, with a peak at 24 

µm (r(24)=-.51; p=.011).   No correlations were present in autistic subjects.  In control 

subjects, negative correlations between brain mass and microglia-neuron clustering were 

present from 20-44 µm, with a local maximum at 25 µm (r(9)=-.86; p=.003), and again at 

the majority of distances from 66-100 µm, with a maximum at 70 µm (r(9)=-.77; p=.016). 
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Neither PMI nor processing location were correlated with microglia-neuron clustering at 

any distance in any subgroup. 

  

Microglia-Microglia Organization 

Significantly increased microglia-microglia clustering was observed at 25 µm 

(p=.035) in autism; no trends were present at greater distances.  Exploratory analysis via 

t-test revealed group differences at 10-11, 23-27, and 33-37 µm, with a maximum 

significance at 35 µm (t(22)=20.1; p=.019) (Figure 4.3). 

Control subjects demonstrated clustering at approximately 65% of randomness at 

25 µm, increasing gradually to 94% of randomness at 100 µm.  Autistic subjects 

demonstrated clustering at 71% of randomness at 25 µm, increasing gradually to 95% of 

randomness at 100 µm. 

Within all subjects as a whole, significant correlations between age and microglia-

microglia clustering were present from 22-52 µm, with a maximum at 31 µm (r(24)=.59; 

p=.002).  Within subjects with autism, this correlation was present at all distances from 

20-51 µm, with a maximum at 26 µm (r(15)=.81; p<.001).  

Significantly increased microglia-microglia clustering was observed in adults with 

autism at 25 µm (p<.001).  Exploratory analysis revealed increases at all distance 

intervals from 22-50 µm, with maximum significance at 35 µm (t(10)=7.51; p=.004) 

(Figure 4.4).   

Within autism subjects, seizure was positively correlated with microglia-

microglia clustering from 28-49 µm, with a maximum at 35 µm (r(12)=.67; p=.017).  
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However, there was no correlation or trend at any distance after controlling for subject 

age.   

In control subjects, a negative correlation between brain mass and microglia-

microglia clustering was present from 70-75 µm, with a maximum at 72 µm (r(9)=-.75; 

p=.019) along with marginally significant results at the individual distances of 89, 98, 

and 100 µm. 

Within all subjects as a whole, microglia-microglia clustering and processing 

location were correlated at 20 and 21 µm, with a maximum at 20 µm (r(24)=-.44; p=.031)  

Within subjects with autism, this correlation was significant from 20-22 µm, with a 

maximum at 20 µm (r(15)=-.56; p=.030). Within control subjects, this correlation was 

significant from 27-30 µm, with a maximum at 28 µm (r(9)=-.85; p=.004), and again at  

48 µm (r(9)=-.71; p=.033. 

No significant correlations were observed between microglia-microglia clustering 

and PMI at any distance in both subjects as a whole and the diagnostic subgroups. 

 

Correlation Between Organization Analyses 

Within subjects as a whole, neuron-neuron, microglia-neuron, and microglia-

microglia clustering are strongly correlated 25, 50, 75, and 100 µm (p<.01 for all 

comparisons).  Within subjects with autism, all clustering measures are significantly 

correlated at 50, 75, and 100 µm.  Within control subjects, microglia-neuron clustering is 

correlated with neuron-neuron and microglia-microglia clustering at 75 and 100 µm, 

while neuron-neuron and microglia-microglia clustering are correlated at 75 µm, with a 

trend at 100 µm. 
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Comment 

Neuron-Neuron Interactions in Autism 

Significantly increased neuron-neuron clustering is present in autistic subjects 

relative to controls at the relatively local distance of 25 µm, with strong trends at greater 

distances.  Exploratory t-test results suggest a strong consistency between local and long 

distance neuron-neuron clustering differences.  Positive correlations are present with age 

at greater distances.  The lack of significant differences at greater ranges in autism 

subjects as a whole appears to be largely driven by a sharp decrease in anti-clustering 

effects in controls at greater distances.  Therefore, there appears to be a decline in 

neuron-neuron anti-clustering in autism that gradually increases over time in a manner 

that is additive over distance.   

These alterations may indicate a haphazard loss of neuropil that occurs over many 

years in autism, which in turn may reflect degenerative, aberrant experiential, or other 

adverse processes.  Indeed, reductions in the distance occupied by neuropil between 

neuronal columns have been consistently reported in groups of adult or age-unsegregated 

subjects with autism (Buxhoeveden et al., 2006; Casanova et al., 2002; Casanova et al., 

2006).  Recently, we observed effects indicative of early overproduction of neuropil 

followed by a decline in volume over the lifespan (Morgan et al., submitted).    

By contrast, there is a trend increase in this local lattice-like effect across the 

control lifespan that may reflect modest ongoing experience-dependent alteration of 

cortical connections.  However, little deviation from randomness is apparent in either 

group at 100 µm, suggesting that the mechanisms responsible for neuron-neuron anti-

clustered organization dissipate well before this distance.   
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Microglia-Neuron Interactions in Autism 

Microglia-neuron clustering is increased locally in autistic subjects relative to 

controls, with trend effects at greater differences.  However, the pattern of alteration 

differs substantially from neuron-neuron clustering.  In contrast to the absence of 

distance-related features in neuron-neuron clustering, there is in both microglia 

comparisons a sharp reduction in significance just beyond the distance intervals at which 

there are significant group differences.  Given the lack of significance at these distances, 

this additional reduction should not be overinterpreted.  However, it may reflect a modest 

additional reduction in microglial number in this interval, perhaps because a fraction of 

the microglia previously in this range are moving towards neurons and thus towards each 

other as well.  Whether this movement of microglia towards neurons reflects neuronal 

death or damage, neuronal requests for trophic support, synaptic remodeling, aberrant 

microglial function, and/or other alterations is unclear. 

Local microglia-neuron anti-clustering is present and increases across the lifespan 

in controls.  Autistic subjects remain at or very near randomness throughout the lifespan.  

There may be a relative ceiling effect in absolute density-corrected cellular clustering 

values, e.g. only a certain fraction of microglia may visibly respond to neurons within a 

given plane of cut, or little disorganization beyond randomness may be possible because 

clustering around one neuron reduces clustering around nearby neuronal neighbors.   

Whether or not this is the case, mechanisms in the autistic brain produce a lack of 

discernible microglia-neuron organization that is persistent across the lifespan.   
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Microglia-Microglia Interactions in Autism 

Microglia-microglia organization demonstrates similar patterns to microglia-

neuron clustering; significantly increased clustering locally gives way to a sharp decline 

in group difference that is moderated at even greater distances.  Microglia in autism may 

be moving towards either each other or other cells such as neurons, which would create 

the appearance that they are moving towards each other as well.  Microglia-microglia 

clustering increases with age, an effect driven predominantly by increased clustering in 

the autism group.   

Microglia-microglia clustering in controls demonstrates the least random, most 

lattice-like organization of the three comparisons at near distances, along with the 

greatest decline in lattice-like organization over the range of inquiry.  It is strongly 

constant throughout the lifespan, by contrast with the increased anti-clustering observed 

in neuronal interactions.  This strong, consistent local repulsion may indicate that specific 

volumes are strongly controlled by individual microglial cells, as has been previously 

speculated (Nimmerjahn et al., 2005).   

Microglia-microglia organization is significantly but not entirely disrupted in 

autism, perhaps reflecting a breakdown in the function of the extensive arbors of 

processes that are thought to maintain microglial anti-clustered organization (Ransohoff 

and Perry, 2009).  Indeed, substantial alterations in microglial morphology that include a 

partial or nearly complete loss of processes have been observed in subjects with autism 

(Morgan et al., in preparation).  

 

Correlates of Clustering 
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Strong positive correlations are present between neuron-neuron, microglia-

neuron, and microglia-microglia clustering at all distances examined across subjects as a 

whole.  Trends strongly suggest that reductions in significance in specific diagnostic 

groups may primarily reflect group size rather than unique characteristics.  Do all of these 

cellular features then reflect a single fundamental change in cellular organization in the 

autistic brain?  The variability in developmental features and patterns of cellular 

movement as indicated by exploratory t-test suggest this is unlikely.  However, if gradual, 

haphazard neuropil loss occurs in many subjects with autism, it will affect all cellular 

features.  Additional features of microglial movement may be present but not fully 

override the effects of this underlying process. 

The presence of seizures is strongly correlated with alterations in clustering in all 

three interaction groups.  However, the effects of seizure within the autism group are 

difficult to disentangle from the effects of age given the strong correlation between these 

features.  It is notable that no correlation remains between seizure and clustering in any of 

the cellular interactions after correction for age.  Additionally, a young autistic subject 

with a history of seizure was not at the extreme of any clustering measure relative to 

young autistic subjects without seizure.  The single adult autistic subject with a 

documented lack of seizure was, meanwhile, was entirely in line with autistic adults with 

seizure on the two microglial measures, as might be expected given the lack of 

interaction between microglial features and the presence of seizure (Morgan et al., in 

preparation).  However, the adult subject differed markedly in neuron-neuron clustering, 

falling in the middle of the control range.  Further exploration of this potential interaction 

is necessary, incorporating additional adult autistic subjects without seizures and 
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additional pediatric subjects with seizures.  The relationship between brain mass and 

clustering effects is similarly difficult to separate from age effects.   

Regardless of the relative contribution of seizure and brain mass changes to 

alterations in clusterin, many of the effects observed in this study appear to be primarily 

driven by the adult group and thus reflect long-running pathological processes in autism.  

What can be said about clustering abnormalities in the developing brain, during the 

period of peak gross morphological abnormality in autism?  The lack of any qualitative 

alteration in neuron-neuron or microglia-microglia organization suggests that any early 

increase in neuropil volume likely happens in a relatively uniform fashion that does not 

disrupt relatively local interactions, and therefore may reflect relatively consistent 

processes across cellular populations.  The lack of much significant interaction between 

age and microglia-neuron clustering in autism is suggestive that abnormalities may be 

present in subjects with autism throughout the lifespan, rather than reflecting a gradual 

alteration in these populations.   

 

Confounds and Data Analysis Protocols 

The correlation between brain mass and tissue processing location appears 

spurious at first glance, given that brain mass is recorded immediately postmortem while 

allocation to a tissue processing protocol takes place months or even years afterwards.  

However, this effect is driven by the autism group, and during processing assignment 

there was a strong focus on initially processing relatively young brains via NSA given the 

strong developmental profile of autism.  This focus likely led to the NSA group 

containing a relatively younger and therefore smaller set of brains than the UCSD group.
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 However, at a few specific distances, microglia-microglia clustering was 

correlated with processing location both across all subjects as a whole and within each 

diagnostic subgroup.  This finding would suggest that cases processed at UCSD 

demonstrated less clustering at a few specific near distances than those processed by 

NSA.   This set of findings may well be spurious and serve as a reminder that the 

exploratory t-test and correlation results should not be over-interpreted without 

replication in a more extensive sample of cases.  However, this potentially spurious 

finding displays a markedly different pattern from many of the effects reported, in which 

differences are typically detected across a wide distance band via exploratory t-test; here, 

the group differences are marginally significant at a small handful of specific individual 

distances. 

A form of correction for multiple comparisons might appear to be a potentially 

beneficial alteration to our current analysis approach, particularly for correlation and 

exploratory t-test analyses in which a large number of distances are examined.  However, 

the number of distance intervals assessed is extensive, and so a correction would be 

difficult to appropriately implement in this case without removing the large majority of 

significant effects.  Alternately, we could remove most of distance intervals from the 

analysis; this intervention is unsatisfactory in its own fashion because it allows less, not 

more, information about the shape of the alterations in clustering. Conclusions drawn 

from the exploratory analyses should be considered within this framework of statistical 

considerations. 
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Table 4.1: Case information for control and ASD subjects. Methodology codes are as 
follows: manual-identification, MI; automatic-raster, AR; qualitative assessment of a 
single 16-year-old macrencephalic case via both methodologies, QA.  Medication history: 
aMedical records unavailable; bZyprexa, Reminyl, Adderall; cFluvoxamine, Tegretol, 
Ritalin, Clonidine, Pondimin, Prozac, Luvox, Risperidal; dDesipramine; eClonidine; 
fRitalin, Clonidine; fTrileptal, Zoloft, Clonidine, Melatonin; gPhenobarbital, Mysoline, 
Dilantin, Diamox, Zarotin, Tegretol, Diazepam, Clonazepam, Depokene, Tranxene, 
Cisapride, Valproic Acid; hTegretol, Risperidal, Zyprexa, Melaril, Luvox, Depakote; 
iTegretol, Epival, Cogentin, Zyprexa, Loxepac, Flurazepam, Synthroid, Dalmane, 
Stelazine, Nozinan, Rivotril, Chloral Hydrate, Largactil, Kemadrin, Haldol, Procyclidine, 
Ativan, Lithium, Risperdal, Anafranil, Sulfate Ferreux. 
 

Case 
Number Diagnosis Age 

Meth
odol
ogy 

Processi
ng 
Location 

Hemis
phere 

Brain 
Mass 
(g) 

PMI 
(h) 

Cause of 
Death 

Seizure 
History 

Clinical 
History 

BTB-
4021 Autism 3 

MI, 
AR NSA Left 1330 15 Drowning No None 

BTB-
4029 Autism 3 

MI, 
AR NSA Left 1130 13 Drowning N/A None 

UMB-
1349 Autism 5 MI  UCSD Right 1620 39 Drowning No 

Obesity, 
undescended 
testicle 

UMB-
4231b Autism 8 MI  UCSD Right 1570 12 Drowning No None 

B-4925c Autism 9 MI UCSD Right 1320 27 Seizure Yes 

Venous 
angioma in 
frontal lobe, 
chronic middle 
ear disease 

UMB-
797d Autism 9 MI UCSD Right 1500 13 Drowning No 

Chronic 
migraine 

BTB-
2004e Autism 10 MI UCSD Left N/A 23 Drowning No 

Chronic ear 
infection 

BTB-
3878f Autism 12 MI UCSD Right 1630 23 Drowning N/A 

Moderate 
hypotonia 

UMB-
4899g Autism 14 MI UCSD Right N/A 9 Drowning Yes None 

B-5223 Autism 16 QA NSA Right 1990 48 

Undetermin
ed, 
Possible 
Cardiac 
Arrhythmia No None 

B-5000 Autism 27 MI UCSD Right 1575 8 Drowning No 

Viral 
Meningitis, 
Growth 
Hormone 
Deficiency, 
Vision 
Impairment, 
Arthritis 

BTB-
3663a Autism 27 MI UCSD Right 1420 30 

Neuroleptic 
Malignant 
Syndrome Yes None reported 

B-5173h Autism 30 MI UCSD Right 1230 20 GI Bleeding Yes 
Scoliosis, 
Gastric Polyp 

CAL-
101i Autism 34 

MI, 
AR NSA Left 1367 17 

Adult 
Respiratory 
Distress 
Syndrome Yes Pneumonia 
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Table 4.1:  Case information for control and ASD subjects, continued 
 

Case 
Number Diagnosis Age 

Met
hod
olog
y 

Processi
ng 
Location 

Hemis
phere 

Brain 
Mass 
(g) 

PMI 
(h) 

Cause of 
Death 

Seizure 
History 

Clinical 
History 

CAL-
104j Autism 41 

MI, 
AR NSA Left 1385 N/A 

Food 
Aspiration Yes None 

UMB-
1445a Autism 45 MI  UCSD Right 1700 23 N/A N/A 

Possible 
Amyotrophic 
Lateral 
Sclerosis 

BTB-
3958 Control 1 

MI, 
AR NSA Left N/A 24 N/A No None 

UMB-
4670 Control 4 MI UCSD Right N/A 17 

Commotio 
Cordis No None 

UMB-
1796 Control 16 

MI, 
QA NSA Right 1440 16 

Multiple 
Injuries No None 

UMB-
1649 Control 20 MI UCSD Right N/A 22 N/A No None 

B-6221 Control 22 MI UCSD Right 1535 24 N/A No None 
UMB-
818 Control 27 MI UCSD Right N/A 10 

Multiple 
Injuries No None 

B-5873 Control 28 MI UCSD Right 1580 23 N/A No None 

B-5813 Control 41 MI UCSD Right 1815 27 N/A No None 
BTB-
3859 Control 44 

MI, 
AR NSA Right 1640 30 N/A No None 
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Figure 4.1:  A. Spatial pattern analysis methodology.  The number of cells of the 
population of interest is assessed at 1 µm increments in distance from each seed cell.  In 
this example, microglia are assessed at distances from a neuron.  Image adapted with 
permission from Chana et al, 2002.   B. Examples of microglia-neuron clustering in a 
young autistic brain; the apparent interaction between microglial processes and neurons is 
a somewhat common occurrence in instances of near clustering in postmortem human 
tissue. 
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Figure 4.2:  Features of cellular clustering over the range of analysis as assessed via 
exploratory t-test between the diagnostic groups.  A.  Neuron-neuron clustering lacks 
prominent features across the distance range.  B.  Microglia-neuron clustering is marked 
by a pronounced decrease in significance beyond the significance range.  C.  Microglia-
microglia clustering is marked by a pronounced decrease in significance beyond the 
significance range. 
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Figure 4.3:  Features of cellular clustering over the range of analysis as assessed via 
exploratory t-test between the diagnostic groups in the adult subgroup.  A.  Neuron-
neuron clustering lacks prominent features across the distance range.  B.  Microglia-
neuron clustering is marked by a pronounced decrease in significance beyond the 
significance range.  C.  Microglia-microglia clustering is marked by a pronounced 
decrease in significance beyond the significance range. 

 
 

 
 



 125 

 
 
Figure 4.4:  Developmental profiles of cell clustering.  A. Neuron-neuron clustering at 
25 µm is significantly increased in autism.  Control subjects show a negative correlation 
between clustering and age while autistic subjects show a trend.  B. Neuron-neuron 
clustering at 75 µm is increased in adults with autism.  An absence of broader group 
effects appears primarily dictated by a lack of anti-clustering effects in the control group.  
C. Microglia-neuron clustering is significantly increased at 25 µm in autism; autistic 
subjects appear to maintain spatial randomness throughout the lifespan while controls 
exhibit modest developmental anti-clustering.  D. Microglia-microglia clustering is 
significantly increased at 25 µm in autism; autistic subjects show significant degeneration 
in anti-clustered organization across the lifespan while controls maintain strong, 
consistent anti-clustering across the lifespan.   
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Summary 

Several fundamental abnormalities in both the microglial and neuronal 

populations in the autistic brain have been revealed by the experiments performed in this 

dissertation.  First, there are abnormalities of microglial morphology, density, and 

volume that are not attributable to seizure and are likely present from an early age.  Based 

on the microglial properties observed in several other neurological disorders, these 

alterations are strongly reminiscent of microglial activation but not necessarily 

neuroinflammation.   Second, there appears to be excessive production of neuropil early 

in development that may account for much of the macrostructural brain overgrowth 

observed in the disorder.  This early excess is followed by a marked decline in neuropil 

volume such that horizontal distance is decreased in adults with autism relative to age-

matched controls.  Third, there is increased microglia-neuron clustering in autistic 

subjects; this clustering appears to result from modest microglial movement from 

intermediate to near distances relative to neurons.  Developmental analyses suggest 

relatively normal cellular organization within the individual microglial and neuronal 

populations during early brain overgrowth.  However, there is a gradual decay in normal 

lattice-like cellular organization within both the microglial and neuronal populations in 

autism suggestive of chronic aberrant functioning and/or gradual degeneration.  

 In addition to these fundamental findings, our incorporation of an 

unprecedentedly large sample of postmortem autism cases produces a more nuanced 

picture of cellular abnormalities in the disorder than in previous studies.  In particular, 

there was significant heterogeneity apparent, with no microglial or neuronal measure on 

which all subjects with autism differed markedly from the control mean.  Perhaps of even 
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greater interest is the handful of developmental cases we examined.  Though still small in 

absolute terms, it is also larger than any group reported in the literature to date, providing 

fascinating if still somewhat speculative insights into the cellular events that take place 

during early aberrant brain development.   

The most immediate theoretical and practical ramifications of each of our primary 

studies are discussed in the respective chapters.  Here, we take the opportunity to lay out 

several possible scenarios that may account for our observations and address the broader 

implications and the future experimental directions that appear most likely to rapidly 

advance our understanding of cellular abnormalities in autism.  There are two particularly 

important caveats that should be kept in mind throughout this discussion.  For one, as 

mentioned above, there is substantial heterogeneity in the primary outcome measures in 

all three preceding primary data chapters.  This heterogeneity is reminiscent of that 

commonly observed in the genetic, structural, functional, and behavioral autism 

literature.  To date, no measures have been described in which every autism case differs 

from normal other than the fundamental behavioral diagnostic criteria.  Therefore, no 

hypothetical scenario that we construct should be construed as necessarily pertaining to 

every subject with the disorder.  Additionally, within-subject analyses of correlations 

between the outcome measures described in different chapters did not describe entirely 

consistent relationships.  This result is as might be expected given both the heterogeneity 

of the disorder and the normal stochastic variability at play in any experiment that 

involves a relatively small number of samples drawn from a largely uncontrolled 

biological system.  However, it is an important caveat in considering the explanatory 

ability of any individual scenario. 



 

 

133 

Microglial Abnormalities in Autism 

One explanation for the microglial abnormalities we observe is that they arise 

entirely as a reaction to early neuronal overproliferation and/or excess synapse formation.  

However, there are a number of possible environmental impacts or genetic/environmental 

interactions that could explain microglial activation as well.  Each of these scenarios 

would situate microglial activation centrally in an etiological account of autism, with 

aberrant neuropil development and synaptic connectivity likely ensuing effects.   

Exogenous environmental insults are the trigger that is perhaps most heavily 

discussed in the popular media; this set of hypotheses has gained particular traction 

because many researchers believe that the rate of autism is increasing for reasons other 

than an increase in the sensitivity of diagnostic instruments (Fombonne, 2002; Lawler et 

al., 2004).  Such an increase would in turn suggest that changing environmental 

exposures must play an important role in a significant fraction of subjects with autism.  

The suggested environmental insults have run a wide gamut, from the measles mumps 

and rubella (MMR) vaccination and the vaccine additive thimerosal, hypotheses that have 

been largely discredited (Bernard et al., 2001; Wakefield et al., 1998), to thalidomide 

exposure (Narita et al., 2002; Stromland et al., 1994) or abnormalities in valproic acid 

levels (Christianson et al., 1994; Ingram et al., 2000; Moore et al., 2000; Schneider et al., 

2001; Williams et al., 2001).  Several of these agents, if they successfully crossed the 

blood-brain barrier, could trigger a burst of glial activation either in response to a foreign 

antigen or in response to neural damage.  This glial activation could in turn prove 

difficult to bring to a halt if sustained over time, particularly given the increasing 
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probability of the activated glia causing neuronal damage or engaging in inappropriate 

antigen presentation (Hickey and Kimura, 1988). 

Indeed, misidentification of brain tissue as a foreign agent by the immune system 

is itself another potential trigger for microglial activation.  Over the past two decades, an 

array of studies has found antibodies to a variety of neural proteins in anywhere from 20-

70% of autistic subjects (Ashwood and Van de Water, 2004); the misidentified antigens 

have ranged widely and include the astrocyte protein GFAP, a serotonin receptor, and 

myelin basic protein (Connolly et al., 1999; Singh et al., 1997; Singh et al., 1993; Todd 

and Ciaranello, 1985; Todd et al., 1988).  Most recently, in approximately 20% of autism 

subjects autoantibodies have been discovered to a receptor expressed heavily by Golgi 

neurons in the cerebellum, as well as scattered inhibitory neurons in other regions of the 

brain (Wills et al., 2009).  A lack of consistency in the identified targets of autoantibodies 

between different studies in the autism literature has previously called hypotheses of 

autoimmune abnormality into question.  However, if there is a disrupted brain 

environment or genetic or fetal alterations that result in the presentation of stochastically 

determined antigens by activated microglia, such variability might actually be the 

expected outcome.    

Autoimmune abnormalities may arise as sequelae to environmental insults, as 

discussed above, or may instead reflect genetic alterations that predispose to autoimmune 

disorder.  Autoimmune disorders have been reported to be increased in the families of 

people with autism in two studies (Comi et al., 1999; Sweeten et al., 2003).  Another 

possible explanation would be that factors predisposing the infant to autoimmune 

disorder are transferred from the mother during pregnancy.  Most recently, it was found 
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that a significant fraction of mothers of children with autism have antibodies to multiple 

neural fetal proteins; there was no evidence of this phenomenon in any control 

(Braunschweig et al., 2008).  Prenatal exposure to Immunoglobulin G (IgG) extracts from 

mothers of children with autism produces hyperactive behavior and stereotypies in 

primates (Cabanlit et al., 2007), while in mice it results in hyperactivity, anxiety, and 

social abnormalities (Singer et al., 2009).   

Another possibility is that microglial activation reflects a chronic response to viral 

insults sustained pre- or perinatally.  There are a number of epidemiological and case 

studies linking a variety of early viral infections to autism, although they are sometimes 

questioned in the literature (reviews: (Ciaranello and Ciaranello, 1995; Libbey et al., 

2005)).  Children with congenital rubella were found to display at least a two hundred 

fold increase in the incidence of autism relative to the diagnosis rate at the time (Chess, 

1971; Chess, 1977), and some autistic children challenged with the rubella vaccine 

demonstrate an abnormal immune response (Stubbs, 1976).  Studies have also shown 

seasonal periodicity in the number of children born with autism, and these periodicities 

are associated with viral meningitis infection rates (Barak et al., 1999; Ticher et al., 

1996), although at least one study failed to replicate these findings (Landau et al., 1999) 

and there is significant doubt as to their veracity.   

In addition to the epidemiological studies, case studies have variously linked the 

onset of autism to congenital herpes simplex virus encephalitis (Ghaziuddin et al., 1992), 

cytomegalovirus infection (Ivarsson et al., 1990; Markowitz, 1983; Stubbs, 1978; 

Sweeten et al., 2004), postnatal varicella encephalitis (Knobloch and Pasamanick, 1975), 

and stealth virus infection (Martin, 1995).   As with autoimmune abnormalities, a few 
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animal models have demonstrated that viral infection can cause marked behavioral 

abnormalities and brain changes somewhat reminiscent of several of the abnormalities 

observed in autism.  Maternal murine respiratory infection with influenza virus at mid-

gestation results in social behavioral deficits, macrostructural brain overgrowth with a 

pronounced frontal focus, and Purkinje neuron loss in the cerebellum, all of which are 

features of autism (Patterson, 2002; Shi et al., 2003; Shi et al., 2009).  Rats prenatally 

injected intracerebrally with Borna virus, meanwhile, show stereotypic behaviors, 

reduced exploration, deficits in play and social interaction, growth delay, and motor 

abnormalities, with apoptosis focused in cerebellum and hippocampus (Hornig et al., 

1999).   

Is microglial activation causing significant degeneration or other adverse effects 

in the adult autistic brain, as might be inferred from the gradual loss of neuropil and 

normal cellular organization described in chapters 3 and 4?  This question is of critical 

clinical importance, because the many of the alterations we describe may be largely 

prevented by administration of anti-inflammatory agents.  In one instance, microglia are 

activated primarily in response to dysfunctional or aberrantly proliferative neurons and 

perform a primarily protective function via trophic regulation or induction of apoptosis in 

supernumary neurons.  This scenario differs radically from one in which there is 

erroneous maintenance of activation, such as by autoimmune abnormality or aberrant 

retention of an early developmental state of activation.  In the second instance, 

suppression of microglial activation might result in better clinical outcomes, while in the 

first in might actually worsen them.  Pilot studies are currently under way to determine 
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whether administration of anti-inflammatory agents produces significant functional 

improvements in children with autism (C. Pardo-Villamizar, personal communication). 

There remains substantial debate in both the basic and clinical science literature as 

to the effects of microglial activation.  The case that activated microglia play a largely 

inflammatory and consequently pathological role in the brain is based on a combination 

of in vitro studies of microglial function and reports of associations between activated 

microglia and pathological tissue.  In Alzheimer’s disease, for example, activated 

microglia are seen in the vicinity of plaques and tangles and are speculated to produce 

neurofibrillary degeneration (Mattiace et al., 1990; Perlmutter et al., 1990; Perlmutter et 

al., 1992).  In Parkinson’s disease, they cluster in the substantia nigra and may play a 

critical role in dopaminergic neuron loss (McGeer et al., 1988).  Activated microglia have 

also been associated with neuron loss in HIV dementia, amyotrophic lateral sclerosis, 

multiple sclerosis, ischemic injury, and an array of prion diseases (Brown, 2001; Dickson 

et al., 1993; McMillian et al., 1994; Raine, 1994).  However, these associations with 

damaged tissue do not necessarily confirm that microglia are causing damage rather than 

primarily acting to prevent it or clean up the debris afterwards (Streit, 2004; Wyss-Coray 

and Mucke, 2002). 

In vitro studies indicate that activated microglia release a variety of neurotoxins, 

including proinflammatory cytokines, complement proteins, and free radicals (Akiyama 

et al., 2000; Eikelenboom et al., 2002; McGeer and McGeer, 2001; Rogers et al., 2002).   

However, the difficulty in straightforwardly interpreting in vitro microglial results is that 

microglia are pre-activated by the culturing process, which generates numerous dead cell 

fragments that activate a phagocytic response; they are also typically stimulated with a 
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far higher concentration of inflammatory or neurotoxic factors than would ever be present 

in vivo (Streit, 2004).  Although under these artificial conditions strongly activated 

microglia are definitively damaging to neurons, it may be that they function entirely 

differently at moderate levels of activation, particularly in the short term (Streit, 2004; 

Wyss-Coray and Mucke, 2002).  Thus, the result achieved by microglial activation may 

ultimately depend on the degree and length of activation, as well as the instigating factors 

and the genetic and environmental background against which the glial response plays out.  

Chronic microglial activation, as observed in our older subjects, is generally considered 

to be damaging to neurons, and therefore anti-inflammatory treatment should be 

vigorously pursued via clinical study in at least adults with autism (Chavarria and 

Alcocer-Varela, 2004; Minghetti, 2005; Minghetti et al., 2005; Wyss-Coray and Mucke, 

2002).  However, even in pursuing these studies it must be remembered that beyond the 

highly indirect measures presented in this thesis there is little evidence that microglial 

activation in the autistic brain is on balance damaging.  

The clinical prescription is further complicated when we turn to children with 

autism, both due to the significant side effects of most anti-inflammatory agents and the 

numerous roles microglia play in normal neural development.  For example, an in vitro 

study of the developing mouse cerebellum demonstrated that activated microglia may 

normally play a key role in naturally occurring Purkinje neuron death (Marin-Teva et al., 

2004).  Microglia have also been shown to play a role in early retinal cell death via 

secretion of NGF (Frade and Barde, 1998).  Additionally, activated microglia eliminate 

cell corpses that have been produced by developmental processes (Ashwell, 1990; Marin-

Teva et al., 1999; Rakic and Zecevic, 2000; Upender and Naegele, 1999).   
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In addition to their possible roles in regulating neuron number, microglia play a 

profound role in synaptic formation and maintenance (Christopherson et al., 2005), and 

have also been observed to promote dendritic sprouting after injury (Batchelor et al., 

1999; Batchelor et al., 2002; King et al., 2001).  Might these factors, or an increase in 

microglial density or somal volume, account for the early excess in neuropil volume 

observed in chapter 3?  This possibility cannot be discounted; however, within-subject 

correlation analyses did not demonstrate complete support for this possibility.  In either 

event, interrupting normal microglial apoptotic and synaptic regulatory processes with 

anti-inflammatory agents could have potentially devastating consequences for the 

developing brain. 

While this thesis has focused on microglial and neuronal abnormalities, the 

possibility of abnormalities in the astroglial population has not been addressed, 

significantly hampering our ability to address broader questions of glial response and 

neuroimmune abnormality.  Studies have indicated alterations in the qualitative 

morphology of astroglial cells (Vargas et al., 2005), upregulation of astrocyte-specific 

protein GFAP (Laurence and Fatemi, 2005), and increased production of primarily pro-

inflammatory cytokines (Vargas et al., 2005) (although the same set of cytokines were 

not found to be upregulated in a later study (C. Pardo-Villamizar, personal 

communication)).  All of these factors suggest some alteration in astroglial function that 

has led some to posit the presence of neuroinflammation in autism, with microglia 

responding to astroglial signaling.  However, we observed few concrete signs of classical 

neuroinflammation, such as gliosis, in our studies.  A pilot study was conducted to assess 

astroglial abnormality in n=5 autism and n=5 control subjects, but there was no 
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suggestion of any trend towards alterations in astroglial density.  However, this finding 

does not necessarily confirm an absence of astroglial abnormality, as astroglia derive 

from the same embryonic lineage as neurons and thus rarely divide postnatally in vivo.  

Because of the difficulty of detecting cell-level abnormalities in the astroglial population, 

future studies of astroglial abnormality may need to focus primarily on alterations in gene 

expression, perhaps via population-specific cell capture.  

 

Neuronal Abnormalities in Autism 

Our findings in chapters 3 and 4 suggest significant aberrancy in neuronal 

function and organization in autism.  Four papers have examined alterations in neuron 

number stereologically, primarily in adolescents and adults.  Schumann et al. found 

reduced amygdala neuron number in autistic adults and adolescents with no incidence of 

seizure (Schumann and Amaral, 2006).  Van Kooten et al. found reduced neuron numbers 

and reduced neuron somal volume in some layers of cortex in the fusiform face area, with 

trends qualitatively suggestive of increased neuron number giving way to neuron loss 

over the lifespan (van Kooten et al., 2008).  At the same time, Kennedy et al. found no 

significant differences in spindle neuron number in autism (Kennedy et al., 2007), 

although there was a possible age-related trend towards reduced neuron number in older 

subjects.  Finally, Martchek et al. found no change in the number of neurons in the locus 

coeruleus (Martchek et al., 2006).   However, no stereological assessment of neuron 

number has to date been applied to a frontal cortical area, complicating interpretation of 

our results relative to these findings.   
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While neither of our studies of neurons in autism directly address the long 

standing question of abnormalities in neuron number, they do significantly alter the 

context of the debate.  Most importantly, both studies are suggestive that a long-running 

degeneration of neuronal connective elements takes place in the autistic brain, resulting 

in overall decreases in both columnar width and the degree of lattice-like neuronal 

organization in older subjects with autism.  It would seem likely that degenerative 

processes in the autistic brain are not exclusive to these aspects of neuronal connectivity, 

possibly extending so far as to result in significant neuron loss.  Thus, our findings 

provide additional support for the hypothesis that the neuron loss observed in previous 

studies may well reflect an outcome state rather than directly reflecting early 

developmental pathology.    

Indeed, in chapter 3 we present the first evidence of early neuropil overproduction 

in autism that is later reversed.  This disproportionate neuropil production provides a 

strong putative explanation for the early overgrowth of the autistic brain.  However, a 

conclusion as to whether this process entirely accounts for early brain overgrowth in 

autism or rather occurs in tandem with additional cellular events such as neuronal 

overproduction awaits a full stereological study of neuron number in the developing 

brain.  What can be firmly stated is that inferences about the cellular profile of the 

developing autistic brain should never be drawn from studies of adult subjects. 

Does early neuropil overproduction reflect a substantial alteration in synaptic 

strength and therefore neuronal connectivity?   The issue is complicated by the fact that 

neuropil, as defined in our studies, includes all brain components other than neuronal 

soma.  Thus, increases in glial density or volume, as described in chapter 2, could easily 
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account for a significant fraction or even the majority of the increase in neuropil volume.  

One possible method for disentangling glia from neuronal connective elements would be 

to quantify total glial numbers and volumes and relate them to the observed degree of 

neuropil enlargement.  However, counts of glial nuclei leave questions of glial somal 

volume unresolved, and there are no oligodendrocyte-specific stains likely to work in the 

available formalin-fixed postmortem tissue.  Thus, while a total count of cresyl violet-

stained glia nuclei could be conducted in the currently available tissue, it would return 

substantially incomplete information on the relative volumetric contributions of 

individual glial populations.  This is a critical limitation given the varying lineages and 

differentiation proclivities of the glial subtypes and the differential alterations they may 

display in response to aberrant environmental signaling.   

The question of arborization may instead be addressed more directly via Golgi 

staining and quantification of dendritic arborization.  Qualitative studies in a handful of 

subjects with autism have observed reductions in the degree of arborization in adults in 

regions of early overgrowth, as might be expected given the eventual minicolumnar 

narrowing we report in chapter 3 (Raymond et al., 1996).  However, no study to date has 

directly examined the developing autistic brain for dendritic abnormalities, nor has there 

been any quantitative study of dendritic abnormalities in autism.  This deficit is due in 

large part to the requirements of the Golgi stain, which include performing the stain on a 

thick block of tissue and then sectioning this block thickly in order to visualize 

quantifiable dendritic arbors.  Studies performed according to these requirements are 

likely to produce tissue that is unsuitable for most other common histological techniques, 

a substantial drawback given the current limited availability of postmortem tissue.  This 
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limitation, in combination with the sensitivity of the Golgi stain to tissue quality, 

significantly increases the difficulty of assembling a quantifiable subject group.  Golgi 

techniques currently under development may meet with more success on thin sections, 

allowing utilization of the same blocks of brain tissue for both Golgi staining and other 

histological procedures, particularly in frozen human tissue (J. Chun, personal 

communication.)  

 

Scenarios of Cellular Maldevelopment 

 At present, there remain a wealth of scenarios that can account for the 

microstructural and cellular abnormalities that we and others have observed in the autistic 

brain.  One possible explanation for the observed abnormalities in autism is neuronal 

overproduction.  An excess in the number of neurons could account for a significant 

fraction of the observed increases in early brain volume.  This increase might then 

stimulate microglial activation pre- or postnatally to aid in removal of supernumary 

neurons, and some degree of activation might then persist throughout the lifetime of 

many subjects with autism whether or not neuron numbers remained elevated.  Antigen 

presentation by microglia activated for a significant period of time could result in the 

autoimmune abnormalities observed in the disorder and further reinforce microglial 

activation.  Activated microglia could engage in excess trophic factor production or 

otherwise alter the synaptic environment, which in turn could drive overproliferation of 

synapses and dendritic arbors.  Alternately, the aberrant connectivity of excessively 

produced neurons could result in synaptic abnormalities, which in turn could drive 
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microglial abnormalities given the numerous interactions between microglia and 

synapses. 

 Overproliferation of synapses, perhaps driven by genetic abnormalities, could also 

be an initial triggering event.  In this scenario, neuron and astrocyte numbers would 

remain normal throughout development, but microglia would increase in density in order 

to perform their normal developmental regulatory functions on an increased number of 

synaptic connections.  Synaptic abnormalities could eventually cause microglia to 

activate at a relatively low level in response to an aberrant brain environment, constant 

interaction with aberrantly functioning synapses, and/or interaction with a 

disproportionately large number of synapses.  This activation might then act to damage a 

significant fraction of neurons over the long run, resulting in decreased neuron numbers 

and ongoing neuropil degeneration in adults with autism. 

 Finally, as discussed in more detail above, microglial activation, perhaps 

produced from an array of environmental and genetic triggers in different subjects, could 

be the primary mechanism behind the observed effects.  Excess production of trophic or 

other regulatory factors as a result of this low-grade, undirected microglial activation 

could, as described above, bias the normal processes of synaptic proliferation and pruning 

in favor of synaptic production and/or retention, even when inappropriate, and these 

alterations could again produce brain enlargement even in the absence of an excess 

number of neurons.  As in the other scenarios outlined above, the aberrant glial 

environment and/or inappropriate neuronal connectivity could then produce modest 

neuron loss over the long run. 
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These scenarios of developmental cellular abnormality in autism unfortunately 

cannot be fully disambiguated by the presented data.  However, they highlight some of 

the most critical unresolved questions in the microstructure literature today and point the 

way towards further experiments that might yield answers.   

 

Future Directions 

As discussed above, assessments of the other glial populations in the brain and a 

direct examination of developmental neuronal arborization will be of significant import 

in addressing the primary outstanding questions in the field.  In addition, it is now critical 

to perform a stereological count of neuron number in a region of maximal overgrowth in 

both children and adults with autism.  If neuron number were found to be abnormal in the 

developing brain, then it would likely be a major trigger for early brain overgrowth and 

the other cellular abnormalities that we report.  Though it cannot be ruled out that glial or 

synaptic abnormalities might produce excess prenatal neuronal survival, it is generally 

considered that there is relatively little prenatal neuronal apoptosis in the developing 

human neocortex (Francis et al., 2006; Monier et al., 2006).  Thus, there are few putative 

mechanisms that are likely to increase neuron number other than genetic alterations that 

result in excess neuron production from progenitor cells.   

At this point in our understanding of the microstructural developmental 

abnormalities in autism, a putative control region such as occipital cortex that does not 

demonstrate significant overgrowth or functional abnormality in most studies also 

deserves significant investigation.  Of course, occipital cortex may in fact not be as much 

of a control region as is often believed.  Indeed, our own observations, not discussed in 
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detail in earlier chapters, suggest some degree of glial abnormality in occipital cortex.  

However, only a small handful of cases were qualitatively examined, and so it is not clear 

whether microglia are consistently, quantifiably activated in regions of the autistic cortex 

that do not display pronounced early overgrowth.    

If microglia are found to be largely normal outside regions of strong early 

overgrowth, it would suggest that glial activation is likely a response to that overgrowth, 

whether primarily driven by overproduction of neurons or neuropil.  On the other hand, if 

glial activation were instead found to be consistent across the cortex, it would point 

toward microglial activation that was triggered by a broader pathology.  This scenario 

would make it much more likely that the observed macrostructural alterations of the brain 

are due to the effects of these microglial abnormalities on the whole brain, with 

disproportionate effects in the frontal cortex attributable to the regional variability in 

synaptic proliferation and retention (Courchesne and Pierce, 2005; Huttenlocher, 2002).  

In short, microglia are more likely to be located early in the causal chain of events if 

abnormalities are observed in occipital as well as frontal cortex. 

Neuronal measures in occipital cortex are of interest as well.  Preliminary 

evidence suggests that occipital columnar spacing, by contrast to that observed in frontal 

cortex, may be normal at an early age in autism and remain normal throughout adulthood 

(Buxhoeveden et al., 2006).  This finding is relatively limited, however; it has not been 

extended to other cortical layers or in a similarly large set of cases as we report for frontal 

cortex in chapter 3.  In addition, our findings suggest that measured minicolumnar width 

may be normal in regions that also display a proportional increase in neuropil volume.  If 

occipital cortex were found to display normal neuronal organization and proportional 
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neuropil volume, however, it would be preliminarily indicative that neuropil 

abnormalities are specific to regions of brain overgrowth.  If, by contrast, columnar 

organization or spatial patterning in occipital cortex were found to be disrupted, then it 

would be suggestive of a broader abnormality in neuronal generation or organization that 

likely occurs relatively early in development.  Under this scenario, macrostructural 

frontal overgrowth might still be disproportionate due to its increased susceptibility to 

environmental influence. 

Another possible approach to disentangling the competing developmental 

scenarios might be to attempt to recreate each cellular scenario in an animal model, and 

assess the similarity in outcomes achieved to those observed in the autistic brain.  Of 

course, use of any animal model runs a strong risk of excessive extrapolation, particularly 

given the potentially dramatic differences in neuroimmune function between humans and 

both primates and rodents (Patterson, 2002; Shanks and Lightman, 2001).  It is also the 

case that given the high heritability of the disorder, much glial activation may be 

significantly dependent on the interaction of genetic and environmental factors.  Such a 

multifactorial scenario would significantly undercut the feasibility of addressing these 

questions via animal model, both because of the genetic differences between humans and 

other animals and because of the sheer number of possible scenarios that would be 

involved.   

A final approach to unraveling the functional basis of microglial and neuronal 

abnormality in autism is to attempt to relate genetic and gene expression alterations in 

frozen tissue to alterations in cellular morphology and organization in the same subjects.  

For example, if consistent genetic differences can be found between cases with and 
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without microglial activation, it would suggest that microglia are triggered via genetic 

and not environmental factors, although there would remain the strong possibility that 

there is in fact an interaction between the two.  We might also expect to find consistent 

genetic differences between cases with and without excess neuropil generation, 

particularly given the significant number of abnormalities in synaptic proteins that have 

already been described in the literature (e.g., Durand et al., 2007; Jamain et al., 2003; 

Moessner et al., 2007; Tabuchi et al., 2007).  However, if no such differences are 

observed, it would be suggestive of strong environmental impacts on neuronal 

connectivity, although given the current developing state of genetic technologies an 

absence of evidence should not necessarily be construed as evidence of absence.  

 In the near future, suitable frozen tissue should be preserved from each subject 

alongside formalin-fixed tissue, enabling many more such correlational studies.  

However, while a not insignificant amount of frozen tissue is currently available, there is 

at present a substantial fraction of autism cases in which both hemispheres are formalin-

fixed and thus no tissue is available for study of gene expression.  A large subject pool is 

particularly likely to be necessary if it turns out that autism is a fundamentally 

heterogeneous disorder, as our studies suggest.   

In sum, the research conducted in this thesis has uncovered several novel cellular 

and microstructural abnormalities in autism, both across subjects as a whole and within 

the developing brain specifically.  While our findings do not by themselves comprise a 

complete explanation of the neurodevelopmental features of autism, they significantly 

constrain and direct further experiments on cellular microstructure, and may provide 

guidance to future genetic experiments as well.  The descriptive foundation of 
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quantitative microstrucural and cellular abnormalities in autism is now beginning to 

develop; the next set of microstructural experiments should make significant advances 

towards a full elucidation of the etiology of this highly prevalent neuropsychiatric 

disorder.  A fundamental understanding of the cellular and microstrucutral bases of 

autism will in turn substantially aid the search for preventative treatments, diagnostic 

technologies, and beneficial therapeutic techniques that will markedly enhance the lives 

of people with autism.   
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