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(Figure 11).  No statistically significant difference was found when comparing control and ASD 

donors (p= 0.250; Figure 12; n=8 pairs).   

 

       CONTROL (20x)             ASD (20x) 

 
Figure 11.  Immunohistochemical stain for the pro-inflammatory microglial marker HLA-DRA 
in a representative typically developed control donor and paired ASD donor. 
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Figure 12. Comparison of area fractions of immunohistochemically stained HLA-DRA in 
control and ASD donor postmortem tissue (n= 8 pairs).  No statistically significant difference 
was observed when the two donor groups were compared. 

 

CD206 

 For each procedure, excluding the protocols for negative optimization, there was a 

positive stained and background slide.  The positive stained slide was incubated in both primary 

and secondary antibody, while the background slide was incubated in buffer with only the 

secondary antibody (minus the primary antibody).  The purpose of having both conditions was to 

verify that what is being stained is not artifactual.  During the process of optimization, it 

appeared that there might be some type of artifact as a result of freezing the tissue.  Despite 

testing multiple primary and secondary antibodies for the mannose receptor, CD206, in the 

immunohistochemistry experiments, there was no successful identification of this anti-

inflammatory microglial protein marker in white matter.   
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CHAPTER 4 

DISCUSSION 

ASD is considered a spectrum disorder of atypical connections between brain areas, 

causing deficits in speech, motor skills, and social interaction.  Most research to date has focused 

on the role of neurons in ASD pathology, while other major cell types in the brain have received 

far less attention.  In the past, our lab has investigated the role of neurons and macroglia 

(astrocytes and oligodendrocytes) in ASD pathology, but not microglia.  As the immune cells for 

the CNS, microglia protect the brain from pathogenic factors and preserve homeostatic 

conditions via synaptic pruning and phagocytosis of apoptotic neurons.  Microglia are 

differentiated into two distinct phenotypes: pro-inflammatory and anti-inflammatory.  Pro-

inflammatory microglia produce cytokines and assume phagocytic roles that promote defense 

mechanisms and digest neurons.  In contrast, anti-inflammatory microglia facilitate CNS healing 

by participating in phagocytosis, neuronal remodeling, and tissue regeneration.  Given these 

extremely important roles of microglia in the CNS, it is imperative to characterize and determine 

the potential contributory role of these cells to the pathology of ASD. 

Within the field of ASD research, pathology studies using postmortem brain tissues have 

been mainly limited to examining brain areas as a whole, without considering potential 

differences in white and gray matter.  It is known that microglia reside in both white and gray 

matter, however; it is still unknown whether there is a difference in the functions of microglia 

that exist in white as compared to those that occur in gray matter, such as is the case for 

macroglia (McKay et al. 2007).  The present research is the first study to begin to characterize 

microglial phenotypes at the cellular level in both white and gray matter in ASD.  The primary 

findings of this study demonstrate a significantly high level of expression of insulin-like growth 
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factor 1 gene, IGF1, in ACC white matter and a significantly low level of expression of mannose 

receptor type 1, MRC1, in ACC gray matter from donors with ASD when compared to typically 

developed controls.   

IGF1 is a mitogenic factor imperative for fetal brain development and growth.  In the 

brain, IGF1 encourages the differentiation and maturation of oligodendrocytes, myelination, and 

neuronal survival.  It is also able to act as an opponent to ROS-related processes by inactivating 

mediators that participate in cell death (reviewed by Homolak et al. 2015).  In humans, there is 

an age-related decline in IGF1 levels and there is increasing evidence that IGF1 expression is 

reduced in neurodegenerative disorders such as Alzheimer’s disease and Parkinson’s disease 

(reviewed by Bassil et al. 2014).  Interestingly, a case study reported that a 15-year-old boy with 

mental retardation had a homozygous partial deletion of the IGF1 gene (Woods et al. 1996).  

Likewise, IGF1 knockout mice display postnatal lethality, developmental retardation, defects in 

organ systems, and infertility (Liu et al. 2000). A pilot study involving 9 children with Phelan-

McDermid syndrome, a highly penetrant cause of ASD, reported an association between three 

months of IGF1 treatment and substantial improvement in social impairment and behavior 

(Kolevzon et al. 2014).  Oddly, reduced levels of IGF1 is associated with an extended lifespan in 

invertebrates and rodents (Yang et al. 2005).  In fact, it is thought that IGF1 antagonists, used to 

decrease IGF1 signaling, could impede cancerous cell proliferation and the process of aging 

(reviewed by Bassil et al. 2014).  In contrast to the effects of reduced IGF1 action, there is a 

significant upregulation of IGF1 in subcortical white matter after traumatic brain injury (TBI) in 

male mice, suggesting that sustained IGF1 levels offer neuroprotection after TBI (Madathil et al. 

2010).  However, IGF1 overexpression may lead to cell death by speeding up the cell cycle and 

the process of aging (Yang et al. 2005; reviewed by Bassil et al. 2014).  These studies 
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demonstrate the importance of IGF1 to normal development and aging.  It can be hypothesized 

that tight regulation of IGF1 expression in humans is essential to prevent morbidities that are 

linked with conditions of deficient or excessive IGF1 expression (Yang et al. 2005).     

IGF1 binds tightly with the insulin-like growth factor 1 receptor (IGF-1R), triggering the 

auto-phosphorylation of the intracellular β-subunit kinase domain of IGF-1R.  This auto-

phosphorylation recruits adaptor proteins and subsequently, activates several pathways such as 

the MAP kinase and PI3-kinase/Akt pathways (Moloney et al. 2008).  Through the MAP kinase 

signaling pathway, the binding of IGF1 to IGF-1R initiates cell proliferation and differentiation 

(Conti et al. 2011; Fernandez and Torres-Alemán 2012).  Activation of the PI3-kinase pathway 

inhibits cellular apoptosis, oxidative stress, and inflammation (Conti et al. 2011; Fernandez and 

Torres-Alemán 2012).  Both the MAP kinase and PI3-kinase/Akt pathways activate mTOR, 

which through increasing the cap-dependent translation initiation complex, can increase mRNA 

translation that can influence multiple developmental functions (Levitt et al. 2009).  

Interestingly, Faridar and coworkers (2014) reported increased activation of the MAP kinase 

pathway in mice with ASD-like social and behavioral deficits (Faridar et al. 2014).  The increase 

in IGF1 expression in white matter found in the present study could translate to elevated mTOR 

activation because the mTOR pathway is downstream of IGF1 signaling.  If this is occurring, an 

upregulation of mTOR and its activity in individuals with ASD would confirm a hypothesis 

made by other researchers that mTOR is in fact upregulated in ASD, causing an increase in 

unregulated protein synthesis (Sawicka and Zukin 2012; Wang and Doering 2013; Chen et al. 

2014). 

The high level of IGF1 expression in ASD donors relative to control donors may reflect a 

compensatory mechanism of the brain in response to altered neurotransmission in the ACC, to 
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decreased structural integrity of the ACC white matter, or deficits in cognitive processing by 

encouraging the proliferation of oligodendrocytes and myelination.  Increasing proliferation and 

differentiation of oligodendrocytes by IGF1 would in turn potentially myelinate neuronal axons, 

increase synchronization between brain areas, and increase white matter structural integrity. 

Hence, it is not possible at this point to know whether IGF1 gene expression changes are casual 

in the pathology of autism or as a result of cellular processes that are activated to correct deficits 

that have their root causes in other pathological mechanisms.  With the prevalence of 

myelinating oligodendrocytes in the white matter, it is plausible that the demand for IGF1 in the 

white matter of ASD individuals may be higher than in the gray matter, consistent with our 

findings.  Additionally, the increase in IGF1 expression could possibly be compensating for low 

IGF-1R levels, in which case, the expression of IGF-1R could be a limiting factor in the efficacy 

of IGF1 actions in the CNS (Madathil and Saatman 2015).   

While the liver is the principal source of circulating IGF1, IGF1 is also expressed by 

neurons, microglia, macrophages, and astrocytes in the CNS (Mascotti et al. 1997; Kettenmann 

and Ransom 2013).  The main source of IGF1 in the brain remains a mystery; some report that 

microglia and macrophages are the main expressers, while others state that neurons 

predominantly express IGF1 (Suh et al. 2013; reviewed by Madathil and Saatman 2015).  

Because the main source of IGF1 in the CNS remains controversial and the dissection method 

that was used in the present work is not specific for a particular cell type, the IGF1 expression 

changes found in this study may not be solely expressed by anti-inflammatory microglia.  Other 

prominent cell types within the white matter, such as astrocytes and oligodendrocytes, could be 

the source of the elevated IGF1 expression.  Given the fact that neurons do not normally reside in 

the white matter, it is highly unlikely the elevated IGF1 expression in ASD is occurring in 
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neurons.  In fact, we did not observe an elevation of IGF1 expression in ASD in gray matter, 

where neurons occur in high numbers.   

IGF1 also has the ability to inactivate ROS, suggesting the increase in IGF1 expression 

may be indicative of increased pro-inflammatory microglia, and thus ROS, in individuals with 

ASD.  This theory could only be upheld if IGF1 was in fact, being expressed by anti-

inflammatory microglia.  Moreover, overactive pro-inflammatory microglia in ASD individuals 

is not the most convincing hypothesis.  One would reason that if pro-inflammatory microglia 

were causing chronic inflammation in individuals with ASD, we should have also seen a 

significant increase in one or more of the pro-inflammatory genes investigated in this study.  

This conclusion leads to the possibility that another cell type (but not neurons) in the CNS is 

responsible for the increased levels of IGF1.  Despite what is known about IGF1, further 

research is required in order to determine the cellular source of the elevated IGF1 expression 

levels and the potential role those levels play in the pathology of ASD. 

Studies that have attempted to characterize anti-inflammatory microglia have reported 

MRC1 as an M2 expressed gene (reviewed by Cherry et al. 2014; Benson et al. 2015; Walker et 

al. 2015).  CD206, the protein form of MRC1, is a single domain transmembrane receptor that 

recognizes mannose, fucose, or N-acetylglucosamine residues on the surface proteins of various 

microorganisms such as C. albicans, Leishmania donovani, Mycobacterium tuberculosis, 

Pneumocystis carinii, HIV, and Dengue virus (Gazi and Martinez-Pomares 2009; Kerrigan and 

Brown 2009).  After recognition by CD206, cellular F-actin depolymerizes so that the foreign 

material can be engulfed by the cell and digested via the endocytic pathway (reviewed by Gazi 

and Martinez-Pomares 2009).  While the full functions of MRC1 expression by anti-
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inflammatory microglia in the brain are still unknown, CD206 is important for endocytosis and 

pinocytosis (of surrounding fluids in the CNS) (Lively and Schlichter 2012).  

In this present study, lower MRC1 expression levels in gray matter in ASD donors were 

found as compared to typically developed controls.  This finding is novel in ASD research as 

there are no existing studies reporting the involvement of the mannose receptor in ASD.  One 

study found that the expression of the mannose receptor was lower in mouse serum during the 

early stages of inflammation, but was upregulated during the later stages of inflammation.  

During the later stages of inflammation, the mannose receptor clears inflammatory mediators.  In 

fact, some inflammatory inducers have been shown to down-regulate the expression of the 

mannose receptor, such as LPS and INFγ (Shepherd et al. 1990; Lee et al. 2002).  While this is 

an interesting connection between the literature and our findings, it is important to point out that 

the findings by Lee and coworkers was in serum and not in brain tissue.  In this regard, the lower 

MRC1 expression levels found by Lee et al. are most likely expressed by macrophages and not 

microglia, since microglia are only found in the CNS.  Unfortunately, the distinction between 

macrophages and microglia in the brain is not clear.  While microglia are considered the 

“macrophages of the CNS,” macrophages from other locations in the body are able to cross 

through the blood brain barrier during an inflammatory response.  Additionally, most markers 

that are stated to be expressed by M1 and M2 microglia are also expressed by M1 and M2 

macrophages.  With regards to our results, we are not able to confidently say that the lower 

MRC1 expression levels in gray matter were being expressed by anti-inflammatory microglia.  If 

the ASD donors happen to have elevated levels of pro-inflammatory mediators, it is possible that 

the lower MRC1 expression is occurring from macrophages that have migrated into the CNS.  
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This reinforces the need, in future studies, to isolate anti-inflammatory microglia and study the 

expression of the differentially expressed genes found in this study.   

IL1β (encoded by the gene IL1B) is an inflammatory cytokine that can stimulate 

inflammation in tissues by activating immune cells in early stages of an immune response 

(reviewed by Goines and Ashwood 2013).  Piton and coworkers (2008) found an association 

between IL1β receptor associated proteins and ASD, while Ashwood and coworkers (2011) 

found increased plasma IL1β levels in children with ASD (Piton et al. 2008; Ashwood et al. 

2011).  It has also been reported that in children with ASD, there is excessive production of IL1β 

in response to LPS (reviewed by Goines and Ashwood 2013).  In our study, we found no 

statistically significant differences in the expression levels of IL1B in white nor gray matter from 

ASD compared to control donors; however, we did find high levels of variability in the 

expression levels of IL1B in the ASD donors in both matter types.  While the variability of IL1B 

expression could suggest an increased pro-inflammatory response in some ASD donors, it is 

important to consider the cause of donor death.  A cause of death such as infection or drowning 

may cause in increase in pro-inflammatory cytokines and ROS, thus may not accurately 

represent typical cytokine expression levels in ASD (Bierens 2014).    

In summary, while we are not able to distinguish the origin of the differential expression 

levels for IGF1 and MRC1, we are able to conclude that there is an increase of IGF1 expression 

and a decrease of MRC1 expression in the ASD.  These findings give strong justification for 

future investigations of the specific roles of IGF1, CD206, and pro-inflammatory and anti-

inflammatory microglia in ASD pathology.  The current findings advance ASD research by 

providing information for the experimental design to study glia pathology, which could 

ultimately lead to the development of novel therapeutic options and advanced diagnostic tools. 
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Limitations 

 While white matter and gray matter were analyzed separately, each homogenate of matter 

contained many different CNS cell types such as neurons, astrocytes, oligodendrocytes, 

microglia, etc.  As noted above, a distinction between these two types of brain matter is the 

general lack of neurons in white matter and thus, the enrichment of glia in white matter relative 

to gray matter.  The anti-inflammatory microglial phenotype is difficult to characterize due to the 

lack of anti-inflammatory microglial specific markers.  Specifically, when discussing the 

significant expression differences of IGF1 and MRC1, it is difficult to decipher the source of 

these differential expression levels because they are expressed on a wide array of cells.  Reported 

M2 microglial phenotypic polarizers (stimulators) IL10, IL4, IL13, TGFβ, TNFα, and INFγ are 

released by and activate a variety of CNS cell types such as neurons, astrocytes, pericytes, 

dendritic cells, and other immune cells (Feuerstein et al. 1994; Ledeboer et al. 2002; Gottfried-

Blackmore et al. 2009; Kovac et al. 2011; Gadani et al. 2012; Chhor et al. 2013; Villapol et al. 

2013; Benson et al. 2015).  Additionally, ARG1 has been reported to be expressed by anti-

inflammatory microglia in mice, yet it has been debated in the literature to be expressed in 

humans.  Our study showed low levels of ARG1 expression in ACC white matter and no 

statistically significant difference comparing ASD and control donors.  Similar to ARG1, other 

reported anti-inflammatory microglial makers such as YM1, FIZZ1, Dectin-1, and CD301 have 

been observed in animal studies or have been found to be expressed by human M2 macrophages, 

but the expression of those genes by human M2 microglia is argued (reviewed by Cherry et al. 

2014).  Other M2 microglial markers CD163 and CD204 are known to be expressed by anti-

inflammatory microglia, but are also reported to be expressed by additional cell types, such as 

macrophages and monocytes (Holfelder et al. 2011; Prosniak et al. 2013).  While it is necessary 
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to isolate anti-inflammatory microglia in order to determine its role in ASD pathology, the lack 

of definitive markers for the M2 phenotype remains a major limitation of this line of research. 

 The availability of postmortem ASD brain tissues is also limited, preventing us from 

working with larger sample sizes.  For all gene expression data, p-values were corrected for the 

number of comparisons of dependent variables (gene expressions) using the Holm’s Bonferroni 

correction.  Corrected p-values indicated no statistically significant difference between ASD and 

control donors for all of the genes studied, including IGF1 and MRC1 (Table 6).  We attribute 

lack of Bonferroni-adjusted significance of IGF1 and MRC1 expression levels to our small 

sample size.  The immunohistochemistry portion of this study was originally attempted using 

frozen BA24 tissue, however; after many attempts with CD206 antibodies, protocol changes, and 

negative slide (no primary antibody) optimizations, an immunohistochemical stain for the anti-

inflammatory mannose receptor was not successful.  At the time of the study, we had not 

received fixed BA24 tissue, so an immunohistochemical stain on fixed tissue was not feasible.  

Additionally, because of the limited availability of tissues, some ASD and control donors were 

exposed to medications (Table 2) that might potentially influence the outcomes of this study.  

When donors were matched, variation between pairs was reduced as much as possible. 

Due to the lack of understanding regarding the anti-inflammatory microglial phenotype, 

we decided to first examine four anti-inflammatory microglial markers, in addition to five pro-

inflammatory microglial markers, using punch-dissected white and gray matter.  While punch-

dissections of white and gray matter capture microglia along with various additional cell types 

present in the tissue, this approach was ideal for the initial investigation of microglia in ASD.  

Specifically capturing microglia via laser capture microdissection methods were limited by time 

and financial resources.  The decision was made that if significant changes in gene expression 
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between ASD and control donors were found in this study, we would then proceed to specifically 

capture microglial cells for further analysis. 

Finally, an elevation of the expression levels of a gene does not necessarily translate to an 

increase in protein levels of the product of that gene.  Translation of protein from mRNA is 

regulated by a variety of factors.  Hence, further research will be required to confirm that 

elevated IGF1 or reduced MRC1 mRNA levels translate to elevated IGF1 or reduced MRC1 

protein levels.  Regardless of whether there is a like change in protein levels for these genes, it is 

certain that a difference in gene expression levels (comparing ASD and control donors) implies a 

pathological process involving these genes in ASD. 

 

Future Studies 

 While we are not able to confidently say our findings are specific to microglia, the results 

of this study do provide a basis for future investigations using immunohistochemistry to identify 

anti-inflammatory microglia and laser capture microdissection to specifically select microglia 

from white and gray matter BA24 tissue for further gene expression studies.  While the literature 

indicates successful immunohistochemical identification of CD206 in fixed brain tissue, the late 

arrival of fixed BA24 tissue in our lab did not allow for optimization due to time constraints.  

Continuation of this study would begin with the immunohistochemical identification of CD206 

in fixed brain tissue and then the explicit capture of anti-inflammatory microglia using laser 

capture microdissection.  Once anti-inflammatory microglia are captured, the expression of IGF1 

in white matter and MRC1 in gray matter can be analyzed to determine if anti-inflammatory 

microglia are the source of these differential expression levels.  The mentioned methods can also 

be used to capture astrocytes as a secondary investigation in the study.   
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Increasing the donor sample size and isolating glial cells in ACC white and gray matter 

are needed to confirm the differential expression levels of IGF1 and MRC1 identified in ASD in 

the present study.  This work is currently underway in the laboratory.  The gene and protein 

expression of IGF-1R is also an imperative aspect to examine.  If there is differential expression 

of IGF-1R in ASD individuals, it could theoretically affect the efficiency of increased IGF1 

levels that are implicated to occur in ASD by the result of this study.  Furthermore, studying the 

individual components of the mTOR pathway (downstream of IGF1 signaling) in individuals 

with ASD is a necessary step to further ASD research.  Identifying potential abnormalities in a 

specific component(s) of the mTOR pathway could provide clues for the development of 

therapeutic agents.      
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APPENDICES 

APPENDIX A: ABBREVIATIONS 

Abbreviation Definition 

ACC anterior cingulate cortex 
ADI-R Autism Diagnostic Interview-Revised 
ARG1 arginase 1 

ASD autism spectrum disorder 
BA24 Brodmann area 24 
CD68 cluster of differentiation 68 

CNS central nervous system 
CNV copy number variation 
DAB 3,3'-Diaminobenzidine tetrahydrochloride 
DSM Diagnostic and Statistical Manual 
EMP erythromyeloid progenitor 

FMR1 fragile X mental retardation 1 
fMRI functional magnetic resonance imaging 

GAPDH glyceraldehyde-3-phosphate dehydrogenase 

GM gray matter 
HLA-DRA human leukocyte antigen-antigen D related, alpha chain 

ID identification number 
IGF1 insulin-like growth factor 1 

IGF-1R Insulin-like growth factor 1 receptor 
IL1B interleukin 1 beta 

iNOS inducible nitric oxide synthase 
Kb kilobase 

LPS lipopolysaccharide 
M1 pro-inflammatory/classically activated/neurotoxic 
M2 anti-inflammatory/alternatively activated/neuroprotective 

MRC1 mannose receptor type 1 

mTOR mammalian target of rapamycin 
NFM1 Neurofibromatosis 1 
NHS normal horse serum 
NO nitric oxide 

NOS2 nitric oxide synthase 2, inducible 

PMI post-mortem interval 
PPARG peroxisome proliferator-activated receptor gamma 

PTEN phosphatase and tensin homolog  
PTGS2 prostaglandin-endoperoxide synthase 2 

qPCR quantitative real-time polymerase chain reaction 
RIN RNA integrity number 
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ROS reactive oxygen species 
SNP single nucleotide polymorphism 

TATA TATA-box binding protein 

T1D type 1 diabetes 
TLR4 toll-like receptor 4 

TSC1/2 tuberous sclerosis complexes 1 and 2 
WM white matter 
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APPENDIX B: PRIMER SEQUENCES OF REFERENCE AND MARKER GENES 

Target or 

Reference 

Gene 

Genbank Accession 

Number 
Primer Sequence 

PCR Product 

Size (bp) 

ARG1 (set A) 
NM_001244438, 

NM_000045 

(f) 5'-GGT GAC TCC CTG TAT ATC TGC CAA G-3' 
(r) 5'-GCC AAT TCC TAG TCT GTC CAC TTC AG-

3' 
136 

CD68 
NM_001040059, 

NM_001251 
Not available (Qiagen) 73 

GAPDH NM_002046 
(f) 5'-TGC ACC ACC AAC TGC TTA GC-3'  

(r) 5'-GGC ATG GAC TGT GGT CAT GAG-3' 
87 

HLA-DRA 

(set C) 
NM_019111 

(f) 5'-GTG GAC AAA GCC AAC CTG GAA ATC-3' 
(r) 5'-GGA CGT TGG GCT CTC TCA GTT C-3' 

121 

IGF1 

(set B) 

NM_001111283, 
NM_001111284, 

NM_000618 

(f) 5'-TCC CTT TCA AGC CAC CCA TTG A-3' 
(r) 5'-AGT GTG TTT AGC AGC GGG TAC AAG-3' 

115 

IL1B 
NM_000576, 

XM_006712496 
Not available (Qiagen) 117 

MRC1 
NM_001009567, 

NM_002438 
Not available (Qiagen) 86 

NOS2 
NM_006554 (1399 

bp) 

(f) 5'-GGC TGT CGT TGA GAT CAA CAT TGC 
TGT G-3'  

(r) 5'-CGG GAC CGG TAT TCA TTC TGC ATG 
TAC T-3' 

123 

PPARϒ 
NR_027850 (1603 

bp) 

(f) 5'-TCT CAA ACG AGA GTC AGC CT-3' 
(r) 5'-GAG TGG GAG TGG TCT TCC ATT AC-3' 

120 

PTGS2 
(set B) 

XM_006712199 
(1229 bp) 

(f) 5'-CTC TGG CTA GAC AGC GTA AAC T-3' 
(r) 5-CCG TAG ATG CTC AGG GAC TTG-3' 

143 

TATA 
NM_001172085, 

NM_003194 
Not available (Qiagen) 132 
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