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Abstract 
 

A burgeoning body of evidence supports a role for immune signals in 

neurotypical human brain development. Furthermore, associations between 

neuroinflammation in development and the subsequent increased risk for psychiatric 

disorders indicate that an excess of immune signaling early in life damages brain function 

later in life. In this dissertation, I examined the postnatal expression of two major 

immune signaling families: complement and cytokines; and the relative contributions of 

neural cell types to the cortical transcriptome. I used high-throughput microarray, 

quantitative reverse transcription PCR, immunohistochemistry and multiplex 

immunoassays. I found coordinated increases in glial cell marker, complement, and 

cytokine transcripts from birth until the typical age of entry into school (age 5). There 

were two main patterns of change in gene expression encoding immune signals and their 

receptors: an early postnatal peak in toddlers followed by a decline in expression levels 

(C1Q, C3, IL-1β, CD11B, IL-1R1, IL-18) and an early postnatal increase in toddlers, 

followed by additional increases in adolescents and young adults (IL-6, TNF-α). 

Complement inhibitor mRNAs were also differentially expressed across postnatal human 

life, increasing before reaching a plateau around school age (CD46, CD55, CR1,) or 

peaking in young adulthood (SERPING1, CD59). This suggests sustained complement 

inhibition during adolescence. The multiple cytokine and complement family members 

that peaked in toddlers suggest a period of dominant immune signaling from age two to 

five in humans. This may be related to the proliferation or maturation of glia during early 

postnatal development, whereas the cytokines seen increasing in adolescents and young 

adults are contemporaneous with periods of proposed increases in synaptic elimination. 
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These findings open up additional avenues of investigation into the role of immune 

signaling in normal mammalian brain development and support that time periods of 

normative increases in developmental immune factor signaling overlap with known 

‘windows of vulnerability’ to manifesting autism and schizophrenia.   
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Cortical brain development in humans is a protracted process which extends not 

just through fetal life, but for up to three decades after birth [7-9]. It is unique not only in 

its prolonged time span, but also in the higher-level cognitive functions it produces. 

However, there are major behavioral competencies reached after birth that are 

underpinned by structural and molecular changes, particularly in the human cerebral 

cortex. The extensive post-natal maturation of cortex is reflected in the structural changes 

seen in the brain via magnetic resonance imaging (MRI) during human post-natal 

development, wherein rapid increases in brain matter volume plateau through school-age 

and are followed by decreases in gray matter area in adolescence, proceeding in a largely 

posterior-to-anterior fashion until at least age 21 [10], with the dorsolateral prefrontal 

cortex (DLPFC) being among the last to demonstrate maturational change. Many human-

specific behaviors require an intact, fully functional prefrontal cortex, and those 

behaviors continue to develop long past the perinatal period. The DLPFC is associated 

with higher forms of cognition, particularly in the form of executive function capabilities 

[11]. Executive function mediates working memory, planning, problem solving, and 

abstract reasoning [11, 12]. These processes are thought to take until young adulthood to 

reach full maturity. The cognitive development of executive function is therefore aligned 

with the structural development of gray and white matter that is still ongoing until 21-25 

years [11, 13].  

Deficits in executive function are reported in several psychiatric 

neurodevelopmental diseases, including Autism Spectrum Disorder (ASD), Attention-

Deficit/Hyperactivity Disorder (ADHD), and schizophrenia (reviewed in [14-16]). 

Cognitive deficits in these disorders usually become evident at specific ages of onset. 



 

15 
 

These time periods are conceptualized as “windows of vulnerability”: akin to “critical 

periods” of increased cortical plasticity, these may be periods in which the human cortex 

is more poised to manifest psychiatric disease.  

Symptoms of ASD first manifest during the early developmental period, often in 

the second year of life [17, 18]. ASD is characterized by a combination of deficits in 

social interaction and communication, and behavioral rigidity. Multiple executive 

function-related deficits relating to behavioral rigidity have been identified, such as 

impairments in generativity (the ability to plan in advance), response initiation [14] (the 

ability to respond to incoming stimuli); and cognitive flexibility [15] (the ability to 

change behavior to accommodate new information). Executive function deficits in ASD 

are also particularly pronounced in language-based tasks [19], which are more directly 

related to social interaction. In addition to autistic persons who remain nonverbal, autistic 

individuals who do develop formal language skills show deficits in the reciprocal social 

communication aspects of language [17]. Notably, the DLPFC is active in speaker-

listener coupling (synchronized brain activity during social interaction) and predictive 

during speech processing (prediction of incoming communication), both of which 

directly relate to the regulation of social interactions [20]. A metanalysis of human 

studies found abnormalities in both the structure and function of the DLPFC in autistic 

people. Specifically, the volume of DLPFC (right only) gray matter was increased in 

ASD; however, both the left and right DLPFC was underactivated during cognitive 

control tasks in autistic individuals [21].  

While ASD and ADHD are often co-morbid, with 40% or more of adults with ASD 

reaching criteria for ADHD as well [22], the time of onset for ADHD symptoms is less 
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well defined. Symptoms of ADHD must be present prior to age twelve [17]; however, it 

is also evident from cases with delayed diagnoses that retrospective adult recall of 

childhood symptoms is an unreliable metric for age of onset [23, 24]. With the exception 

of motor symptoms, most symptoms are too difficult to distinguish from normal variation 

until elementary school years [17]. ADHD can be characterized by predominantly 

inattentive or predominantly hyperactive-impulsive behaviors, or the two phenotypes can 

co-occur [17]. These behaviors represent deficits in multiple executive function 

processes, including DLPFC-related processes such as task switching (shifting attention 

from one task to another) and response inhibition (reacting to stimuli). Notably, 

metanalysis of human studies indicates that people with ADHD show functional 

abnormalities in the DLPFC. In particular, the left DLPFC is underactivated relative to 

controls during cognitive control tasks [21]. 

Historically, schizophrenia was less commonly associated with neurodevelopmental 

disorders, perhaps due to its relatively late age of onset: schizophrenic first episodes 

commonly occur around age 20 [25]. However, multiple lines of inquiry have since 

indicated that brain development remains active into the third decade in humans [7, 8], 

suggesting that the brain is still developing at the age of onset for schizophrenia. 

Schizophrenia is characterized by impairments in everyday activities as a result of 

cognitive, emotional, and/or behavioral issues. While diagnosis of schizophrenia requires 

at least one persistent positive symptom (such as delusions, hallucinations, or 

disorganized speech), negative symptoms in the form of cognitive deficits are also often 

present. Schizophrenia is unlike ASD and ADHD in that there is a tendency in patients to 

follow a relapsing-remitting course of illness [17]. However, like ASD and ADHD, 
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deficits in executive function are commonly associated with schizophrenia [16, 26, 27]. 

In particular, deficits in language and working memory have been reported in 

schizophrenia [16, 26, 27].  

Interestingly, one hypothesis of language disruption in schizophrenia suggests that the 

disorganized speech common in schizophrenia originates in part from working memory 

deficits that create ‘context impairments’ [28]. Both discourse coherence (the logical 

connection between ideas and sentences based on context) [20] and working memory 

(ability to maintain and use information for a short period of time) are in fact associated 

with the DLPFC. Notably, when performing working memory tasks during fMRI 

neuroimaging, the deficits found in people with schizophrenia correlate to altered DLPFC 

activity [12]. 

Schizophrenia, ASD, and ADHD may share more than common cognitive 

impairments. In fact, they may share a common etiology. There is increasing evidence of 

a role for the immune system in neurodevelopmental psychiatric disorders. 

Epidemiological work in humans suggests that immune activation during gestation and 

early childhood is associated with the occurrence of neurodevelopmental disorders. In 

particular, inflammation during prenatal and postnatal development is reportedly 

associated with the development of ASD, ADHD, and schizophrenia. 

Prenatal inflammation is likely to affect fetal development through two potential 

routes: direct infection from mother to child, or indirect effects of infection. A number of 

infectious pathogens have the potential to pass between mother and child, either through 

intrauterine transmission during pregnancy or perinatal transmission during birth and/or 

breastfeeding [29, 30]. Among these pathogens, five major pathogens known as the 
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TORCH pathogens are both known for congenital infections and associated with 

neurodevelopmental disorders: Toxoplasma gondii [31-34], rubella [35-39], 

cytomegalovirus (CMV)[40-42], and herpes simplex virus 2 (HSV-2) [43-45]. However, 

while these five pathogens are particularly well-known for their association with 

neurodevelopmental disorders, evidence increasingly suggests that direct infection of the 

developing child is not necessary to induce pathological change.  

Influenza, like the TORCH pathogens, has repeatedly been associated with the 

development of schizophrenia and other neurodevelopmental disorders. In fact, influenza 

is one of multiple infections which do not cross the placental barrier [46] yet are 

associated with neurodevelopmental disease following prenatal maternal infection. It is 

thought that infections which are non-transmissible from mother to fetus influence 

neurodevelopment through maternal immune activation, which is measured through 

quantification of maternal blood cytokines [43, 47], C-reactive protein (reviewed in 

[48])[47, 49-51], and/or antibodies [43, 52]. Even maternal genitourinary tract infections 

during gestation [53, 54] have been associated with neurodevelopmental disease, 

suggesting that infections need not be contagious to influence neurodevelopment. This is 

further supported by studies of sterile inflammation, wherein inflammation is initiated in 

the absence of pathogens. Researchers have found that maternal chronic inflammation 

from autoimmune disease, asthma, and obesity are all associated with both ASD and 

ADHD (reviewed in [48, 55]) and, similarly, that maternal obesity is associated with 

schizophrenia [56]. Circulating immune signals are proposed to reach the fetus through 

two avenues – directly, by transport across the placenta to the fetus, or indirectly, by 

signaling at the maternal-fetal interface of the placenta [57]. This process has potential 
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short- and long-term impacts on brain development, both by disrupting immune factor 

levels during fetal development [58] and by inducing changes which affect the systemic 

response to environmental triggers later in life (e.g. [59-61]. Changes in gene expression 

may even include long-term changes in the pattern of immune signal expression, 

suggesting ongoing alterations to immune system activity [62]. Similar to prenatal 

infections, childhood infections have been associated with neurodevelopmental disorders 

[56, 63-67]. Notably, the combination of prenatal infection with a childhood infection is 

associated with an increased risk of a neurodevelopmental disorder compared to prenatal 

infection alone [63, 66, 68]. Some studies also suggest that the long-term impacts of 

infection relate to the developmental period during which it occurs [48, 63]. This may 

account for some of the variability in psychiatric outcomes. For instance, Toxoplasma 

gondii infection during pregnancy is associated with an elevated risk of both 

schizophrenia [33] and ASD [31]. The psychiatric outcome - either schizophrenia or ASD 

- may be related to the timing of the infection during the pregnancy. Similarly, the 

impacts of infection during childhood may vary depending on the stage of brain 

development affected, evidence for which was noted by Blomstrom et al. [63]. The 

reported molecular and anatomical effects of inflammation-level (increased) cytokine 

expression in the central nervous system during development include reduced neuron 

survival (rat, in vitro)[69]; altered neuronal migration (rodents, in vivo) [70, 71]; reduced 

numbers of primary dendrites, reduced numbers of dendritic nodes, and reduced total 

dendrite length (rats, in vitro; mouse, in vivo) [72-74]; hypomyelination (rat, in vivo) [75] 

or disorganization of axon fibers (mouse, in vivo) [76]; and altered neurotransmitter 

dynamics, particularly for GABA, serotonin, and glutamate receptors (mouse, in vivo) 
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[77]. These effects potentially relate to a variety of developmental processes, from 

neuronal differentiation and migration to synaptogenesis and myelination, some of which 

are predominantly post-natal. However, before we can understand how these processes 

may be altered by elevated cytokine levels in humans, we first need to characterize 

normative patterns of change in physiological cytokine expression. 

Resources for the study of post-natal human brain development are limited. Previous 

works have generated data addressing gene expression in the brain during postnatal 

human development (BrainSpan Atlas of the Developing Human Brain (2010) [9, 78]; 

however, the existing data is limited by poor coverage of the full developmental range, 

poor power due to limited sample sizes, and low sensitivity techniques [9, 79-81]. This 

lab has addressed the first and second issues previously by building an extensive 

developmental cohort with high coverage of ages 3 months to 13 years, which are often 

missing from human data sets. Here, the third issue is addressed by transitioning from 

microarray-based techniques to quantitative reverse-transcription polymerase chain 

reaction-based techniques (qRT-PCR). Microarray data is reportedly unreliable when 

attempting to detect intermediate-expression transcripts [82, 83], and may not be able to 

detect low-expression transcripts at all. In fact, one review of microarray-based 

publications suggests that only 1/3 of the transcripts detected are of sufficient levels of 

expression to be detected reliably [82]. Quantitative RT-PCR is commonly recommended 

and used to validate microarray results for genes of interest [83, 84], including by our lab 

in previous publications in this cohort [80]. The use of qRT-PCR will increase the 

sensitivity of the analysis presented in this thesis, enabling more accurate detection of 
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lower quantities of mRNA. This is necessary for detecting the physiologically low levels 

associated with immune factor expression in a healthy brain. 

This thesis will delineate which immune signaling factors may be expressed 

within the human DLPFC during normal development, and how brain-expressed 

immune-related factor levels may change during the first two decades of human life in 

relationship to “windows of vulnerability” to psychiatric disease. In order to do so, the 

relative contributions of glial and endothelial cells to the brain homogenate across 

different stages of development will be established. That information will be used to 

inform further analysis and interpretation of two different innate immune signaling 

groups known to be active in the developing brain: complement and cytokines. 

 

Major Glial types within the Developing Human Prefrontal Cortex and 
Role in Development 

It is well established that there are four major neural cell types in the central 

nervous system: neurons, astrocytes, microglia, and oligodendrocytes. Depolarization of 

neurons is the substrate for all brain function from movement and vision to memories, 

thoughts, and language; however, the glial cells (astrocytes, microglia, and 

oligodendrocytes) are key to neuron development and maintenance [85, 86]. Immune 

signals originating from these cells may contribute to multiple features of postnatal 

development, regulating both neuronal development and glial development.  

There are two main classes of glial cells in the brain, the macroglia and the 

microglia, divided according to cell size. Microglia are small cells that can take on a 

variety of forms and functions. At rest, they are ramified and are thought to survey the 
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activity and health of the surrounding neurons [87]. Microglia are among the earliest glial 

cells to appear during brain development. In rodents, they form in the yolk sac as 

primitive myeloid progenitors around E8-E8.5 [88] and migrate to the brain around E9-

E9.5 [89], predating even the formation of the blood-brain barrier [89, 90]. A similar 

pattern has been reported in zebrafish [91]. Initially, it was believed that microglia 

colonized the brain in two waves, first from myeloid progenitors of the embryonic yolk 

sac during very early embryonic development [90, 91], and second from circulating 

hematopoietic precursors during later development [92, 93]. Since then, however, 

researchers have found that approximately 95% of microglia originate from the yolk sac 

in the normal rodent brain [89, 90]. The kind of data currently available in humans cannot 

definitively demonstrate a yolk sac origin for microglia; however, the data does indicate 

that there is an infiltration of the brain with microglial progenitor cells by way of the 

ventricular lumen and leptomeninges [94]. Further studies into the lifespan of microglia 

have provided additional support for the single-wave hypothesis of microglial origin, 

demonstrating the ability of microglia to self-renew in the rodent [95-98] rather than 

recruit monocytes from the periphery in order to maintain the microglial population. 

Since microglia are considered the resident immune cells of the brain, they have often 

been studied from the perspective of sensing and responding to both PAMPs (pathogen 

associated molecular patterns) and DAMPs (damage associated molecular patterns) [99, 

100]. Activation of microglia often leads to phagocytosis, even during normal brain 

development. However, the developmental role of microglia is not limited to 

phagocytosis. During early murine brain development, microglia contribute to 

interneuron migration by acting as signposts at neuronal migration tracts, the most 
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important of which is the corpus callosum itself [101, 102]. Though microglia populate 

the murine brain early in development, they appear to undergo a period of proliferation 

and maturation during early post-natal development [90, 103]. The purpose of this thesis 

is to determine how the production of immune factors often associated with microglia, 

i.e. complement and cytokines, vary during human postnatal life.  

Macroglia can be divided into oligodendrocytes and astrocytes. Oligodendrocytes 

are a major component of post-natal developmental changes in the brain because they are 

necessary for axonal myelination in the central nervous system. Most myelination of the 

brain is postnatal: in fact, myelination is still increasing in the human brain as late as age 

30 years in humans [13, 104, 105]. Most oligodendrocyte progenitor cells are established 

in the rodent cortex prenatally [106-110] and begin to differentiate perinatally, though 

oligodendrocytes can still originate from the subventricular zone after birth in rodents 

[111, 112]. In humans, after an initial period of oligodendrocyte precursor proliferation 

and maturation, pre-existing (rather than newborn) oligodendrocytes will myelinate 

newly active axons [8]. In mice, once oligodendrocytes myelinate an axon, they are also 

able to provide metabolic support to the axon by releasing metabolites for uptake into the 

periaxonal space [113, 114]. Following the initial mass myelination early in development, 

oligodendrocytes continue to myelinate on a smaller scale. This includes myelinating in 

response to learning; in particular, active myelination is required for learning new motor 

skills in adult mice [115]. Research indicates that, in adulthood, oligodendrocyte 

precursor cell (OPC) numbers remain relatively constant [8] and primarily serve to 

replace existing oligodendrocytes, with an estimated rate of 1/300 oligodendrocytes being 

replaced annually. Postnatally, newborn oligodendrocytes are generally thought to be 
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replacements for dead or dying oligodendrocytes. Some research in mice suggests that 

OPCs originating from the subventricular zone are activated specifically in times of 

demyelination [116, 117] Evidence in mouse models and cell culture suggest that 

immune signaling may play a role not just in regulating oligodendrocyte remyelination 

after damage [118], but in regulating oligodendrocyte precursor proliferation [118] and 

differentiation into oligodendrocytes in the healthy brain [119, 120]. 

While oligodendrocytes are relatively specialized, their fellow neural tube-derived 

macroglia, astrocytes (and their precursors), have diverse roles in the brain, including 

guiding neuronal migration, regulation of extracellular neurotransmitter levels, and 

interfacing between the brain endothelium/pericytes (via astrocytic end feet), neurons, 

and oligodendrocytes. During early postnatal development in rodents, astrocytes rapidly 

proliferate in the cortex [121, 122]. Also, astrocytes can be generated from neural 

progenitor cells found along the caudate, in the rodent subventricular zone [111, 123, 

124]. While astrocytes are often associated with the formation and maintenance of the 

blood-brain barrier [125], in recent decades additional developmental and maintenance 

roles in the brain have come to light. In fact, of the three glial cell types discussed here, 

astrocytes contribute to the most diverse group of developmental processes, including not 

just formation of the blood-brain barrier (rat) [125], but also synaptogenesis 

(mouse,human)[126-128], synaptic pruning (mouse)[126, 129-132], and critical period 

plasticity (mouse, drosophila)[126, 133, 134]. Astrocytes are particularly known for their 

roles in regulating neuron development and activity. While astrocytes can perform 

immune-related tasks, their primary function in the brain seems to be the regulation and 

support of neurons: metabolically, structurally, and functionally. Over the course of a 
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given neuron’s lifetime, astrocytes will regulate neuronal synaptogenesis and synaptic 

elimination, modulate synaptic strength by regulating neuronal neurotransmitter receptor 

efficacy and expression, contribute to short-term and long-term synaptic plasticity, and 

manage the neuronal synaptic microenvironment [129, 135]. The influence of a single 

astrocyte has a wide reach: one astrocyte can contact upwards of 100,000 synapses 

depending on the brain region in the rodent [136, 137]. Thus, immune signals produced 

by astrocytes have the potential to regulate the development and function of thousands of 

synapses in the prefrontal cortex. 

 

Immune Privilege and the Blood Brain Barrier 

The mammalian brain has been traditionally characterized as ‘immune-

privileged,’ a status shared by few organs [138]. In more recent years, this 

characterization has become more nuanced as research has revealed lines of 

communication between the immune system and the brain, such as those that regulate 

sickness behavior [139]. However, direct access of the immune system to the central 

nervous system by way of the circulatory system is still strictly regulated. That said, the 

nervous system is highly dependent on blood glucose and oxygen and cannot survive 

without the circulatory system. While the brain represents only 2% of the body’s total 

weight, it demands a remarkable 20% of the body’s total oxygen [140, 141]. 

Furthermore, brain function and blood flow are inextricably linked: neuronal activity is 

directly associated with changes in cerebral blood flow, which is in fact the basis for PET 

and functional MRI imaging of brain activity [142-144]. However, the need for red blood 

cell access and thus oxygenation of the brain must be balanced with the fundamental risk 
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to neurons posed by any harmful molecules within the blood entering the brain and/or by 

the potential transmigration of immune cells into the brain via the vasculature. The 

‘blood-brain barrier,’ or BBB, serves as a compromise to enable the oxygenation of the 

brain and selective transport of brain benefiting factors without risking exposure to 

circulating immune cells and harmful circulating molecules. Thus, molecules involved in 

immune cell signaling are traditionally considered restricted to areas outside the brain 

under normal circumstances.  

The blood-brain barrier is defined by two layers of basement membrane: the 

vascular basement membrane, and the glial basement membrane [145]. Both membranes 

are composed of extracellular matrix proteins, which are secreted by the multiple cell 

types at the interface of the vascular surface and the parenchyma of the brain [145]. 

Prominent proteins of these extracellular matrices include laminin, collagen IV, nidogen-

1, fibronectin, and perlecan [145, 146]. In larger blood vessels, there is a gap between the 

two membranes which is known as the Virchow-Robins, or perivascular, space [145]. 

The circulation of cerebral spinal fluid (CSF) through this space and between the 

basement membranes is a key component of waste management in the brain [147]. The 

two basement membranes and their associated cells are therefore critical to regulating 

both the influx and efflux of molecules in the CNS. 

On the vascular side of the BBB, the overall structure is much the same as 

elsewhere in the body. Endothelial cells, smooth muscle cells, and pericytes all produce 

and anchor to extracellular matrix components [145]. Endothelial cells form the wall of 

the vessels, with plasma, immune cells, red blood cells and platelets circulating through 

the lumen of the vessels assisted by the contraction of smooth muscle cells in the large 
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penetrating arterioles and venules. Around pre-capillary arterioles, pericytes are studded 

in the basement membrane along with the smooth muscle cells and contribute to 

regulating blood flow [148] (Figure 1.1). In the smallest blood vessels, the capillaries, 

smooth muscle cells are replaced entirely by pericytes, and the perivascular space 

constricts until the two basement membranes merge into one [145]. However, the 

endothelial cells of the cerebrovasculature are distinct from endothelial cells found in 

other tissues and organs at both the molecular and structural level. At the molecular level 

in brain, protein complexes 
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form tight junctions and fuse the membranes of adjoining endothelial cells [148]. At the 

structural level, endothelial cells of the cerebrovasculature have reduced number of 

macropinocytotic vesicles, canaliculi, and fenestrae [148-150]. These changes serve to 

reduce the ‘leakiness’ of the vasculature in the brain compared to elsewhere in the body. 

However, in the CNS, the perivascular space between basement membranes is also 

populated by central nervous system (CNS)-border-associated macrophages (BAMs) that 

contribute to waste removal and monitor immune signals circulating in the vasculature 

[147]. Overall, relatively few adjustments to the vascular epithelial cells are necessary for 

the development of the BBB. 

 On the side of BBB facing the parenchyma is the glial basement membrane 

(Figure 1.1), which is produced by the astrocytic endfeet that form the glia limitans 

perivascularis [151]. The extracellular matrix components of both basement membranes 

regulate blood-brain barrier permeability [146]. In particular, the ratio of fibronectin to 

collagen IV, which is produced and secreted by endothelial cells and pericytes [152], 

reportedly controls the tightness of the BBB. An increased ratio of these proteins leads to 

increased expression of tight junction proteins in cerebral endothelial cells in vitro [146]. 

The early arrival of pericytes from the neural crest [153] predates the formation of 

perivascular astrocytes, induces endothelial cell differentiation, and initiates BBB 

formation [125, 154, 155]. Astrocytes secrete laminin α1 and α2 at the basement 

membrane of the penetrating arterioles, and laminin α2 only at the capillaries [145]. By 

Figure 1.1. The neurovascular unit. Adapted from 2019 Xu[1] BM, basement 
membrane. The neurovascular unit at the arteriole level, including both endothelial 
and parenchymal basement membrane. 
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birth, the BBB is thought to be established; yet how the molecular components of the 

BBB may change during postnatal development has not been determined. 

The BBB strictly regulates peripheral immune system access to the brain, though 

the immune system does have the means to communicate with the brain via the BBB. 

This has created a unique opportunity for the central nervous system to repurpose classic 

immune signaling molecules for its own use. Evidence increasingly suggests that these 

immune signaling molecules are utilized for multiple developmental processes in the 

mammalian brain, both before and after birth. In the absence of circulating immune cells, 

which are restricted from accessing the brain, astrocytes and the brain-resident 

macrophages known as microglia serve as first responders in case of tissue perturbations 

[156]. This positions astrocytes and microglia as major contributors to immune signal 

production in the brain; however, it also means that any dysregulation of immune signal 

production by astrocytes and microglia is likely to have a disproportionate impact on 

brain function. 

 

Complement – a cell destruction pathway used by immune cells 

The complement pathway is traditionally associated with peripheral immune 

signaling but has recently gained attention for playing a role in the developing central 

nervous system, with complement activation being instrumental to synaptic pruning 

[130]. Complement also modulates neural progenitor cell proliferation [157, 158] and 

cortical migration [159]. There are three known pathways of complement activation seen 

in the periphery: the classical complement pathway, the alternative complement pathway, 

and the mannose-binding lectin pathway. During classical complement pathway 
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activation in the peripheral immune response, C1q forms a protein complex, C1qrs, 

which binds the cell surface to target a cell for phagocytosis (Figure 1.2). The process of 

C1qrs activation is still not entirely clear, but recent work suggests that conformational 

changes in C1q induce C1r and C1s activation upon binding a target surface [151]. Once 

activated, C1qrs has serine protease activity through the C1s subunit that enables 

cleavage of downstream classical complement pathway members C2 and C4 [160, 161]. 

C1qrs cleaves C4 into two fragments, C4a and C4b [161]. C4b binds to the targeted cell 

surface and forms a foundation for the formation of C3 convertase by allowing C2 to 

bind [4](Figure 1.2). Following C2 binding, C2 is cleaved into C2a and C2b, with C2a 

remaining bound to C4b to render C4b2a (C3 convertase) enzymatically active [160]. 

C2b and C4a are released into the extracellular environment to serve as anaphylatoxins, 

and the C3 convertase (C4b2a) remains bound to the target surface [4](Figure 1.2). The 

C3 convertase is a central effector of complement C3, with the levels C4 and C3 gene 

expression relating to increased complement pathway activity [130, 162]. 

The three complement pathways converge on a key event in complement 

activation, C3 cleavage. However, many of the upstream factors of the three complement 

pathways are distinct. The mannose-binding lectin pathway is initiated by mannose-

binding lectin (MBL) that traditionally binds the polysaccharide mannan, commonly 

found on bacterial cell walls [163, 164]. In this role, MBL oligomer function is very 

similar to that of C1q in providing a foundation for complement activation. Instead of 

C1r and C1s, MBL is bound by MBL-associated serine proteases MASP1 and MASP2 

[5]. Upon binding the cell surface, MASP1 auto-activates [165] and in turn activates 

MASP2 [166]. Like C1qrs, activated MASP2 cleaves C2 and C4 to form C4b2a (C3 
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convertase) [167]. Thus, C4 and its binding partner, C2, serve as C3 convertase in the 

mannose-binding lectin pathway in addition to the classical complement pathway [5].  
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In contrast to the mannose-binding lectin pathway and the classical pathway, the 

alternative pathway initiates spontaneously through hydrolysis of C3 [4, 168]. 

Hydrolyzed C3, or C3(H₂O), is functionally similar to activated C3b. However, unlike 

C3b in the other two complement pathways, C3(H₂O) forms a C3 convertase through 

binding a fragment of Complement Factor B, which is cleaved by Complement Factor D 

[4, 168]. Together, C3(H₂O) and fragment Bb form the C3 convertase C3bBb. This is 

thought to serve as a means of amplifying C3 activity [4]. Each C3 convertase goes on to 

cleave C3 into the fragments C3a and C3b, releasing C3a into the extracellular milieu as 

an anaphylatoxin, and allowing C3b to bind the surface macromolecules of the target cell 

to trigger opsonization (14).  

Once C3 is deposited on a target surface, there are two possible routes the 

complement pathway can take: either a series of additional complement components can 

bind to form the membrane attack complex (MAC) and lyse the cell, or C3b and its 

cleavage products can bind one of multiple cell surface receptors. In the first path, C3b is 

bound to the target cell surface as C4bC2aC3b, an enzymatically active C5 convertase 

[4](Figure 1.2). Upon encountering complement component C5, C5 convertase cleaves it 

into C5a and C5b [4]. C5a is released to act as an anaphylatoxin [5], but C5b remains 

tethered to C5 convertase while additional subunits C6 and C7 are added [169]. The 

further addition of C8 and C9 complete the formation of the MAC [4, 169, 170](Figure 

1.2). This complex forms a rigid pore that penetrates the lipid bilayer into the cytoplasm 

below, ultimately causing cell lysis.  

Figure 1.2. Classical complement pathway. The complement pathway can resolve in one of 
two ways: cell lysis, or cell phagocytosis. Adapted from Sager et al. 2020 [2]. 



 

34 
 

Independent of MAC formation, C3b can still bind one of multiple cell surface 

receptors on native cells that are capable of identifying and responding to the marker C3 

cleavage products. Known receptors for C3 fragments include CR1, CR2, and CR3 [6]. 

These three receptors differ in their affinities for various forms of cleaved C3 and vary in 

expression by immune cell type in the periphery [6]. CR1 preferentially binds C3b, the 

activated opsonizing fragment of C3 [6]. Together, CR1 and complement factor I can 

further cleave C3b to C3bi, which can be cleaved again to form the C3 end product, C3dg 

[5, 6]. CR1 can bind C3bi [6], and CR2 and CR3 can bind both C3bi and C3dg [6].  

As mentioned previously, the developmental use of immune signals in the brain 

must be tightly regulated to avoid triggering inflammation. With regards to complement, 

known complement inhibitors are expressed in the brain, and in particular neurons [171, 

172]. C3 convertase inhibitors stop all three complement pathways at the C3b activation 

stage, through two mechanisms: decay acceleration and cleavage inhibition of C3 

convertases [173]. CD46 and CR1 both serve as cofactors for Factor I in order to inhibit 

the complement pathways through cleavage of C3 convertases [4-6, 168], whereas CD55 

is a known decay accelerator of C3 convertase [4]. SERPING1 and CD59 complement 

inhibitors are unusual in that they target other stages of the complement pathways. 

SERPING1 specifically targets initiation of the classical complement pathway by binding 

and inactivating the C1qrs complex [4], and CD59 targets the completion of cell lysis by 

blocking the final stage of MAC formation [4].  

RNA-seq data originating from BrainSpan.org suggests that while all the 5 protein 

components (C5, C6, C7, C8 and C9) needed to form this pore can be expressed in the 

brain, these transcripts are very low in the postnatal human brain under normal 
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circumstances (BrainSpan Atlas of the Developing Human Brain (2010) [78]). Thus, it is 

not clear if the cells in the human prefrontal cortex would be capable of making and 

assembling the MAC under normal conditions. This is further investigated in Chapter 3. 

Furthermore, the inactivation of bound C3b is necessary for the complement pathway to 

proceed directly to phagocytosis, rather than cell lysis (reviewed in [4].In the brain, CR3 

is expressed by microglia and targets microglia to inactive synapses during synaptic 

pruning in the dLGN [174]. No non-immune roles have been reported for CR1 and CR2 

in the central nervous system. Thus, to more fully appreciate the potential for changes in 

complement factor levels and by extension activity, it would be also important to 

determine if there were any changes in the expression of complement pathway inhibitors 

during human prefrontal cortex development. 

Cytokines - extracellular signals used to communicate among immune 
cells 

As detailed in the previous sections, peripheral immune signals, including those 

produced in response to infection, can influence the central nervous system. While 

complement components are the first line of defense and can directly attack pathogens, 

cytokines form a network of complex intercellular signals in order to regulate the 

systemic immune response. At the site of infection, pathogen detection by first 

responders like complement and Toll-like receptors can signal to induce cytokine 

translation, activation, and release into the circulation, where circulating immune cells in 

turn can respond by producing and releasing cytokines into the circulation. However, 

cytokine production is not limited to pathogen response. Under physiological conditions, 

there are other cells outside the immune system which produce cytokines. For example, 



 

36 
 

adipocytes are known to produce cytokines under both healthy and obese conditions, with 

the specific cytokines changing between the two conditions [175] from anti-inflammatory 

immune factors in healthy individuals to pro-inflammatory immune factors in obese 

individuals (reviewed in [176]). These cytokines likewise enter the circulation. 

While circulating, cytokines are able to influence the central nervous system 

through three mechanisms. First, circulating cytokines may enter the CNS themselves via 

intercellular transporters at the cerebrovascular endothelium. The major pro-

inflammatory cytokines, IL-1β, IL-6, and TNF-α, are confirmed to have systems for 

crossing the blood-brain barrier in mature rodents [148, 177-179]. Each intercellular 

cytokine transporter (i.e., IL-1β transporter, IL-6 transporter, TNF-α transporter) is self-

inhibited, making the system saturable [177-179]. This means first that there is an upper 

limit to the amount of cytokine that can be transported, and second, that the expression 

level of the intercellular cytokine transporters themselves could potentially be changed to 

control the degree of cytokine entry into the parenchyma. Notably, the effect of pro-

inflammatory cytokines on blood-brain barrier permeability is also different in the 

immature rat than the adult rat, with the BBB being more susceptible to pro-inflammatory 

cytokine signaling-mediated permeability in juvenile rats [180], particularly in the white 

matter [181]. This may create more susceptibility to inflammatory disruption during brain 

development. 

Alternatively, circulating cytokines may enter the CNS via the circumventricular 

organs of the brain. The circumventricular organs are specialized brain regions which 

have a ‘leaky’ blood-brain barrier due to the presence of fenestrations (described above) 

in blood vessels (reviewed in [182]). In the circumventricular organs, therefore, larger 
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molecules like cytokines are able to cross from the blood into the parenchyma [182, 183]. 

Second, cytokines may signal to the CNS indirectly, using communication mediated by 

the cerebrovascular endothelial cells rather than allowing cytokines to cross the BBB. 

Cytokine receptors are expressed on the cerebrovascular endothelial cells for multiple 

immune factors associated with brain development and cognitive function. The type I IL-

1β receptor, for instance, is reported to be expressed by the cerebrovasculature based on 

in situ hybridization in rats [184, 185] and mice [186, 187], and by single-cell RNA-seq 

in adult humans [188]. TNFAR1 and TNFAR2 can similarly be detected in the human 

adult cerebral vasculature both by immunohistochemistry [189] and by single-cell RNA-

seq [188]. The binding of the cytokines TNF-a and Il-1b to these receptors can activate 

NF-κB in cerebrovascular cells, leading to the downstream production of secondary 

messengers such as prostaglandins and nitric oxide [190]. Third, and finally, the presence 

of circulating cytokines in the blood may induce the local production of cytokines within 

the parenchyma [191]. There are thus multiple avenues by which peripheral cytokines 

may signal to the brain via the circulation. It is worth noting that multiple signaling 

approaches may potentially be in effect simultaneously. During infection, having 

pathways for signaling between the activated immune system and the CNS is critical to 

directing a successful defense against pathogens, even as the blood-brain barrier is 

necessary to protect the brain from toxic levels of inflammation. 

While peripherally generated IL-1β, IL-6, and TNF-α can all cross the blood-brain 

barrier, they are also produced in the brain. Neurons, astrocytes, microglia, 

cerebrovascular endothelial cells, and oligodendrocytes have all been reported to generate 

cytokines. IL-1β, TNF-α, and IL-6 are all produced by microglia under normal conditions 
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[188, 192, 193]; however, other cells of the cortex, including astrocytes, neurons, and 

endothelial cells, can also express these cytokines to varying degrees in humans [185, 

188]. IL-6 and IL-1β mRNAs, for instance, are both expressed at low levels in astrocytes, 

but in oligodendrocytes one is highly expressed (IL-1β), whereas expression of the other 

(IL-6) is minimal [188]. IL-6 mRNA is highly expressed in endothelial cells, whereas IL-

1β mRNA expression is low-to-moderate in endothelial cells [103]. Thus, despite the 

tight networking of cytokines seen during immune system activity, IL-1β, IL-6, TNF-α 

and IL-18 are not monolithic in their CNS expression patterns. 

Perhaps more important than the expression of circulating cytokines by neural 

cells, however, is the expression of receptors which enable those cells to respond to 

cytokine signaling. In the brain, IL-1β is produced and activated predominantly by 

microglia [192, 193]. IL-1β is cleaved and activated from pro-IL-1β by either proteinase-

3 or caspase-1 activated by an inflammasome complex [194]. This cleavage process can 

be indirectly inhibited by other cytokines, including IL-10 [152, 195, 196] and IFN-γ. IL-

1β has one functional receptor, IL-1R1, and a decoy receptor, IL-1R2 [197]. IL-1R1 also 

has an intracellular ‘accessory chain,’ IL-1R3, which is required for IL-1β signaling after 

IL-1β binds extracellular IL-1R1 [197]. IL-1R1 mRNA is minimally expressed in the 

human brain. It is expressed at low levels in endothelial cells, and very low levels in 

astrocytes and microglia [184, 188]. IL-1R2 is primarily expressed on microglia in the 

human CNS [188], whereas while IL-1R3 expression is highest in microglia, it is still 

moderately expressed in neurons and oligodendrocytes [188]. In addition to a decoy 

receptor, IL-1β has an inhibitor called interleukin 1 receptor antagonist (IL-RA) which 

binds IL-1R and blocks IL-1β without signaling through the receptor (reviewed in [198]). 
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Like the IL-1 decoy receptor, IL-1RA is highly expressed in microglia; however, IL-1RA 

is also moderately expressed in neurons and oligodendrocytes, with low levels of 

expression in astrocytes and cerebrovascular endothelial cells [188]. 

IL-18 is also a member of the IL-1 family, though less is known about its 

expression and function in the developing mammalian brain. IL-18, like the other three 

cytokines, is predominantly produced by microglia [188]. Interestingly, IL-18 is also 

expressed at low levels in oligodendrocytes [188]. IL-18 is translated initially as pro-IL-

18, like IL-1β, and similarly must be cleaved and activated by either proteinase-3 or 

caspase-1 [194]. IL-18 also has an endogenous inhibitor, IL-18 binding protein (IL-

18BP), which is a soluble, secreted decoy receptor for IL-18 [199], and which is 

primarily expressed by microglia in the human brain [188]. The mRNA for IL-1 receptor 

family member, IL-18R, is primarily expressed in the brain endothelial cells, though it is 

also expressed at low levels in microglia [188]. In light of the expression of IL-18R on 

endothelial cell membranes, it is notable that IL-18 signaling may decrease blood-brain 

barrier permeability by inducing an increase in dystrophin [200].  

The IL-6 receptor has two subunits, IL-6R and IL-6 signal transducer (IL-6ST, 

also known as gp130). IL-6ST is non-specific to IL-6 signaling, in that it is a subunit 

component for additional receptors and ligands of the IL-6 cytokine family [201, 202]. 

IL-6R and IL-6ST are not always co-expressed by the same cell [201, 202], and IL-6 

cannot directly activate IL-6ST. In the human brain, IL-6R is primarily expressed on 

microglia and weakly expressed on other neural cells, including astrocytes, neurons, and 

brain endothelial cells [188]. However, IL-6R can also be cleaved to become soluble 

[201, 202] and soluble IL-6R (sIL-6R) can bind IL-6. Together, the IL6-sIL-6R complex 
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can activate an unaccompanied IL-6ST molecule at a cell surface, a process known as 

‘trans’ signaling [201, 202]. ‘Cis’ signaling, on the other hand, occurs when IL-6R and 

IL-6ST on the same cell membrane cooperate to bind IL-6 [201, 202]. This vastly 

increases signaling possibilities, as IL-6ST mRNA is strongly expressed in most cell 

types in the human brain [188]. Notably, soluble versus transmembrane IL-6R binding 

can determine the downstream effects of IL-6 signaling [202]. This allows IL-6 signaling 

to serve multiple purposes in the brain. 

Similar to IL-6, TNF-α has the potential to serve multiple purposes in the brain. 

TNF-α is almost exclusively expressed by microglia when under physiological conditions 

in the human brain, with very few RNA-seq reads originating from other neural cells 

[188, 192]. In this case, rather than two cooperating subunits, TNF-α has two receptors: 

TNFAR1, mediating inflammatory activity, and TNFAR2, mediating homeostatic effects 

[203]. Soluble TNF-α [203] can be released from the cell membrane via cleavage, but is 

also capable of signaling prior to cleavage. TNFAR1 is thought to bind both soluble and 

membrane-bound TNF-α, while TNFAR2 binding seems limited to membrane-bound 

TNF-α [203]. TNFAR1 in the human brain is expressed at high levels in astrocytes, 

microglia and cerebrovascular endothelial cells, with lower expression in 

oligodendrocytes and low expression in neurons [188]. In contrast, human brain TNFAR2 

is primarily restricted to microglia, with low expression in brain endothelial cells and 

minimal expression in neurons, astrocytes, and oligodendrocytes [188]. This may mean 

that a significant amount of TNF-α-based signaling in microglia may be self-stimulating, 

perhaps as a protective mechanism, given that TNFAR2 in the brain is typically 

associated with neuroprotective activities [204, 205], including remyelination [206]. The 
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different expression levels reported under normal conditions suggest that TNFAR1 is 

more likely to participate in routine signaling processes; however, by assessing the 

expression levels of both genes during different stages of development, it will be possible 

to identify time periods in which TNFAR2 signaling may be prominent. 

If increased cytokine levels following maternal immune activation results in 

atypical development, is it possible that cytokines have typical developmental roles in the 

healthy human brain? Results from knockout models and cell and tissue culture all 

suggest the answer to this question is ‘yes.’ Experiments support the theory that a number 

of cytokines are associated with normal CNS development, including IL-1β, IL-6, TNF-

α, IL-18, CNTF, LIF, CT-1, CX3CL1, CCL2, and TGF-β [207]. In particular, IL-1β, IL-

6, and TNF-α, which are strongly increased with maternal immune activation in both 

mother and fetus, can influence pre-natal development at lower levels of concentration. 

Some of the processes regulated by these cytokines in pre-natal development are also 

impacted by inflammation during development. For instance, myelination is reportedly 

reduced or disorganized by inflammation [75, 76], whereas IL-1β and IL-6 actually 

induce myelin formation in cultured cells [119, 120]. Finally, inflammation alters GABA 

neurotransmitter function [77] in adult mice, including decreasing GABAA receptor α3 

and α5 subunit mRNA. Interestingly, IL-6 and TNF-α can reduce GABA receptor 

expression at the synapse by inducing endocytosis in the postsynaptic neuron [208, 209]. 

Thus, some of the developmental processes disrupted by inflammation are indeed related 

to molecular targets known to be changed during typical neurodevelopment. However, it 

is not known how cortical cytokine expression may change coordinately or discordantly 

across postnatal human life. Therefore, baseline cytokine expression in the human brain 
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will be characterized, and it will be determined whether the levels of brain cytokines 

change during postnatal life in the absence of a known inflammatory trigger.  

 

Potential Involvement of Immune Factors in Post-natal Cortical 
Development 

  
At the earliest stages of development, the cells that will one day become 

astrocytes exist as strongly vimentin positive, are referred to as ‘radial glial cells,’ and 

can be considered distinct from astrocytes (which are more stellate-shaped in the CNS). 

Radial glial cells span the neurogenic zone and assist cortical formation by providing 

scaffolding for migrating cortical neurons [210, 211]. In humans, cortical neurogenesis 

from the dorsal ventricular zone, and the accompanying radial glia-mediated migration, 

begins at 8 weeks [212, 213]. During this period in rodents, multiple developmental 

immune factors, including the anaphylatoxin C3a and IL-1β, are produced in the 

developing gray matter to help direct radial neuronal migration [159, 214], though the 

specific cell type producing C3a and IL-1β is unknown. Neurogenesis, and subsequent 

migration of newborn neurons, persists at least until 4.5 months gestation in humans, 

after which robust gliogenesis begins [212, 213].  

When the transition to gliogenesis from neurogenesis begins around 4.5 months in 

humans, IL-6 is being produced by GFAP mRNA-positive cells [215]. These cells are 

most likely radial glial cells or astrocyte precursors, since mature, GFAP protein-positive, 

ramified astrocytes have not yet matured this early in brain development [216], whereas 

GFAP mRNA can be detected in radial glial cells during this period [216, 217]. 

Experiments in cell culture show that endogenous microglial IL-6 production may induce 
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neurogenesis and astrogliogenesis from neural progenitor cells [202, 218]. The IL-6 fate 

switch from inducing neuronal differentiation to inducing glial differentiation is regulated 

by cis versus trans signaling of IL-6R and IL-6ST [202], both of which may be 

differentially regulated for this purpose. IL-6 family members leukemia inhibitory factor 

(LIF), ciliary neurotrophic factor (CNTF), and cardiotrophin-1 (CT-1) [219] have all 

been similarly implicated in neuronal and glial fate switching via the IL-6ST receptor 

(reviewed in [220]). Interestingly, the transition from neurogenesis to gliogenesis seems 

to be regulated in part by a feedback loop, wherein newborn murine neurons expressing 

CT-1 gradually increase the concentration of CT-1 until there is enough CT-1 to trigger 

the onset of gliogenesis [219]. 

Following neurogenesis and migration, newborn neurons of the cortex must 

mature and develop connections. Multiple lines of inquiry have found a connection 

between the expression of CC motif chemokine ligand 2 (CCL2) and neuronal 

maturation. Based on spatial and temporal patterns of protein expression, CCL2 was 

predicted to mediate neuronal maturation in the human cerebellum, inferior olivary 

nucleus, and the dentate nucleus as early as 1998 [221]. Subsequently, work in rodents 

has shown that CCL2 promotes neuritogenesis in cultured rat midbrain neurons [222]. As 

neuritogenesis progresses to synaptogenesis, cytokines become involved once more in 

directing the new synapse, as both murine and human TGF-β induces synaptogenesis in 

cultured cortical neurons [128]. Similarly, cytokine IL-10 was able to induce 

synaptogenesis in cultured rat hippocampal neurons [223]. This effect can be inhibited 

with IL-1β [223]. The process of neuron maturation extends into post-natal development, 

particularly for inhibitory interneurons from the ventral ventricular zone, which are still 
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migrating until at least 3 months after birth [224], and as late as ten years in humans 

[225].  

During the perinatal period in the CNS, most radial glial cells retract their 

processes from the pial surface and develop into mature astrocytes [216, 226]. Unlike 

pre-natal neuron migration, newborn neurons during this period do not migrate to the 

cortex by following radial glial processes. Instead, post-natally born neurons commonly 

migrate via tangential migration [224, 225]. It is not known whether C3a or IL-1β also 

direct inhibitory interneurons during migration; however, it is worth noting that IL-1β 

mRNA expression is low at birth relative to the end of the first post-natal month (P21-

P28) in mice [103]. C3 mRNA is highly expressed at this stage in mice; however, that 

expression is in conjunction with multiple up-regulated phagocytic markers [103], 

suggesting the role of C3 during this period is more likely related to the phagocytosis 

signaling functions of C3b in synaptic pruning than the cell motility signaling functions 

of C3a. There are multiple developmental processes co-occurring during postnatal 

interneuron migration, two of which (developmentally programmed cell death and 

synaptic pruning) are associated with microglial phagocytosis [103, 130, 174, 227, 228]. 

Other co-occurring processes at this time would include neuronal maturation, 

synaptogenesis, and oligodendrocyte maturation [229]. 

Of all the postnatal developmental processes, myelination via oligodendrocytes is 

the most protracted, persisting at varying rates into the third decade of life [13, 104, 105]. 

During perinatal development in mice, fractalkine (CX3CL1) produced by interneurons is 

necessary for oligodendrogenesis and is proposed to promote oligodendrocyte 

differentiation/maturation postnatally [230]. TNF-α is known to support proliferation of 
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oligodendrocyte precursors though TNFR2 [118] following demyelination. This is in line 

with TNFR2’s role promoting homeostatic/anti-inflammatory effects [203]. IL-1β and IL-

6 in turn can induce oligodendrocyte differentiation from precursors [119, 120]. 

Oligodendrocyte precursors persist in the cortex throughout post-natal life and are 

estimated to replace about 1 in 300 mature oligodendrocytes over the course of a year [8]. 

Given the ongoing oligodendrocyte progenitor proliferation to replace dying and 

damaged oligodendrocytes in adulthood, TNF-α, IL-1β, and IL-6 could continue to 

moderate oligodendrocyte precursor proliferation and oligodendrocyte differentiation at 

low levels throughout adulthood, which may mean these cytokines will continue to be 

expressed at low levels. This possibility will be explored in Chapter 4. 

Finally, microglial phagocytosis is associated with two primarily post-natal 

developmental processes: one, the developmental death of excess neurons [103]; and two, 

the elimination of neuronal synapses by synaptic pruning [130, 174, 227, 228]. In 

particular, the classical complement pathway is associated with the process of microglial 

synaptic pruning [174]. During CNS development, astrocytes induce retinal ganglion cell 

expression of C1q [130, 131]. This leads to complement-mediated synaptic pruning, 

wherein synapses (rather than pathogens) are targeted for phagocytosis via opsonization 

with C1q and subsequently C3b [130]. C3b is detected by microglial complement 

receptor CR3, which triggers phagocytosis of presynaptic terminals by microglia [174]. 

The pruning process in development is activity-dependent, meaning that in the absence of 

neuronal signaling, pruning of inactive synapses increases [130, 174]. The full signaling 

process linking neuronal activity to complement opsonization during complement-

mediated synaptic pruning is still unclear; however, synaptic phosphatidylserine and 
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neuronal pentraxins seem to be mediators in this process [231, 232]. Two additional 

immune factor mechanisms targeting microglia to synapses for pruning have also 

recently been confirmed to mediate synaptic pruning: neuronally expressed fractalkine 

and its receptor in the murine hippocampus and barrel cortex, both in development [227, 

233] and following sensory loss [234]; and neuronally expressed major histocompatibility 

complex class I (MHCI), in the developing murine retinogeniculate nucleus [235, 236]. 

The specific pathway utilized during synaptic pruning may depend upon time period or 

region, a possibility which is supported by the absence of complement-mediated synaptic 

pruning observed by Gunner et al. in the murine hippocampus and barrel cortex following 

sensory loss [234]. Other pathways, like MHC I and complement in retinal ganglion cells, 

may eventually prove to be partially redundant with one another. 

Unexpected roles for immune signals during brain development have been 

identified in animal models and cell culture, but data is lacking with regards to an 

immune contribution in normal human brain development. This thesis will serve to 

address the following questions: Does expression of known developmental-immune 

signals and their receptors change across human cortical brain development? Do changes 

in developmental-immune signals relate to changes in glial cell populations during 

development? Are developmental-immune signals or glial cell marker changes associated 

with periods of known windows of vulnerability to manifesting developmental 

psychiatric disorders?  
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Figure 1.3 

 

Figure 1.3 Workflow chart. In short, a cohort was built with PMI, pH and sex 
matching to the extent possible. Portions of the dorsolateral prefrontal cortex were 
dissected out and used for RNA extraction and two types of protein extraction.  
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Thesis Aims and Hypotheses 

We aim to determine whether transcripts typically used to index glial cells and 
circulating blood cells vary according to age group in the human prefrontal cortex.  

1. We hypothesized that there will be a constant vascular density. The 
brain undergoes large volume changes early in life. We predicted that 
the vasculature would grow commensurate to brain growth in order to 
maintain metabolic access for neurons. 
 

2. We hypothesized that the level of astrocytes and microglia marker 
mRNA would increase during early post-natal development, as both 
astrocytes and microglia have been reported to proliferate and mature 
during this period. 
 

3. We hypothesized that the two astrocyte markers, GFAP and vimentin 
mRNA, would be inversely correlated across human development, as 
vimentin is a marker of immature astrocytes and GFAP is a marker of 
mature astrocytes. 

 
This study is designed to determine whether expression of complement, of cytokines 
or of both, increase during windows of increased vulnerability to manifesting 
neurodevelopmental psychiatric diseases.  

1. We hypothesized that complement C4 mRNA and protein, which are 
associated with schizophrenia pathogenesis and synaptic pruning, 
would increase during adolescence. 
 

2. We hypothesized that complement C3 mRNA and protein, which are 
associated with synaptic pruning, would increase during adolescent 
synaptic pruning. 
 

3. We hypothesized that synthesis of complement inhibitors (“don’t eat 
me signals”) would be highest before and after synaptic pruning, when 
synapses are growing or are stabilized (prior to or just after 
adolescence). 
 

4. We hypothesized that mRNA markers of either activated astrocytes or 
phagocytic microglia would increase during human adolescence, as 
both glial types have been associated with synaptic pruning, and 
synaptic pruning is expected to occur during adolescence. 
 

5. We hypothesized that IL-6 and IL-1β protein and mRNA play a role 
in astrocyte and oligodendrocyte maturation, and that they would 
therefore increase in parallel with markers of mature astrocytes and 
oligodendrocytes (GFAP and MBP, respectively), then decrease when 
GFAP and MBP expression stabilize and maturation is complete. 
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6. We hypothesized that, as TNF-α induces oligodendrocyte progenitor 

proliferation, TNF-α mRNA and protein would be highest in neonates, 
while oligodendrocyte progenitors are finishing proliferation, and that 
TNF-α mRNA would subsequently decline. 
 

7. We hypothesized that IL-18, due to its similarity with IL-1β, would 
increase in parallel to IL-1β increases. 

 
We aim to determine whether changes in key factors of pro-inflammatory immune 
signaling in the periphery, complement and cytokines, change concomitantly or 
change distinctly across postnatal human cortical development. 

1. We hypothesized that IL1β protein would be positively correlated 
with C3 mRNA in the brain, as IL-1β can induce C3 expression in 
other tissues, including human intestinal epithelial cells.  
 

2. We hypothesized that C3 protein would be correlated with TNF-α, IL-
6, and IL-1β mRNAs in the brain, as C3 can both up-regulate and 
down-regulate these cytokines in peripheral mononuclear blood cells. 
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CHAPTER 2: POSTNATAL DYNAMICS OF NON-
NEURONAL CELL CONTRIBUTION TO THE 

HUMAN DLPFC TRANSCRIPTOME 
 

  



 

51 
 

Rachel Sager produced the analyses of Fluidigm high-throughput qPCR data and 
microarray data. Rachel Sager performed immunohistochemistry, imaging and analysis 
of all immunohistochemistry data. 

Introduction 

Psychiatric brain diseases often manifest during distinct developmental windows, 

with toddlerhood and adolescence considered typical times of onset for autism and 

schizophrenia, respectively [17, 18, 25]. Human brain development is a protracted 

process which is thought to stretch across the span of roughly two to three decades [7] 

and includes late maturation of the prefrontal cortex. As possible developmental 

antecedents of psychiatric disease occur prior to the time of symptom onset, it is difficult 

to study developmental events leading up to the disease presentation in affected 

individuals. While it is possible to induce some symptoms of psychiatric disorder in 

rodents and observe biological correlates of these symptoms, the prefrontal cortex is 

simply not well differentiated in non-primate mammals, nor is it functionally equivalent 

to human PFC in rodents [237]. Furthermore, the protracted development of the complex 

behavioral processes involved in psychiatric disorders is not well reflected in 

experimental animals [238]. This makes animal studies difficult to translate to humans. 

Thus, another approach is to study normal human brain development to gain valuable 

insight into the salient molecular changes occurring during periods of increased risk of 

psychiatric disorders. This would also allow a comparative understanding of unique and 

shared molecular and cellular changes that occur during development across species. 

Molecular changes in developmental immune factors are of particular interest in 

neurodevelopmental psychiatric disorders due to the association of prenatal and early-life 

infections with increased risk for psychiatric disorders. Developmental immune factor 



 

52 
 

function in cell culture and animal models have established that immune factor signaling 

pathways are capable of playing roles in both the pre- and post-natal brain [159, 239] 

[130, 131, 157, 158, 174, 239-243]. However, to assess the relevance of animal data to 

human function, we first need to characterize patterns of immune-related gene expression 

in the normal developing human brain. 

Given that immune-related transcripts could emanate from neural cells 

(particularly glia) or from the blood cells, changes in immune transcripts relating to age 

need to be understood in the context of more general changes in microglia, 

oligodendrocytes, astrocytes, and brain vascularization. It was necessary to begin this 

process by characterizing changes in gene expression during development for the cells in 

the human brain known to make major contributions to classical immune signaling. 

Expression changes in well-established cell markers were used as a proxy for 

developmental changes in the non-neuronal cell populations. In addition to circulating 

immune cells, glial cells and vascular endothelial cells are dominant producers of 

immune signals during inflammation, particularly in cases of neurodegenerative disease 

or brain injury where inflammation is initiated within the parenchyma [244-248]. 

However, under healthy conditions, these signals are also expressed by these same cells, 

albeit at very low levels, suggesting these signals may have functions beyond immune 

activation. By estimating the baseline contributions of glial, vascular, and circulating 

immune cells to the overall total brain homogenate, the extent to which non-neuronal cell 

populations may change can be assessed, and the extent to which their maturational 

profiles may correlate with the expression of immune-related transcripts of interest. It can 
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then be established how the overall contributions of non-neuronal cell populations to the 

transcriptome change at different stages of development. 

Under normal conditions in the post-natal brain, microglia act as the resident 

macrophages of the brain, phagocytosing and digesting debris from dying cells. In 

particular, it is well-established that microglia in the post-natal brain mediate synaptic 

pruning [174, 227, 228, 249, 250], though details of the mechanism, or mechanisms, 

remain unclear. These mechanisms rely upon the phagocytic capabilities of microglia to 

digest synapses [174, 227, 228]. Thus, CD68, the transcript for a lysosomal receptor 

implicated in phagocytic activity [251, 252], was chosen as a marker for microglial 

synaptic pruning during postnatal brain development. While the role of CD68 in synaptic 

pruning has not been directly investigated, CD68 protein+ cell numbers increase when 

phagocytosis is active during inflammation [251, 252]. Additionally, for a constitutive 

marker of microglial identity AIF1 mRNA was chosen, as it encodes a structural protein 

expressed in microglia and microglia-like infiltrating macrophages in the CNS [252-255]. 

It was hypothesized that CD68 transcript would increase concurrent with its associated 

developmental role in microglial phagocytosis, and thus, that CD68 mRNA would 

increase during adolescent synaptic pruning [7, 228, 256].  

While microglia arrive in the brain very early during embryonic development, the 

microglial population is reported to expand further during the first 1-2 postnatal weeks in 

mice [257]. The microglial cell population size is stable after this initial period of 

proliferation [258, 259]. However, it is not known whether there is a similar period of 

proliferation in humans. It was therefore hypothesized that the constitutive microglial 

marker AIF1 mRNA would increase in early postnatal development, during a period of 
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microglial proliferation. Because microglia serve a major developmental role in the 

postnatal brain, large fluctuations in population during postnatal development would 

likely contribute substantially to the transcriptome. Therefore, analysis of microglial 

transcripts will be valuable in determining whether the contribution of the microglia 

population of the cortex is indeed variable across different stages of development. 

Oligodendrocyte precursor cells (OPCs) originate from multiple regions of the 

ventricular zone depending on the period of embryonic development, but only the OPCs 

from the lateral and caudal ganglionic eminences persist during postnatal life [260]. At 

birth, the oligodendrocyte population is immature and composed primarily of 

undifferentiated OPCs. OPC numbers rapidly decline after birth and plateau around age 

5. Concurrently, mature oligodendrocyte numbers rapidly increase, peak, and plateau 

around age 5 [8]. Oligodendrocytes mature primarily during post-natal development, 

meaning the characteristics of this cell population are more likely to fluctuate during 

these ages of interest.  

Oligodendrocytes are critical to myelination, one of the most well-characterized 

post-natal developmental processes in the human brain. Interestingly, despite their 

association with myelination, oligodendrocytes also reportedly produce immune 

signaling molecules. Under certain conditions in vitro or in vivo, oligodendrocytes 

reportedly can express the following: in mice, IL-1β mRNA [261]; in humans, IL-18 

protein [262]; in humans, IL-6 protein [263]; and both mRNA and protein for the full 

classical complement pathway, in humans [264]. Additionally, they can produce 

complement inhibitors CD55 (protein and mRNA) [265, 266], CD59 (protein and 

mRNA) [266], and CD46 (protein and mRNA) [265] in humans. As with microglia, the 
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role of immune signals produced by oligodendrocytes is not necessarily restricted to 

triggering an inflammatory response. For instance, in vitro treatment of oligodendrocyte 

precursor cells with IL-1β indicates that the effects of IL-1β are not inherently harmful to 

OPCs, as IL-1β serves to increase OPC mobility in mice [261]. Expression of IL-1β 

protein is induced by inflammatory demyelination from cuprizone treatment in mice 

[267], but is in fact necessary for normal remyelination [267]. However, the role of IL-1β 

in recovering from pathological demyelination may not necessarily translate to a role in 

normal myelination. Myelin basic protein, or MBP, mRNA was selected as a marker of 

myelination to chart oligodendrocyte development in my cohort [268-270]. It was 

expected that MBP mRNA would increase through neonates to adolescence concurrent 

with myelination, as previously described [8, 13, 104, 105]. Oligodendrocyte 

transcription factor 2 (OLIG2) was additionally selected as a constitutive marker for 

oligodendrocytes and oligodendrocyte precursors [271]. OLIG2, as the full name would 

suggest, functions as a transcription factor specific to the oligodendrocyte lineage, and is 

essential for differentiation from neural precursor cell to oligodendrocyte precursor cell 

[272]. It was hypothesized that OLIG2 mRNA would increase during early (2 months to 

5 years) postnatal development, as the greatest rate of myelination in humans reportedly 

occurs between birth and 5 years [8].  

Astrocytes, like oligodendrocytes, are produced in the brain via two paths. During 

late prenatal and early postnatal development, astrocytes originating in the cortical 

ventricular zone transition from vimentin+ radial glia to glial fibrillary acidic protein 

(GFAP)+ mature astrocytes in humans and rodents [216, 226, 273, 274]. Astrocytes can 

and do produce multiple immune signaling molecules under the right circumstances – 



 

56 
 

including rodent TNF-α [275, 276] and rodent and human IL-6 [277, 278]. Furthermore, 

as with oligodendrocytes and microglia, it is not unprecedented for astrocyte-derived 

immune signaling molecules to be involved in normal developmental processes. 

Astrocytic TGF-β has been associated with both synaptogenesis [127, 128] and the 

induction of synaptic pruning [130, 131]. The transcript encoding the cytoskeletal protein 

vimentin was chosen as a marker for radial glial cells and immature astrocytes [226]. As 

vimentin is known to decrease in radial glial cells/immature astrocytes midway through 

the second trimester in humans [216], presumably as radial glia retract their processes 

and begin to resemble astrocytes [226], it was hypothesized that vimentin mRNA, as a 

marker of immature astrocytes, would decline during postnatal life. As an additional 

marker, GFAP was chosen. GFAP mRNA, in contrast to vimentin, is associated with 

mature astrocytes and thus begins to appear during late second trimester fetal 

development [216, 279], and it is widely expressed in cortex by birth in humans [216, 

280]. It was hypothesized that GFAP would increase during early (2 months to 5 years) 

postnatal development due to the continued proliferation and maturation of astrocytes. In 

addition, it was hypothesized that GFAP and vimentin would be inversely related – which 

is to say, that there would be an inverse correlation between GFAP mRNA and vimentin 

mRNA as GFAP mRNA would be expected to increase and vimentin mRNA to decrease 

as astrocytes mature. As known contributors of immune signals in the brain, astrocytes 

are likely suspects in the production of developmental immune signals. 

The lack of perfusion prior to death is a technical challenge particular to post-

mortem work, and is particularly relevant to these studies, as the circulation may 

contribute additional transcripts and proteins to the analysis that could confound the 
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interpretation of normal developmental changes occurring within the brain parenchyma. 

One way in which the vasculature may confound the overall total RNA extracted from 

brain tissue would be to through volume changes over postnatal life. To test the 

contribution of the vasculature to the homogenate, the proportion of brain vascularization 

per unit brain tissue was measured in developing human cortex. Two approaches were 

used to quantify whether vascular volume changed across development. First, existing 

microarray data was used to quantify select blood cell transcripts and determine whether 

the level of circulating-blood-cell-specific mRNAs were changed across development. 

Transcripts for hemoglobin α1 and hemoglobin α2 served as a proxy for contribution by 

circulating blood cells to the total mRNA. Both hemoglobin α1 and α2 mRNAs are 

unusually stable post-transcription in humans [281], allowing them to produce 

hemoglobin protein after enucleation. In whole blood RNA sequencing, hemoglobin α 

and β contribute to approximately 60% of transcript species unless protocols for 

hemoglobin transcript depletion are used [282]. Thus, hemoglobin transcript levels are 

likely to relate closely to blood vessel volume. 

CD163 mRNA, a marker of monocytes/macrophages [283, 284], was also 

measured as a marker for white blood cells. This was correlated with the microglial 

marker AIF1 mRNA to determine whether microglia, as tissue-resident macrophages, 

may relate to CD163 mRNA expression [284-286]. Finally, collagen IV mRNA and 

protein levels, were measured as markers of the basement membrane that supports 

cerebral endothelial cells. In this approach, transcript data was combined with more 

anatomical approaches to determine whether the surface area and volume occupied by 

blood vessels changed across postnatal development. It was hypothesized that blood 
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vessel volume and area would remain stable across development, as prior research 

suggests that the metabolic demands of neurons enforce a maximum distance between the 

extrinsic and intrinsic microvascular compartments of the cortex [287]. The estimation of 

blood volume transcripts and vascular area measurements combined may allow for a 

degree of estimation of age-related changes in total vascular area. 

Immune signaling molecules are increasingly acknowledged as playing significant 

roles in brain development, ranging from events as early as neuronal migration to events 

as late as myelination and synaptic pruning. Here, RT-PCR was used to quantify the 

expression of vascular and glial cell markers and evaluate changes in vascular and glial 

cell contribution to the brain transcriptome across human development. In later chapters, 

the potential correlations of different glial cell populations with the expression of my 

immune-related transcripts of interest will be assessed. 

 

Methods 

Subjects 

Molecular analysis tissue was dissected from 65 human brains and grouped into 7 

total age groups. The human brains were donated after death following informed consent 

and ethical guidelines (Maryland Brain Bank, https://www.stanleyresearch.org/brain-

research/). In consultation with a pediatrician, samples were assigned to developmental 

groups roughly corresponding with stages of sensory and cognitive development, i.e., 

visual acuity and grasping (Neonates: birth-3 months); sitting upright and environmental 

engagement (Infants: around 6 months of age); an extended sensorimotor stage (up to 1 

year); preoperational, preconceptual rapid language development (Toddlers: 2-4 years); 
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concrete operations (School Age: 5-12 years); formal operations, reproductive 



 

60 
 

 



 

61 
 

competence and heightened peer interactions (Teenager: 14-18 years); social 

independence and early maturity (Young Adult: 18-25 years); and peak vocational 

capability (Adult, 25-50) (Figure 2.1). Samples were restricted to age 25 and under for 

most studies in this thesis in order to focus on developmental processes, rather than 

aging, [288] – keeping in mind that the time at which “aging” begins remains an area of 

debate [289-292].  

 
RNA Extraction 

Total RNA was extracted from 30-100 mg of frozen DLPFC tissue using the 

Trizol (Cat# 15596026, Invitrogen, Thermo Scientific, Waltham, MA, USA) reagent 

method. Ten mL Trizol reagent was used per 260-760 mg tissue. Frozen tissue was 

homogenized on wet ice using a tissue homogenizer (Model PT10/35, Brinkmann 

Instruments). Chloroform was used to dissociate nucleoprotein complexes, then soluble 

RNA was removed from each sample. RNA was precipitated using isopropyl alcohol and 

re-suspended in diethyl-pyrocarbonate-treated water to protect against degradation by 

RNAse [293]. Yield and purity of the extracted RNA was determined via 

spectrophotometer analysis. Following extraction, the RNA integrity number (RIN) was 

determined for each sample using the Agilent Bioanalyzer 2100 (Agilent Technologies, 

Santa Clara, CA, USA). All samples had 260/280 ratios >1.70 and RIN values <6. RNA 

(1.5 μg) per sample was converted into cDNA using Superscript IV First Strand 

Synthesis Kit (Cat # 18091200, Thermo Scientific, Waltham, MA, USA) as previously 

described [294]. 

Figure 2.1 Age group categories. Age groups ran from 2 months to 25 years. 
Each age group roughly represents a stage of postnatal development.  
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Microarray 

Microarray experiments were conducted previously [14] on a subset of 45 

samples, with representatives from all age groups. These results were used to guide 

Fluidigm high-throughput quantitative reverse-transcription polymerase chain reaction 

(qRT-PCR) and as controls for analysis of vascularization in the DLPFC. RNA was 

processed through the Affymetrix preparation protocol [www.affymetrix.com] and 

hybridized to HG-U133 version 2.0+ (GeneChips, Affymetrix CA, USA). While this data 

is over a decade old, the HG-U133A 2.0+ GeneChip is still the current model. Microarray 

is highly efficient in that chips like the U133A can query as many as 14,500 genes, 

including multiple transcript variants.  

Microarray analysis was composed of a slightly different subset of samples from 

the Fluidigm qRT-PCR analysis, as some samples were added and others removed for use 

in the qRT-PCR group. Detailed sample demographics for microarray analysis are 

presented in Table 2.1. Hybridized arrays were subjected to rigorous quality control 

including analysis of 5’ 3’ ratios (included range 0.40–0.79), percent present (included 

range 37–47%), average pair-wise correlation analysis and principle component analysis. 

Affymetrix Microarray Suite (MAS 5.0, Affymetrix, Thermo Fisher, Waltham, MA, 

USA) was used for image processing and data acquisition. The Bioconductor software 

package was used to compute normalized expression values from the Affymetrix .cel 

files. Data were pulled for myelin basic protein (probe #209072_at), collagen IV α1 chain 

(probe #211980_at), collagen IV α2 chain (probe #211964), hemoglobin α1 subunit 

http://www.affymetrix.com/
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(probe #214414_x_at), hemoglobin α2 subunit (probe #211745_at), and hemoglobin β 

subunit (probe #211696_at) transcripts.   
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Table 2.1 

Samples, 
demographics and 
tissue quality 
factors      

Age 
Group  Age (year) RIN pH 

PMI 
(hours) Sex   

Neonate 0.11 8.2 6.47 27 M Asphyxia 
0.15 8.8 6.63 17 M SIDS 

0.15 8.1 6.86 11 M 
Congenital heart 
defect 

0.17 7.9 6.52 27 F Pneumonia 
0.19 8 6.5 25 M Asphyxia 
0.21 8.3 6.6 28 M SIDS 
0.24 8 6.65 24 F Positional asphyxia 

Average 0.174 8.19 6.60 22.7 5M/2F   
Std Dev 0.043 0.30 0.13 6.34     

Infant 0.25 8.9 6.54 14 F SIDS 
0.32 7.5 6.36 19 M Asphyxia/suffocation 
0.33 8.1 6.54 22 M Bronchopneumonia 
0.35 7.7 6.66 27 M Myocarditis 
0.38 7.1 6.54 9 M SIDS 
0.39 7.7 6.81 5 M Asthma 
0.52 7.2 6.82 22 F SIDS 
0.54 7.7 6.71 24 M Accident/asphyxia 
0.91 8.2 6.87 18 F SUD 

Average 0.44 7.79 6.65 17.8 6M/3F   
Std Dev 0.20 0.55 0.17 7.21     

Toddler 1.58 7.6 6.9 24 F Myocarditis 
2.19 7.5 6.64 27 M Asthma 
2.21 8.3 6.89 11 F Meningitis 
2.45 7.2 6.74 22 F No anatomical cause 
2.71 7.4 6.47 44 F Drowning 
4.64 7.4 6.92 18 M Accident 
4.86 7.9 6.74 19 M Drowning 

Average 2.95 7.61 6.76 23.6 3M/3F   
Std Dev 1.28 0.37 0.16 10.3     
Schoolag 5.39 8.1 6.74 17 M Drowning 

8 7.5 6.78 20 M Asphyxia 
8 7.5 6.76 5 F Cardiac arrhythmia 

11.54 7.3 6.44 12 F Asthma 
12.42 7.8 6.82 16 M Drowning 
12.97 7.4 6.85 18 F Accident 

Average 9.72 7.6 6.73 14.7 3M/3F   
Std Dev 3.03 0.30 0.15 5.43     
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Teenager 15 7.8 6.76 13 M Accident 
16.68 7.1 6.81 16 F Multiple injuries 
17.05 8.4 6.69 25 M Drowning 
17.38 7.9 6.84 19 M Accident 
17.69 7.3 6.83 16 M Accident 
17.82 7.9 6.8 12 M Accident/asphyxia 

Average 16.94 7.73 6.79 16.8 5M/1F   
Std Dev 1.037 0.47 0.06 4.71     
Young Ad 20.14 7.2 6.5 18 M Accident 

21.93 7 6.96 13 M MVA 
22.51 7.9 6.75 12 M MVA 
22.92 8.1 6.84 4 M ASCVD 
23.62 7.6 6.57 14 F Asthma 
24.93 8.4 6.92 7 M MVA 
25.38 7.7 6.73 16 F Accident 

Average 23.06 7.7 6.75 12 5M/2Ff   
Std Dev 1.794 0.49 0.17 4.93     

 

High-throughput reverse transcription quantitative PCR 

Given that microarray analysis is unreliable in low expression transcripts, we 

elected to focus on quantitative RT-PCR for the analysis of our transcripts [83, 84], 

particularly because our existing microarray data in this cohort [80] indicated gene 

expression was quite low for our immune factors of interest. The use of qRT-PCR will 

increase the sensitivity of the analysis presented in this thesis, enabling more accurate 

detection of lower quantities of mRNA. This is necessary for detecting the 

physiologically low levels associated with immune factor expression in a healthy brain. 

However, the homogenate-based approach used here will not be able to distinguish cell-

type-specific expression in immune factors. 

Table 2.1. es used for microarray analysis.  
Sudden infant death syndrome (SIDS), sudden unexplained death (SUD), motor 
vehicle accident (MVA), atherosclerotic cardiovascular disease (ASCVD). 
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Samples used for high-throughput qPCR analysis were carefully matched for the 

demographic variables of post-mortem interval (PMI), pH, and RNA integrity number 

(RIN) (Table 2.1) All 6 transcripts passed quality control analysis: CD68, CD163, VIM, 

GFAP, AIF1, and OLIG2. Expression was normalized to the geometric mean (geomean) 

of four housekeepers: glucuronidase beta (GUSB), hydroxymethylbilane synthase 

(HMBS), TATA box binding protein (TBP) and ubiquitin-C (UBC) mRNAs, with no 

differences found in the transcripts or geomean across age groups (see Appendix Part 1, 

Figure 2 page #242). Due to expense and intra-assay reliability, samples were run as 

singlets. 

Table 2.2 Full cohort demographics and tissue quality factors  
  Age RIN pH PMI Sex Cause of death 
Neonate 0.11 8.2 6.47 27 m Asphyxia 

0.15 8.8 6.63 17 m SIDS 

0.15 8.1 6.86 11 m 
Congenital heart 
defect 

0.17 7.9 6.52 27 f Pneumonia 
0.18 7.5 6.48 19 f Asphyxia 
0.19 8 6.5 25 m Asphyxia 
0.19 5.4 6.36 21 f SIDS 
0.2 4.6 6.12 24 f SIDS 

0.21 8.3 6.6 28 m SIDS 
0.24 8 6.65 24 f Positional asphyxia 

Average 0.18 7.48 6.52 22.3 5m/5f   
Std Dev 0.04 1.36 0.20 5.36    

Infant 0.25 8.9 6.54 14 f SIDS 
0.32 7.5 6.36 19 m Asphyxia/suffocation 
0.33 8.1 6.54 22 m Bronchopneumonia 
0.35 7.7 6.66 27 m Myocarditis 
0.38 7.1 6.54 9 m SIDS 
0.39 7.7 6.81 5 m Asthma 
0.48 6.9 6.47 18 f SIDS 
0.52 7.2 6.82 22 f SIDS 
0.54 7.7 6.71 24 m Accident/asphyxia 
0.67 6.7 6.58 21 f SIDS 
0.82 7.4 6.65 18 m Hypothermia 
0.91 7.4 6.38 10 f Bronchiolitis 
0.91 8.2 6.87 18 m SUD 
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Average 0.53 7.58 6.61 17.5 8m/5f   
Std Dev 0.23 0.59 0.16 6.36     

Toddler 1.58 7.6 6.9 24 f Myocarditis 
2 7.4 6.89 13 m Cardiac arrhythmia 

2.19 7.5 6.64 27 m Asthma 
2.45 7.2 6.74 22 f No anatomical cause 
2.47 6.2 6.45 20 f MVA 
2.71 7.4 6.47 44 f Drowning 
2.75 4.6 6.16 14 m SV stenosis 
4.64 7.4 6.92 18 m Accident 
4.86 7.9 6.74 19 m Drowning 

Average 2.85 7.02 6.66 22.3 5m/4f   
Std Dev 1.14 1.02 0.26 9.26     

School-
age 

5.39 8.1 6.74 17 m Drowning 
7.84 7 6.78 18 m Accident 

8 7.5 6.78 20 f Asphyxia 
8 7.5 6.76 5 m Cardiac arrhythmia 

8.92 6 6.41 12 f Cardiac arrhythmia 
11.54 7.3 6.44 12 f Asthma 
12.42 7.8 6.82 16 m Drowning 
12.97 7.4 6.85 18 f Accident 

Average 9.39 7.33 6.70 14.8 4m/4f   
Std Dev 2.65 0.63 0.17 4.86     
Teenager 15 7.8 6.76 13 m Accident 

16.34 6.1 6.6 7 f Multiple injuries 
16.68 7.1 6.81 16 f Multiple injuries 
17.05 8.4 6.69 25 m Drowning 
17.38 7.9 6.84 19 m Accident 
17.49 7.1 6.67 16 m Accident 
17.69 7.3 6.83 16 m Accident 
17.82 7.9 6.8 12 m Accident/asphyxia 

Average 16.9 7.45 6.75 15.5 6m/2f   
Std Dev 0.93 0.71 0.09 5.26     
Young Ad 20.14 7.2 6.5 18 m Accident 

21.93 7 6.96 13 m MVA 
21.97 5.8 6.25 7 m Obesity 
22.51 7.9 6.75 12 m MVA 
22.92 8.1 6.84 4 m ASCVD 
23.62 7.6 6.57 14 f Asthma 
24.93 8.4 6.92 7 m MVA 

25.1 8.1 6.54 32 f Pulmonary embolism 
25.38 7.7 6.73 16 f Accident 

Average 23.2 7.53 6.67 13.7 6m/3f   
Std Dev 1.75 0.79 0.23 8.26     
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Immunofluorescence 

Collagen IV mRNA expression levels from a previous microarray analysis 

in this cohort were investigated as a possible control to represent blood vessel 

volume. However, collagen IV expression levels were found to change significantly 

and unexpectedly, showing a rapid reduction from neonates and infants to toddlers. 

It was not possible to determine the source of this change in expression using 

homogenate only. Therefore, an immunohistochemistry-based analysis was 

performed. 

 Lipofuscin expression makes it difficult to distinguish between noise and 

real signal when using fluorescent immunohistochemistry. Unfortunately, while 

lipofuscin interference is likely to be minimal in our youngest age groups, it is 

effectively an age-based confounding factor for immunohistochemistry – which 

poses a serious problem when researching differences relating to age. While 

lipofuscin signal was minimized effectively by the use of Sudan black [295], the 

analysis of collagen IV expression was also made possible by the relatively high 

expression levels combined with distinctive morphology which could be used to 

distinguish real signal from noise.  

In order to achieve an ideal morphology for analysis, antibodies to blood vessel 

markers angiopoietin-1 receptor (TEK), platelet endothelial cell adhesion molecule 

Chapter 2 Table 1. Full cohort demographics and tissue quality factors 
Full cohort demographics and tissue quality, including adult samples. 
Sudden infant death syndrome (SIDS), sudden unexplained death (SUD), motor 
vehicle accident (MVA), atherosclerotic cardiovascular disease (ASCVD), 
hypertensive arteriosclerotic cardiovascular disease (HASCVD) 
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(PECAM1), endomucin (EMCN), and occludin (OCLN) were piloted in order to find a 

marker that was blood vessel-specific, with strong, continuous staining of blood vessels. 

Importantly, collagen IV immunolabeling showed intense labeling of structures 

consistent with the size and shape of blood vessels, with only weak, easily identifiable 

staining of the pial surface. There was no evidence of signal in astrocytes, microglia, 

oligodendrocytes, or neurons. Furthermore, based on morphology, collagen IV antibody 

appeared to stain blood vessels in a homogenous manner across the cortical layers, which 

was conducive to quantification. Immunofluorescence was used to mark and analyze 

collagen IV, blood vessel distribution, and collagen IV protein level, within all six layers 

of the cortical gray matter. Fresh frozen dorsolateral prefrontal cortex (DLPFC) sections 

were cryosectioned (14 μm) and mounted on gelatin-coated slides. After mounting, 

sections were stored at -80C until use. Slides were thawed at room temperature and fixed 

in 4% paraformaldehyde solution at 4C for 10 minutes, followed by three five-minute 

washes in 1X PBS. Slides were blocked at room temperature in 10% normal donkey 

serum (catalog #017-000-121, Jackson ImmunoResearch) followed by three five-minute 

washes in 1X PBS. Polyclonal collagen IV antibody (catalog# ab6586, Abcam) was 

applied to slides at a 1 μg/mL dilution in 1X PBS with 0.3% Triton X-100 (catalog# 

T8787, Sigma) and 0.05% bovine serum albumin (BSA, catalog #NC1321695, Sigma 

Aldrich) and incubated at 4C overnight. After three five-minute washes in 1X PBS, slides 

were incubated at room temperature for 60 minutes with 4 μg/mL donkey anti-rabbit 647-

conjugated secondary antibody (catalog# A-31573 ThermoFisher Scientific) in 1X PBS 

with antibody diluent (0.3% Triton X-100 and 0.05% bovine serum albumin). Following 

incubation, slides were washed again three times for five minutes each in 1X PBS. 4′,6-
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diamidino-2-phenylindole (DAPI) was applied to slides for 5 minutes at a 1:1000 dilution 

in antibody diluent. Slides were washed again three times for five minutes each. Slides 

were then incubated for 30 minutes in 0.1% Sudan black (catalog# ab146284, abcam) in 

70% ethanol (Warner Graham Company) followed by a final three washes for five 

minutes each. Slides were then covered with glass coverslips (catalog # 12 553 465, 

Fisher Scientific) using citifluor mounting medium (catalog# 50 302 34, Fisher 

Scientific). Negative control slides were included in the experiment by excluding primary 

antibodies and instead incubating the slides in 1X PBS with 0.3% Triton X-100 and 

0.05% bovine serum albumin overnight at 4C, with all other steps being identical to the 

experimental slides.  

 

Microscopy 

Images were taken with the 10X objective on a Zeiss Axioimager A2 microscope 

with Prior Scientific motorized filters, stage and focus; and an Andor Clara CCD 

Monochrome Camera (DR-328G-CO1-SIL). Collagen IV was imaged at 685 nm. 

Collagen IV immunofluorescence was analyzed by thresholding the images to a signal 

intensity between lower threshold 1111 and upper threshold 65535. To empirically 

determine the optimal threshold, I titrated the lower threshold of signal intensity using 

lower threshold values of 744, 800, 900, and 1111 on two images per sample for a 

randomly selected subset of 27 samples, before the ‘best fit’ threshold value was selected 

for each sample. ‘Best fit’ was determined by visual comparison of pixels selected by 

thresholding to the adjacent pixels not selected. The ‘best fit’ was the threshold value 

with the most accurate coverage of visual signal and minimal coverage of noise 
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(immunofluorescence not associated with obvious blood vessels). Once all 27 samples 

were assigned a ‘best fit’ threshold intensity, the modal threshold intensity was applied 

for all 27 samples. Using a subset of ten randomly assigned samples, 5, 10, 15, and 20 

images per sample were analyzed before concluding that 10 images, at 901.35 μm x 

673.42 μm per sample provided a reliable sampling scheme (that had reduced within 

sample variance while providing a representation of the entire brain slice) for analysis 

with an average %CV of 25% for vessel area and 7% variability for immunosignal 

intensity.  

For each sample (N=51), photomicrographs were taken from the pial surface 

across all six cortical layers until the white matter was reached (ranging from 

approximately 70-170 microscopic images/sample depending on shape). Each image was 

then assigned a number and 10 images per sample were randomly selected by random 

number generator and quantified for signal area and signal intensity. Images with less 

than 75% total tissue coverage due to sectioning artifacts or location at the pial surface 

were excluded from analysis. The results of quantifying these 10 images were averaged 

to provide a measure of collagen IV immunofluorescence positive area and 

immunofluorescence signal intensity per sample. Sample numbers for 

immunofluorescence analysis were slightly lower than the full cohort; therefore, 

demographic details for this subset of samples are summarized in Table 2.3. 
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Table 2.3 

Immunofluorescence 
samples and tissue 

quality factors      
Age 
Group Age RIN pH PMI Sex   
Neonate 0.11 8.2 6.47 27 M Asphyxia 

0.15 8.8 6.63 17 M SIDS 

0.15 5 6.36 24 M SIDS 

0.15 8.1 6.86 11 M 
Congenital heart 
defect 

0.17 7.9 6.52 27 F Pneumonia 

0.19 8 6.5 25 M Asphyxia 

0.19 5.4 6.36 21 F SIDS 

0.2 4.6 6.12 24 F SIDS 

0.21 8.3 6.6 28 M SIDS 

0.24 8 6.65 24 F 
Positional 
asphyxia 

Average 0.18 7.23 6.51 22.8 
6M/4
F   

Std Dev 0.04 1.57 0.20 5.25    
Infant 0.25 8.9 6.54 14 F SIDS 

0.32 7.5 6.36 19 M 
Asphyxia/suffocati
on 

0.33 8.1 6.54 22 M 
Bronchopneumoni
a 

0.35 7.7 6.66 27 M Myocarditis 

0.38 7.1 6.54 9 M SIDS 

0.39 7.7 6.81 5 M Asthma 

0.48 6.9 6.47 18 F SIDS 

0.52 7.2 6.82 22 F SIDS 

0.54 5.6 6.17 10 M Asthma 

0.54 7.7 6.71 24 M Accident/asphyxia 

0.82 7.4 6.65 18 M Hypothermia 

0.91 7.4 6.38 10 F Bronchiolitis 

Average 0.49 7.43 6.55 16.5 
8M/4
F   

Std Dev 0.20 0.78 0.19 6.86     
Toddler 1.58 7.6 6.9 24 F Myocarditis 
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2 7.4 6.89 13 M Cardiac arrhythmia 

2.19 7.5 6.64 27 M Asthma 

2.45 7.2 6.74 22 F 
No anatomical 
cause 

2.71 7.4 6.47 44 F Drowning 

2.75 4.6 6.16 14 M SV stenosis 

4.64 7.4 6.92 18 M Accident 

4.86 7.9 6.74 19 M Drowning 

Average 2.90 7.13 6.68 22.6 
5M/3
F   

Std Dev 1.21 1.04 0.26 9.86     
School-

age 6 5.9 6.05 18 M Multiple injuries 

7.84 7 6.78 18 M Accident 

8 7.5 6.78 20 F Asphyxia 

8 7.5 6.76 5 M Cardiac arrhythmia 

8.92 6 6.41 12 F Cardiac arrhythmia 

11.54 7.3 6.44 12 F Asthma 

12.42 7.8 6.82 16 M Drowning 

12.97 7.4 6.85 18 F Accident 

Average 9.46 7.05 6.61 14.9 
4M/4
F   

Std Dev 2.52 0.72 0.28 4.94     
Teenage

r 15 7.8 6.76 13 M Accident 

16.34 6.1 6.6 7 F Multiple injuries 

16.68 7.1 6.81 16 F Multiple injuries 

17.38 7.9 6.84 19 M Accident 

17.49 7.1 6.67 16 M Accident 

17.69 7.3 6.83 16 M Accident 

17.82 7.9 6.8 12 M Accident/asphyxia 

Average 16.91 7.31 6.76 14.1 
4M/2
F   

Std Dev 1.002 0.64 0.09 3.89     
Young 

Ad 21.97 5.8 6.25 7 M Obesity 

22.51 7.9 6.75 12 M MVA 

24.93 8.4 6.92 7 M MVA 
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25.1 8.1 6.54 32 F 
Pulmonary 
embolism 

25.38 7.7 6.73 16 F Accident 

Average 23.978 7.58 6.64 14.8 
3M/2
F   

Std Dev 1.606 1.03 0.26 10.3     

 

Statistical analysis 

For Fluidigm and microarray data (mRNA analysis), population outliers for each 

transcript were assessed per developmental group and defined as outside ±2SD from the 

mean. All outliers detected were removed, then data were tested for normality using 

Kolmogorov-Smirnoff testing and for homogeneity of variance using Levene’s test. 

While the outliers observed may represent biologically meaningful processes, the purpose 

of these studies is to identify the norms of expression, rather than the exceptions. 

Normally distributed data were analyzed using ANOVA, and non-normally distributed 

data were analyzed using Kruskal-Wallis testing. Transcripts were tested for correlation 

with demographic variables RIN, pH, and post-mortem interval using Pearson’s r (r 

value) for normally distributed data and Spearman’s ranked correlation (ρ value) for non-

normally distributed data. Transcripts were tested for correlation with age under 5 using 

Spearman’s ranked correlation (ρ value), as the ages used in this study were not normally 

distributed, but skewed to the left by design. Data with significant r or ρ values (p≤0.05) 

were further analyzed with their covariates using ANCOVA when testing for differences 

according to age group. Sex differences were analyzed by independent t test. Welch’s 

ANOVA was used for normally distributed data exhibiting non-homogenous variance 

Table 2.2. Samples used for Immunofluorescence. Groups were matched on 
demographic variables of RNA integrity number, and pH. 
Motor vehicle accident (MVA), Sudden Infant Death Syndrome (SIDS), supravalvar 
(SV) stenosis 
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within groups [296, 297]. Quade’s ranked test was used for non-normally distributed data 

analyzed with covariates [298]. Significance was set at p≤0.05. ANOVA analysis, 

ANCOVA analyses and Quade’s ranked tests were followed by Fisher’s Least Significant 

Difference tests. Welch’s ANOVA were followed by Games-Howell post-hoc tests.  

For the purposes of these studies, it was decided that Fisher’s Least Significant 

Difference would be the primary post-hoc test applied under conditions with equal 

within-group variance. These studies are intended to lay groundwork for future 

exploratory studies and new hypotheses. They are not intended to provide, for instance, 

medical guidance to patients. While Type I errors are of course undesirable, Type II 

errors are in this instance not inherently more or less harmful. In this case, Type II errors 

are more likely to inhibit future experimental directions [299, 300]. Additionally, given 

the inherent variance seen in human studies associated with genetics, environment, 

lifestyle choices, cause of death, and more, increasing stringency of the analysis only 

serves to mask real differences between groups without a functional benefit to the body 

of knowledge. This is exemplified by the considerable range of expression that can be 

seen in certain genes – in this chapter, for instance, GFAP (Figure 2.4a). 

For immunohistochemical analysis, no population outliers were removed due to a 

lower number of samples/age group. Data were tested for normality, for homogeneity of 

variance, and transformed if necessary as outlined above. All analysis followed the same 

protocol as for the mRNA data. 
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Results 

Microglia markers increase within the first five years of life  

No significant difference was detected in AIF1 mRNA levels between age groups 

(F(5,47)=1.321, p=0.271) (Figure 2.2a) or between the sexes (t(52)=-0.208,p=0.836), 

suggesting that there was a great deal of overlap in gene expression of AIF1 at any given 

developmental age. However, AIF1 showed a mean increase from neonates, to infants, 

and from infants to toddlers. AIF1 mRNA was therefore tested to determine if AIF1 

expression significantly positively correlated with age under 5. AIF1 mRNA was 

correlated with age early on in life (Spearman’s, ρ=0.368, p=0.045), increasing 200% 

between neonates and toddlers. For the other microglial marker, CD68, mRNA changed 

significantly (F(5,51)=2.45, p=0.046) according to age groups (Figure 2.2d). CD68 

remained steady from birth to age 2, before sharply increasing and peaking with 80% 

more expression in toddlers than in both neonates (p=0.031) and infants (p=0.049). Later 

in development, analysis indicated a 100% reduction in expression between school age 

and young adult years (p=0.016). No significant differences in CD68 were found between 

the sexes (t(55)=-0.892, p=0.376). CD68 mRNA was not significantly correlated with age 

under 5 (Spearman’s, ρ=0.256, p=0.157)(Figure 2.2d), despite a significant increase in 

toddlers compared to neonates and infants. Though AIF1 mRNA remained stable 

between age groups, AIF1 had a significant positive correlation with CD68 expression 

(Pearson’s r, r=0.624, p<0.001) (Figure 2.2e). 
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Robust increases in mRNA marker of myelination alongside stable levels of a more 

generalized oligodendrocytes marker mRNA during postnatal development 

MBP mRNA levels changed significantly between age groups (F(5,34)=7.044, 

p<0.001) (Figure 2.3b). MBP mRNA levels increased 46% between neonate and infant 

groups (p=0.051), and 55% between neonate and toddler groups (p=0.016). They 

remained elevated by about 70% compared to neonates into young adulthood (p<0.001) 

There was an additional increase of 15% in MBP mRNA levels between infants and 

teenagers (p=0.012), then a final increase of 10% between toddlers and young adults 

(p=0.034). MBP mRNA expression was strongly and highly significantly correlated with 

Figure 2.2. Microglial markers and correlations 
a. AIF1 mRNA was not significantly different between age groups (ANCOVA, 
pH, F(5,47)=1.321, p=0.271). N=54. pH contributed significantly to the model 
(F(1,47)=14.196, p<0.001). Variance within age groups was non-homogenous 
(Levene’s, F(5,48)=2.394, p=0.051). 3 outliers were excluded. 
b. Correlation of AIF1 with age under 5. (Spearman’s, ρ=0.368, p=0.045) 
c. CD68 mRNA was significantly different between age groups (ANOVA, 
F(5,51)=2.45, p=0.046). Post-hoc testing (Fisher’s LSD) found differences 
between neonates and toddlers (p=0.031); infants and toddlers (p=0.049); toddlers 
and school-age (p=0.016); and toddlers and young adults (p=0.005). N=57. No 
outliers were excluded. 
d. Correlation of CD68 with age under 5. (Spearman’s, ρ=0.256, p=0.157). 
e. AIF1 and CD68 were significantly correlated (Pearson’s correlation, r=0.624, 
p<0.001). N=54. 
Colored asterisks denote comparisons to age group with shared color scheme. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line represents mean and bars 
represent SEM. Samples are ranked from youngest to oldest for Spearman’s ranked 
correlation. 
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age under 5 (Spearman’s rho, ρ=0.787, p<0.001). No changes were found between the 

sexes for MBP (Mann-Whitney U=166, p=0.798, N=40). In contrast, OLIG2 mRNA 

levels did not change significantly between age groups (F(5,50)=0.961, p=0.451) (Figure 

2.2a), nor were OLIG2 mRNA levels correlated with age under 5 (Spearman’s rho, 

ρ=0.282, p=0.181). OLIG2 mRNA levels did not differ according to sex (t(55)=0.972, 

p=0.335).  

  

Figure 2.3. Oligodendrocyte markers and correlations 
a. OLIG2 mRNA was not significantly different between age groups (ANCOVA, RIN, 
F(5,50)=0.961, p=0.451). N=57. RIN contributed significantly to the model (F(1, 50)=11.860, 
p=0.001). No outliers were removed. 
b. Correlation of OLIG2 mRNA with age under 5. (Spearman’s rho, ρ=0.282, p=0.181) 
c. MBP mRNA was significantly different between age groups (Quade’s ranked, RIN, 
F(5,34)=8.497, p=0.001). Post-hoc testing (Fisher’s LSD) found differences between neonate 
and toddlers (p=0.026); neonate and school-age (0.002); neonate and teenagers (<0.001); 
neonate and young adults (<0.001); infants and teenagers (p=0.001); infants and young adults 
(<0.001); toddlers and teenagers (p=0.036); and toddlers and young adults (0.014). N=40. No 
outliers were removed. 
d. Correlation of MBP mRNA with age under 5. (Spearman’s rho, ρ=0.787, p<0.001). 
e. OLIG2 and MBP mRNA were not significantly correlated (Spearman’s rho, ρ=0.472, 
p=0.002). N=40. 
Colored asterisks denote comparisons to age group with shared color scheme. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line represents mean and bars 
represent SEM. Samples are ranked from youngest to oldest for Spearman’s ranked 
correlation. 



 

81 
 

Astrocyte maturation continues during postnatal development with opposite direction of 

change in cytoskeletal mRNAs. 

GFAP mRNA showed no significant changes in expression between age groups 

(F(5,49)=1.131, p=0.357) (Figure 2.4a) or between the sexes (t(54)=-0.477,p=0.635). 

However, GFAP mRNA levels moderately correlated with age under 5, and this was at 

the level of our statistical significance threshold (Spearman’s rho, ρ=0.353, p=0.051). 

Vimentin mRNA changed significantly across development. Vimentin mRNA levels 

were highest early in post-natal development (F(5,48)=5.036, p=0.001) before an 80% 

reduction in levels occurred between the ages of neonate and toddler (p=0.001) (Figure 

2.4b). Similarly, vimentin was negatively correlated with age under five (Spearman’s rho, 

ρ=-0.503, p=0.004). There was also a 50% reduction in vimentin mRNA levels in 

teenagers compared to infants (p=0.054). Vimentin mRNA levels did not differ 

significantly between the sexes (t(53)=0.444, p=0.659). Vimentin mRNA level was 

neither positively or negatively correlated with expression of GFAP mRNA (Pearson’s 

correlation, r=0.100, p=0.474)(Figure 2.3c). 
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Circulating blood cell contribution to the transcriptome did not fluctuate across 

development. 

For the three transcripts specifically enriched in red blood cells (hemoglobin 

subunit α1 and α2, with one probe for each selected), no significant differences were 

found in either hemoglobin α1 (F(5,36)=1.077, p=0.390) (Figure 2.5a) or hemoglobin α2 

(F(5,36)=1.583, p=0.190)(Figure 2.5b) across the developmental age groups examined. 

Similarly, the monocyte/macrophage marker CD163 mRNA [301, 302] was not changed 

significantly across development (F(5,50)=0.800, p=0.555) (Figure 2.5c), nor did CD163 

mRNA correlate with the microglial marker AIF1 mRNA (r=0.106, p=0.450) (Figure 

2.5d). No significant differences between the sexes were found for hemoglobin α1 

Figure 2.4. Astrocyte markers and correlations 
a. GFAP mRNA was not significantly different between age groups (ANCOVA, RIN, 
F(5,49)=1.131, p=0.357). N=56. RIN contributed significantly to the model (F(1,49)=11.309, 
p=0.002). Variance within age groups was non-homogenous (Levene’s, F(5,50)=3.236, 
p=0.013). One outlier was excluded. 
b. Correlation of GFAP with age under 5. (Spearman’s rho, ρ=0.353, p=0.051). 
c. Vimentin mRNA was significantly different between age groups (ANCOVA, pH, 
F(5,48)=5.036, p=0.001). Post-hoc testing (Fisher’s LSD) found differences between neonates 
and toddlers (p=0.001); neonates and school-age (p=0.002); neonates and teenagers 
(p=0.001); neonates and young adults (p<0.001); infants and teenagers (p=0.054); and infants 
and young adults(p=0.007). N=55. pH did not contribute significantly to the model. Variance 
within age groups was non-homogenous (Levene’s, F(5,49)=3.960, p=0.004). Two outliers 
were excluded. 
d. Correlation of vimentin with age under 5. (Spearman’s correlation, Spearman’s rho, ρ=0.-
0.503, p=0.004). 
e. Vimentin and GFAP mRNA were not significantly correlated (Pearson’s, r=0.100, 
p=0.474). N=54. 
Colored asterisks denote comparisons to age group with shared color scheme. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line represents mean and bars 
represent SEM. Samples are ranked from youngest to oldest for Spearman’s ranked 
correlation. 
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(t(39)=0.075, p=0.940), hemoglobin α2 (t(39)=0.178, p=0.859), or CD163 (t(54)=-1.385, 

p=0.172) transcripts. 

 

 

COL4A1 and COL4A2, endothelial cell markers and basement membrane transcripts, 

decreased with increased age  

When transcripts COL4A1 and COL4A2 for the vascular basement membrane 

component collagen IV were measured, both decreased significantly over the course of 

development (COL4A1 mRNA, F(5,31)=18.578, p<0.001; COL4A2 mRNA, 

F(5,33)=17.929, p<0.001)(Figure 2.6a,b). Both COL4A1 and COL4A2 mRNAs first 

decreased roughly 10% between neonates and infants (COL4A1, p<0.001; COL4A2, 

p=0.007), then another 10% between infants and toddlers (COL4A1, p=0.004; COL4A2, 

p=0.001) (Figure 2.6a,b). COL4A1 mRNA had an additional decrease between toddlers 

and young adults (p=0.053)(Figure 2.6b), leaving it reduced by about 30% in total from 

birth to young adulthood. These early life decreases were strongly reflected by the 

Figure 2.5. Blood cell markers and correlations 
a. HBA1 mRNA expression did not vary significantly between age groups 
(F(5,36)=1.077, p=0.390). N=41. No outliers were removed. 
b. HBA2 mRNA expression did not vary significantly between age groups 
(F(5,36)=1.583, p=0.190). N=41. No outliers were removed. 
c. CD163 mRNA expression did not vary between age groups (ANOVA, 
F(5,50)=0.800, p=0.555). N=56. One outlier was excluded. 
d. CD163 and AIF1 mRNA were not correlated (Pearson’s correlation, r=0.106, 
p=0.450). N=53. 
 
Colored asterisks denote comparisons to age group with shared color scheme. 
*≤0.05; **≤0.01; ***≤0.001 for all images.  
 
Horizontal line represents mean and bars represent SEM. 
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significant negative correlations of COL4A1 and COL4A2 mRNAs with age under 5 

(COL4A1, ρ=-0.858, p<0.001; COL4A2, ρ=-0.835, p<0.001). There was no change when 

comparing COL4A1 mRNA in male and female brains (t(37)=-0.424,p=0.674) COL4A2 

mRNA (t(39)=-0.768,p=0.447). 
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Figure 2.6. Collagen IV transcript expression 
a. COL4A1 mRNA was significantly different between age groups (ANCOVA, 
RIN, pH F(5,31)=18.578, p<0.001) Post-hoc testing (Fisher’s LSD) found 
differences between neonates and infants (p<0.001); neonates and toddlers 
(p<0.001); neonates and school-age (p<0.001); neonates and teenagers (p<0.001); 
neonates and young adults (p<0.001); infants and toddlers (p=0.004); infants and 
school-age (p<0.001); infants and teenagers (p<0.001); infants and young adults 
(p<0.001). N=39. RIN and pH did not contribute significantly to the model. Two 
outliers were removed. 
b. COL4A2 mRNA was significantly different between age groups (ANCOVA, 
RIN, PMI, F(5,33)=17.929, p<0.001). Post-hoc testing (Fisher’s LSD) found 
differences between neonates and infants (p=0.007); neonates and toddlers 
(p<0.001); neonates and school-age (p<0.001); neonates and teenagers (p<0.001); 
neonates and young adults (p<0.001); infants and toddlers (p<0.001); infants and 
school-age (p<0.001); infants and teenagers (p<0.001); infants and young adults 
(p<0.001); toddlers and young adults (p=0.053). N=41. RIN and PMI did not 
contribute significantly to the model. No outliers were removed. 
Colored asterisks denote comparisons to age group with shared color scheme. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line represents mean and bars 
represent SEM. 
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Collagen IV fluorescence intensity decreased after early postnatal development 

Collagen IV fluorescence was evident both surrounding the vasculature and the 

pial surface Pial collagen IV fluorescence (marked with triangles) was moderate in 

comparison to strong vascular fluorescence (Figure 2.7). Fortunately, no other non-

vascular cells with collagen IV deposition could be identified. Multiple penetrating 

arterioles could be identified running both perpendicular and parallel to the pial surface. 

No changes in fluorescence intensity were apparent between arterioles/venules and 

capillaries, nor could any obvious layer-specific changes in fluorescence intensity be 

detected. Morphology of collagen IV + structures, but not staining intensity, differed in 

gray matter compared to the white matter. In the white matter, blood vessels were more 

organized, with multiple small vessels aligning parallel with one another along the 

putative path of axonal tracts. Fluorescence intensity did appear to vary across samples 

across development, with examples from neonate, toddler, and young adult brains 

presented in Figure 2.7.  

The decrease in collagen transcripts with age was also evident in collagen protein, 

as collagen IV fluorescence intensity decreased 20% between neonates and infants 

(p=0.052) and remained decreased by 25% in toddlers (p=0.010), by 44% in teenagers 

(p=0.004), and by 34% in young adults, all compared to neonates (p=0.026) 

(F(5,43)=2.575, p=0.040) (Figure 2.8a). There was no change in collagen IV 

immunofluorescence between the sexes (t(48)=-0.467, p=0.642). In addition to  
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Figure 2.7. Collagen IV expression in cortical layers 
Collagen IV immunohistochemistry was performed and analyzed with FIJI (Image J). Collagen IV is in magenta on 
the left, and DAPI is in blue on the right. Triangles mark the pial surface basement membrane. Layers I-VI are 
labelled for reference. 10X magnification. 
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quantifying fluorescence intensity, the average surface area per μm2 of collagen IV 

fluorescence was quantified. The overall collagen IV+ surface area in the brain remained 

stable across age groups despite the change in collagen immunointensity, (F(5,44)=2.349, 

p=0.056) (Figure 2.8b). Notably, there was an almost 20% increase in total collagen IV+ 

tissue area in female (M=19118.83, SD=2956.63) compared to male brains (t(49)=-2.623, 

p=0.012) (Figure 2.8c).   

Figure 2.8. Collagen IV immunohistochemistry, quantified 
a. Collagen IV fluorescence intensity was significantly different between age groups 
(ANCOVA, PMI, F(5,44)=2.585, p=0.040). Post-hoc testing (Fisher’s LSD) found 
differences between neonates and infants (p=0.052); neonates and toddlers (p=0.010); 
neonates and teenagers (p=0.004); and neonates and young adults (p=0.026). N=50. 
PMI did not contribute significantly to the model. 
b. Collagen IV fluorescence area was not significantly different between age groups. 
(ANOVA, F(5,45)=2.327, p=0.056). N=50. 
c. Collagen IV surface area was significantly different between males and females 
(t(49)=-2.623, p=0.012).  
Colored asterisks denote comparisons to age group with shared color scheme. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line represents mean and 
bars represent SEM. 
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Discussion 

Except for early changes in most markers, many constitutive markers of glial cells 

of microglia and astrocytes appeared static across development when examined by age 

group. There was a high degree of variability in each age group, suggesting that the glial 

contribution to the overall total RNA could be quite different from one human brain to 

the next and that lumping humans of various ages together at a time of rapid change may 

add unwanted variability to my analysis. Indeed, when microglia and astrocyte markers 

were explored against absolute age with a different statistical approach, the overall 

contribution of each glial type appears to increase during the first five years of life. This 

suggests that all glial mRNAs are likely to be somewhat under-represented in brain 

homogenates from very young brains (less than five years of age). Glial cells are 

traditionally considered much more replaceable than neurons throughout the lifespan, due 

to their ability to proliferate under certain pathological/experimental conditions [96, 121, 

303-305]. The literature suggests that genesis of astrocytes and microglia is usually 

homeostatic in the healthy adult brain [306], but these results suggest it may take years to 

reach those homeostatic levels. Postnatal proliferation has been reported in mouse 

microglia [257]. The increase in AIF1 mRNA levels under 5 years supports a similar 

increase in microglia numbers in postnatal human development. Alternatively, AIF1 is a 

structural protein that may contribute to microglial motility [307-309] and AIF1 

expression reportedly can change during microglial activation [104, 252], so increased 

microglial activity might also result in increased expression. In addition to AIF1 mRNA’s 

positive correlation with age under 5, AIF1 and CD68 mRNA expression were correlated 

with each other across all ages analyzed. In further support of an early change in 
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microglia, CD68 mRNA did show significant elevation in toddlers, when AIF1 mRNA 

levels also peaked. As a marker of phagocytosis, increased CD68 protein expression 

could relate directly to a change in microglial synaptic pruning, a possibility that will be 

explored more depth in Chapter 3.  

MBP, a marker of oligodendrocyte maturity, was sharply elevated at the mRNA 

level beginning in infants and continued to increase steadily until school age before 

reaching a plateau in teenagers. MBP is directly involved in the myelination of axons, 

which begins before birth [310] and continues as late as the third decade [13, 104, 105]. 

The increase seen in MBP mRNA therefore strongly reflects the developmental 

oligodendrocyte activity and protracted time period of myelination of cortical regions of 

the human brain reported in the literature [8, 104, 105]. As with AIF1 mRNA, the 

constitutive marker of oligodendrocytes, OLIG2 mRNA, was stable across development. 

Unlike AIF1, OLIG2 mRNA did not show any signs of a weak increase in expression 

under age 5. As a cell lineage marker, OLIG2 is present in both OPCs and differentiated 

oligodendrocytes [271, 311-313]. Therefore, stable expression of OLIG2 mRNA between 

2 months and 5 years suggests that the development of oligodendrocytes at this stage 

could be a process primarily involving the maturation of existing OPCs, rather than the 

addition of newborn cells. OLIG2 mRNA levels did seem to decrease slightly in young 

adults, suggesting that the reported decrease in oligodendrocyte number during adulthood 

and aging in the human brain may begin as young as 20-25 [8, 306], although this was 

not statistically tested as we did not have a priori permission to do so.  

Finally, while GFAP mRNA did not change significantly between age groups, the 

positive correlation between GFAP mRNA and age under 5 showed there were modest 
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increases in GFAP mRNA expression, suggesting an increase in mature astrocytes during 

early postnatal development. This was further supported by the early life reduction in 

expression of vimentin mRNA, a marker for immature astrocytes [226]. Though GFAP is 

associated with mature astrocytes, and vimentin with immature astrocytes, there was not 

a direct inverse correlation between GFAP and vimentin mRNA expression. Much of 

postnatal astrocyte generation is initiated by mature astrocytes in the cortex, rather than 

from precursor cells from the neurogenic subependymal zone [121]. It is interesting to 

consider the possibility that new astrocytes being generated during early postnatal 

development do not undergo a period of immaturity characterized by vimentin 

expression. However, reports also indicate that while vimentin is best known in the brain 

for its expression in immature astrocytes, blood vessels are known to express some 

degree of vimentin in the brain [226]. Furthermore, vimentin is expressed in certain 

subtypes of astrocytes in the mature brain [314], and the pool of vimentin mRNA in my 

samples may represent contributions from multiple cell types. Additional histological 

work or single cell transcriptional analysis would be necessary to definitively identify 

which precise cells are reducing their transcription of vimentin and increasing GFAP 

mRNAs. That said, given the size of the effect, the relatively low number of mature 

vimentin+ astrocytes in the prefrontal cortex [314, 315], and the known decreases in 

vimentin protein during perinatal brain development in the rat cortex [226], the simplest 

explanation – vimentin expression is reduced in the transition from immature to mature 

astrocytes – remains a reasonable one. 

Multiple lines of evidence suggested that the contribution of circulating blood 

cells to prefrontal cortical tissue may be relatively constant across development. When 
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imaging collagen IV immunofluorescence, blood vessel area/unit of DLPFC tissue did 

not change during development. Notably, there was a significant increase in blood vessel 

area specific to the female sex. This may be related to reports of increased complexity in 

female cerebral capillaries [316]. In addition, the level of hemoglobin α mRNAs coming 

from circulating red blood cells did not change substantially across development, 

indicating that the mRNA contributed by circulating blood cells in a given area of 

prefrontal cortical tissue remained constant across development. Importantly, this 

conclusion was further supported with regards to white blood cells by the finding that 

CD163 mRNA expression (a monocyte/macrophage marker) does not change 

significantly over development. While CD163 can be expressed both by circulating 

macrophages [301, 302] and by brain macrophages (border associated macrophages and 

microglia) [284], the absence of correlation between microglial marker AIF1 and CD163 

supported a model where CD163 is contributed primarily by cells other than. Between 

CD163 and hemoglobin transcripts, the gross amount of detectable immune transcripts 

from circulating blood cells and cerebrovascular endothelial cells does not appear to vary 

greatly across development, based on constitutive markers. However, this does not 

exclude the possibility of immune factor transcripts being dynamically regulated in the 

peripheral immune cells or the cerebrovascular endothelium during different 

developmental stages.  

These results support that the overall vascular density in neural tissue is 

maintained across postnatal development from babies to young adults. Interestingly, the 

level of collagen IV did appear to decrease across developmental age – a change which 

was also in line with a dramatic decrease in COL4A1 and COL4A2 transcripts during 
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human cortical development. The interpretation of what this developmental decrease may 

signify is unclear. Collagen IV is a scaffolding protein of the basement membrane which, 

while not inherently necessary for the development of the basement membrane, is a 

critical component of the extracellular scaffold and important for the overall stability of 

the vascular basement membrane, which was expected to increase with age [317]. 

However, both collagen IV mRNAs and protein were highest in newborns, a pattern 

which is opposite of what one might expect if collagen IV is increasing the stability of the 

basement membrane. One possibility is that blood vessels of the immature brain may 

require more collagen to provide more structural support to the brain vasculature during 

periods of rapid growth of the cerebral cortex. Since the brain is quadrupling in size 

[318], these rapid growth processes may put mechanical stress on the extracellular matrix 

of the blood-brain barrier, risking disruption and infiltration of immune cells and signals 

from the periphery if there was not increased collagen IV around the blood vessels. 

However, it is not unheard of for collagen IV fragments to serve signaling functions 

(reviewed in [319]), and thus the role of collagen IV protein during early post-natal 

development may deserve further scrutiny.  
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Conclusion 

Based on constitutive markers, glial cell contribution to the neural environment 

appeared variable but somewhat consistent overall between developmental age groups. 

However, linear change in many glial transcripts within the first five years of human life 

suggested that the glial cell populations of the cortex are not fully established at birth. 

Glial cells are implicated in a multitude of developmental processes, including 

angiogenesis , formation and maintenance of the blood-brain barrier [125], myelination , 

synaptogenesis [126, 129] synaptic plasticity [129], and synaptic pruning [126, 129, 174, 

227, 228, 249, 250]. The changes in expression seen in certain glial cell markers over 

development may be related to their proliferation or their developmental functions. 

Changes in the glial cell population could therefore result in differential contributions to 

normal levels of immune factor transcripts over time, particularly in early life. The 

relationship between glial transcripts and immune transcripts of interest will be further 

considered in later chapters. Furthermore, the overall surface area and levels of vascular-

derived transcripts were not significantly changed during the different age periods of 

postnatal brain development. Combined, we believe this indicates that age-specific 

changes to the immune transcripts of interest will not be artificially produced by age-

specific changes in population density for vascular cells or circulating immune cells 

passing through the DLPFC. The constant density however cannot account for changes in 

transcriptional regulation in circulating immune cells or cerebrovascular endothelial cells. 

Age-related changes in the populations of microglia and astrocytes in the cortex may also 

change immune signal levels, but that change in signals may still be a critical contributor 

to developmental processes in and of itself. 
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CHAPTER 3: TRAJECTORY OF CHANGE IN 
BRAIN COMPLEMENT FACTORS FROM 

NEONATAL TO YOUNG ADULT HUMANS 
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Rachel Sager produced the analysis of Fluidigm high-throughput qPCR. Rachel Sager 
performed all singleplex qPCR and analysis. Rachel Sager validated Western blot 
antibodies and produced Western blot analysis. 

Introduction 

The development and maturation of the human brain is a lengthy process 

requiring exceptional growth, organization, and re-organization. In recent years, a 

number of immune system pathways originally associated with pathogen response have 

been identified as contributing to brain development. Among these is the complement 

pathway, which is traditionally associated with the lysis and phagocytosis of pathogens 

[320, 321]. However, recent research demonstrates a role for complement in targeting 

synaptic pruning, as well as modulating neural progenitor cell proliferation [157, 158, 

239] and guiding cortical migration [159, 239]. 

In the systemic immune system, there are three known pathways of complement 

activation: the classical complement pathway, the alternative complement pathway, and 

the lectin pathway. Components of all three pathways are produced by cells from the 

brain. Transcripts of the classical and alternative pathways are detectable in cell cultures 

of neural origin, including human neuroblastoma and astrocytoma cell lines, primary 

human microglia, and primary mouse astrocytes [322]. Classical and alternative pathway 

transcripts are detectable in both neurotypical, diseased, and atypical brains, including 

cases with Alzheimer’s, Autism Spectrum Disorder (ASD), and schizophrenia [162]. 

Transcripts of the lectin pathway have also been found in the brains of both neurotypical 

samples and ASD patients [323]. In the healthy prenatal brain, classical pathway and 

lectin pathway transcripts are present during murine brain development [157-159, 239]. 

Experimental work in mouse models has identified that, in the lateral geniculate nucleus, 
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complement factor C1qb and C3 mRNAs are robustly expressed co-incident with the 

developmental synaptic pruning between postnatal day 7-10 [130]. The working model 

for complement-mediated synaptic pruning suggests that C1q (pictured schematically in 

Chapter 1, Figure 1.1, page #31) is increased on the presynaptic terminal of less active 

neurons. This in turn activates synaptic C3 (pictured schematically in Figure 1.1), which 

binds to the complement receptor 3 (CR3) (also pictured schematically in Figure 1.1) on 

microglia before the subsequent phagocytosis of the under-used terminal. 

In support of this model, complement pathway proteins C1q [130], C3 [130], and 

C4 [162] (pictured schematically in Figure 1.1) all co-localize with pre- and/or post-

synaptic markers in the mouse lateral geniculate nucleus (LGN) (C3 and C1q) at 

postnatal day 7 [130]. Further, C1q, C3, and C4 are necessary for normal retinogeniculate 

synaptic pruning [130, 162], and microglia contain presynaptic proteins during the 

critical period of brain development, supporting microglial phagocytosis of synapses 

[227, 324]. Although attractive, many unanswered questions about this model remain, for 

example: Is C1q only found on inactive synaptic terminals? Are multiple ligands, 

including phosphatidylserine [231] (pictured schematically in Figure 1.1), able to activate 

the C1q complex and initiate the complement cascade? What cells are synaptic C2, C3 

and C4 derived from? Are complement inhibitors also found in synapses? What role do 

other complement components, such as the membrane attack complex (MAC, pictured 

schematically in Figure 1.1), play in the postsynaptic terminal removal? 

As with C1q, C3, and C4, Cr3 is required for normal synaptic pruning in the 

developing retinogeniculate pathway [174]. In the systemic immune system, the response 

to C3 activation and opsonization is determined by a combination of receptor availability 
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and inhibitor activity (pictured schematically in Chapter 1, Figure 1.1, page #31) as a 

result of cell type-specific receptor expression and receptor-specific preferences for 

certain C3b cleavage products [6]. As depicted in Figure 1.1, complement pathway 

activity in the immune system following C3 activation can either culminate in the 

phagocytosis of pathogens by phagocytic immune cells, or in membrane lysis mediated 

by the membrane attack complex. In the brain, however, it remains to be determined 

when and where complement expression is induced under healthy conditions; and which 

complement activators, inhibitors, and receptors are expressed during different stages of 

development. 

Complement dysregulation has the potential to disrupt multiple developmental 

processes in the brain, including progenitor cell proliferation, neuronal migration, and 

synaptic pruning. Disruption of these processes is implicated in multiple 

neurodevelopmental disorders, including schizophrenia, autism spectrum disorder (ASD), 

and epilepsy [325-328]. In the dorsolateral prefrontal cortex (DLPFC), the dysregulation 

of complement activity is more likely to affect synaptic pruning than neurogenesis or 

neuronal migration, which are traditionally considered restricted to the subependymal 

zone and hippocampus after birth, though this is an area of continued debate [329-332]. 

Indeed, schizophrenia and ASD are neurodevelopmental disorders which have previously 

been associated with synaptic pruning alterations in the cortex. Gray matter loss, 

measured by MRI, has been reported in schizophrenia patients in the frontal lobe, and 

excessive synaptic pruning is considered a potential cause of this finding [333-335]. In 

support of this hypothesis, reduced dendritic spine density in the basilar dendrites of layer 

III pyramidal neurons has been reported in post-mortem DLPFC tissues from 
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schizophrenia patients as well as reduced spines per dendrite [336]. In contrast to 

schizophrenia, ASD is associated with increases in dendritic spine density and overall 

brain size [337]. Recent evidence in mouse models supports reduced synaptic pruning as 

a putative pathogenetic mechanism for ASD [250, 338]. Furthermore, both ASD and 

schizophrenia have been linked to altered levels of complement expression in recent 

years [162, 323, 338]. In particular, complement component C4 is implicated as a major 

contributor to the association of the GWAS-identified MHCII locus in schizophrenia 

[162], and the complement regulator-like gene CSMD1 has also been identified in GWAS 

studies as a transcript of interest in schizophrenia [339-341]. However, to date, 

complement genes have not been directly linked to ASD in GWAS. 

Despite the association between complement and synaptic pruning, to date only 

gene expression databases have described normal complement expression levels during 

typical human post-natal cortical development in either the classical, lectin, or alternative 

pathways of complement activation. However, the existing databases lack power due to 

limited sample sizes. Here, I analyze complement gene expression across human 

postnatal development in brains from 57 non-diseased human subjects ranging from two 

months of age to 26 years, with a minimum of 7 samples per age group.  
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Methods 

Subjects 

Post-mortem samples from Brodmann’s area 46 in the DLPFC were obtained 

from the University of Maryland Brain and Tissue Bank in conjunction with the National 

Institute of Child Health and Development (N=57). Samples used were carefully matched 

for the demographic variables of post-mortem interval (PMI), pH, and RNA integrity 

number (RIN). However, PMI was significantly longer in neonates and infants as 

compared to the older ages (ANOVA, F(5,51)=2.881, p=0.023) (Appendix, Part 1, Figure 

1d, page #242). The samples ranged from 6 weeks to 25 years of age. Age groups were 

determined as described in Chapter 2 (Figure 2.1, page #58-60) and samples selected as 

described in the Appendix, Part 1 (page #233). 

 

RNA extraction and cDNA synthesis 

RNA extraction and cDNA synthesis were performed as described in Chapter 2 

(Page #60). 

 

High-throughput quantitative PCR 

High-throughput quantitative PCR was performed as described in Chapter 2 (page 

#64-65). 25 genes passed quality control analysis in addition to housekeeper genes: 

C1QA, C1QB, C1QC, C1R, C1S, C2, C3, C3AR1, C4, C5, C5AR1, C5AR2, C7, CD46, 

CD55, CD59, CR1, CSMD1, CFB, CFD, CFH, CFI, CFP, SERPING1, MASP1 and 

CD163 (Table 3.1). The following transcripts were excluded from further analysis based 

on: signal in the no-RT control that exceeds cycle threshold levels: C4A, C4B or low 
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expression: C6, C8A, C8B, C8G, C9, CR2, MASP2. Low expression was categorized as 

having detectable signal in less than five samples of any given age group, or less than 

three points of the standard curve. For the remaining genes, expression was normalized to 

the geometric mean (geomean) of four housekeepers: glucuronidase beta (GUSB), 

hydroxymethylbilane synthase (HMBS), TATA box binding protein (TBP) and ubiquitin-

C (UBC) mRNAs, with no differences found in the transcripts or geomean across age 

groups (see Appendix Part 1, Figure page #244)  
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Table 3.1. qPCR probes  

Gene Probe 
C1QA Hs00381122_m1  
C1QB Hs00608019_m1 
C1QC Hs00757779_m1 
C1R Hs00357637_m1 
C1S Hs00156159_m1 
C2 Hs00918862_m1 
C3 Hs00163811_m1 
C3AR1 Hs00377780_m1  
C4A, C4B, C4B_2 Hs00246758_m1 
C5 Hs00156197_m1 
C5AR1 Hs00383718_m1 
C5AR2 Hs00218495_m1 
C6 Hs01110040_m1 
C7 Hs00940408_m1 
C8A Hs00175098_m1 
C8B Hs00163867_m1  
C8G Hs00167188_m1  
C9 Hs01036217_m1 
CD46 Hs00611257_m1 
CD55 Hs00892618_m1 
CD59 Hs00174141_m1  
CR1 Hs00355835_m1 
CR2 Hs00153398_m1 
CR3 Hs00167304_m1 
CSMD1 Hs00899110_m1 
Factor B Hs00156060_m1  
Factor D Hs00157263_m1 
Factor H Hs00962373_m1 
Factor I Hs00989715_m1  
Factor P Hs00175252_m1 
MASP1 Hs00373559_m1  
MASP2 Hs00373722_m1  
SerpinG1 Hs00163781_m1 
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Quantitative PCR 
Using Taqman gene expression assays (Table 3.1), quantitative PCR was run on 

an Applied Biosystems 7900HT Fast Real-Time PCR System (Thermo Fisher, Waltham, 

MA, USA). A 1:30 plate dilution was used for CD11B, a transcript which was added for 

analysis following the high-throughput quantitative PCR. Serial dilutions of pooled 

cDNA from these samples were used to establish a standard curve, with dilutions 

dependent on plate dilution. The 1:30 plates used dilutions 1:3, 1:9, 1:27, 1:81, 1:243, 

1:729, and 1:2187. Samples used for quantitative PCR are represented in Table 2.2 

(Chapter 2, page #65-67). 

 

Western blot 

Western blot was selected for C3 and C4 protein analysis in different age groups. 

A particular benefit of using Western blot analysis was that both C3 and C4 have 

multiple cleavage products, the presence of which would be detectable by Western blot. 

In contrast, techniques such as ELISA and multiplex immunoassays would not be able to 

reveal molecular weight information key to confirming cleavage. Cleavage of C3 and C4 

are key to complement pathway function, making cleavage information useful for 

interpreting complement activity and degradation. Additional information on C3 and C4 

cleavage, antibody binding target, and antibody validation is included in the Appendix, 

Part 2. Western blot can be ineffective with low expression proteins unless a technique 

for enrichment is used; however, this was not necessary for either C3 or C4 protein.  

Pulverized frozen DLPFC tissue (100 mg) were homogenized mechanically using 

a mortar and pestle with Tris-Glycine extraction buffer and protease inhibitors, with 10 
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μL buffer to 1 μg tissue. Protein yield was determined using the Bradford method. Ten 

micrograms of protein homogenate were in diluted NuPAGE Lithium Dodecyl Sulfate 

Sample Buffer (Cat# NP0007, Invitrogen, Thermo Fisher Scientific, Waltham, MA, 

USA) without reducing agent and heated at 95°C for 2 min. Samples were run on 4-12% 

Bis-Tris NuPAGE Bis-Tris Protein Gel (Cat#NP0329, Invitrogen, Thermo Fisher 

Scientific, Waltham, MA, USA) with NuPAGE MOPS SDS Running Buffer (Cat# 

NP0001, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and transferred onto 

0.45μm nitrocellulose membranes (Cat#LC2001, Invitrogen, Waltham, MA, USA) at 

30V for one hour. Gels were probed with a primary polyclonal antibody against C3 

(0.027 mg/mL, ab97462, Abcam, Cambridge, UK) or C4 (0.021 mg/mL, ab173577, 

Abcam, Cambridge, UK). Each membrane was incubated with either a combination of 

diluted anti-C4 and anti-β-actin primary antibody (1:20000; Millipore Cat# MAB1501, 

Burlington, MA, USA), or anti-C3 and anti-β-actin primary antibody. Following washes, 

membranes were incubated with goat anti-mouse secondary antibody (0.20 μg/mL; 

Millipore Cat# AP124, Burlington, MA, USA) and goat anti-rabbit secondary antibody 

(0.20 μg/mL; Millipore Cat# AP307P, Burlington, MA, USA) conjugated to horseradish 

peroxidase. C3 and C4 antibodies were characterized using molecular weight analysis 

and no primary controls (Appendix Part 2, pages #260, 264). Duplicate samples were run 

in separate experimental runs, with the same batch of each antibody used for all runs. 

Immunoreactive bands were detected using the ECL Prime Western Blotting detection 

reagent (Cat# RPN2232, Cytiva, Marlborough, MA, USA), visualized and quantified 

with Image Studio (Li-Cor, Lincoln, Nebraska). Within each membrane, the total 

intensity of each immunoreactive band was normalized to an internal control on that 
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membrane (an aliquot of pooled protein from all adult samples), dividing band intensity 

of each sample by intensity of internal control. Analysis of β-actin bands showed a 

significant difference in expression between age groups, so β-actin was not used as a 

housekeeper for this analysis (Appendix Part 2, Figure 1, page #269). 

 

Statistical analysis 

For qPCR, Fluidigm, and Western blot data, population outliers were assessed for 

each developmental group following transformation using the mean ±2SD. Outliers were 

removed from the transformed data, then data were tested for normality using 

Kolmogorov-Smirnoff testing and for homogeneity of variance using Levene’s test. Data 

transformations were selected for further analysis based on the results of Kolmogorov-

Smirnoff and Levene’s tests. Data normally distributed within age groups were analyzed 

using ANOVA, and non-normally distributed data were analyzed using Kruskal-Wallis 

testing. All RNA and protein were tested for covariance using Pearson’s r correlation 

with RIN, pH, and post-mortem interval (PMI). Data with significant r values (p≤0.05) 

were further analyzed with their covariates using ANCOVA. Sex differences were 

analyzed for each transcript by independent t test using all samples from 2 months to 25 

years. Welch’s ANOVA was used for normally distributed data exhibiting non-

homogenous variance within groups [296, 297]. Significance was set at p≤0.05. 

ANCOVA analyses were followed by Fisher’s Least Significant Difference tests. 

ANOVA analyses performed for data with homogenous variance were also followed by 

Fisher’s Least Significant Difference tests. Welch’s ANOVA analyses, for which data 
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had significantly non-homogenous variance within groups as determined by Levene’s 

test, were followed by Games-Howell post-hoc tests.  

Results 

Complement mRNA expression in the DLPFC is increased early in development  

Messenger RNAs indicating complement production by cells within the human 

prefrontal cortex were present for the majority of complement pathway members 

throughout the first two decades of life. Only pathway members C6, C8 (A, B, G), C9, 

and MASP2, and the complement receptor CR2, had to be excluded from further analysis 

due to expression at or below the limit of detection. A dominant pattern of expression in 

major complement pathway members was found during early post-natal development, 

with most complement factors being low at birth and peaking in the toddler brain. For 

example, C1QB expression steadily increased from neonates (birth to 3 months) to 

infants (age 3 months to 1 year) to a substantial peak in toddlers (1 year to 5 years) and 

remained elevated relative to neonates throughout development (Figure 3.1a). C1QB 

mRNA did not vary between the sexes (t(54)=-0.913, p=0.365). 
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Figure 3.1. C1 complex subunit C1QB and C1R expression 
a) C1QB mRNA expression varied significantly between age groups (ANCOVA: 
pH, PMI; F(5,48)=3.325, p=0.012, f=0.6) N=56. Data violated homogeneity of 
variance (Levene’s, F(5,50)=2.537, p=0.040). Post-hoc testing (Fisher’s LSD) 
showed significant differences between neonate and toddler (p=0.001); neonate and 
school-age (p=0.005); neonate and teenager (p=0.011); neonate and young adult 
(p=0.041); infant and toddler (p=0.037). One outlier was excluded. 
b) C1R mRNA expression varied significantly between age groups (ANOVA; F(5, 
50)=7.166, p<0.001, f=0.9). N=56. Post-hoc testing (Fisher’s LSD) showed 
significant differences between neonate and school-age (p=0.041); neonate and 
teenager (p<0.001); neonate and young adult (p=0.002); infant and teenager 
p<0.001); infant and young adult (p=0.002); toddler and teenager (p=0.001); toddler 
and young adult (p=0.023); and school-age and teenager (p=0.015).. One outlier was 
excluded. 
Colored asterisks denote comparisons to age group with shared color scheme. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line represents mean and 
bars represent standard error of the mean (SEM). A log scale was used for the x 
axis due to the large magnitude of change. Triangles represent female subjects. 
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C1QA and C1QC, the other two transcripts for the C1Q subunit of the C1 complex, did 

not show statistically significant differences between age groups but were positively 

correlated with C1QB mRNA expression and shared a similar pattern of expression 

(Figure 3.2a, b, c, d). Neither C1QA nor C1QC were significantly different between the 

sexes (C1QA, t(52)=0.467, p=0.463; C1QC, t(54)=-1.737, p=0.088). mRNA of C1R, the 

serine protease responsible for cleaving and activation of the C1S subunit, was expressed 

throughout development, but expression was significantly reduced beginning in school 

age (ages 5 years-13 years) and remained downregulated into young adults (ages 19-26 

years) (Figure 3.1b). C1S, the protein of which cleaves and activates C2 and C4 in order 

to form C3 convertase, was present at all ages but did not show any significant changes in 

expression (Figure 3.2e). No significant differences between the sexes were detected for 

either C1R or C1S (C1R, t(54)=1.174, p=0.245; C1S, t(53)=-0.670, p=0.506). 

Figure 3.2. C1 complex subunit C1QA, C1QC, C1S expression and correlations  
a) C1QA mRNA expression did not vary significantly between age groups (Welch’s 
ANOVA, F(5,21.411)=1.878, p=0.140). Data violated homogeneity of variance (Levene’s, 
F(5,48)=2.602, p=0.037). N=54. Three outliers were excluded. 
b) C1QC mRNA expression did not vary significantly between age groups (ANCOVA: pH, 
F(5,49)=0.950, p=0.457). Data violated homogeneity of variance (Levene’s, F(5,50)=4.068, 
p=0.004). N=56. One outlier was excluded. 
c) C1QA mRNA expression was significantly correlated with C1QB mRNA (Pearson’s, 
r=0.807, p<0.001). N=56. 
d) C1QC mRNA expression was significantly correlated with C1QB mRNA (Pearson’s, 
r=0.777, p<0.001). N=54. 
e) C1S mRNA expression did not vary significantly between age groups (ANCOVA: pH, 
F(5,48)=0.562, p=0.728). pH contributed significantly to the model (F(1,48)=5.400, p=0.024, 
ηp2 =0.101). N=55. Two outliers were excluded. 
Horizontal line represents mean and bars represent SEM. 
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Similar to C1Q, complement component 3 (C3) mRNA significantly increased 

with age, with low expression in neonates that increased and peaked in toddlers (Figure 

3.3a). C3 mRNA remained significantly elevated in school age children before declining 

to near neonatal levels around the young adult (19-26 years) periods. C3 mRNA was not 

significantly different between the sexes (t(51)=-1.559, p=0.125). Complement 

component 4 (C4) mRNA, which is directly involved in the cleavage process necessary 

for the activation of C3, did not change during development (Figure 3.3b), nor was it 

different between the sexes (t(55)=1.185, p=0.241). CR3 (represented here by the mRNA 

encoding the CD11B subunit, which is unique to the CR3 receptor) shared a pattern of 

expression with C3 in the developing brain. The transcript for CD11B significantly 

increased in toddlers and returned to near neonatal levels by young adulthood (Figure 

3.3c). CD11B expression was not significantly different between the sexes (t(53)=-0.882, 

p=0.382). C3 and CD11B expression levels were significantly positively correlated 

(Figure 3.3e). While C3AR1 did not significantly change between age groups, it did have 

a similar pattern to C3 mRNA (Figure 3.3d) and strongly positively correlated with C3 

mRNA expression (Figure 3.3f). C3AR1 did not change significantly between the sexes 

(t(52)=-0.567, p=0.573).
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Figure 3.3. Classical complement activators C3 and C4 and their receptors 
a) C3 mRNA expression varied significantly between age groups (ANCOVA: pH, 
F(5,46)=2.408, p=0.051, f=0.5). N=53. Data violated homogeneity of variance 
(Levene’s, F(5,47)=2.508, p=0.043). Post-hoc testing (Fisher’s LSD) showed 
significant differences between neonate and infant (p=0.0353); neonate and toddler 
(p=0.0042); neonate and school age (p=0.0391); toddler and young adult 
(p=0.0244). pH contributed significantly to the model (F(1,46)=6.449, p=0.015, ηp

2 
=0.123). Four outliers were removed. 
b) C4 mRNA did not vary between age groups (Welch’s ANOVA, 
F(5,22.835)=0.741, p=0.601). N=57. Data violated homogeneity of variance 
(Levene’s, F(5,51)=2.568, p=0.038). 
c) CR3 mRNA expression varied significantly between age groups (ANCOVA: pH, 
F(5,43)=4.186, p=0.003, f =0.7). N=55. Data violated homogeneity of variance 
(Levene’s, F(5,49)=4.273, p=0.003) Post-hoc testing (Fisher’s LSD) showed 
significant differences between neonate and toddler (p<0.001); neonate and school 
age (p=0.01); neonate and teenager (p=0.039); infant and toddler (p=0.007); young 
adult and toddler (p=0.002); young adult and school age (p=0.049). pH contributed 
significantly to the model (F(1,43)=7.443, p=0.009, ηp

2 =0.134) Two outliers were 
removed. 
d) C3AR1 mRNA expression did not vary between age groups (ANCOVA: pH, 
F(5,47)=2.122, p=0.079). N=54. pH contributed significantly to the model 
(F(1,47)=5.919, p=0.019, ηp

2 =0.112). Three outliers were removed. 
e) C3 was significantly correlated with CR3 (Pearson’s correlation: r=0.759, 
p<0.001). N=53. 
f) C3 was significantly correlated with C3AR1 (Pearson’s correlation: r=0.837, 
p<0.001). N=51. 
Colored asterisks denote comparisons to age group with shared color scheme. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line represents mean and 
bars represent SEM. 
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Though complement components 2 and 4 co-operate 

to cleave and activate C3, expression of C2 and C4 did not change between age groups 

(Figure 3.3, 3.4) or between the sexes (C2, t(55)=-1.276, p=0.207; C4, (t(55)=1.185, 

p=0.241). Unlike earlier complement pathway members, the mRNA encoding the 

initiating subunit of the membrane attack complex (MAC), C5, was reduced in infants 

compared to neonates, teenagers, and young adults (Figure 3.5a). C5 expression was not 

significantly different between the sexes (t(54)=0.443, p=0.659)Other members of the 

MAC could not be reliably detected in the brain, except for C7 mRNA, which showed no 

significant changes with age (Figure 3.5b) and did not change between the sexes 

(t(55)=0.097, p=0.923). C5 receptors, C5AR1 and C5AR2, did not share a pattern of 

expression with C5 and did not show significant changes between age groups (Figure 

3.6a, b) or the sexes (C5AR1, t(50)=-1.085, p=0.283; C5AR2, (t(53)=1.351, p=0.182). 

C5AR1 showed no correlation with C5 (Figure 3.6c); however, C5AR2 did show a slight 

correlation with C5 (Figure 3.6d). 

Figure 3.4. C2 complement 
activator expression 
C2 mRNA expression did not 
vary significantly between age 
groups (ANCOVA: pH, 
F(5,50)=1.785, p=0.133). pH 
contributed significantly to the 
model (F(1,50)=4.176, p=0.046, 
ηp2 =0.077). N=57. Homogeneity 
of variance was violated 
(Levene’s, F(5,51)=4.566, 
p=0.002). 
Horizontal line represents mean 
and bars represent SEM. 
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Figure 3.5. Complement activators C5 and C7 expression 
a) C5 mRNA expression varied significantly between age groups (ANCOVA: RIN, 
F(5,49)=2.361, p=0.054, f=0.5) N=56. RIN also contributed significantly to the 
model (F(1,49)=6.447, p=0.014, ηp

2 =0.194). One outlier was removed. 
b) C7 mRNA expression did not vary between age groups (ANOVA, F(5,51)=0.886, 
p=0.497). N=57. No outliers were removed. 
Colored asterisks denote comparisons to age group with shared color scheme. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line represents mean and 
bars represent SEM. 
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Figure 3.6. C5 complement activator receptor expression and correlations with C5 
a) C5AR1 mRNA expression did not vary significantly between age groups (ANOVA, 
F(5,46)=0.997, p=0.430). N=52. Horizontal line represents mean and bars represent SEM. 
One outlier was removed.  
b) C5AR2 mRNA expression did not vary significantly between age groups (ANOVA, 
F(5,49)=1.790, p=0.132). N=55. Horizontal line represents mean and bars represent SEM. 
No outliers were removed. 
c) C5 and C5AR1 expression did not correlate (Pearson’s correlation, r=0.201, p=0.158). 
N=51.  
d) C5 and C5AR2 expression were weakly correlated (Pearson’s correlation, r=0.269, 
p=0.049). N=54. 
Horizontal line represents mean and bars represent SEM. 
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Members of the alternative complement pathways appear highest at birth and not 

increased in DLPFC of toddlers 

As described above, the members of the classical complement pathway, exhibited 

a characteristic pattern of expression in the data, with mRNA levels rising after birth, 

peaking in toddlers, then declining as brain development progresses. However, the 

alternative and lectin complement activation pathways did not share this pattern in the 

data. Factor D mRNA was highest in the neonates and significantly decreased across 

development, reaching significance in toddlers and with a further down-regulation in 

adolescence persisting into young adults (Figure 3.7a). Factor D did not show any 

differences between the sexes (t(54)=0.345, p=0.732). Factor B, its target, was detected 

in the DLPFC but did not show a significant change in expression with age (Figure 3.7b). 

Factor B was however the only complement component that was different between the 

sexes (t(54)=2.285, p=0.026), as males had significantly less Factor B expression than 

females (not shown). It is worth noting that factor B did exhibit a similar pattern of 

expression to the classical pathway. However, factor D is considered a rate-limiting 

factor for factor B cleavage [342], and therefore activity in the alternative pathway may 

relate more to changes in factor D. Furthermore, Factor D did not correlate with C3 

mRNA in the same manner seen with classical pathway components (Figure 3.7d). 

MASP1 mRNA, a key component in the lectin pathway, was highest in neonates and 

significantly declined with age (Figure 3.7c). MASP1 showed a rapid drop in expression 

from neonates, culminating in a plateau in toddlers and remaining constant thereafter. 

MASP1 mRNA did not differ significantly between the sexes (t(54)=0.793, p=0.431). 

Finally, alternative pathway enhancer properdin did not show any significant changes 
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between age groups (Figure 3.8) or between the sexes (t(48)=1.523, p=0.134). 
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Classical complement pathway inhibition increases across development and into 

maturation 

C3 convertase inhibitors significantly increased in mRNA expression as early as 

toddlerhood (CR1) or around school age (CD46 and CD55), and remained elevated 

across development and into young adulthood. This pattern of increased inhibitory 

mRNA during school years (~9 years old) and stabilization through adolescence and 

Figure 3.7. Alternative and mannose-binding lectin pathway expression  
a) Factor D mRNA expression varied significantly between age groups (ANCOVA: 
pH, F(5,49)=7.143, p<0.001, f=0.9). N=56. Data violated homogeneity of regression 
(F(5,44)=2.430, p=0.050). Post-hoc testing (Fisher’s LSD) showed significant 
differences between neonate and toddler (p=0.002); neonate and school age (p=0.014); 
neonate and teenager (p<0.001); neonate and young adult (p<0.001); infant and 
toddler (p=0.005); infant and school age (p=0.040); infant and teenager (p<0.001); and 
infant and young adult (p<0.001). One outlier was removed. 
b) Factor B mRNA expression did not vary between age groups (ANCOVA, RIN, 
F(5,49)=2.804, p=0.083). N=56. Homogeneity of regression was violated 
(F(5,44)=3.009, p=0.020) as well as homogeneity of variance (Levene’s, 
F(5,50)=2.999, p=0.019). One outlier was removed. 
c) MASP1 mRNA expression varied significantly between age groups (Quade’s 
ranked test, pH, F(5,50)=9.333, p<0.001) N=56. Post-hoc testing (Fisher’s LSD) 
showed significant differences between neonate and infant (p=0.033); neonate and 
toddler (p<0.001); neonate and school age (p<0.001); neonate and teenager (p<0.001); 
neonate and young adult (p<0.001); infant and toddler (p=0.043); infant and school 
age (p<0.001); infant and teenager (p<0.001); and infant and young adult (p=0.002). 
One outlier was removed. 
d) Factor D mRNA expression did not correlate with C3 mRNA expression (Pearson’s 
correlation, r=-0.162, p=0.251) N=52. 
Colored asterisks denote comparisons to age group with shared color scheme. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line represents mean and 
bars represent SEM. 
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young adulthood was evident in both a protease-type inhibitor, CD46 (Figure 3.9a) and in 

a decay accelerator, CD55 (Figure 3.9b). Neither CD46 nor CD55 showed significant 

differences in expression between the sexes (CD46, t(54)=-1.951, p=0.056; CD55, 

t(54)=0.271, p=0.788). CR1, which can act both as a protease cofactor and as a decay 

accelerator of C3 convertase, also exhibited elevated expression slightly earlier than the 

other complement inhibitors, beginning in the toddler (average 2-3 years old) group 

(Figure 3.9c). CR1 expression did not differ significantly between the sexes (t(55)=-

0.257, p=0.798). The C3b/C4b inactivator, factor I, and its co-factor, factor H, were 

expressed throughout development but did not show age-specific changes in expression 

(Figure 3.9d and Figure 3.10a). Neither Factor I nor Factor H showed a significant 

difference in expression levels between males and females (Factor I, t(53)=1.186, 

p=0.241; Factor H, t(55)=-0.134, p=0.894). Other complement inhibitors, CD59 and 

SERPING1, did show significant changes between age groups. CD59 was significantly 

elevated in development, beginning with an increase seen as early as toddlers (Figure 

 

Figure 3.8. Expression of 
alternative pathway 
member properdin  
Properdin mRNA expression 
did not vary significantly 
between age groups 
(ANOVA, F(5,44)=2.208, 
p=0.070). N=50. No outliers 
were removed. 
Horizontal line represents 
mean and bars represent 
SEM. 
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3.9f) and highest at young adulthood, demonstrating a statistically significant increase 

between teenagers and young adults. However, CD59 did not show a significant 

difference between the sexes (t(54)=-0.529, p=0.599). Interestingly, SERPING1 gene 

expression was not significantly elevated until young adulthood (Figure 3.9e). This was 

the only inhibitor to show a specific elevation in expression at this late stage of 

maturation (average 22 years old). SERPING1 expression did not differ significantly 

between the sexes (t(54)=-0.590, p=0.558). CSMD1, which has been associated with 

schizophrenia by GWAS studies
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Figure 3.9. Complement inhibitor expression patterns 
a) CD46 mRNA expression varied significantly by age group (ANCOVA, PMI, 
F(5,49)=4.407, p=0.002, f=0.7) N=56. Post-hoc testing (Fisher’s LSD) found differences 
between neonate and school age (p=0.008); neonate and young adult (p=0.005); infant and 
school age (p=0.001); infant and teenager (p=0.033); infant and young adult (p<0.001). PMI 
also contributed significantly to the model (F(1,49)=6.828, p=0.012, ηp

2 =0.122). One outlier 
was removed. 
b) CD55 mRNA expression varied significantly by age group (ANCOVA, PMI, 
F(5,49)=8.134, p<0.001, f=0.9). N=56. Post-hoc testing (Fisher’s LSD) found differences 
between neonate and school age (p=0.006); neonate and teenager (p=0.035); neonate and 
young adult (p=0.015); infant and toddler (p<0.001); infant and school age (p<0.001); infant 
and teenager (p<0.001); infant and young adult (p<0.001). PMI also contributed significantly 
to the model (F(1,49)=4.943, p=0.031, ηp

2=0.092). One outlier was removed. 
c) CR1 mRNA expression varied significantly by age group (ANCOVA, pH, PMI, 
F(5,49)=3.492, p=0.009, f=0.6). N=57. Post-hoc testing (Fisher’s LSD) found differences 
between neonate and toddler (p=0.005); neonate and school age (p=0.051); infant and toddler 
(p<0.001); infant and school age (p=0.010); infant and young adult (p=0.044). pH contributed 
significantly to the model (F(1,49)=4.502, p=0.039, ηp

2=0.084) as well as PMI 
(F(1,49)=4.792, p=0.033, ηp

2=0.089). No outliers were removed. 
d) Factor I mRNA did not vary significantly by age group (ANCOVA, PH, RIN, 
F(5,47)=1.749, p=0.142) but RIN contributed significantly to the model (F(1,47)=7.591, 
p=0.008, ηp

2=0.139). N=55. Homogeneity of regression was violated by age group x pH 
regression (F(5,31)=2.596, p=0.045). Two outliers were removed. 
e) SERPING1 mRNA varied significantly by age group (Welch’s ANOVA, 
F(5,22.635)=2.855, p=0.038). N=56. Post-hoc testing (Games-Howell) found significant 
differences between neonate and young adult (p=0.031). One outlier was removed. 
f) CD59 mRNA expression varied significantly by age group (ANCOVA, PMI, 
F(5,49)=10.108, p<0.001, f=1.0). N=56. Post-hoc testing (Fisher’s LSD) found differences 
between neonate and toddler (p<0.001); neonate and school age (p<0.001); neonate and 
teenager (p<0.001); neonate and young adult (p<0.001); infant and toddler (p=0.007); infant 
and school age (p=0.002); infant and teenager (p=0.026); infant and young adult (p<0.001); 
and teenager and young adult (p=0.022). One outlier was removed. 
Colored asterisks denote comparisons to age group with shared color scheme. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line represents mean and bars 
represent SEM. 
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previously, and which shares domain similarity with other complement pathway 

regulators, did not show any significant changes with age (Figure 3.10b). CSMD1 was 

not significantly different between males and females (t(54)=-1.875, p=0.066). 

 

  

 

Figure 3.10. Expression of complement pathway members CSMD1 and Factor H 
a) CSMD1 mRNA expression did not vary significantly between age groups 
(ANCOVA: PMI, pH; F(5,48)=1.258, p=0.297). pH contributed significantly to the 
model (F(1,48)=12.868, p=0.001, ηp2 =0.211). N=56. One outlier was removed. 
b) Factor H mRNA expression did not vary significantly between age groups 
(ANCOVA: RIN; F(5,50)=1.006, p=0.424). RIN contributed significantly to the 
model (F(1,50)=5.070, p=0.029, ηp2 =0.0920). Homogeneity of variance was violated 
(Levene’s, F(5,51)=5.599, p<0.001). N=57. No outliers were removed. 
Horizontal line represents mean and bars represent SEM. 
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Classical complement protein increased in early brain development 

Western blot analysis showed full length C3 and C4 precursor protein expression 

(187kDa and 193kDa respectively) throughout all ages and in all samples (Figure 3.11a). 

Western blot showed a similar increase in C4 protein as it did for C4 mRNA, with a 

pattern which showed C4 peaking earlier in life, but somewhat earlier than many of the 

classical complement pathway mRNAs. C4 protein levels were highest in infants. C4 

protein showed a significant difference in expression between the early developmental 

ages (neonates, infants, and toddlers) and the late developmental ages (teenagers and 

young adults) (Figure 3.11b). C4 protein was not, however, significantly different 

between males and females (t(57)=0.519, p=0.303). In contrast to C4 protein and C3 

mRNA, C3 protein did not show any significant changes (Figure 3.11c). C3 protein also 

did not show any significant differences between males and females (t(62)=0.835, 

p=0.413). The drop seen in C4 protein levels mirrors the increase in mRNA of 

Figure 3.11. C3 and C4 Western blot and protein quantification 
a) C3 and C4 protein could be detected by Western blotting within approximately 30 
kDa of the expected size (187kDa and 193kDa respectively) in all samples. 
b) C3 protein expression did not vary significantly by age group (ANOVA, F(6, 
56)=1.701, p=0.138). N=63. One outlier was removed. 
c) C4 protein expression varied significantly by age group (Welch’s ANOVA, F(6, 
22.189)=4.881, p=0.003). N=59. Post-hoc testing (Games-Howell) found significant 
differences between infant and school age (p=0.054) and infant and teenager 
(p=0.001). Four outliers were removed. 
Colored asterisks denote comparisons to age group with shared color scheme. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line represents mean and 
bars represent SEM. 
 



 

130 
 

complement inhibitors, though there were no changes in a direct inhibitor of C4 that 

might be related to a drop in detectable protein levels.  
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Discussion 

Dysregulation in the normal developmental time course of complement in the 

human post-natal brain has the potential to disrupt complement-mediated synaptic 

pruning, but the healthy pattern of complement expression during development must first 

be defined in order to identify time periods of likely pathogenic change. In this chapter, 

dynamic complement expression is charted in depth in the normal human DLPFC across 

multiple stages of life for the first time. Cortical synaptic pruning is commonly presumed 

to be a major event in the prefrontal cortex around adolescence [333-335]. However, if 

complement-mediated synaptic pruning were indeed a major feature of adolescence, 

elevated expression of complement activators would be expected at this time point. 

Instead, complement activators C1QB and C3 peaked in mRNA expression between ages 

one and five, after which levels declined (Figure 3.1a, Figure 3.2a). Furthermore, 

complement inhibitor mRNAs were elevated from toddlers (age 1-5 years) through young 

adults (age 18-26), suggesting, if anything, that typical teenage and young adult brains 

may be poised to oppose pruning (Figure 3.9). Interestingly, the peak mRNA expression 

for C1Q, C3, and the complement receptor subunit CD11B had a similar pattern of 

expression reported in the BrainSpan RNA-seq database, though there was no clear 

change in the complement inhibitors in that database (BrainSpan Atlas of the Developing 

Human Brain (2010)[78]). Increased complement expression in the brain does not appear 

to coincide with adolescence in healthy development.  

 What could account for the discrepancy between complement expression and 

previously described periods of change in synaptic density? Upon closer examination, the 

pioneering work by Huttenlocher et al. in 1979 was limited in its ability to assess the 
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period of development between ages 10 through 40 [256] due to a lack of samples in that 

age range. Later work by a different group, featuring a similar cohort with better 

representation in ages 10-40, proposed a lengthening of the theorized synaptic pruning 

period into the third decade of human life [7]. The present study has a better overall 

sample size and diversity of ages than these studies, though it is still limited in its power 

to detect smaller effect sizes. While prior studies were able to identify an overall decrease 

in synapses or dendritic spines with age, they remain unable to track the fates of 

individual synapses. This study shares this limitation; however, by comparing the pattern 

of complement expression across development to the pattern of synaptic protein levels, 

we can begin to estimate relative contributions of synaptic pruning and synaptic growth 

to the overall cellular milieu in the prefrontal cortex. 

Though the evidence of complement pathway activation is indirect, prior studies 

have found a strong temporal link in development between increased gene expression of 

activating complement components and increased synaptic pruning; and between reduced 

complement gene expression and the end of developmental synaptic pruning [130]. Given 

that complement activity may, in part, be regulated by inducing complement gene 

expression, time periods with higher transcript levels in the human brain likely represent 

periods of complement activation. Previously in this cohort, our research group found 

that presynaptic protein levels increase gradually from birth to school age, then stabilize, 

suggesting overall growth of synapses occurs during childhood years [9]. Here, we found 

that the mRNA expression of activating complement factors peaks in toddlers, with 

subsequent reductions during childhood. We found a concurrent, sustained peak in 

mRNA for complement inhibitors after infancy and during childhood and maturation, 
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suggesting a strong regulatory pressure on complement activity later in development 

(Figure 3.9). This increase of transcripts whose protein products are able to attenuate 

complement actions appears quite common during childhood; notably, this is the age 

group in which synaptic protein levels first reach their peak [9]. Consequently, we 

propose that, from birth to age 1, synaptic growth dominates in development, but that the 

increase in complement activator mRNA seen in my data may represent a simultaneously 

increased role for synaptic pruning at these ages. The dominance of synaptic growth 

between the ages of birth and 2 years is well supported by synaptic density measurements 

and cortical imaging studies that depict rapid growth in cortical thickness and surface 

area between birth and age 2 [256, 343-345]. Finally, between ages 2-5 both complement 

activators and complement inhibitors are increased. This may represent a period of 

homeostasis in synaptic density. Interestingly, this is followed by a plateau in presynaptic 

protein levels which persists from age 6 into adulthood [9]. At this time, complement 

activator expression drops, while complement inhibitors remain elevated or increase. This 

would seem to suggest that as synaptic growth stabilizes and levels off, synaptic pruning 

via complement may become less desirable. Overall, we do not see data, either in the 

form of complement mRNA, or in the form of synaptic protein, suggestive of a period in 

which synaptic pruning dominates. Instead, it appears likely that these two processes act 

side-by-side to establish a more mature form of brain connectivity moving into typical 

adolescence and adulthood and to enable plasticity with balanced formation and 

retraction of synapses. As such, a lack of appropriate complement activation and 

inhibition during this period could contribute to the abnormal synaptic loss thought to 

underpin the emergence of mental illness in adolescence or early adulthood.  
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In contrast to the classical pathway of complement activation, very little work in 

the existing literature addresses the role of the lectin or alternative complement pathways 

in neurodevelopment. While work by Fagan et al. (2017) reports the upregulation of the 

lectin pathway member, MASP1, in the brains of adolescent patients with autism 

spectrum disorder (ASD), this work demonstrates that MASP1 is typically expressed in 

the brain throughout normal human development. The pattern of developmental change 

in the lectin pathway member MASP1 mRNA is quite distinct from the pattern of change 

in the classical complement pathway seen in the data, with expression of MASP1 

decreasing early in life. This is similar to data in the marmoset, which finds a drop in 

MASP1 expression between three and six months of age [346]. Elevated MASP1 

expression was also reported in adolescent cases of ASD, which could indicate a failure 

to undergo normal developmental down-regulation of MASP1 in ASD. Similar to 

MASP1, factor D, a member of the alternative complement pathway, also showed an 

overall decrease in transcript expression with age (Figure 3.7a). These data suggest that 

the lectin and alternative pathways may be most active at birth and less critical to human 

postnatal developmental processes, which may instead rely more on the classical 

pathway. One possibility is that the lectin and alternative pathways in the brain serve an 

almost exclusively immune, rather than neurodevelopmental, role after birth. If true, it is 

compelling to consider that such discrete roles of the three arms of complement pathway 

allow for specialized function for neuroimmune protection versus neurodevelopment 

during early life. 

Disrupting the balance between complement activators and inhibitors at any stage 

in neurodevelopment could potentially alter the developmental trajectory of synaptic 
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pruning. Sekar et al. [162] found elevated C4 mRNA in a cohort of schizophrenic patients 

compared to a combined group of controls and bipolar disorder patients. However, from 

their data it is impossible to determine whether any changes in pruning activity in 

schizophrenia patients associated with C4 are related to a theorized period of adolescent 

synaptic pruning in the cortex. In fact, their data specifically was not influenced by adult 

age, suggesting that in those patients C4 mRNA was constitutively elevated across the 

adult lifespan, with the potential for increased synaptic pruning regardless of age. In 

contrast, our data presents a targeted, age-specific up-regulation of complement 

expression in early brain development, followed by a marked decline and nadir in young 

adults. This finding is supported by protein data showing elevated C4 early in 

development, followed by a significant reduction in teenagers, young adults, and adults 

(Figure 3.11b). The increases in C4 expression in schizophrenia patients identified by 

Sekar et al. 2016 [162], which appear to be a consequence of C4 copy number variants, 

therefore may result in persistent C4 elevation during a developmental period in which 

C4 reduction is expected or even necessary. Overall, our data present an early increase in 

complement expression, indicating that normally there may be a strong push toward 

complement-mediated synaptic pruning, followed by a tightly regulated decline in 

pruning as the brain transitions from school age to adolescence.  

These results may also have implications for ASD. The peak C1QB and C3 

mRNA expression seen in toddlers does suggest increased complement is available to 

mediate synaptic pruning in the human DLPFC as early as two years of age, coinciding 

with the age of onset for symptoms of autism [347]. Two previous studies investigating 

complement in post-mortem ASD brains have been inconsistent, one finding that C1QB 
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expression is increased [323] and one finding that C1QB is decreased [338]. Fagan et al 

in particular found ASD-like behavioral deficits after C3 knockdown in mice, supporting 

an association between complement-mediated synaptic pruning and autistic phenotypes 

[338]. In light of these data, it would be wise to revisit these or similar studies 

investigating biomarkers of brain complement activity that could be studied in living 

people across time.  

One important limitation of this study is the inability to identify which cells are 

synthesizing complement mRNA using total RNA isolation from brain tissue chunks. In 

the future, single-nuclei RNA-seq may be able to place these temporal changes in a more 

cell-type-specific context. Furthermore, the absence of perimortem perfusion of brain 

blood vessels in my samples does result in contamination by circulating immune cells. 

This is another problem which may be mediated by future use of single-nuclei RNA-seq. 

However, the data suggest that the gross volume of constitutive mRNA coming from 

circulating red and white blood cells (specifically monocytes/macrophages) to the bulk 

RNA does not change substantially across development (Chapter 2), indicating that there 

may not be large changes in blood vessel density or contamination from blood between 

developmental groups. This was further supported by the finding that total collagen IV 

area does not change across post-natal development (Chapter 2, Figure 2.7b). The mean 

value of mRNAs considered specific to red blood cells (hemoglobin α1, hemoglobin α2) 

are somewhat higher in the neonate and young adult samples (Chapter 2, Figure 2.4a,b) 

but a corresponding higher mean value at these two age groups is not found in 

complement mRNA in the brain. In fact, many complement mRNAs were at their lowest 
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in neonates, except factor D and MASP1 mRNAs, and most complement mRNAs were 

reduced in young adults. 

It is possible and even likely that some of the complement mRNA detected in this 

analysis is influenced by circulating white blood cells. Reports of childhood complement 

levels in blood serum indicate that complement protein levels are low in serum during 

early childhood development in humans [348], which was also a common feature in this 

RNA analysis. Due to the inherent differences between protein and mRNA-based data, it 

is not possible to make any definite conclusions here. However, it is possible to compare 

protein to protein. In this study, both C3 and C4 proteins were measured by Western blot. 

C3 protein levels were not changed across age groups, and indeed, C3 levels appeared 

quite stable for Willems et al {Willems, 2019 #1640} as well. However, C4 protein levels 

in Willems et al. appeared stable or elevated from toddlers to young adults {Willems, 

2019 #1640}, whereas C4 protein levels in this study were reduced from school-age to 

young adults. It may therefore be preferable to tease out serum-based changes in 

expression from brain-based changes in expression by comparing levels in both. 

Conclusion 

Traditional models of synaptic pruning predict that peak synaptic pruning occurs 

during adolescence. However, the data suggest that a contribution of complement to 

synaptic pruning is primed to occur earlier in development, between the ages of 1-5. 

Furthermore, the mRNA of key complement inhibitors shows a synchronized elevation that 

persists into or even increases in young adulthood, suggesting stronger control of 

complement activity in pivotal years of brain maturation. Based on the expression patterns 

in the data, the classical complement pathway is most likely to contribute to synaptic 
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pruning in toddlerhood, though the alternative pathway may play a role in amplifying the 

C3 signal as well. The results support a model in which an initial period of exuberant 

neonatal growth in the DLPFC is paralleled by induction and expression of key classical 

complement factors in the first few postnatal years, setting the stage for a later 

‘homeostatic’ period of synaptic growth and retraction in which complement activators and 

inhibitors work together to regulate, strengthen, and dispose of synapses as required based 

on experience and learning during postnatal life. 
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extracted protein and prepared protein samples for multiplex immunoassay. Rachel 
Sager produced the analysis of multiplex immunoassays. 

Introduction 
Cytokines serve as intercellular messengers both inside and outside the immune 

system, and often regulate pro- and anti-inflammatory activity [349]. Both cytokines and 

their receptors are typically increased in expression in the brain under pathological 

conditions, including acute injury and sepsis, neurodegenerative disease, and psychiatric 

disorders [294, 350-358]. Under normal conditions, however, cytokines are still 

detectable at low levels in the brain. During fetal development, multiple cytokines can be 

detected during the first trimester in the human forebrain; these include: IL-1β, TNF-α, 

IFN-γ, IL-6, IL-4, IL-10, and TGF-β mRNA and protein [215]. Interestingly, research 

into the prenatal and postnatal function of cytokines in the developing mammalian brain 

suggests that these molecules are serving purposes unrelated to inflammation. Three of 

the major pro-inflammatory cytokines of the immune system, IL-6, TNF-α, and IL-1β, 

have been implicated in the regulation of multiple processes over the course of brain 

development, ranging from neural cell generation to differentiation/maturation and 

survival [207, 359]. These three cytokines, in addition to IL-1 family member IL-18, are 

highly networked - including in the rodent brain [241, 278, 360-362] – and are among the 

most important of the pro-inflammatory cytokines in the immune system [349]. 

Cytokines are present in the human and rodent brain during embryonic 

development [214, 215, 363-366], which is characterized by rapid neurogenesis. IL-6, 

TNF-α, IL-18, and IL-1β are all expressed in the fetal forebrain as early as 5 weeks into 

human brain development, and all four increase steadily until at least 10 weeks [215]. 
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Similarly, in sheep, TNF-α and IL-1β protein are strongly expressed at E40, the 

equivalent of 10 weeks of human gestation [364]. In the mouse brain, TNF-α supports 

progenitor cell proliferation in the prenatal ventricular zone and in the postnatal 

subventricular zone [365], suggesting a direct role for TNF-α in regulating the cell cycle 

of neuroblasts and in influencing neurogenesis. Work in mice during embryonic 

development [366] indicates that IL-1β is necessary for normal cortical neuron migration 

[214]. In fact, the expression of IL-1β protein is sustained in the sheep cortex until term, 

during a time when cortical neurons are reaching their laminar positions [364]. Similarly, 

at term in humans, most of the excitatory pyramidal cortical neurons have migrated to the 

six main layers of the cerebral cortex, whereas later born interneurons of the cortex are 

still actively migrating well into the first few years of life [224]. In a final example, IL-6 

is known to stimulate glial [202, 218] and neuronal differentiation [202] in rodents and is 

highly expressed in the rat cortex at E18 when the dorsal germinal zone transitions from 

mainly neurogenesis to mainly gliogenesis [366, 367]. Thus, multiple pro-inflammatory 

cytokines are involved in the birth, differentiation and migration of neurons and glial 

cells during prenatal and early postnatal brain development.  

Studies using reverse transcription PCR have been able to successfully identify 

IL-1β, IL-6, TNF-α, and IL-18 cytokine mRNA [356, 367-371] in the postnatal cortex of 

rats, mice and humans, though it can be difficult to detect cytokines in the cortex under 

normal physiological conditions. One of the major features of postnatal brain 

development, myelination [8, 13, 104, 105, 310], is regulated by multiple cytokines. The 

regulation of oligodendrocyte lineage cells by cytokines falls under two broad categories: 

proliferation and maturation. Murine TNF-α in vivo supports oligodendrocyte precursor 
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cells’ proliferation [118], though TNF-α also induces oligodendrocyte death when 

applied at pathological levels in rodent mixed glial culture [372]. Other pro-inflammatory 

cytokines are associated with the maturation/differentiation of oligodendrocytes. IL-1β is 

endogenously expressed in oligodendrocyte progenitor cells in rat primary cell culture 

[119], and treatment with low levels of IL-1β promotes their progression to mature 

oligodendrocytes [119]. Similarly, treatment of cultured embryonic stem cells with a 

recombinant IL-6/soluble IL-6 receptor fusion protein induces cell differentiation into 

multiple stages of the oligodendrocyte lineage over the course of 8 days in murine stem 

cell culture [120]. In ‘classic’ IL-6 signaling, extracellular IL6 binds to membrane-bound 

IL-6R and then this pair complexes with membrane-bound IL-6ST to initiate signaling 

[373]. In contrast, ‘trans-signaling’ allows extracellular IL-6 to bind circulating soluble 

IL-6R and activate membrane-bound IL-6ST on cells which otherwise do not express the 

IL-6R receptor [373, 374]. IL-6 trans-signaling in particular is associated with cell 

differentiation in the central nervous system - not just into astrocytes [202, 375] but also 

into neurons [202] and oligodendrocytes [120] in rodent cell culture. Given the changes 

in glial cell transcripts found in Chapter 2, it was hypothesized that IL-6, which 

stimulates astrocyte, neuron, and oligodendrocyte differentiation in rodents [120, 202, 

218]; and IL-1β, which stimulates oligodendrocyte differentiation in mice [119], would 

increase between birth and 5 years old, similar to the mature astrocyte and 

oligodendrocyte markers GFAP and MBP (Figure 2.3b, Figure 2.2d). While myelin 

production extends over the first two to three decades of life in humans [8, 13, 104, 105, 

310], oligodendrocyte numbers increase until around age 5 and reach approximate adult 

numbers around age 9 [8]. If the IL6 and IL-1β expression levels relate to the generation 



 

143 
 

of oligodendrocytes post-natally, it was hypothesized that IL-6 and IL-1β expression 

would be high in neonates and infants, then decline and stabilize in toddlers (aged 1-5 

years) or during the school age period, then decline between school age children (aged 5-

13 years) and teenagers (aged 13-18 years) as fewer new oligodendrocytes differentiate. 

TNF-α, in contrast, is associated with murine oligodendrocyte progenitor proliferation 

[118], which declines around birth in humans [8]; therefore, it was hypothesized that 

TNF-α would be highly expressed at birth and would thereafter decline. Cytokine 

expression during post-natal development was expected to relate primarily to the 

maturation of the cells produced pre-natally. However, there are additional possible roles 

for cytokines reported in the adult central nervous system. For example, if IL-1β was 

instrumental in aiding interneuron migration, IL-1β mRNA and protein levels should be 

highest at birth and then decline within the first 5 years of life - following the pattern of 

the change in the neuronal migration marker doublecortin (DCX) in humans [225]. It was 

also hypothesized that IL-18, as a result of its similarities to IL-1β, would follow one of 

these two patterns predicted for IL-1β, either increasing or possibly decreasing steadily 

during the first 5 years of postnatal human life. However, it is worth noting that given the 

pleiotropic nature of these cytokines, it is likely that some, or all, of these four – TNF-α, 

IL-1β, IL-18, and IL-6 – will have multiple functions in development, and therefore 

would deviate from the possibilities laid out above. Determining the profile of cytokine 

expression level change during human cortical development will delineate at what age 

cytokine signaling is most salient and provide clues as to which events cytokines may 

make differential contributions to.  
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In addition to their developmental roles in regulating neural progenitor cell 

proliferation, cell migration, and cell differentiation/maturation, cytokines have 

neuromodulatory functions. TNF-α and IL-6 are noteworthy for their ability to alter 

neurotransmitter receptor expression and function in rats [208, 209, 275, 276]. 

Exogenous TNF-α treatment of primary rat hippocampal neuronal cells in culture resulted 

in decreased γ-aminobutyric acid A (GABAA) receptor β2 and β3 subunits at the synapse 

via endocytosis of receptors [208]. Similarly, stress-induced endogenous IL-6 signaling 

can decrease synaptic expression of GABAA receptors in the rat temporal cortex by 

endocytosing GABAA receptors [209], though the receptor subunit-specific details are 

unknown. Previous analyses of GABA receptor subunit changes in this cohort found that 

GABAA receptor β2 and β3 subunits are dynamically regulated across development in 

humans [80]. The GABAA receptor β2 and β3 subunits have two peaks in development: 

one in toddlers, which they share, and one in teenagers (β2) or young adults (β3) [80]. 

The β2 and β3 subunits share a trough in the school age group, between the two peaks 

[80]. Changes in synaptic receptor expression have the potential to regulate neuronal 

maturity and function. Given the known abilities of both IL-6 and TNF-β to induce 

GABAA receptor endocytosis, as an alternative hypothesis, IL-6 and TNF-α might show 

elevations in the school age group, when the GABAA receptor β2 and β3 transcripts 

subunits reach their nadir [80]. Thus, increased cytokines could serve as a complementary 

function to further reduce signaling through the GABAA receptor during the school age 

period.  

One of the factors which contributes to the pleiotropy of cytokines is the 

variability of their interactions with their receptor or receptors. In the case of IL-6 
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discussed above, for instance, the soluble state versus the cell surface-bound state of the 

IL-6R receptor have differential effects on the response of cells to IL-6. Both binding 

affinity and downstream effects of IL-6 are dependent on the availability of IL-6R to bind 

the IL-6ST receptor with IL-6 [373, 374]. In the case of TNF-α, its effects in the brain 

can be mediated through two receptors, TNFAR1 and TNFAR2 in humans and rats [376, 

377]. In the case of cytokines with only one known signaling receptor, like IL-1β and IL-

18 [378], the presence or absence of a single transcript/protein could determine whether a 

cell is able to respond to signaling at all. This means the level of expression of specific 

receptors in different neural cell types and across time could be key to regulating cellular 

responses to cytokine signaling in the brain. This chapter therefore is designed to 

determine the change in expression levels for key cytokine receptors of the pro-

inflammatory cytokines across human cortical development, expecting that any change in 

cytokine ligands would be mirrored by changes in the receptor. 

 Cytokine expression levels in the uninflamed, postnatal human brain are largely 

unexplored, but have the potential for major impacts on cortical development processes, 

including cell division and differentiation, myelination and regulation of neurotransmitter 

receptors. Therefore, using both mRNA and protein-based methods, this chapter will 

characterize changes in cytokine expression through postnatal brain development. It is 

hypothesized that cytokine expression would be differentially regulated between the 

developmental periods previously analyzed in chapters 1 and 2. 
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Methods 

Subjects 

Samples were selected as described previously. In summary, age groups 

(neonates, infants, toddlers, school age, teenagers, and young adults) were determined 

using cognitive development parameters and matched for RIN, pH, and PMI. However, 

PMI was significantly longer in neonates and infants as compared to the older ages 

(ANOVA, F(5,51)=2.881, p=0.023) (Appendix, Part 1, Figure 1, page#242). Samples 

used for Fluidigm analysis are reported in the Chapter 2 (Table 2.2). Samples used for 

protein extraction and subsequent Luminex analysis are reported in Table 4.1 below. 

 

Table 4.1 

Luminex 
cytokine 
analysis    

Neonate Age pH PMI Sex   
0.11 6.47 27 m Asphyxia 
0.15 6.63 17 m SIDS 
0.15 6.36 24 m SIDS 
0.15 6.86 11 m Congenital heart defect 
0.17 6.52 27 f Pneumonia 
0.18 6.48 19 f Asphyxia 
0.19 6.5 25 m Asphyxia 
0.19 6.36 21 f SIDS 
0.2 6.12 24 f SIDS 

0.21 6.6 28 m SIDS 
0.24 6.65 24 f Positional asphyxia 

Average 0.18 6.51 22.5 6m/5f   
Std Dev 0.04 0.19 5.11     

Infant 0.25 6.54 14 f SIDS 
0.32 6.36 19 m Asphyxia/suffocation 
0.33 6.54 22 m Bronchopneumonia 
0.35 6.66 27 m Myocarditis 
0.38 6.54 9 m SIDS 
0.39 6.81 5 m Asthma 
0.48 6.47 18 f SIDS 
0.52 6.82 22 f SIDS 
0.54 6.17 10 m Asthma 
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0.54 6.71 24 m Accident/asphyxia 
0.67 6.58 21 f SIDS 
0.82 6.65 18 m Hypothermia 
0.91 6.38 10 m Bronchiolitis 
0.91 6.87 18 f SUD 

Average 0.53 6.58 16.9 9m/5f   
Std Dev 0.22 0.20 6.43     
Toddler 1.58 6.9 24 f Myocarditis 

2 6.89 13 m Cardiac arrhythmia 
2.19 6.64 27 m Asthma 
2.45 6.74 22 f No anatomical cause 
2.47 6.45 20 f MVA 
2.71 6.47 44 f Drowning 
2.75 6.16 14 m SV stenosis 
4.64 6.92 18 m Accident 
4.86 6.74 19 m Drowning 

Average 2.85 6.66 22.3 5m/4f   
Std Dev 1.14 0.26 9.26     
Schoolag 5.39 6.74 17 m Drowning 

6 6.05 18 m Multiple injuries 
7.84 6.78 18 m Accident 

8 6.78 20 m Asphyxia 
8 6.76 5 f Cardiac arrhythmia 

8.92 6.41 12 f Cardiac arrhythmia 
11.54 6.44 12 f Asthma 
12.42 6.82 16 m Drowning 
12.97 6.85 18 f Accident 

Average 9.01 6.63 15.1 5m/4f   
Std Dev 2.72 0.27 4.68     
Teenager 15 6.76 13 m Accident 

16.34 6.6 7 f Multiple injuries 
16.68 6.81 16 f Multiple injuries 
17.05 6.69 25 m Drowning 
17.38 6.84 19 m Accident 
17.49 6.67 16 m Accident 
17.69 6.83 16 m Accident 
17.82 6.8 12 m Accident/asphyxia 

Average 16.9 6.75 15.5 6m/2f   
Std Dev 0.93 0.09 5.26     

Young 
Ad 

20.14 6.5 18 m Accident 
21.93 6.96 13 m MVA 
21.97 6.25 7 m Obesity 
22.51 6.75 12 m MVA 
22.92 6.84 4 m ASCVD 
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23.62 6.57 14 f Asthma 
24.93 6.92 7 m MVA 

25.1 6.54 32 f Pulmonary embolism 
25.38 6.73 16 f Accident 

Average 23.2 6.67 13.7 6m/3f   
Std Dev 1.75 0.23 8.26     

 

 

RNA extraction and cDNA synthesis 

RNA extraction and cDNA synthesis were performed as described in Chapter 2, 

page #60, 65-66. 

High-throughput quantitative PCR 

High-throughput quantitative PCR was run on a Biomark HD (Fluidigm, South 

San Francisco, CA, USA) as described in Chapter 0.5. Probes are included in Table 2. 

Table 2 
Gene Probe 
IL-1β Hs01555410_m1 
IL-1R1 Hs00991002_m1 
IL-18 Hs01038788_m1 
IL-18R1 Hs00977691_m1 
IL-6 Hs00174131_m1 
IL-6R Hs01075664_m1 
IL-6ST Hs01006741_m1 
TNF-α Hs00174128_m1 
TNF-R1 Hs01042313_m1 
TNF-R2 Hs00158922_m1 

Table 2. Cytokine and cytokine receptor probes used for Fluidigm analysis. 

Table 1. This group of samples was used for protein extraction and analysis by 
Luminex multiplex immunoassay. Some samples were excluded due to a lack of 
tissue, and some samples which were not used for RNA analysis were included for 
protein. 
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Protein extraction 

Total protein was extracted from 30-60 mg of fresh frozen human DLPFC tissue, 

using N-PER neuronal protein extraction reagent (Fisher Scientific, Hampton, NH, USA, 

Cat# PI87792) and Halt protease and phosphatase inhibitor cocktail plus EDTA (0.5mM 

EDTA) (Fisher Scientific, Hampton, NH, USA, Cat# PI78440) at 10uL N-PER per 1mg 

tissue in 1.5mL Axygen centrifuge tubes (Cat# MCT-175-C, Axygen). Tissue was 

homogenized on wet ice using hand held Axygen tissue grinder (Fisher Scientific, 

Hampton, NH, Cat# 14 222 358) for 10 minutes using continual manual agitation. 

Following homogenization, the homogenate was incubated on wet ice for an additional 

ten minutes. Microcentrifuge tubes of homogenate were then centrifuged for 10 minutes 

at 10,000g at 4°C to pellet tissue debris and insoluble material. Supernatant was removed 

and stored in 1.5 ml low-protein binding centrifuge tubes (Fisher Scientific, Hampton, 

NH, USA, Cat# E925000090) at -80°C. Prior to use, protein was quantified by 

bicinchoninic acid (BCA) assay and diluted in N-PER with Halt protease and 

phosphatase inhibitor cocktail to a concentration of 2 mg/mL. The BCA assay was 

selected for protein quantification based on superior performance of the standard curve 

for our protein concentrations, as well as superior reproducibility when using our lysis 

buffer. 
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Multiplex immunoassay 

For cytokine protein expression, multiplex immunoassays were performed. The 

multiplex immunoassay is a technique which uses absolute quantification, unlike Western 

blot and qRT-PCR, the two major techniques involved in this study. Multiplex 

immunoassay was selected for multiple reasons, including the high level of sensitivity 

[379] which is lacking in Western blot analysis, the ability to run multiple assays 

simultaneously, and finally the low amount of protein necessary for analysis. While it is 

unfortunate that the multiplex immunoassay cannot provide information about protein 

cleavage and/or activation, the proteins assayed with this technique were at levels which 

most likely would not be reliably detectable using Western blot. This method has not 

been officially validated for use with human brain tissue by its producers, so validation 

studies were performed to address study feasibility. These validation studies are 

discussed in the Appendix, Part 3 (page #269).  

Multiplex immunoassays were run on a BioRad BioPlex 200 System (Bio-Rad, 

Hercules, CA, USA, Cat# 171000201) using a custom 4-Plex Human Cytokine Assay Kit 

including two 96-well plates. The custom designed assay targeted human cytokines IL-6, 

IL-1β, IL-18, and TNF-α using existing probe antibodies from a larger 48-plex kit (Bio-

Plex Pro Human Cytokine Screening Panel, Bio-Rad, Hercules, CA, USA, Cat 

#12007283). The assay was run using the 100 region bead map, with a bead count of 50 

beads per region. Sample timeout was set to 60 seconds. One hundred μg total protein 

was run per sample. The multiplex immunoassay was run in the Molecular Core of 

SUNY Upstate Medical University, following the protocol provided by the kit described 
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below. Before running all experimental samples, the measurement error (variation in 

values for repeated measurement of the same sample for each of the cytokines) was 

estimated. The coefficient of variation (% CV) was calculated for triplicate readings of 

each sample. Samples which exceeded ± 15% CV (30% CV total) had one “outlier 

replicate” removed which resulted in <± 15% CV from replicate measures for each 

sample. 

Samples (100 ug) were run in duplicate between the two plates, and pooled 

internal controls were included in triplicate on each plate to monitor plate to plate 

variability. The samples used are reported above in Table 1. Standards were provided 

with the kit, and lyophilized standards were reconstituted in 250 uL of the kit’s Standard 

Diluent HB (Bio-Rad, Hercules, CA, USA) with no added bovine serum albumin. 

Following reconstitution, standards were vortexed and incubated for 30 minutes on wet 

ice. Standards were diluted to ratios of 1:4, 1:16, 1:64, 1:256, 1:1,024, 1:4,096, 1:16,384, 

1:65,536, and 1:262,144. Antibody-coupled beads were vortexed for 30 seconds, diluted 

1:100 with Bioplex Assay Buffer (Bio-Rad, Hercules, CA, USA), and briefly vortexed 

again to mix. 50 uL of antibody-coupled beads were added (Bio-Rad, Hercules, CA, 

USA) to each well of the assay plate, then washed twice with 100 uL of Bio-Plex Wash 

Buffer (Bio-Rad, Hercules, CA, USA) using a manual magnetic plate washer (Hand-held 

Magnetic Plate Washer, ThermoFisher Scientific, Waltham, MA, USA, Cat#EPX-55555-

000). All subsequent wash steps used 100uL of Bio-Plex Wash Buffer with the manual 

magnetic plate washer. Samples’, standards’ and internal controls’ tubes were vortexed 

for 5 seconds, then 50 uL were added from each tube per well to the antibody-coupled 

beads previously placed in wells. Antibody-coupled beads and homogenates were 
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incubated on a shaker (Thermo model 4625 shaker, ThermoFisher Scientific, Waltham, 

MA, USA) for 30 minutes at room temperature. Following incubation, the beads were 

washed 3 times. 10 minutes before use, the detection antibody stock (Bio-Rad, Hercules, 

CA, USA) was vortexed for 5 seconds, then diluted detection antibodies 1:10 in 

Detection Antibody Diluent (Bio-Rad, Hercules, CA, USA). The diluted detection 

antibodies were vortexed again to mix. 25 uL of diluted detection antibodies were added 

to each well of protein-bound beads and homogenates, and this mixture was incubated on 

a shaker at 850rpm at room temperature for 30 minutes. After incubation, beads were 

washed 3 times. streptavidin-phycoerythrin stock (Bio-Rad, Hercules, CA, USA) was 

vortexed for 5 seconds, then diluted 1:100 in Bio-Plex Assay Buffer, vortexed to mix, 

and incubated for ten minutes at room temperature before use. 50 uL of streptavidin-

phycoerythrin were added to each well and the plate was incubated on a shaker for 10 

minutes at room temperature. Following incubation, beads were washed a final 3 times 

before resuspension in 125 uL Bio-Plex Assay Buffer for plate reading. The protein- and 

detection antibody-bound beads were incubated on the shaker for an additional 30 

seconds at room temperature before the plate was read. 

 

Statistical analysis 

Statistical tests of high-throughput qPCR and multiplex immunoassays were 

performed using SPSS statistics (Version 25, OSX, RRID:SCR_002865, IBM, Armonk, 

NY, USA). Data were tested for normality using Kolmogorov-Smirnoff testing and for 

homogeneity of variance using Levene’s test. Outliers by age group were identified using 

the ROUT test for outliers then removed (n=2 outliers per age group on average). Data 
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were retested for normality using Kolmogorov-Smirnoff testing and for homogeneity of 

variance using Levene’s test. For TNF-α mRNA, 5 out of 11 samples were below the 

level of detection. The removal of outliers defined by ROUT in the neonatal group would 

have reduced the neonatal group to only 4 samples, below what is recommended for 

statistical analysis. The infant group had n=13, with one sample below the level of 

detection. The removal of outliers defined by ROUT in the infant group would have 

reduced the infant group to 11 samples. Since visual inspection of the data suggested the 

neonates and infants had similar levels of TNF-α, a two-tailed independent t test without 

the neonate and infant group outliers (n=12) was run comparing neonates and infants. 

Neonates and infants did not differ significantly (t(12)=1.337, p=0.206).  

All available samples of the neonate and infant groups were combined for 

analysis by ANOVA for the TNF-α mRNA analysis. Outliers were re-calculated for the 

newly combined neonate and infant group (n=17) and removed using ROUT analysis as 

previously described. With outliers removed via ROUT, the combined group had a n=13. 

Therefore, for TNF-Α mRNA the youngest group comprises brains from babies from age 

2 months to 1 year.  

After outlier removal, data were re-tested for normality using Kolmogorov-

Smirnoff testing and for homogeneity of variance using Levene’s test. If the data were 

non-parametric, data were log and Cox Box transformed (Real Statistics Excel plug in, 

Release 5.4. Copyright 2013 – 2018 Charles Zaiontz. www.real-statistics.com). The 

transformed data were then re-tested for normality using Kolmogorov-Smirnoff testing 

and for homogeneity of variance using Levene’s test. Data transformations (either Log or 

Cox-Box) were selected for further analysis based on the results of Kolmogorov-

http://www.real-statistics.com/
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Smirnoff and Levene’s tests. All transcripts were tested for correlation with age under 

age 5 using Spearman’s ρ, as ages were non-normally distributed within the cohort. All 

transcripts were additionally tested for covariance with RIN, pH, and post-mortem 

interval (PMI). Pearson’s test was used for normally distributed data, and Spearman’s 

ranked test was used for non-normally distributed data. Transcripts were tested for 

correlation with age under 5 using Spearman’s ranked correlation (ρ value), as the ages 

used in this study were not normally distributed but skewed to the left by design. Protein 

was likewise tested for correlation with tissue quality factors using Pearson’s r correlation 

with pH and PMI. Data with significant correlations (p≤0.05) were further analyzed with 

their covariates using ANCOVA. ANCOVA analyses were followed by Fisher’s Least 

Significant Difference tests. Significant covariates are reported with results in the figure 

legend. Non-normally distributed data with covariates were analyzed using Quade’s 

ranked test and followed by Fisher’s Least Significant Difference tests. Data without 

covariates which were normally distributed within age groups were analyzed using 

ANOVA, and non-normally distributed data were analyzed using Kruskal-Wallis testing. 

Welch’s ANOVA was used for normally distributed data exhibiting non-homogenous 

variance within groups [296, 297]. ANOVA analyses performed for data with 

homogenous variance were also followed by Fisher’s Least Significant Difference tests. 

Welch’s ANOVA analyses, for which data had significantly non-homogenous variance 

within groups as determined by Levene’s test, were followed by Games-Howell post-hoc 

tests. Sex differences were analyzed by independent sample 2-tailed t-tests for each 

transcript but could not be compared on a per age group basis due to sample size 

limitations. Statistical significance was set at p≤0.05.  
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Results  
Increases in IL-1β mRNA and protein early in life 

IL-1β (Figure 4.1a), was at its nadir just after birth in the neonatal brain, and 

increased during postnatal life (IL-1β, F(5,46)=4.451,p=0.002). In correspondence to the 

mRNA, significant increases were found in IL-1β (Figure 4.1b) protein levels across 

postnatal human life (IL-1β, F(5,52)=3.265, p=0.012), with IL-1β at its lowest levels in 

neonates and increasing during postnatal life. 

 

For IL-1β mRNA, levels increased approximately 95% between neonates and 

infants (p=0.038), and almost 380% between infants and toddlers (p=0.006), ultimately 

peaking with a 830% net increase from the lowest age group (neonates) to the highest 

(toddlers) (Figure 4.1a). When examining this age range from 2 months to 5 years more 

specifically, IL-1β mRNA was found to be significantly positively correlated with age 

Table 4.1. Correlations with age under 5 
Transcript N Rho p-value 
IL-1β  31 0.551 0.001 
IL-1R1  31 0.509 0.003 
IL-18  31 0.58 <0.001 
IL-18R 24 0.254 0.232 
IL-6  26 0.419 0.033 
IL-6R  32 0.542 0.001 
IL-6ST  32 0.498 0.004 
TNF-α 21 0.421 0.057 
TNF-R1 31 0.085 0.648 
TNF-R2 31 0.208 0.261 
Protein       
IL-1β  32 0.479 0.006 
IL-18 31 0.157 0.399 
IL-6  28 0.474 0.011 
TNF-α  32 0.555 <0.001 
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(Spearman’s rho, ρ=0.580, p<0.001)(Table 4.1). Mean IL-1β mRNA levels were then 

reduced back to roughly infant levels at school-age, but were still significantly elevated 

through school-age (p=0.022) and adolescence (p=0.008) when compared to neonates. 

IL-1β mRNA levels in young adults were intermediate compared to the earlier ages and 

not significantly different from any other age group.  
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Like IL-1β mRNA, IL-1β protein also showed an approximately 70% increase in protein 

levels between neonates and infants (p=0.008) (Figure 4.1b). Overall, the  

magnitude of the changes in protein across age were not as great as those in the mRNA, 

never exceeding a 140% increase in the mean between any two groups. Toddler levels of 

IL-1β protein were significantly higher than those for neonates (p=0.002), but were not 

significantly elevated compared to infants (p>0.05). The overall pattern of protein 

expression was similar to the mRNA, and a significant linear increase was detected in 

earlier age groups (ages 2 months-5 years) (Spearman’s rho, ρ=0.479, p=0.006) (Table 

Figure 4.1. IL-6 and IL-1β mRNA and protein expression 
a. IL-1β mRNA was significantly different between age groups (ANCOVA, pH; 
F(5,46)=4.451, p=0.002). Post-hoc testing (Fisher’s LSD) found differences between 
neonates and infants (p=0.038); neonates and toddlers (p<0.001); neonates and school-
age (p=0.022); neonates and teenagers (p=0.008); infants and toddlers (p=0.006); and 
toddlers and young adults (p=0.011). pH contributed significantly to the model 
(F(1,46)=5.850, p=0.020). Variance within age groups was non-homogenous 
(Levene’s, F(5,47)=4.172, p=0.003). N=53. 4 outliers were removed for this 
transcript. 
b. IL-1β protein was significantly different between age groups (ANOVA, 
F(5,52)=3.265, p=0.012). Post-hoc testing (Fisher’s LSD) found differences between 
neonates and infants (p=0.008); neonates and toddlers (p=0.002); neonates and 
teenagers (p=0.004); and neonates and young adults (p=0.005). N=58. 
c. IL-6 mRNA was significantly different between age groups (ANCOVA, RIN; 
F(5,40)=4.062, p=0.004). Post-hoc testing (Fisher’s LSD) found differences between 
neonates and toddlers (p=0.003); neonates and school-age (p=0.003); neonates and 
teenagers (p<0.001); neonates and young adults (p=0.010); and infants and teenagers 
(p=0.019). RIN contributed significantly to the model (F(1,40)=5.492, p=0.024). 
N=47. 4 samples were undetectable and 6 outliers were excluded from the full cohort 
for this transcript. 
d. IL-6 protein was significantly different between age groups (ANOVA, 
F(5,44)=2.585, p=0.039). Post-hoc testing (Fisher’s LSD) found differences between 
neonates and toddlers (p=0.006); neonates and school-age (p=0.004); neonates and 
teenagers (p=0.031); and neonates and young adults (p=0.045). N=50. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Colored asterisks denote comparisons 
to age group with shared color scheme.  
Horizontal line represents mean and bars represent SEM. 
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4.1). However, there were some interesting differences in the pattern of change between 

the IL-1β protein and mRNA, in that the plateau seen between ages 5-18 in the mRNA 

seemed to extend in the IL-1β protein into the young adult group, whereas the mean IL-

1β mRNA levels dropped in the young adult group. In fact, the young adult IL-1β protein 

level was still significantly increased by 100% compared to the IL-1β protein level in 

neonates (p=0.005). 

 

Increases in IL-6 mRNA and protein early in life and at maturation 

Similar to IL-1β, both IL-6 mRNA and protein increased gradually, starting with 

low levels in neonates which stabilized in the toddler age group, with sustained levels in 

later development. Unlike IL-1β, IL-6 protein had an overall greater magnitude of change 

than its mRNA, however the statistical significance was greater with the mRNA (IL-6 

mRNA, F(5,52)=3.265, p=0.012; IL-6 protein, F(5,44)=2.585, p=0.039). IL6 mRNA 

levels did not reach the level of statistical significance when comparing neonates and 

infants (p=0.056). Instead, the first significant increase in IL-6 mRNA by age group was 

a 380% increase from neonates to toddlers (Figure 4.1c)(p=0.003). When focusing on IL-

6 mRNA changes between the ages of 2 months and 5 years, it was found that IL-6 

mRNA was moderately correlated with age (Spearman’s rho, ρ=0.419, p=0.033) (Table 

3). After toddlerhood, IL-6 mRNA remained elevated, but showed an additional 

significant 410% increase in the expression of teenagers compared to infants (p<0.019). 

The peak expression level in teenagers was approximately 520% above the lowest mean 

(neonatal) expression values. There was a slight subsequent reduction in IL6 mRNA in 
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young adults, which returned the mean expression to intermediate levels, increased by 

140% compared to neonates (p=0.010). 

 In a similar pattern to IL-6 mRNA, IL-6 protein levels did not differ between 

neonates and infants (p=0.114). IL-6 protein was first significantly elevated in the toddler 

age group, with an approximately 680% increase from neonatal levels (p=0.006). Mean 

IL-6 protein levels did start to increase in infants, which is reflected in the positive 

correlation of IL-6 protein with age between 2 months and five years (Spearman’s rho, 

ρ=0.474, p=0.011)(Table 3). While the first increase in IL-6 mRNA occurring between 

neonates and toddlers was reflected by IL-6 protein, the second period of IL6 mRNA 

increase in teenagers was not reflected in protein levels. Mean protein level showed no 

significant difference between school-age and teenagers (p=0.514) (Figure 4.1d). Thus, 

the highest IL-6 protein levels were detected in school-age, which increased 1200% 

compared to neonates (p=0.004). It is worth noting that the correlations with age under 5 

in both the mRNA and the protein suggest that the changes in expression follow a more 

gradual increase over time than the step-wise increases representing samples when sorted 

into groups. However, it is evident from the data that changes in both IL-1β and IL-6 

mRNA and protein levels during development are more dynamic than only a simple 

linear increase seen between 2 months and 5 years, or in even always achieving a steady 

level of expression from ages 6-25. 
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Increases in IL-1R1 and IL-6R, but not IL-6ST with age  

Some, but not all, cytokine receptor levels increased in postnatal development 

mirroring their corresponding cytokines. IL-1R1, like its ligand IL-1β, started with low 

expression levels, with a sharp increase in toddlers before returning to around neonatal 

levels during the school age period. (F(5,47)=2.683, p=0.033). IL-1R1 mRNA levels 

significantly increased by 90%-100% from neonates and infants to toddlers (Neonate, 

p=0.007; infants, p=0.003) (Figure 4.2a). IL-1R1 mRNA was significantly correlated 

with age during the first 5 years of life (Spearman’s rho, ρ=0.509, p=0.003)(Table 3); 

however, at the age group level it demonstrated a delayed increase compared to IL-1β 

mRNA, and was not significantly increased in the first year of life. At later ages, mean 

IL-1R1 mRNA was slightly, but not significantly, elevated to about 60-70% above 

neonatal levels (School-age, p=0.168; Teenager, p=0.131; Young adult, p=0.454). 

IL-6R increased in a steadier fashion after birth before peaking in toddlers, then 

stabilized with elevated levels, similar to IL-6 (F(5,49)=6.067, p<0.001). When analyzed 

by age group, IL-6R mRNA increased significantly by approximately 160% from 

neonates to toddlers (p<0.001) and 90% from infants to toddlers (p<0.001)(Figure 4.2b). 

IL-6R mRNA was significantly correlated with age between 2 months and 5 years 

(Spearman’s rho, ρ=0.542, p=0.001) (Table 4.3). The initial increase in expression 

resembles both IL-6 mRNA and protein, but the magnitude of change between neonate 

and toddler receptor transcript levels is 2.5x less than IL-6 mRNA and 4.25x less than IL-

6 protein. IL-6R expression remained elevated compared to both neonates and infants in 

school-age (Neonates, p=0.003; Infants, p=0.015), teenagers (Neonates, p=0.002; Infants, 

p=0.010), 
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and young adults (Neonates, p=0.003; Infants, p=0.018). Furthermore, unlike IL-6 

mRNA, there was no sign of an additional increase in IL-6R mRNA in teenagers when 

comparing to any groups other than neonates and infants. 

In contrast to IL-1R1 and IL-6R, mRNA for IL-6ST did not change significantly 

across development (F(5,49)=2.284, p=0.061) (Figure 4.2c). In spite of the modest and 

non-significant changes in expression represented by the group means, IL-6ST mRNA 

was significantly correlated with age under 5, suggesting that there is some early gradual 

Figure 4.2. Expression levels of IL-1β and IL-6 receptors 
a. IL-1R1 mRNA was significantly different between age groups (ANCOVA, PMI, 
RIN; F(5,47)=2.683, p=0.033). Post-hoc testing (Fisher’s LSD) found significant 
differences between neonates and toddlers (p=0.007) and infants and toddlers 
(p=0.003). RIN did not contribute significantly to the model. pH contributed 
significantly to the model (F(1,47)=5.351, p=0.025). N=55. 2 outliers were removed 
for this transcript. 
b. IL-6R mRNA was significantly different between age groups (ANCOVA, pH; 
F(5,49)=6.067, p<0.001). Post-hoc testing (Fisher’s LSD) found significant 
differences between neonates and toddlers (p<0.001); neonates and school-age 
(p=0.003); neonates and teenagers (p=0.002); neonates and young adults (p=0.003); 
infants and toddlers (p>0.001); infants and school-age (p=0.015); infants and 
teenagers (p=0.010); and infants and young adults (p=0.018). pH did not contribute 
significantly to the model. Variance within groups was non-homogenous (Levene’s, 
F(5,50)=4.319, p=0.002). N=56. 1 outlier was removed for this transcript. 
c. IL-6ST was not significantly different between age groups. (ANCOVA, PMI, pH; 
F(5,49)=2.284, p=0.061). PMI did not contribute significantly to the model. RIN 
contributed significantly to the model (F(1,49)=8.859, p=0.005). Variance was non-
homogenous within age groups (Levene’s, F(5,51)=2.444, p=0.046). N=57. No 
outliers were removed for this transcript. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Colored asterisks denote comparisons 
to age group with shared color scheme. Horizontal line represents mean and 
bars represent SEM. 
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increase in expression for all three of the IL1/IL6 receptors studied (ρ=0.498, 

p=0.004)(Table 3).  

 

Increases in IL-18 mRNA and protein, but not IL-18R, with age 

As with IL-1β and IL-6, IL-18 mRNA levels were lowest just after birth in 

neonates, and increased early in postnatal life (Figure 4.3a, F(5,48)=4.053, p=0.004). 

Like IL-1β, IL-18 mRNA then decreased in school age, and decreased once more in 

young adults. IL-18 mRNA peaked in toddlers with a significant 200% increase from 

neonates (p<0.001), with mean IL-18 mRNA levels in infants falling between neonates 

and toddlers (p=0.229). IL-18 mRNA was also significantly increased in toddlers by 90% 

when compared to infants (p=0.001) (Figure 4.3a). When focusing on the three youngest 

developmental groups, a strong linear correlation between age and IL-18 mRNA was 

detected between 2 months and 5 years (Spearman’s rho, ρ=0.580, p<0.001) (Table 3). 

The mean level of IL-18 mRNA then decreased slightly in school-age where it was only 

significantly elevated compared to neonates by 130% (p=0.025). Mean IL-18 mRNA 

levels eventually returned to approximately neonatal levels in the young adult group 

(p=0.129).  

IL-18 protein levels followed a similar pattern as its encoding transcript, 

increasing during postnatal life (Figure 4.3b) (F(5,49)=2.825, p=0.026). Unlike IL-18 

mRNA, IL-18 protein remained stably elevated in the teenager and young adult groups as 

compared to neonates and infants. IL-18 protein was elevated in toddlers by 50% 
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compared to neonates (p=0.046) and by 130% compared to infants (p=0.043). There was  

 a slight decrease in the school-age group which was not significantly different from any 

other age group (all p>0.05) 

While mean levels of IL-18R1 mRNA appeared to increase over the age period 

studied, the change in transcript levels did not differ significantly with age group (Figure 

4.3c, F(5,42)=1.957, p=0.105). The levels of IL18R1 mRNA were quite variable at every 

age. Unlike other cytokines and receptors, mRNA for the IL-18 receptor IL-18R1 was not 

correlated with age when only considering those under 5 years of age (Spearman’s rho, 

ρ=0.254, p=0.232) (Table 4.1).  

Figure 4.3. IL-18 mRNA, protein, and receptor expression 
a. IL-18 mRNA was significantly different between age groups (ANCOVA, pH; 
F(5,48)=4.053, p=0.004). Post-hoc testing (Fisher’s LSD) found significant 
differences between neonates and toddlers (p<0.001); neonates and school-age 
(p=0.030); neonates and teenagers (p=0.025); infants and toddlers (p=0.001), and 
toddlers and young adults (p=0.010). pH contributed significantly to the model 
(F(1,48)=10.318, p=0.002). Variance was non-homogenous within age groups 
(Levene’s, F(5,49)=3.168, p=0.015). N=55. 1 sample was undetectable for this 
transcript and one outlier was removed. 
b. IL-18 protein was significantly different between age groups (ANCOVA, pH; 
F(5,49)=2.825, p=0.026). Post-hoc testing (Fisher’s LSD) found significant 
differences between neonates and toddlers (p=0.046); neonates and teenagers 
(p=0.005); neonates and young adults (p=0.047); infants and toddlers (p=0.043); 
infants and teenagers (p=0.004); and infants and young adults (p=0.044). N=56. 
c. IL-18R1 mRNA was not significantly different between age groups (ANCOVA, 
PMI; F(5,42)=1.957, p=0.105). PMI contributed significantly to the model 
(F(1,42)=4.856, p=0.033). N=49. 7 samples were undetectable for this transcript and 
1 outlier was removed. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Colored asterisks denote 
comparisons to age group with shared color scheme.  
Horizontal line represents mean and bars represent SEM. 
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Increases in TNF-Α and TNF-R2, but not TNF-R1, with age 

As with the three other cytokines studied, TNF-α mRNA levels were lower earlier 

in life and significantly increased during development (F(4,40)=5.104, p=0.002) (Figure 

4.4a). However, TNF-α mRNA was undetectable in 5 neonatal samples and 1 infant 

sample, so neonate and infant groups were combined into one group for analysis by 
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ANOVA. A t-test comparing neonates and infants directly indicated no significant 

difference between the two groups (t(12)=1.337, p=0.206). TNF-α mRNA increased 

360% between the neonate + infant group and the toddler group (p=0.044). When 

focusing on changes within the first few years of life, no correlation was found between 

TNF-α mRNA and age (Spearman’s rho, ρ=0.421, p=0.057) (Table 3). Similar to IL-18, 

Figure 4.4. Expression levels of TNF-α mRNA, protein, and receptors 
a. TNF-α mRNA was significantly different between age groups (ANCOVA, RIN; 
F(4,40)=5.104, p=0.002). Post-hoc testing (Fisher’s LSD) found significant 
differences between the neonate-infant combined group and toddlers (p=0.044); the 
neonate-infant combined group and teenagers (p<0.001); the neonate-infant 
combined group and young adults (p=0.025); toddlers and teenagers (p=0.046); 
school-age and teenagers (p=0.015); and teenagers and young adults (p=0.047). RIN 
did not contribute significantly to the model. N=46. 7 samples were undetectable for 
this transcript and 4 outliers were removed. 
b. TNF-α protein was significantly different between age groups (ANCOVA, pH; 
F(5,50)=7.722, p<0.001). Post-hoc testing (Fisher’s LSD) found significant 
differences between neonates and toddlers (p<0.001); neonates and school-age 
(p<0.001); neonates and teenagers (p<0.001); neonates and young adults (p<0.001); 
infants and toddlers (p=0.007); infants and school-age (p=0.008); infants and 
teenagers (p<0.001); and infants and young adults (p=0.004). pH did not contribute 
significantly to the model. Variance was non-homogenous within groups (Levene’s, 
F(5,51)=3.019, p=0.018). N=57. 
c. TNF-R1 mRNA was not significantly different between age groups (ANOVA; 
F(5,50)=0.111, p=0.989). N=56. 1 outlier was removed. 
d. TNF-R2 mRNA was significantly different between age groups (ANCOVA, RIN; 
F(5,48)=2.763, p=0.028) Post-hoc testing (Fisher’s LSD) found significant 
differences between neonates and young adults (p=0.052); infants and toddlers 
(p=0.045); infants and school-age (p=0.023); infants and teenagers (p=0.019); and 
infants and young adults (p=0.002). RIN contributed significantly to the model 
(F(1,48)=13.325, p=0.001). N=55. 2 outliers were removed. 
*≤0.05; **≤0.01; ***≤0.001 for all images. Colored asterisks denote 
comparisons to age group with shared color scheme. Bars represent standard 
error of the mean. 
Horizontal line represents mean and bars represent SEM. 
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TNF-α decreased by 64% from toddler to school-age, where it was not significantly 

different from neonatal levels (p=0.650). Then, in a pattern distinct from all three other 

cytokines investigated, TNF-α mRNA increased again in teenagers, exceeding even 

toddler levels by 100% (Figure 4.4a) (p=0.046).  

Similar to TNF-α mRNA, levels of TNF-α protein also increased significantly 

during post-natal life, starting in toddlers and remaining elevated into young adulthood 

(Figure 4.4b) (F(5,50)=7.722, p<0.001). The fluctuations found in TNF-α mRNA 

expression levels between toddler, school-age and teenager could not be detected in TNF-

α protein levels, which were nonetheless elevated in toddler, school-age, teenager and 

young adult compared to neonates (all p<0.001) and infants (Toddler, p=0.007; School-

age, p=0.008; Teenager, p<0.001, Young adult, p=0.004) Figure 4.4b). When focusing on 

changes within the first few years of life, a strong positive correlation was found between 

TNF-α protein and age (Spearman’s rho, ρ=0.555, p<0.001). In agreement with TNF-α 

mRNA, TNF-α protein levels peaked in teenagers, which were increased almost 430% 

compared to neonates (p<0.001). 

TNF-R1 mRNA did not show any significant differences when analyzed by age 

group (F(5,50)=0.111, p=0.989)(Figure 4.4c). TNF-R2 mRNA levels were increased 

beginning in toddlers and remained elevated throughout young adulthood 

(F(5,48)=2.763, p=0.028). TNF-R2 mRNA levels were increased approximately 60% on 

average when comparing infants to toddlers (p=0.045), school-age (p=0.023), teenagers 

(p=0.019), and young adults (p=0.002). Neither TNF-R1 mRNA (Spearman’s rho, 

ρ=0.085, p=0.648) nor TNF-R2 mRNA (Spearman’s rho, ρ=0.208, p=0.261) levels were 

correlated with age under 5 years (Table 3). The absence of correlation with age under 5, 
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combined with the age group data, suggests an abrupt increase in expression between 2-5 

years which then peaks in teenagers and persists into young adulthood. The peak in TNF-

R2 mRNA occurred in young adults (Figure 4.4d), with a small additional increase in 

expression which made it significantly elevated compared to neonates (p=0.052) in 

addition to infants.  

 

 

 

Table 4.1 Correlations between cytokine and glial mRNA 
Correlations between glial cell marker and cytokine mRNA for ages 2 months-25 
years. All correlations with age were performed using Spearman’s rho rank 
correlation. Significant correlations are bolded for reference. 
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Cytokine expression levels correlated with some, but not all, glial cell markers during 

development 

Significant correlations were found between cytokines and transcripts used as 

glial cell markers. When considering microglial cell markers, cytokines IL-18 and IL-1β 

mRNA were strongly positively correlated with both AIF1 mRNA (Pearson’s, IL-18, 

r=0.822, p<0.001; Pearson’s, IL-1β, r=0.555, p<0.001) and CD68 mRNA (Pearson’s, IL-

18, r=0.452, p=0.001; Pearson’s, IL-1β, r=0.720, p<0.001) (Table 4.4). In contrast, 

mRNA for vimentin, a marker of immature astrocytes, was not correlated with any of the 

cytokine transcripts analyzed. However, the mature astrocytic marker GFAP mRNA was 

moderately positively correlated with mRNA of the same two cytokines that correlated 

with microglial markers, IL-1β (Pearson’s, r=0.309, p=0.026) and IL-18 (Pearson’s, 

r=0.357, p=0.008). Additionally, GFAP mRNA was moderately positively correlated 

with TNF-α mRNA (Pearson’s, r=0.459, p=0.002) (Table 4). Finally, cytokine IL-18 

mRNA, which above was correlated with both microglial markers (AIF1 and CD68) and 

mature astrocyte marker GFAP, was also weakly correlated with oligodendrocyte marker 

OLIG2 (Pearson’s, r=0.368, p=0.006). TNF-α was correlated with the mature astrocyte 

marker GFAP (Pearson’s, r=0.425, p=0.004) and was moderately positively correlated 

with OLIG2 (Pearson’s, r=0.425, p=0.004). All four cytokines analyzed were correlated 

with MBP: IL-1β (Spearman’s, ρ=0.409, p=0.010), IL-6 (Spearman’s, ρ=0.375, p=0.027), 

IL-18 (Spearman’s, ρ=0.488, p=0.001), and TNF-α (Spearman’s, ρ=0.438, 

p=0.011)(Table 4). Interestingly, other than MBP, no other glial cell marker was 
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correlated with IL-6, despite its known production in astrocytes [277, 278, 360, 380]. No 

cytokine mRNAs were correlated with mRNA of the monocyte/macrophage marker 

CD163 (Table 4.4).  
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Discussion 

In Chapter 2, we examined the expression of complement factors, known 

mediators of synaptic pruning, during development in the human prefrontal cortex. In this 

chapter, the developmental expression of the cytokines IL-1β, IL-6, IL-18, and TNF-α 

was investigated. All four cytokines were expressed in the post-natal human brain (with 

the exception of very little to no expression of TNF-α mRNA in the neonatal prefrontal 

cortex) as both mRNA and protein, in agreement with data from other animals [62, 103, 

241, 364, 381-384]. Most, though not all, expression patterns seen in the cytokine mRNA 

were in overall agreement with publicly available human RNA-seq databases covering 

gene expression on the BrainSpan database (BrainSpan Atlas of the Developing Human 

Brain 2010, [78]). IL-1β, IL-6, IL-18, and TNF-α mRNA all showed early increases in 

life, though the specific age groups where these increases peaked could be inconsistent. 

Additionally,  BrainSpan levels of TNF-α mRNA do show an apparent drop between 

their teenager samples (13-18 years) and their young adult sample (18-25 years), which 

does not reflect the data from this study [78]) (Appendix Part 4, Figure 27); however, this 

is based on a single data point. Though both BrainSpan and this experiment are built on 

human mRNA expression during brain development, some small discrepancies in timing 

are evident between this study and the BrainSpan database. The reasons for the 

divergence in developmental profile across the two studies is unknown, but it is worth 

noting that in this analysis, mRNA expression of cytokines is quite variable even within 

age groups. This may mean that a greater number of subjects presents a more accurate 

picture of change in mRNA over postnatal age in humans. 
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By birth in humans, most neurons and many glial cells have already been born. 

Oligodendrocytes are among the last glial cells to be born in large numbers, and the last 

glial cells to mature. TNF-α has a complicated relationship with oligodendrocytes: it is 

reported in plaques during multiple sclerosis-associated demyelination [385], and yet, 

following demyelination in mice, TNF-α signaling through the TNFAR2 receptor 

promotes oligodendrocyte proliferation and remyelination [118]. At inflammatory levels, 

TNF-α both inhibits oligodendrocyte maturation in rats [386] and is associated with 

demyelination in mice [387]. It was hypothesized that TNF-α, being associated with 

oligodendrocyte proliferation, would be highest at birth and would decline thereafter. 

Instead, TNF-α mRNA and protein were lowest at birth and increased significantly after 

the first year of life, well after the height of oligodendrocyte progenitor proliferation in 

the human brain [8]. In fact, we could not convincingly demonstrate that TNF-α mRNA 

was present in the neonatal human brain and changes in TNF-α. However, TNF-α mRNA 

expression did correlate moderately with both markers of oligodendrocytes. One possible 

explanation for this pattern and possible relationship with oligodendrocytes is that, rather 

than a developmental role, TNF-α expression may play a protective role for 

oligodendrocytes as the brain becomes more myelinated [105], perhaps initiating myelin 

repair under normal conditions. Unexpectedly, IL-18 mRNA, which has no known role in 

oligodendrocyte development, was also strongly correlated with oligodendrocyte (MBP) 

mRNA. This would not be evident when looking at age group-based changes in mRNA, 

as IL-18 mRNA actually decreased in teenagers and young adults. However, a 

relationship between IL-18 and oligodendrocytes is supported by single-cell RNA-seq 

data in the human brain, which indicates IL-18 mRNA is moderately expressed by 
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oligodendrocytes in adults [188]. IL-18 is also reportedly the only cytokine detectable in 

oligodendrocytes via immunohistochemistry in patients with MS [262]. IL-18-/- knockout 

mice treated with cuprizone show enhanced remyelination compared to wild type mice 

[388]. This is in direct contrast to the impaired remyelination seen in TNF-α-/-mice. 

While IL-18 and IL-1β are certainly associated with MS by way of inflammation and 

specifically caspase-1-based inflammasome activity [388]), it is interesting to consider 

that the relationship between IL-18 and demyelination may originate internally from the 

oligodendrocyte itself, rather than externally via release by activated microglia or 

astrocytes. 

Much like TNF-α, IL-1β is associated with oligodendrocyte differentiation. 

Endogenous IL-1β can induce oligodendrocyte maturation and survival in rat cell culture 

[119] and may contribute to remyelination by inducing maturation of new mouse 

oligodendrocytes [267]. It is well-established in the literature that axon myelination in the 

human brain begins prior to birth and increases with age [8, 105]. If IL-1β signaling 

induces maturation of new oligodendrocytes, IL-1β expression should be high at birth 

until decreasing around age 5, which is reportedly the age at which most 

oligodendrocytes have matured [8]. Instead, in this study IL-1β was lowest at birth and 

increased until around age 5, in toddlers, then decreased. However, MBP, a marker of 

myelination, also increased early in post-natal development and continued to increase 

through young adulthood (Chapter 2, Figure 2.2). IL-1β expression and MBP expression 

were also moderately correlated, which would be in line with a relationship between IL-

1β and myelination. It may be that the levels of IL-1β mRNA expression in neonates were 

low because the degree of pre-natal myelination activity was simply lower than expected, 
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and this is supported by the dramatic increase in MBP mRNA levels between birth and 

infant groups seen in Chapter 2. 

IL-1β mRNA expression did, however, decrease in the school-age and teenager 

age groups, a time period in which myelination is still actively progressing and where 

MBP levels were still increasing (Chapter 2, Figure 2.2). Previous work in humans 

suggests that after age 5, myelination activity becomes restricted to existing 

oligodendrocytes [8], and subsequently the generation of new oligodendrocytes is 

relatively rare. If IL-1β is regulating oligodendrocyte maturation during post-natal 

development, rather than myelination itself, it is possible then that there would be less 

demand for IL-1β in later age groups where existing immature oligodendrocytes are no 

longer maturing. Decreased demand might in turn lead to decreased transcription of pro-

IL-1β. Therefore, despite the low expression levels at birth, the general pattern of IL-1β 

expression is consistent with a role in oligodendrocyte differentiation/maturation. 

As with TNF-α and IL-1β, IL-6 levels were low at birth and increased with age. In 

rodent cell culture IL-6 is associated with astrocyte and oligodendrocyte differentiation 

[120, 218], both of which occur perinatally. As exuberant oligodendrocyte 

differentiation/maturation stabilizes around age 5 in humans [8], it was hypothesized that 

IL-6 would also begin to decrease around this time. Instead, IL-6 levels were low at birth, 

increased with age, and remained elevated. Like IL-1β, IL-6 mRNA was moderately 

correlated with MBP mRNA, as measured in Chapter 2. While myelination is certainly 

associated with oligodendrocyte differentiation/maturation and is a suitable marker of 

oligodendrocyte maturity, it cannot distinguish between an increase in myelination via an 

existing mature cell versus an increase in myelination via the addition of newly 
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differentiated oligodendrocytes. Notably, IL-6 expression was elevated during the periods 

which would follow the putative transition to myelination by a stable, fully mature 

population of oligodendrocytes (eg, after age 5) [8]. The correlation between IL-6 and 

MBP mRNAs, therefore, when combined with the temporal pattern of IL-6 expression, is 

more likely to represent a role in myelination itself rather than the process of 

differentiation. 

IL-6 signaling is also tied to astrocyte differentiation as demonstrated in rodent 

(rat) cell culture [218]. In the Nakanishi et al. study, microglia-derived IL-6 induced 

astrocyte differentiation [218]. As with oligodendrocyte maturation, it was therefore 

hypothesized that IL-6 would be elevated at birth and during early postnatal 

development, until approximately age 5, based on data from Chapter 2 indicating the 

stabilization of GFAP mRNA levels at this age. As discussed, IL-6 expression was 

instead low at birth and elevated in the older age groups, during periods in which 

astrocytes would already have matured. Data from Pousset et al [367] in rats suggested a 

drop in IL-6 around birth followed by steady increases in expression during post-natal 

development - which is similar, if not identical to, our results. IL-6 correlated with neither 

markers of microglia, the potential producers of IL-6, nor with markers of astrocytes, the 

proposed target of IL-6 signaling. There was therefore no evidence supporting a role for 

IL-6 in astrocyte maturation. 

However, IL-1β mRNA was correlated with the astrocyte marker, GFAP. In the 

adult human brain, IL-1β is strongly associated with microglia, and in this study, IL-1β 

did show an accordingly strong correlation with microglial markers AIF1 and CD68. 

However, it also correlated moderately with GFAP. Astrocytes are known to express IL-
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1R mRNA for IL-1β’s receptor, IL-1R, which shared a peak in the toddler age group with 

IL-1β and was strongly correlated with age under 5, the major developmental period 

during which astrocytes are proliferating and maturing [121, 122]. Notably, embryonic 

rat astrocytes reportedly will respond to IL-1β treatment in culture by proliferating [383], 

and neonatal rat astrocytes will respond to IL-1β treatment in culture by producing nerve 

growth factor (NGF) [389]. NGF, in turn, will induce cell cycle arrest in immature rat 

astrocytes in culture [390]. This cell cycle arrest is mediated by NGF binding to the 

p75NTR receptor [391] and has induced differentiation in astrocytoma and 

pheochromacytoma rat cell lines [392, 393]. Therefore, IL-1β signaling to neonatal 

astrocytes during development may play a role in either astrocyte proliferation, or 

astrocyte maturation. Either role would be consistent with the increase in the mature 

astrocyte marker, GFAP mRNA, which was reported in Chapter 2 between birth and 5 

years. 

If the disruption of the aforementioned post-natal developmental processes by 

aberrantly elevated cytokines is involved in the pathogenesis of neurodevelopmental 

disorders, it would follow that the impact of elevated cytokines on these processes should 

relate phenotypically to features seen in these disorders. The cytokine expression patterns 

found in this study appear to relate primarily to oligodendrocyte maturation and the 

myelination of axons. The physiological expression levels of all four cytokines – IL-1β, 

IL-6, IL-18, and TNF-α – were lowest at birth. If any or all of these cytokines are 

promoting oligodendrocyte maturation and myelination, their atypical elevation at ages 

prior to our toddler group (1-5 years) could conceivably produce premature myelination. 

There is some evidence of premature or precocious myelination in mouse models with 
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autistic-like behavior, wherein the BTBR mice show increased myelination early in 

development which returns to normal levels by adolescence[394, 395]. Recent evidence 

in young autistic children (1-4 years) also found evidence of premature myelination [396, 

397] and hyperconnectivity during early development [396, 397]. As with the BTBR 

mice, this hyperconnectivity was no longer evident by late development. In humans, 

hyperconnectivity was instead exchanged for hypoconnectivity around late childhood and 

adolescence. Alternatively, upregulation of cytokine levels in excess during a period of 

neurotypical upregulation (e.g., toddler age) could potentially cross a threshold from 

physiological expression levels to pathological expression levels. 

At the protein level, all four of our cytokines are elevated in young adulthood 

compared to neonates. While it is generally accepted that there are roles for cytokine 

expression in development, most of the known roles for cytokines in the post-natal and 

adult brain revolve around inflammatory conditions. It was therefore unexpected to see a 

sustained increase in cytokine expression levels that persisted as late as young adulthood. 

However, previous work investigating cytokine expression in cultured cells and slices has 

found that the cytokines IL-6, TNF-α, IL-18, and IL-1β in the healthy mammalian brain 

are associated with modulating synaptic strength by regulating GABA and NMDA 

receptor endocytosis and exocytosis (TNF-α, IL-6) [208, 209] and regulating long-term 

potentiation (IL-6, IL-1β, IL-18) [241, 398-400]. This suggests that cytokines could be 

playing a role in the synaptic remodeling thought to be taking place throughout life.  

Previous work in our cohort has identified developmental changes in the 

expression of GABAA receptor β2 and β3 subunits [80]. TNF-α and IL-6 can both induce 

endocytosis of these GABAA subunits; therefore, it was tested whether TNF-α and IL-6 
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expression would be the inverse of GABAA subunit mRNA expression, with TNF-α and 

IL-6 mRNA and protein showing evidence of a peak in school age, the age at which both 

the β2 and β3 subunits were most reduced. IL-6 mRNA was elevated in the school-age 

group, but continued to increase rather than decreasing as hypothesized. It is worth 

noting, however, that the IL-6 protein had an apparent peak in school age, though it was 

not statistically significant. In contrast, TNF-α showed a significant drop in school age, 

returning to neonatal levels. This was not evident at the protein level; however, TNF-α 

still did not increase in school age at the protein level. Complicating matters further, 

TNF-α mRNA increased a final time in teenagers. While the data is suggestive of a 

developmental role for TNF-α in teenagers, the expression profile of TNF-α and IL-6 did 

not neatly fit the pattern predicted if the primary role was to further reduce GABAA 

receptor β2 and β3 subunit expression during the school age period.  

In this chapter, we used multiplex immunoassays to examine age group 

differences in multiple proteins simultaneously. While in many cases mRNA and protein 

levels corresponded, some discrepancy between the developmental pattern of change in 

mRNA and protein levels was evident. One possible factor contributing to RNA-protein 

discrepancies may be the contribution of serum cytokines to total protein levels. As was 

discussed in Chapter 1, cytokines circulate freely in the blood serum under physiological 

conditions. In the case of IL-1β, IL-6, IL-18, and TNF-α, it was possible to compare the 

protein levels detected in this study to serum protein levels under physiological 

conditions during childhood. IL-1β was actually undetectable in the blood serum via 

immunoassay at all ages [401] despite being detected in the DLPFC in this study. This 

suggests that serum IL-1β should have minimal impact on the IL-1β protein levels 
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described in this chapter. The pattern of IL-18 blood serum protein expression, on the 

other hand, contradicted the levels of IL-18 protein seen in the brain, with IL-18 highest 

between ages 1-7 and lowest in samples over 18 years. Notably, IL-18 levels in the blood 

serum were very high, around 300 pg/mL in ages 1-6 and 100 pg/mL above age 18 [401]. 

IL-18 protein levels in this chapter were lowest in neonates and infants, so a contribution 

from the serum would presumably artificially inflate apparent concentrations in this age 

group. If anything, perfusion of the human brains in this cohort would result even more 

difference between age groups by decreasing the neonate and infant levels to diverge 

further from teenager and young adult levels.  

Detangling contributions from the brain versus the blood serum is less 

straightforward for IL-6 and TNF-α. Both IL-6 and TNF-α were highest in the 7-17 age 

group, which would correspond to both the school-age and teenager groups in this study. 

IL-6 and TNF-α were similarly increased in the school-age and teenager group of this 

study. In the blood serum, IL-6 from ages 7-17 was significantly higher than in ages 

above 18. The pattern of blood serum TNF-α was also quite similar to that of IL-6, but 

instead TNF-α from ages 7-17 was significantly higher than in ages 1-7. Both IL-6 and 

TNF-α had expression levels below 100 pg/mL when measured by Kleiner et al [401], 

which likely would also impact their level of protein contribution to brain lysate. 

Discrepancies between mRNA expression and protein levels are not unusual when 

comparing steady-state mRNA and protein abundance. In fact, within-gene correlation – 

that is, correlation between the transcript for a gene, and its protein across multiple 

samples – will vary widely by gene though generally there is a moderate positive 

correlation (reviewed in [402]). Noise is a particular problem for low abundance genes, 
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which may explain the low correlations between IL-1β, IL-6, TNF-α, and their respective 

proteins. In general, genes with strong correlation between mRNA and protein tend to be 

those which need to respond the most quickly to changes in the environment [402]. 

Between mRNA and protein, proteins are generally more stable and, during periods of 

transition, are more likely to remain after their mRNA is depleted. This is especially true 

in cells which are not dividing with frequency, which is true of most neural cell types. 

Ultimately, while both mRNA and protein are inherently related through translation, 

readouts of mRNA and protein abundance answer fundamentally different questions. For 

one, mRNA is a predominantly, if not exclusively, intracellular signal. The production of 

mRNA is regulated within the cell, by the cell, and any response to external signals is 

filtered through cell processing that can be modulated by both cell type and cell state. 

This means mRNA expression offers a more complete picture of cell-specific gene 

regulation processes. That expression therefore speaks more directly to the needs and 

‘goals’ of the cell, especially in the immediate future; however, it is less useful in terms 

of predicting gene function [402]. 

  

Conclusion 

All four cytokines showed significantly increased mRNA in infants or toddlers, 

which then proceeded into one of three patterns: either a subsequent dip in expression 

(IL-1β), a plateau at infant or toddler levels (IL-18), or additional increases at later ages 

(IL-6, TNF-α). Cytokines IL-6, IL-1β, and IL-18 are expressed throughout development 

in the DLPFC, but their expression levels are highest after infancy. For the cytokines IL-

1β, IL-18, and IL-6, these seemed to relate to distinct developmental processes. In 
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particular, TNF-α had a marked peak in teenagers. Given that adolescence is considered a 

period of vulnerability to psychiatric disorders, some of which may be developmental in 

origin, the role of TNF-α in adolescent development needs further consideration and 

study. Notably, the increases seen in cytokine expression between birth and 5 years were 

reminiscent of changes seen with glial cells in Chapter 1 and complement transcripts in 

Chapter 2. These results highlight toddlerhood not just as an overall transformative 

period in the brain, but as a period of development strongly tied to immune-associated 

cytokine signaling.  
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Chapter 5: Discussion  
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While many developmental processes in the brain are complete by the time a fetus 

reaches full term, human brain development continues after birth with cognitive 

development extending to young adulthood [11]. Prior to birth, multiple developmental 

processes are regulated at the cellular and molecular levels in the neurotypical brain by 

signaling molecules classically considered to be immune. Similarly, immune signals are 

found in the brain during post-natal development, and dysregulation of these signals has 

been implicated in neurodevelopmental psychiatric disorders such as autism and 

schizophrenia. While mRNA expression of major immune factors can be detected via 

RNA-seq in the developing human brain after birth (BrainSpan Atlas of the Developing 

Human Brain (2010)[78]), most existing studies with multiple age group coverage are 

underpowered to draw conclusions regarding patterns of normative immune factor 

expression. 

 

 

Complement, cytokines, and postnatal synaptic development 

Adolescence is commonly considered a “window of vulnerability” in brain 

development and is known for its association with the onset of schizophrenia. One 

of the dominant theories of schizophrenia pathogenesis ties the adolescent onset of 

schizophrenia to a developmental period of synaptic pruning in adolescence [333, 

335]. The complement pathway of immune factors has been associated with 

synaptic pruning experimentally in mice [130] and with schizophrenia genetically 

in humans [162]. As such, the complement pathway has recently been afforded 

much recent attention as a putative link between adolescent synaptic pruning and 
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schizophrenia. While the expression of C3 mRNA has previously been shown to 

increase during periods of developmental synaptic pruning [130], this study found 

that key complement pathway members were not increased in adolescence. Instead, 

the expression of complement pathway activators C1QB and C3 was elevated in 

toddlers. C3 expression was correlated with the expression of the CD11b subunit 

specific to its microglial receptor (Figure 3.3e), previously implicated in 

complement-mediated microglial synaptic pruning [174]. Similarly, CD68 gene 

expression, which reportedly increases during periods of phagocytosis [251, 252], 

was low in teenagers and young adults. The co-ordination of increasing 

complement and phagocytic marker expression in the prefrontal cortex until 

toddlerhood suggests possible temporal co-ordination between phagocytic activity 

and increased complement in the human DLPFC.  

Cytokines, like complement C4, are known to be elevated in schizophrenia 

[294, 351, 357, 403-406]. Interestingly, two out of the four cytokine transcripts in 

this study were elevated in teenagers and young adults, with IL-6 and TNF-α 

mRNA increasing approximately 500% between neonate (or neonate/infant, in the 

case of TNF-α) and teenager groups (Figure 4.1c, Figure 4.4a). However, the initial 

upregulation of all four cytokine transcripts occurs earlier in development, in 

toddlers (or infants, in the case of IL-1β). This pattern of cytokine expression is 

suggestive of a process that initiates in toddlers and persists in older age groups. 

Notably, the initial increase in cytokine expression also corresponds to the same 

period of peak expression for major complement activators C1QB and C3. Both 

cytokine protein and cytokine mRNA were therefore correlated with C1QB, C3, 
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and C5 mRNA for evidence of complement-mediated induction of cytokines, or 

vice versa. C3 and C5 in particular were selected for analysis as the transcripts 

encoding precursors to anaphylatoxins C3a and C5a, which are associated with cell 

migration signaling. Most significant correlations were of low strength at best. 

However, there were notably robust positive correlations of major complement  
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activators C1QB and C3 with IL-1β and IL-18 (Table 5.1). The mRNA for these 

two cytokines notably shared the pattern previously reported in C1QB and C3 of a 

peak in toddlers followed by a decrease in teenagers and young adults. The 

Table 5.1. Correlation between cytokine and complement 
mRNA and protein 

Complement 
mRNA Marker Cytokine Test 

Test 
value p value 

  C3 IL-1b protein Pearson's 0.192 0.178 
    IL-6 protein Pearson's 0.042 0.788 
    IL-18 protein Pearson's -0.085 0.559 
    TNF-A protein Pearson's 0.281 0.048 
  C1QB IL-1b protein Pearson's 0.328 0.016 
    IL-6 protein Pearson's 0.302 0.039 
    IL-18 protein Pearson's 0.214 0.127 
    TNF-A protein Pearson's 0.444 0.001 

  C5 IL-1b protein Pearson's 0.082 0.555 
   IL-6 protein Pearson's 0.05 0.738 
   IL-18 protein Pearson's 0.215 0.125 
    TNF-A protein Pearson's 0.239 0.085 
  C3  IL-1b RNA Pearson's 0.546 <0.001 
    IL-6 RNA Spearman's -0.079 0.611 
    IL-18 RNA Pearson's 0.773 <0.001 
    TNF-A RNA Pearson's 0.126 0.419 
  C1QB IL-1b RNA Pearson's 0.546 <0.001 
    IL-6 RNA Spearman's 0.069 0.649 
    IL-18 RNA Pearson's 0.76 <0.001 
    TNF-A RNA Pearson's 0.338 0.023 
  C5 IL-1b RNA Pearson's 0.257 0.066 
    IL-6 RNA Spearman's 0.158 0.294 
    IL-18 RNA Pearson's 0.36 0.008 
    TNF-A RNA Pearson's 0.267 0.073 
Table 5.1. Correlation of complement mRNA with cytokine protein and mRNA. 
Significant results are bolded for ease of interpretation. 
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question therefore arose: might there be a relationship between cytokine signaling 

and complement-mediated synaptic pruning? 

Considerable synaptic growth is still occurring in toddlerhood and is evident 

in both behavior (rapid learning of language) and molecular markers [9]. Previous 

work by our lab in this cohort found that synapse-associated proteins reached their 

adult levels in our school-age [9]. Glantz et al. reported a similar pattern for 

synaptophysin and PSD-95 in 2007 [407]. Existing work suggests that 

synaptogenesis dominates between the ages of birth and 2 years based on synaptic 

density measurements and cortical imaging studies depicting rapid growth in 

cortical thickness and surface area between birth and age 2 [256, 343-345]. It is 

possible, in turn, that the increased expression of complement during this time 

period may indicate synaptic pruning, as it has in experimental models [130]. As 

noted in Chapter 3, we propose that the upregulation of synaptic pruning during this 

period eventually progresses to a point at which synaptogenesis and synaptic 

pruning approach equal rates. However, the means by which these processes are 

regulated are not yet known. Both complement-mediated synaptic pruning and 

other reported form of synaptic pruning are considered ‘activity-dependent,’ 

meaning that the decision whether to prune or not prune a synapse is determined by 

that synapse’s strength. ‘Weak,’ or inactive, synapses are eliminated during 

synaptic pruning, whereas ‘strong,’ or active, synapses [174, 408] are maintained. 

Any model of synaptic pruning must therefore account for two features of activity-

dependent synaptic pruning. First, there must be activity. Previous work has shown 

that in the absence of any activity, pruning will not occur [409]. Second, there must 
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be a ‘winner’ and a ‘loser’ synapse, which is to say: activity at one synapse must be 

greater than the other [408]. At the ‘winner’ synapse, increased neuronal activity 

proceeds to synaptic strengthening and maturation. At the ‘loser’ synapse, 

decreased activity may eventually proceed as far as synaptic elimination. The 

system for determining which synapses are eliminated and which remain is still 

unclear; however, the competition between synapses means that synaptic processes 

of strengthening and retaining must co-occur with processes of weaking and 

elimination. Elucidating the exact mechanisms by which synaptic pruning occurs 

under these conditions is outside the parameters of this work. 

However, we propose a model here in which the concomitant upregulation 

of IL-1β, IL-6, C3, and potentially other developmental immune factors could fit a 

model of LTP inhibition (via IL-6)[398, 410], LTP permission (via IL-1β) [241, 

399, 411, 412], and activity-mediated synaptic pruning (via C1Q and C3) [130]. In 

the hippocampus, IL-1β, IL-18 and IL-6 are upregulated during the maintenance 

phase of behaviorally-induced LTP (8 hours after induction) [241]. In knockout 

studies, losing IL-6 enhances LTP [398, 400], whereas inhibition studies find that 

removing physiological IL-1b activity inhibits LTP [399, 411]. Notably, IL-1β at 

low/physiological levels can be released (most likely by microglia) [188] to 

enhance LTP [241, 399], thereby strengthening the synapse. Astrocytes would be 

able to detect this IL-1β signal at the synapse through the IL-1β receptor, IL-1R 

receptor [188, 413]. Given their connection to the synapses of multiple local 

neurons, astrocytes could then respond by releasing IL-6 to a nearby less-active 

synapse as a ‘punishment’ signal [360, 408]. IL-6, in turn, could inhibit LTP at that 
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‘losing’ synapse [398], reducing the probability of future action potentials. LTP is 

therefore a potential mechanism by which the activity of a synapse could be 

‘judged’ as fit or unfit for pruning. In short, more active synapses are likely to 

undergo LTP, which in turn makes them less likely to be pruned, and less active 

synapses are increasingly unlikely to undergo LTP. This would eventually result in 

C1Q binding the less-active synapse and marking it for elimination via complement 

secretion and recognition though microglial C3R [130]. C1Q reportedly is 

expressed by and acts on neurons to prune synapses in response to an initiating 

signal [130]. While the synaptic signal that attracts C1Q to the synapse for pruning 

is not yet clear, recent work has proposed two possible membrane-bound 

molecules: phosphatidylserine [231] and neuronal pentraxins [232]. It is interesting 

to note that recent work in mice by Tsai et al. [414] suggests that infantile amnesia 

– the inability of mature adults to recall early childhood memories – may be 

associated with immaturity of the mechanisms for long-term potentiation. This may 

indicate that long-term potentiation function is, in fact, tied to development, 

whether or not it is ultimately found to have an association with synaptic pruning. 

While there is not yet direct evidence to tie IL-1β or IL-6 to synaptic 

pruning, evidence is accumulating to suggest that synaptic weakening via long-term 

depression can eventually result in synaptic pruning [415]. The model I propose 

suggests that cytokines may be the missing link between synaptic activity and 

synaptic pruning at a molecular level and explains in part how cells might 

distinguish between relative levels of synaptic activity at competing synapses. It is 

worth noting, however, that there are additional synaptic pruning mechanisms 
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associated with development with ties to the immune system. Both MHC I and 

CX3CL1 have been associated with synaptic pruning [227, 234]). Interestingly, like 

C1Q, data suggests that both MHC I and CXC3L1, the signals attracting microglia 

for pruning, are expressed by the neurons themselves [73, 234-236, 416, 417], 

making the neurons complicit in the destruction of their own synapses. These 

multiple pruning pathways may play roles in synaptic pruning of the DLPFC 

through a similar mechanism, either in the DLPFC or elsewhere in the brain. Both 

MHC I-mediated synaptic pruning and complement-mediated synaptic pruning are 

known to co-occur in the LGN, for instance [235, 236]. Indeed, there is precedent 

for regional differences between synaptic pruning mechanisms in the literature as 

mice with C4 knockouts have normal synapse numbers in the medial prefrontal 

cortex despite being having the characteristic loss of eye-specific segregation in the 

retinogeniculate synapses of the LGN [418]. 

Unfortunately, LTP is not well-characterized in the prefrontal cortex, 

making it difficult to make firm predictions about the status of LTP, particularly in 

the developing human cortex where samples for in vitro electrophysiology are rare. 

While it may be the case that increases in cortical neuron LTP drives synaptic 

pruning in the DLPFC, it may alternatively be simply that LTP in the dorsolateral 

prefrontal cortex is fully functional after the initial cytokine increase seen in the 

toddler group, and that cytokines subsequently remain constitutively expressed at 

these levels for normal regulation of plasticity and cognition. 

Whether and how the inflammation seen in adult patients with 

schizophrenia is related to prenatal immune events remains unclear and my thesis 
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does not directly address this question. Interestingly, both inflammation – as 

measured by cytokine expression – and complement are implicated in 

schizophrenia from post-mortem brain studies [294, 357, 403, 419] and genetics 

[162, 420-422]. Single nucleotide polymorphisms (SNPs) in the IL-18 receptor, IL-

18R1, reportedly occur more frequently in patients with schizophrenia relative to 

the general population [423]. One of the dominant theories of schizophrenia 

pathogenesis proposes that maternal immune activation during pregnancy impacts 

prenatal brain development, but it is difficult to directly link this with inflammation 

in adults with schizophrenia. There is however a 2-3-fold increase in the risk of 

developing schizophrenia reported in offspring exposed to maternal infections 

during pregnancy [52, 424]. Work in maternal immune activation model mice does 

suggest that inflammation during prenatal development can result in aberrant brain 

and blood cytokine expression in postnatal life [62]. Notably, cytokine expression 

in the mature mice is neither universally increased, nor universally pro-

inflammatory in nature after maternal immune activation. Instead, cytokines appear 

to be dysregulated from their neurotypical developmental patterns postnatally [62]. 

This, however, could be equally disruptive to development if developmental 

immune cytokines are dysregulated during their respective periods of action, 

regardless of whether these signals are overexpressed or underexpressed relative to 

their standard values. Indeed, the knockout studies of IL-1β clearly demonstrate 

that the absence of a developmental cytokine from the system can also have 

pathological effects on CNS function and cognition.  

Glial cells may still be maturing for the first five years of human life 
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It is well established in the literature that early differentiation of astrocytes and 

oligodendrocytes occurs during the perinatal and early postnatal periods. Most radial glial 

cells have differentiated into astrocytes by birth in humans [216, 226], and more than 

50% of brain myelination in humans occurs from birth to approximately 5 years [8]. The 

timeline of astrogliogenesis in early postnatal human brain development is unclear, but 

rodent work has found substantial astrocyte production occurs between 2-3 (rats) or 1-2 

(mice) postnatal weeks [122]. While changes in our glial mRNA markers were not 

detected by developmental group, a step-wise increase in expression within the first 5 

years after birth was detected. This indicated that the early years of human life may 

represent a period of significant change that could have caused increased variability when 

individuals of different ages were collapsed into age groups. It is possible that this might 

reduce power and mask a “true” developmental change and that an alternative statistical 

approach may be more revealing. Indeed, through correlation analysis, multiple major 

glial cell mRNA markers were found to increase in a linear fashion between in our 

samples under age 5. This suggested that the glial cell population of the brain is still 

undergoing changes as late as age 5 and emphasizes that using different statistical 

approaches may be necessary to illuminate true developmental changes in the human 

brain. 

Myelination is considered a function of mature oligodendrocytes, which are 

rapidly generated from oligodendrocyte precursor cells around birth in humans and 

mice [8, 230]. It was hypothesized that our marker of myelination, MBP mRNA, 

would increase rapidly after birth, and this was indeed the case. OLIG2, our 

oligodendrocyte lineage marker, remained steady across development; however, 
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MBP mRNA still correlated moderately with OLIG2 mRNA, despite their distinctly 

diverging patterns of expression. The increases in MBP mRNA, and overall lack of 

change in OLIG2 mRNA, suggest that the levels of MBP per oligodendrocyte are 

increasing, and support previous work suggesting that post-natal myelination in 

humans is primarily due to the myelinating activity of existing oligodendrocytes 

[8], rather than the generation of new oligodendrocytes. Oligodendrocytes therefore 

are very active in myelination during postnatal development, as expected, but do 

not require large changes in cell numbers. Furthermore, TNF-α is associated with 

the remyelination of axons in mice following experimental inflammatory insult by 

cuprizone [118]. TNF-α mRNA also, as it happens, has a pattern of expression 

similar to MBP, and was moderately correlated with both OLIG2 and MBP. 

Therefore, it could reasonably be related to regulating myelination. This would 

support a previously undescribed role for TNF-α in neurotypical postnatal brain 

development. The purpose of this increase is unclear. TNF-α can induce 

myelination, but peak myelination rates in the human brain occur between birth and 

age 5 [8], and furthermore, it is not clear that the ability of TNF-α to induce 

remyelination following experimental cuprizone treatment in mice [118] actually 

translates to typical developmental myelination. This thesis focuses on three 

immune signaling factors that may have a more salient role during late brain 

maturation due to increased expression during normal adolescence. We propose 

that future research attempt to do temporally specific (during adolescence) and 

regionally specific (frontal cortex) knock down of these factors to determine what 

neurobiological role they may have.  
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Given the perinatal and early postnatal differentiation of astrocytes, it was 

hypothesized that there would be minimal changes in our astrocytic markers GFAP and 

vimentin mRNAs. One of the astrocytic markers, GFAP, showed a steady increase in 

expression up to age 5. This increase in expression is likely reflective of astrocyte 

precursor proliferation and subsequent differentiation during the first 5 years of postnatal 

development. This is in line with studies in rodents reporting local cortical astrocyte 

proliferation during early postnatal development [121, 122], though unfortunately there 

are no equivalent studies in humans. It was interesting to note that vimentin, a marker of 

immature astrocytes, decreased steadily up to age 5. This suggests that, as in rodents, new 

astrocytes are being generated directly from existing, differentiated astrocytes [425]. In 

the future, it may be possible to confirm the timeline of this increase in astrocytes via 

immunohistochemistry. 

Unlike astrocytes and oligodendrocytes, microglia are morphologically and 

functionally identifiable in the brain long before birth [154]. During embryonic 

development, most microglia can be found in the amoeboid state associated with 

‘activated’ microglia until around 18 weeks into human gestation [426]. Like astrocytes, 

microglia proliferate from P7-P14 in mice [257]. It is possible these changes in 

expression represent increases in transcription per cell. On the other hand, microglial 

proliferation could account for the linear increase in AIF1 mRNA expression found 

between birth and 5 years old. 

As with most of our microglial markers, CD68 mRNA increased with age in those 

under 5. However, unlike AIF1 mRNA, CD68 mRNA showed a significant increase in 

toddlers when analyzed by age group, and perhaps more importantly, CD68 gene 
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expression decreased between toddlers and school aged children. CD68 mRNA was the 

chosen phagocytosis-related marker for microglia. Recent work by Attaai et al. [103] 

found that, in rodents, phagocytosis-related transcripts are upregulated during the early 

postnatal period. At first glance, an increase in phagocytosis-related transcripts during the 

early postnatal period (P0-P7) would sound consistent with the increase in complement 

activators reported in this thesis. However, the peak in the phagocytosis-related 

transcripts reported by Attaai et al., is actually in the equivalent of the ‘neonate’ group 

(P0), as compared to the older groups. Subsequently, Attaai report decreases in 

expression of most phagocytosis-related transcripts by P14 [103]. In contrast, the 

phagocytosis-related transcripts, CD68, C1Q and C3, are all at their nadir in neonates and 

increase in a linear fashion until age 5 [252], a reverse of the pattern described by Attaai 

et al. Indeed, Attaai et al. shows a slight decrease with age for C3 in particular, though it 

remains much more stable than other phagocytosis-related transcripts described in that 

work. When considering this discordancy in results, it is necessary to keep in mind that 

species differences may play a significant role. Some species-specific differences in my 

transcripts of interest can be found even when comparing whole brain homogenate at a 

single age point: for instance, IL-18 is most expressed by astrocytes in the mouse, but by 

microglia in humans [152]. Other differences can be seen in the changes between the 

total number of reads in mice versus human cell types the 10-fold increase in total human 

versus total mouse expression of IL-6 being a particularly notable example [152, 188]. It 

is conceivable that the peak in phagocytosis-related transcripts seen in neonatal mice is 

similar in purpose, but delayed in humans, and peaks in toddlers, particularly since both 
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species subsequently see decreases in expression with age after their species-specific 

peak in expression.  

Attai et al. also reported that an ‘M2-like’ state dominates in early postnatal 

microglia [103] in mice, until around P14. While M1 and M2 categories are considered 

too simplistic, “M2-like” transcripts are typically neuroprotective, whereas “M1-like” is 

pro-inflammatory. The ‘M1-like’ transcripts noted in their work included some of my 

cytokine transcripts. Upon comparison, it was found that, while IL-6 and IL-18 shared 

patterns of expression with Attaai et al.’s findings [103], IL-1β and TNF-α expression 

patterns were almost perfect opposites of what would be predicted based on the previous 

reports. What cannot be determined by this work alone is the purpose of this discrepancy 

in pro-inflammatory expression pattern. Could the reported increases in pro-inflammatory 

microglial transcripts with age be part of a larger developmental role for microglia in the 

post-natal brain? 

 

Cortical immune development in the toddler 

As has been shown, most immune signaling molecules in the post-natal 

brain are at their lowest at birth, despite reported roles in pre-natal development. 

After birth, however, many of the immune signal transcripts investigated peak in 

toddlers. This pattern of expression in toddlers was remarkably persistent across 

transcripts. The post-natal increase of immune signals found in toddlers is 

suggestive of a post-natal developmental window where cell signaling co-opted 

from the immune system take on an increased importance in brain development. 
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If toddlerhood represents a window of increased immune signal activity, it 

likely also represents a window of immune signal vulnerability. This logic is 

formed from the fact that increases in cytokines and complement often need to be 

carefully titrated so over activation of these biologically potent molecules is 

avoided. Thus, periods of increased cytokine expression represent a time where 

perturbations to brain cytokine levels could be more damaging than at other times 

in life and this could relate to time periods of increased vulnerability. In Chapter 1, 

neurodevelopmental disorders were discussed in which prior research has 

implicated maternal immune activation during gestation. However, if immune 

signals play major roles in the toddler age group, postnatal immune activation 

during this time may also constitute a risk factor for developmental disorders. As 

noted in Chapter 1, three out of the four cytokines in this thesis are capable of 

crossing the blood-brain barrier to infiltrate the brain. A major immune event could 

potentially disrupt normal immune signaling in the postnatal brain. Clinical studies 

do indicate that postnatal immune events are associated with increased risk of 

developing neurodevelopmental disorders [63, 67, 68, 427]. The role of the immune 

system in autism is far from clear, as studies have found some immune signals are 

upregulated, and others downregulated, particularly in the complement pathway 

[338, 352, 428]. The absence of a clear pattern of change in immune signals is, 

notably, consistent also with expression patterns seen in a maternal immune 

activation animal model [62], which found that maternal immune activation 

resulted in the dysregulation of normal immune expression patterns in the blood 

and brain of the exposed offspring [338]. As mentioned earlier, understanding the 



 

199 
 

usual patterns of immune signals in neurotypical development may be key to our 

future understanding of the pathogenesis of neurodevelopmental disorders. 

However, at this time the connection between neurodevelopmental disorders and 

immune disruption of development is tenuous at best. It remains to be determined 

whether high levels of immune activation pose a risk at all ages, or whether 

developmental periods like the one we describe here in toddlers pose a specific risk. 

The precise nature of this seemingly heightened “immune period” in early 

post-natal development is unclear. The vast majority of the transcripts were 

correlated with age under 5, including glial cell markers, most complement 

activators, and the cytokines. Earlier, recent work was discussed which indicated 

protracted developmental changes in glial cells after birth in rodents, and it was 

proposed that human glial cells are still in the process of maturation during ages 

birth to 5 years. Given that many of the main producers of complement and 

cytokines are glial cells under physiological conditions [188], the increase in both 

sets of immune transcripts may simply relate to normal glial maturation. This could 

account for the collective increases in classically ‘pro-inflammatory’ immune 

signals, particularly given that recent data suggests maturing microglia look 

increasingly ‘M1-like’ [103] and thus, may increase expression of ‘pro-

inflammatory’ cytokines. Alternatively, glial cell populations may be proliferating 

during this time period, as they do during the equivalent period in rodents, and this 

may create a differential contribution of glia to human brain transcripts during this 

period. Such a change in the glial population could affect brain development in this 

period in and of itself. However, if the increase in expression were strictly a 
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function of increase in glial cell population during this period, the decrease in 

transcripts found in C1QB, C3, IL-1β, or IL-18 is unexpected; and certainly the 

decrease in school age of CD68 is unexpected, given that CD68 is considered a 

constitutive marker of microglia despite its ability to be increase under pro-

phagocytic conditions. 

Limitations  

Glial cells are the primary contributors to immune signaling in the brain, but 

they are not the origin of all immune signals in brain tissue. Both neurons and 

endothelial cells can also produce cytokines. Single cell RNA-seq data in adults 

suggests that, under normal conditions, most immune factors expressed in the brain 

originate from glial or endothelial cells [188]. However, there are three factors that 

cannot be accounted for in the published data. First, the Barres lab database is 

composed of samples ranging from age 8-63 [188], which does not allow for age-

specific variation to be assessed. Second, it may be that neurons are more likely to 

induce cytokine expression under a discrete set of circumstances, rather than 

maintaining constitutive expression. Third, the samples in the Barres lab database 

were removed from the temporal lobe rather than the frontal lobe, which may result 

in regional differences. 

Unlike the data from the Barres lab, a tissue homogenate-based approach 

was used for our analysis, rather than a dissociated cell approach. This study is 

dependent upon the techniques available in post-mortem tissue, which poses unique 

challenges. The Barres lab was fortunate enough in their work to use fresh human 

tissue from epilepsy patients who were undergoing re-sectioning to treat their 
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epilepsy. Unfortunately, the frozen tissue used in this study is not well-suited to 

single cell RNA-seq, as it is difficult to dissociate neurons from frozen tissue 

without damaging them [429]. However, we are currently working with single-

nuclei RNA-seq in our lab, and intend to apply this technique to our developmental 

cohort DLPFC tissue in the future. Single-nuclei RNA-seq (snRNA-seq) should be 

an efficient solution to the problem of localizing signal to specific cell types in our 

postmortem tissue. Rather than depending on the ability to dissociate cells from 

tissue, snRNA-seq is able to use intact nuclei from tissue cells that may be 

otherwise damaged by the dissociation process, including in sensitive tissues like 

the brain.  

Another limitation posed by the protein levels reported here is that only 

protein levels were measured, not protein activity, which would be more 

informative in terms of complement pathway activation. C3 in particular has 

multiple cleavage products with different receptor affinities that mediate their 

impact downstream. Similarly, we cannot determine molecular size for our 

cytokine protein analysis, and thus, we cannot differentiate between protein 

cleavage products or isoforms using the multiplex immunoassay format. Three out 

of the four cytokines of interest are routinely cleaved. IL-18 and IL-1β in particular 

must be cleaved by either caspase-1 or proteinase k in order to become activated 

[430]. 

While the chosen immunoassay is more sensitive (and quantitative) than 

Western blot, it does not provide information about molecular weight. By running 

Western blots for C3 and C4, we are able to gain more information about the 
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abundance of various forms of each of these molecules. In our studies, we are also 

limited to the use of commercially available antibodies. This means that 

investigation of some cleavage products was not feasible, including that of the 

soluble IL-6R receptor, which could provide valuable insight into protein function. 

Related to the issue of cell-type specific mRNA expression is the lack of 

perfusion at the time of the death. This poses a dilemma, as it is difficult to 

demonstrate a peripheral immune versus CNS origin of the immune molecules 

found in the homogenate. In order to quantify the physical contribution of the 

vasculature to the lysate, a homogenate-based and a histology-based approach were 

used to estimate the volume of the cerebrovascular endothelial cells in the 

homogenate, and indirectly estimate the volume of circulating blood cells in my 

homogenate. Using these approaches, it was possible to account for the possibility 

of developmental changes in blood or vascular volume. However, the absence of 

gross anatomical changes or changes in red blood cell volume between age groups 

does not rule out the possibility that developmentally regulated changes in the 

transcripts of circulating immune cells could contribute to the overall patterns of 

change detected in this thesis. Developmental changes in complement and cytokine 

transcripts in circulating immune cells could impact the brain-based changes that 

are the focus of this study. These cytokines can cross the blood-brain barrier, 

though this is regulated by their mechanism of transport [177, 179]. However, this 

is another area in which single-nuclei RNA-seq would be beneficial, as the 

transcripts could be assigned to specific cell types, even though the secreted 

proteins could not.  
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 In post-mortem work we are limited by the samples available to us. 

Regrettably, for the analyses in this thesis, it was necessary to analyze male-female 

difference combined across all age groups, ranging from 2 months to 25 years old. 

This means, unfortunately, it was not possible to test accurately for sex-specific 

changes in immune molecules within age groups, due to unequal numbers of male 

versus female samples. This was especially problematic in the teenage group. This 

is a substantial limitation because sex differences in schizophrenia, ASD, and 

ADHD are well-established [431-433]. Thus, it would have been particularly 

interesting to look at differences in immune signal expression between males and 

females at the common ages of onset for these disorders. 
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Conclusion 

Interactions between the brain and the immune system are tightly regulated, 

but vital to the overall function of the organism, both in terms of successful 

immune defense in the periphery and developmental processes in the brain. The 

typical separation between the brain and the blood protects the brain from 

pathogens and has enabled the evolution of additional, non-immune signaling roles 

for historically immune signals in the brain. This work provides foundational 

support for this possibility in developing human prefrontal cortex. Indeed, immune 

signals appear to play roles in everything from neurogenesis to synaptic plasticity, 

and yet our knowledge of their presence, cellular source, and functions in the 

human brain is fragmentary at best. In this thesis, the patterns of immune signal 

expression have been charted in the postnatal brain in order to demonstrate two 

important gains in knowledge. First, that many critically important immune 

signaling molecules are present at the mRNA and protein level within the human 

brain throughout most of the first two decades of postnatal life. Second, that 

immune factor expression is not static in the brain. Two main patterns of expression 

have been identified for both complement and cytokines: 1) a main group of 

immune molecules with an early peak in toddlers and 2) a smaller group of immune 

molecules with a later peak in adolescence. This supports the notion of two critical 

windows of change in immune factor regulation in human brain that overlap in time 

with windows of vulnerability to the developmental psychiatric diseases ASD and 

schizophrenia. Taken together, these findings open up new avenues of investigation 
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into both the neurotypical and the pathological roles for immune signals in the 

human brain. 
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Introduction 

Given that it is important, if not critical, to study human brains, I have selected for 

molecular analysis tissue dissected from 65 human brains and grouped into 7 age groups. 

There are a number of brain banks that collect human brains that are donated after death 

following informed consent and ethical guidelines (Maryland Brain Bank, 

https://www.stanleyresearch.org/brain-research/). In consultation with a pediatrician, we 

assigned samples to developmental groups roughly corresponding with stages of sensory 

and cognitive development, i.e., visual acuity and grasping (Neonates: birth-3 months); 

sitting upright and environmental engagement (Infants: around 6 months of age); an 

extended sensorimotor stage (up to 1 year); preoperational, preconceptual rapid language 

development (Toddlers: 2-4 years); concrete operations (School Age: 5-12 years); formal 

operations, reproductive competence and heightened peer interactions (Teenager: 14-18 

years); social independence and early maturity (Young Adult: around 22 years); samples 

were restricted to age 25 and under for most studies in this thesis in order to focus on 

developmental processes, rather than aging, [288] – keeping in mind that the time at 

which “aging” begins remains an area of debate [289-292]. and full maturity/peak 

vocational capabilities (Adult: 35-50 years). In a few studies (microarray and western 

blotting), an adult group was also included. 

However, a number of additional putative confounding factors and quality control 

issues need to be considered before human brain tissue can confidently be used for 

molecular studies. Since my main quantitative analysis is on measuring changes in 

transcript levels, I am particularly interested in factors that may impact overall RNA 
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quality. The classic way to determine the quality of total RNA was by running the 

extracted RNA on an agarose gel checking for intact ribosomal bands (28s and 18s). In 

this thesis, I used the more modern Agilent 2100 Bioanalyzer, that also measures the 

intactness of the ribosomal bands, but takes other features of the RNA into account and 

produces an RNA integrity number (RIN) that ranges from 10 (the best) to 1 (the worst). 

There are 5 main factors that could impact RNA quality from human brain: first, 

postmortem interval (PMI), or the amount of time between death and the freezing or 

fixing of tissue; second, duration/type of agonal state, (i.e. being on a ventilator prior to 

the time of death); third, brain tissue pH, or brain acidity; fourth, cause/manner of death; 

and fifth, age.  

To minimize the effect of these confounding factors, we attempted to match all 

age groups in this cohort on RIN, PMI, and pH. Furthermore, people with lengthy 

illnesses were excluded from this cohort to minimize the period of time spent in a 

prolonged agonal state. Agonal state is more strongly associated with RNA degradation 

(as measured by RIN) than the post-mortem interval (PMI)[434-437]. This is most likely 

because extended periods spent in an agonal state are associated with tissue hypoxia, 

which increases tissue lactic acid levels and lowers pH [438]. Brain acidity, or low pH, 

damages the molecular integrity of RNA [434, 435, 439]. Thus, it appears to be more 

critical to match for brain pH as compared to matching for PMI. For this cohort, we have 

screened all brains for RNA integrity and excluded any samples with RINs below 4.5 or a 

pH below 6 before they are entered into our study. PMIs above 50 hours were also 

excluded from analysis. However, since the relationships between PMI, brain pH and 

RIN were determined including adult and aged samples, we first determined the 
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relationship between PMI and brain pH and RIN in the younger set of human brains used 

here. 

Additionally, as another RNA assessment or quality control factor we measured 

several ‘housekeeper’ control transcripts in each sample. This ensures that sample-to-

sample variation in total RNA and differences in efficiency of cDNA synthesis is 

accounted for. These transcripts were chosen as they are thought to be stably expressed 

even under changing conditions and thus, are termed “housekeepers.” Housekeepers were 

furthermore chosen to represent transcripts in a similar abundance range as the transcripts 

of interest (typically in low to moderate expression levels). The use of multiple 

transcripts to produce a geometric mean, or ‘geomean,’ is key to accurately identifying 

changes in gene expression, as previous work has demonstrated that single housekeeper 

genes can result in large errors in gene expression in a subset of samples [440]. The use 

of a geomean reduces the potential impact of undetected systematic change in a 

housekeeper transcript on normalized expression levels. The expression level for a given 

transcript of interest is normalized on a case-by-case basis by dividing each value with 

the sample-specific geomean value to normalize. The geomean is calculated per sample 

by multiplying the expression values of all housekeeper transcripts for that sample, then 

dividing the result by the nth, wherein n is the number of selected housekeeper transcripts. 

For our housekeeper transcripts in this study, we selected 4 transcripts which were 

previously validated for use in human post-mortem brain tissue qPCR by our laboratory: 

TATA box binding protein (TBP)[434, 441-443], glucuronidase beta (GUSB)[434], and 

ubiquitin c (UBC)[434, 441-443], and hydroxymethylbilane synthase (HMBS)[9], and by 

others [444-446]. For developmental brains in particular, we have previously used TBP 
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and UBC as housekeepers in the subependymal zone [441-443], and HMBS and GUSB 

in the DLPFC [9] and found no significant age differences. Here, we empirically 

determine which housekeeper transcripts are not altered during human brain development 

in the DLPFC of our developmental cohort. Those housekeeper transcripts which we find 

are stable across development are then selected for calculation of a geomean. Finally, the 

geomean itself is analyzed to determine if there any significant changes between 

developmental age groups. If there are age group differences, then this housekeeper 

control would not be deemed an ideal normalizer and would be dropped.  
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Methods 

Subjects 

Post mortem samples from Brodmann’s area 46 in the DLPFC were obtained from the 

University of Maryland Brain and Tissue Bank in conjunction with the National Institute 

of Child Health and Development (N=65). The samples ranged from 6 weeks to 60 years 

of age. Eight to thirteen samples were selected per developmental group as described: 

Groups were established with care to balance male and female samples as best as 

possible. We have also included a number of Sudden Infant Death Syndrome (SIDS) 

samples in our age groups under two years. Some research has proposed a role for 

inflammation in SIDS [447] but the syndrome remains poorly understood, with much 

potential for heterogeneous causes. All subjects were free of neurological and psychiatric 

symptoms at the time of death. 

Samples from ages 2 months to 25 years were split into diagnostic categories to 

assess the effects of cause of death on demographic variables, the individual 

housekeepers, and the geomean of the housekeepers. To test for the potential impact of 

SIDS, samples under one year were categorized as having a cause of death of ‘SIDS’ or 

‘Not SIDS.’ In a separate cause of death analysis, all samples (including the previously 

mentioned samples under one year) were categorized as ‘Asphyxia’ or ‘Not asphyxia.’ 

For this analysis, ‘asphyxia’ samples included multiple causes of death associated with 

oxygen deprivation bundled into one group. In Table 1, these samples are reported as: 

asphyxia, asthma, and drowning.  
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RNA extraction and cDNA synthesis 

Total RNA was extracted from 30-100 mg of frozen DLPFC tissue using the Trizol (Cat# 

15596026, Invitrogen, Thermo Scientific, Waltham, MA, USA) reagent method (See 

Chapter 2, page #49).  

 

High-throughput quantitative PCR 

High-throughput quantitative PCR was run on a Biomark HD (Fluidigm, South San 

Francisco, CA, USA) using a 96.96 Dynamic IFC high-throughput qPCR chip (Cat# 100-

6123, Fluidigm, South San Francisco, CA, USA), enabling simultaneous Taqman gene 

expression assays on all samples. At this time, the following transcripts passed quality 

control analysis: HMBS (Probe# Hs00609297_m1), GUSB (Probe# Hs99999908_m1), 

TBP (Probe# Hs00427620_m1), and UBC (Probe# Hs00824723_m1). There was no signal 

in either the no-template control or the no-RT control that exceeded cycle threshold levels. 

No housekeeping transcripts were excluded from further analysis based on low expression. 

‘Low expression’ here is categorized as having detectable signal in less than five samples 

of any given age group, or detectable signal in less than three points of the standard curve.  

 

Statistical analysis 

Statistical tests of high-throughput qPCR were performed using SPSS statistics (Version 

25, OSX, IBM, Armonk, NY, USA). Data were log and Cox Box transformed (Real 

Statistics Excel plug in, Release 5.4. Copyright 2013 – 2018 Charles Zaiontz. www.real-

statistics.com). We conducted a sensitivity analysis using G*Power (Heinrich Heine 

http://www.real-statistics.com/
http://www.real-statistics.com/
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Universität Düsseldorf, Düsseldorf, Germany) using an alpha of 0.05 and expected effect 

sizes equal to or exceeding Cohen’s f=0.6 and found that our study has a power of 0.95 on 

average [448]. Thus, effect sizes are reported with significant results and are converted 

from partial eta squared to Cohen’s f. However, if the Cohen’s effect size fell to f=0.4, then 

our power drops to only 0.60, suggesting that our samples size (N=57) is underpowered to 

detect low-moderate effects [449]. Statistical analysis for microarray was performed using 

the R Project for Statistical Computing (www.r-project.org) and Bioconductor software 

and included linear regression and ANOVA by age group. 

For demographics and Fluidigm housekeeper data, population outliers for each 

transcript were assessed per developmental group using the mean ±2SD, but outliers were 

not removed at this stage of analysis. Data were tested for normality using Kolmogorov-

Smirnoff testing and for homogeneity of variance using Levene’s test. Data normally 

distributed within age groups were analyzed using ANOVA, and non-normally 

distributed data were analyzed using Kruskal-Wallis testing. RIN values, housekeeper 

transcripts and the geometric mean were tested for correlation with RIN, pH, and post-

mortem interval (PMI) and age using Pearson’s r or Spearman’s rho. Sex differences and 

race (Caucasian versus African American) were analyzed by independent t test. 

Differences due to cause of death were also assessed by t test for asphyxiation-associated 

versus non-asphyxiation associated deaths (this included deaths caused by drowning, 

asthma, or simple asphyxiation) and for SIDS and non-SIDS deaths. I selected these 

particular causes of death for additional analysis due to the association of hypoxia with 

low pH, and due to the inherent bias produced by SIDS being exclusively present in the 

neonate and infant age groups. Significance was set at p≤0.05. ANOVA analyses 

http://www.r-project.org/
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performed for data with homogenous variance were also followed by Fisher’s Least 

Significant Difference tests. Welch’s ANOVA analyses, for which data had significantly 

non-homogenous variance within groups as determined by Levene’s test, were followed 

by Games-Howell post-hoc tests.  
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Results 

RNA quality did not differ between age groups 
Neither pH (Appendix Part 1 Figure 1a) nor RIN (Appendix Part 1 Figure 1b) showed 

significant differences between age groups (pH, F(5,51)=1.611, p=0.174; RIN, 

H(5)=5.139, p=0.399). pH and RIN were positively correlated with each other 

(Spearman’s rho, ρ=0.305, p=0.021), which is consistent with existing reports associating 

RNA degradation (lower RIN) with greater brain acidity (lower pH) [11-13] (Appendix 

Part 1 Figure 1c). When analyzed by correlation with age, pH was weakly positively 

correlated with age (Spearman’s rho, ρ=0.332, p=0.012) but RIN was not correlated with 

age (Spearman’s rho, ρ=-0.114, p=0.397). There were no differences in pH between the 

sexes (pH, t(55)=-1.558, p=0.125). There was however, a difference in RIN between the 

sexes, wherein RIN in male samples was slightly higher (U=514.5, p=0.044)(Appendix 

Part 1 Table 2). There were also no differences in pH or RIN between races (pH, t(54)=-

0.985, p=0.329; RIN, U=383, p=0.883)(Appendix Part 1 Table 3). 

 

Post-mortem interval was imperfectly matched across the age groups 

PMI was highest in the neonatal age group [F(5,51)=2.881, p=0.023], and was 

significantly higher than the mean PMI for school-aged (p=0.023), teenagers (p=0.039), 

and young adults (p=0.008) (Appendix Part 1 Figure 1d). PMI was lowest in the young 

adult group, and was significantly lower than toddlers (p=0.009) in addition to neonates. 



 

242 
 

The decrease in PMI from neonates to young adults was also evident by Spearman’s 

correlation (ρ=-0.421, p=0.001). While PMI did differ significantly between age groups, 

PMI did not correlate with our measures of tissue or RNA quality: pH [(Pearson’s, r=-

0.195, p=0.164)(Appendix Part 1 Figure 1e)] and RIN [(Spearman’s rho, ρ=0.150, 

p=0.267)(Appendix Part 1 Figure 1f)]. There were also no differences in PMI between 

sex [(t)=1.494, p=0.160)] (Appendix Part 1 Table 2)] or race [(t)=-0.198, p=0.844) 

(Appendix Part 1 Table 3)].  

Table 2. Sex differences in tissue quality factors. N=57. 
 

Appendix Part 1 
Table 2 

Sex differences in tissue 
quality factors    

 Test 
Test 

statistic N p-value 
pH t test -1.5581 55 0.125 
RIN Mann-Whitney U 514.5 57 0.044 
PMI t test 1.494 55 0.16 

 

 

Table 3. Race differences in demographic variables. N=56. Race is divided into 
‘White’ and ‘African American,’ with one Hispanic sample excluded from analysis. 
N=56. 
 

Appendix Part 1 
Table 3. 

Race differences in 
tissue quality factors    

 Test Test statistic N p-value 
pH t test -0.985 54 0.329 
RIN Mann-Whitney U 383 56 0.883 
PMI t test -0.198 54 0.844 
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Neither housekeeper nor geomean expression differed by age group 

No differences in housekeeper transcript expression levels were detected between age 

groups; TBP mRNA [(F(5,51)=1.144, p=0.350)(Appendix Part 1 Figure 2a)], GUSB 

mRNA [(F(5,51)=1.039, p=0.405) (Appendix Part 1 Figure 2b)], HMBS mRNA 

[F(5,51)=1.676, p=0.157) (Appendix Part 1 Figure 2c)], and UBC mRNA [(H(5)=4.051, 

p=0.542) (Appendix Part 1 Figure 2d) did not show significant differences in expression 

between age groups. Neither TBP mRNA (Spearman’s rho, ρ=0.178, p=0.187), GUSB 

mRNA (Spearman’s rho, ρ=0.042, p=0.757), or UBC mRNA (Spearman’s rho, ρ=0.164, 

p=0.222) were significantly correlated with age. However, HMBS mRNA was weakly 

correlated with age (Spearman’s rho, ρ=0.305,  

Appendix Part 1 Figure 1. Full cohort tissue quality factors 
a. pH did not vary significantly between age groups (ANOVA, F(5,51)=1.611, p=0.174). 
N=57. 
b. RIN did not vary significantly between age groups (Kruskal-Wallis Test, H(5)=5.139, 
p=0.399). N=57. 
c. pH and RIN were significantly positively correlated (Spearman’s rho, ρ=0.305, 
p=0.021). N=57. 
d. PMI varied significantly between age groups (ANOVA, F(5,51)=2.881, p=0.023). 
Post-hoc testing using Fisher’s LSD found significant differences in neonate vs school-
age (p=0.023); neonates vs teenager (p=0.039); neonates vs young adult (p=0.008); 
toddlers vs school-age (p=0.025); toddlers vs teenagers (p=0.043); and toddlers vs 
young adults (p=0.009). N=57. 
e. pH was not correlated with PMI (Pearson’s, r=-0.195, p=0.146). N=57. 
f. RIN was not correlated with PMI (Spearman’s rho, ρ=0.150, p=0.267). N=57. 
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p=0.021). After calculation, the geomean itself was tested for significant changes 

between age groups, but no changes were found ([F(5,51)=1.424, p=0.231)(Appendix 

Part 1 Figure 2e)]. Despite one of its component factors correlating with age (HMBS), the 

geomean was not significantly correlated with age (Spearman’s rho, ρ=0.223, p=0.096). 

Neither the housekeeper transcripts nor the geomean of the housekeepers 

 

Appendix Part 1 Table 4. Sex differences in housekeepers and geomean. N=57. 
 

Appendix Part 1  
Table 4 Sex differences in housekeepers and geomean 

 Test Test statistic N p-value 

TBP t test -0.189 55 0.851 

GUSB t test 0.738 55 0.463 

HMBS t test 0.074 55 0.941 

UBC Mann-Whitney U 356.0 57 0.569 

Geomean t test 0.392 55 0.696 
 

Appendix Part 1 Figure 2. Housekeeper expression and geomean 
a. TBP mRNA expression did not vary significantly between age groups (ANOVA, 
F(5,51)=1.144, p=0.350). N=57. 
b. GUSB mRNA expression did not vary significantly between age groups (ANOVA, 
F(5,51)=1.039, p=0.405). N=57. 
c. HMBS mRNA expression did not vary significantly between age groups (ANOVA, 
F(5,51)=1.676, p=0.157). N=57. 
d. UBC mRNA expression did not vary significantly between age groups (Kruskal-
Wallis, H(5)=4.051, p=0.542). N=57. 
e. Geomean values did not vary significantly between age groups (ANOVA, 
F(5,51)=1.424, p=0.231). N=57.       
  
Bars represent SEM. Rectangle represents the mean and dots represent individual 
data points.  
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varied significantly according to sex (Appendix Part 1 Table 4) or race (Appendix Part 1 

Table 5). 

 

Appendix Part 1 Table 5. Race differences in housekeepers and geomean. Race is 
divided into ‘White’ and ‘African American,’ with one Hispanic sample excluded from 
analysis. N=56. 
 

Appendix Part 1  
Table 5 Race differences in housekeepers and geomean 

 Test Test statistic N p-value 
TBP t test 0.494 54 0.624 

GUSB t test -0.263 54 0.794 

HMBS t test 0.134 54 0.894 
UBC Mann-Whitney U 360.0 56 0.600 
Geomean t test 0.343 54 0.733 

 

 

Appendix Part 1 Table 6. Correlations between housekeepers and tissue quality 
factors, and correlations between geomean and tissue quality factors. 
 

Appendix Part 1 
Table 6 

Correlation of housekeepers and geomean with tissue quality factors 

 
Demographic 
variable Test 

 
N Test statistic p-value 

HMBS PMI Pearson's 57 r=0.000 p=0.999 
  pH Pearson's 57 r=0.292 p=0.032 
  RIN Spearman's 57 ρ=0.329 p=0.013 
GUSB PMI Pearson's 57 r=-0.165 p=0.234 
  pH Pearson's 57 r=0.074 p=0.594 
  RIN Spearman's 57 ρ=0.022 p=0.869 
UBC PMI Spearman's 57 ρ=-0.006 p=0.967 
  pH Spearman's 57 ρ=0.284 p=0.032 
  RIN Spearman's 57 ρ=0.492 p<0.001 
TBP PMI Pearson's  57 r=-0.191 p=0.162 
  pH Pearson's  57 r=0.445 p<0.001 
  RIN Spearman's 57 ρ=0.359 p=0.006 
Geomean PMI Pearson's 57 r=-0.075 p=0.589 
  pH Pearson's  57 r=0.383 p=0.004 
  RIN Spearman's 57 ρ=0.346 p=0.008 
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Geomean and housekeepers were correlated with measures of tissue quality 

We correlated housekeepers with the demographic variables of PMI, pH, and RIN to 

assess how tissue conditions and handling may affect “base” levels of RNA. With the 

exception of GUSB (pH, r=0.074, p=0.594; RIN, ρ=0.022, p=0.869), all housekeepers 

were positively correlated with both pH and RIN, our markers of tissue quality 

(Appendix Part 1 Table 2). No housekeeper transcripts were significantly correlated with 

PMI. As with the housekeepers, geomean values did correlate significantly with RIN 

(ρ=0.346, p=0.008) and pH (r=0.383, p=0.004), but not with PMI.  

Cause of death impacted tissue characteristics 

Death by asphyxia had an impact on demographic variables. Somewhat unexpectedly, 

samples for which asphyxia was the cause of death had significantly higher RIN than for 

non-asphyxia samples [(U=514.5, p=0.044) (Appendix Part 1 Table 8) (Appendix Part 1 

Figure 3b)]. Neither SIDS nor asphyxia significantly affected PMI (Appendix Part 1 

Table 7, Appendix Part 1 Table 8). Despite effects on RIN, most housekeeper transcripts 

as 

 
Appendix Part 1 Table 7. Effects of SIDS deaths on demographic variables. N=23. 
 

Appendix Part 1 
Table 7 Effect of SIDS death on tissue quality factors 

  Test Test statistic N p-value 

pH t test 1.139 21 0.267 

RIN Mann-Whitney U 42 23 0.201 

PMI t test 0.138 21 0.891 
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Appendix Part 1 Table 8. Effects of asphyxia/oxygen deprivation deaths on 
demographic variables. N=57. 
 

Appendix Part 1 
Table 8 Effect of asphyxia death on tissue quality factors 

 Test Test statistic N p-value 

PMI t test -1.860 55 0.068 

pH t test 0.391 55 0.697 

RIN Mann-Whitney U 514.5 57 0.044 
 

 

Appendix Part 1 Table 9. Effects of SIDS deaths on housekeepers and geomean. 
N=23. 
 

Appendix Part 1  
Table 9 Effect of SIDS death on housekeepers and geomean 

 Test Test statistic N p-value 
TBP Mann-Whitney U 35 23 0.083 
GUSB T test 1.827 21 0.082 
HMBS Mann-Whitney U 31 23 0.046 
UBC Mann-Whitney U 38 23 0.124 
Geomean Mann-Whitney U 35 23 0.083 
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well as the geomean of the housekeepers did not differ based on manner of death 

[(Appendix Part 1 Table 9)(Appendix Part 1 Table 10)]. However, SIDS did have an 

effect on one housekeeper, with samples dying due to SIDS have lower HMBS mRNA 

levels [(Appendix Part 1 Table 9) (Appendix Part 1 Figure 3c)]. 

Appendix Part 1 Table 10. Effects of asphyxia/oxygen deprivation deaths on 
demographic variables. N=57. 
 

Appendix Part 1 
Table 10 Effect of asphyxia death on housekeepers and geomean 

 Test Test statistic N p-value 

TBP t test -1.403 55 0.166 

GUSB t test 0.071 55 0.943 

HMBS t test -1.812 55 0.075 

UBC Mann-Whitney U 249 57 0.112 

Geomean t test -1.165 55 0.249 
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Appendix Part 1 Figure 3. Effect of cause of death on tissue quality factors and 
housekeeper expression 
a. Death by asphyxia/oxygen deprivation significantly increases RIN (Mann-Whitney 
U test, U=514.5, p=0.044). Mean RIN in asphyxia/oxygen deprivation samples was 
7.76, whereas mean RIN in non-asphyxia/oxygen deprivation samples was 7.26. 
N=57. 
b. Death by SIDS significantly lowers HMBS expression levels (Mann-Whitney U Test, 
U=31, p=0.046). Mean HMBS expression was 0.104 in SIDS samples, whereas mean 
HMBS expression was 0.189 in non-SIDS samples. N=23. 
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Appendix Part 1 Table 11. Traumatic cause of death 

 Test Test statistic N p-value Trauma No trauma 
C1Q t test 1.616 25 0.12   
C3 t test 1.425 23 0.176   
CD46 t test 0.029 24 0.977   
CD55 t test 0.276 25 0.785   
CD59 t test -1.593 25 0.125   

IL1B 
t 
test 2.253 22 0.036 -0.7098 -1.4312 

IL6 t test 0.71 21 0.487   

IL18 t test 1.516 24 0.144   

TNF-A 
t 
test 3.401 24 0.003 0.2079 -1.2422 

IL1B prot t test 1.990078 26 0.058515   
IL6 prot t test 2.446894 22 0.023773 -4.76112 -7.0196415 

IL18 prot t test 1.612878 25 0.120409   
TNF-A 
prot t test 0.839711 25 0.409714   

 

  

Appendix Part 1 Table 11. 
Traumatic cause of death – eg, motor vehicle accident, gunshot wound – may 
affect circulating immune factors, including cytokines and complement. Selection 
of complement and cytokine mRNA, and cytokine protein, are compared here 
between traumatic and non-traumatic causes of death (school-age through young 
adult). 
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Discussion 

The nature of post-mortem work is such that certain additional analyses are often 

required to test for and to take into account potential confounding factors. To characterize 

the expression of immune signaling molecules in human development, it was necessary 

to first establish basic information regarding both the attributes of our cohort and of the 

demographic and tissue quality factors that may impact our measurements. First, we 

analyzed the following three demographic variables: RIN, pH, and PMI. RIN and pH 

were matched for our cohort, but PMI changed significantly between our age groups, 

with older ages having shorter PMIs. However, it was clear from our data that PMI did 

not significantly correlate with another measure of tissue quality (pH) or overall RNA 

quality (RIN). This is in agreement with the existing literature on the impact of PMI on 

post-mortem tissue that conclude that PMI is not a major factor determining RNA quality 

and that it is more critical to control tissue pH and RIN [434-437]. RIN and pH did 

correlate with each other, which is expected in our samples as tissue quality and RNA 

quality are highly related. Given the relationship between pH levels and RNA 

degradation, [434, 438, 439] RIN and pH values are matched and are inherently 

correlated in our samples as was found in other human brain cohorts.  

As RIN and pH were correlated with one another, so too were RIN and pH 

correlated with our housekeeper transcript expression. Four housekeepers were run in our 

high-throughput qPCR analysis: GUSB, HMBS, TBP, and UBC. Of these housekeepers, 

all but GUSB were weakly or moderately positively correlated with pH or RIN. This 

indicates a direct relationship between housekeeper transcript levels, and RNA 

integrity/tissue quality. RNA degradation is correlated with lower levels of expression for 
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housekeeper transcripts [435] and may affect other transcripts on a transcript-by-

transcript basis [436, 437, 450, 451]. Thus, RNA integrity is key to reliable RT-PCR 

[452] and RNA-seq [451] assay performance. Despite GUSB’s lack of correlation with 

pH or RIN, the geomean was positively correlated with both pH and RIN. The fact that 

our geometric mean of the housekeepers correlated with measures of the tissue quality 

and RNA quality means that it is serving the intended purpose when we use the 

geometric mean of the housekeepers as a denominator with our transcripts of interest as 

the numerator. This is a normalization step (dividing levels of transcript of interest/ 

geometric mean of the housekeepers) and is done to account for individual variations in 

sample quality that could add unwanted variance in our analysis. It is important that the 

geometric mean of the housekeepers did not show significant change between age 

groups, and demonstrating that it could subsequently used for normalization of our high 

throughput qPCR results in Chapters 2, 3 and 4.  

While there were many causes of death for the donors included in this study, 

samples involving oxygen deprivation or SIDS were of particular interest. Thus, we 

analyzed the impact of deaths associated with oxygen deprivation, including those listed 

as asthma, drowning, and asphyxiation deaths in Table 1. Death by oxygen deprivation 

was associated with a significantly higher mean RIN. This is counter-intuitive, given the 

association of hypoxia during death with reduced pH and RIN values. However, this may 

be a result of the relative swiftness of death induced by total oxygen deprivation, 

compared to death associated with a lengthy period of hypoxia [453]. As mentioned 

previously, the etiology of SIDS is not well understood, and inflammation has been 

proposed to play a role. Given the focus of this study on immune factors, we decided to 
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do further analysis of the potential impact of SIDS on our cohort demographics. 

Interestingly, death by SIDS was associated with a significantly lower mean expression 

of the housekeeper HMBS. However, neither death by SIDS nor death by oxygen 

deprivation ultimately impacted the geomean, meaning normalization of our transcripts 

was not affected by cause of death.  

Cause of death was also considered as it relates to inflammation. While samples 

were selected to avoid cerebral inflammation or systemic infection, several other causes 

of death did have inflammatory features. However, for most conditions these were 

limited and spread across age groups equally – for instance, deaths caused by asthma, 

obesity, or myocarditis. However, multiple deaths were labeled as non-specific 

‘accidents’ or ‘motor vehicle accidents.’ These are difficult to assess without further 

information, but it is worth noting that indeed most accidents that could induce death are 

likely to influence inflammation in some manner. Translation of proteins can be rapidly 

induced in such a way that agonal state would remain low but inflammation reduced 

regardless. Even broken limbs could potentially impact circulating immune factors. Both 

mRNA and protein were assessed via t test in the age groups with the most accidental 

deaths – school-age, teenage, and young adult. The results did not suggest a ubiquitous 

increase in pro-inflammatory signaling at either the mRNA or the proteins levels; 

however, there is a possibility that specific cytokines are being upregulated in response to 

traumatic injury-related tissue damage, and this may need to be considered further in 

future studies, especially during investigations of cytokines. 
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Conclusion 

Post-mortem tissue research is invaluable to our understanding of human development 

and disease, however, it poses unique challenges. The work presented here serves to 

characterize the demographic, tissue quality and molecular features of our cohort to 

verify our sample selection and account for possible confounds. The housekeeper and 

geomean analysis performed here serve as valuable controls and suggest high tissue 

quality and equal molecular integrity of RNA across the age groups. By building upon 

these foundations, we can study this cohort to develop a more complete framework for 

delineating change in levels of transcripts of interest including immune molecules in the 

developing human brain during early, middle and late development. 
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Introduction 

Given the reported relationship between complement components 3 (C3) and 4 (C4), we 

chose to examine protein levels of C3 and C4 via Western blot. Both C3 and C4 have 

multiple cleavage products which may be evident by Western blot. C3 precursor protein 

is a single protein which is cleaved during post-translational processing [6]. Following 

cleavage, the two C3 protein fragments are bound to each other in a different 

conformation dependent on sulfide-sulfide bonds [6]. Thus, the dominant band of C3 

should be evident under non-reducing conditions (wherein disulfide bonds are intact) 

represents the C3 precursor protein. C4 precursor protein is similarly cleaved and bound 

with disulfide bonds, and is cleaved to produce active C4a and C4b products. Further 

cleavage of C4 degrades the protein into inactive products. Due to a significant number 

of disulfide bonds in both C3 and C4, I chose to compare reducing versus non-reducing 

conditions to assist in determining which cleavage product was detected in my protein 

homogenate. 

Methods 
100 mg of DLPFC tissue were homogenized as previously described (Chapter 3, page 

#90). Protein yield was determined using the Bradford method. Ten μg of protein 

homogenate were diluted 1:1 in either Laemmli buffer (S3401-10VL, Sigma) without 

reducing agent or in Laemmli buffer with β-mercaptoethanol (1610737, Bio-Rad) as a 

reducing agent, and heated at 95°C for 2 min. Pooled samples from neonate, infant and 

toddler groups were used for comparison, as initial analysis suggested that neonates, 

infants and toddlers had the greatest mean complement protein expression. Samples were 

run on 4-20% Mini-PROTEAN TGX precast protein gel at 60 V for 60 minutes and 120 

V for another 50 minutes with Tris/Glycine Running Buffer and transferred onto 
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Immobilon-FL PVDF 0.45μm pore membrane (45-IPFL00010-EA, Millipore Sigma) at 

100 V for 60 minutes with 20% methanol in Tris/Glycine buffer. Odyssey protein ladder 

(928-40000, Li-Cor) was used for comparison of molecular weight. Membranes were 

blocked at room temperature for 1 hour with Li-Cor blocking buffer (Intercept Blocking 

Buffer, 927-70001, Li-Cor). The membrane was incubated with a combination of diluted 

anti-C4 and anti-β-actin primary antibody (1:10,000, MAB1501R, Millipore Sigma) at 

4°C overnight in blocking buffer with 0.2% Tween-20. Following three 5 minute washes 

with TBST, membranes were incubated with goat anti-mouse secondary antibody 

(IRDye® 680RD Donkey anti-Mouse IgG, 926-68072, LiCor) and goat anti-rabbit 

secondary antibody (IRDye® 800CW Donkey anti-Rabbit IgG, 926-32213, LiCor) with 

0.2% Tween-20 and 0.01% SDS. After incubation, membranes were washed in PBST 

three times for 5 minutes each. Immunoreactive bands were detected using LiCor 

Odyssey DLx.  

The membrane was stripped using pH 2 mild stripping buffer (Abcam recipe: 

1.5% glycine, 0.1% sodium dodecyl sulfate, 1% Tween-20 for 20 minutes, in distilled 

water) for 20 minutes at room temperature, washed two times for 10 minutes each in 

PBS, then two times for 5 minutes each in PBST. Imaging indicated incomplete protein 

removal, so the procedure was repeated once. The membrane was subsequently blocked 

in Intercept blocking buffer for 1 hour at room temperature. Anti-C3 (1:3,000, ab97462, 

Abcam, Cambridge, UK) and anti-β-actin primary antibody in blocking buffer with 0.2% 

Tween-20 were added and allowed to incubate overnight at 4°C. Following three 5 

minute washes with TBST, membranes were incubated with goat anti-mouse secondary 

antibody (1:15,000, IRDye® 680RD Donkey anti-Mouse IgG, 926-68072, LiCor) and 
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goat anti-rabbit secondary antibody (1:15,000, IRDye® 800CW Donkey anti-Rabbit IgG, 

926-32213, LiCor) with 0.2% Tween-20 and 0.01% SDS. After incubation, membranes 

were washed in PBST three times for 5 minutes each. Immunoreactive bands were 

detected using LiCor Odyssey DLx. 

A secondary only blot was subsequently performed to demonstrate the absence of 

non-specific bands when the primaries were omitted. In brief: 10 μg of protein 

homogenate were diluted 1:1 in Laemmli buffer without reducing agent or in Laemmli 

buffer with β-mercaptoethanol as a reducing agent, and heated at 95°C for 2 min. After 

blocking, the secondary only blot was incubated with 1:10,000 anti-β-actin overnight at 

4°C. The membrane was washed and incubated in both donkey anti-rabbit secondary 

(having no associated primary) and donkey anti-mouse secondary (for anti-β-actin) for 1 

hour at room temperature. Immunoreactive bands were detected using LiCor Odyssey 

DLx. 
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Results 

Multiple immunoreactive bands were detected by both C3 antibody following membrane 

imaging of the HRP-based Western blot. These bands necessitated further analysis to 

determine whether I was seeing protein degradation (from either in vivo protein 

degradation or from being introduced during sample handling) or whether my antibody 

was binding non-specifically. Thus, I ran both reducing and non-reducing

 



 

262 
 

 

Western blots with the same C3 and C4 antibodies, this time using fluorescent secondary 

antibodies. 

I was able subsequently to confirm the approximate molecular weight of the dominant 

band for non-reduced C3 using a fluorescent ladder (Odyssey one-color protein 

molecular weight marker, catalog #928-40000) and gel combination (4-20% mini-

PROTEAN TGX pre-cast gel, catalog # 4561093) in fluorescence. HRP-based and 

fluorescence-based Western blot images are compared side-by-side in Appendix Part 2 

Figure 1. The ~200 kDa band was the dominant band in the non-reduced HRP and 

fluorescent blots. Its presence in both blots suggests it likely represents the precursor 

protein, meaning it should be more closely related to mRNA expression levels, and it was 

ultimately the band used for quantification. 

Additional bands were evident in both the HRP-based and fluorescence-based Western 

blots. C3 protein is cleaved for activation, with a 9 kDa molecule of C3a released into the 

environment [6]. The binding site of my detection antibody, however, was on on the C 

terminus, corresponding to the C3b and not C3a cleavage product. Appendix Part 2 

Figure 1 denotes the expected molecular weights for various 

Appendix Part 2 Figure 1. Reducing versus non-reducing Western blots for 
C3 
Comparison of non-reducing HRP Western blot and both reducing and non-
reducing fluorescent Western blots. In the fluorescent blot, C3 is in green and β 
actin is in red. Note multiple C3 bands, including one which overlaps with β actin 
band. More bands could be detected with fluorescence than HRP. Individual 
patient samples were run in the HRP blot on the left, whereas pooled samples were 
run in the fluorescent blot on the right. 
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cleavage products and subunits of C3, the location of the antibody binding site relative to 

these structures, and the position of the disulfide bonds that would be broken under 

reducing conditions. The predicted molecular weight of the activated C3b product (186 

kDa) is very close to the inactive C3 protein weight, and thus, they probably both 

contribute to the dominant immunoreactive band I detect around 190 kDa. In contrast, 

when the blot is run under reducing conditions, the C3 α chain (green in figure) is present 

as a major band around 110-120 kDa and C3c α’ chain fragment 2 may correspond to the 

lighter band around 50 kDa (there is another lighter band of unknown composition 

running above this band at about 60 kDa suggesting uncharacterized cleavage sites exist). 

The C3 β chain (yellow) and C3 α chain (green) both likely contribute to the major C3 

immunoreactive band at around 185 kDa under non-reducing conditions. The lighter 

immunoreactive bands still existing above 185 kDa under reducing conditions could 

correspond to the unprocessed C3 precursor (which would still be intact as no disulfide 

bonds are formed yet). 

Appendix Part 2 Figure 2. Conceptual schematic of C3 cleavage and substructure 
C3 transcript is translated into a 187 kDa precursor protein which is subsequently 
cleaved into an α and β chain. These chains are re-combined in a different formation 
using disulfide bonds. The inactive C3 precursor is then cleaved by C3 convertase into 
C3a and C3b. C3b is the active form of C3 which is able to opsonize target cells 
through covalent bonds [3]. Further cleavages result in the inactivation of C3, 
preventing the downstream formation of the membrane attack complex [4], but 
enabling direct phagocytosis by macrophages [5, 6]. 
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When blotting for C4, the C4 immunoreactive band does appear to run higher than the C3 

 
 

 

Appendix Part 2 Figure 3. Reducing versus non-reduction Western blot for C4 
Comparison of non-reducing HRP Western blot and both reducing and non-reducing 
fluorescent Western blots of C4. In the fluorescent blot, C4 is in green and β actin is in 
red. Unlike C3, non-reduced C4 had only one band. More bands could be detected 
under reducing conditions. C4 is similar to C3 in that the precursor protein is cleaved, 
then bounded together in a new conformation via disulfide bonds. Individual adult 
samples were run in the HRP blot on the right, whereas pooled neonate, infant and 
toddler samples were run in the fluorescent blot on the left. Reduced C4 showed 
multiple bands. The dominant band in the reducing condition is most likely the 84 
kDa C3 α chain or the 75 kDa C3 α’ fragment. 
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immunoreactive band (Appendix Part 2 Figure 2). This may be because molecular 

weights of this size can appear quite close depending on the gel running conditions. C4 

does appear to have a higher molecular weight than strictly predicted by the amino acid 

sequence (~250 kDa). No additional bands were found for C4 in the non-reduced gel. 

Under reducing conditions, I detected a weak doublet of immunoreactive bands just 

below 250 kDa, though this is not the prominent band in the reduced gel. The prominent 

immunoreactive band in the reduced gel appears around 85 kDa, consistent with a 

partially processed C4 α chain and consistent with the antibody binding site near the C 

terminus of the C4 precursor protein. As with C3, we have included a diagram of C4 

cleavage products and subunits which includes expected molecular weights and the 

location of the antibody binding site (Appendix Part 2 Figure 3). We did not detect any 

C4d at 41 kDa. C4d is a known product of C4 degradation [454]. 
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No primary control 

There was no signal from our donkey anti-rabbit secondary in the no-primary antibody 

Western blot when imaged under the same conditions as our C3 and C4 blots detected 

signal previously. However, β-actin could still be detected. 

 

Appendix Part 2 Figure 4. Conceptual schematic of C4 cleavage and substructure 
C4 transcript is translated into a 193 kDa precursor protein which is subsequently 
cleaved into an α, β, and γ chain. These chains are re-combined in a different 
formation using disulfide bonds. The inactive C4 precursor is then cleaved by C1qrs 
into C4a and C4b. 
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Appendix Part 2 Figure 5. No-primary control Western blot for C3 and C4 
primaries 
A no-primary antibody incubation was performed on both reduced and non-reduced 
samples. The samples used were neonate and adult pooled protein. Following the 
first incubation of donkey anti-rabbit 800CW secondary, membranes were imaged. 
Subsequently, membranes were incubated with donkey anti-mouse 680RD 
secondary and imaged. 
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Appendix Part 2 Figure 6. Beta actin internal control analysis. 
Β-actin mRNA was significantly different between age groups when used as an 
internal control for C3 Western blot (Welch’s ANOVA, F(6,23.271)=4.601, 
p=0.003). Post-hoc testing (Fisher’s LSD) found significant differences between 
neonates and toddlers (p=0.034); neonates and teenagers (p=0.003); neonates and 
adults (p=0.047); infants and toddlers (p=0.003); infants and teenagers (p<0.001); 
infants and young adults (p=0.006); and infants and adults (p=0.005). N=62. 2 
outliers were removed. 
b. β-actin protein was not significantly different between age groups when used as 
internal control with C4 Western blot. (ANOVA, F(6,56)=1.024, p=0.420). N=59. 4 
outliers were removed. 
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Introduction 

We chose two validation methods for our cytokine multiplex immunoassay: first, 

we performed an antibody blocking experiment by pre-incubating our samples with a 

primary antibody targeted to the cytokine of interest to prevent the bead-bound antibodies 

from capturing cytokines. If the pre-incubation was able to diminish the signal emanating 

from our multiplex assay, then we interpreted this to mean that the antibody bound was 

able to bind to the cytokine of interest and interfered with the bead-bound antibodies and 

thus, was targeting the correct cytokine. In our second approach, we tested whether 

presence of brain homogenate would interfere with the ability of the multiplex-antibodies 

to recognize the known targets provided in the manufacturer-provided standards. If in the 

experiment using human brain homogenate spiked directly into the provided cytokine 

standards, we found a diminution in the signal from the standards, this would suggest that 

other proteins in the homogenate (as would be present in our samples and internal 

control) could be interfering with cytokine binding. 

 

Methods 

For the antibody-blocking experiment, we selected polyclonal antibodies produced 

against human IL-1β (goat anti-human IL-1β polyclonal antibody, R&D Systems, 

cat#AF-201-NA), IL-6 (rabbit anti-human polyclonal antibody, Fisher Scientific, 

cat#ENP620), IL-18 (rabbit anti-human IL-18 polyclonal antibody, Atlas Antibodies, 

HPA003980), and TNF-α (anti-TNF-α rabbit anti-human polyclonal, Fisher Scientific, 

cat#ENP300A). Polyclonal antibodies in particular were selected because the target 

binding site of the bead-bound antibodies to the cytokine was proprietary information and 
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was not available from the manufacturer (Bio-Rad, Hercules, CA, USA). Thus, in order 

to maximize our chance of blocking binding to the beads, we chose antibodies with 

multiple potential epitopes. Antibodies were diluted to 200 mole antibody per 1 mole 

cytokine in 0.05% bovine serum albumin (BSA) (Cat#). Cytokine and antibody were 

vortexed to mix, then incubated together for one hour at room temperature while rotating 

gently (360o rotation). Samples were run in duplicate.  

For the spiked homogenate experiment, protein was extracted as described above. 

Recombinant cytokine standards were reconstituted and diluted as described in Chapter 4 

(page #150). 33 uL of 2 mg/mL total protein homogenate for known amounts of each 

cytokine was spiked into 22 μL of recombinant cytokine standard diluted 1:256 

(essentially changing the concentration of the unknown to match the concentration of the 

standard and brain concentration combined). The spiked samples were mixed by 

vortexing and incubated for one hour at room temperature and rotated gently on a 

centrifuge tube rotator. Samples were run as singlets. 
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Results 

Polyclonal antibodies partially blocked binding of IL-6 and IL-18 

 Using polyclonal antibodies to IL6 and IL18, we were able to block approximately 

1/3 of the signal from binding of the bead-bound anti-IL-6 and anti-IL-18 capture 

antibodies to brain homogenates (see dotted line for expected amounts, Appendix Part 3 

Figure 2). This supports the specificity of the anti-IL-6 and anti-IL-18 bead-bound capture 

antibodies. We did not successfully block IL-1β or TNF-α capture by the bead-bound 

antibodies; however, as the binding site of the capture antibodies is proprietary, we were 

not able to use antibodies to a specific epitope. Thus, we can not determine if specific 

binding of capture antibodies to either IL-1β or TNF-α is occurring or not.  

It is possible that there is successful binding of our polyclonal antibodies IL-1β or TNF-α, 

but that this binding fails to interfere with the binding of either IL-1β or TNF-α to capture 

antibodies. 
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Brain homogenate did not interfere in multiplex immunoassay overall but in the same 

order you put the methods please 

 Protein levels for IL-1β, IL-6, and IL-18 were all detected at the expected levels 

following brain homogenate spike (see dotted line for expected amounts, Appendix Part 3 

Figure 1). TNF-α showed somewhat lower than expected value after spiking brain 

homogenate into recombinant cytokine standard, indicating some TNF-α-specific 

interference of brain homogenate contents when using the multiplex assay. This 

interference could potentially cause protein concentrations to appear lower than they 

otherwise would be, but would be consistent across brain samples as the same amount of 

brain homogenate was added to each well. So, while the absolute amount of TNF-α may 

not be accurate, the relative change across the age groups would be testable. 

Figure 1. Brain homogenate spike experiment. 
a) Recombinant IL-1β cytokine standard concentration was substantially higher 

than brain homogenate IL-1β concentration. The addition of 22uL of brain 
homogenate diluted the measured concentration of IL-1b to the expected value. 

b) Recombinant IL-6 cytokine standard concentration was substantially lower 
than IL-16 concentration in the brain homogenate. The addition of 22uL of 
brain homogenate increased the measured concentration of IL-6 to the 
expected value. 

c) Recombinant IL-18 cytokine standard concentration was substantially lower 
than IL-18 concentration in the brain homogenate. The addition of 22uL of 
brain homogenate increased the measured concentration of IL-18 to slightly 
less than the expected value. 

d) Recombinant TNF-α cytokine standard concentration was substantially higher 
than brain homogenate concentration of TNF-α, which was very low. The 
addition of 22uL of brain homogenate decreased the measured concentration 
of TNF-α to less than the expected value, suggesting the possibility that a 
component of brain lysate interferes with this assay. 
The dotted line represents the expected concentration. 
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Figure 2. Multiplex immunoassay blocking experiment 
a) Anti-IL-1β antibody incubation resulted in IL-1β concentrations that were 

equivalent to or slightly increased from the known concentration. No change in 
detectable protein was found following antibody block. 

b) Anti-IL-6 antibody incubation resulted in a 67% rate of IL-6 detection 
compared to the known quantity of the sample. 

c) Anti-IL-18 antibody incubation resulted in a 63% rate of IL-18 detection 
compared to the known quantity of the sample. 

d) Anti-TNF-α antibody incubation resulted in a 94% rate of TNF-α detection 
compared to the known quantity of the sample. 
The dotted line represents the expected concentration. 
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Appendix Part 4 
Table 1 Experimental antibodies 

Target 
gene 

Target 
species 

Host 
species 

Clonality Company Catalog # Concentration 

Collagen 
IV 

Mouse, rat, 
hamster, cow, 
dog, human 

Rabbit Polyclonal Abcam ab6586 1 mg/mL 

PECAM1 Human, 
primate, 
rabbit 

Mouse Monoclonal Novus NBP2-33136 1 mg/mL 

EMCN Human Rabbit Polyclonal ThermoFisher PA521395 1 mg/mL 

OCLN Human Mouse Monoclonal Atlas AMAb90890 1 mg/mL 

TEK Human Rabbit Polyclonal LS Bio LS-C99139-
400 

0.2 mg/mL 

C3 Human, 
mouse 

Rabbit Polyclonal Abcam ab97462 0.08 mg/mL 

C4 Human Rabbit Monoclonal Abcam ab173577 0.062 mg/mL 

IL-1B Human Goat Polyclonal R&D 
Systems 

AF-201-NA 0.2 mg/mL 

IL-6 Human, 
primate 

Mouse Monoclonal R&D 
Systems 

MAB206-
100 

0.5 mg/mL 

TNF-A Human Mouse Monoclonal NSJ 
Bioreagents 

V2900-
100UG 

0.2 mg/mL 

IL-18 Human Rabbit Polyclonal Atlas HPA003980 0.2 mg/mL 

Pan-actin Human Mouse Monoclonal Millipore MAB1501 1 mg/mL 

IgG Mouse Goat Polyclonal Millipore AP124 2 mg/mL 

IgG Rabbit Goat Polyclonal Millipore AP307P 1 mg/mL 

 

 

Appendix Part 4 Table 2. Antibodies used for experiments. 
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Abstract
Immune system components also regulate synapse formation and refinement in neu-
rodevelopment. The complement pathway, associated with cell lysis and phagocyto-
sis, is implicated in synaptic elimination. Aberrant adolescent synaptic pruning may 
underpin schizophrenia onset; thus, changes in cortical complement activity during 
human development are of major interest. Complement is genetically linked to schiz-
ophrenia via increased C4 copy number variants, but the developmental trajectory 
of complement expression in the human brain is undetermined. As complement in-
creases during periods of active synaptic engulfment in rodents, we hypothesized 
that complement expression would increase during postnatal development in hu-
mans, particularly during adolescence. Using human postmortem prefrontal cortex, 
we observed that complement activator (C1QB and C3) transcripts peaked in early 
neurodevelopment, and were highest in toddlers, declining in teenagers (all ANCOVAs 
between F = 2.41 –3.325, p = .01–0.05). We found that C4 protein was higher at 
1–5 years (H = 16.378, p = .012), whereas C3 protein levels were unchanged with 
age. The microglial complement receptor subunit CD11b increased in mRNA early in 
life and peaked in the toddler brain (ANCOVA: pH, F = 4.186, p = .003). Complement 
inhibitors (CD46 and CD55) increased at school age, but failed to decrease like com-
plement activators (both ANCOVAs, F > 4.4, p < .01). These data suggest the activa-
tion of complement in the human prefrontal cortex occurs between 1 and 5 years. 
We did not find evidence of induction of complement factors during adolescence 
and instead found increased or sustained levels of complement inhibitor mRNA at 
maturation. Dysregulation of these typical patterns of complement may predispose 
the brain to neurodevelopmental disorders such as autism or schizophrenia.

www.wileyonlinelibrary.com/journal/jnc
https://orcid.org/0000-0002-2055-484X
https://orcid.org/0000-0003-3772-5745
https://orcid.org/0000-0002-3107-7188
https://orcid.org/0000-0002-4654-8456
https://orcid.org/0000-0002-8778-4148
mailto:
https://orcid.org/0000-0002-4560-0259
mailto:weickerc@upstate.edu


2  |     SAGER Et Al.

1  | INTRODUC TION

The development and maturation of the human brain is a lengthy 
process requiring exceptional growth, organization, and re-organi-
zation. In recent years, a number of immune system pathways tradi-
tionally associated with pathogen response have been identified as 
contributing to brain development. Among these is the complement 
pathway, which is traditionally associated with the lysis and phago-
cytosis of pathogens (Newman et al., 1980; Schiela et al., 2018). 
However, recent research demonstrates a role for complement in tar-
geted synaptic pruning (Stephan et al., 2012; Stevens et al., 2007), as 
well as in modulating neural progenitor cell proliferation (Coulthard 
et al., 2017, 2018; Gorelik et al., 2017), and guiding cortical migration 
(Gorelik, Sapir, Haffner-Krausz, et al., 2017; Gorelik, Sapir, Woodruff, 
et al., 2017).

In the systemic immune system, there are three known path-
ways of complement activation: the classical complement path-
way, the alternative complement pathway, and the lectin pathway. 
Components of all three pathways are produced by cells from the 
brain. Transcripts of the classical and alternative pathways are de-
tectable in cell cultures of neural origin, including human neuroblas-
toma and astrocytoma cell lines (Walker & McGeer, 1993), primary 
human microglia (Walker et al., 1995), and primary mouse astrocytes 
(Levi-Strauss & Mallat, 1987). Classical and alternative pathway tran-
scripts are detectable in both neurotypical, diseased, and atypical 
brains, including cases with Alzheimer's (Fischer et al., 1995; Johnson 
et al., 1992; Shen et al., 1997; Strohmeyer et al., 2000; Walker & 
McGeer, 1992), autism spectrum disorder (ASD) (Fagan et al., 2017; 
Nardone et al., 2014), and schizophrenia (Sekar et al., 2016). 
Transcripts of the lectin pathway have also been found in the brains 
of both neurotypical cases and ASD patients (Nardone et al., 2014). 
In the healthy prenatal brain, classical pathway and lectin pathway 
transcripts are present during murine brain development (Coulthard 
et al., 2017, 2018; Gorelik, Sapir, Haffner-Krausz, et al., 2017; Gorelik, 
Sapir, Woodruff, et al., 2017). Experimental work in mice has identi-
fied that, in the lateral geniculate nucleus, complement factor C1qb 
and C3 mRNAs are robustly expressed co-incident with develop-
mental synaptic pruning between postnatal days 7 and 10 (Stevens 
et al., 2007). The working model for complement-mediated synaptic 
pruning suggests that C1q (pictured schematically in Figure 1) is in-
creased on the pre-synaptic terminal of less active neurons. This in 
turn activates synaptic C3 (pictured schematically in Figure 1), which 
binds to the complement receptor 3 (Cr3) (also pictured schemati-
cally in Figure 1) on microglia before the subsequent phagocytosis of 
the under-used terminal.

In support of this model, complement pathway proteins C1q 
(Stevens et al., 2007), C3 (Stevens et al., 2007), and C4 (Sekar 
et al., 2016) (pictured schematically in Figure 1) all co-localize with 
pre- and/or post-synaptic markers in the mouse lateral geniculate 

nucleus (LGN) (C3 and C1q) at postnatal day 7 (Stevens et al., 2007). 
Furthermore, C1q, C3, and C4 are necessary for normal retinogenic-
ulate synaptic pruning (Sekar et al., 2016; Stevens et al., 2007), and 
microglia contain pre-synaptic proteins during the critical period of 
brain development, supporting microglial phagocytosis of synapses 
(Paolicelli et al., 2011; Stephan et al., 2012). Although attractive, 
many unanswered questions about this model remain, for example: 
(a) is C1q only found on inactive synaptic terminals? (b) are multiple 
ligands, including phosphatidylserine (Scott-Hewitt et al., 2020) (pic-
tured schematically in Figure 1) able to activate the C1q complex 
and initiate the complement cascade? (c) what cells are synaptic C2, 
C3, and C4 derived from? (d) are complement inhibitors also found in 
synapses? and (e) what role do other complement components, such 
as the membrane attack complex (MAC, pictured schematically in 
Figure 1), play in synaptic terminal removal?

As with C1q, C3, and C4, Cr3 is required for normal synaptic prun-
ing in the developing retinogeniculate pathway (Schafer et al., 2012). 
In the systemic immune system, the response to C3 activation and 
opsonization is determined by a combination of receptor availability 
and inhibitor activity (pictured schematically in Figure 1) as a result 
of cell type-specific receptor expression and receptor-specific pref-
erences for certain C3b cleavage products (Arnaout & Colten, 1984). 
As depicted in Figure 1, complement pathway activity following C3 
activation can either culminate in the phagocytosis of pathogens 
by phagocytic immune cells, or in membrane lysis mediated by the 
membrane attack complex. In the brain, however, it remains to be de-
termined when and where complement expression is induced under 
healthy conditions; and which complement activators, inhibitors, 
and receptors are expressed during different stages of development.

K E Y W O R D S

autism, neurodevelopment, prefrontal cortex, pruning, schizophrenia, synapse

F I G U R E  1   Complement pathway cascade. The classical pathway 
of the complement system is typically triggered by antibodies 
bound to antigens on the surface of pathogens. This results in a 
cascade of activation, where each enzyme cleaves and activates 
the next component in the pathway, leading to either phagocytosis 
by immune cells or lysis by the membrane attack complex (MAC). In 
the brain, pathway activation can be initiated by phosphatidylserine 
expression on the synaptic surface. Following complement 
activation, CR3-expressing microglia target and phagocytose 
opsonized synapses, rather than pathogens.
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Complement dysregulation has the potential to disrupt multiple 
developmental processes in the brain, including progenitor cell pro-
liferation, neuronal migration, and synaptic pruning. Disruption of 
these processes is implicated in multiple neurodevelopmental disor-
ders, including schizophrenia (Glantz & Lewis, 2000; Ishii et al., 2016; 
Kolluri et al., 2005; Reif et al., 2006; Yang et al., 2011), autism spec-
trum disorder (ASD) (Gilbert & Man, 2017; Ishii et al., 2016; Neniskyte 
& Gross, 2017; Thomas et al., 2016), and epilepsy (Chu et al., 2010; 
Ma et al., 2013; Represa, 2019; Zhou et al., 2012). In the dorsolateral 
prefrontal cortex (DLPFC), the dysregulation of complement activity 
is more likely to affect synaptic pruning than neurogenesis or neu-
ronal migration, which are traditionally considered restricted to the 
subependymal zone and hippocampus after birth, though this is an 
area of continued debate (Dennis et al., 2016; Inta et al., 2008; Sanai 
et al., 2011; Sorrells et al., 2018). Indeed, schizophrenia and ASD are 
neurodevelopmental disorders which have previously been asso-
ciated with synaptic pruning alterations in the cortex. Gray matter 
loss, measured by magnetic resonance imaging, has been reported in 
schizophrenia patients in the frontal lobe (Cannon et al., 2015; Leung 
et al., 2011; Zipursky et al., 1992), and excessive synaptic pruning is 
considered a potential cause of this finding (Feinberg, 1982; Johnson 
& Stevens, 2018; Keshavan et al., 1994). In support of this hypothe-
sis, reduced dendritic spine density in the basilar dendrites of layer 
III pyramidal neurons has been reported in postmortem DLPFC tis-
sues from schizophrenia patients (Glantz & Lewis, 2000) as well as 
reduced spines per dendrite (Konopaske et al., 2014). In contrast to 
schizophrenia, ASD is associated with increases in dendritic spine 
density (Hutsler & Zhang, 2010) and increases in overall brain size 
(Sacco et al., 2015). Recent evidence in mice supports reduced syn-
aptic pruning as a putative pathogenetic mechanism for ASD (Fagan 
et al., 2017; Kim et al., 2017). Furthermore, both ASD and schizo-
phrenia have been linked to altered levels of complement expres-
sion in recent years (Fagan et al., 2017; Nardone et al., 2014; Sekar 
et al., 2016). In particular, complement component C4 is implicated 
as a major contributor to the association of the GWAS-identified 
major histocompatibility complex locus in schizophrenia (Sekar 
et al., 2016), and the complement regulator-like gene, CSMD1, has 
also been identified in GWAS studies as a transcript of interest in 
schizophrenia (Fatima et al., 2017; Havik et al., 2011; Liu et al., 2017). 

However, to date, complement genes have not been directly linked 
to ASD in GWAS.

Despite the association between complement and synaptic 
pruning, no work has been done to describe normal complement ex-
pression levels during typical human cortical development in either 
the classical, lectin, or alternative pathways of complement activa-
tion. Here, we analyze complement gene expression across human 
postnatal development in brains from non-diseased human subjects 
ranging from two months of age to 26 years, focusing our efforts on 
the DLPFC, a brain region of particular interest in psychiatric and 
neurodevelopmental disorders. The DLPFC is also of considerable 
interest in normal human neurodevelopment since it is one of the 
last brain regions to mature (Gogtay et al., 2004), and is involved 
in highly advanced cognitive functions, including planning (Tanji & 
Hoshi, 2001) and working memory (Levy & Goldman-Rakic, 2000). 
We hypothesized that gene expression encoding complement fac-
tors would be highest during human adolescence, concomitant with 
the putative increase in synaptic pruning in the prefrontal cortex.

2  | METHODS

2.1 | Subjects

Postmortem samples from Brodmann's area 46 in the DLPFC 
were obtained from the University of Maryland Brain and Tissue 
Bank in conjunction with the National Institute of Child Health 
and Development (N = 57). The cases ranged from 6 weeks to 
41 years of age. Cases were requested (n = 8-13) per develop-
mental group as defined: Neonates (birth to 3 months), Infants 
(3 months to 1 year), Toddlers (1–5 years), School age (5–13 years), 
Teenagers (14–18 years), and Young Adults (19–26 years) (Table 1). 
Developmental groups were determined following guidelines from 
developmental stage theorists and in consultation with a pedia-
trician and roughly correspond with stages of sensory and cogni-
tive development, that is, visual acuity and grasping (Neonates: 
birth-3 months); early environmental engagement, sitting up-
right independently and extended sensorimotor stage (Infants: 
4 months up to 1 year); pre-operational, pre-conceptual rapid 

Age group
Age range 
(years)

No. of 
Male/
female RIN pH PMI n

Neonate 0.11–0.24 5/5 7.48 ± 1.36 6.52 ± 0.20 22.3 ± 5.36 10

Infant 0.25–0.91 8/5 7.58 ± 0.59 6.61 ± 0.16 17.46 ± 6.36 13

Toddler 1.58–4.86 5/4 7.02 ± 1.02 6.66 ± 0.26 22.33 ± 9.26 9

Schoolage 5.39–12.97 4/4 7.33 ± 0.63 6.70 ± 0.17 14.75 ± 4.86 8

Teenager 15–17.82 6/2 7.45 ± 0.71 6.75 ± 0.09 15.5 ± 5.26 8

Young adult 20.14–25.38 6/3 7.53 ± 0.79 6.67 ± 0.23 13.67 ± 8.26 9

Adult 35.99–41.22 5/3 7.28 ± 1.05 6.60 ± 0.27 13.38 ± 4.60 8

Total 0.11–41.22 39/26 7.40 ± 0.89 6.64 ± 0.21 17.28 ± 7.16 65

TA B L E  1   Summary of patient 
demographics
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language development (Toddlers: 2–4 years); concrete operations 
(School Age: 5–12 years); formal operations, reproductive compe-
tence and heightened peer interactions (Teenager: 14–18 years); 
heightened cognitive ability, social independence and early ma-
turity (Young Adult: around 22 years); and full maturity/peak vo-
cational capabilities (Adult: 35–50 years, protein and microarray 
only). Cases used in the transcriptional analysis were restricted 
to age 26 and under in order to focus on developmental, rather 
than aging, processes (Franceschi & Campisi, 2014). Groups were 
established with care to balance male and female cases as best as 
possible and to match cases on RNA integrity number (RIN), brain 
tissue pH and postmortem interval. We have also included a num-
ber of sudden infant death syndrome cases in our age groups under 
2 years (Table S2). Some research has proposed a role for inflam-
mation in sudden infant death syndrome (Blood-Siegfried, 2009), 
but the syndrome remains poorly understood, with much poten-
tial for heterogeneous causes. Thus, the biological cause of death 
is unclear in those cases. All subjects were free of neurological 
and psychiatric symptoms at the time of death, and experiments 
involving human tissue were approved by the University of New 
South Wales Human Research Ethics Committee (HC16441). This 
study was not pre-registered.

2.2 | RNA extraction and cDNA synthesis

Total RNA was extracted from 30–100 mg of frozen DLPFC tis-
sue using Trizol (Cat# 15,596,026, Invitrogen, Thermo Scientific). 
Following extraction, the RIN was determined for each sample 
using the Agilent Bioanalyzer 2100 (RRID:SCR_018043, Agilent 
Technologies). All cases had RIN values >6 and 260/280 ratios >1.70. 
These RNA samples were converted into cDNA using Superscript IV 
First Strand Synthesis Kit (Cat # 18,091,200; Thermo Scientific) as 
previously described (Fillman et al., 2014).

2.3 | High-throughput quantitative PCR

High-throughput quantitative PCR was run on a Biomark HD 
(Fluidigm) using a 96.96 Dynamic IFC high-throughput qPCR chip 
(Cat# 100–6123, Fluidigm) with a 1:5 cDNA dilution, enabling 
simultaneous Taqman gene expression assays (Table S1) on all 
samples. The high-throughput quantitative PCR was performed 
by the Ramaciotti Centre for Genomics (RRID:SCR_011071) at 
the University of New South Wales (RRID:SCR_006094, Sydney, 
New South Wales, Australia). Serial dilutions of pooled cDNA from 
these cases (1:3, 1:9, 1:27, 1:81, 1:243, 1:729, 1:2,187) were used 
as standards. The quality threshold for Fluidigm analysis was set 
to 0.50. The minimum criterion for “acceptable” readings was an 
absence of signal above the set cycle threshold value in the no-
reverse transcriptase (no-RT) control RNA sample per gene. At 
this time, 26 genes passed quality control analysis in addition to 
housekeeper genes: C1QA, C1QB, C1QC, C1R, C1S, C2, C3, C3AR1, 

C4, C5, C5AR1, C5AR2, C7, CD46, CD55, CD59, CR1, CSMD1, CFB, 
CFD, CFH, CFI, CFP, SERPING1, mannan-binding lectin serine pepti-
dase 1 (MASP1), and CD163. The following nine transcripts were 
excluded from further analysis based on: signal in the no-RT con-
trol that exceeds cycle threshold levels: C4A, C4B or low expres-
sion: C6, C8A, C8B, C8G, C9, CR2, MASP2. Low expression was 
categorized as having detectable signal in less than five cases 
of any given age group, or less than three points of the standard 
curve. For the remaining genes, the expression was normalized 
to the geometric mean (geomean) of four housekeepers: glucu-
ronidase beta, hydroxymethylbilane synthase, TATA box binding 
protein, and ubiquitin-C mRNAs, with no differences found in the 
transcripts or geomean across age groups (Figure S1).

2.4 | Quantitative PCR

Using Taqman gene expression assays (Table S1), quantitative PCR 
was run on an Applied Biosystems 7900HT Fast Real-Time PCR 
System (RRID:SCR_018060; Thermo Fisher). A 1:30 plate dilution 
was used for CD11B, a transcript which was added for analysis fol-
lowing the high-throughput quantitative PCR. Serial dilutions of 
pooled cDNA from these cases were used to establish a standard 
curve, with dilutions dependent on plate dilution. 1:6 plates used di-
lutions 1:1, 1:3, 1:9, 1:27, 1:81, 1:243, and 1:729, whereas 1:30 plates 
used dilutions 1:3, 1:9, 1:27, 1:81, 1:243, 1:729, and 1:2,187.

2.5 | Western blot

100 mg of DLPFC tissue were homogenized as previously de-
scribed (Weickert et al., 2003). Protein yield was determined using 
the Bradford method. Ten micrograms of protein homogenate were 
diluted in NuPAGE Lithium Dodecyl Sulfate Sample Buffer (Cat# 
NP0007; Invitrogen, Thermo Fisher Scientific) without reducing 
agent and heated at 95°C for 2 min. Samples were run on 4%–12% 
Bis-Tris NuPAGE Bis-Tris Protein Gel (Cat#NP0329; Invitrogen, 
Thermo Fisher Scientific) with NuPAGE 3-(N-morpholino) pro-
panesulfonic acid sodium dodecyl sulfate Running Buffer (Cat# 
NP0001; Invitrogen, Thermo Fisher Scientific) and transferred 
onto 0.45 μm nitrocellulose membranes (Cat#LC2001; Invitrogen) 
at 30V for one hour. Gels were probed with a primary polyclonal 
antibody against C3 (1:3,000, ab97462, RRID:AB_10679468, 
Abcam) or C4 (1:3,000, ab173577; Abcam). Each membrane was 
incubated with either a combination of diluted anti-C4 and anti-
β-actin primary antibody (1:20,000; Millipore Cat# MAB1501, 
RRID:AB_2223041), or anti-C3 and anti-β-actin primary an-
tibody. Following washes, membranes were incubated with 
goat anti-mouse secondary antibody (1:10,000; Millipore Cat# 
AP124, RRID:AB_92455) and goat anti-rabbit secondary antibody 
(1:,5,000; Millipore Cat# AP307P, RRID:AB_92641). Duplicate 
samples were run in separate experimental runs, with the same 
batch of each antibody used for all runs. Immunoreactive bands 
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were detected using the ECL Prime Western Blotting detection 
reagent (Cat# RPN2232; Cytiva), visualized and quantified with 
Image Studio (Li-Cor, RRID:SCR_015795). Within each membrane, 
the total intensity of each immunoreactive band was normalized 
to an internal control on that membrane (an aliquot of pooled pro-
tein from all adult cases), dividing band intensity of each case by 
intensity of internal control. Analysis of β-actin bands showed a 
significant difference in the expression between age groups, so 
β-actin was not used as a housekeeper for this analysis.

2.6 | Statistical analysis

Statistical tests of high-throughput qPCR were performed using 
SPSS statistics (Version 25, OSX, RRID:SCR_002865; IBM). Data 
were log and Cox-Box transformed (Real Statistics Excel plug in, 
Release 5.4. Copyright 2013—2018 Charles Zaiontz. www.real-
stati stics.com. We conducted a sensitivity analysis using G*Power 
(RRID:SCR_013726, Heinrich Heine Universität Düsseldorf) using 
an alpha of 0.05 and expected effect sizes equal to or exceed-
ing f = 0.6 and found that our study has a power of 0.95 (Faul 
et al., 2007). Thus, effect sizes are reported with significant results 
and are converted from partial eta squared to Cohen's f. However, 
if the Cohen's effect size fell to  = 0.4, then our power drops to 
only 0.60, suggesting that our samples size (N = 57) is underpow-
ered to detect low-moderate effects (Cohen, 1988). Statistical 
analysis for microarray was performed using the R Project for 
Statistical Computing (RRID:SCR_001905, www.r-proje ct.org) and 
Bioconductor software and included linear regression and ANOVA 
by age group.

For qPCR, Fluidigm, and western blot data, population outli-
ers were assessed for each developmental group following trans-
formation using the mean ± 2SD. Outliers were removed from 
the transformed data, then data were tested for normality using 
Kolmogorov–Smirnoff testing and for homogeneity of variance 
using Levene's test. Data transformations were selected for fur-
ther analysis based on the results of Kolmogorov–Smirnoff and 
Levene's tests. Data normally distributed within age groups were 
analyzed using ANOVA, and non-normally distributed data were 
analyzed using Kruskal–Wallis testing. All RNA and protein were 
tested for covariance using Pearson's r correlation with RIN, pH, 
and postmortem interval. Data with significant r values (p ≤ .05) 
were further analyzed with their covariates using ANCOVA. Sex 
differences were not analyzed because of the low number of fe-
male cases within certain age groups. Welch's ANOVA was used 
for normally distributed data exhibiting non-homogenous variance 
within groups (Welch, 1951; Tomarken & Serlin, 1986). Significance 
was set at p ≤ .05. ANCOVA analyses were followed by Fisher's 
Least Significant Difference tests. ANOVA analyses performed 
for data with homogenous variance were also followed by Fisher's 
Least Significant Difference tests. Welch's ANOVA analyses, for 
which data had significantly non-homogenous variance within 

groups as determined by Levene's test, were followed by Games–
Howell post hoc tests.

3  | RESULTS

3.1 | Complement mRNA expression in the DLPFC 
is increased early in development

Transcripts indicating complement production by cells within the 
human prefrontal cortex were present for the majority of comple-
ment pathway members throughout the first two decades of life. 
Only pathway members C6, C8 (A, B, G), C9, and MASP2; and the 
complement receptor CR2, had to be excluded from further analy-
sis because of expression levels which were at or below the limit 
of detection. We found a dominant pattern of expression in major 
complement pathway members during development, with most 
complement factors being low at birth and peaking in the toddler 
brain. For example, C1QB expression steadily increased from neo-
nates (birth to 3 months) to infants (age 3 months to 1 year) to 
toddlers (1 year to 5 years) and remained elevated relative to neo-
nates throughout development (Figure 2a). C1QA and C1QC, the 
other two transcripts for the C1Q subunit of the C1 complex, did 
not show statistically significant differences between age groups 
but were positively correlated with C1QB mRNA expression and 
shared a similar pattern of expression (Supplementary Figure 2a–
d). mRNA of C1R, the serine protease responsible for cleaving and 

F I G U R E  2   (a) C1QB mRNA expression varied significantly 
between age groups (ANCOVA: pH, PMI; F(5,48)=3.325, p = .012, 
f = 0.6) N = 56. Post hoc testing (Fisher's LSD) showed significant 
differences between neonate and toddler (p = .001); neonate and 
schoolage (p = .005); neonate and teenager (p = .011); neonate and 
young adult (p = .041); infant and toddler (p = .037). Colored asterisks 
denote comparisons to age group with shared color scheme. (b) C1R 
mRNA expression varied significantly between age groups (ANOVA; 
F(5, 50) = 7.166, p < .001, f = 0.9). N = 56. Post-hoc testing (Fisher's 
LSD) showed significant differences between neonate and schoolage 
(p = .041); neonate and teenager (p < .001); neonate and young adult 
(p = .002); infant and teenager p < .001); infant and young adult 
(p = .002); toddler and teenager (p = .001); toddler and young adult 
(p = .023); and schoolage and teenager (p = .015). Colored asterisks 
denote comparisons to age group with shared color scheme. *≤0.05; 
**≤0.01; ***≤0.001 for all images. Horizontal line represents mean 
and bars represent standard error of the mean (SEM).

info:x-wiley/rrid/RRID:SCR_015795
info:x-wiley/rrid/RRID:SCR_002865
http://www.real-statistics.com
http://www.real-statistics.com
info:x-wiley/rrid/RRID:SCR_013726
info:x-wiley/rrid/RRID:SCR_001905
http://www.r-project.org
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activation of the C1S subunit, was expressed throughout devel-
opment, but expression was significantly reduced beginning in 
school age (ages 5 years-13 years) and remained down-regulated 
into young adults (ages 19–26 years) (Figure 2b). C1S, the protein 
of which cleaves and activates C2 and C4 in order to form C3 con-
vertase, was present at all ages but did not show any significant 
changes in expression (Figure S2e).

Similar to C1Q, complement component 3 (C3) mRNA significantly 
increased with age, with low expression in neonates that increased 
and peaked in toddlers (Figure 3a). C3 remained significantly ele-
vated in school age children before declining to near neonatal levels 
around the young adult (19–26 years) period. Although complement 
components 2 and 4 are directly involved in the cleavage process 
necessary for the activation of C3, the expression of C2 and C4 did 
not change during development (Figure S3, Figure 3b). However, 
their mRNA was detectable at all ages. CR3 (represented here by 
the mRNA encoding the CD11B subunit, which is unique to the CR3 
receptor) shared a pattern of expression with C3 in the developing 
brain. CD11B significantly increased in toddlers and returned to 
near neonatal levels by young adulthood (Figure 3c). C3 and CD11B 
expression levels were significantly correlated (Figure 3e). While 
C3AR1 did not significantly change between age groups, it did have 
a similar pattern to C3 mRNA (Figure 3d) and strongly positively cor-
related with C3 mRNA expression (Figure 3f).

Unlike earlier complement pathway members, the mRNA en-
coding the initiating subunit of the membrane attack complex 
(MAC), C5 was reduced in infants compared to neonates, teenag-
ers, and young adults (Figure 4a). Transcripts for the other mem-
bers of the MAC could not be reliably detected in the brain, except 
for C7, which showed no significant changes with age (Figure 4b). 
C5 receptor mRNAs, C5AR1 and C5AR2, did not share a pattern of 
expression with C5 and did not show significant changes between 
age groups (Figure S4a,b). C5AR1 showed no correlation with C5 
(Figure S4c); however, C5AR2 did show a slight correlation with C5 
(Figure S4d).

3.2 | Members of the alternative complement 
pathways appear highest at birth

As described earlier, the members of the classical complement 
pathway exhibited a characteristic pattern of expression in our 

F I G U R E  3   (a) C3 mRNA expression varied significantly between 
age groups (ANCOVA: pH, F(5,46)=2.408, p = .051, f = 0.5). N = 53. 
Post hoc testing (Fisher's LSD) showed significant differences 
between neonate and infant (p = .0353); neonate and toddler 
(p = .0042); neonate and school age (p = .0391); toddler and 
young adult (p = .0244). pH contributed significantly to the model 
(F(1,46)=6.449, p = .015, ηp

2 = 0.123). Colored asterisks denote 
comparisons to age group with shared color scheme. (b) C4 mRNA did 
not vary between age groups (Welch's ANOVA, F(5,22.835)=0.741, 
p = .601). N = 57. (c) CR3 mRNA expression varied significantly 
between age groups (ANCOVA: pH, F(5,43)=4.186, p = .003, 
f = 0.7). N = 55. Post hoc testing (Fisher's LSD) showed significant 
differences between neonate and toddler (p < .001); neonate and 
school age (p = .01); neonate and teenager (p = .039); infant and 
toddler (p = .007); young adult and toddler (p = .002); young adult 
and school age (p = .049). pH contributed significantly to the model 
(F(1,43)=7.443, p = .009, ηp

2 = 0.134). Colored asterisks denote 
comparisons to age group with shared color scheme. (d) C3AR1 
mRNA expression did not vary between age groups (ANCOVA: pH, 
F(5,47)=2.122, p = .079). N = 54. pH contributed significantly to the 
model (F(1,47)=5.919, p = .019, ηp

2 = 0.112). (e) C3 was significantly 
correlated with CR3 (Pearson's correlation: r = 0.759, p < .001). 
N = 53. (f) C3 was significantly correlated with C3AR1 (Pearson's 
correlation: r = 0.837, p < .001). N = 51. *≤0.05; **≤0.01; ***≤0.001 for 
all images. Horizontal line represents mean and bars represent SEM.F I G U R E  4   (a) C5 mRNA expression varied significantly between 

age groups (ANCOVA: RIN, F(5,49)=2.361, p = .054, f = 0.5) N = 56. 
RIN also contributed significantly to the model (F(1,49)=6.447, 
p = .014, ηp

2 = 0.194) Colored asterisks denote comparisons to 
age group with shared color scheme. (b) C7 mRNA expression did 
not vary between age groups (ANOVA, F(5,51)=0.886, p = .497). 
N = 57. *≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line 
represents mean and bars represent SEM.
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data, with mRNA levels rising after birth, peaking in toddlers, then 
declining as brain development progresses. However, the alter-
native and lectin complement activation pathways did not share 
this pattern. Factor D mRNA was highest in the neonates and sig-
nificantly decreased across development, reaching significance 
in toddlers and with a further down-regulation in adolescence 
persisting into young adults (Figure 5a). Factor B, its target, was 
detected in the DLPFC but did not show a significant change in 
expression during age (Figure 5b). It is worth noting that factor B 
did exhibit a similar pattern of expression to the classical pathway. 
However, factor D is considered a rate-limiting factor for factor 
B cleavage (Lesavre & Muller-Eberhard, 1978) and therefore the 
activity in the alternative pathway may relate more to changes in 
factor D mRNA levels. Furthermore, Factor D did not correlate 
with C3 mRNA in the same manner seen with classical pathway 

components (Figure 5d). MASP1 mRNA, a key component in the 
lectin pathway, was highest in neonates and significantly declined 
with age (Figure 5c). MASP1 showed a rapid drop in expression 
from neonate culminating in a plateau in schoolage, remaining 
fairly constant thereafter. Finally, alternative pathway enhancer 
properdin did not show any significant changes between age 
groups (Figure S5).

3.3 | Blood cell mRNA contribution remained stable 
across development

The monocyte/macrophage marker CD163 mRNA (Barros 
et al., 2013; Fjeldborg et al., 2013) was not changed significantly 
across development (Figure 6). In addition, three transcripts that are 
specifically enriched in red blood cells (hemoglobin subunit alpha 1, 
alpha 2, and hemoglobin subunit beta, with one probe for each se-
lected) did not typically show significant change across development 
by microarray (Figure S6a–c).

3.4 | Classical complement pathway inhibition 
increases across development and into maturation

We found that C3 convertase inhibitors significantly increased 
in mRNA expression as early as toddlerhood (CR1 and CD55) 
or around school age (CD46 and CD55), and remained elevated 
across maturation and into young adulthood. This pattern of in-
creased inhibitory mRNA during school years (~9 years old) and 
stabilization through adolescence and young adulthood was evi-
dent in both a protease-type inhibitor, CD46 (Figure 7a) and in a 
decay accelerator, CD55 (Figure 7b). CR1, which can act both as 
a protease cofactor and as a decay accelerator of C3 convertase, 
also exhibited peak expression slightly earlier than the other com-
plement inhibitors, beginning in the toddler (average 2–3 years 
old) group (Figure 7c). The C3b/C4b inactivator, factor I, and its 
co-factor, factor H, were expressed throughout development but 
did not show age-specific changes in expression (Figure 7d and 
Figure S7a). Other complement inhibitor, SERPING1 and CD59,did 
show significant changes between age groups. CD59 was signifi-
cantly elevated in development, beginning with an increase seen 
as early as toddlers (Figure 7f) and was highest at young adult-
hood, demonstrating a statistically significant increase between 
teenagers and young adults. Interestingly, SERPING1 expression 
was not significantly elevated until young adulthood (Figure 7e). 
This was the only inhibitor to show a specific elevation in ex-
pression at this late stage of maturation (average 22 years old). 
CSMD1, which has been associated with schizophrenia by GWAS 
studies previously (Fatima et al., 2017; Havik et al., 2011; Liu 
et al., 2017), and which shares domain similarity with other com-
plement pathway regulators, did not show any significant changes 
with age (Figure S7b).

F I G U R E  5   (a) Factor D mRNA expression varied significantly 
between age groups (ANCOVA: pH, F(5,49)=7.143, p < .001, 
f = 0.9). N = 56. Post-hoc testing (Fisher's LSD) showed significant 
differences between neonate and toddler (p = .002); neonate and 
school age (p = .014); neonate and teenager (p < .001); neonate 
and young adult (p < .001); infant and toddler (p = .005); infant and 
school age (p = .040); infant and teenager (p < .001); and infant and 
young adult (p < .001). Colored asterisks denote comparisons to 
age group with shared color scheme. (b) Factor B mRNA expression 
did not vary between age groups (ANCOVA, RIN, F(5,49)=2.804, 
p = .083). N = 56. (c) MASP1 mRNA expression varied significantly 
between age groups (Quade's ranked test, pH, F(5,50)=9.333, 
p < .001) N = 56. Post-hoc testing (Fisher's LSD) showed significant 
differences between neonate and infant (p = .033); neonate and 
toddler (p < .001); neonate and school age (p < .001); neonate and 
teenager (p < .001); neonate and young adult (p < .001); infant 
and toddler (p = .043); infant and school age (p < .001); infant and 
teenager (p < .001); and infant and young adult (p = .002). Colored 
asterisks denote comparisons to age group with shared color scheme. 
(d) Factor D mRNA did not correlate with C3 mRNA (Pearson's 
correlation, r=−0.162, p = .251) N = 52. *≤0.05; **≤0.01; ***≤0.001 for 
all images. Horizontal line represents mean and bars represent SEM.



8  |     SAGER Et Al.

3.5 | Classical complement protein increased in 
early brain development

By western blot analysis, we were able to detect full-length C3 and 
C4 precursor protein expression (~187kDa and ~193kDa, respec-
tively) throughout all ages and in all cases (Figure 8a). Using western 
blot, we found a similar increase in C4 protein as we did for the com-
plement pathway via mRNA analysis, with a pattern which showed 
C4 increased earlier in life, and higher somewhat earlier than many 
of the other classical complement pathway factor mRNAs. The C4 
protein levels were highest in infants. C4 protein showed significant 
differences in levels between the early developmental ages (neo-
nates, infants, and toddlers) and the late developmental ages (teen-
agers and young adults) (Figure 8b). In contrast to C4 protein and C3 
mRNA, C3 protein did not show any significant changes (Figure 8c). 
The drop seen in C4 protein levels mirrored the timing of the  increase 
in mRNA of complement inhibitors.

4  | DISCUSSION

Dysregulation in the normal developmental time course of com-
plement in the human postnatal brain has the potential to disrupt 
complement-mediated synaptic pruning, but the healthy pattern of 
complement expression during development must first be defined 
in order to identify pathogenic changes. In this paper, we chart dy-
namic complement expression in the normal human DLPFC across 
multiple stages of life for the first time. Cortical synaptic pruning 
is commonly presumed to be a major event in the prefrontal cortex 

around adolescence (Feinberg, 1982; Johnson & Stevens, 2018; 
Keshavan et al., 1994). If complement-mediated synaptic pruning 
were indeed a major feature of adolescence, we would expect to 
see elevated expression of complement activators at this time point. 
Instead, we found that complement activators C1QB and C3 peaked 
in mRNA expression between ages one and five, after which levels 
declined (Figure 2a, Figure 3a). Furthermore, we found that comple-
ment inhibitor mRNAs were elevated from toddlers (age 1–5 years) 
through young adults (age 18–26), suggesting, if anything, that the 
normal teenage and young adult brains may be poised to oppose 
pruning (Figure 7). Thus, increased complement expression, in the 
human prefrontal cortex,does not appear to coincide with adoles-
cence during healthy brain development.

What could account for the discrepancy between complement ex-
pression and previously described periods of change in synaptic den-
sity? Upon closer examination, the pioneering work by Huttenlocher 
et al. in 1979 was limited in its ability to assess the period of devel-
opment between ages 10 through 40 (Huttenlocher, 1979) because 
of lack of cases in that age range. Later work by a different group, 
featuring a similar cohort with better representation in ages 10–40, 
proposed a lengthening of the theorized synaptic pruning period 
into the third decade of human life (Petanjek et al., 2011). Our study 
has a better overall sample size and diversity of ages than these 
studies, though it is still limited in its power to detect smaller effect 
sizes. While prior studies were able to identify an overall decrease 
in synapses or dendritic spines with age, they remain unable to have 
precision during the adolsecent period, nor can they track the fates 
of individual synapses. Our study shares this limitation in terms of 
tracking individual synapses; however, we have many more cases be-
tween 5 years and 20 years of age, and by comparing the pattern of 
complement expression across development to the pattern of syn-
aptic protein levels, we can begin to estimate relative contributions 
of synaptic pruning and synaptic growth to the overall cellular milieu 
in the prefrontal cortex.

Although our evidence of complement pathway activation is 
indirect, prior studies have found a strong temporal link in de-
velopment between increased gene expression of activating 
complement components and increased synaptic pruning; and 
between reduced complement gene expression and the end of 
developmental synaptic pruning (Stevens et al., 2007). Given 
that complement activity may, in part, be regulated by inducing 
complement gene expression, time periods with higher transcript 
levels in the human brain likely represent periods of complement 
activation. Previously in this cohort, we found that pre-synaptic 
protein levels increase gradually from birth to schoolage, then 
stabilize, suggesting overall growth of synapses occurs during 
infant and early childhood years (Webster et al., 2011). Here, 
we found that the mRNA expression of activating complement 
factors peaks in toddlers, with subsequent reductions during 
childhood. We found a concurrent, sustained peak in mRNA 
for complement inhibitors after infancy, during childhood and 
maturation, suggesting a strong regulatory pressure on comple-
ment activity later in development (Figure 7). This increase in 

F I G U R E  6   CD163 mRNA expression did not vary between 
age groups (ANOVA, F(5,50)=0.800, p = .555). N = 56. Colored 
asterisks denote comparisons to age group with shared color 
scheme. *≤0.05; **≤0.01; ***≤0.001 for all images. Horizontal line 
represents mean and bars represent SEM.
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transcripts whose protein products are able to attenuate comple-
ment actions appears quite common during childhood; notably, 
this is the age group in which synaptic protein levels first reach 
their peak (Webster et al., 2011). Consequently, we propose that, 
from birth to age 5, synaptic growth dominates in development, 
but that there may also be an increased role for synaptic pruning 
at these early ages, as evidenced by the increase in complement 
activator mRNA seen in our data. The dominance of synaptic 
growth between the ages of birth and 2 years is well supported 
by synaptic density measurements and cortical imaging studies 
that depict rapid growth in cortical thickness and surface area be-
tween birth and age 2 (Gilmore et al., 2012; Huttenlocher, 1979; 
Knickmeyer et al., 2008; Lyall et al., 2015). Finally, between ages 
2 and 5, complement activators peak, followed shortly by in-
creased complement inhibitors. Thus, childhood may represent a 

period of homeostasis in pruning. Interestingly, this is followed by 
a plateau in pre-synaptic protein levels which persists from age 6 
into adulthood (Webster et al., 2011). At this time, complement 
activator expression drops while complement inhibitors remain 
elevated. This would seem to suggest that as synaptic growth 
stabilizes and levels off, synaptic pruning becomes less desirable. 
Overall, we do not see data, either in the form of complement 
mRNA, or in the form of synaptic protein, suggestive of a period 
in which synaptic pruning dominates during adolescence. Instead, 
it appears likely that these two processes (synapse growth and 
synapse retraction) act side-by-side to establish a more mature 
form of brain connectivity moving into typical adolescence and 
adulthood. As such, inappropriate complement activation (more 
than normal) or inhibition (less than normal) during this late mat-
urational period could contribute to the abnormal synaptic loss 

F I G U R E  7   (a) CD46 mRNA expression varied significantly by age group (ANCOVA, PMI, F(5,49)=4.407, p = .002, f = 0.7) N = 56. Post-
hoc testing (Fisher's LSD) found differences between neonate and school age (p = .008); neonate and young adult (p = .005); infant and 
school age (p = .001); infant and teenager (p = .033); infant and young adult (p < .001). PMI also contributed significantly to the model 
(F(1,49)=6.828, p = .012, ηp

2 = 0.122). Colored asterisks denote comparisons to age group with shared color scheme. (b) CD55 mRNA 
expression varied significantly by age group (ANCOVA, PMI, F(5,49)=8.134, p < .001, f = 0.9). N = 56. Post-hoc testing (Fisher's LSD) found 
differences between neonate and school age (p = .006); neonate and teenager (p = .035); neonate and young adult (p = .015); infant and 
toddler (p < .001); infant and school age (p < .001); infant and teenager (p < .001); infant and young adult (p < .001). PMI also contributed 
significantly to the model (F(1,49)=4.943, p = .031, ηp

2 = 0.092). Colored asterisks denote comparisons to age group with shared color 
scheme. (c) CR1 mRNA expression varied significantly by age group (ANCOVA, pH, PMI, F(5,49)=3.492, p = .009, f = 0.6). N = 57. Post-hoc 
testing (Fisher's LSD) found differences between neonate and toddler (p = .005); neonate and school age (p = .051); infant and toddler 
(p < .001); infant and school age (p = .010); infant and young adult (p = .044). pH contributed significantly to the model (F(1,49)=4.502, 
p = .039, ηp

2 = 0.084) as well as PMI (F(1,49)=4.792, p = .033, ηp
2 = 0.089). Colored asterisks denote comparisons to age group with shared 

color scheme. (d) Factor I mRNA did not vary significantly by age group (ANCOVA, PH, RIN, F(5,47)=1.749, p = .142) but RIN contributed 
significantly to the model (F(1,47)=7.591, p = .008, ηp

2 = 0.139). N = 55. (e) SERPING1 mRNA varied significantly by age group (Welch's 
ANOVA, F(5,22.635)=2.855, p = .038). N = 56. Post hoc testing (Games–Howell) found significant differences between neonate and 
young adult (p = .031). Colored asterisks denote comparisons to age group with shared color scheme. (f) CD59 mRNA expression varied 
significantly by age group (ANCOVA, PMI, F(5,49)=10.108, p < .001, f = 1.0). N = 56. Post hoc testing (Fisher's LSD) found differences 
between neonate and toddler (p < .001); neonate and school age (p < .001); neonate and teenager (p < .001); neonate and young adult 
(p < .001); infant and toddler (p = .007); infant and school age (p = .002); infant and teenager (p = .026); infant and young adult (p < .001); 
and teenager and young adult (p = .022). Colored asterisks denote comparisons to age group with shared color scheme. *≤0.05; **≤0.01; 
***≤0.001 for all images. Horizontal line represents mean and bars represent SEM.
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thought to underpin the emergence of mental illness in adoles-
cence or early adulthood.

In contrast to the classical pathway of complement activation, 
very little work in the existing literature addresses the role of the 
lectin or alternative complement pathways in neurodevelopment. 
While work by Fagan et al. (2017) reports the up-regulation of the 
lectin pathway member, MASP1, in the brains of adolescent patients 
with autism spectrum disorder (ASD), our work is the first to demon-
strate that MASP1 is typically expressed in the brain throughout 
normal human development. The pattern of developmental change 
in the lectin pathway member MASP1 mRNA is quite distinct from 
the pattern of change in the classical complement pathway seen 
in our data, with the expression of MASP1 decreasing early in life. 
This is similar to data in the marmoset, which finds a drop in MASP1 
expression between 3 and 6 months of age (Sasaki et al., 2014). 
Elevated MASP1 expression was also reported in adolescent cases 
of ASD, which could indicate a failure to undergo normal develop-
mental down-regulation of MASP1 in ASD. Similar to MASP1, factor 
D, a member of the alternative complement pathway, also showed 
an overall decrease in transcript expression with age in our data 
(Figure 5a). These data suggest that the lectin and alternative path-
ways may be most active at birth and less critical to human postna-
tal developmental processes, which may instead rely more on the 

classical pathway. One possibility is that the lectin and alternative 
pathways in the brain serve an almost exclusively immune, rather 
than neurodevelopmental, role after birth. If true, it is compelling 
to consider that such discrete roles of the three arms of the com-
plement pathway allow for specialized function for neuroimmune 
protection versus neurodevelopment during early life.

Disrupting the balance between complement activators and in-
hibitors at any stage in neurodevelopment could potentially alter 
the developmental trajectory of synaptic pruning. Sekar et al. (2016) 
found elevated C4 mRNA in a cohort of schizophrenic patients com-
pared to a combined group of controls and bipolar disorder patients. 
However, from their data, it is difficult to determine whether any 
changes in pruning activity in schizophrenia patients associated with 
C4 are related to a theorized period of adolescent synaptic pruning 
in the cortex. In fact, their data specifically was not affected by age, 
suggesting that in those patients C4 mRNA was constitutively el-
evated across adulthood, with the potential for increased synaptic 
pruning regardless of age. In contrast, our mRNA data present a tar-
geted, age-specific up-regulation of complement expression early in 
brain development, followed by a marked decline and nadir in young 
adults. This finding is supported by our protein data, showing ele-
vated C4 early in development followed by a significant reduction in 
teenagers, young adults, and adults (Figure 8b). The increases in C4 
expression in schizophrenia patients identified by Sekar et al. (2016), 
which appear to be a consequence of C4 copy number variants, 
therefore may result in persistent C4 elevation during a develop-
mental period where C4 reduction is expected or even necessary. 
Overall, our data present an early, strong push toward comple-
ment-mediated synaptic pruning, followed by a regulated decline in 
pruning as the brain transitions from school age to adolescence.

Our results may also have implications for ASD. The peak C1QB 
and C3 mRNA expression seen in toddlers does suggest increased 
complement is available to mediate synaptic pruning in the human 
DLPFC as early as 2 years of age, coinciding with the age of onset 
for symptoms of autism (Ozonoff et al., 2008). Two previous stud-
ies investigating complement in postmortem ASD brains have 
been inconsistent, one finding that C1QB expression is increased 
(Nardone et al., 2014) and one finding that C1QB is decreased (Fagan 
et al., 2017). Fagan et al in particular found ASD-like behavioral defi-
cits after C3 knockdown in mice, supporting an association between 
complement-mediated synaptic pruning and autistic phenotypes 
(Fagan et al., 2017). In light of these data, it would be wise to re-
visit these or conduct other studies investigating biomarkers of brain 
complement activity that could be studied in living people across 
time.

One important limitation of our study is that we cannot identify 
which cells are synthesizing complement mRNA using total RNA iso-
lation from brain tissue chunks. In the future, studies at the cellular 
level of resolution are needed to place these temporal changes in the 
anatomical context. Furthermore, the absence of perimortem perfu-
sion of brain blood vessels in our samples does result in some con-
tamination by circulating immune cells. However, our data suggest 
that the contribution of hemoglobin A, hemoglobin B, and CD163 

F I G U R E  8   (a) C3 and C4 protein could be detected by western 
blotting within approximately 30 kDa of the expected size (187kDa 
and 193kDa, respectively) in all cases. (b) C3 protein expression 
did not vary significantly by age group (ANOVA, F(6, 56)=1.701, 
p = .138). N = 63. (c) C4 protein expression varied significantly by 
age group (Welch's ANOVA, F(6, 22.189)=4.881, p = .003). N = 59. 
Post hoc testing (Games–Howell) found significant differences 
between infant and school age (p = .054) and infant and teenager 
(p = .001). Colored asterisks denote comparisons to age group with 
shared color scheme. *≤0.05; **≤0.01; ***≤0.001 for all images. 
Horizontal line represents mean and bars represent SEM.
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mRNA coming from circulating red and white blood cells (specifi-
cally monocytes/macrophages) to the bulk RNA does not change 
substantially across development, indicating that there may not be 
large changes in blood vessel density or contamination from blood 
between developmental groups. The mean value of mRNAs consid-
ered specific to red blood cells (Hemoglobin A and hemoglobin B) 
are somewhat higher in the neonate and young adult sample (Figure 
S6) but a corresponding higher mean value at these two age groups 
is not found in complement mRNA in brain. In fact, many comple-
ment mRNAs were at their lowest in neonates, except factor D and 
MASP1 mRNAs, and most complement mRNAs were reduced in 
young adults in our samples. The low level of classical complement 
mRNA expression in the neonatal brain does share similarities with 
the low level of serum complement protein levels found during early 
development in humans (Willems et al., 2019). However, there is a 
key difference: serum complement levels are typically elevated or 
steadily increasing through toddler, school age, teenage, and young 
adult years, with no subsequent decline in level after infancy. As dis-
cussed previously, multiple prior studies have established that cells 
of neural origin are competent to express complement. Thus, it is 
likely that the patterns of mRNA expression we report here are rep-
resentative of brain-based gene expression and local protein pro-
duction, rather than blood-based, complement production.

5  | CONCLUSION

Traditional models of synaptic pruning predict that peak synaptic 
pruning occurs during adolescence. However, our data suggest that 
a contribution of complement to synaptic pruning is primed to occur 
earlier in development, between the ages of 1 and 5. Furthermore, 
the mRNA of key complement inhibitors shows a synchronized el-
evation that persists into or even increases in young adulthood, sug-
gesting stronger control of complement activity in pivotal years of 
brain maturation. Based on the expression patterns in our data, the 
classical complement pathway is most likely to contribute to synap-
tic pruning in toddlerhood, though the alternative pathway may play 
a role in amplifying the C3 signal as well. Our data support a model 
in which an initial period of exuberant neonatal growth in the DLPFC 
is paralleled by induction and expression of key classical comple-
ment factors in the first few postnatal years, setting the stage for a 
later “homeostatic” period of synaptic growth and retraction where 
complement activators and inhibitors work together to regulate, 
strengthen and dispose of synapses as required based on experience 
and learning during postnatal life.
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