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Role of Complement C4 in Brain Ventricle Enlargement  

  

Complement C4A has been identified as a risk allele for schizophrenia (SCZ), with 

higher C4A copy number correlating to an increased susceptibility to this disorder. Notably, SCZ 

patients often exhibit ventriculomegaly, a condition characterized by the enlargement of brain 

ventricles and the accumulation of cerebrospinal fluid (CSF). However, the mechanisms 

underlying ventriculomegaly remain elusive. In a previous study, our laboratory has established a 

transgenic mouse model that over-expresses human C4A. These mice exhibited increased 

anxiety, abnormal social behavior, and memory defects that were associated with microglia-

dependent synapse loss, symptoms also prevalent in schizophrenia patients. Interestingly, 

through serial slicing of cerebral cortical tissues from -2.888 mm to -1.955 mm posterior to 

bregma at 300-micrometer intervals, we observed a higher incidence of ventriculomegaly in 

human C4A overexpressing mice compared to controls. This phenotype was consistent across 

multiple mouse cohorts. To investigate the role of complement C4A in the ventriculomegaly, we 

focused on the choroid plexus (ChP), a key site for CSF secretion and a critical barrier tissue. We 

hypothesize that alterations in the ChP could cause ventriculomegaly through two possible 

mechanisms: (1) excessive CSF secretion and (2) alterations in CSF composition leading to flow 

obstruction, resulting in CSF accumulation, and increased ventricular pressure, ultimately 

causing ventriculomegaly. We aim to understand the molecular changes caused by C4A 

overexpression that may contribute to ventriculomegaly by performing bulk RNA sequencing of 

the ChP. At the cellular level, the goal is to test whether C4A overexpression is accompanied by 
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barrier leakage, which will be evaluated by tight junction immunofluorescent staining and 

examining alternations in protein secretion in ex vivo ChP cultures. 

Our results indicated differential gene expressions in water channel, cilia motor protein, 

and interferon-related genes in the choroid plexus (ChP) of C4A overexpressing mice. These  

genes and interferon signaling pathways were not observed in cerebral cortex bulk RNA 

sequencing, suggesting a ChP-specific inflammatory response. In addition, immunofluorescence 

staining revealed increased immune cell presence in the ChP, especially the CD45+ CD11b+ 

myeloid populations, in mice with higher copies of HC4A, further supporting local 

inflammation.  

Overall, this study elucidated that C4A overexpression could contribute to local 

inflammation in the ChP, potentially disrupting homeostasis and water secretion, which might 

provide a mechanistic link to the ventriculomegaly commonly observed in schizophrenia 

patients. While the direct impact of ventriculomegaly on schizophrenia's cognitive, behavioral, 

or psychological symptoms remains unclear, its association with the disorder suggests it can 

serve as a potential biomarker or prescreening tool for neuropsychiatric conditions. Moreover, 

C4A's role in ventriculomegaly and synaptic pruning underscores the value of investigating 

therapeutic targets beyond traditional antipsychotics, potentially offering new treatment avenues 

for schizophrenia. 
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CHAPTER 1: BACKGROUND  

 

The central nervous system has been long considered an immune-privileged site, where it 

lacks the fundamentals to mount an inflammatory response under the introduction of foreign 

antigens1. The isolation of the brain parenchyma from the periphery by the blood-brain barrier 

and the lack of draining lymphatic vasculature are seen as additional proof of concept1. However, 

with the development of tools and research, the concept of this immune privilege has been 

extensively reviewed and debated. It is increasingly appreciated that the CNS has unique 

immune regulatory mechanisms especially demonstrated by the brain border tissues- the 

meninges, the choroid plexus (ChP), and the skull bone marrow1. Each brain border tissue has a 

distinctive immune cell type population, playing differentiating roles during homeostasis and 

pathologic conditions. This thesis will explore how the interaction between the complement 

system, a part of the innate immune system, and the ChP, the tissue responsible for cerebrospinal 

fluid (CSF) secretion, can contribute to a brain ventricle enlargement phenotype in the context of 

schizophrenia. 

1.1 The Complement System 

The complement system is part of the first line of defense in the humoral immunity with 

the goal in actively surveying and clearing bloodborne pathogens2. In the 1900s, it was first 

discovered by Dr. Jules Bordet as an additional heat-labile factor during a bacteria lysis 

experiment, where it “complemented” the lytic function of the antibody3. Currently, there are 

over 30 serum-active and surface-bound proteins in the system, and it is thought to amplify the 

innate and active immune responses by having enzymatic chain reactions. The complement can 

be activated through three pathways: the classical, alternative and lectin pathway, each with a 

different initiating condition, and converge at the step of complement C3 activation4 (Figure 1.1).  
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The classical pathway is first activated by having the C1q binding to the Fc portion of the 

antibody which is already bound to antigens, or to apoptotic cells or cationic surfaces5. This 

binding with two or more events can lead to enzymatic activation of the two associated serine 

proteases C1r and C1s5. The activated C1s have a catalytic domain that cleaves the complement 

C4 glycoprotein into larger fragments C4b with the internal thioester bond exposed and can 

covalently bind to antigens or cell surfaces. The smaller fragments of C4a are released and can 

function as an anaphylaxis, triggering inflammation and chemotaxis6. C2 can also be cleaved by 

C1s, into fragment C2a, physiologically attached with C4b, forming C4bC2a complexes which 

are also the C3 convertases5. C3 upon binding to this convertase enzymatically can be 

proteolyzed into C3a fragments, released in fluids, and another fragment, the C3b, which also 

has an additional conformational change and remains bound to the convertase5. C3b is the core 

element in the complement system and plays multiple roles like as opsins to facilitate 

phagocytosis5. In total, this C4bC2aC3b convertase, a.k.a the C5 convertase, can initiate the late 

steps of complement activation starting from cleaving C5 into C5b5. This released fragment can 

then bind to plasma protein C6, causing conformational changes and leading to the C5b-C6 

complex binds to the cell membrane via ionic and hydrophobic interactions5. Floating C7 plasma 

protein can bind to the alpha chain of the C5b and form the C5b-C6-C7 complexes inserting into 

the cell membrane and releasing some membrane phospholipids5. This complex can associate 

with C8 and C9, forming a membrane attack complex (MAC) and causing lytic pores to lysis the 

cells5.    

The alternative pathway, unlike the classical and lectin pathway which requires an 

initiating event, is a spontaneous event5. The C3 is constantly hydrolyzed into C3b at slow rates. 

The reaction induces conformational change and exposes C3b’s thioester bond6. Only upon 
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covalently binding to microbial surfaces, the C3b can remain active otherwise in the liquid 

phase, bond sites will be quickly hydrolyzed7. The bound C3b can be associated with factor B 

and induces its conformational change, which causes its later cleavage by factor D, generating a 

large part of the fragments Bb5. It can remain attached to C3, the C3bBb, forming the C3 

convertase. This convertase can amplify the production of C3b available for all pathways by 

cleaving more C3 into C3b and releasing the C3a fragments. Like the classical pathway, the C3 

convertase can also progress into a C5 convertase and late steps MAC activation5.  

The lectin pathway is initiated when circulating lectins like plasma mannose-binding 

lectins (MBL) or ficolins bind to the microbial polysaccharides5. The binding then triggers 

associated serine protease (MASP1, MASP2) activation, cleaving C4 and C2, forming the C3 

convertase5. Subsequent events are identical to those in the classical pathways, leading to 

microbe clearance and inflammation5. 

To prevent damage to host cells and to limit the duration of complement activation, the 

system is tightly regulated by several circulating and cell membrane proteins5. CD46, a 

membrane cofactor protein, is expressed by normal mammalian cells and competitively binds to 

C4b or C3b, from its binding partners: the Bb and C25, when it is deposited onto the cell surface. 

This competitive binding prevents the downstream C3 and C5 convertase formation, reducing 

the risk of complement protein targeting host celbls5. CD59 is a glycophosphatidylinositol (GPI)-

linked membrane protein expressed by normal host cells5. It works by integrating itself to the 

C5b-C8 complexes, preventing the incorporation of C9, thus the MAC formation and host cell 

lysis5. A failure of its expression can cause recurrent intravascular hemolysis, leading to chronic 

anemia5.  
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Although the function of different complement system proteins has been widely explored 

in peripheral immunity, the role of complement proteins in the central nervous system has not 

been fully discussed. Developmentally, ongoing research implicates the physiological role of 

complement proteins in neuron migration, plasticity8, and synapse pruning9. In addition, 

complement can be involved in pathologic conditions, where the system has been studied in 

autoimmune neurologic diseases, stroke, and neurodegenerative disease (Alzheimer’s disease)10.  

 

Figure 1.1 schematic of three complement pathways11 
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1.2 C4 as a risk factor for Schizophrenia 

Schizophrenia (SCZ) is a developmental psychiatric disorder characterized by both 

positive symptoms like hallucinations and negative symptoms involving social withdrawal and 

anxiety. It is a prevalent disorder in the global population, estimated to influence around 1% of 

the total population, the pathophysiology of schizophrenia is yet to be fully illustrated12. There is 

increasing evidence mount toward immune system involvement. Based on a genome-wide 

association study (GWAS), one of the strongest genetic association between multi-stage 

schizophrenia and genetic markers locates on the major histocompatibility complex (MHC) 

locus, where known to contain 18 polymorphic human leukocyte antigen (HLA) genes and spans 

several megabases on chromosome 613 (Figure 1.2). 

 Figure1.2 Manhattan plot showing schizophrenia associations, indicating highest disease 

risk is on the chromosome 6 MHC locus14. 

 

MHC 
locus 
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A 2016 follow-up study identifies the complement C4 gene, particularly the C4A isotype 

within the MHC locus, as a risk allele for schizophrenia (SCZ)14. The Human C4 gene has two 

functionally different isotypes C4A and C4B, differing by only four amino acids15. These 

differences encode a distinctive reactive site to allow preferential binding to different chemical 

groups and thus binding partners16. C4A encoded C4 protein binds to the amine group present on 

amino acids, making it more effective in binding to protein antigen-antibody immune 

complexes16. In comparison, C4B encoded C4 protein tends to bind the hydroxyl group present 

on carbohydrates, making it more suitable for binding to microbial and cellular surfaces 

triggering lysis or opsonization events16.  

Each isoform can exist in tandem sequence in short and long (with the presence of human 

endogenous retroviral) genomic forms14. By analyzing chromosomes from 111 genetically 

unrelated SCZ patients, the researchers have found four commonly inherited structural 

haplotypes of the C4 allele (AL-BL, AL-BS, AL-AL, and BS), present in 90% of the SCZ cases 

(Figure 1.3a, c). This study establishes a reliable method for estimating the isoform copy number 

from these haplotypes. Since there is a positive association between copy number increase and 

isoform RNA expression, those structural haplotypes can be further inferred for relative C4A vs 

C4B RNA expression level (Figure 1.3b). Given that many SCZ-associated SNP haplotypes 

include the C4 locus, statistical models were used to infer associations between SNPs and 

predicted expression levels of C4A and C4B.  

Across 28,799 schizophrenia cases and 35,986 controls over 40 cohorts, there is a 

significant positive correlation between schizophrenia-related SNPs and increased C4A 

expression, but not with C4B. Thus, the finding suggests that a copy number of C4A is 

associated with an increased risk of developing schizophrenia. This association is further 
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supported in post-mortem schizophrenia patients’ brain samples, highlighting the link between 

C4A expression and schizophrenia susceptibility (Figure 1.3d). 

Figure1.3 C4 structures, C4A expression, and schizophrenia risk17 

(a) schizophrenia risks associated with four common structural forms of C4 in analysis of 28,799 

schizophrenia cases. (b) Brain C4A RNA expression levels compared across structural forms. (c) 

Schizophrenia risk associated with 13 combinations of C4 structural allele and MHC SNP 

haplotype. (d) C4RNA level measured using post-mortem tissues. 

 

 

1.3 Transgenic HC4A mouse model 

To address the mechanistic association behind C4A expression and the odds of ratio for 

schizophrenia, Dr. Carroll’s group has generated a transgenic mouse model where they have 

overexpressed the human complement C4A isoform. Since normal mouse complement C4 protein 

is made of a chimeric C4A/C4B sequence in its key isotypic regions, there are no functionally 

distinct isotypes in mice17. To ensure only the risk allele C4A is elevated for studying, Yilmaz et 

al uses a mC4 deficient (C4ko) mouse as the background animal. They first introduces the human 

C4A sequence with introns and the cis-regulatory elements using the bacterial artificial 

chromosome transgenesis. A similar approach is applied to generate human complement C4B mice. 
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By generating the C4ko with one allele hC4A(HC4A/-), an intercrossed is performed to generate 

the two copies of HC4A mouse (HC4A/A) -the overexpression group.  

In their study, researchers find an elevated expression of complement C4 protein in 

HC4A/A mice compared to HC4A/- in both serum and brain lysates. They demonstrate functional 

activity of the complement system by using a C3 deposition assay to show that the C4 protein 

encoded by HC4A can form C3 convertases with C2, activating the complement pathway 

peripherally.   

Previous landmark literature has implicated that complement C4 can mediate synaptic 

pruning by tagging the synapses and acts as opsonin via binding to the CR3 receptors on 

microglia18. A similar mechanism has been confirmed in the overexpression C4A transgenic 

mouse model in two systems. A well-established visual system for synaptic pruning, the lateral 

Geniculate Nucleus (LGN) is first evaluated. In early development, retinal ganglion cells have 

neuron projections onto the dorsal lateral Geniculate Nucleus (dLGN) to create left versus right 

eye visual projection. The critical time point to establish this phenotype is on the post-natal day 5, 

during which abundant C3 deposition is involved in trimming excessive useless synapses. 

HC4A/A mice, compared to HC4A/-, have exhibited over-pruning with less retinal ganglion cell 

inputs marked by pre-synaptic terminals, and synaptic vesicle (SV2), along with less overlapping 

projection measured in dLGN by injecting tracing dyes. Microglia in the region have increased 

CD68 expression, a lysosomal marker indicative of activity level.   
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Figure1.4 increased microglia activity that drives over synaptic pruning19  

(A)increased microglia activity measured by CD68 area over developmental periods (B) 

Representative images of microglia with the CD68 signature. White arrowheads indicate CD68+ 

puncta in microglia.(C&D) medial prefrontal cortex microglia flow cytometry compared 

between hC4A/- mice and hC4A/A 

 

In the brain medial prefrontal cortex (mPFC), a key cortical region responsible for high-

level cognitive functions, a similar pattern has been observed. Hyperactivated microglia are found 

on the mPFC of post-natal day 40 (P40) HC4A/A mice , with increased SV2 protein engulfed 

(Figure 1.4d). At P60, a significant synapse loss is found by evaluating the number of synapse 

puncta, through colocalizing the pre-synaptic vesicle SV2 with the post-synaptic scaffold protein 

Homer-1). The over-pruning is sustained well into adulthood. At P180, cortical layer 2-3 

pyramidal neurons exhibited significantly fewer dendritic spines in HC4A/A mice.  

As schizophrenia patients suffer from cognitive dysfunctions, the study further tests 

whether the observed molecular and cellular changes correspond to behavior abnormalities. Social 
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withdrawal, marked by no preference toward live mice over novel object, increased anxiety, and 

deficit in spatial working memory have been detected in HC4A/A mice.  

1.4 Ventriculomegaly 

Furthermore, brain morphological changes have been constantly associated with 

neuropsychiatric disorders like schizophrenia and neurodegenerative conditions20. Based on 

meta-analyses, some changes are progressive during patients aging, making them prominent to 

be found20. Other changes are already obvious during the first episode of the disease, the time the 

schizophrenia patients are mostly first diagnosed during their late teenage hood. However, A 

large heterogeneity in the effect size and the patterns of brain differences are found across 

studies. Common concerns include patient selection, the use of different control samples, etc.  

One commonly noted change across all studies in schizophrenia is ventriculomegaly 

(Figure 1.5), a condition describing the ventricle, or cavities for CSF, being enlarged, which has 

been consistently noted across multiple clinical studies of schizophrenia patients and is one of 

the largest effect sizes across multi-center patients comparison21. Normal brain ventricles exist in 

a continuum, described as the mean total ventricular volume of 37 ± 18 mL22. Based on the 

standard guideline, ventriculomegaly and hydrocephalus are defined as the Evans index larger 

than 0.3, a measurement for the ratio of the width of the frontal horns of the lateral ventricles to 

the skull's internal diameter23. Factors leading to ventricle size changes can vary. Early 

developmental deficits can contribute to ventriculomegaly, putting infants at high risk for 

hydrocephalus. Increased CSF secretion can happen in response to intraventricular hemorrhage 

and bacterial infection242526.  The CSF flow can also be obstructed by mechanisms like brain 
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tumor compression, leading to fluid buildup27.  

 

Figure1.5 healthy and schizophrenia individual MRI28  

Coronal section of healthy control (left panel) and a schizophrenic patient (right panel) showed 

noticeable enlarged lateral ventricles marked by central black CSF regions.   

 

While ventriculomegaly has been consistently observed in schizophrenia patients, 

pinpointing precise biological mechanisms remains a challenge. Recent insights suggest that 

genetic factors, such as mutations in the Dgcr8 gene associated with 22q11.2 deletion syndrome, 

could underlie abnormalities in the ependymal layer and ciliary function, contributing to altered 

CSF dynamics observed in schizophrenia29. This link offers a new perspective on how gene 

variants may influence brain structure and the pathogenesis of neuropsychiatric disorders 

through effects on the ChP and ependymal cell operations. 

Additionally, ChP is now emerging as a critical player in neuroimmune crosstalk in 

numerous pathologic settings like meningitis, due to its feature in producing CSF and a barrier 

tissue harboring a certain population of immune cells.  Situated in the ventricles, the ChP not 

only produces CSF but also acts as the blood-CSF barrier tissue, protecting the brain parenchyma 

from the peripheral immune system. As a layering structure, the ChP has three major 
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components: the epithelium, the stroma, and the fenestrated blood vessels. Water channels, ion 

channels, and ion co-transporters are expressed by the epithelial cells to regulate water secretion 

and ionic balances. In addition, a selective barrier established by tight junction lining between 

epithelial cells controls the entrance of molecules and cells to prevent potential harm to CNS by 

limiting the passage of these molecules to the CSF. Beyond fluid production, the ChP acts as an 

immunological niche. The resident macrophages can be found in both stromal and epithelial 

layers, surveying the tissue's homeostasis. In addition, Pattern recognition receptors (PRR) are 

highly expressed on epithelial cells, endowing them the capacity to respond to peripheral 

inflammation and damages, such as by increasing the water secretion to flush out the 

inflammatory products26. 

Given the frequent observation of elevated complement C4 and inflammatory cytokines 

such as IL-1β in both serum and CSF of schizophrenia (SCZ) patients3031, and the consistent 

presence of ventriculomegaly in this population, the link between the immune system—

particularly the complement pathway—and neuroanatomic changes merits further exploration. 

Utilizing the humanized complement C4 overexpression mouse model developed by the Carroll 

Lab at Boston Children’s Hospital, my research focuses on three main aspects: i) assessing 

whether ventricular enlargement is a phenotype in these mouse models, ii) investigating 

transcriptional and functional changes in the ChP, and iii) detecting signs of complement-

mediated inflammation. This comprehensive approach aims to advance our understanding of the 

mechanisms underlying ventriculomegaly in the context of overexpression of complement C4. 

  



 13 

CHAPTER 2: METHODS 

 

2.1 hC4A transgenic Mice  

HC4A/- and HC4A/A mice were generated using bacterial artificial chromosome 

transgenesis. BAC clone was constructed with one copy of hC4A gene sequence and common 

MHC haplotype. Using the pulse-field gel electrophoresis, BAC DNA size and linearization was 

confirmed. Fertilized mouse eggs were flushed from the superovulated C57BL/6J DBA/2 F1 

mice (The Jackson Laboratory). The male pronuclei were injected with BAC (2ng/ul) purified 

from cesium chloride gradient and linearized with PI-SceI enzyme (New England Biolabs). The 

injected eggs that developed into two-cell stage were then transplanted into the oviducts of 

pseudo pregnant females. The F1 generation from the founder mice were backcrossed to C4-/- 

strain for at least 10 generations to ensure the genetic background.  HC4A/A mice were 

generated by crossing hC4A/- together. All mice were bred and maintained in the A/-ALAC-

accredited under specific pathogen‐free (SPF) condition facility at Harvard Medical School. Both 

male and female mice were included for this study.  

 

2.2 Ventricle Area Sequential Slicing 

Brain tissues were harvested from mice with transcranial perfusion using 10-15 mL 

phosphate buffered saline (PBS) and fixed in 4% paraformaldehyde (PFA) overnight in 4°C. On 

the second day, tissues were cryoprotected with 30% sucrose until the brains sink to the bottom. 

Brains were cut in half along the brain stem and embedded in the OCT with cerebral hemisphere 

side facing downward and stored at -80 °C. Brain molds were equilibrated in -20C prior to 

sectioning and sliced in direction from caudal (tail) end forward to rostral (nose) end. Sequential 
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Brain sections were collected from bregma -2.88millimeters to -1.9555millimeters with 20 

micrometers thickness for each slice and increments for 300um. Sections were mounted with 

DAPI Fluoromount (Southern Biotech, Birmingham, AL) for imaging. All ventricle areas were 

calculated in Fiji (Image J, NIH). 

 

2.3 Choroid Plexus (ChP) and Brain Cortex Bulk RNA sequencing 

Cerebral cortical tissues and lateral ventricle ChP were micro-dissected from half of the 

brain. ChP was homogenized with a rotarod and then proceeded to RNA extraction RNeasy mini 

kit (Qiagen, Hilden, Germany). Brain cortical samples were homogenized with magnetic beads 

for 50hz 3minutes and then went for RNA extraction. Quality of extracted RNA submitted to 

Biopolymers Facility cores and undergone Agilent tape station analysis. Pooling of ChP and 

cortexes from two mice in same genotypes and genders were done to ensure the input RNA 

reaches the safe range for processing RNA libraries (Illumina, San Diego, CA). Illumina 

Stranded mRNA Prep was used to prepare the library and the sequencing was done with the 

MiSeq system (Illumina, San Diego, CA), giving 150 bp long pair-end reads. The paired end 

reads was aligned with the reference mice genome using the StarAligner. Normalization and 

differential expression analysis were performed with the DESeq2 package. 

 

2.4 Bulk RNA sequencing pathway analysis  

To investigate the associated pathways in the relative differential expressed genes, two 

pathway analysis were performed. Gene set enrichment analysis was performed to determine the 

Gene Ontology (GO) pathways in the RNA sequencing for comparing the HC4A/A and the 

HC4A/-. To do this, the gene list was first ranked in the wald test statistics. ‘gseGO’ function from 
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the ‘clusterProfiler’ package was used to identify significant association of genes with GO terms 

across three ontological domains: Biological Process, Cellular Component, and Molecular 

functions. For comparison, another pathway analysis method to assess Gene Ontology was used. 

The Gene Ontology Pathway Enrichment Analysis was used to identify whether there are GO 

terms overrepresented in our list of gene of interest. Differentially expressed genes were first 

filtered for the raw p value less than 0.05, indicating a statistical significance with a base mean 

expression over 50 and absolute log2 fold change greater than 0.5 for a reasonable level of gene 

expression. ‘enrichGo’ function from the ‘clusterProfiler’ package was used to perform the 

enrichment analysis and returned with a list of significantly enriched GO terms. 

 

2.5 Immunohistochemistry (brain tissue) 

 Brain slides were first left in room temperature for 30 minutes and then rehydrate in PBS 

for 5 minutes. The sections were then blocked and permeabilized with 10% Donkey Serum with 

0.3% Triton-X for 1 hour at room temperature and stained with primary antibodies anti-CD45.2 

(biolegend) anti-CD68(biolegend) and anti-CD11b(biolegend), in 1:300 concentration diluted in 

blocking buffer overnight at 4 °C. 

 

2.6 Confocal microscopy 

Olympus IX 81 microscope at Boston Children’s Hospital, Program in Cellular and 

Molecular Medicine Microscopy core.  were used to image all sections  

 

2.7 Image Processing 
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All images were processed using Fiji (Image J, NIH). To identify and quantify immune 

cells on the ChP, all images were first applied mean filter of 2 pixel for smoothing. Then, a 

background subtraction method using the rolling ball for 50 pixels was applied. Auto threshold 

was performed in channel of DAPI. Manual thresholds were applied for APC and FITC to include 

all CD45+ immune cells and the CD68+ cells. CD11b+ were characterized by only CD11b -hi 

cells via manual thresholds. Image calculators were used to filter out any cells that are DAPI 

negative and acquire the cells that are both CD45+ and CD11b. Quantifications were performed 

on relative cell types in outlined ChP region.  

 

CHAPTER 3: DATA & RESULTS  

3.1 HC4A/A ventriculomegaly 

We previously noted a high frequency of hydrocephalus in HC4A/A mice. We wanted to 

determine whether the prevalence of this phenotype was associated with the increased expression 

of the complement C4A gene. Therefore, we applied the sequential slicing as a proxy to MRI or 

CT scans, the standard diagnosis methods for hydrocephalus and ventriculomegaly to assess the 

ventricle enlargement frequency. Our method involved serially slicing cerebral cortical tissues 

from Bregma -2.888 mm to -1.955 mm  at 300µm intervals (Figure 3.1A), enabling ventricle 

visualization and consistent anatomical comparison of ventricular sizes between groups. 
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 Using ELISA, HC4A/- mice expressed comparable C4 protein levels with wild-type B6, 

whereas HC4A/A mice showed nearly doubled expression in serum and in brain lysates19. 

Strikingly, we found this expression was also associated with anatomical changes. All HC4A/A 

developed abnormally larger ventricle areas, exceeding the normal area threshold of 2×106um2 

(Figure 3.1B, D), a criterion validated through multiple mice cohorts (Data not shown). In 

contrast, only 25% of HC4A/- littermates displayed ventricular enlargement. In addition, most of 

the HC4A/A mice demonstrated larger ventricle areas at each slice position relative to their 

HC4A/- counterparts (Figure 3.1D). Both data underscored the overexpression of hC4A is 

associated with an increased frequency of developing large ventricles. 
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Figure 3.1: Human C4 A/- mouse has increased frequency of developing ventriculomegaly. 

(A)Allen brain atlas reference figures for the corresponding splicing positions32 (B) 

representative serial sections for hC4A/A (top) and HC4A- ( bottom) in P60 mice with the scale 

bar 500um. (C)quantifications of ventricular areas by slice positions. One dot is one mice. (D) 

total ventricular area separated by genotypes 

 

 

3.2 Bulk RNA sequencing of the ChP 

Since the ChP is the major tissue responsible for the CSF secretion, we wondered 

whether there could be an over-secretion of CSF occurring in HC4A/A mice that drove the 

expansion of ventricles. To perform an unbiased survey, we did bulk RNA sequencing to address 
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whether there were any differentially expressed genes and implicated biological pathways. 

Interestingly, the three top differentially expressed genes (Fig3.2 A) were aquaporin 4(Aqp4), 

neurontin (Nnat), and the dynein axonemal heavy chain (Dnahc10), which were all 

downregulated in the HC4A/A group. Aquaporin 4 is a water channel that is commonly 

expressed on brain ependymal cells and astrocytes with the major function of maintaining water 

balance and helping reabsorption33. Aqp4 -/- deficient mice have aggravated vasogenic brain 

edema by reducing the fluid outflow from the brain parenchyma34. There’s increasing evidence 

showing that Aqp4 is expressed in ChP epithelial cells, yet its physiologic role in either water 

production or reabsorption is not fully understood35. A potential downregulation of Aqp4 might 

be a downstream response toward increased CSF volume to restore the osmotic balance. 

Alternatively, the decreased in Aqp4 expression could aggravate the ventriculomegaly by 

decreasing the fluid reabsorption, leaving fluids buildup. Dnahc10 encodes for the axonal dynein 

complex, a part of the motor protein complex integral for the structure and function of the cilia 

and flagella36. Interestingly, multiple research pointed out that genes that causes cilia 

malfunctions or dysfunctionality, like defective beating, can result in hydrocephalus37. A 

decrease in Dnahc10 expression might imply a defect in cilia functionality and contributed to 

increased fluid in the cerebral cavity. 

Besides top differentially expressed genes, we also wondered whether specific groups of 

genetic alterations could suggest affected biological pathways. To answer the question, we 

performed Gene Set Enrichment Analysis (GSEA), a method that determined if predefined 

groups of genes linked to biological pathways (Gene Ontology) were statistically 

overrepresented in a ranked gene list. Our differential expressed gene matrix between HC4A/A 

vs HC4A/-  was first ranked in wald test statistics to prioritize genes with largest significance and 
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magnitude of changes. Interestingly, using GSEA pathway analysis, we identified an 

upregulation of viral response pathways. These include viral processes, regulation of viral life 

cycle, and interferon-beta signaling in the HC4A/A mice (Figure 3.2B). Further validation 

through complementary pathway analysis, the gene ontology enrichment analysis, in genes that 

only had a differential expression with a p-value threshold of <0.05 and a base mean expression 

cutoff of over 50, further confirmed these findings, highlighting similar virus response pathways 

(Figure 3.2C). 

Among the genes within these viral pathways, a significant number were associated with 

interferon signaling, such as Parp10 (Figure 3.2D). Therefore, this sequencing result suggested 

that overexpression of complement C4 in the ChP environment might induce localized 

inflammation, potentially damaging the epithelial cells which are rich in water channels and cilia 

extensions. In a chronic scenario, prolonged interferon signaling could impair these cells' 

function, altering water secretion and reabsorption rates and leading to fluid accumulation and 

ventricular enlargement. 
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Figure 3.2: Bulk RNA sequencing on ChP implicates water secretion pathway influenced by 

inflammatory pathways  

(A) Volcano plot showing differentially expressed genes between the ChP sample of HC4A/A  and 

HC4A/- (n=3) at P60. Genes with over 0.5 fold change and p value less than 0.0005 are highlighted 

in red. (B) Gene set enrichment pathway analysis showing both upregulated and downregulated 

pathway. The gene ratio indicates the proportion of differentially expressed genes within a 

particular category to the total genes in that category. (C) Gene ontology pathway analysis showing 

upregulated pathway only with the selection of genes base mean expression over 50 and the p 

value less than 0.05. (D) expression pattern of genes involved in viral process shown in all HC4A/A 

and HC4A/- samples (n=4). 

 

 

3.3 Bulk RNA sequencing of Cortex 

In addition to knowing the top expressed genes and the implicated pathway, we wanted to 

determine whether these signatures are specific to the ChP. We conducted the bulk RNA 

sequencing on the cerebral cortical tissues from the same experimental groups. The top 

differential expressed genes were Sema6D and Sdk2, genes related to neuronal synapse 

connections (Figure 3.3A). Sema6D gene encodes for the protein semaphoring 6D and is 
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implicated in axonal guidance38. Sdk2 stands for the Sidekick Cell Adhesion Molecule 2. As a 

cell surface molecule, it is commonly expressed by neurons during development and is 

responsible for mediating synapse connections39. With further pathway investigation, we found 

that the intermediate filament pathway is selectively activated in HC4A/A mice’s cerebral cortex 

(Figure 3.3B). When investigating the specific genes involved in intermediate filament pathways, 

Nefh, the gene passed the p-value threshold (Supplementary Figure 7.1), encoded the neuronal 

filament heavy chain protein. It is mainly expressed by neurons and involved in neuron skeleton 

maintenance40.  Interestingly, Wnt signaling, an integral pathway to numerous aspects of CNS 

development and function, including synaptic plasticity and neurogenesis, is upregulated in 

HC4A/A mice (Figure 3.3B). Overall, the sequencing data in the cortex points out that there 

could be a neuronal synapse, development or connection abnormalities in HC4A/A mice. 

Additionally, inflammation-associated pathway and interferon signaling were likely specific to 

ChP as there was minimal overlap of the differentially expressed genes and pathways between 

the ChP and the cerebral cortex.  
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Figure 3.3 : Bulk RNA sequencing on the P60 cortex 

(A) Volcano plot showing differentially expressed genes between the cortex sample of HC4A/A  

and HC4A/- (n=3)at P60. Genes with over 0.5-fold change and p value less than 0.0005 are 

highlighted in red. (B) Top 2 differentially expressed genes: sdk2 and sema6d expression pattern 

on each sample. (C) Gene set enrichment pathway analysis showing both upregulated and 

downregulated pathway.  

3.4 Potential Crosstalk between ChP and the Cortex 

Given the critical role of cerebrospinal fluid (CSF) as a supportive medium for the brain, 

enriched with neurotrophic proteins that foster neurogenesis41, especially during early 
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development, an intriguing question arised: Could there be a dialogue between the proteins 

secreted by a potentially inflamed choroid plexus (ChP) and the cortical tissues? 

Based on the 2015 paper published by Dr. Lehtinen’s group41, the ChP epithelium has 

been identified as a significant source of secreted proteins. At the prenatal stage of E18.5, their 

research discovers numerous genes highly expressed in FACS-sorted ChP epithelial cells. To 

determine if these genes are secreted into the CSF, mass spectrometry is performed on native 

CSF samples. The findings confirm that several genes highly expressed by ChP epithelial cells 

are indeed secreted into the CSF. These genes have been cataloged as part of the "ChP epithelial 

cell secretome." 

To explore the potential crosstalk between the ChP and the cerebral cortex, we analyzed 

the secretome gene expression across all samples and observed no distinct clustering by 

genotypes (Figure 3.4A), suggesting that the secretome might not have undergone significant 

changes. However, when focusing on genes that are differentially expressed between genotypes 

with a raw p-value below 0.02, Igf2 and Sostdc1 stood out with decreased expression in HC4A/A 

mice(Figure 3.4B). Igf2, encoding an insulin-like growth factor, is a pivotal protein secreted 

from the ChP throughout brain development. Upon binding to the IGFR on neural progenitors, 

activates proliferation signaling, influencing brain development42 while also maintaining the pool 

of subventricular zone neural progenitors in adult phase43. Sostdc1, which encodes a secreted 

protein known as Sclerostin domain containing 1, interacts with LRP6, acting as an antagonist 

for the LRP6-mediated Wnt signaling pathway44. With elevated Wnt signaling observed in the 

cortex, the reduced levels of this antagonist in the CSF might partly elucidated this phenomenon, 

thus underscoring the possibility of active crosstalk between the ChP and cerebral cortex. 
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Figure 3.4 : ChP epithelial cell secretome  

(A) heatmap plotting the full gene list defined ChP epithelial cell secretome from Melody’s 

paper41. Z score showing on the right side bar. (B) heatmap plotting the two differential 

expressed genes: Igf2 and Sostdc. 

 

3.5 Immune cell infiltration into the ChP  

With the confirmation that the inflammatory pathway is likely specific to the ChP, we 

wanted to determine whether the overexpression of C4A triggered an inflammatory phenotype, 

such as the recruitment of immune cells. Although there are resident immune cells present in the 

ChP during the homeostatic state and are responsible for maintaining proper function of the 

tissue, under immune challenges such as injury or stroke, the increased recruitment of immune 

cells has long been observed in literature45. Therefore, a measurement of immune cell infiltration 

could be a good inference of the local inflammation state.  

We used the immunofluorescence technique to quantify the number and different types of 

immune cells present. CD45, the lymphocyte common antigen, was used as a pan-leukocyte 

marker that can potentially identify all the immune cells. Resident macrophages on the ChP 

express the middle intensity of CD4546, therefore, CD45high cells are commonly inferred as 

infiltrating leukocytes46. The integrin alpha M(CD11b)47, on the other hand, are expressed by 

both recruiting monocytes and the resident macrophages46. Therefore, CD45high and CD11b+ 

immune cells are identified as the infiltrating monocytes46. Using the manual threshold method 

that only high intensity of the CD45 marker was passed through, we were able to only quantify 

CD45high as CD45+ cells. Interestingly, we found a significant increase in the number of CD45+ 

immune cells on the ChP of HC4A/A (Figure 3.5B). When we further investigated the 

infiltrating cell type, we found the majority of them were CD11b+ myeloid origin cells (Figure 
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3.5B). There was no robust signal of cells positive for the protein complex cluster of 

differentiation 3 (CD3), a T cell identity marker (supplementary figure 7.2A). In addition, B-

lymphocyte antigen (CD19), a transmembrane protein ubiquitously expressed on almost all B 

cell lineages, except the antibody-secreting plasma cells, was not detected in the CD45+ immune 

cell population (supplementary figure 7.2B) on the ChP. This likely implied the infiltrating 

immune cells were mainly from the myeloid lineage.  

 

Figure 3.5 : immune cell infiltration into the ChP   

(A) Representative images of the ChP from HC4A/- (left) and HC4A/A(right). Cd45 was stained 

in PE and CD11b was stained in FITC. Each dot represent one mouse. (B) Quantification of 
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CD45 cells, CD11b and cd45 CD11b double positive cells on the ChP (n=4 ) * P<0.05 Student t 

test was used. Data are shown as mean ± SEM.   

 

 

CHAPTER 4: DISCUSSION & PERSPECTIVES 

4.1 Discussion 

In this study, we have unraveled the relationship between the overexpression of the human 

complement C4A isoform and the onset of ventriculomegaly in HC4A/A mice, potentially via 

inducing the inflammation on the ChP. A consistent correlation was established between the 

increased C4 expression and the presence of enlarged ventricles, suggesting a contributory role of 

C4 in the development of ventriculomegaly and hydrocephalus. To assess anatomical changes, we 

employed sequential slicing, mirroring clinical imaging techniques, to enable direct comparisons 

of ventricular sizes at consistent anatomical landmarks. Not only did HC4A/A mice exhibit a 

twofold increase in C4 expression, but this elevation was paired with anatomical changes, 

providing a strong need to assess the molecular changes of this phenotype. 

We chose ChP as the main tissue for investigation due to its two key features 1) potentially 

providing additional sources of CSF that could expand the brain ventricle 2) its unique barrier 

function that hold fenestrated blood vessels, enabling complement protein communication and 

immune cells recruitment. Bulk RNA sequencing of the ChP in HC4A/A mice comparing the 

HC4A/- littermates pointed a downregulation of key genes such as Aqp4, Nnat, and Dnahc10, 

which are fundamental to the homeostatic mechanisms governing CSF dynamics34. These findings 

suggested a disruption in the intricate balance of CSF production and reabsorption, which might 

serve as a potential causal factor for ventriculomegaly.  
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Further, gene set enrichment and gene ontology analyses indicated a localized 

inflammatory response in the ChP, highlighted by the upregulation of viral response pathways 

and interferon signaling genes. This response was likely a result of C4 overexpression activating 

the complement cascade, suggesting chronic inflammation and potential damage to epithelial 

cells. Such damage could alter water secretion and reabsorption rates, leading to fluid buildup 

and ventricular enlargement. Moreover, changes in secreted proteins from the ChP could 

facilitate molecular crosstalk with the cerebral cortex, which exhibited distinct gene expression 

patterns related to synaptic connections and development, confirming the inflammation's 

specificity to the ChP. In addition, observed increases in Wnt signaling and neurofilament 

modifications in the ChP suggested a reduction in neurotrophic ligands and Wnt antagonists in 

the CSF, further supporting the ChP-cortex crosstalks. 

Although not presented, this study did venture into therapeutic strategies involved 

designing and utilizing siRNA specifically targeting the HC4A isoform. Initial validations in 

hepG2 cell lines confirmed the siRNA's ability to effectively knock down C4 expression. However, 

subsequent in-vivo injection onto post-natal 21 days mice demonstrated that while C4 levels were 

reduced in the cortex and ependymal layers, there was no corresponding reversal of the brain 

ventricle enlargement. This finding highlighted the disease's complexity and emphasized the need 

for establishing the timeline of when did the ventriculomegaly occur. 

 

4.2  Limitations and Future Directions 

Overall, our investigation suggested that overexpression of complement C4 could have an 

association with ChP inflammation marked by increased immune cell infiltration and some 

transcriptome changes, likely damaging the epithelial cells on ChP and might culminate into a 
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ventricular enlargement phenotype. However, there are some limitations that prevent us from 

concluding more about the relationship between each observed phenotype with the complement 

overexpression.  

Although the study may be a pioneering work into the intersection of neuroimmunology 

and neurodevelopment, it remains a work in progress, constrained by small sample sizes and 

limited experimental replications. The current investigation has not conclusively established a 

direct causal link between complement overexpression and ChP inflammation or the ventricular 

enlargement phenotype. Consequently, further research should aim to 1) assess whether 

knockdown of C4 expression can attenuate inflammation within the ChP; 2)  Explore the utility 

of complement pathway inhibitors, like complement receptor 1-related gene/protein y (Crry) 

expression which can destabilize the C3 convertase, as potential therapeutic reagents to restore 

the ChP homeostasis; 3) Investigate whether administration of C4, or the downstream 

anaphylatoxins C3a or C5a, can induce inflammation in the ChP, thus mirroring the 

hydrocephalus-like phenotype observed in the study.  

Additionally, in our study, we have observed increased myeloid immune cell infiltration, 

especially the CD11b+ cells, the dendric cell compartment like CD11c+ cells were not stained. 

Besides further characterizing the type of myeloid cells, their roles of action should also be 

explored. Research suggests these cells are capable of secreting inflammatory cytokines26 and 

matrix metalloproteinases (MMPs)48, potentially impacting the ChP epithelium and disrupting 

cerebrospinal fluid (CSF) dynamics. In addition, Plasmacytoid dendritic cell are also a known 

potent producer for type 1 interferon49. To elucidate these interactions, future studies should 

consider detailed profiling of these immune cells within the ChP, particularly looking into the 

diversity and activation status within the myeloid cell population using flow cytometry. 
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Complementary analyses, such as ELISA assays on ChP lysates or CSF, could quantify 

cytokines, especially those that signal through the TLR4 pathway—like IL1β and IL4, which 

have been frequently associated with schizophrenia pathology50  

Moreover, enhanced expression of complement C4 in the ependymal layer (Data not 

presented) raises questions about its interaction with the ChP. The proximity of the ependyma to 

the ChP can facilitate the transfer of complement proteins and their anaphylatoxin products, such 

as C3a and C5a. Investigating these interactions may provide insights into the complement 

system's influence on the ChP and its potential role in the pathogenesis of diseases like 

schizophrenia. 

Additionally, our study unveiled transcriptomic alterations in the ChP of HC4A/A mice, 

yet the direct functional consequences, specifically whether these changes cause an over-

secretion of cerebrospinal fluid (CSF), have not been conclusively determined. Key genes such 

as Aqp4, which are implicated in water transport, were observed to be downregulated. However, 

to comprehensively link these transcriptomic variations to the suspected hypersecretion 

phenotype, more definitive functional assessments are required. A rigorous approach, such as the 

infusion of a blocking agent like oil into the cerebral aqueduct, can be utilized26. This method, 

which impedes CSF flow to the fourth ventricle, would offer a quantifiable evaluation of the 

secretion rates from the third and lateral ventricles. Such an experiment would provide a robust 

functional corroboration for the observed transcriptome changes, potentially confirming the 

ChP's role in CSF overproduction and causing ventricle expansion. 

In general, this study provides an insight into the ChP inflammation and ventricular 

enlargement in the context of overexpression complement C4 which has been reported to be 

associated with schizophrenia phenotypes. To our knowledge, a comprehensive investigation of 



 33 

the complement pathway’s effect on brain barrier tissues like ChP in the context of 

neuropsychiatric disorder is currently unavailable. We believe that this project significantly 

advanced the field's understanding of the interplay between the complement system and 

neuroanatomy. The revelations about C4's role in ChP regulation and ventricle morphology offer 

a novel framework for investigating similar pathologies in humans, such as in schizophrenia, 

where disruptions in brain anatomy and immune responses have been implicated. The nuanced 

understanding of localized inflammation restricted to the ChP could further spur targeted 

therapeutic approaches that mitigate detrimental inflammatory responses while preserving the 

necessary immune functions of the brain. 
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CHAPTER 7: APPENDIX 

 

7.1 Gene in the Intermediate filament pathway 

 
Supplementary Figure 7.1: Significantly differential expressed gene in the intermediate 

filament pathway  

In comparative gene expression analysis, Nefh and Krt80 emerged as the two most significantly 

differentially expressed genes between HC4A/- and HC4A/A mouse groups. While variation in 

Krt80 expression, coding for the structural protein keratin 80, was noted among the hC4AA 

mice, an elevated expression of Nefh, which encodes the neuronal filament heavy chain, was 

consistently observed across all hC4A/A mice in comparison to their HC4A/- counterparts. 

 

 

 

 

 

 

7.2 CD3 T cells and CD19 B cells in ChP 
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Supplementary Figure 7.2: No CD3 T cells and CD19 B cells were identified in HC4A/A 

versus HC4A/- mice 

A. Representative immunofluorescent images of HC4A/A mouse brain tissue labeled with CD3 

to identify T cells and CD19 to mark B cells. B. Representative images from HC4A/- mouse 

brain tissue with the same markers. No CD3+ T cells or CD19+ B cells were detected in either 

group. 

 


