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The Schizophrenia-Associated Gene, CSMD1, Encodes a Brain-Specific Complement Inhibitor 

 

Abstract 

Four threads of biological observation have recently converged into a theory in which over-

exuberant synaptic pruning contributes to the pathogenesis of Schizophrenia: 1) post mortem, there is 

a reduced number of dendritic spines in the frontal cortex of individuals with Schizophrenia, 2) the 

disorder has a characteristic onset in late adolescence, a normal critical period for pruning and 

thinning of the frontal cortex, 3) clinical high risk young people who convert to psychosis have an 

accelerated rate of frontal cortex thinning coincident with psychosis onset, 4) human genetics 

strongly implicates hyper-function of synaptic pruning machinery in disease risk – specifically, 

disease risk increases with brain expression and genomic copy number of complement component 4 

(C4), a member of a cascade of immune molecules repurposed in the brain to promote the sculpting 

of circuits. To orthogonally test a pruning hypothesis of schizophrenia, we sought to investigate 

whether an inhibitor of this pruning machinery is also implicated in disease risk. Genetics, Structural 

biology, in vitro biochemistry, and expression suggested that the large transmembrane protein 

encoded by the giant gene, CSMD1 (CUB and Sushi Multiple Domains 1), could be such a disease 

associated complement inhibitor: a) a genome-wide significant association signal localizes to 

CSMD1, b) the gene encodes a protein composed almost entirely of protein domains conserved in 

inhibitors/regulators of the complement cascade, i.e., CUB (Complement, Urchin-EGF, Bone-

Morphogenic protein) and Sushi (aka CCP or Complement Control Proteins) domains, c) protein 

fragments of CSMD1 can directly and indirectly inhibit the activation of C4 and C3 in vitro, d) 



iv 
 

CSMD1 mRNA is brain-enriched. Despite these intriguing observations, however, little was known 

about the about the normal functions of CSMD1 in neural tissues. Here, we show that CSMD1 

protein is highly brain enriched, is most pronounced in cortex, present at synapses, and is expressed 

predominantly by neurons. Using a human stem cell line and a mouse each genetically lacking 

CSMD1, we present evidence that CSMD1 regulates complement activation on neural cells and in 

vivo, and that loss of Csmd1 abrogates the development of a complement-and-pruning-dependent 

neural circuit. Together, these data corroborate CSMD1 as a brain-specific complement inhibitor. 
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Schizophrenia: a disabling and biologically complex developmental disorder 

In a high school educating 1,000 students, approximately 7 of these students will develop 

schizophrenia by the time they are young adults (McGrath et al., 2008). This diagnosis will shorten 

their lives by 20 years on average compared to their classmates; the gap in mortality rates, moreover, 

has been increasing with time, possibly because those with schizophrenia have not seen the same 

benefits of advances in medical care as the rest of the population (Laursen et al., 2014; Kahn et al., 

2015).     

Schizophrenia is a phenotypically complex psychiatric disorder that typically is diagnosed in 

late adolescence or early adulthood and is characterized by delusions, hallucinations, flattened affect, 

and cognitive impairments (Kahn et al., 2015). Globally, schizophrenia accounts for a staggering 16.8 

million Disability Adjusted Life Years (DALYs), due in part to onset early in a person’s life-course 

and poor prognosis (Collins et al., 2011; Hyman, 2013); indeed, progressive decline was identified by 

clinicians of the early 1900s as an integral a feature of the disorder (Murray, 1994). Though delusions 

and hallucinations are features at the forefront of the public conception of the disorder, it is the 

cognitive impairment that is often most debilitating and refractive to modern treatments (Elvevag et 

al., 2000). In the past decade, the concept of schizophrenia as neurodevelopmental disorder has gained 

traction (Insel 2010, 2014). The cognitive decline, for example, precedes the onset of psychotic 

symptoms, sometimes by nearly a decade, where it is often manifest as decreasing performance in 

school, and is present throughout disease course (Kahn et al., 2013).  

Insight into the biological narrative of the development of schizophrenia has come first 

through the windows of neurochemistry and of anatomy & histology and has had a recent renaissance 

through genetic analysis of large case-control cohorts. Spurred by the dopamine receptor 2 antagonism 

of the 1st generation of anti-psychotics of the 1950’s and 1960’s, which are effective at treating to 

hallucinations and delusions of many, a dopamine hyper-function hypothesis has been at the forefront 
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of research; partially because these dopamine-antagonists do not treat the affective or cognitive 

features of schizophrenia, recently, hypotheses of hypofunction of glutamate signaling and GABA 

signaling have also garnered support (Daniel & Lewis, 2018; Hu et al., 2015; Schmidt et al., 2015; 

Selton et al., 2018). At the level of anatomy and histology, post-mortem studies have found a variety 

of alterations, though many studies have been hampered by small sample size and difficulty to 

distinguish between primary disease pathology and adaptive changes from chronic medication 

(Summarized in Harrison & Weinberger, 2005). One of the most consistent and robust observations, 

seen in both treatment naïve and treated patients, has been modest loss of brain volume, much of 

which is associated with gray matter loss (Haijma et al., 2013).  Several studies suggest prefrontal and 

cingulate cortex, and hippocampus are most affected, although the region specificity of this loss is still 

debated, and some studies have also described changes subcortical structures and in white matter 

(Chua et al., 2007; Haijma et al., 2013; Whitford et al., 2006). The extent of grey matter loss is positively 

correlated with duration of untreated psychosis and magnitude of functional impairment (Cahn et al., 

2006; Malla et al., 2011). Unlike the dementias of old age, the loss in gray matter comes without clear 

evidence of cell death, implicating an unknown neurodevelopmental process (Nestler, Hyman, 

Malenka, 2009). 

 Several hypotheses for the reduced grey matter have been posited, amongst them 

mislocalization of neurons or reductions in synaptic content (Harrison & Weinberger, 2005; Osimo 

et al., 2018). The support for reduced synaptic content has increased with time: a recent meta-analysis 

of studies looking at presynaptic and post-synaptic markers in post-mortem tissue of cases and 

controls found that reductions in the presynaptic marker, synaptophysin, were robust in hippocampus, 

frontal, and cingulate cortex (Osimo et al., 2018). There is evidence as well for localized reductions in 

post-synaptic structures with an oft cited study showing reductions in basilar dendritic spines in layer 
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II/III of dorsolateral prefrontal cortex, but not in visual cortex (Glantz and Lewis, 2000); elucidation 

of the extent, location, and synapse types most affected is the focus of current research. 

 Progress towards understanding the pathogenesis of schizophrenia through human genetics, 

both of rare and common genetic variation, has been particularly fruitful in the past decade. It has 

long been observed that schizophrenia is heritable, and recent work has begun to paint a picture that 

the genetic risk is highly polygenic, composed of many variations of modest effect combining in 

different ways in different genomes (Owen et al., 2016; McCarroll et al., 2014; McCarroll & Hyman, 

2013). As sample sizes have increased, the number of loci reaching genome-wide significance in 

common variant association studies has also increased, with 108 loci reaching genome-wide 

significance in the most recent study by the psychiatric genomics consortium (PGC) (Psychiatric 

Genomics Consortium, 2014, 2011). However, it is a current challenge how to move from genetic 

association to mechanism, as 1) many of the association signals map to a) multigenic regions, where 

the precise gene/genes responsible for the signal are yet to be identified b) intergenic regions of 

unknown regulatory function c) genes whose normal functions are poorly understood, and 2) at most 

of the loci, it remains to be discovered whether enhanced or diminished function of associated genes 

increases disease risk (aka direction of association in unknown)  (Hyman, 2018; McCarroll et al., 2014; 

Sullivan et al., 2018). Further analyses of the common and rare variant studies have begun to paint a 

picture where genetic variation affecting schizophrenia risk is predominantly neuronal and synaptic, 

raising the possibility that genetics could converge with the anatomical insights above (Finucane et al., 

2018; Genovese et al., 2016; McCarroll & Hyman, 2013). This convergence could occur at the level of 

synaptogenesis, synaptic function, or synaptic elimination, or through combinations of these 

processes. 
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Convergent biology in the pathogenesis of schizophrenia: an emerging synaptic pruning 

hypothesis 

The most robust genetic association with schizophrenia maps to the Major Histocompatibility 

Complex (MHC) locus, which contains many genes with roles in immunity (International 

Schizophrenia Consortium et al., 2009; Psychiatric Genomics Consortium, 2014; Shi et al., 2009; 

Stefansson et al., 2009). Aswin Sekar and colleagues recently found that a large component of the 

signal at the MHC locus is due to structural variation in complement component 4 (C4): Schizophrenia 

risk increases with gene copy number of the C4A isoform and increased C4A copy number results in 

increased C4A mRNA expression in post-mortem human brain (Sekar et al., 2016). 

 

The complement cascade is a set of immune molecules repurposed in the brain as part of 

synaptic pruning machinery 

 

Over the past decade, evidence had been building that one important element of the synaptic 

pruning machinery is a set of innate immune molecules that make up the complement cascade, of 

which C4 is a part. These complement proteins cleave and activate each other in series like a set of 

dominoes (C1  C4  C2  C3) and, in the periphery, bind covalently to the surface of microbes 

and cell debris, where they opsonize the cells for elimination by phagocytosis (Medzhitov and Janeway, 

2002). The complement cascade is repurposed during brain development to opsonize synapses for 

elimination by microglia, the brain’s resident immune cells, a synaptic pruning process now thought 

to be an important part of normal development  (Chung et al, 2013; Paolicelli et al., 2011; Schafer et 

al., 2012; Stephan et al., 2012; Stevens et al., 2007) also see Figure 1.1. In mice lacking either 

complement component C1q, or C3, microglia engulf fewer synapses in the critical period of pruning 

of the circuit between the retina and the dorsal lateral geniculate nucleus (Schafer et al. 2012; Stevens 
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et al., 2012), and mice lacking C4 show similar phenotypes of under-refinement of this circuit (Sekar 

et al., 2016). Though the complement cascade and microglia play an important role in synaptic pruning, 

it is not exclusive: other members of synaptic pruning machinery include astrocytes, and other immune 

molecules like class I MHC (Boulanger, 2009; Boulanger & Shatz, 2004; Fourgeaud et al., 2010; Huh 

et al., 2000; Lee et al., 2014). Recently, a role for adhesion proteins in synaptic pruning has also 

emerged (Brennaman et al., 2012; Chelsea et al., 2018; Demyanenko et al., 2014; Mohan et al., 2018). 
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Figure 1.1. The complement cascade. A) The complement cascade is a set of immune-related proteins 

that activate each other in series via proteolytic cleavage. Shown here is the classical pathway where 

immune complexes activate complement component 1 (C1) consisting of C1q, C1r, and C1s, which 

then cleaves C4 to its activated fragment C4b. C4b anchors itself to a target surface through covalent 

boding via its thioester moiety and combines with the activated fragment of C2 to form a complex 

(the C3 convertase) that can cleave C3. Activated C3b can also bind covalently to target surfaces (aka 

deposition) where C3b is involved in opsonization. C3b can complex with Factors B and D to further 

cleave and activate C3 it what is known as the amplification loop (not shown). The short half-lives of 

activated C4b and C3b cause them to deposit primarily at sites in which they are activated, minimizing 

deposition on bystanders. Red outlines indicated an activated protein fragment or complex. B) In the 

brain, opsonization of synaptic compartments is thought to be important in microglia-dependent 

pruning of synapses during development and disease.  
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Enhanced synaptic pruning is one pathway between genetics and anatomy in schizophrenia 

 Because schizophrenia risk increases with increased brain C4A expression (Sekar et al., 2018) 

it suggests that enhanced complement activity increases schizophrenia risk. Enhanced complement 

activity and microglial dependent synaptic pruning has been implicated in synaptic loss in several 

models of brain disease, including models of Rett syndrome, Alzheimers disease, and West Nile virus-

induced memory impairment (Hong et al., 2016; Schafer et al., 2016; Vasek et al., 2016), suggesting it 

may be reasonable to hypothesize excessive synaptic pruning plays a role in the reductions synaptic 

content and gray matter in schizophrenia reviewed earlier. 

A pruning hypothesis of schizophrenia was first proposed in 1983 by Dr Feinberg, a 

psychiatrist studying sleep (Feinberg, 1983; Johnson and Stevens, 2018). At the time, the hypothesis 

was based in part on the stereotypic age of onset of psychosis in late adolescence and the emerging 

evidence that adolescence could be an important time of maturation of frontal circuits, as suggested 

a) by Feinberg’s observation that sleep waves shifted (Feinberg et al., 1967) and b) by early electron 

microscopic synaptic counting studies that suggested synapse numbers reduced naturally during the 

transition from adolescence to adulthood (Huttenlocher, 1979). Subsequent work has supported 

adolescence as a critical period of thinning of the frontal and temporal cortices and found that an 

increased rate of cortical thinning precedes transition to psychosis in clinically high-risk adolescents, and 

tends to be accompanied by inflammatory markers (Cannon et al., 2015); this new data supports the 

hypothesis that excessive pruning during normal periods of pruning could be one contributing 

mechanism to the reductions in grey matter observed after psychosis onset. 
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Regulation of the complement cascade: a role for a complement inhibitor in a pruning 

hypothesis of schizophrenia? 

In the immune system, net activation of the complement cascade is not a function only of 

complement activators (such as C4 and the complement components themselves), but of the 

complement inhibitors. In the blood, for example, soluble factor H (FH) helps to prevent the 

spontaneous fluid-phase activation of C3, and it is the presence of membrane-bound complement 

inhibitors on an organism’s living cells that protects them from complement activation while the 

invading microbe or cell-debris in close proximity acts as a nidus for complement deposition 

(Medzhitov and Janeway, 2002). Indeed, several disorders due to complement cascade activation are 

caused by inappropriate loss of a complement inhibitor; for example, paroxysmal nocturnal 

hemoglobinuria is caused by somatic mutation leading to the loss of surface membrane-bound 

Decay Accelerating Factor (DAF or CD55) or CD59 from the surface of red blood cells, thereby 

removing their endogenous protection from complement-mediated deposition and lysis (Brodsky, 

2014). Moreover, microbes like Streptococcus Pyogenes, evade innate immune mechanisms in part by 

coating themselves with the host’s co-opted soluble complement inhibitors like C4 binding protein 

(C4BP) (Ermert et al., 2018). While progress has been made in the last decade investigating 

activation of the complement cascade in the brain, the role played by endogenous complement 

inhibitors is unknown. 

If over-activation of the complement cascade in the brain enhances schizophrenia risk, is there 

any evidence that hypofunction of a complement inhibitor could similarly influence schizophrenia 

risk? Intriguingly, another of the first schizophrenia-association signals that reached genome wide 

significance is well-localized within CUB and Sushi Multiple Domains 1 (CSMD1) (Havik et al., 2011; 

Psychiatric Genomics Consortium, 2011); though the normal functions of this gene are poorly 

understood, its expression pattern, protein structure, and behavior of its protein-fragments in-vitro 
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suggest one of its normal functions may be inhibition of complement activation in the brain (Figure 

1.2).  

 

A note on nomenclature 

Throughout this dissertation, I generally adhere to the genetic nomenclature conventions, in 

which CSMD1 refers to the human gene and human mRNA, CSMD1 refers to the human protein, 

Csmd1 refers to the mouse gene and mouse mRNA, and Csmd1 refers to the mouse protein. In 

some cases, a statement or hypothesis refers to both the gene and the protein, or to more than one 

species; there I use the term, CSMD1, and I hope readers will forgive me for any ambiguities thereby 

caused. 
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Figure 1.2. Rationale for investigating CSMD1 as a brain-specific complement inhibitor in a 

pruning hypothesis of schizophrenia. A) Schizophrenia association plot showing a genome-wide 

significant SNP (rs10503253) in intron 3 of CSMD1 (figure adapted from PGC, 2014). B) Csmd1 is 

expressed predominantly in brain tissues (figure adapted from GTEx). C) CSMD1 encodes a large 

type-I transmembrane protein composed of CUB and Sushi domains; fragments 1 and 2 have been 

shown to bind C4 and C3 and facilitate their degradation by Factor I in vitro (Escudero-Esparza 

2013). D) Hypothesis for CSMD1 function: CSMD1 may normally act as a brake on the 

complement-mediated pruning machinery and, in cases of loss of function, would contribute to an 

upregulation of complement activation, potentially leading to over-pruning and potential 

connectivity deficits contributing to schizophrenia risk. GTEx Acknowledgment: the Genotype-

Tissue Expression (GTEx) Project was supported by the Common Fund  of the Office of the 

Director of the National Institutes of Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH, and 

NINDS. The data used for the analyses described in this figure were obtained from the GTEx 

Portal accession number phs000424.vN.pN . 
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A common variant in CSMD1 associates with Schizophrenia 

 

One genetic region consistently implicated in recent genome wide association studies (GWAS) lies 

on chromosome 8q23.2 within the gene encoding CUB and Sushi multiple domains 1 (CSMD1). A 

common haplotype, marked by a single nucleotide polymorphism, rs10503253, within intron 3 (see 

Figure 1.2 A), was first reported to be associated with schizophrenia at the level of genome-wide 

significance in 2011 (Schizophrenia Psychiatric GWAS Consortium, 2011), making it one of the first 

loci to be associated with the disease at genome-wide significance. This association has proved to be 

robust in the largest to-date GWAS (Schizophrenia Working Group of the Psychiatric Genomics 

Consortium, 2014). While association signals elsewhere in the genome span multiple genes, the 

rs10503253 signal is well localized to CSMD1; the nearest annotated gene to this signal other than 

CSMD1 is over 1.5 mega-bases away. Despite its large presence in the genome – CSMD1 is the 5th 

largest gene, weighing in at over 2 Mb – little is known about the function of CSMD1 in normal 

biology or in the pathogenesis of schizophrenia. Clues to its function, however, are found in its 

protein structure, in the pattern of the gene’s expression, and in functions of protein fragments in 

vitro. 

 

CSMD1 is composed of protein-protein interaction domains conserved in regulators of the 

complement cascade. 

 

The CSMD1 gene spans ~ 2Mb on the short arm of chromosome 8 (Chr 8: 2,792,874-

4,852,327) and encodes a ~388 kDa protein with a short intracellular domain, a single 

transmembrane domain, and a large extracellular domain consisting almost entirely of two protein 



13 
 

domains, CUB domains and Sushi domains, hence the name, CUB and Sushi Multiple Domains 1. 

The extracellular protein is divided into a tandem array of sushi domains followed by alternating 

CUB and Sushi Domains (see Figure 1.2 C). 

Sushi domains are beta-sandwich folds and are also known as ‘complement control protein’ 

modules (CCPs) because they are classically present in tandem arrays in a class of proteins that bind 

(and often inhibit) complement proteins (Kirkitadze & Barlow, 2002), examples including C4b-

binding protein, (C4BP), factor H (FH), Decay Accelerating Factor (DAF), and membrane cofactor 

protein (MCP); DAF and MCP are membrane-bound and contain 4 sushi domains in tandem, and 

C4BP and FH are soluble and contain 7 sets of 8 sushi domains and 1 array of 20 sushi domains, 

respectively (UniProt). Although the sushi domain is best known for its role in regulators of the 

complement cascade, other functions have been described, for example, the sushi domains of the 

GABAB receptor serve as an extracellular signal important to properly localize the protein to axons 

(Biermann et al., 2010). 

 CUB domains are 110 residue, often calcium-binding, beta-sandwich fold, protein-

interaction domains that are known for their roles in proteins important in immunity and 

development (Escudero-Esparza et al., 2013; Gaboriaud et al., 2011); CUB stands for Complement, 

Urchin-EGF, and Bone morphogenic protein. The CUB domains of C1r and C1s are important for 

complexing with the complement component C1q, and CUB domains are also present in the serine 

protease, MASP, which is capable of binding/activating C4 and C3. Figure 1.3 shows Csmd1 next to 

the structures of common complement regulators. 
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Figure 1.3. Domain structure of CSMD1 and regulators of the complement cascade. Tandem sushi 

domains are a characteristic feature of inhibitors of the complement cascade such as the fluid phase 

inhibitor Factor H and the surface membrane proteins Decay Accelerating Factor (DAF or CD55), 

MCP, and Complement Receptor 1 (CR1). The initiators of the classical pathway of the complement 

cascade, C1r and C1s, as well as those of the lectin pathway, MASP, contain both sushi and CUB 

domains, as well as a serine protease domain integral for activating cleavage of the cascade. Csmd1 is 

shown with its domains numbered in the order of their translation. 
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 Based on the highly conserved function of tandem arrays of sushi domains in inhibitors of 

the complement cascade, two groups (Escudero-Esparza et al., 2013; Kraus et al., 2006) have 

investigated whether fragments of CSMD1 can inhibit complement cascade activation in vitro; they 

found that short fragments of CSMD1 are capable of inhibiting the complement cascade through 

both direct and indirect mechanisms (Figure 1.1C). These effects are summarized in Table 1.1. 

These in vitro results provide preliminary evidence that the domains of CSMD1 exhibit some 

specificity amongst the members of the complement cascade, inhibiting some (e.g. C4 and C3), but 

not others, (e.g. C1q), can inhibit multiple steps of the complement cascade, and that some tandem 

sushi domains of CSMD1 have no detectable inhibitory properties on the complement cascade. 

Escudero-Esparza and colleagues (2013), moreover, suggest that the mechanism by which these 

fragments inhibit complement is both by dissociating active complexes and by acting as a cofactor 

for Factor I to trigger inactivating cleavage of complement proteins; these mechanisms of 

complement inhibition are shared between these CSMD1 fragments and the more established 

inhibitors like Factor H. 
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Table 1.1. In vitro Assays of CSMD1-Mediated Complement Inhibition 

Fragment Effect on Complement Assay Notes 

Sushi #12-28 

(includes CUB 

#13 -14) 

Decreased deposition 

of C3 

Adding soluble protein 

to K562 cells 

Inhibitory concentration 

comparable to Crry (Kraus et 

al., 2006) 

C-term to 

Sushi #14 

Decreased C3b and 

C9 deposition 

Expressing protein in 

CHO cells 

Inhibitory concentration 

comparable to expressing RCP-

1 (Escudero-Esparza et al., 

2013) 

Sushi #17-21 a) Decreased lysis of 

RBCs 

b) reduced 

deposition of C4b 

and C3b; no effect 

on C1q  

a) Soluble protein in 

Complement Hemolytic 

Assay (CHA) 

b) in plates, C3b 

deposition on IgG or 

C4b on mannan 

Inhibitory concentration in all 

these assays was an order of 

magnitude greater than known 

complement inhibitor, DAF 

(Escudero-Esparza et al., 2013) 

Sushi #23-26 NO EFFECT Soluble protein in 

Complement Hemolytic 

Assay 

Shows that not all sushi repeats 

can inhibit complement in vitro 

(Escudero-Esparza et al., 2013) 

TM – Sushi # 

13 

Decreased lysis of 

RBCs 

Lysates from transfected 

CHO cells in a CHA  

(Escudero-Esparza et al., 2013) 

Full length Increased deposition 

of C3b with RNAi 

Knock-down 

RNAi knock-down of 

CSMD1 in T47 cells and 

deposition on cells 

Only evidence that full length 

CSMD1 affects complement 

(Escudero-Esparza., 2013) 
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CSMD1 is enriched in brain tissues 

 

Another feature of CSMD1 that makes it a salient candidate for a regulator of complement 

functions in the brain is its pattern of mRNA expression. Unlike the complement inhibitors CFH, 

C4BP, and DAF, which are highly enriched in peripheral tissues vs. the central nervous system, 

CSMD1 is highly enriched in the brain and testes; indeed, it is almost undetectable in most other 

tissues. This expression pattern is seen in the GTEX RNA-seq dataset of normal human tissues post-

mortem, in targeted RT-PCR characterization of human tissues (Escudero-Esparza 2013), as well as in 

mRNA characterizations in rat (Krauss 2006), and mouse (Steen 2013, Distler 2012). This feature of 

CSMD1 raises the intriguing possibility that it is uniquely positioned to regulate the brain-specific 

functions of the complement cascade. 

Despite these intriguing structural and in-vitro observations, very little is known about the 

normal localization and function of CSMD1 in the brain. 

 

Insights from other CUB and Sushi-containing proteins in the brain 

 

CSMD1 has two paralogues, CSMD2 (Havik et al., 2011) and CSMD3 (Mizukami et al., 

2016), which share 50 to 70% sequence homology with CSMD1 but are highly similar in their 

domain structure (differing marginally in the number of sushi domains); while all the CSMD genes 

are enriched in brain, only CSMD1 has been associated with schizophrenia at genome-wide 

significance, and only CSMD1 has been shown in vitro to have some ability to act as a complement 

inhibitor as reviewed above. Besides the CSMD1, 2, and 3 proteins, there are few known proteins 

that contain both CUB and sushi domains, and these appear only in vertebrates (UniProt). The only 
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one of these CUB and Sushi proteins with a known function is Sez-6, which was described to 

regulate the number and maturity of excitatory synapses and the extent of dendritic arborization in 

mouse neuronal culture and in vivo (Gunnersen et al., 2007; Gunnersen et al., 2009). Recently, 

CSMD3 was also shown to affect dendritic branching in hippocampal cultured neurons (Mizukami 

et al., 2016). In Sez-6 KO neuronal cultures, there was also a reduction in spine maturity, i.e. spines 

with heads vs without heads (Gunnersen et al., 2007). Consistent with a conserved role of Sushi 

domain-containing proteins in regulating synapse number, three tandem-sushi-domain-containing 

proteins, Susd2, Sez-6, and Srpx2 have been shown to regulate excitatory synapse number in culture 

(All) and in vivo (Sez-6 & Srpx2) in mouse (Gunnersen et al., 2007; Nadjar et al., 2015; Sia et al., 

2013; Soteros et al., 2018); for none of these three has a connection with the complement cascade or 

pruning been investigated, although Soteros and colleagues (2018) hypothesized that it might 

regulate synapse number by acting as a secreted complement inhibitor.  

At a basic level, both sushi and CUB domains are protein-protein interaction domains, and 

thus some of the behaviors of the multiple domain proteins, for example on dendritic branching, 

may be explained by complement-independent adhesive properties (Dong et al, 2013). Loss or 

reduced expression of CSMD1 has been found in a variety of solid tissue cancers, including 

colorectal, breast, hepatocellular, and head and neck cancers and corelated with poor survival and 

increased metastasis (dependent on altered tissue adherence) (Kamal et al., 2010; Ma et al., 2009; 

Shull et al., 2013; Zhang & Song, 2014; Zhu et al., 2016) and restoring CSMD1 expression in a 

breast cancer line inhibited its migration and invasive properties (Escudero-Esparza et al., 2016), 

suggesting CSMD1 might also have general adhesive properties. 
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Insights from effects of the CSMD1 risk variant in humans 

 

There have been several studies investigating possible endophenotypes of the common variant of 

CSMD1 (marked by an ‘A’ at rs10503253) that is associated with a risk of schizophrenia; though 

they have small sample sizes, they suggest that cognitive effects of CSMD1 could warrant further 

investigation. The first (Donohoe et al., 2013) showed that the ‘A’ at rs10503253 was associated with 

cognitive deficits in a small sample of Irish and German patients and controls, although the effects 

were small and inconsistent between the cohorts. The Irish cohort showed poorer verbal intelligence 

and verbal episodic memory while the German cohort showed poorer visuo-spatial intelligence and 

spatial working memory. The authors suggested that CSMD1 may influence cognition broadly, 

which is supported by another follow-up study (Koiliari et al., 2014). A second study on rs10503253 

(Rose et al., 2013) conducted a spatial working memory task in a small set of 50 Irish controls and 

found that people with AC or AA at rs10503253 showed significantly less activation of BA18 than 

people with CC in an easy as well as in a difficult working memory task while they also showed less 

change in activation in the left cuneus/BA18 and right pyramis only in the difficult task, suggesting 

differential engagement of these spatial-processing areas between the genotypes. 

 

 

Previous investigation of the Csmd1 KO mouse has been limited to the behavioral level 

 

To date there have been three papers published on a Csmd1 knock-out mouse model (Distler 

et al., 2012; Drgonova et al., 2015; Steen et al., 2013). All these groups appear to have used the same 

KO clone, one in which there is a deletion of a 1 kb genomic sequence composed of part of exon 1 
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and intron 1 caused by insertion of a LACZ/NEO cassette and was originally created by lexicon 

pharmaceuticals and rederived by Taconic on a mixed B6N:129 background, but each group had a 

different amount of backcrossing.  

Though mouse behavior may be of limited translational value (Kaiser & Feng, 2015), neither 

activation level of the complement cascade (or any immune pathways), nor any histological or 

cellular phenotype has yet been assayed in Csmd1 KO animals, and so it represents the only existing 

phenotypic characterization of these mice. Distler (2012) found no behavioral differences between 

WT and Csmd1 KO littermates in startle response, pre-pulse inhibition, sucrose preference, social 

interaction, or amphetamine-induced locomotor response. Steen (2013) similarly found no 

difference between WT and Csmd1 KO mice in pre-pulse inhibition and in startle response to 

medium or low intensity acoustic stimuli. Steen (2013) did, however, find a) a statistically significant 

(p<0.05) genotype-group difference in response to high intensity stimuli (e.g. 110 or 120dB), b) that 

Csmd1 KO animals spend less time in the arena center of an open field but had similar overall path 

lengths, c) that KO mice spend less time in the open arms of an elevated plus maze, d) that KO 

mice spend more time immobile during a tail suspension test, e) that KO mice show more 

exploratory behavior (object contacts) towards both familiar and novel objects in an object 

recognition test though they show similar discrimination and preference towards novel objects 

compared to WT Mice. Additionally, Steen (2013) found that adult Csmd1 KO mice have a 

significantly higher body weight than WT mice, which the authors suggested might be related to 

metabolic differences. Drgonova 2015 found that Csmd1 dosage altered cocaine conditioned place 

preference only in backcrossed but not mixed KO mice. 

Despite these behavioral alterations, there has been little investigation of the mechanisms by 

which these might occur. 
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Investigation of the function of CSMD1 in using two model systems 

 

Here, we present work investigating the function of Csmd1 using two model systems: a 

mouse and an embryonic stem cell line each lacking CSMD1. 

The mouse is same line as the studies above (originally created by Lexicon), but we have 

backcrossed the KO for over ~2 years onto a pure C57bl6N-Taconic background to control for 

effects of the mixed background; before we began crosses for use in experiments, we conducted 

SNP genotyping of our breeders and found them to be 98.17% to 99.37% C57BL/6N-Taconic 

(Taconic 1449 MD SNP Linkage Panel). Though this model has been used in several published 

studies, it is known that there is residual transcription from the Csmd1 locus (Steen); we show in 

Chapter 2 of this thesis the first evidence that this model lacks Csmd1 protein, as assayed by an 

antibody against an antigen in the transmembrane (TM) domain; since the TM domain is encoded 

by the 3’ end of the mRNA in the region where previous studies detect residual transcript, the result 

drastically increases the likelihood this mouse is a true KO at the protein level. 

The second model is an embryonic stem cell line (H01) in which CRISPR-Cas9 was used to 

generate bi-allelic frame-shifting deletions in exon 2 of CSMD1; the deletions (19 bp on one allele 

and 20 bp on the other allele) were verified via sequencing, and the line confirmed to be free of 

chromosomal abnormalities (Hazelbaker et al., 2017). As detailed in chapter 4, we show for the first 

time that this line lacks CSMD1 at the protein level. 
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Organization of this dissertation 

 

 This dissertation is organized as follows: 

In chapter 2, I present the first validated data that Csmd1 at the protein level is even more 

highly enriched in the brain than would be predicted based on mRNA expression studies. I present 

data that Csmd1 protein is particularly enriched in cortex and hippocampus, where it localizes to the 

neuropil, is present at synapses, and increases with brain development. I show high-throughput 

smFISH quantification of nearly 1 million cells in the adult mouse cortex that reveals that Csmd1 is 

expressed predominantly by neurons, and is present in a subset of both GABAergic and 

glutamatergic classes. These data raise the question about whether Csmd1 can act as a complement 

inhibitor on neural cells, and if so, whether some neurons and their synapses are more vulnerable to 

complement than others by virtue of whether they express Csmd1. 

In chapter 3, I present data on what happens when Csmd1 is lost from a circuit whose 

normal development depends on complement-mediated synaptic pruning, i.e. the developing circuit 

between the retina and its target in the visual thalamus. We find elevated levels of complement 

component 3 (C3), reduced numbers of markers of retinogeniculate synapses, and an abrogated 

segregation of the territories innervated by each eye, raising the question of whether the mechanism 

of these changes is the disinhibition of the complement cascade on the surface of neural cells. 

In chapter 4, I present data that complement biology is altered in cultured ES-cell derived 

neurons lacking CSMD1 and present a novel, high-throughput assay for more directly testing 

whether CSMD1 acts as a complement inhibitor on the surface of neural cells. 

In chapter 5, I present conclusions and future directions for the investigation of CSMD1 

within a pruning hypothesis of schizophrenia. 



 

 

 

 

 

 

 

 

Chapter 2: 

 

Csmd1 is a brain-specific protein that is present at synapses and 
expressed predominantly by neurons  
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Unlike the classic complement regulators, Factor-H, C4BP, and DAF, which are expressed 

in a broad range of body tissues and cells, CSMD1 mRNA profiling shows it is expressed highly in 

brain and testes while expression in other tissues is almost undetectable; this expression pattern 

suggests CSMD1 would be well placed to regulate the functions of the complement system that are 

specific to these organs. Despite these intriguing data, little is known about whether this enrichment 

is translated to the protein level, what cell types are the predominant source, and how expression is 

developmentally regulated. One of the limiting factors of previous studies was the lack of good 

CSMD1 antibodies. Testing for specificity with mice and embryonic stem cells lacking CSMD1, we 

have now validated antibodies for the visualization of denatured mouse and human CSMD1 protein 

in a western blot, and of native protein in immunostaining of mouse tissues.  

 

Csmd1 protein is highly enriched in the brain, and is present at the greatest concentrations 
in the cerebral cortex 
 

To investigate the tissue-type distribution of Csmd1 protein, I sampled the protein lysates of 

a range of tissues from three adult (p60) littermate mice using a rabbit polyclonal antibody generated 

against a peptide in the transmembrane domain of Csmd1. Because house-keeping proteins vary 

considerably in expression between tissue types, Csmd1 was normalized to total protein estimated 

through in-gel covalent linkage of a UV-dye to amine groups (Bio-Rad Stain-Free gels). As shown in 

Figure 2.1 B, the degree to which Csmd1 protein was found to be enriched in brain compared to 

other tissues (over an order of magnitude greater than the next most enriched tissue) was even more 

dramatic than previously reported for the mRNA (where the mRNA was expressed highly in both 

brain and testes), suggesting post-transcriptional mechanisms may be important for the levels of 

Csmd1 protein. A preliminary screen of human post-mortem tissue lysates suggested that this 
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dominance of the brain in the protein landscape of CSMD1 may be conserved in humans 

(Supplemental Figure S2.2). 

In the brains of those with schizophrenia, some regions (i.e. cortex) have been reported to 

have more profound structural changes than other regions (Glantz and Lewis, 2000). Quantitative 

western blotting of micro-dissected brain regions from p60 mice (Figure 2.1 C), showed that Csmd1 

is present throughout the brain, enriched in the cortex and the hippocampus, and present in 

comparatively low quantity in the cerebellum.  
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Figure 2.1. Csmd1 is enriched in brain and cerebral cortex, and is localized within neuropil. A) 

Gene structure and protein structure of CSMD1. B) Quantitative western blotting of total protein 

lysates from a panel of normal mouse tissues (aka an organ “recital”) showed that Csmd1 is enriched 

in the brain; n=3 male p60 mice each tissue (n=2 for heart); **** p < 1 x 10-11 post-hoc tukey test 

after one-way ANOVA. C) quantitative western blotting of total protein lysates from p60 male 

mouse brain regions showed regional enrichment of Csmd1; ob – olfactory bulb, cb – cerebellum, 

bs – brain stem, th-st – thalamus plus striatum, hipp – hippocampus, ctx – cortex, n = 3 animals 

(n=2 for hippocampus); * p < 0.05 post-hoc Tukey test after one-way ANOVA. D) IHC with anti-

Csmd1 antibody (Lund) showed broad staining of the neuropil (white arrows show staining in 

molecular layers of hippocampus) in WT and non-specific nuclear staining in both WT and KO 

(blue arrows) at p10; inset shows 63x confocal images of layer II/III of somatosensory cortex with a 

white arrow pointing to punctate staining of Csmd1 in neuropil, while a blue arrow shows residual 

non-specific nuclear staining in KO; scale bar = 5 um. 
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Figure 2.1. (Continued) 
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Csmd1 is present in neuropil and at synapses 
 

To further evaluate where within the brain parenchyma Csmd1 might be functionally active, 

we elucidated the histological localization of Csmd1 through immunohistochemistry and subcellular 

biochemical fractionation. To stain for Csmd1, we used a custom rabbit polyclonal antibody 

generated by Anna Blom’s group (Lund) against the second sushi domain of CSMD1; this antibody 

yields strong staining of HEK cells that were transfected with a Csmd1 expression construct vs 

untransfected controls (Supplemental Figure S2.1). When we performed immunohistochemistry, we 

found that Csmd1 localized as puncta throughout the coronal sections of the p10 mouse brain, was 

low in white matter tracts and was saliently localized to synapse-dense neuropil regions of the cortex 

as well as to the molecular layers of the dentate gyrus of the hippocampus (Figure 2.1 D). The 

punctate neuropil signal was not observed in the Csmd1 KO animals. A sparse, nuclear signal was 

also observed in certain regions (e.g., temporal cortex of Figure 2.1D), but was not specific to the 

WT; preabsorption of the antibody for 5 days on KO brain lysate prior to immunostaining 

eliminated the nuclear signal but not the punctate neuropil signal, suggesting that the nuclear signal 

was due to an off-target antibody in the polyclonal mixture (data not shown).  

Neuropil is composed of extracellular matrix, cellular processes (dendrites, axons, glial 

processes) and synapses, the latter of which is thought to be disrupted in psychiatric disease and 

thought to be the prime target for deposition of activated complement (Glantz and Lewis, 2000; 

Stevens et al., 2007; Schafer et al., 2012). We found that a portion of the Csmd1 immunoreactive 

puncta in the neuropil colocalized with markers for glutamatergic synapses (vGLUT1/2+) in young 

(p10) mouse brains, suggesting that Csmd1 is both present at synapses and at non-synaptic locations 

(Figure 2.2 B). This colocalization was significantly greater than chance, as estimated by repeating 

quantification with Csmd1 images rotated with respect to the synaptic marker images. Consistent 
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with a presence at synapses, moreover, Csmd1 was observed in synaptoneurosomes, cellular 

fractions biochemically enriched for synaptic components, at multiple ages; Csmd1 expression was 

significantly enriched in these crude synaptosomes compared to the total brain at p60 (Figure 2.2A). 
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Figure 2.2. Csmd1 is present at synapses and increases during brain development. A) quantitative 

western blot of total brain and crude synaptosomal fractions (P2) showed that Csmd1 was present in 

synaptosomes and that its concentration increased with age; effect of age (p < 0.05)  

and biochemical fraction (p < 0.05) with two-way ANOVA. A post-hoc Sidak test for multiple 

comparisons showed that Csmd1 is enriched in synaptosomes compared to total brain at p60 p < 

0.05); N= 6 animals each age. B) Csmd1 colocalizes with VgluT1/2 puncta more than expected by 

chance (rotation control) in p10 cortex; p < 0.05 two-way ANOVA with Sidak test, N=3 animals. 
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Csmd1 increases during brain development 

 

The single greatest risk-factor for the onset of schizophrenia is temporal proximity to the 

developmental period of late adolescence or early adulthood (Insel, 2010, 2014). Similarly, 

complement-dependent synaptic pruning processes have been demonstrated to be developmentally 

regulated (Schafer et al. 2012). As shown in Figure 2.2 A, Csmd1 protein expression increased in 

brain and synaptoneurosomes over mouse brain development, with increases slowing as the animals 

became sexually mature (~4 to 5 weeks). When I examined Csmd1 mRNA levels by digital droplet 

RT-PCR in the mouse frontal cortex (Figure 2.3.) from p1 to Adult, I found a similar developmental 

increase, although the fractional increase of mRNA expression from p5 to ~p30 was smaller than 

the fractional increase in protein expression. smFISH of embryonic brain showed that Csmd1 was 

expressed in the developing cortex as early as e15.5 (Supplemental Figure S2.3). 

 
Figure 2.3. Csmd1 mRNA expression increases with brain development in the frontal cortex. A 

primer/probe set designed to the exon junction of exons 1 and 2 of Csmd1 was used to quantify the 

expression of Csmd1 in the frontal cortex of p1, p3, p5, p8, p15, p28, and adult (~p60) animals by 

digital droplet RT-PCR, normalized to the housekeeping mRNA, Eif4h. Liver from WT animals and 

cortex (ctx) from a Csmd1 KO animal were used as negative controls. N = 3 at p1, p3, p5, p8, p5 

liver, and p15 liver; n = 6 at p15; n = 2 at p28; n = 4 at adult; for Csmd1 KO, one RNA sample from 

each frontal, temporal, and parietal/visual cortex of the same animal was used. 



 

32 
 

Csmd1 is expressed predominantly by neurons 

 

We next sought to uncover which cells express Csmd1 and could be responsible for the 

distributed punctate Csmd1 protein signal we saw by immunostaining. I constructed a high-

throughput single molecule in-situ hybridization platform based on branched-DNA oligo 

technology and used it to quantify Csmd1 expression in just under 1 million cells across the frontal 

cortices of three male p60 mice (see Figure 2.4 for experimental setup and Figure 2.5 for results). Of 

these cells, approximately one third (~285,000 cells) were identified as positive for Csmd1. Because I 

also labeled transcripts important in GABA synthesis (Gad1 & Gad2) and glutamate vesicular 

packaging (Slc17a6, Slc17a7, and Slc17a8), I could estimate the proportion of Csmd1 expressing cells 

that were GABAergic and glutamatergic neurons, respectively, and Csmd1 cells that fall outside of 

these classes. As quantified in (Figure 2.5B), approximately 4 out of 5 Csmd1 expressing cells were 

GABAergic or glutamatergic neurons. Glutamatergic neurons comprised the majority of Csmd1 

positive cells. Each of these neural classes heterogeneously expressed Csmd1, which suggests 

subclass or cell-state specific expression: ~80% of GABAergic neurons and ~60% of glutamatergic 

neurons expressed Csmd1. 
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Figure 2.4. Strategy for high-throughput smFISH pipeline for the quantification of Csmd1 cell-type 

expression in the cortex. Three mouse forebrains were cryosectioned and then every 5th section 

processed for branched nucleic acid sm-FISH (ACD RNAscope) with probes against the mRNAs of 

Csmd1, Slc17a6-8 (glutamatergic neurons), and Gad1-2 (GABAergic neurons). Slices were then 

scanned at 20x on an Axio Scan.Z1 followed by cell counting in CellProfiler. 

 

 

 



 

34 
 

 

 

 

 

Figure 2.5. Csmd1 is expressed primarily by neurons. A high-throughput sm-FISH of p60 mouse 

frontal cortex showed Csmd1 mRNA (orange) expression in glutamatergic (Slc17a6-8, green) and 

GABAergic (Gad1-2, red) neurons, and in other cell populations (marked by only Dapi, blue); n = 3 

animals, ~290,000 cells counted per animal. Top: overview of coronal slice from one hemisphere. 

Middle: expression in cortical layers; note a high concentration in layer II/III. Bottom: layer I-II 

where the pattern of Csmd1 mRNA was 2-3 large nuclear clusters of puncta and scattered 

cytoplasmic puncta; arrow points to cell with >2 nuclear clusters of Csmd1 puncta. A Csmd1-positive 

cell that is a probable non-neuronal cell can be seen at the surface of layer I.  B) The cell-type 

breakdown of Csmd1 expression showed that it was expressed predominantly by neurons. C) 

quantification of the fraction of GABAergic neurons (~85%) and glutamatergic neurons (60%) that 

express Csmd1 revealed a heterogeneity within each cell class. D) 100x resolution image where the 

individual puncta of labeled Csmd1 are visible (Csmd1, red; Slc17a6-8, green; Gad1-2, teal; Dapi, blue). 
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Figure 2.5 (Continued). 
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To get a better understanding of the neuronal subtypes and non-neuronal cells that express 

Csmd1, we examined Csmd1 expression in an independent (Saunders et al., 2018, submitted) high-

throughput single cells sequencing dataset of 690,000 cells in the p60 mouse brain using the 

integrated tools in the online portal: http://dropviz.broadinstitute.org/. Of the cell clusters, the 10 

clusters with the highest expression of Csmd1 (Figure 2.5A) were all neuronal, and in addition to 

glutamatergic and GABAergic cells, tyrosine hydroxylase (Th +) neurons emerged as a Csmd1-

positive neural class. Interestingly, this analysis also suggested that of the non-neuronal expressers of 

Csmd1 in the brain, polydendrocytes (aka ng2 cells or immature oligodendrocytes) are a main player.  
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Figure 2.6. Top 20 clusters with the highest expression of Csmd1 in the p60 mouse brain DropViz 

single-cell sequencing dataset (Saunders, Macosko et al., 2018) based on Drop-seq technology 

(Macosko et al. 2015).  

 

 

 



 

38 
 

Figure 2.6 (Continued)   
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Discussion 
 

In this chapter, I presented evidence that Csmd1 is a brain specific protein expressed 

predominantly by neurons, is present at synapses and increases in concentration over time, which 

would make it well positioned to regulated function of the complement system in the sculpting of 

synaptic circuitry.  

One surprising finding was that Csmd1 was even more highly enriched in brain than 

previously thought. Previous databases and studies (Kraus et al., 2006; Distler et al., 2012; Steen 

2013, Escudero-Esparza et al., 2013; and the GTEx dataset) found Csmd1 mRNA highly expressed 

in brain and testes, at nearly equivalent levels (Figure 2.7). By western blot, I found that Csmd1 

expression in testes is almost undetectable (a ~400kDa band is visible only upon prolonged 

exposure; Supplemental Figure S2.4). Though the antibody I used would be predicted not to detect 

isoforms that lack the transmembrane domain containing the recognized antigen, the GTEX splice-

isoform data suggest that most of the transcripts detected would contain the (3 prime) 

transmembrane domain. I also did not see a testes-specific band of a lower molecular weight that 

would suggest alternate transcript start sites. Together, these observations support a model in which 

1) post-transcriptional regulation could play a large role in the regulation of Csmd1 protein levels 

and 2) the brain is the major site of Csmd1 function. The striking brain-specificity of Csmd1 protein 

expression is an important new piece of evidence in the investigation of how CSMD1 influences 

schizophrenia risk as it increases the prior probability that it does so through a function specifically 

in the brain. 
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Figure 2.7. The brain dominates the Csmd1 protein landscape. Top left. At the mRNA level, Brain 

and testes are the major sites of CSMD1 expression (GTEx screenshot), but only brain expression 

of Csmd1 protein is salient (plot from Figure 2.1 reproduced and rescaled for comparison, right). 

Because most of the transcript reads in both tissues are 3’ (bottom), containing the antigen against 

which the anti-Csmd1 antibody was raised, this difference is more likely due post-transcriptional 

regulation than alternative transcript variants. 
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 We also showed evidence that Csmd1 is present in protein fractions enriched in synaptic 

components and colocalizes with both excitatory and inhibitory synaptic markers. Synaptosomes can 

be further fractionated into post-synaptic densities and presynaptic components (Sia 2013), which 

would help determine whether Csmd1 is likely to be localized presynaptically, post-synaptically, or 

both. We also identified that a large fraction of Csmd1 protein is present extrasynaptically at yet-to-

be-identified locations; interestingly, it has been a mysterious observation for some time that a 

fraction of C1q and C3 puncta in the dLGN do not seem colocalize with synaptic markers, raising 

the question about whether these extrasynaptic populations of complement molecules and putative 

regulators are interacting with each other. 

 It is hypothesized that imbalance between excitation and inhibition is involved in the 

pathogenesis of Schizophrenia (O’Donnell, 2011). I showed that a greater fraction of GABAergic 

neurons than glutamatergic neurons express Csmd1. In a model where Csmd1 acts as a putative 

negative regulator of complement-dependent synaptic pruning, such expression differences might 

have cascading asymmetric effects on excitation vs. inhibition in the brain and could be a fruitful 

avenue for future inquiry. 

A key result in this chapter is the validation of tools for interrogating Csmd1 protein. 

Though one previous paper (Kraus, 2006) included some characterization by immunohistochemistry 

of Csmd1 protein, the antibody used was validated only against pre-immune serum and thus 

vulnerable to false positives. For the first time, we were able to validate two different antibodies, one 

for western blot and another for IHC in a genetic knock-out of Csmd1. Because these antibodies 

either have limited application (abcam – western blot only) or exhibit specific and non-specific signal 

(non-specific nuclear signal by IHC with the Lund antibody), I have been working with the Dana 

Farber Monoclonal Antibody Core to generate novel, species cross-reactive anti-CSMD1 antibodies 
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by immunizing Csmd1 KO mice with mouse and human CSMD1 cDNA and recombinant protein. 

We have several promising titers and plan to move to fusion this summer. 

 

Contributions 
 

The Lund anti-Csmd1 antibody was generously provided by Anna Blom of Lund University in 

Sweden. Dorathy (Dottie) Vargas adroitly managed the mouse colony.  Kevin Mastro helped to 

harvest tissue for the tissue-type protein enrichment assay. Toby Lanser and David Sabatini, summer 

students under my supervision, optimized the IHC conditions for the Lund anti-csmd1 antibody 

(and tested many antibodies that did not work). Nicole Scott-Hewitt jointly prepared synaptosomes. 

Daisy Robinton performed the smFISH on embryonic tissue. Arpiar Sauders provided tutorials on 

how to navigate the DropViz dataset. Arnaud Frouin constructed the Csmd1 expression construct 

and performed the HEK experiments. The developmental brain tissue from which I extracted RNA 

and performed ddRT-PCR was initially collected and banked by Kate Merry and Allison Rosen. The 

remaining work was performed by me with input from Beth Stevens and Steve McCarroll. 

 

Methods: 

Visualization of Csmd1 with single molecule fluorescent in-situ hybridization 

For high-throughput characterization of Csmd1 expression in frontal cortex, three P60 male 

mice were deeply anesthetized with isofluorane, cervically dislocated, decapitated and brains 

extracted. Brains were snap frozen on an aluminum foil boat floating in liquid nitrogen, and 

embedded side-by side in OCT (VWR). The brains were sectioned (14um/section) on a Leica 

cryostat and kept cold on dry-ice while avoiding over-desiccation. Every 5th section was processed 

for single molecule fluorescent in situ hybridization using the Advanced Cell System’s (ACD) 
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branched DNA technology (RNAscope) according to the manufacturer’s protocol for fresh frozen 

tissue with multiplexed fluorescent amplification (ACD user manual numbers 320513 and 320293). 

Briefly, slides were post-fixed for 15 minutes in freshly prepared 4% PFA (Electron Microscopy 

Sciences) in PBS followed by alcohol dehydration. Sections were permeabilized with “pretreat IV” 

and then hybridized using probes to Csmd1 (channel 1), pooled probes to Slc17a6, Slc17a7, and 

Slc17a8 (all channel 2), and pooled probes to Gad1 and Gad2 (channel 2); see table for target probe 

details. “Amp B” was used to visualize the probes, putting channel 1 in red, channel 2 in green, and 

channel 3 in far red. After the procedure, slides were briefly counterstained with Dapi and cover 

slipped using ProLong Gold Antifade Mountant (ThermoFisher); note, the multiplexed fluorescent 

amplification is incompatible with glycerol-based mounting media like Vectashield (Vector Labs). 

Slides were scanned on a Zeiss Axioscan.Z1 with a 20x objective and quadruple bandpass 

filter set. For cell counting experiments, images were converted to TIFF via the Zeiss 

CZItoTiffBatchConverter (CZI to Tiff Converter Suite software by Zeiss) with down sampling 

(zoom factor x 4) to speed downstream processing. Frontal cortex was identified pseudo-manually 

by drawing regions of interest (ROI) in a custom CellProfiler (2.1.1) pipeline; any meninges and torn 

or folded regions in slices were excluded from ROIs. In a second custom CellProfiler pipeline, ROIs 

were imported as masks and cells positive for smFISH labeling of Csmd1, Slc17a6-8, and Gad 1-2 

were automatically identified and counted: briefly, the pipeline included illumination correction, 

smoothing of objects, thresholding, object indentation and splitting of clumped objects. Objects in 

different channels were counted as colocalized if the object centroid in one channel lay within a 2-

pixel radius on either side of the centroid of the object in the other channel (i.e., a 5-pixel diameter 

circle). As quality control measures, object numbers per image were plotted and outliers manually 

inspected. To enable a comparison of absolute numbers of cells identified between animals, the atlas 

region analyzed was trimmed to match the animal with the most anterior 1st slice. 
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For smFISH of embryonic tissue, embryos were harvested at e15.5 and whole heads snap 

frozen, embedded and cryosectioned as above. The labeling and imaging was also the same as above, 

but the second probe was Sox4 (channel 2). 

Gene 
Symbol 

Gene Name Species  Accession ACD 
Catalog 
Number 

Channel Probe 
Pairs 

Probe 
Region 
Begin 

Probe 
Region 
End 

CSMD1 CUB and Sushi 
multiple 
domains 1 

Homo 
sapiens 

NM_033225.5 424631 1 25 255 1369

Csmd1 CUB and Sushi 
multiple 
domains 1 

Mus 
musculus 

NM_053171.2 444791 1 20 263 1489

CSMD1 CUB and Sushi 
multiple 
domains 1 

Callithrix 
jacchus 

XM_008979004.2 500261 1 20 678 1567

Csmd1 CUB and Sushi 
multiple 
domains 1 

Mus 
musculus 

NM_053171.2 702021 1 2 413 487 

3-plex 
positive 
control 

peptidylprolyl 
isomerase B, 
RNA 
polymerase II 
subunit A, 
ubiquitin C 

Homo 
sapiens 

320861 3 

3-plex 
negative 
control 

Bacterial Gene 
DapB 

Any 
Species 

320871 3

3-plex 
positive 
control 

peptidylprolyl 
isomerase B, 
RNA 
polymerase II 
subunit A, 
ubiquitin C 

Mus 
musculus 

 
320881 3

 

PPIB peptidylprolyl 
isomerase B 

Callithrix 
jacchus 

XM_002753220.3 488601 1 19 22 1130 

POLR2A RNA 
polymerase II 
subunit A 

Callithrix 
jacchus 

XM_002747961.3 500241-
C2 

2 20 3542 4442

UBC ubiquitin C Callithrix 
jacchus 

XM_003733878.3 500251-
C3 

3 14 82 1503 

Sox4 SRY (sex 
determining 
region Y)-box 
4 

Mus 
musculus 

NM_009238.2 471381-
C2 

2 20 1229 2887

Gad1 glutamate 
decarboxylase 1 

Mus 
musculus 

NM_008077.4 400951-
C3 

3 15 62 3113 
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Gad2 glutamic acid 
decarboxylase 2 

Mus 
musculus 

NM_008078.2 439371-
C3 

3 20 552 1506 

Slc17a6 solute carrier 
family 17 
(sodium-
dependent 
inorganic 
phosphate 
cotransporter), 
member 6 

Mus 
musculus 

NM_080853.3 319171-
C2 

2 20 1986 2998

Slc17a7 solute carrier 
family 17 
(sodium-
dependent 
inorganic 
phosphate 
cotransporter), 
member 7 

Mus 
musculus 

NM_182993.2 416631-
C2 

2 20 464 1415 

Slc17a8 solute carrier 
family 17 
(sodium-
dependent 
inorganic 
phosphate 
cotransporter), 
member 8 

Mus 
musculus 

NM_182959.3 431261-
C2 

2 20 781 1695 

 

 

Tissue and brain-region enrichment of Csmd1 protein 

Three p60 C57bl6N mice (Charles River) were deeply anesthetized with isofluorane, cervically 

dislocated, and decapitated. Brain, heart, liver, lung, spleen, muscle, skin, and testes were harvested 

and frozen on dry ice. Frozen tissue was homogenized in NP-40 lysis buffer (150 mM NaCl, 50mM 

Tris pH 7.5, 1% NP-40 [Sigma #18896]) with phosphatase and protease inhibitors for 2 x 10 min at 

30hz in a Qiagen Tissue Lyser. Lysates were spun 10 minutes at 15,000 x g to pellet insoluble 

material, supernatant was removed to a new tube and protein concentration assayed by Bradford 

(Bio-Rad). From each tissue sample, 20ug of protein was incubated with 4x laemmli buffer (Bio-

Rad) and separated for 50 minutes at 200V on 4-15% TGX stain-free protein gels (Bio-Rad) on ice. 

To minimize aggregation of large proteins, samples were not boiled. To enable comparison amongst 
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tissues of all 3 animals samples were run on the same, 26 well gel. Lysate from a Csmd1 KO mouse 

was run as a negative control. After separation, gels were activated for 5 minutes with UV excitation 

to crosslink the gel’s UV-visible protein dye with separated proteins. Subsequently, gels were 

transferred for 2 hrs on ice at 100V onto PVDF membranes (Millipore), blocked for 1 hr at room 

temperature in 5% milk in TBST (Tris Buffered Saline with 0.02% Tween-20) followed by overnight 

incubation in 1:1000 anti Csmd1 antibody (Abcam ab166908) in 5% milk TBST. This antibody was 

generated against a peptide in the transmembrane region of Csmd1. The blot was washed 3 x in 

TBST for 15 min each and then total protein was imaged with UV excitation in a Bio-Rad GelDoc. 

Blots were then incubated with anti-rabbit-HRP for 2 hrs at RT in 5% milk TBST, then washed 3x 

again in TBST. Bands were visualized with Femto-ECL (Pierce) chemiluminescence, avoiding 

saturation in any pixels. For quantification, Csmd1 band intensity was normalized to total protein in 

the same lane using Image J. Statistical comparisons were made with ANOVA with post-hoc Tukey 

test, correcting for multiple comparisons, in GraphPad Prism. For brain-region enrichment 

experiments, a similar protocol to above was followed with a separate cohort of 3 WT mice except 

that brains were solubilized in SDS lysis buffer, protein estimated with BCA assay (Thermo Fisher) 

and 10 ug total protein separated on 4-15% TGX stain-free protein gels (Bio-Rad). 

For the human tissue array, a pre-run western blot was purchased from Biochain (W1234404 

Lot B905063) and immunoblotted for CSMD1 as above. The blot contained 50ug of protein per 

lane, and was separated on a 4-20% denaturing gel and transferred to PVDF prior to purchase. Each 

lane contained lysate from a different normal donor, with only the sex and age provided, as follows: 
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Lane Tissue Sex Age Diagnosis 
1 Placenta F 25 Normal 
2 Testis M 25 Normal 
3 Prostate M 76 Normal 
4 Uterus F 57 Normal 
5 Rectum F 83 Normal 
6 Colon M 71 Normal 
7 Small Intestine F 70 Normal 
8 Stomach M 60 Normal 
9 Skeletal Muscle M 24 Normal 
10 Spleen M 26 Normal 
11 Pancreas F 72 Normal 
12 Lung M 50 Normal 
13 Liver F 70 Normal 
14 Kidney M 71 Normal 
15 Brain M 82 Normal 
16 Heart F 76 Normal 

 

Developmental profiling in Synaptoneurosome fractions and brain. 

Synaptosomes were prepared as previously described (Ehlers et al., 1998). Briefly, 6 C57bl6N 

(Charles River) animals at each of 4 ages (p5, p10, p30, p60) were deeply anesthetized with 

isoflurane followed by cervical dislocation and decapitation; there were 3 male and 3 female animals 

at each age except p5, which had 4 male and 2 female animals. Brains were extracted, and cerebellum 

and brainstem removed. Forebrains were finely chopped and then homogenized in 0.32 M sucrose 

solution (0.32 M sucrose, 10 mM Hepes pH 7.4, with complete protease and phosphatase inhibitors) 

using a motorized glass pestle Dounce homogenizer (40 strokes at speed 80). An aliquot of this 

suspension was kept as total brain homogenate.  Samples were spun at 1,200 x g for 10 minutes at 

4°C to pellet the nuclear fraction (P1). The supernatant (S1) was collected to a new tube and 

centrifuged 15,000 x g. The supernatant (S2) was discarded and the pellet (P2) containing the crude 

synaptosomes was resuspended and processed for western blotting in NP-40 lysis buffer as above 

with the following modifications: equal amounts of protein per sample (unboiled) were separated on 
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3-8% Tris-Acetate XT gel (Bio-Rad) in XT Tricine running buffer (Bio-Rad) and samples were 

normalized to B-Actin (Santa Cruz sc-47778).  

Immunohistochemistry 
 

P10 C57Bl6N WT and Csmd1 KO mice were deeply anesthetized with (Xmg/kg) and transcardially 

perfused with 20 ml of PBS followed by 20 ml of 4% PFA in PBS. Brains were extracted and drop-

fixed for 2hrs on ice in 4% PFA in PBS, washed in PBS, and cryoproteced in 30% sucrose – PBS 

solution approximately 24-48 hours (until the tissue sank to the bottom of the tube). Brains were 

embedded in 2:1, 30% sucrose-PBS : OCT (VWR), and stored at -80°C. 14 um cryosections were 

cut on a Leica cryostat and affixed to Leica surgipath-extra slides and processed for IHC as follows. 

Slides were baked for 20 min at 37C followed by 3x rinses in PBS. Slides were blocked for 1hr in 

blocking solution (antibody buffer with 5% BSA and 0.8% triton X-100) followed by incubation 

overnight at 4°C with 1:1000 rabbit anti-Csmd1 antibody (Lund) in 4:1 antibody buffer (150 mM 

NaCl, 50 mM Tris Base pH 7.4, 1% BSA, 100mM L-Lysine, 0.04% azide) : blocking solution. Slides 

were washed 3 x 15 min in PBS followed by incubation with 1:200 donkey anti-rabbit IgG 594 in 4:1 

antibody buffer : blocking buffer. Slides were washed 3 x 15 min in PBS, mounted with Vectashield 

with Dapi (Vector Labs), and sealed with nail polish. Using a Zeiss axio imager z1, mosaics were 

taken with a 10x objective and stitched together. 

 

Preabsorption of anti-Csmd1 antibody on knock-out tissue 
 

A Csmd1 KO mouse brain was prepared as in IHC above with transcardial perfusion, drop fixing, 

and cryoprotection in order to preserve antigens in as close a form as the antibodies would be 

exposed to when performing IHC. The brain was homogenized 2 x 5 min in a tissue lyser (Qiagen) 

and blocked for 1 hr in blocking buffer as above. Homogenized tissue was spun down and blocking 
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buffer removed.  The homogenate was then incubated with 1 ml of 1:1000 rabbit anti-Csmd1 

antibody (Lund) in 4:1 antibody buffer : blocking solution for 5 days at room temperature with 

shaking. Homogenate was spun down and the supernatant containing the anti-csmd1 antibody was 

used unmodified to stain WT and Csmd1 KO brain tissue for IHC.  

Droplet digital RT-pcr (ddRT-PCR) 
 

A primer-probe set was designed across exon 1 and 2 of mouse Csmd1, encompassing the small 

region deleted in the KO using Pimer 3 software (Koressaar and Remm, 2007; Untergasser et al., 

2012) and ordered from IDT.  

LEFT PRIMER        GGCTCCTCACTGCAGCTAAG 

RIGHT PRIMER       AAAGCCAGGACTTTCAATGGTG 

Probe (5’ FAM, 3’ ZEN quencher)     TGTACCAGGCCACCACAGTTCTGACC 

Product size: 80bp 

The control assay to Eif4h consisted of the following: 

 

Eif4h (control assay) 

Eif4h_mouse_exp_ctrl_F: GTGCAGCTTGCTTGGTAGc 

Eif4h_mouse_exp_ctrl_R: GTAAATTGCCGAGACCTTGC 

Eif4h_ctrl_VIC (5’ VIC, 3’ Zen): agcctACCCCTTGGCTCGGG 

 

RNA was extracted from frozen tissue that had been banked at -80 for ~3 years with Qiagen 

RNeasy Lipid Micro with on-column DNase digestion according to the manufacturer’s protocol. 10 

ng of RNA was used as input for ddRT-PCR (Bio-Rad) according to the manufacturer’s protocol 

with the above assays. Samples were assayed in technical duplicates. 
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Thermocycling conditions were as follows: 

Temp Time Cycles 
60C 30 min   
95C 5 min   
94C 30 sec x40 
60C 1 min   
98C 10 min   
8C forever   

 
Droplets were counted and ratios of Csmd1/Eif4h were quantified using Quantasoft software (Bio-Rad).  

 

 

Genotyping 

 Csmd1 mice were genotyped with a custom assay using the Phire Tissue-direct PCR kit 

(Thermo Fisher Scientific) according to the manufacturer’s “dilute and store” protocol. Briefly, 

single mouse toes were incubated with 50 ul of dilution buffer and 1.25 ul DNARelease additive for 

2 min at 98°C to liberate DNA. A 2-step multi-plexed PCR protocol was followed using 1 ul of the 

above solution as input in a 20 ul total volume reaction. Reagent setup (left) and thermocycling 

(right) was as follows: 
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Reagent ul per rxn 

DNA dilution 1 

Water 8 

Primer “genCSMD1WT2” (25uM) 

GCCTGTCTTACCCTTAGCTGCAG

0.4 

Primer “genCSMD1com1” (25uM) 

CGTGTGCGTGTGGAATATCTGC

0.4 

Primer “LacZ1L” (25uM) 

GAAAGCTGGCTGGAGTGCGA 

0.1 

Primer “LacZ1R” (25uM) 
CAAACGACTGTCCTGGCCGT 

0.1 

Phire Tissue Direct PCR MM 10 

 

The PCR product was visualized on 2% agarose gels with ethidium bromide in which the WT band 

is 122 bp and the KO band is 291 bp. 

 

Step Temperature Time 

1 98°C 5 min 

2 98°C 5 sec 

3 72°C 20 sec 

4 Go to Step 2 39 

cycles 

5 72°C 1 min 

6 4°C Forever 



 

 

 

 

 

 

 

 

Chapter 3: 

 

The putative complement inhibitor, Csmd1, plays a role in the 
development of a complement-dependent neural circuit  
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Csmd1 is a putative complement inhibitor that we found enriched in brain, expressed 

predominantly by neurons, and present in neuropil, including at synapses. But it is currently 

unknown whether Csmd1 affects the complement cascade’s activity in the brain. In work presented 

in this chapter, I examined whether Csmd1 plays a role in a complement-dependent neural circuit. 

Over the past decade it has emerged that the complement system plays an important role in 

normal brain development (Stevens et al., 2007; Schafer et al., 2012). One circuit in which this role is 

particularly well studied is the one between the retinal ganglion cells (RGCs) in the retina and their 

synaptic partners, relay neurons, in the dorsal Lateral Geniculate Nucleus (dLGN) of the thalamus 

(Figure 3.1). Thanks to the work of many in the field (e.g., Shatz 1994; Corriveau et al., 1998; Hooks 

and Chen, 2006; Guido, 2008), we know that this circuit undergoes a stereotyped refinement and we 

have assays for examining gross developmental features. Early in development (e.g., p5), there is a 

course mapping of RGC inputs onto territory in the dLGN: much of the territory receives 

overlapping inputs from the retina on both the contralateral and ipsilateral sides. This overlapping 

geography is also reflected on the cellular level, where relay neurons are multi-innervated. Inputs 

from each eye compete for territory in an activity dependent manner, such that by the time the 

animals reach p30, the dLGN has separated into two largely-distinct regions, one innervated by 

RGCs from the contralateral retina and one innervated by RGCs from the ipsilateral retina (aka the 

ipsilateral patch). At the cellular level, relay neurons have fewer, stronger synapses. The overlap 

between the territories can be estimated grossly by labeling the axonal projections from each retina 

in different colors, commonly with the anterograde tracer cholera toxin beta subunit (CTB) 

conjugated with either Alexa-488 (green) or Alexa-594 (red), and quantifying the percentage of the 

dLGN occupied by overlapping inputs of both colors. 
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Figure 3.1. The developing retino-geniculate circuit. Retinal Ganglion Cells (RGCs) send their 

axonal projections to their relay neuron partners in the dLGN. Most axons cross over to the 

contralateral side, but some stay ipsilateral. Early in development (p5) these RGC projections 

innervate overlapping territories (yellow) and relay neurons have many weak synapses. During 

development, axonal projections compete for territory in the LGN in an activity (lightning bolts) 

dependent manner that proceeds in part through complement-mediated synaptic pruning by 

microglia. When the mouse is more mature (p30), this process is largely complete: the dLGN is 

separated into territories innervated by axonal projections from the retina on one side or the other. 

This segregation into eye-specific territories can be estimated visually if the axonal projections from 

each eye are labeled with different colors, e.g. an anterograde tracer (cholera toxin beta subunit, 

CTB) conjugated to either Alexa-488 (green) or Alexa-594 (red). Figure from 

www.writingbiology.com with a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 

International (CC BY-NC-SA 4.0) license. 
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Recent work has shown that complement-dependent synaptic pruning plays an important 

role in the development of this circuit (Stevens et al., 2007; Schafer et al., 2012; Sekar et al.; 2016).  

At p10, there is normally a modest overlap between these eye-specific territories; if there is under-

activation of the complement system, as is the case in mice genetically lacking C1q, C4, or C3, or if 

animals lack the phagocytosis-enabling complement receptor, CR3, on microglia, this segregation of 

the dLGN fails to happen normally, and there is an increased overlap of the eye-specific territories 

at p10 consistent with an under-elimination of synapses. If Csmd1 acts as a complement inhibitor, 

we hypothesized that loss of Csmd1 in the retino-geniculate circuit would lead to the opposite 

phenotype: increased activation of the complement cascade, less overlap between the eye-specific 

territories, and fewer retino-geniculate synapses (Figure 3.2). 
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Figure 3.2. Hypothesis: loss of Csmd1 would lead to enhanced segregation of eye-specific 

territories in the dLGN. With the inputs from each eye to the dLGN labeled in a different color, one 

can visualize the extent of overlap between the territories they innervate. Each eye competes for 

territory in the dLGN and, by p10, they have segregated so that there is only a modest overlap 

between eye-specific territories. In the context of decreased complement activation, as is the case in 

C1q, C3, or C4 KOs, this process fails to happen normally, and there is an increase in territorial 

overlap. Loss of the complement receptor, CR3, on microglia leads to a phenocopy, suggesting that 

complement-dependent microglial synaptic pruning is involved. If Csmd1 acts as an endogenous 

complement inhibitor, its loss may lead to increased activation of complement, decreased numbers 

of retino-geniculate synapses, and decreased overlap between eye-specific territories. 
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To determine whether Csmd1 is normally expressed in this circuit during the peak period of 

synaptic refinement (~p5), and thus able to regulate the circuit’s complement-dependent 

development, we performed ddRT-PCR on retina, microdissected LGN (dLGN and vLGN), and 

acutely isolated retinal ganglion cells (RGCs). Figure 3.3 F shows that Csmd1 was detectable at both 

ends of this circuit, though expressed at much higher levels in the LGN, at p5. Csmd1 

immunoreactivity was also detected in the LGN at p10 by immunostaining, as shown in the coronal 

sections in chapter 2 beneath the hippocampus. 

Activation of each of the classical pathway, alternative pathway, or lectin pathway converge 

to cleave and activate complement component C3; once activated, the opsonizing cleavage 

component C3b binds covalently to its target surfaces. C3 is therefore thought of as the hub of the 

cascade, and the activation state of the complement cascade can be assayed through quantification 

of the deposition of C3. When I performed IHC for C3 in the dLGN of p10 mice (Figure 3.3 A), a 

time when complement activation is normally diminishing, I found an increase in the number of C3 

puncta in mice lacking Csmd1 compared to their WT littermates (Figure 3.3 B), consistent with 

enhanced complement activation. Because the deposition of C3 at retinogeniculate synapses is 

predicted to be especially relevant to the complement-dependent refinement of those synapses, I 

also quantified the colocalization of C3 with vGluT2, a marker of retinogeniculate inputs in the 

dLGN. A greater fraction of vGluT2 puncta had C3 colocalization in the Csmd1 KO compared to 

WT controls, consistent with enhanced C3 deposition onto retinogeniculate inputs. 

We next examined the effect of Csmd1 KO on the segregation of ipsilateral vs contralateral 

inputs to the dLGN. Using fluorophore-conjugated non-toxic cholera toxin beta subunit, we 

anterogradely labeled the inputs from one eye with Alexa-594 and the other eye in Alexa-488, then 

we visualized the extent of overlapping red and green territories in the dLGN at p10 (i.e. yellow 
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territory). We found that Csmd1 KO animals exhibited less overlap than the WT controls (Figure 3.3 

E). This direction of effect was replicated in an independent cohort of sex-matched WT-KO 

littermates, normalizing values to the WT of each litter, though the effect size was more modest 

(Supplemental Figure S3.1); KOs had ~15% less overlap compared to the WT sex-matched 

littermates and a reduced size of the ipsilateral patch. We also examined the retinal layers in WT and 

KO mice and found no difference in the average thickness of the layers; we did find some instances 

of probable retinal dysplasia, but this was not enriched in one genotype vs. the other (not shown). 

To examine whether these phenotypes could be driven by changes in synapse numbers, I 

quantified the numbers of retinogeniculate synapses by co-labeling vGluT2 and Homer 1. When I 

quantified the number of colocalized puncta, I found that p10 Csmd1 KO mice had a reduced 

number compared to their WT littermates, consistent with a reduction in retinogeniculate synapse 

density (Figure 3.3 G and H). 
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Figure 3.3. Loss of Csmd1 has functional consequences on a neural circuit in which complement 

plays a role (enhanced complement-related synaptic refinement in the dLGN). A) there is an 

upregulation of C3 deposition, a biomarker of complement activation, in the dLGN at p10, when 

complement-dependent synaptic refinement normally is slowing. B) Quantification; n = 7 WT and 

n= 7 KO littermates; quantification is shown normalized to the WT littermate of each pair; t-test 

*p<0.05, **p<0.01 error bars are SEM. C) When we performed an eye-segregation assay, labeling 

inputs from one retina in Alexa-488 and the other in Alexa-59 with CTB, we found that Csmd1 KO 

animals had more profoundly segregated eye-territories than WT; D) representative images, E) 

quantification * p < 0.01, ANOVA with post-hoc Fisher’s test; error bars are SEM. WT=10, Het=8, 

KO=5. F) RT-ddPCR confirms that Csmd1 is expressed in retina and dLGN at p5, the peak of 

synaptic pruning. G) At p10, retinogeniculate synapses (colocalized vGlutT2/Homer1 puncta) were 

decreased in numbers in Csmd1 KO mice; colocalized vGlutT2/Homer1 puncta were normalized as 

a percentage of WT and quantified in G) n=10 WT and n=9 KO littermates; p<0.05 t-test; error 

bars are SEM.  
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Figure 3.3 (Continued). 
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Discussion 
 

Here I presented data that show that mice lacking Csmd1 have abrogated development of a 

complement-dependent neural circuit. I showed that the KOs have increase complement levels and 

deposition in the dLGN at p10, which is the tail of the critical period of complement-dependent 

synaptic pruning in this circuit and a time when C3 levels are normally low. We showed that they 

have decreased overlap between their eye-specific territories, and reduced markers of 

retinogeniculate synapses. These are the first data that disruptions to Csmd1 can lead to altered 

complement cascade biology in vivo.  

These data raise the intriguing question about whether loss of Csmd1 leads to complement-

dependent over-pruning of the retinogeniculate circuit. To more directly test this hypothesis, it will 

be important to gather data about how these phenotypes develop and how Csmd1 directly affects 

them. For example, do the Csmd1 KO animals lose synapses more rapidly than the WTs or do they 

begin with fewer synapses, as might happen if there were a defect in synaptogenesis? Do they exhibit 

faster and more robust eye-segregation or do they begin more segregated, as might happen with 

Retinal Ganglion Cell (RGC) death or input mistargeting? Though the retinal layer thickness was 

unchanged between WT and KO, it will also be important to determine whether RGC numbers are 

similar between the genotypes, which is an experiment in progress. Electrophysiogical measures of 

circuit refinement would also be informative; for example, by stimulating the optic nerve and 

recording from a relay neuron in a parasagittal slice, one can estimate the number of fibers that 

innervate the relay neuron as well as how mature the neuron’s responses are, as estimated by 

characteristics of its AMPA and NMDA currents (Hooks and Chen, 2006).  

More direct evidence for the involvement of the pruning machinery will also be informative; 

for example, do microglia engulf more synapses in this model? Are the increases in C3 increased 
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activation? Speaking to the latter, it is uncertain what percentage of C3 puncta visualizable by IHC 

are cleaved, activated fragments as opposed to non-activated intact protein; while the percentage is 

presumably increased by examining the fraction that is present at a synapse of interest, in this case 

vGluT2 positive synapses, it would be valuable to more directly assay activated complement 

fragments. Unfortunately, we have had little success finding antibodies specific for fragments of C3, 

but we have begun a collaboration with Gregers Anderson’s group (e.g. Jensen et al., 2018) to find 

nanobodies that might have these properties. Other ways to assay a direct effect of neural Csmd1 on 

complement activation are presented in the next chapter. 

One caveat to these data is that they are conducted on a C57bl6N-Taconic background, and 

it has recently emerged that all the “N” strains, the Taconic mice included, harbor a homozygous 

mutation, rd8, in the Crb1 gene, which causes sporadic, late-onset retinal degeneration (Mattapallil, 

2012). I have genotyped our colony and found that the Csmd1 line does indeed possess the rd8 

mutation. While the assays presented in this chapter are done much earlier in development than 

when degeneration has been described, we cannot rule out the possibility that Csmd1 produces 

these phenotypes in part because the circuit might have an associated underlying dysfunction. The 

detection of some retinal dysplasia in the strain at p10 is also concerning. I have therefore crossed 

the Csmd1 strain with C57bl6J mice, which do not possess the rd8 mutation, for several generations 

and now our colony has abundant Csmd1 het x het breeders with which to determine whether these 

phenotypes are robust to genetic background. Through the work of Christina Welsh (Beth Stevens’ 

Lab), we have also learned that Homer 2 is likely to be a better post-synaptic marker in the dLGN. 

Because much of the normal development of the retino-geniculate circuit is due to spontaneous 

retinal activity prior to eye-opening (aka retinal waves), a complementary approach to breeding out 

the rd8 mutation would be to assay whether retinal waves are normal in this Taconic strain. If the 

retinal waves are normal, this increases the likelihood that the circuit would refine normally. 
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One surprising result that emerged from the recent single-cell characterization of the brain 

(Saunders et al., 2018, submitted) is that the top ranking subcluster most highly expressing Csmd1 at 

p60 falls within the magnocellular part of the ventral LGN (Figure 3.4). To date, we have (perhaps 

unfairly) neglected the vLGN; the vLGN is innervated by non-image forming RGCs in a 

Reelin/Dab1 dependent manner (Su 2012). A role for complement in the development of the 

vLGN is currently unknown. Interestingly, Csmd1 possesses a non-canonical Dab1-binding motif 

(FENPxY) in its tiny cytoplasmic tail (Gutierrez & Franco 2017, neuroscience meeting planner 

abstract 589.07 / F26). Thus, it would be interesting to know whether development of the vLGN is 

also disrupted in the Csmd1 KO mice. 
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Figure 3.4. Csmd1 is expressed highly in neurons in the ventral LGN. Top 10 sub-clusters with the 

highest expression of Csmd1 in the p60 mouse brain DropViz single-cell sequencing dataset 

(Saunders, Macosko et al., 2018). vLGN cluster express Gad1, Gad2, and Otx2. Analysis generated 

using the integrated tools in the online portal: http://dropviz.broadinstitute.org/ 
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       Figure 3.4 (Continued)   



 

66 
 

This chapter presented the first data that Csmd1 could be involved in the regulation of 

complement-dependent processes during normal brain development. In the following chapter, we 

attempt to test more directly whether these effects could be due to an ability of Csmd1 to act as a 

complement inhibitor in neural tissues and cells. 
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tissue spreading and mounting. Arpiar Saunders advised on navigating the Atlas single-cell 

sequencing dataset. Retinas were from the tissue bank harvested by Allison Rosen and Kate Merry. 

RGCs were isolated by Allison Rosen. Beth Stevens and Steve McCarroll advised on the design and 

interpretation of experiments. Dan Wilton advised on the complement staining and synaptic 

quantification. Emily Lehrman advised on the technique for eye-segregation. All other experiments 

were performed by me.  

 

Methods 
 

mRNA characterization of Csmd1 in the retinogeniculate system 
 

To isolate the LGN, Alexa-488 conjugated CTB was injected under anesthesia into the eyes 

of p5 mice followed by microdissection under a fluorescent dissecting scope. Retinas and RGCs 

were retrieved from a pre-prepared tissue bank at -80°C (prepared as in Barres et al., 1988). RNA 

was extracted and ddRT-PCR performed as described in Chapter 2. N = 3 for p1 retina, p3 retina, 

and p5 retina. N = 2 for p8 retina. N = 5 adult retina. N = 10 p5 LGN, N = 5 RGC preps. 
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Immunolabeling of Complement Component C3 
P10 C57Bl6N WT and Csmd1 KO littermates were deeply anesthetized with Avertin and 

transcardially perfused with 20ml of PBS followed by 20ml 4% PFA in PBS. Brains were extracted 

and drop-fixed 2hrs on ice in 4% PFA in PBS, washed in PBS, and cryoprotected in 30% sucrose – 

PBS solution approximately 24-48 hours (until the tissue sank to the bottom of the tube). Brains 

were embedded in 2:1, 30% sucrose-PBS: OCT (VWR), and stored at -80C. 14um cryosections were 

cut on a Leica cryostat and affixed to Leica surgipath-extra slides and processed for IHC as follows. 

Slides were baked for 20min at 37C followed by 3x rinses in PBS. Slides were blocked 1hr in 

blocking solution (Antibody buffer with 5% BSA and 0.4% triton X-100) followed by incubation 

overnight at 4C with 1:500 rabbit anti-C3 antibody (Dako) and 1:10,000 guinea pig anti-vGlut2 

(synaptic systems)  in 4:1 antibody buffer: blocking solution. Slides were washed 3 x 15 min in PBS 

followed by incubation with 1:200 donkey anti-rabbit IgG 594, and 1:200 donkey anti-guinea pig 

IgG 488 in 4:1 antibody buffer : blocking buffer. Slides were washed 3 x 15 min in PBS, mounted 

with Vectashield with DAPI (Vector Labs) and sealed with nail polish.  

 From 3-5 single z-planes were captured per dLGN, avoiding the shell where vGlut2 inputs 

increase in density and brightness. Z-planes were captured at a depth at which C3 and vGlut2 

staining was uniform. Images were acquired with identical parameters between each WT and KO 

pair on a Zeiss LSM 700 confocal microscope. Puncta number and colocalization was quantified 

using a custom pipeline in CellProfiler based on first thresholding the images into binary. Because 

there was batch to batch variation in staining intensity, weighting of the automated thresholding 

algorithm was empirically determined (to approximate puncta that would be retained by an 

experienced individual thresholding manually) for each littermate pair and held constant for the 

other littermate. Results were normalized to the WT in each litter; where there was more than one 

WT in the pair, the animals were all normalized to the average of the WTs. 
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Colocalization of synaptic markers 
 

Tissue was prepared and IHC performed as with C3 staining with the following 

modifications. The primary antibodies used were 1:200 rabbit anti-homer 1 (synaptic systems) and 

1:10,000 guinea pig anti vGluT2. Image capture on the LSM700 with the 63x objective lens 

consisted of 3-Z-planes 1 um apart, 5 fields of view per dLGN and 2 dLGNs per animal. Each plane 

was analyzed in a custom CellCrofiler pipeline to count colocalized puncta; average puncta counts 

were normalized to WT littermates as above. The puncta counts per animal are consists of the 

average counts of the z-planes from all FOVs and LGNs for that animal.  

 

Eye Segregation 
 

Eye segregation was performed as previously described (Stevens et al., 2007). Briefly, under 

anesthesia, the eyelids of p9 pups were surgically opened, a hole created at the interface of the sclera 

with a 30-gauge needle, and then 1ul of either Alexa-594-conjugated or Alexa-488-conjugated 

cholera toxin beta subunit (CTB) was injected with a blunt-end Hamilton syringe, such that each eye 

received a different color. Brains were harvested at p10 and fixed overnight in 4% PFA in PBS, then 

transferred to 30% sucrose PBS for cryoprotection. Brains were sectioned on a frozen microtome at 

40um thickness and collected into PBS in 24 well plates. Sections containing the LGN were spread 

onto VWR Super Frost Plus slides, allowed to airdry, mounted in Vectashield with DAPI, and sealed 

with nail polish. 

dLGNs were imaged on an E800 microscope with a SPOT camera at 10x. To correct for 

differences in fill intensity and to best capture the structure of the fibers in the dLGN, each image 

was captured with an autoexposure. 
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Four to Five sections of the medial-most portions of the LGN were selected per dLGN as 

input for analysis. In these sections, the ipsilateral patch is located medially in a bullet-shaped 

dLGN. Images were thresholded manually to best capture LGN fibers and then input into a custom 

CellProfiler pipeline. For the supplemental, sex-matched littermate analysis, thresholding was done 

automatically in CellProfiler. In both datasets, a user-guided ROI was drawn around each dLGN to 

separate it from the surrounding structures like the optic tract, IGL, and vLGN and then the area 

occupied by the ipsi and contra was quantified, and their overlap was calculated. The overlap 

percentage was calculated as the area of ipsi/contra overlap divided by the area occupied bye the 

dLGN as defined by the ROI. For the sex-matched littermate follow-up study, these values were 

normalized to the WT in each litter, similarly to normalization in the C3 and synaptic analyses.  

Quality control occurred at 3 steps. 1) The superior colliculi were examined for full, bright, 

uniform fill of each color on a fluorescent dissecting microscope; those that lacked a color or had a 

hypo-intense area were discarded. 2) During slicing and spreading, any animal in which a slice was 

lost in the LGN was discarded. 3) After imaging, dLGNs were inspected for poor fills, defined as 

hypo-intense fluorescent areas (or areas with no fluorescence) present in multiple slices that did not 

geographically correspond to fluorescence in the other color; these hypo-intense areas tended to 

migrate in the opposite direction of the ipsi patch as one moved through slices in the LGN. If an 

animal had a spotty fill evident in one color only, the whole animal was discarded. 



 

 

 

 

 

 

Chapter 4: 

 

Csmd1 as a regulator of complement in human neural cells and 

mouse synaptic membranes 
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In the past two chapters I presented data that Csmd1 is a transmembrane protein expressed 

by neurons and that its loss can lead to elevated complement levels and disruption of a complement-

dependent circuit.  These observations provoked us to strike closer to the core question of whether 

Csmd1 can modulate the activation of complement on the surface of neural cells, and thereby locally 

protect surfaces from the deposition of complement molecules. In the periphery, it is this local 

protection by transmembrane inhibitors like Decay Accelerating Factor (DAF), aka CD55, that 

enables circulating red blood cells to avoid complement deposition while the circulating microbe in 

close proximity is robustly coated with activated complement complexes (Medzhitov and Janeway, 

2002). Previous work (Krauss et al., 2006; Escudero-Esparza et al., 2013) has shown that protein 

fragments of CSMD1 in vitro can slow the deposition of C4 and C3 onto plates, and in solution can 

help protect red blood cells from complement attack, but no one had examined whether Csmd1 in a 

neural cell or in the brain possesses these capabilities. In this chapter, we took two related 

approaches, the first in in human neural cells and the second in mouse synaptosomes, to test 

whether Csmd1 protects neural surfaces from complement deposition. 

 

 

Complement cascade dysregulation in human neural cells lacking CSMD1 

 

In order to investigate the role CSMD1 plays in regulating the complement system, we 

moved to a cultured system of human neural cells genetically edited to knock out CSMD1.  Our 

collaborators (Hazelbaker et al., 2017) used CRISPR-Cas 9 targeting to introduce two frame-shifting 

deletions into exon 2 of CSMD1 in the H01 embryonic stem cell line. The location of the deletions 

was confirmed by sequencing and the line determined to be free of chromosomal abnormalities. An 
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isogenic clone that had been through the process but did not contain alterations in Csmd1 was kept 

as a WT control. Because we found that Csmd1 was endogenously expressed in cortical, 

glutamatergic neurons, we used the NGN2 over-expression protocol to drive the KO and WT lines 

towards a cortical excitatory neuron state.  

We sought first to assay endogenous activation of the complement system in these human 

ES-derived neurons. By immunostaining, we found in a pilot experiment that CSMD1 KO neurons 

grown in culture with mouse glia at day 35 had an increased density of C4 puncta along their 

neurites (Figure 4.1), suggesting enhancement of baseline complement levels. C3 puncta were too 

infrequent to be discernable from noise (data not shown). Because we found that CSMD1 KO 

neurons had an increased number of primary neurites (Supplemental Figure S4.1), we normalized C4 

to neurite area. 

An increase in C4 puncta could in principle be caused by an increased vulnerability to 

deposition, an increased expression of complement components, or both. By ddRT-PCR, we found 

increased levels of C3 and C4B mRNA in day 35 CSMD1 KO neurons cultured in the absence of 

mouse glia, suggesting that there is enhanced expression of complement components in this system 

(Figure 4.1 C). 
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Figure 4.1. CSMD1 KO neurons derived from embryonic stem cells have increased complement 

levels. A) and B) ES cells differentiated into NGN2 cortical neurons and grown atop a monolayer of 

mouse glia for 35 days showed an increased density of C4 immunoreactive puncta along their GFP+ 

neurites; n = 10 FOVs quantified over two wells per genotype. Data displayed as C4 puncta count 

normalized to neurite area in square microns; *** p<0.001, unpaired t-test. C) CSMD1 KO NGN2 

neurons grown without glia for 35 days showed elevated expression of transcripts of complement 

components C3 and C4B; values are the WT-normalized ratios of the target gene, normalized to the 

housekeeping genes ZNF394 and KCNA5. WT-normalized values were set to 1 and displayed for 

comparison. N = 3 technical replicates from a single differentiation of neurons of each genotype. * 

p < 0.05, **** p < 0.0001 corrected for multiple comparisons, one-way ANOVA with post hoc 

Tukey multiple comparisons test.  
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A complement deposition assay on human neural cells 

 

To approach the question of whether neural membranes are more vulnerable to complement 

deposition in the absence of CSMD1, we developed a sensitive co-culture assay for complement 

deposition. As depicted in Figure 4.2A, we labeled CSMD1 KO cells with an mCherry virus and the 

isogenic (WT) control with an eGFP virus and cocultured them together, thereby enabling within-

well calculations controlling for cell-density, local reagent concentrations and other experimental 

variations that confound between-well comparisons. I then used a classic technique from 

immunological biochemistry to prime the system for complement activation: specifically, 1) I 

catalyzed immune-complex formation on the surface of cells by applying a rabbit polyclonal 

antibody cocktail that broadly recognizes cell-surface proteins (the antibody was generated using 

Jurkat/Bjab/Thp-1 cells as immunogens); immune complexes robustly activate the classical pathway 

of the complement cascade. 2)Then I added an exogenous source of complete complement protein 

in the form of normal human serum (NHS) to uniformly expose the co-cultured neurons to 

activatable components. 3) To detect deposition, I live-stained for deposited C3 (as the hub of the 

complement cascade). As shown in Figure 4.2 C and D, I found in this complement deposition assay 

that CSMD1 KO + mCherry expressing neurons consistently exhibited more deposition of C3 along 

their neurites than the WT + eGFP controls. With increasing concentrations of NHS I found that 

C3 deposition along neurites increases in both genotypes (higher resolution imaging shown in E). 

This increase is specific to complement activation as performing the deposition in the presence of low 

concentrations of EDTA (in the GVBE buffer), which chelates the metal ions essential for the 

convertases in the complement cascade to cleave and activate each other (Escudero-Esparza et al., 

2013), abolishes this C3 signal. I also saw comparable deposition with and without the sensitizing 

antibody, suggesting that immune complexes are not required to activate the complement cascade 
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on the surface of neurons. We saw similar effects when I quantified C3 as a fraction of area 

occupied or summed the C3-intensity in the neurites (not shown). 

 

  



 

76 
 

 

 

Figure 4.2. A complement deposition assay of human neural cells. A) schematic of experimental 

design. An ES-line was engineered to create a CSMD1 KO line and an isogenic (WT) line. These 

were then differentiated into NGN2+ cortical neurons and infected with either mCherry or eGFP 

expressing viruses; in this experiment the CSMD1 KO was mCherry and the WT was eGFP. After 

differentiation, cells were cocultured for 14 days. At day 14, cells were primed to activate 

complement through the generation of surface immune complexes, then challenged with different 

doses of normal human serum as a source of complement; the EDTA-containing buffer GVBE was 

used as a negative control, as the EDTA inactivates the convertases of the complement cascade. 

Extent of C3 deposition was quantified by live staining, followed by fixation and imaging on an 

Opera Phenix high content confocal imager with a 63x objective. B) Western blot demonstrating 

that NGN2 neurons from the WT line expressed CSMD1 and the KO line lacked detectable 

CSMD1. C) Representative images at 63x from each condition of the complement deposition assay 

with a merged image on top and the C3 signal alone underneath; notice that neuritic C3-labeling 

emerged and increased with serum concentration but was not seen in the GVBE control. No-

sensitizing antibody condition not shown. Red, mCherry; green, GFP, orange, C3. D) Quantification 

of C3 deposition as a fraction of neurite area showed an increase with serum concentration and an 

increased deposition on the mCherry neurons in most conditions; n= 5 wells per condition, *** p < 

0.001, **** p < 0.0001 Two-Way ANOVA with post-hoc Sidak test for multiple comparisons. Error 

bars are SEM. E) Higher resolution shows heterogeneity of C3 deposition observed along neurites 

in the same geographical space. 
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Figure 4.2 (Continued). 
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Effect of fluorescent proteins on complement deposition 

 

To control for any virally-mediated effects, we repeated the assay two more times, swapping 

the genotype x virus combinations. Because the differences we saw in the first experiment were 

robust across a range of serum concentrations, we focused on the 6% NHS condition, incorporating 

the 0% NHS condition and the 6% NHS in GVBE buffer condition as negative controls. I 

performed the complement deposition assay with each genotype x color combination on a different 

day, blind to genotype. I found that C3 preferentially deposited on the neurites of mCherry-

expressing neurons irrespective of the genotype x color combination (Figure 4.3 A). To test whether 

this effect could be due to detection of the far-red, C3, signal in the red channel, we examined the 

excitation-emission spectra of the fluorophores and constructed a spectral fingerprint to enable 

spectral imaging and unmixing of the signals. I used these settings to re-acquire the 6% NHS 

condition from each genotype x color combination, but the spectral unmixing did not reverse the 

sign of the effect (not shown). This observation increases the likelihood that there could be a viral or 

fluorescent-protein-mediated effect on complement deposition rather than a technical effect of the 

fluorescent imaging. The mCherry-expressing neurons also showed greater Annexin-V staining, both 

in the absence of serum (0% NHS) and in the presence of serum (6% NHS); because Annexin-V 

staining is a sensitive marker of the earliest stages of the apoptotic pathway, this suggests there could 

be a baseline difference in cell health between the mCherry and eGFP neurons. 
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Figure 4.3. mCherry-expressing neurons are more vulnerable to complement deposition and have 

increased markers of cell dysfunction. In two separate experiments on two different days (4-30 and 

5-14, 2018) with WT and CSMD1 KO expressing a different combination of eGFP (green) vs. 

mCherry (red), the mCherry expressing neurons had more complement deposition along their 

neurites; *** p < 0.001 n = 6 wells each condition. B) mCherry neurons also had elevated staining of 

the early apoptotic pathway marker Annexin-V; *** p < 0.001 n = 6 wells each condition. Error bars 

are SEM. 
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Effect of Csmd1 on complement deposition on synaptosomes 

 

 In parallel, I developed a similar complement deposition assay for the vulnerability of S-

synaptosomes purified from the forebrains of sex-matched WT and Csmd1 KO littermates (Figure 

4.4 A). I chose this prep for three reasons: 1) we showed in chapter 2 that Csmd1 is present in 

synaptosome fractions 2) the prep does not require enzymatic digestion of tissue, most of which we 

determined would cleave off csmd1 from the cell surface (data not shown), and 3) a body of 

literature supports the physiological viability of synaptosomes, increasing the likelihood that Csmd1 

would retain its normal functions in this prep. Because tools for investigating human complement 

are much more robust than those for mouse complement, I performed the deposition with human 

serum, enabling us to read-out deposited human complement components by using commercially 

available and validated ELISAs. In this model we see a concentration-dependent deposition of C3 

(Figure 4.4B), the cleaved inactivated iC3b and the downstream terminal complement complex 

(TCC or SC5b-9) (not shown). Moreover, signal detected by ELISA is specific to complement 

activation as it is also eliminated in the EDTA-containing GVBE buffer. 

 When I performed the complement deposition assay on equal amounts adult WT vs Csmd1 

KO synaptosomes, we found that synaptosomes of both genotypes showed a good signal to noise 

ratio for all three components, C3, iC3b, and C5b-9 in the presence of 6% NHS compared to a 

serum-free condition or the GVBE negative control (Figure 4.4C), supporting the specificity and 

sensitivity of the assay. When we examined the effect of genotype on complement deposition, 

however, we found no difference in the amounts of C3, cleavage product iC3b, or C5b-9 between 

genotypes (Figure 4.4D). Because other complement inhibitors like Factor H act as cofactors for FI-

mediated inactivating cleavage of C3b into iC3b, we further examined the ratio of C3 to iC3b. While 
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this analysis showed a trend towards Csmd1 KO mice having higher C3/iC3b ratios consistent with 

less inactivating-cleavage, the result was not statistically significant. We also detected no genotype 

difference in the amount of Gapdh, a housekeeping control.  
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Figure 4.4. A complement deposition assay on S-synaptosomes. A) schematic of experimental 

design. S-synaptosomes were prepared from the forebrains of sex-matched adult WT and Csmd1 KO 

littermates, and then an equal quantity of synaptosomes from each animal was sensitized for 

complement activation by generating surface immune complexes. Synaptosomes were then 

challenged with normal human serum as a source of complement, and after washes were lysed. 

Deposited complement species in the lysates were detected via loading equal amounts of protein on 

an ELISA. B) The deposition protocol leads to a serum-dose (0%, 2%, 4%, 6%) dependent 

deposition of C3 (shown), iC3b, and C5b-9 (not shown), which was abolished when EDTA was 

present in the solution (GVBE). C) Complement deposition using 6% NHS onto synaptosomes of 

WT-KO littermates led to a good signal to noise ratio above controls, with variability in the amount 

of C3, iC3b, and SC5b-9 apparent in the experimental condition; (n=22 animals). E) Normalizing 

each KO animal with its littermate abolished the variation revealing no genotype difference. Values 

shown are normalized to the sex-matched WT in each litter; when more than one WT was present in 

a litter, all animals in that litter were normalized to the WT average value; p > 0.05 all conditions. 

(litters = 1 of 2 WT F – 2KO F, 1 of 1 WT F – 2 KO F, 3 of 1 WT F – 1KO F, 1 of 2 WT M – 1 

KO M, 3 of 1 WT M – 1 KO M). D) No genotype difference for Gapdh was found. F) The ratio of 

C3 to its inactivated cleavage fragment iC3b showed a trend for increase in synaptosomes lacking 

Csmd1 but did not reach significance, p = 0.19 Welch’s t-test. Error bars are SEM. 
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Figure 4.4 (Continued). 
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One surprising result, however, emerged when we noticed that C3 deposition appeared to be 

correlated with the age of animals across the age-range we sampled, irrespective of genotype (not 

shown). When we split the pooled animals into 4-6 month old and 6-8 month old age groups, we 

found that C3 deposition increased strikingly with age (Figure 4.5) 
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Figure 4.5. Complement deposition on synaptosomes increases with age. Deposition of C3 was 

higher on the synaptosomes of 6-8 month-old mice compared to 4-6 month-old mice. Cohorts were 

pooled WT and Csmd1 KO mice from the above experiment, plus two WT animals that did not have 

a Csmd1 KO littermate (and thus were excluded from the initial experiment). N = 11, 4-6 month-old 

mice; N = 13, 6-8 month-old animals. P < 0.001 unpaired t-test. Error bars are SEM. 

 

Discussion 

 

In this chapter I showed that complement components are upregulated in human ES-

derived neurons in culture, and presented data on the development of complement deposition 

assays to assess whether neuronal surfaces – in culture and synaptosomes – are more vulnerable to 

complement in the absence of CSMD1. 
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The increase in the number of C4 puncta along neurites and the increased mRNA 

expression of C4 and C4B are the first evidence that disrupting CSMD1 in neurons affects 

complement components. In WT conditions, we saw similar staining of C4 regardless of whether we 

stained live or fixed cells, which raises the hypothesis that much of the C4 detected is extracellular 

(not shown), rather than being transported down axons. A future experiment comparing live vs 

fixed/permeabilized C4 staining in a set of WT vs KO cells could help characterize whether the 

increase in the KO is likely to be extracellular, deposited C4. The increase in mRNA levels, 

especially of C3, is surprising, and raises the possibility that Csmd1 is involved in feedback signaling 

that affects cascade expression. If this proves to be a robust finding, it would be informative to test 

how much, if any, of the human variation in brain C4 and C3 mRNA, is explained by genetic 

variation in CSMD1. 

We also developed an assay to determine the vulnerability of human neurons to complement 

deposition. This system has several features that make it attractive: 1) there is a dose dependency of 

deposition with good positive and negative controls 2) it can be performed on neurons of any type, 

or, indeed any cell type, and 3) through the use of liquid handling, high-content imaging, and 

automated image analysis, we are now able to go from cells to plots in a single afternoon. If we 

upgraded to 384-well plates rather than 96, the assay could be even higher-throughput and thereby 

enable screening for molecules that affect complement deposition on neurons. 

We were greatly attracted to the idea of comparing genotypes in this complement deposition 

assay in co-culture. It was surprising, and sobering, to learn that the type of fluorescent protein a 

neuron expresses could so dramatically affect the extent of complement deposition on neurites. The 

presence of enhanced annexin-V staining at baseline suggests that the mCherry-expressing cells have 

poorer health than the eGFP cells. Consistent with an mCherry-mediated abrogation of normal cell 
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functions, in a screen of red fluorescent proteins, it was mCherry that most dramatically disrupted 

the normal development of transfected Xenopus tadpole eyes, a multicomponent process requiring 

stereotyped function of a range of cells and pathways (Shemiakina et al., 2012). That group also 

described that mCherry and mRuby were inappropriately trafficked to lysosomal aggregates with 

time; qualitatively, we do observe what appears to be aggregation in the mCherry neurons from our 

assays compared to the eGFP neurons (Figure 4.6). 

 

 

Figure 4.6. Aggregation of fluorescent protein in the soma of mCherry expressing NGN2 neurons. 

In the somas of neurons (arrows) aggregation of fluorescent protein was more readily apparent in 

mCherry expressing NGN2 neurons than in eGFP expressing neurons. 

 

  If this effect of fluorescent protein type on vulnerability to complement deposition is true 

generally, one can only wonder how complement-mediated synaptic elimination proceeds in the 
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Brainbow mouse, where neurons stochastically express a huge variety of different ratios of varied 

blue, red, and green fluorescent proteins (Cai et al., 2013). It also raises the possibility that the 

complement system could act in part as an extraordinarily sensitive gauge of cell health in the brain; 

indeed, an active area of research in the lab is whether one of the precipitating mechanisms of 

complement deposition in the brain could be local apoptotic-like processes that alter the cell surface 

in a way that triggers complement deposition, aka synaptosis (Cole et al., 2002). 

  Moving forward, it might be a simpler path towards an answer about CSMD1’s role in 

complement deposition in NGN2 neurons to perform the complement deposition assay on WT and 

CSMD1 KO cells cultured separately, increasing well number to accommodate the well to well 

variation this would introduce. In the long term, it would be useful to perform the assay on WT cells 

in one color cocultured with WT cells in another color to screen for fluorescent proteins with lower 

toxicity that do not differ from eGFP in terms of complement deposition; Fusion Red might be a 

good candidate with low reported cytotoxicity (Shemiakina et al., 2012). Subsequently, we could 

move forward to test the CSMD1 KO cells in that suitable combination. Moreover, we chose 6% 

NHS for the color swap experiments because there was a robust difference at this concentration in 

the first experiment; if one looks at the dose curve within each color, however, there appears to be a 

saturation of deposition (around 4-6% NHS in mCherry and around 6-8% NHS in eGFP) so 

choosing a lower concentration of serum, say 3-4% NHS might be more safely in the linear range 

for future single-dose experiments. 

Finally, we saw no genotype differences in the extent of complement deposition on 

exogenously challenged synaptosomes. This observation has several possible interpretations. First, 

based on power calculations (Kadam and Bhalerao, 2010), we were powered to detect effect sizes of 

approximately 20% (21% for C3, 18% for iC3b, 22% for SC5b-9, with a beta of 0.8), so if Csmd1 
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has an effect smaller than this, we might have missed it. Second, we do not know enough about the 

normal functions of Csmd1 to have a way to assess whether Csmd1 remains functional after the 

synaptosome preparation process, so its inactivation is a possibility. Third, though present in 

synaptic fractions, this compartment might not be the major location of Csmd1 action (since Csmd1 

is present elsewhere as well). Fourth, this assay requires that mouse Csmd1 is capable of regulating 

human complement components; mouse and human CSMD1 have over 93% homology at the 

amino acid level, but it is possible that regulatory-capacity is less conserved or at least less efficient 

across species. Finally, we chose 6% serum for the synaptosome experiment for practical purposes 

(to enable high levels of complement to be deposited in order to make detection by ELISA feasible 

in all assays without running out of sample), but it is possible that we have exited the linear range of 

the assay. Our optimization of the SC5b-9 assay shows that it was not saturated by 8 % NHS (Figure 

4.7), but the other assays might saturate earlier. 

 

 

Figure 4.7. Formation of the terminal complement complex SC5b-9 increases with serum dose. 

Synaptosomes in a complement deposition experiment did not show saturation of levels of SC5b-9 

with up to 8% NHS. 
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One surprising finding was that synaptosomes from older animals were more vulnerable to 

complement deposition. This observation synergizes with the emerging body of work that suggests 

that complement-deposition and synaptic pruning are some of the earliest changes in 

neurodegenerative disease (Hong et al., 2016). It has also been reported that C1q protein staining 

drastically increases in the neuropil of the brain with age (Stephan et al., 2013); the synaptosome 

complement deposition data presented in this chapter raises the hypothesis that the membrane 

surfaces in these preps are altered in a way that makes them more vulnerable to deposition, not 

merely that there is elevated complement expression in aging or disease. 

The idea of complement saturation is especially interesting to consider in light of the old vs 

younger synaptosomes and the eGFP vs. mCherry neurons: specifically, that different surfaces could 

saturate at different levels of maximal deposited C3. What could be a possible mechanism for this? 

The first would be a cell-autonomous model, where there are a limited number of potential 

deposition sites, which occlude further deposition when occupied; age or health of the neuron could 

affect the total number of deposition sites. The second would be a lysis-equilibrium model, where 

saturation is only apparent saturation because surfaces with deposition above a threshold are lysed by TCC 

and no longer detectable; age or cell health could set the threshold for lysis. The third is a cell-state model in 

which only a subpopulation of neurites or synapses are vulnerable to deposition under normal 

conditions, and thus saturation reflects complete labeling of that subpopulation; age or cell health 

could affect the size of that subpopulation. The lysis-equilibrium model is less likely because we 

would expect the total number of neurites to decrease if lysis is happening, but we do not see that in 

our data (not shown). The cell-state model is supported by the observation that we see tremendous 

variation of deposition within neurons of each fluorescent protein, with some blazing with C3 and 

others lightly peppered. How cell-state affects complement deposition would be an interesting 

future research effort that would be facilitated by the technology we established in this chapter. 
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Contributions 

 

The stem cell work was completed in collaboration with several members of Kevin Eggan’s 

lab under his guidance. Sophie de Boer differentiated the cells and performed the staining for the 

determination of C4 puncta, mRNA, and branch number in untreated WT vs. CSMD1 KO NGN2 

neurons. Eugeniu Nacu and William Crotty differentiated, infected, and nurtured the NGN2 cells 

prior to handing them to me for the complement deposition experiments; Natalie Petrossian 

performed the western blot confirming absence of CSMD1 in the KO NGN2 cells. In the 

McCarroll lab, Heather De Rivera performed the ddRT-PCR of C4A, C4B and C3. In the Stevens 

lab, Daniel Wilton and Molly Heller performed the iC3b ELISAs and SC5b-9 ELISAs after I 

performed the complement deposition on synaptosomes. Anna Blom and Chrysostomi Gialeli 

provided invaluable advice on the adaptation of the complement deposition assay to neuronal 

cultures, and generously provided the normal human serum and sensitizing antibody. Beth Stevens 

and Steve McCarroll provided guidance in experimental design and interpretation. Doug Richardson 

helped acquire the spectral fingerprint of our samples upon which the spectral imaging was 

performed. Maria Alimova provided training and input on the use of the Opera Phenix High-

content imager and associated software. Dane Hazelbaker and Lindy Barrett created the CSMD1 

KO cell line and the isogenic control. Lasse Dissing-Oleson and Alec Walker adapted and optimized 

the s-synaptosome preparation I used in this chapter. 
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Methods 

 

Differentiation & Endogenous phenotyping of NGN2 cells 

 

For immunocytochemistry, KO and isogenic WT ES lines were differentiated using viral 

overexpression of NGN2 (Zhang et al., 2013), co-infected with an eGFP expressing virus and 

cultured in individual wells on 8-well glass slides (Manufacturer) for 35 days. Cells were fixed in 4% 

PFA in media, washed in PBS, blocked for 1hr in 5% BSA in PBS with 0.2% Triton x-100, and then 

incubated overnight at 4C with primary antibody (1:200 mouse anti-C4c [Quidel A211]). Cells were 

washed 3 times in PBS with 0.2% triton-x100 for 5 minutes each followed by incubation in 

secondary antibody (1:500 Donkey anti-mouse 594). Cells were imaged at 63x on a Zeiss LSM 700 

microscope, capturing 5 FOVs per well, with 2 wells per genotype. Puncta were counted in custom 

scripts written in CellProfiler. 

For neurite counting, slides were scanned at 10x with a Zeiss Axioscan z1, and well isolated 

neurons cropped for downstream analysis. Primary neurites, defined as processes directly budding 

from the soma, were counted manually, blind to genotype. 

For ddRT-PCR, methods in Chapter 2 were followed, using 40ng RNA as input with the 

following primer-probe sets. 

C4A:  

Forward primer: CCTGAGAAACTGCAGGAGACAT 

Reverse primer: GTGAGTGCCACAGTC TCATCAT 

Probe: FAM - CAGGACCCCTGTCCAGTGT TAGAC 
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C4B: 

Forward primer: CCTGAGAAACTGCAGGAGACAT 

Reverse primer: GTGAGTGCCACAGTCTCATCAT 

Probe: FAM - CTATGTATCACTGGAGAGAGGTCCTGGAAC 

C3: 

Forward primer: GTTGGAGGGACACATCAAGG 

Reverse primer: CTCTACCCAGGCCACCTTC 

Probe: FAM – TGGTGTTCCAAGCCTTGGCTCA 

 

Thermocycling conditions were as follows: 

Temperature Time Cycles

60C 60 min   

95C 5 min   

94C 30 sec x50 

57.3C 1 min   

98C 10 min   

8C forever   

 

Complement deposition on NGN2 cells 
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CSMD1 KO and isogenic WT ES lines were differentiated using viral overexpression of 

NGN2 (Zhang et al., 2013), each genotype co-infected with either an eGFP expressing virus or an 

mCherry expressing virus, and equal cell numbers co-cultured in 96 well, glass bottom plates (Senseo 

Grainer). At day 14, a complement deposition assay was performed, modified from Escudero-

Esparza et al., 2013 to apply to cultured ES-derived neurons. All solution changes were carried out 

with an integra viaflow 96-tip manual pipettor leaving just enough liquid was left behind at each step 

to keep cells submerged at all times. Cells were sensitized to the classical complement cascade 

through the generation of immune complexes on their surfaces by treating for 20 min at room 

temperature with 50 ug/ml custom rabbit pan cell-surface polyclonal antibody generated against 

Bjab/Jurkat/Thp-1 cells (lund) in binding buffer (10 mM Hepes, 140 mM NaCl, 5 mM KCl, 1mM 

MgCl2, 2 mM CaCl2, 0.02% azide, pH 7.2). Cells were washed in either GVB++ or GVBE buffer 

(Complement Technology) and incubated for 30 min at 37°C with 0-10% normal human serum 

(NHS) in either GVB++ (permissive of complement deposition) or GVBE (negative control – 

impermissive of complement deposition). Cells were washed 2x and live stained in warm neurobasal 

media with Dylight-650-conjugated (Abcam) rabbit anti C3 antibody (DAKO) 1:200, Annexin-V 

far-red (thermo), or Dylight-650-conjugated (Abcam) mouse anti C4c (Quidel A211) 1:150 for 20 

minutes at 37°C. Cells were washed in neurobasal media and fixed 7 minutes in 4% PFA, followed 

by several washes in PBS.  

Plates were imaged on a Perkin Elmer Opera Phenix High Content Confocal system with 

63x water immersion objective. Z-stacks of fields of view per well, n = 5-6 wells per condition were 

acquired, and maximum intensity projections analyzed in the attached Harmony analysis software. 

For quality control, a subset of conditions were also imaged on a Zeiss LSM 880 at 63x with 

1024 x1024 resolution: 3 FOVs consisting of maximal intensity projections from 5 z-planes (3.2um 
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thickness total) were collected from each of 5-6 wells per condition. Maximal intensity projections 

were processed by custom pipelines in CellProfiler; briefly, binary masks of neurites of each color 

and of C3, C4, or Annexin V were generated by adaptive thresholding algorithms and image math 

used to identify overlapping areas. Per-well averages were generated from the 3 FOVs and with each 

well comprising an N. 

 

Complement deposition on synaptosomes 

 

S-synaptosomes were prepared as in (Ehlers, 1998) with modifications. Animals were 

processed in batches of 6 mice, with littermates always being processed together. Forebrains from 3-

8 month old adult sex-matched WT-KO littermates were finely chopped and then homogenized in 

0.32 M sucrose solution (0.32 M sucrose, 10mM Hepes pH 7.4, with complete protease and 

phosphatase inhibitors) using a motorized glass pestle dounce homogenizer (40 strokes at speed 80).  

Samples were spun at 1,200 x g for 10 minutes at 4°C to pellet the nuclear fraction (P1). The 

supernatant (S1) was collected to a new tube and centrifuged at 15,000 x g. The supernatant (S2) was 

discarded and the pellet (P2) containing the crude synaptosomes was resuspended in 1 ml 0.32 M 

sucrose solution and loaded onto discontinuous sucrose gradients comprised of (from bottom to 

top) 1.2 M sucrose, 1 M sucrose, 0.8 M sucrose in Beckman 5/8 x 4 ultraclear centrifuge tubes; all 

sucrose solutions contained 10 mM Hepes pH 7.4, with complete protease and phosphatase 

inhibitors. Gradients were spun for 2 hrs at 28,000 rpms in a Beckman Sw28 rotor at 4°C. The 

cloudy interphase between 1.2 M and 1 M sucrose was harvested with a 26-gauge needle through the 

side of the tube and removed to a new tube where it was diluted to ~0.32 M sucrose final 

concentration through the addition of 10 mM HEPES solution. Samples were pelleted at 15,000 x g 
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for 30-45 minutes and the supernatant discarded. S-synaptosomes were resuspended in 1ml PBS 

with protease and phosphatase inhibitors and the synaptosome content estimated with an average of 

3 OD600 readings on a Nano-Drop spectrophotometer with an OD600 of 1 = 8 x 108 “particles”. 

Equal particle numbers (~5 x 107 particles) across all animals in the run were then aliquoted into 3 

deposition conditions per animal (0% NHS GVB++, 6% NHS GVB++, 6% NHS GVBE) into 

new 2ml non-stick tubes. 

For the subsequent deposition, no solutions contained protease or phosphatase inhibitors. 

Synaptosomes were pelleted at 15,000 x g, had their supernatant removed, then were sensitized to 

the classical complement cascade through the generation of immune complexes on their surfaces by 

treating for 20 min at room temperature (with shaking) with 50 ug/ml custom rabbit pan cell-surface 

polyclonal antibody generated against Bjab/Jurkat/Thp-1 cells (lund) in 200ul binding buffer (10 

mM Hepes, 140 mM NaCl, 5 mM  KCl, 1mM MgCl2, 2 mM CaCl2, 0.02% azide, pH 7.2). 

Synaptosomes were pelleted at 15,000 x g, their supernatant removed, then incubated for 30 min at 

37°C (plus shaking) with 0% or 6% normal human serum (NHS) in either GVB++ (permissive of 

complement deposition) or GVBE (negative control – impermissive of complement deposition). 

Synaptosomes were washed 2x with PBS (in each wash, synaptosomes were pelleted at 15,000 x g, 

supernatant removed, and wash solution added) and lysed in 100 ul of 2% SDS lysis buffer (25 mM 

Tris-HCl pH 7.4, 95mM NaCl, 10mM EDTA, 2% SDS with phosphatase and protease inhibitors). 

The protein concentration of samples was estimated using 3 replicate dilutions on a BCA micro 

plate assay and normalized to 500 ng/mL.  

For C3 ELISAs (ab108823) 3.125 ng/mL final concentration of sample was assayed 

according to the manufacturer’s protocol and absorbance read on a Biotek plate reader. To minimize 

variation due to pipetting volume variations, samples were assayed in 4 separate dilutions. 
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For C5b-9 ELISAs 25 ng/mL final concentration of sample was assayed according to the 

manufacturer’s protocol and absorbance read on a Biotek plate reader. To minimize variation due to 

pipetting volume variations, samples were assayed in 4 separate dilutions. 

For GAPDH (ab176642) ELISAs 12.5 ng/mL final concentration of sample was assayed 

according to the manufacturer’s protocol and absorbance read on a Biotek plate reader. To minimize 

variation due to pipetting volume variations, samples were assayed in 4 separate dilutions. 

For iC3b ELISAs 12.5 ng/mL final concentration of sample was assayed according to a 

validated in-house iC3b ELISA using the iC3b-specific antibody (Quidel A209); briefly, 96 well 

plates were coated with 1:500 anti-iC3b antibody in PBS overnight at 4°C or 1.5 hrs at 37°C. Wells 

were washed 3 times, then blocked with 1% BSA in PBS for 1 hr at 37°C. Known dilutions of 

recombinant iC3b protein (to create a standard curve) and samples were incubated in the wells for 

1.5 hours at room temperature, washed 3 times with wash buffer (from Abcam kit ab108823), and 

incubated with 1:1000 rabbit anti-human C3c (Dako F0201) in PBS for 1 hour at room temperature. 

Wells were washed 3 times in wash buffer and incubated 30 min at 37°C in 1:5000 anti-rabbit-

Alkaline Phosphatase antibody (ab97048) in pbs. Wells were washed 3 times in wash buffer, 

developed in AP substrate solution (Thermo Fisher Scientific 37621) and read at 405 nm. To 

minimize variation due to pipetting volume variations, samples were assayed in 4 separate dilutions. 



 

 

 

 

 

 

 

 

Chapter 5: 

 

Conclusions and Future Directions 
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CSMD1 was one of the earliest loci that associated with schizophrenia-risk at the level of 

genome-wide significance (schizophrenia Psychiatric GWAS Consortium, 2011), but this association 

had largely been uninvestigated, in part because little was known about the functions of this giant 

gene and there were few validated tools with which to push back the shroud of that unknown. While 

there had been several studies on the functions of Csmd1, they either focused entirely on the 

behavioral level (Distler et al., 2012; Drgonova et al., 2015; Steen et al., 2013), lacked validated 

antibodies and model systems (Krauss et al., 2006), or studied fragments of the protein in solution 

(Escudero-Esparza et al., 2013). While the work presented in this dissertation raises more questions 

than it has answered, we have sought to create and validate tools and model systems for the study of 

Csmd1 in its endogenous tissues, and to use those tools to investigate the role of Csmd1 in brain 

development, including whether one of its function is the regulation of the complement cascade. 

 

Specifically, we have: 

I. Validated antibodies for use in the visualization of Csmd1 protein in the brain by western 

blot and IHC 

II. Used those tools to show that Csmd1 protein expression was even more specific to the brain 

than was suggested at the mRNA level, was expressed highest in the cortex and 

hippocampus, increased during brain developments, and localized to neuropil where it is 

present at synapses. 

III. Established that Csmd1 is predominantly expressed by neurons, although it was also 

expressed by non-neuronal cells including NG2 + immature oligodendrocytes. 

IV. Uncovered that expression of Csmd1 in GABAergic and glutamatergic neurons was 

heterogenous, i.e. only a subset of each class were found to express Csmd1. 
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V. Validated two model systems, KO ES cells and mice, at the protein level, showing they 

expressed no detectable CSMD1 protein. 

VI. Shown for the first time that manipulatingCSMD1 in its endogenous tissues and cells leads 

to changes in complement cascade biology: genetic ablation of CSMD1 upregulated 

complement proteins in a brain area in vivo and in cells in culture, and abrogated the normal 

development of a complement-dependent circuit, specifically causing decreased overlap of 

eye-specific territories in the dLGN and a reduction in markers of retino-geniculate 

synapses. 

VII. Developed methods to assay complement deposition onto human neural cells and 

synaptosomes, the former of which is high throughput and sensitive enough to detect 

differences in deposition due to differences in fluorescent protein expression, and will 

imminently be used to test whether human neural cells lacking CSMD1 are more vulnerable 

to complement deposition. 

These items are critical first steps towards understanding the normal functions of this gene 

in neural tissues, though many steps will need to be taken in the future.  

 

 

Exploring the parameter-space of the complement deposition assay 

 

The high-throughput assay for complement deposition on human neural cells in particular 

could facilitate several of these steps, by providing a readout for deposition in a range of different 

conditions. In the near term, this assay will enable our group to test more directly whether Csmd1 
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can protect cell-surfaces from complement deposition. If we uncover a difference in deposition 

between cells possessing vs lacking CSMD1, the assay could be repeated with a range of 

commercially available sera depleted of various members of the complement cascade and thereby 

unpack the levels at which neural CSMD1 can act; C1q-depleted serum could be used to separate the 

classical cascade from the alternative and lectin cascades, C4-depleted serum could be used to 

examine activation of C3 through the alternative pathway and so forth. We have also created Csmd1 

expression constructs that could be used to generate an inducible CSMD1-rescue ES line on the 

CSMD1 KO background. 

Outside of efforts to understand the function of Csmd1, this assay could be useful in 

learning more about how neural cell-states affect complement deposition (e.g. neuronal activity) and 

in developing complement therapeutics. An example of the former, phosphatidyl serine has been 

shown to be an important initiator of C1q-binding and complement activation on apoptotic cells in 

the periphery (Paidassi et al., 2008), and one post-doc in our group hopes to use the assay to 

investigate activation of the complement cascade at synapses via local apoptotic-like events (aka 

synaptosis). 

In terms of therapeutics, it has recently been suggested, based largely on the increasing 

evidence of complement over-activation in kidney diseases, that we are entering the “renaissance of 

complement therapeutics” (Ricklin et al., 2018). Given the increasing evidence that complement 

activation may play a role not only in schizophrenia risk, but also in Rett syndrome, West-Nile virus-

induced cognitive impairment, and in Alzheimers disease, (Hong et al., 2016; Sekar et al., 2016; 

Schafer et al., 2016; Vasek et al., 2016) interest in complement therapeutics for brain disease is 

increasing and at least one biotechnology company (Annexon Biosciences) has entered this specific 

space. One post-doctoral fellow in the lab plans to use the assay to test a series of nanobodies 
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generated by a collaborator (described in Jensen et al. 2018) for functional blockade of several steps 

in the complement cascade. This is the first assay to my knowledge that could enable medium to 

high-throughput characterization of complement therapeutics on human neurons. 

 

Functions of Csmd1 in synaptic pruning and in circuits beyond the visual system 

We showed a role for Csmd1 in regulating complement, synaptic markers, and development 

of the retinogeniculate circuit. Because we collected data only at a single time point, it will be 

important for future efforts to understand whether these differences are static or developmental; 

these possibilities were explored in the discussion section of the chapter in which the results were 

presented. One possible mechanism which could connect the complement and synaptic phenotypes 

we see in the developing visual system of Csmd1 KO models is over-zealous synaptic pruning by 

microglia (Stevens et al., 2007, Schafer et al., 2012). While classic, low throughput assays visually-

determining the quantities of synaptic membranes engulfed by microglia could help test this 

candidate mechanism (Schafer et al., 2014), this line of inquiry may be facilitated by a current project 

in the lab that is attempting to increase the throughput of engulfment assays by using flow-

cytometry. Strategies to interfere either directly with complement activation, e.g. with Annexon’s 

C1q blocking antibody, or with microglia, e.g depleting them though blockade of CSF-1 signaling 

(Elmore et al., 2014) could test the dependence of the synaptic phenotypes seen in the Csmd1 KO 

mice on complement and microglia-dependent pruning respectively. Recently, it has been shown in 

organotypic hippocampal slice cultures that microglia can selectively remove membranes or parts of 

synapses (Weinhard et al., 2018), raising the interesting, but complicating possibility that the synaptic 

diets of microglia might be more tightly regulated than once assumed.  
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We discovered that Csmd1 protein is enriched in cortex and hippocampus, but its normal 

roles in these regions, including whether it may regulate synapses or the complement system, are 

unknown. Genetic variation in CSMD1 has been shown to affect cognitive and executive function in 

adult humans, further suggesting it could play a normal role in cortical function (Athanasiu et al., 

2017; Koiliari et al., 2014). We showed that Csmd1 is expressed by a subpopulation of neurons and 

present at some, but not all synaptic sites, observations that raise the intriguing hypothesis that some 

neurons, synapses, and circuits might be more profoundly affected by loss of Csmd1 than others. 

Consistent with an integral role of Csmd1 at synapses, a recent proteomic characterization of 

synaptic cleft proteins in cultured rat cortical neurons found Csmd1 was part of the neuroligin 2 

positive inhibitory synapse proteome (Loh et al., 2016).  It is increasingly questioned whether mouse 

models are the best system for investigating psychiatric disease (e.g. Kaiser and Feng, 2015) because 

these disorders involve higher-order circuits that are under-developed in the mouse. We also have 

the tools now to generate WT and KO mosaic spheroids or organoids (Quadrato et al., 2016), and 

thus ask the question about how cell-intrinsic the effects are of loss of CSMD1 on cortical like cells. 

 

Complement-independent interactions 

 

Because previous studies examined Csmd1’s interaction with complement proteins in vitro, 

little is known about Csmd1’s endogenous binding partners. The specificity of some complement 

regulators is determined in part by their binding to other proteins and some complement regulators 

even participate in signal transduction (Bohana-Kashtan et al., 2004). CD59, for example, whose 

presence on the surface of red blood cells is an important factor protecting them from inappropriate 

complement-mediated lysis, also has an intracellular role inside pancreatic beta cells where it 
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regulates the release of insulin (Blom, 2017). We have been in the process of optimizing 

immunoprecipitation conditions for Csmd1 with the goal of learning about its endogenous binding 

partners through comparing proteomic analysis of immunoprecipitates from WT and KO mouse 

brains.  In parallel, our collaborators in the Eggan and Lage labs have been doing the same process 

to immunoprecipitate CSMD1 from NGN2 neurons. 

 In addition, CUB domain-containing and sushi domain-containing proteins are 

evolutionarily older than the complement system – they exist in protostomes, which lack a 

complement cascade – and have been demonstrated to have complement independent activities, 

including channel localization and function. In Drosophila, for example, the secreted sushi-containing 

hikaru genki (hig) is necessary to localize acetylcholine receptors at cholinergic synapses (Nakayama 

and Hama, 2011; Nakayama et al., 2014) . In C. elegans, the repeated CUB domains of the membrane-

bound lev-10 bind the tandem sushi domains of lev-9 and the single immunoglobulin domain of 

OIG4 to assemble and cluster acetylcholine receptor subunits at the neuromuscular junction 

(Briseno-Roa and Bessereau, 2014; Gendrel et al., 2009; Rapti et al., 2011), raising the intriguing idea 

that the interaction of CUB and Sushi domains is sometimes physiologically important. A role for 

CUB domains in assembly and function of neurotransmitter receptors extends in protostomes to 

glutamate receptors (via sol-1 and sol-2) and is conserved by homologs in vertebrates (Neto-1 and 

Neto-2) (Copits et al., 2011; Copits and Swanson, 2012; Lerma, 2011; Ng et al., 2009; Tang et al., 

2011; Wang et al., 2012; Zhang et al., 2009; Zheng et al., 2004; Zheng et al., 2006). Some proteins 

with similarity to complement component 1q, the C1q-like proteins, moreover, have recently 

emerged as extracellular synaptic organizers (Bolliger et al., 2011; Kakegawa et al., 2015). Pull downs 

of Csmd1 with unbiased proteomics would enable us to detect if Csmd1 is also able to form protein-

protein interactions directly with channels.  
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One intriguing potential channel-interactor with CSMD1 is the L-type calcium channel 

encoded by CACNA1C. Calcium channel function is important in neuronal plasticity and 

dysregulated in disease, including schizophrenia (Nanou & Catterall, 2018). In the Brainspan 

developmental human transcriptome (Miller et al. 2014), intriguingly, expression of the calcium 

channel (and schizophrenia GWAS-hit) CACNA1C is more strongly correlated with expression of 

CSMD1 in prefrontal cortex (dorsolateral, ventrolateral, anterior cingulate, and orbital) over human 

development (r = 0.925) than it is correlated with expression of the other subunits of the calcium 

channel (Table 5.2); the mechanism of this correlation, and whether there is a functional interaction 

between CSMD1 and CAV1.2 (encoded by CACNA1C), however, are currently unknown; one 

possibility is coregulation of CACNA1C and CSMD1 by mir-137 (Kwon et al., 2013). In a BioRxV 

preprint, downregulation of Csmd1 in zebrafish brain was shown to reduce total brain levels of 

phosphorylated MAPK, a protein important in synaptic strengthening whose phosphorylation state 

is regulated by cellular calcium levels (Thyme et al., 2018 preprint). Also suggesting a possible 

interaction of CSMD1 and ion channels is the observation that variation in CSMD1 has been 

identified as a modulator of blood pressure effects of thiazide diuretics, which modulate sodium, 

chloride, and calcium reabsorption in the kidney (Chittani et al., 2015). 
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Table 5.1. CUB domain containing and Sushi domain containing proteins with receptor/channel 

interactions 

Protein Domain Organism Function Notes 

Hig Sushi Protostome Receptor Localization Clustering of alpha 6 &7 AchRs 

Lev-9 Sushi Protostome Receptor Localization Clusters AchRs at NMJ; complex 

with Lev-10 & OIG-4 

Lev-10 CUB Protostome Receptor Localization Clusters AchRs at NMJ; complex 

with Lev-10 & OIG-4 

Sol1 CUB Protostome Receptor complex 

formation/Function 

Forms complex with GluR1 & sol-2; 

Influences conductance of AMPARs 

Sol2 CUB Protostome Receptor complex 

formation/Function 

Necessary for the complexing of sol1 

to GluR1l Influences desensitization 

of AMPARs 

Neto1 CUB Vertebrate Receptor 

Localization/Function 

Localization of NMDARs; speeds 

desensitization of kainite receptors 

Neto2 CUB Vertebrate Receptor 

Localization/Function 

Localization & desensitization of 

kainite receptors 

SEZ-6 CUB 

& 

Sushi  

Vertebrate Spine/process Number 

and Morphology 

KO reduced spine number, maturity, 

and increased extent of dendritic 

arborization in vitro and in vivo 
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Table 5.2. Csmd1 is the top developmental correlate of CACNA1C in prefrontal cortex in the 

Brainspan developmental human transcriptome. 

Gene Symbol Correlation coefficient (r) 

CACNA1C 1.000 

CSMD1 0.925 

CACNG2 0.911 

CACNA1D 0.908 

CACNA1C-AS1 0.903 

UNC13A 0.900 

PTPRT 0.898 

 

The direction of association of CSMD1 and schizophrenia 

 

 One of the biggest outstanding questions is whether increased or decreased CSMD1 

function increases schizophrenia risk. Our mechanistic model creates a strong and testable 

directional hypothesis: that reduced CSMD1 function (and concomitant dis-inhibition of the 

complement cascade) would increase schizophrenia risk. Testing this model is clearly integral, but 

the direction of association has not yielded to the standard methods of inquiry. Because the 

common variant association signal is located within an intron, the most likely hypothesis was that it 

affected the transcription of the gene. In the post-mortem tissues previously tested, however, there 

was neither skew in expression between risk and protective alleles, nor a significant effect of CSMD1 

expression on case vs control status (not shown; data generated by Nolan Kamitaki). If the common 

variant does not affect mRNA expression post-mortem, it is possible its effect could be cell-type or 
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cell-state specific or active during a certain developmental period. If it is a cell-type specific effect, 

the direction of association may emerge from studies sequencing single nuclei from human post-

mortem tissue. Unfortunately, because a) these techniques give sequence information from only the 

most 3’ parts of the sequence, b) the mRNA of CSMD1 is nearly 15kb, and c) the common variant 

is near the 5’ side of the mRNA, linking transcript counts to risk vs protective allele would take 

more targeted efforts, for example an imputation of the allele based on variation in the 3’ sequence 

alone. Current efforts in whole-genome sequencing of large cohorts may also enable higher 

resolution of the association signal in intron 3 of Csmd1 (Sander et al., 2017).  

 

A clue from anti-sense transcription? 

The early work of Nolan Kamitaki in the McCarroll lab detected a conspicuous pile-up of 

antisense reads around the site of the common variant, suggesting that there could be an antisense 

transcript coming from the site (not shown). Unfortunately, there was no allelic imbalance of this 

antisense RNA (not shown), again placing us at the question of whether there could be a cell-type or 

development specific effect. Interestingly, however, this antisense transcript appears to be spliced 

and polyadenylated, so may be more easily detected and genotyped by the emerging single-nucleus 

sequencing datasets. By smFISH, we detected this antisense transcript in CSMD1 positive human 

neurons (Figure 5.1), but only in a minority of neurons, an observation that further supports the idea 

that a cell-type specific effect could be possible. 
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Figure 5.1. Csmd1 Antisense RNA. smFISH of human post mortem prefrontal cortex enables the 

visualization of the antisense RNA (green; pointed out with white arrows) transcribed from the 

region in intron 3 of CSMD1 overlapping the common variant schizophrenia-association signal. 

Note that the antisense RNA was detected in a Slc17a7 (teal, glutamatergic marker) neuron that also 

expresses CSMD1 (red), but that it was absent from other nearby CSMD1 positive cells. DAPI, blue. 

Z-stack acquired with a 63x objective on a Leica SP8 confocal microscope. In situ and imaging 

performed by Elizabeth Bien. 



 

109 
 

The biological meaning of this antisense transcript is also unclear, however, but several 

recent papers (Wei et al., 2016, 2018) suggest an intriguing hypothesis: a) antisense transcription can 

occur at the site of double-stranded break (DSB) hotspots, as these are often held in “open” 

configuration, b) such DSB hotspots are enriched in long, late-replicating neural genes, and c) such a 

hot spot was identified in intron three of Csmd1 in mouse neural progenitor cells, the same intron 

that in human contains the schizophrenia association signal. It would be hypothesized, therefore, 

that such DSBs could lead to structural genetic changes.  

 

The disjunction between Csmd1 mRNA and Csmd1 protein 

 An alternative, perhaps, is to posit that we should be looking at the protein level. We have 

seen several instances where the RNA and protein levels of Csmd1 do not perfectly correlate; if 

post-transcriptional regulation is important for CSMD1, then we may be better served by doing 

quantitative protein studies. Quantitative western blotting has improved in recent years thanks to the 

ability to normalize to total protein and to use near-infrared dyes that have a much broader linear 

range than traditional chemiluminescence. A case vs. control quantitative protein study, though 

proper technical and experimental controls would take thought, is at least feasible now that we have 

found an antibody that is specific for Csmd1 when used for western blotting. Moreover, nuclear 

retention is increasingly being recognized as an important mechanism of post-transcriptional 

regulation, especially of Alu-rich long transcripts (like CSMD1) (Halpern et al., 2015; Lubelsky and 

Ulitsky, 2018). The conspicuous presence of multiple, large, nuclear, aggregates of Csmd1 mRNA as 

seen by smFISH in mouse and human brain makes it more reasonable to test a nuclear retention 

hypothesis. A quick and dirty test of this hypothesis might be to pellet the nuclei from cells or tissue 
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heterozygous for the risk allele and test whether there is allelic skew in this nuclear RNA fraction vs. 

the cytoplasmic RNA fraction. 

 

Testing the pruning hypothesis of schizophrenia 

 To conclude, the magnitude of the challenge to test a pruning hypothesis of schizophrenia is 

great. Here, I have presented work that steps us closer to understanding some of the normal 

functions of CSMD1 and how it may regulate complement function in the brain. In a rudimentary 

Bayesian sense, finding that another gene associated with schizophrenia may lie within the 

complement pathway would increase our confidence in the pruning hypothesis. We may reach a 

future in which many dissertations similar to this one bring us to a point where we observe that a 

reasonable number of genes associated with schizophrenia also impact synaptic pruning; but without 

methods for knowing whether this number is unusual, e.g., that if we had randomly sampled a set of 

neuronally expressed genes we would be unlikely to have so many that affected pruning as this set 

does, we will be no closer to testing the pruning hypothesis. For that sort of epistemic progress, we 

need methods that provide depth of mechanism on a whole-genome scale. The approach taken in 

Thyme et al., (2018), to screen all schizophrenia-associated loci for a single readout in zebrafish is 

one possible way forward. Zebrafish possess all of the complement cascade components (Zhang & 

Cui, 2014) as well as microglia (Morsch et al., 2015), though complement-dependent synaptic 

pruning is less well characterized than in mammals. Moreover, if the effects of genetic variation 

differ in different genomes (McCarroll et al., 2014) and if the symptomatic heterogeneity of 

schizophrenia reflects a heterogeneous biological architecture, there may not a single unifying 

neurobiological process influencing schizophrenia risk. Rather, we may find clusters of distinct 

biological processes that lead to similar end results, that is, a diagnosis of schizophrenia under 
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current diagnostic criteria; in that contingency, we might move towards diagnoses like 

“Schizophrenia with channelopathy”, “Schizophrenia with complement over-activation”, or 

“Schizophrenia with excitatory/inhibitory imbalance” similar to the way we categorize different 

types of anemia according to salient biochemical processes (e.g. hemolytic or iron deficient). 

 



 

112 
 

 

 

 

 

 

 

Appendix: 

 

Supplemental Figures 

  



 

113 
 

 

Un-transfected         Csmd1 pcDNA3.1

 

 

Figure S2.1. Specificity of anti-Csmd1 antibody (Lund). HEK cells were transfected with either 

empty vector (Left, Un-transfected) or with a mouse Csmd1 expression construct (Right, Csmd1 

pcDNA3.1). Immunocytochemistry with the polyclonal rabbit anti-Csmd1 antibody from Lund 

(1:1000) yielded signal (green) only in the transfected cells. 
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Figure S2.2. Brain-enrichment of CSMD1 was conserved in human. Western blot of normal adult 

human tissue lysate panel showed a similar pronounced brain-enrichment as seen in mouse for the 

~390kda band revealed by 1:1000 anti-CSMD1 antibody labeling (abcam). There were many more 

bands observed in this human tissue lysate panel than in the mouse tissue lysate panel, so the 390ka 

band, likely to be Csmd1, was quantified and is outlined with dotted lines. Tissue type enrichment 

was quantified to the right; note the log scale: Csmd1 in brain was 2 orders of magnitude greater 

than in testes. No signal above background was identified in any of the other tissue types. Tissue 

panel was prepared as a product from Biochain (W1234404, Lot B905063) and consists of a single 

donor for each tissue type. Efforts to gain access to additional donors through this avenue were 

unsuccessful. 
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Figure S2.3. Csmd1 is expressed broadly in the CNS of E15.5 mice. smFISH of E15.5 revealed 

Csmd1 expression in a range of early brain structures, most markedly in nascent cortex (inset) and 

hippocampus. Csmd1 showed a distinct laminar expression pattern in the nascent cortex. Sox 4 

(green) Csmd1 (red) Dapi (blue).  
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Figure S2.4. Only over-exposure of blot enabled visualization of Csmd1 protein in testes. Western 

blot from Figure 2.1. is reproduced above (with no saturated pixels during acquisition) with an 

overexposure beneath (where the brain band is very over-saturated) revealing that a Csmd1 band 

was present in the other samples but at far reduced concentration than in brain. 
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Supplemental Figure S3.1. Csmd1 KO mice have enhanced eye segregation and reduced ipsilateral 

territories compared to their WT littermates. Eye-segregation was performed on 4 litters of WT-KO 

sex matched littermates (2 litters of 1WT-1KO females, 1 litter of 2WT-1KO males, 1 litter 1WT-

2KO females) for n=5 each genotype. When normalized to the WT of each litter, Csmd1 KO mice 

had reduced overlap percentage and smaller ipsilateral territories, p< 0.05 t-test; Contralateral 

territory was not significantly different, p>0.05 t-test. 
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Supplemental Figure S4.1. CSMD1 KO neurons derived from embryonic stem cells have more 

primary neurites. KO neurons showed an increased number of primary neurites at day 35. A) 

representative images with WT shown in the left column and CSMD1 KO in the right column. B) 

quantification of primary neurites; N=43 neurons WT, 32 neurons KO **P<0.001, unpaired T-test. 
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