
	

 
 
 
 
 
 

SINGLE NEURON ANALYSIS AND COMBINATORIAL FUNCTION OF 
DELTA-PROTOCADHERINS 

 
 
 
 
 
 
 
 
 
 
 
 

A Dissertation 

Presented to the Faculty of the Graduate School 

of Cornell University 

in Partial Fulfillment of the Requirements for the Degree of  

Doctor of Philosophy 

 

 

By 

Adam Bisogni 

August 2017 

 
 
 



	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

©2017 Adam Bisogni 
All Rights Reserved 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	

SINGLE NEURON ANALYSIS AND COMBINATORIAL FUNCTION OF DELTA-
PROTOCADHERINS 

 

Adam Bisogni, Ph.D. 

Cornell University 2017 

The average adult human brain consists of approximately 86 billion neurons and 

roughly 14 x 1015 synapses. How this marvelously complex system is achieved with 

great precision throughout development is largely unknown. To date, roughly 200 genes 

have been identified that play direct roles in aspects of neural wiring. How can such a 

small number of genes specify such a vast amount of instructions for neural wiring? It is 

clear that individual neurons must express these genes in combinations to greatly 

expand their utility towards specifying neural wiring to such great depths of complexity. 

However, two major roadblocks have prevented an understanding of how this occurs.  

First, the nature and extent of these combinations have not been defined, and so the 

basic aspects of combinatorial expression such as the depth and range of possible 

combinations are unknown. Improving our understanding in this respect will allow us to 

begin addressing the second limitation, which is understanding what the combinations 

functionally achieve for any given neuron. To address the first limitation, new 

approaches that can profile gene expression in single cells can be utilized to define the 

combinations. To address the second limitation regarding function, new complementary 

approaches need to be developed. For example, to study how a gene family works 

together, first the function of its individual members on neuronal behavior need to be 

defined. Next, the effect of expressing multiple family members needs to be tested, until 



	

an understanding of the combinatorial functions within this gene family becomes 

apparent. Finally, the combinations of this gene family could be expanded and 

integrated with different genes or gene families to a broader understanding of 

combinatorial function. 

The aim of this thesis is to explore this concept by studying one small gene family of cell 

adhesion molecules, the 𝛿-protocadherins. In Chapter 1, an overview of the 

complexities of neural wiring, the types of molecular cues that provide instructions, and 

the importance of understanding their functions in combinations are discussed. In 

Chapter 2, a single-cell gene expression analysis method is developed and used to 

define the extent to which the 𝛿-protocadherins are expressed in combination in single 

olfactory sensory neurons. In Chapter 3, the consequences of combinatorial 𝛿-

protocadherin expression on their adhesive functions are studied, and a simple model is 

proposed that explains combinatorial adhesive specificities based on differential 

apparent affinities, and the relative proportion of surface expression of each gene. 

Finally, in Chapter 4, I explore how the model could be extended and integrated with 

other protocadherins and to create a larger model that could encompass the entire 

cadherin superfamily. 
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Chapter 1 

Introduction  

1.  The Complexities of Brain Development 

Since the birth of modern neuroscience over 100 years ago (Cajal 1909), a major goal 

has been to understand how brains are constructed. Answering this question has 

profound implications. A complete understanding of mammalian brain development 

would have an immense impact on science, medicine, and humanity. Obtaining this 

knowledge, however, is an extremely daunting task due to the enormous level of 

dynamic complexity that exists within a developing brain. This complexity is best 

illustrated by considering the magnitude of change that occurs between the birth of the 

first neurons during embryonic development, and adulthood. For example, in the 

mouse, the first clusters of cells to express the neuronal marker beta-tubulin III appear 

at embryonic day 8.5 in the neural plate (Easter et al. 1993). By the time the mouse 

reaches adulthood several weeks later, there are approximately 71 million neurons in 

the brain (Herculano-Houzel et al. 2006) that have formed what can be roughly 

estimated to be 6.5 trillion synapses. Even greater complex dynamism occurs in 

humans. The first neurons are produced at embryonic day 42 (Stiles and Jernigan 

2010), and by adulthood there are approximately 86 billion neurons in the brain 

(Azevedo et al. 2009). Staggeringly, the number of synapses in the adult human can be 

estimated to be on the order of 14 quadrillion (14 x 1015). Thus, between the "birth" of 
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the first neurons and adulthood, a remarkable series of concerted molecular and cellular 

events organizes a massive number of neurons into an even greater number of 

organized synapses. These processes establish the rules for ordering neural circuit 

architecture, allowing for the creation of specialized networks, which ultimately allows 

for the emergence of both simple and complex behaviors. Immense efforts have been 

made to identify genes and understand their function in neural development. However, 

despite decades of work the function of many genes remain poorly understood, and 

even less is known about how these genes work together to regulate development. 

Addressing this issue is pivotal in order to untangle the depth of complexity which exists 

in neural development. Only by beginning to study how these processes work together 

will we eventually be able to progress towards a fundamental understanding of brain 

development, and better understand brain function in both health and disease. 

2.  The Molecular and Cellular Orchestration of Brain 

Development 

2.1.  Evidence for a Genetic Blueprint 

What is required to orchestrate and instruct the migration, guidance, and wiring of 

neurons to ultimately form a mature brain that can correctly transmit, receive and 

process information? Despite being the most complex organ with extremely high 

degrees of both cellular and molecular heterogeneity (MacNeil and Masland 1998; 

Usoskin et al. 2015; Zeisel et al. 2015; Darmanis et al. 2015; Tasic et al. 2016; La 

Manno et al. 2016), the brain clearly has evolutionarily conserved programs in place 
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that offers a blueprint for development. Defining what these programs are provides 

direction for studying their functional impact in order to build a framework towards 

understanding neural development. Examples supporting the existence of a genetic 

blueprint can be observed at various levels of analysis. On a transcriptional level, 

several studies have used microarray profiling to examine thousands of anatomically 

defined regions of human and rhesus macaque post-mortem brain tissues to 

understand the dynamics of the transcriptional landscapes in the developing brain. 

Strikingly, they all found that only a small amount a variation is observed when 

comparing the same regions across different individuals at similar stages of 

development. In contrast, high levels of variation are observed when comparing profiles 

across different regions, or developmental stages from the same individual (Colantuoni 

et al. 2011; Kang et al. 2011; Hawrylycz et al. 2012; Bakken et al. 2015). Thus, despite 

differences in sex, millions of sequence differences across genomes (Jorde and 

Wooding 2004; Levy et al. 2007), or the innumerable unique environmental events 

experienced by each individual, the transcriptional landscape of healthy "normal" brains 

appears to be remarkably consistent in a spatial and temporal manner. This suggests 

that a genetic blueprint establishes a significant set of foundational rules for 

programming brain development. 

On a functional level of analysis, many genes involved in neural wiring have been found 

to be highly conserved across species (Dickson 2002). An example of a highly 

conserved mechanism is the commissural midline choice, where functional studies have 

revealed similar genetic mechanisms for both vertebrates and some invertebrates 
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(Kennedy et al. 1994; Serafini et al. 1994) to instruct peripheral commissural neurons to 

cross the midline of the body plan. From worm to humans, this particular mechanism 

has been conserved over more than 600 million years of evolution (Chisholm and 

Tessier-Lavigne 1999). However, a smaller number genes have also been identified to 

be divergent and not conserved. In such cases the genes either lack homologs, or have 

homologs with unknown or non-homologous function. For example, VAB-8 is critical for 

cell migration and axon guidance in C. elegans (Manser and Wood 1990; Wightman et 

al. 1996; Wolf et al. 1998; Watari-Goshima et al. 2007), but has no identified homologs 

in other species. 

Finally, gross anatomy of the brain can also highlight the consequences of divergent 

evolution and the result of different wiring programs. Even within the same evolutionary 

class, differences in major axonal tracts can be observed. The most striking example is 

the corpus callosum, which is a large interhemispheric tract of axons that enhances 

neural communication between the two cerebral hemispheres (Gazzaniga 2000; Phillips 

et al. 2015). It is only found in the Eutherian (placental) mammals, and is noticeably 

absent from the Metatheria (marsupial) and Prototheria (monotreme) subgroups (Owen 

1837; Flower 1865; Smith 1910; Katz et al. 1983). Additionally, the basic fiber 

characteristics of the corpus callosum in placental mammals has been found to be well 

conserved across animals of the same species and across different species (Aboitiz et 

al. 1992; Olivares et al. 2001; Phillips et al. 2015), suggesting strong genetic control 

over its development. Intriguingly, many classes of genes involved in wiring appear to 

be conserved across members of the three classes (personal observation), but having 
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diverged from a common ancestor roughly 200 million years ago, exhibit significantly 

different genomic organization (Graves 1996; Deakin et al. 2012). This raises an 

interesting possibility about how differences in genomic organization may create 

functionally different wiring programs even when provided with similar overall genomic 

content. Therefore, although there is clearly a broad genetic blueprint that is widely 

conserved, aspects of it can vary, even among subgroups. 

2.2.  Modulation of the Genetic Blueprint via Activity 

If such a strong blueprint exists for neural development, then how do individuals 

become unique? It has become clear that activity (sensory and spontaneous) is critical 

for remodeling the nervous system, both during development and during learning to 

best adapt to the challenges of the environment. For example, experiences and activity 

can provide the input for modulating synaptic strengths (Bruner and Tauc 1966; 

Castellucci et al. 1970; Trachtenberg et al. 2002), which are thought to be the 

fundamental storage unit for learning and memory (Grutzendler et al. 2002; Reijmers et 

al. 2007). 

The influence of experience is most dramatically seen during synaptic pruning, where a 

dramatic decrease in synaptic density in humans (Huttenlocher 1979) and primates 

(Bourgeois et al. 1994) occurs in response to experiences after the first few years of life. 

Similarly, certain aspects of neural development have been found to be required to 

occur in specific "critical periods" to ensure proper development. This is best 

exemplified through the series of the classic experiments by Hubel and Wiesel, who 
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found that temporary monocular vision in cats during a critical time in development 

irreversibly disrupts ocular domain column maturation and vision in the eye that was 

temporarily closed. (Hubel and Wiesel 1963; Wiesel and Hubel 1963a; Wiesel and 

Hubel 1963b). 

On a molecular level, numerous genetic studies have uncovered several genes involved 

in neural wiring that are regulated in an activity dependent manner in certain neural 

systems. Examples of such processes include axon guidance (Serizawa et al. 2006; 

Williams et al. 2011), dendritic growth (Nedivi et al. 1998), dendritic branching (Ohnami 

et al. 2008; Hayano et al. 2014) and both synapse formation and elimination (Corriveau 

et al. 1999; Hermey et al. 2013). Thus, despite the appearance of an evolutionary 

conserved, hardwired developmental program, it can and actually needs to be 

modulated to various degrees by activity for proper development. Combined, these two 

systems establish boundaries and basic rules while permitting some randomness or 

change (via experiential, sensory, or spontaneous neural activity) to influence neural 

wiring. Identifying and understanding activity regulated genes is therefore critical 

because they could act as functional modulators to other genes when expressed in 

combinations. 

3.  Requirements of Neural Wiring, Genetic Limitations, and 

Combinatorial Solutions 

The power of neurons comes from their ability self-organize, creating networks and 

circuits. This organization creates the capacity to communicate and influence each 
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other, generating vast possibilities for complex activity patterns between them. Thus, 

how circuits are built becomes crucial, because the circuit formation defines the 

functional possibilities of that circuit. Ultimately, the collective repertoire of an animal's 

neural circuitry defines the extent of its behavioral possibilities. The two processes that 

define neural circuit assembly are axon guidance and synaptogenesis. 

Before a neuron can form a synapse with another neuron, it must first extend its axon 

through the cellular milieu to come into proximity with the dendritic processes of other 

neurons. Critically, the axon must be instructed to avoid or reject certain cellular targets, 

while selectively being attracted towards others. This pathfinding process is mediated 

by various factors called axon guidance molecules, which act upon the growth cone of 

the axon and influence the direction of extension. This process often proceeds in a step-

wise manner, with neurons finding intermediate guidepost targets or cues before 

reaching the final target (Grenningloh et al. 1991; Kehayova et al. 2011). In many 

cases, initial neurons act as 'pioneers', and future neurons are dependent upon their 

successful targeting to also reach their targets, although to various degrees depending 

on the species (Harrison 1910; Bate 1976; Bentley and Caudy 1983; Lin et al. 1995). 

Mechanistically, guidance is physically achieved through signaling cascades which alter 

focal adhesions (Myers et al. 2011) and/or remodel the cytoskeleton of the growth cone 

(Letourneau et al. 1987; Lin and Forscher 1995; Challacombe et al. 1996; Lee and 

Suter 2008) to promote or reduce motility in certain directions. Finally, once the axon 

has reached the appropriate target, it must form a synapse in order to establish a 

connection that allows for neural transmission to occur between the two neurons. This is 
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a particularly dynamic process in which the synapse can be strengthened, weakened, or 

removed over time. Since the fundamental units of the nervous system are synapses, it 

is no surprise that many neurological diseases are caused by, or linked to, genes 

involved in axon guidance (Engle 2010; Nugent et al. 2012; Van Battum MSc et al. 

2015) and synaptogenesis (Lepeta et al. 2016; Fukata and Fukata 2017). 

How many genes are required to mediate these processes? To date, roughly 200 axon 

guidance and synaptogenesis molecules have been identified. Not considering multiple 

splice isoforms, this means that roughly only 1% of the genome contributes towards 

wiring the billions of neurons and their trillions of synapses in the brain. How can such a 

small number of genes generate enough specificities to precisely wire the brain? The 

work of Roger Sperry in the 1940s began to address this issue. After publishing several 

formative experiments on the ability of surgically scrambled peripheral nerves to 

regenerate and regrow in a functional manner without any "re-educative adjustments" 

(Sperry 1943a; Sperry 1943b; Sperry 1945; Sperry 1948), he outlined his seminal 

"chemoaffinity hypothesis" (Sperry 1963). In this paper, he posited that the only way 

neurons could grow properly would be if they had "some kind of individual identification 

tags" that were "cytochemical in nature" and would allow for neurons to differentiate 

themselves between targets and other neurons by differences in selective affinities 

(Sperry 1963). He states that such a scheme "…requires millions, and possibly billions, 

of chemically differentiated neuron types, each distinguishable from all others…", but 

how can so many tags be achieved with only ~200 different genes? Although he did not 

explicitly offer a solution in his paper, the only way to create such a vast number with a 
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limited pool of genes is use the cytochemical tags in a combinatorial manner within 

individual neurons to generate a sufficient diversity of cell surfaces. While it is clear that 

axons and growth cones express numerous mRNAs (Zivraj et al. 2010; Gumy et al. 

2011), most studies only seek to understand the function of one to two genes at once 

leaving the outcome of combinatorial functions unknown. Today, over 50 years since 

proposed in full, Sperry's chemoaffinity hypothesis remains widely accepted. However, 

experiments to support it and begin to understand how it might work have not 

progressed. New approaches are needed to reveal the molecular mechanisms behind 

Sperry’s hypothesis. Doing so would make a significant impact in our understanding of 

neural wiring and brain development. 

4.  Identification of Axon Guidance Cues 

Over 125 years ago, Ramon y Cajal discovered the growth cone of the axon by studying 

the direction of dorsal commissural axons and ventral motor neurons in the spinal cord 

of the developing chick embryo in fixed histological stains (Ramón y Cajal 1890). He 

routinely noticed that the growth cone of these neurons followed the same path 

"…without deviations or errors, as if guided by an intelligent force" (Sotelo 2002). This, 

along with other observations, led him to develop his "neurotropic hypothesis" (Ramón y 

Cajal 1892) (a clear precursor to Sperry’s “chemoaffinity hypothesis”) and argued that 

neurotropic factors elicited certain behaviors from growth cones, by providing them 

instructions on where to migrate. Although it was difficult to provide experimental 

evidence in embryos at the time, Cajal was able to perform regeneration experiments 
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with grafts of peripheral nerves that supported his hypothesis that the instructive cues 

originated from living cells, as grafts that had been treated with chloroform failed to 

guide regenerating axons (Ramón y Cajal 1928). 

Almost 100 years passed before further evidence emerged to provide additional support 

for the idea behind the neurotropic hypothesis. Lumsden and Davies used collagen gel 

matrices to co-culture embryonic mouse sensory neurons and their target tissue at a 

stage prior to when the target would be reached by the neurons (Lumsden and Davies 

1983). They found that neurites grew selectively towards their specific target tissue, and 

never towards non-target tissues. Targeting still occurred even when blocking 

antibodies to nerve growth factor (NGF) were added, suggesting that some form of 

specific chemotropism occurs to attract developing neurons to their targets (Lumsden 

and Davies 1983). The first experimental evidence for a diffusible, attractive guidance 

molecule was demonstrated in 1988 by showing that the ventral floor plate of the rat 

selectively attracted outgrowth of dorsal commissural neurons (Tessier-Lavigne et al. 

1988). A few years later, the secreted factor was identified as netrin-1 and netrin-2 

(Serafini et al. 1994), the products of genes which are homologous to the previously 

identified C. elegans gene UNC-6 (Hedgecock et al. 1990; Ishii et al. 1992). Soon after 

the receptor that mediates its response, DCC, was also discovered (Keino-Masu et al. 

1996). A recent paper has provided an updated view that the critical source of netrin-1 

may be in the ventricular zone and that it may not act as a long range diffusible cue, 

although it still remains important for the commissural midline choice (Dominici et al. 

2017). 
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A few years later repulsive cues were discovered. Using the embryonic rat olfactory 

system, Pini co-cultured the septum and olfactory bulb explants using collagen gel 

matrices. He showed that a diffusible repulsive signal in the septum caused the axons 

of mitral and tufted cells in the olfactory bulb to project their axons away from their origin 

near the septum and instead migrate laterally, consistent with their lateral projection in 

vivo (Pini 1993). That same year, a protein called Collapsin (now Sema3A) was found to 

cause repulsion via growth cone collapse (Luo et al. 1993).  

The further advancement of molecular and biochemical techniques led to the 

identification of several more conserved axon guidance molecules and their functions to 

either act as attractive or repulsive cues. These include additional members and 

receptors of the Netrin family (Rajasekharan and Kennedy 2009), the Slits and Robos 

(Brose et al. 1999; Kidd et al. 1999; Yu et al. 2014), Ephrins and the Eph receptors 

(Poliakov et al. 2004), Plexins (Tamagnone et al. 1999), Neuropilins (Parker et al. 2012; 

Guo and Vander Kooi 2015), the Semaphorins (Kolodkin et al. 1992; Luo et al. 1993; 

Fan and Raper 1995; Kobayashi et al. 1997) as well as non-canonical cues such as Ryk 

(receptor related to tyrosine kinases) (Hovens et al. 1992; Bonkowsky et al. 1999; 

Yoshikawa et al. 2001; Lu et al. 2004; Keeble et al. 2006). The range of cues becomes 

even more diverse when other factors that have also been found to influence guidance 

are also considered, such as extracellular matrix proteins (Faissner and Kruse 1990; 

Neugebauer et al. 1991; García-Alonso et al. 1996), cell adhesion molecules 

(Matsunaga et al. 1988; Neugebauer et al. 1988; Bixby and Zhang 1990; Riehl et al. 

1996; Schmucker et al. 2000), growth factors (Gundersen and Barrett 1979; Gundersen 
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and Barrett 1980; Caton et al. 2000; Genç et al. 2004), chemokines (Xiang et al. 2002; 

Chalasani et al. 2003; Lieberam et al. 2005), and morphogens (Trousse et al. 2001; Liu 

et al. 2003; Yamauchi et al. 2008; Gordon et al. 2010). Therefore, it can be seen that a 

wide range of molecules, each with different functional possibilities, contribute together 

towards axon guidance. 

5.  Synaptogenesis 

Once an axon has reached its final target region, the final step in the wiring of the two 

neurons is synaptogenesis. The growth cone must differentiate into axonal terminals 

and prepare for the possibility of synapsing with dendrites of other neurons. Synapses 

are the fundamental unit of transmission, processing, and storage of neural information 

(Mayford et al. 2012). For proper synapse formation to occur, a series of steps must 

occur on both the pre- and post-synaptic neurons to assemble a stable connection that 

allows neural transmission to occur between the two neurons (Friedman et al. 2000; 

Zhai et al. 2001; Okabe et al. 2001; Washbourne et al. 2002). The number of proteins 

localized to post-synaptic densities has been found to be in the hundreds (Yoshimura et 

al. 2004). 

After reaching the target, the pre-synaptic neuron must face another question of 

specificity - which neurons and synapses should it synapse with? How is this choice 

specified? Some information is known regarding how neurons may avoid forming 

synapses with some neurons, and how excitatory and inhibitory synapses are specified 

through differentiation once formed (Song et al. 1999; Ben Chih et al. 2005; Levinson et 
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al. 2005). However, little is known about how synapse formation beyond that is 

specified. Several features of synapses make answering this question difficult. One 

aspect is the magnitude of synapses that the average neuron has, estimated to be in 

the tens of thousands (Pakkenberg 2003; Pelvig et al. 2008). It is also known that within 

a neuron, localized and spatially restricted mRNA transport and protein synthesis within 

axons and synapses occurs (Koenig 1967; Giuditta et al. 1968; Steward and Levy 1982; 

Steward and Ribak 1986; Greenough et al. 2001; Ostroff et al. 2002; Kanai et al. 2004) 

and these could potentially enable each synapse to be differentially labeled with 

combinations of surface proteins. Therefore, sub-dendrite/axon analysis may be 

required to fully understand synaptic diversity within single neurons before specificities 

can fully be understood. Finally, the stability and lifespan of synapses are plastic and 

dynamic. They can be stable for periods of weeks to months, or only a few hours to 

days (Trachtenberg et al. 2002). Thus, because they are able to turn over in such a 

dynamic fashion, it is difficult to study them as "static" processes. 

Critical to creating specific synapses are trans-synaptic proteins. Typically, these are 

cell-adhesion proteins, and several have been localized to synapses and/or shown to 

play a role in synapse formation or organization. Some appear to be generic synaptic 

proteins that may not confer a high degree of synaptic specificity, such as Synaptic Cell 

Adhesion Molecule (SynCAM) (Biederer et al. 2002; Fowler et al. 2017). In contrast, 

members of gene families have been found to be differentially expressed in neurons 

and localized to synapses such as the cadherins (Togashi et al. 2002) and the integrins 

(Einheber et al. 1996; Nishimura et al. 1998; Pinkstaff et al. 1999; Mortillo et al. 2012). 
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One model proposes that proteins conferring high specificity initiate the formation of a 

synapse by bringing the pre- and post-synapses together in proximity, and then other 

synaptic cell adhesion molecules such as SynCam and Neuroligins reinforce the 

synapse and specify if it will become excitatory or inhibitory. Further studying how these 

many proteins function in concert at the synapse will greatly enhance our understanding 

for how neural wiring is specified. 

6.  A Continuous Transition from Axon Guidance to 

Synaptogenesis 

Historically, axon guidance and synaptogenesis were considered similar but distinct 

processes in neural development. However, since synaptogenesis begins to occur 

when the pathfinding growth cone differentiates into axon terminals, a more realistic 

model may be to place axon guidance and synaptogenesis on the same functional 

continuum rather than as separate or distinct processes. This idea is supported by the 

findings that several axon guidance genes have been found to also play roles in 

synapse formation. 

For example, in C. elegans, synapse formation between two types of interneurons was 

found to be mediated by glial cells acting as guideposts that express UNC-6 (netrin). In 

the post-synaptic neuron, the netrin receptor UNC-40 (DCC) is expressed and functions 

conventionally to attract the axons towards the glial cells. However, in the pre-synaptic 

neuron, UNC-40 plays an unconventional role, increasing the formation of pre-synaptic 

terminals to support synaptogenesis with the post-synaptic neuron (Colón-Ramos et al. 
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2007). In contrast, UNC-6 has also shown to prevent synapse formation via its UNC-5 

receptor in specific motor neurons in C. elegans (Poon et al. 2008). 

More examples of axon guidance molecules that can also regulate synaptic function can 

be found in the family of Eph receptors, which have been shown to regulate various 

aspects of synapse formation and function. These include influencing NDMA receptor 

clustering (Dalva et al. 2000), dendritic motility (Kayser et al. 2008) dendritic 

morphology (Murai et al. 2003; Henkemeyer et al. 2003), synapse maturation (Aoto et 

al. 2007; Lim et al. 2008), synaptic transmission (Essmann et al. 2008), and long-term 

potentiation (Grunwald et al. 2001; Contractor et al. 2002). Similar functions at the 

synapse have also been found with the Semaphorins (Sahay et al. 2005; Burkhardt et 

al. 2005; Morita 2006; Yamashita et al. 2007), Slit/Robos (Campbell et al. 2007; 

Essmann et al. 2008) and Netrin/DCC (Friedman et al. 2000). Fewer cases of synaptic 

proteins influencing axon guidance have been revealed, although it has been shown to 

occur, such as the ability of SynCAM to negatively regulate the growth cone (Stagi et al. 

2010). 

Taken together, these examples show the importance of considering genes in neural 

wiring to have the potential to be both axon guidance molecules and synaptogenic 

molecules. Additionally, it is critical to consider that if a gene has a defined function in 

axon guidance, it does not necessarily mean it will exhibit the same affect in synapse 

formation. Instead, it may mediate different or unique affects depending on what other 

interacting proteins are available in proximity. 
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7.  Cell Adhesion 

Cell adhesion molecules are a major category of genes that facilitate aspects of both 

axon guidance and synaptogenesis. Critical to most aspects of multicellular life, cell 

adhesion molecules allow cells to assemble into larger groups of cells. Importantly, 

through differential adhesion, cells can be selectively arranged within groups of cells, or 

separated entirely from others. This allows organisms to develop complex tissue and 

cellular organizations, something that becomes more important as organisms become 

larger and more complex. This is true nowhere more than in the nervous system, where 

such cellular distinctions become imperative in specifying neural circuit construction. But 

how exactly how can cell adhesion molecules accomplish this in the nervous system, 

and if this strategy of differential adhesion is employed, how many different cell 

adhesion molecules are sufficient to selectively wire the brain? 

7.1.  Early Experiments of Selective Adhesion 

At the turn of the 20th century, the first clues for how multicellular organisms develop 

came from Paul Wilson's now famous experiments on sponges, the simplest extant 

multicellular organisms that are known to exist. He first discovered that sponges could 

be dissociated into single cells, and a portion of the cells will recover and begin re-

aggregating into multicellular forms (Wilson 1907). Since some sponges have different 

pigmentations, he was then able to test whether cells from different species that were 

dissociated and then allowed to intermingle while recovering would re-aggregate 

indiscriminately, or in a selective species specific manner. In all cases, he found that 
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"…the cells and cell-masses of a species combined, and not the cells of different 

species." (Wilson 1907). This seemingly simple test is considered the first experimental 

demonstration of selective self-recognition in cells. Follow up studies confirmed this 

phenomenon in other sponges (Galtsoff 1923) and set the stage for future work in this 

nascent field to determine the factors that enable self-organization to produce specific 

tissues arrangements. 

Nearly 50 years later, the principle of self-recognition between different cells was greatly 

expanded by Townes and Holtfreter in a landmark paper (Townes and Holtfreter 1955). 

Using amphibian embryos that had undergone neurulation, germ layers were separated 

by dissection, and then dissociated into single cells by treating them with an alkaline 

solution. If the pH was returned to normal, the cells would begin to re-aggregate. This 

allowed them to test whether cells from different germ layers would re-aggregate into 

distinct populations. Although initially they re-aggregate indiscriminately, over time they 

always spatially sorted out - usually with one cell type enveloping the other. 

Furthermore, any test of two or more cell types resulted in spatial arrangements that 

reflected the embryo with regards to one population spreading over, or invaginating the 

other. They hypothesized that their observations were the result of selective intercellular 

adhesion, and the tendency for some cells to undergo directed cell movements. They 

also posited that these relationships should be able to change over the course of 

development, as the cells within each layer further differentiate and require more 

specific and nuanced relationships with other cell types. This watershed paper marked 
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the first experimental evidence that different cell types are rearranged in the embryo 

based on selective affinities (Townes and Holtfreter 1955). 

For a period of several years following this paper, various lab groups sought to uncover 

the responsible agents for endowing cells with selective affinities, and how such agents 

might control the phenomenon of cell sorting (Moscona and Moscona 1952; Trinkaus 

and Groves 1955; Moscona 1957;  Steinberg 1958; Curtis 1961; Steinberg 1963; Roth 

and Weston 1967; Takeichi 1977; Urushihara et al. 1979). The result of this collective 

momentum led to the identification of the first two cell adhesion molecules to be 

identified: Neural-Cell Adhesion Molecule (NCAM) (Brackenbury et al. 1977; Thiery et 

al. 1977; Rutishauser et al. 1978a; Rutishauser et al. 1978b), and the calcium-

dependent E-Cadherin (Urushihara and Takeichi 1980), providing the ability to begin 

studying mechanisms of how selective adhesion works. 

7.2.  The Cadherin Superfamily 

Since then, a rich diversity of cell adhesion molecules has been identified that mediate a 

wide range of biological phenomenon across all multicellular life forms, particularly in 

nervous system function and development. Of these, the largest and possibly most 

important gene family is the Cadherin superfamily of calcium-dependent cell adhesion 

molecules, which are classified based on their IgG-like extracellular domains (Takeichi 

et al. 1988) Comprised of approximately 114 members in humans, and 119 in the 

mouse (Hulpiau et al. 2016), their biological functions are widespread. For example, 

outside the nervous system, they have been implicated in processes that can range 
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from inner call mass formation (Shirayoshi et al. 1983), to somite (Radice et al. 1997; 

Linask et al. 1998; Horikawa et al. 1999) and limb bud formation (Yajima et al. 1999; 

Omi et al. 2002) and the localization and motility of oocytes in Drosophila (Godt and 

Tepass 1998; Niewiadomska et al. 1999). 

Critically, these processes rely on cadherins to provide the cells with selective and 

differential adhesive properties. Cells that express different cadherins will have different 

adhesive specificities, and will prefer the formation of bonds with cells that express the 

same cadherin (homophilic binding) rather than a different cadherin (heterophilic 

binding). A formalized model of this was proposed in 1960s by Malcolm Steinberg. Aptly 

named the Differential Adhesion Hypothesis (DAH) (Steinberg 2007), it posits that the 

behavior of cell sorting can be explained through the physical analogy of surface 

tension and immiscible liquids. In this model, cellular rearrangements are caused by 

weaker bonds being replaced by stronger bonds, until interfacial free energies are 

sufficiently minimized. Although debate lingered over the causative property or 

properties of the DAH observations (Harris 1976), the principle, theory, and predictive 

applications behind the DAH are abundantly supported through experimental evidence 

and therefore remains widely accepted today (M S Steinberg and  D R Garrod 1975; 

Steinberg and Takeichi 1994; Duguay et al. 2003; Foty and Steinberg 2005; Schötz et 

al. 2008). 

The DAH provides a potential mechanism that neurons could use to confer specificity 

for potentially each aspect of neural wiring to produce complex organizations of neurons 

and synapses. For example, this phenomenon could be used to mediate specific 
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neuronal migration, aspects of fasciculation, or the proper matching of synaptic 

partners. Indeed, there is a large body of evidence emphasizing the importance of 

cadherins across all components of neural development, such as neurulation (Hatta and 

Takeichi 1986), neural migration, establishment of cell specific layers, boundaries, and 

nuclei (Szabó et al. 2015), neurite extension, axon guidance and fasciculation (Price et 

al. 2002; Schwabe et al. 2014), and target recognition and synapse function (Togashi et 

al. 2002; Duan et al. 2014). However, the cadherins that have been the most studied 

are the ~20 type I “classical” cadherins and the type II cadherins. Even though cells 

clearly express them in combinations (Matsuyoshi and Imamura 1997; Shan et al. 

2000), there are not enough of them and they are also expressed too broadly to be 

useful for creating adhesive specificity codes. This lead researchers to begin looking at 

the remaining members of the cadherin superfamily. 

7.3.  The Protocadherins 

The largest sub-family within the cadherin superfamily are the protocadherins. The first 

members of the protocadherin family were discovered in 1993 using degenerate PCR 

targeting the IgG-like extracellular domains of classical cadherins with rat and human 

cDNA (Sano et al. 1993). Because fragments of the sequences identified were also 

found in lower organisms such as Xenopus, Drosophila, and C. elegans, Sano et al. 

considered these sequences to contain a "primordial" cadherin motif and thus coined 

them protocadherins. Soon after, many more protocadherins were discovered, and 

since then nearly 80 different protocadherins have been identified in mammals (Jontes 

2013; Hulpiau et al. 2016). 
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Although they share similarities to the classical cadherins, their differences are of 

significant consequence. For example, classical cadherins have five extracellular (EC) 

domains, where the protocadherins have six, seven, or even up to ~40 EC domains. 

Furthermore, they do not bind to 𝛽-catenin as the classical cadherins do, and instead 

have highly variable intracellular cytoplasmic domain (ICD) sequences, suggesting a 

multitude of possible signaling mechanisms. Such variable characteristics have enabled 

the ~80 protocadherins to be further subdivided into protocadherin sub-families (Nollet 

et al. 2000). 

The evolutionary history of protocadherins suggest that the family greatly expanded 

during the metazoan explosion (Hulpiau and Van Roy 2011), leading some to suggest 

that their emergence enabled the mammalian brain to expand and become more 

complex. In expression studies, their dynamic, strong, and punctate patterns throughout 

the mammalian brain and nervous system made them excellent candidates for 

conferring neurons with diversity for wiring through possible combinatorial expression 

patterns. 

However, since their initial discovery, the protocadherins have been shown to be richly 

complex in both their expression and function and as a consequence, not at all 

straightforward to understand. While some protocadherins have been extensively 

studied and show critical roles in neural wiring, many remain poorly understood, or 

barely studied. However, their importance is neural circuit formation is highlighted by 

their causative or associated nature with many different neurological conditions. In 

addition, like the cadherins, they also play critical roles in tissues outside of the nervous 
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system. Here, the two largest subfamilies of the protocadherins (clustered 

protocadherins and non-clustered protocadherins) and their roles in neural circuit 

formation are discussed. 

7.3.1.  Clustered Protocadherins: Genomic Organization and Regulation 

The clustered protocadherins are the largest sub-family of the protocadherins, 

consisting of 60 genes (Hulpiau et al. 2016). A unique characteristic shared among the 

first members to be identified set the stage for uncover their striking genomic 

organization. Within the first two groups discovered, all the 5' sequences of were 

variable, but their 3' sequences were identical (Obata et al. 1998; Kohmura et al. 1998). 

After an extensive genomic analysis, they were found to be part of three clusters of 

nearly 60 genes in total. The clusters, which were named the 𝛼, 𝛽 and 𝛾 protocadherins, 

are arrayed in tandem and span nearly 1MB (Sugino et al. 2000; Wu et al. 2001). 

Through the work of several papers (Wu and Maniatis 2000; Tasic et al. 2002; 

Kehayova et al. 2011; Guo et al. 2012), a remarkable form of gene regulation was 

revealed for the clustered protocadherins. Within each cluster, there are numerous 5' 

"variable" exons and a few 3' "constant" exons. In all three clusters, each variable exon 

is preceded by an individual promoter. For the 𝛼 and 𝛾 protocadherins, multiple large 

"variable" exons encode the complete sequence for six EC domains and part of a 

transmembrane domain. These exons then undergo cis-splicing with three "constant" 

exons that encodes for the remainder of the transmembrane domain and the 

cytoplasmic tail. For the 𝛽s, there are no "constant" exons. Instead, each protein is 



	 23	

entirely encoded by a single exon, and although their ICDs are not identical, they are 

highly conserved. As a result, each member within the 𝛼, 𝛽 and or 𝛾 families have 

unique extracellular domains, but identical intracellular domains. Each variable exon 

has its own promoter 5' of the exon as well as a conserved sequence element (CSE) 

that is required for efficient transcription, and through a promoter choice mechanism, 

they are believe to be expressed in a stochastic manner (Tasic et al. 2002; Toyoda et 

al. 2014). Support for this has come from single-cell RT-PCR studies of Purkinje 

neurons, which showed that each cluster appears to be randomly and combinatorially 

expressed, and primarily in a monoallelic manner (Esumi et al. 2005; Kaneko et al. 

2006; Hirano et al. 2012). 

From these studies, it has been estimated that every neuron could express up to 10-15 

different clustered protocadherins, generating high levels of surface diversity among 

neurons. However, this has never been properly or extensively characterized. 

Nevertheless, this arrangement gave much belief into a theoretical framework where the 

clustered protocadherins could provide sufficient neural surface diversity to wire the 

brain (Yagi 2012). This possibility drew immediate comparison to the Down Syndrome 

Cell Adhesion Molecule (Dscam) gene in Drosophila, which can generate 19,008 

different extracellular domains via alternative splicing and functions as an important 

axon guidance molecule (Schmucker et al. 2000; Hummel et al. 2003). Dscam EC 

domains exhibit purely homophilic binding, meaning they will only bind to like-proteins 

(Wojtowicz et al. 2004; Wojtowicz et al. 2007), yet mediate repulsive behaviors between 

neurons (Wang et al. 2002). It is therefore believed that this is an elegant mechanism to 
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give neurons the ability to mediate self-recognition to avoid synapsing with itself and to 

efficiently sample other cells in the surrounding area. Since the DSCAM in mammals 

does not undergo alternative splicing like it does in Drosophila (Yamakawa et al. 1998; 

Agarwala et al. 2001), the clustered protocadherins were proposed to play the 

equivalent role of Dscams to provide an efficient mean to regulate self-avoidance. 

7.3.2.  Clustered Protocadherins: Evidence for Self-Avoidance 

In the self-avoidance model, neurons or neurites that express the same complement of 

protocadherins and come into contact will transiently undergo binding mediated by the 

homophilic matching of the protocadherins. Since this is the exact opposite of self-

avoidance, this binding event must then initiate intracellular signaling that inhibits the 

adhesive bonds, resulting in a repulsive signal. Strong in vivo evidence for this model 

comes from a study that conditionally knocked out all 22 gamma protocadherins in the 

retina and cerebellum, and examined the dendrites of starburst amacrine cells (SAC) 

and Purkinje cells (Lefebvre et al. 2012). The knockout mice displayed disrupted self-

avoidance, causing the dendrites of the same neurons to cross over each other, 

whereas wild type dendrites never did. Further experiments revealed that this is not 

based on a particular combination of gamma isoforms, and that any one isoform is 

sufficient to produce self-avoidance (Lefebvre et al. 2012). 

Studies on the olfactory system also lend support to the role in self-avoidance. Deletion 

of the constant region of alphas has been shown to disrupt axonal coalescence and 

targeting (Hasegawa et al. 2008), suggesting a role in self-recognition and targeting. A 
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recent paper deleted each cluster individually, and found minimal impact, whereas 

deletion of all 3 led to severe defects in dendritic arborization and loss of self-avoidance 

(Mountoufaris et al. 2017). Similar to the SAC study, self-avoidance was restored by 

over-expressing a single tri-cluster repertoire (i.e. 1 alpha, 1 beta, and 1 gamma), but 

targeting failed likely because each neuron recognized every neuron as self.  

A similar but different method for maximizing neural wiring efficiency neural wiring is 

tiling, a process that maximizes target coverage of axons. Where self-avoidance is a 

mechanism to maximize the dendritic space from one soma by avoiding isoneuronal 

overlap, tiling is a mechanism by which neurons of the similar type or function avoid 

taking up overlapping space. In other words, self-avoidance repels sister neurites from 

the same cell, tiling repels neurites of the same cell type to regulate equal functional 

coverage. Protocadherin alpha-C2 has been found to be critical for this process in 

serotonergic neurons, and loss of it causes defects in tiling of serotonergic wiring and 

behavior defects (Chen et al. 2017). 

Results of aggregation assays of clustered protocadherins in tissue culture have been 

interpreted to support the initial component of the self-avoidance model. In all cases 

tested, if two populations of cells that are transfected with different clustered 

protocadherins were not completely matched, coaggregation would not occur and they 

would segregate, forming completely separate aggregates (Schreiner and Weiner 2010; 

Thu et al. 2014). This demonstrates that combinations are important differentiating 

factors, and that the complement of isoforms expressed mediates homophilic adhesion. 

and several structural studies have defined the atomic characteristics of the adhesive 
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properties of the clustered protocadherins mediating this specificity (Rubinstein et al. 

2015; Goodman et al. 2016a; Nicoludis et al. 2016; Goodman et al. 2016b). In the 

simplest scenario, sister neurites would express the same protocadherins, and cause 

them to bind homophilically. How then would they function to cause self-avoidance if 

matched repertoires induce adhesion? The prevailing model is that the adhesive 

interface is just the first step, and that a signaling event must cause them to “disengage” 

after the initial recognition event. Although it is known that the ICD of the protocadherins 

can be cleaved by gamma secretase (Buchanan et al. 2010), no model has been 

proposed for how the signaling to "disengage" after homophilic binding would occur. 

7.3.3.  Clustered Protocadherins: Evidence Against Self-Avoidance 

Although the principles of self-avoidance and tiling have strong support in several 

cases, there are just as many examples that contradict these findings, or suggest 

different functions. The first knockout of the entire gamma cluster caused a decrease in 

spinal cord synapses and reduced mobility, however it also caused neonatal death due 

to neurodegeneration of spinal interneurons (Wang et al. 2002b). By crossing that 

mouse to a Bax knockout and also using a gamma hypomorph, the effect of apoptosis 

could be separated from the loss of the gammas (Weiner et al. 2005). The mice 

exhibited decreases in spinal cord synapses and profound neurological defects. No 

obvious defects in self-avoidance or tiling were observed, and so these studies suggest 

that instead, the gammas in the spinal cord play a role in development of synapse 

formation. 
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In the cortex, a conditional KO of all gammas did not result in cell death, nor reduce the 

density of their synapses. Instead, it caused a reduction in the complexity of dendrite 

arborizations (Garrett et al. 2012). A similar phenotype was observed for knockout and 

knockdowns of the alphas in the hippocampus and cultured hippocampal cells (Suo et 

al. 2012). These findings suggest that in the cortex and hippocampus, the gammas and 

alphas regulate the complexity of dendritic arborization instead of self-avoidance. In 

direct contrast to the self-avoidance model, it was found that dendritic complexity is 

regulated by homophilic matching of gammas with surrounding neurons and also 

astrocytes. Therefore, homophilic matching is actually required to promote dendritic 

complexity, and repulsive responses between cells with matching gammas was never 

observed in co-cultures (Molumby et al. 2016). It has been further shown that gammas 

regulate dendritic spine morphogenesis via blocking neurligin-neurexin1B interactions 

(Molumby et al. 2017), and not self-avoidance. 

7.3.4.  Clustered Protocadherins: Lessons of Context 

Therefore, it can be seen that early generalizations that all protocadherins mediated 

self-avoidance were premature. The emerging theme is that different functions are 

observed depending on the location and context of the nervous system that is being 

studied, and this may be due to the different repertoire of isoforms they express. For 

example, early clustered protocadherin studies asserted that all neurons constitutively 

express all five C-type isoforms, and this was perpetuated for several years despite any 

evidence. Recent cell studies have now shown that this is not true for olfactory sensory 

neurons, nor in serotonergic neurons, and that serotonergic neurons primarily only 
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express one isoform, alpha-C2 (Chen et al. 2017; Mountoufaris et al. 2017). In other 

words, while some neurons appear to have tight regulation for which clustered 

protocadherins can be expressed, others have appear to have stochastic expression, 

albeit with slight elements of regulation. 

Thus, the clustered protocadherins do not lend themselves to simple generalizations, 

and it is now abundantly clear that their functions are complex and highly dependent on 

the cellular and molecular context in which they are being studied and the specific 

complement being expressed. This idea extends to their tolerance for redundancy. For 

example in most neural systems, no one particular isoform is essential, and the required 

function relies on having a diverse pool of isoforms. In other cases, specific isoforms are 

necessary to mediate a cellular function (Chen et al. 2012; Chen et al. 2017). Many 

aspects of clustered protocadherin function remain to be understood. Ultimately, future 

work would build towards addressing a unified model of all their functions in neural 

wiring, and begin to understand how they interact with other protocadherins, and 

whether or not there is hierarchical ordering within their combinatorial functions and how 

that may change depending on which part of the nervous system is being examined. 

7.3.5.  𝛿-Protocadherins 

Despite consisting of only nine members, the 𝛿-protocadherins are less well understood 

than the clustered (𝛼, 𝛽 and 𝛾) protocadherins. In contrast to the clustered 

protocadherins, they are not organized at a single genomic locus but instead are 

scattered throughout the genome. Currently, it is unknown how these genes are 
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regulated and more importantly, if they are co-regulated as a family or as independent 

genes. It is clear, however, that they play critical roles in numerous aspects of neural 

development. Although deltas are far outnumbered by the clustered protocadherins, the 

deltas show much less functional redundancy. Thus, whereas deleting one or even 

several clustered protocadherins can have no impact, removing or mutating a single 𝛿-

protocadherins can be significant. This suggests that on a gene per gene basis, the 

deltas may be more critical to neural development. While various aspects of the deltas 

in neural development have been revealed, much remains unknown about them. In 

particular, there is no clear model for how the family functions together. 

7.3.6.  𝛿-Protocadherins: Discovery and Genomic organization 

The 𝛿-protocadherins were discovered concomitantly with members of the clustered 

protocadherins (Sano et al. 1993; Yoshida et al. 1998; Strehl et al. 1998; Yoshida et al. 

1999; Wolverton and Lalande 2001). After all the protocadherins were discovered, the 

𝛿-protocadherins were classified as a sub-family of the protocadherin family based on 

motifs (CM1 and CM2) in their intracellular domains (Vanhalst et al. 2005; Redies et al. 

2005) that are not present in any other protocadherins. The 𝛿-protocadherins are further 

divided into two sub-groups, the 𝛿-1s (Pcdh 1, 7, 9 and 11X/Y), and the 𝛿-2s (Pcdh 8, 

10, 17, 18, and 19) based on the number of extracellular domains each gene contains. 

The delta-1 subfamily has seven extracellular cadherin-like domain repeats, while the 

delta-2 subfamily has only six, similar to the 𝛼, 𝛽 and 𝛾 protocadherins. It is currently 

unknown what the functional consequences, if any, are for these differences in the 

number of extracellular domains. An additional distinction between the 𝛿-1 and 𝛿-2 is 
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the presence of the CM3 (RRVTF) motif in the intracellular domains of the 𝛿-1 

protocadherins. This motif is of particular interest because it allows the ICD to bind with 

protein phosphatase-1𝛼 (PP1𝛼) (Yoshida et al. 1999; Zhou et al. 2017), which is 

involved in LTP (Munton et al. 2004) and therefore could contribute towards regulating 

synaptic plasticity. 

Currently, nothing is known about the mechanisms by which 𝛿-protocadherin expression 

is regulated. However, similar to the clustered protocadherins, the whole extracellular 

region of the 𝛿-protocadherins is encoded by one large exon (roughly 2.5 kbs). This is in 

stark contrast to the classical cadherins, such as N-cadherin, which has a total of 16 

exons, most of which are found in the region coding the extracellular domains (Miyatani 

et al. 1992). Interestingly, sequence alignments of the extracellular, intracellular, and full 

length proteins of the deltas reveals considerably low sequence homology for a protein 

family, and cursory alignments of sequences upstream of the transcription start site 

reveals no common motifs (personal observation). 

7.3.7.  𝛿-Protocadherins: Evolution 

Understanding evolutionary relationships can provide deep insight into gene function. 

The expansion of genome sequencing to lower metazoan species allowed for large-

scale genomic analysis of cadherin evolution to be performed. Although many aspects 

about protocadherin evolution are unknown, a few studies have provided information to 

establish a basic framework of their relationships. The overall relationship that has 

emerged is that the clustered protocadherins, which are only found in vertebrates, have 
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emerged much later in evolution than the 𝛿-protocadherins (Hulpiau and Van Roy 2009; 

Hulpiau and Van Roy 2011; Hulpiau et al. 2013; Hulpiau et al. 2016), which have 

conserved sequences in deuterostomes, lophotrochozoa, and even the basal chordate 

Cnidaria intestinalis (Noda and Satoh 2008). A transcriptome analysis of extant jawless 

vertebrates (lamprey, cyclostomes) further supported this relationship by finding that 

cyclostomes lack the clustered protocadherins but have numerous 𝛿-protocadherins 

(Ravi et al. 2016). Thus, it appears that the clustered protocadherins are evolutionary 

derived from the non-clustered protocadherins. This relationship is consistent with the 

lack of redundancy in 𝛿-protocadherins, ands raises the possibility that origins in the 

clustered protocadherins may have resulted from gene duplications of one or more 𝛿-

protocadherins. 

7.3.8.  𝛿-Protocadherins: Expression and Putative Combinatorial Codes 

Similar to clustered protocadherins, 𝛿-protocadherin expression can be detected 

throughout the lifespan of the animal but are tightly regulated in a spatiotemporal 

manner. Usually, expression is most prominent during early embryonic stages, and then 

generally decreases to a steady level by adulthood (Hirano et al. 1999; Yamamoto et al. 

2000; Gaitan and Bouchard 2006; Redies et al. 2008; Liu et al. 2009; Priddle and Crow 

2013). 

Two general themes emerge from the expression patterns of 𝛿-protocadherins in the 

nervous system. First, they appear to be broadly expressed, yet differentially restricted 

to certain regions. For example, their expression in the mouse is under tight spatial 
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control for specific layers of the somatosensory cortex (Krishna-K et al. 2011), the visual 

cortex (Krishna-K et al. 2008), the spinal cord (Lin et al. 2012), the amygdala (Hertel et 

al. 2012), the basal ganglia (Hertel et al. 2008), and the cerebellum (Luckner et al. 

2001). Many other regions and species have been examined (Hirano et al. 1999; Aoki et 

al. 2003; Müller et al. 2004; Vanhalst et al. 2005; Redies et al. 2005; Redies et al. 2008; 

Etzrodt et al. 2009; Liu et al. 2009; Blevins et al. 2011; Asahina et al. 2012), and 

essentially every region of the brain and nervous system exhibits spatiotemporal 

restriction of some deltas based on anatomical boundaries. This suggests that they play 

important roles in cell migration, and boundary formation of different regions. 

Secondly, and consistent with the clustered protocadherins, is that they appear to be 

expressed in combination. This has been inferred from double label RNA in situ 

hybridization studies on various regions of the nervous system (Asahina et al. 2012; 

Krishna-K et al. 2011; 2008, Lin lab unpublished data). Since each delta overlaps with 

every other delta to a certain degree, it has been proposed that neurons expressed 

combinations of 𝛿-protocadherins. However, this approach does not actually define 

what the combinations actually are, and a single-cell analysis of 𝛿-protocadherins has 

never been reported. This leaves many important questions to be answered. For 

example, how many deltas can be expressed in a neuron? Are some more frequently 

expressed together than others, indicating the possibility of co-regulation? And most 

importantly, how does combinatorial expression affect their function? Since it is clear 

that neurons express at least two deltas, it is critical to understand how combinatorial 
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expression affects their adhesive properties to understand what role they play in neural 

circuit formation. 

7.3.9.  𝛿-Protocadherins Function as Adhesion Molecules 

As members of the cadherin superfamily, 𝛿-protocadherins are presumed to mediate 

calcium-dependent adhesion. To confirm this, immortalized cells are usually transfected 

with the cDNA of the gene of interest into immortalized cells, and then assayed for 

whether or not the expression induces cell aggregation when the cells are manipulated 

such that they are not allowed to adhere to the substratum. Several deltas have been 

confirmed to induce aggregation using mouse fibroblast L cells, which do not express 

endogenous cadherins. These include Pcdh1, Pcdh7, Pcdh9, Pcdh10 and Pcdh19 

(Sano et al. 1993; Hirano et al. 1999; Yoshida 2003; Tai et al. 2010; Izuta et al. 2015). 

Pcdh19 has also been confirmed using Chinese Hamster Ovary cells (CHO), which are 

also void of endogenous cadherins, and beads coated with purified ectodomain protein 

(Emond et al. 2011). However, no reports have been made for Pcdh8, Pcdh9, Pcdh11x 

or Pcdh18 and no study has systematically assayed all the deltas within the same 

study. 

Interestingly, after a study found that N-cadherin and Pcdh19 function together to 

regulate cell movements of anterior neurulation in zebrafish (Biswas et al. 2010) a follow 

up study found that Pcdh19 forms a complex with N-cadherin, and this complex creates 

a new adhesive specificity that no longer recognizes Pcdh19 or N-cadherin alone. 
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(Emond et al. 2011). This example emphasizes the need to understand how adhesive 

functions can change as a result of combinatorial expression. 

7.3.10.		𝛿-Protocadherins: Function in Early Stages of Neural Development 

After the initiation of neural induction during gastrulation (Spemann and Mangold 1924), 

the embryo undergoes many changes as it begins to organize the nervous system. 

Several 𝛿-protocadherins play important roles in these early stages of neural 

development. In the chicken, protocadherin 1 was found to be required for proper cell 

sorting and migration of neural crest cells to form dorsal root ganglia (Bononi et al. 

2008). In Xenopus, the Protocadherin 1 paralog Axial protocadherin (AXPC) has been 

shown to mediate pre-notochord cell sorting (Kuroda et al. 2002), and also regulate cell 

fate during notochord morphogenesis (Yoder and Gumbiner 2011). Also in Xenopus, 

neural fold-protocadherin (NFPC, the paralog to Pcdh7) was shown to be required for 

ectodermal differentiation, and that expression of a dominant negative form disrupts the 

integrity of the ectoderm in the embryo (Bradley et al. 1998). In zebrafish, knockdown of 

pcdh19 prevents proper convergence of the anterior neural plate, resulting in disrupted 

morphogenesis of the brain (Emond et al. 2009), and pcdh9 establishes laminar embryo 

structures and early development of the retina (Izuta et al. 2015). 

In the mouse, protocadherin 8 is required for proper somitogenesis (Rhee et al. 2003). 

The zebrafish and Xenopus homolog, Paraxial Protocadherin (PAPC) is required for 

proper convergence during gastrulation (Bouwmeester et al. 1996) in zebrafish and in 

Xenopus, it was first identified as a dorsal-specific marker in the embryo (Bouwmeester 
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et al. 1996). It was then found to mediate selective adhesion and cell movements of the 

mesoderm during gastrulation (Kim et al. 1998) and also cranial neural crest cell 

migration (Schneider et al. 2014). Many follow up studies detailed the mechanism, 

which involve several interactions with Rho GTPases, Sprouty, FLRT3, xANR5 and 

casein kinase 2B to modulate the cytoskeleton and the planar cell pathway, and down 

regulate C-cadherin (Medina et al. 2004; Chen and Gumbiner 2006; Chung et al. 2007; 

Wang et al. 2008; Chen et al. 2009; Kietzmann et al. 2012; Kai et al. 2015). In the 

mouse, Pcdh11x was shown in both in vivo and in vitro to regulate the differentiation 

and proliferation of neural stem cells (Zhang et al. 2014), and Pcdh9 has been identified 

as a downstream effector of Neurogenin2, a pro-neural transcription factor important in 

the developing neocortex (Mattar et al. 2004). These examples demonstrate the wide 

range of important functions deltas play in early neural development. 

7.3.11.  𝛿-Protocadherins: Functions in Axon Guidance, Tract Formation, and 

Synapse Regulation 

𝛿-protocadherins also play critical roles at later stages of neural development. In 

cultured neurons of the mouse thalamus, Pcdh9 is detectable along the axon, growth 

cone, neurites, and synapse (Asahina et al. 2012). Pcdh10 and Pcdh8 have also been 

found to be localized to the synapse in vivo (Hirano et al. 1999; Yasuda et al. 2007). 

This suggests that they could be acting to regulate aspects of axon guidance, neurite 

extension, and synapse formation. Although the neuronal localization of other deltas 

remains to be characterized, it is expected that they would display similar patterns. 
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The limited studies done on delta functions support these possibilities. In the mouse, 

Pcdh10 null mice display defects in thalamacortical and corticothamalic axonal 

projections (Uemura et al. 2007). In mice over expressing Pcdh10, convergence of 

some olfactory sensory neuron populations is disrupted (Williams et al. 2011). In mouse 

neuronal cultures, Pcdh10 was found to regulate synapse elimination through the 

proteasome (Tsai et al. 2012). Pcdh17 has been found mediate group extension and 

fasciculation of axons from in the amygdala (Hayashi et al. 2014). In zebrafish, pcdh18b 

knockdowns displayed reduced axonal arborization in motor neurons (Biswas et al. 

2014). In the zebrafish retina, NFPC regulates the initiation of axon elongation of retinal 

ganglia cells (Piper et al. 2008). Interestingly, although it was not found to function in 

intraretinal guidance itself, reduction of NFPC expression in RGCs prevented them from 

being sensitive to Netrin-1 (Leung et al. 2015), and is also upregulated at the growth 

cone by Sema3F to achieve accurate targeting (Leung et al. 2013). These studies 

emphasize the potential important in signaling cross talk between protocadherins and 

canonical axon guidance molecules. 

The protocadherin 8 ortholog in rat was found to be activity regulated in the 

hippocampus by NMDA dependent synaptic LTP activity, and was therefore given the 

name Arcadlin (activity-regulated cadherin-like protein) (Yamagata et al. 1999). A follow 

up study found that it can regulate dendritic spine number by triggering N-cadherin 

endocytosis through a MAPK signaling pathway (Yasuda et al. 2007). Finally, in mouse 

cortical cultures, Protocadherin 11x expression has been observed to negatively 

regulate dendritic complexity though PI3K and AKT signaling pathways (Wu et al. 
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2015). Together, these studies support the role of 𝛿-protocadherins in multiple aspects 

of neural wiring. However, a unified theme of their function remains to be developed. 

7.3.12.  𝛿-Protocadherins: Functions in Intracellular Signaling 

Except for the conserved motifs, the deltas exhibit high variation in their intracellular 

cytoplasmic domains (ICD). This diversity is further enhanced by extensive alternative 

splicing of the cytoplasmic domains, producing several isoforms for each gene 

(Vanhalst et al. 2005; Blevins et al. 2011). The significance and regulation of isoform 

selection is not understood, but isoforms of Pcdh8 have been shown to be dynamic in 

the developing brain (Makarenkova et al. 2005), and isoforms of Pcdh11X/Y are 

localized to different sub-regions of the brain (Ahn et al. 2010). Together, these 

observations suggest a role for isoform-specific function. The intracellular signaling 

functions of the 𝛿-protocadherins are largely unknown, but due to their variation are 

expected to have wide ranging capabilities compared to the classical cadherins and 

clustered protocadherins. The few studies that have identified ICD interactions support 

the wide range of possible functions. For example, the ICD of Pcdh7 was found to 

interact with protein phosphatase-1𝛼 through a yeast two-hybrid screen. This was 

confirmed via co-IP in mammalian cells, where Pcdh7 was also able to modulate the 

activity of PP1a (Yoshida et al. 1999). PP1a is known to be a regulator of long-term 

potentiation (LTP) (Mulkey et al. 1994; Malenka 1994), and therefore Pcdh7 may 

modulate synaptic plasticity through its ICD. In Xenopus, the ICD of PAPC interacts with 

Sprouty to inhibit convergent extension through tyrosine kinase signaling (Wang et al. 

2008). 



	 38	

Since the protocadherins lack the 𝛽-catenin binding domain that allows for classical 

cadherins to bind to the cytoskeleton, they were initially thought to either not associate 

with the cytoskeleton, or do so through alternative mechanisms. An alternative 

mechanism began to be uncovered as Pcdh10, Pcdh17, Pcdh18b, and Pcdh19 were all 

independently found to associate with Nap1 (Nakao et al. 2008; Tai et al. 2010; Biswas 

et al. 2014; Hayashi et al. 2014). Nap1 is a component of the WAVE complex, which 

regulates actin dynamics and lamellipodia (Eden et al. 2002). A screen later identified 

many proteins that can link to the cytoskeleton via association with the WAVE complex 

and found that all 𝛿-2s associate with the WAVE complex through a shared WIRS motif 

(Chen et al. 2014). What this means for functional differences between 𝛿-1 and 𝛿-2 

remains to be seen. 

7.3.13. 	𝛿-Protocadherins: Functions in Neurological Diseases 

Genetic variations in 𝛿-protocadherins have been implicated in several forms of 

neurological conditions. Through numerous genome wide association studies (GWAS), 

several deltas have been associated with autism, including Pcdh8 (Butler et al. 2015), 

Pcdh9 (Bucan et al. 2009; Hussman et al. 2011; Luo et al. 2012; Girirajan et al. 2013) 

and Pcdh10 (Morrow et al. 2008; Tsai et al. 2012). A mouse model null for Pcdh9 

displayed autism like behaviors (Bruining et al. 2015), and a mouse model of Pcdh10 

found that heterozygous males have altered social behavior, and females have 

alterations in motor coordination. Most interestingly, dendritic spine density was found to 

be increased in parts of the amygdala (Schoch et al. 2016). This is consistent with the 
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role of Pcdh10 in synapse elimination (Tsai et al. 2012), and suggests one possible 

mechanism underlying autism is altered regulation of synaptic densities. 

In recent years, protocadherin 19 has received the most attention for its causative role 

in Protocadherin 19 Female Limited Epilepsy (PCDH19 FLE), and is now considered a 

major epilepsy gene. Although first observed in 1971 (Juberg and Hellman 1971), it 

wasn't until 2008 that protocadherin 19 was identified as the underlying causative gene 

(Dibbens et al. 2008). Unlike channelopathies which have obvious functional 

implications to epilepsy, cell-adhesion molecules such as Pcdh19 do not, and the 

mechanism in FLE remains to be determined. Understanding PCDH19 FLE is further 

complicated by its unique mode of inheritance. Since Pcdh19 is located on the X 

chromosome, it follows an X-linked mode of transmission, yet while males can be 

carriers of mutant alleles, they appear to never be affected unless mosaic. This has 

caused a "cellular interference" model to be proposed. In this model, neurons in males 

would be all mutant or all wild type based on their single inherited allele. In contrast, 

females, who would inherit two alleles, would have neurons randomly expressing wild-

type and mutant alleles due to X-inactivation (Depienne et al. 2009; Hynes et al. 2010; 

Depienne et al. 2010). This mixed population may cause alterations to neural wiring, 

and lead to the features of PCDH19 FLE. A mouse model with exons 1-3 of Pcdh19 

removed showed no apparent signs of impaired brain development, nor epilepsy 

(Pederick et al. 2016). Although FLE is being increasingly characterized in the clinical 

setting (Specchio et al. 2011; Higurashi et al. 2012; Marini et al. 2012; Higurashi et al. 

2013; Leonardi et al. 2014; Cappelletti et al. 2015; Gagliardi et al. 2015; Trivisano et al. 
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2016), there is no current treatment. This is largely because the function of Pcdh19 is 

not well understood, and therefore how mutations could lead to these symptoms is 

unclear. However, recent work has found potential links to steroid and hormonal 

imbalances (Tan et al. 2015; Trivisano et al. 2017), suggesting a possible avenue for 

treatment. In addition to PCDH19 FLE, Pcdh7 was recently determined to be highly 

associated with common epilepsies in a large GWAS (Consortium 2014). 

Deltas are also implicated with conditions that are rarer. For example, Pcdh8 is 

associated with psychomotor delay (Castéra et al. 2013) and schizophrenia (Bray et al. 

2002). Genetic variants in Pcdh11X were found to be associated with late onset 

Alzheimer's (Carrasquillo et al. 2009), although three follow up studies on different 

populations failed to detect the same association (Lescai et al. 2010; Beecham et al. 

2010; Miar et al. 2011) suggesting that the initial result was population specific, or the 

effect was over-estimated. Pcdh11 is also implicated in rarer conditions such as 

Klinefelter's Syndrome (XXY) (Ross et al. 2006), dyslexia (Veerappa et al. 2013), and 

non-syndromic language delay (Speevak and Farrell 2011). 

7.3.14. 𝛿-Protocadherins: Functions in Non-Neurological Diseases and Conditions 

𝛿-Protocadherins are also implicated in diseases and conditions outside the nervous 

system, showing their importance beyond neural development. These conditions are 

diverse, ranging from asthma (Toncheva et al. 2012) and bronchial 

hyperresponsiveness (Koppelman et al. 2009) to eczema (Koning et al. 2012). Most 

commonly, however, the deltas are associated with various forms of cancer. In many 
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cases, tumors have lower mRNA or protein expression levels and/or exhibit 

hypermethylation of the delta promoter (Beukers et al. 2013; Bujko et al. 2015; Lin et al. 

2016). Usually, these decreases are associated with higher tumor grade, larger tumor 

size, and shorter recurrence free survival, suggesting that their expression status could 

be used as a biomarker. This type of association is the most common, and suggests 

that the deltas may play a tumor suppressor role. However, in some tumors, the exact 

opposite is found, and delta expression is enhanced (Lin et al. 2013; Zhou et al. 2017) 

and in one case, this increase was found to potentiate important cancer pathways such 

as ERK signaling (Zhou et al. 2017). These inconsistencies highlight the complex nature 

in which protocadherin function must be interpreted, and are consistent with the 

principle that different functions of deltas may stem from different cellular contexts. This 

pattern of cancer involvement again raises another interesting question. Why are many 

𝛿-protocadherins associated with cancer (Pcdh 1, 7, 8, 9, 10, 11X, and 17), while others 

are not (Pcdh 11Y, 18 and 19)? Also, since multiple deltas appear to be expressed in 

cells, why do they associate with cancer as only singular genes? Uncovering their 

expression patterns and regulation in the nervous system may shed more light into their 

combinatorial function in cancer, and vice versa. 

7.3.15. 𝛿-Protocadherins: Remaining Questions 

It can be seen that the overall nature of the 𝛿-protocadherins is highly diverse. Although 

there are some common themes among them, no central principle explaining 𝛿-

protocadherin function has emerged. Like the clustered protocadherins, it appears that 

the context in which they are studied in is important, and this aspect contributes to their 
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varied functional capabilities. This is likely due to the combinatorial nature of 

protocadherins, as well as interactions with other proteins such as classical cadherins 

and various canonical axon guidance molecules. 

Many important questions need to be answered to better understand delta function in 

the nervous system. First, is there really a combinatorial code by which adhesive 

specificities can be defined? If so, to what extent are they expressed in combinations, 

and are some deltas co-expressed more than others? Insight into this could help 

understand why some deltas appear to be more important that others in particular 

neural systems if other deltas are also co-expressed in the same cells. 

If they are expressed in combinations, a critical question to answer is then what does 

combinatorial expression do to their adhesive specificities or functions? It is important to 

determine what the purpose of combinations are. If they serve to act as agents of neural 

diversity, where the specific repertoire does not seem to matter, then they would 

function similarly to the clustered protocadherins. However, if the makeup with the 

combinatorial repertoire matters, then that would present a new mechanism by which 

combinatorial adhesive qualities are modulated. Addressing this issue will provide a 

better context to understand 𝛿-protocadherin function. 

A major limitation in previous studies in preventing a unified principle of delta function 

from being depicted is that they have never systematically been studied together before. 

This thesis aims to systematically address these questions by first developing a single-

cell method to define combinatorial expression in single neurons, and then study the 
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adhesive properties of 𝛿-protocadherin proteins in combinations. Together, they will 

provide a framework for which 𝛿-protocadherin function can be further studied and 

understood in combinatorial contexts. 

8.  A New Approach Towards Understanding the 

Combinatorial Expression and Function of Neural Wiring 

Genes 

In efforts to work towards building a comprehensive understanding of brain 

development, genomic and genetic approaches ultimately suffer from a major limitation 

- neither approach can offer a complete functional explanation of how the complexities 

of neural wiring occur through the concerted work of many genes. On one hand, 

genomic techniques such as microarrays or RNA-seq can describe or define expression 

patterns of specific cells or aspects of developmental dynamics by examining the whole 

transcriptome. However, in itself this approach offers little to no insight into what the 

functional mechanistic consequences are of the thousands of genes being expressed 

together to influence neural wiring. On the other hand, genetic techniques can reveal 

detailed information about the function of one, or perhaps two genes, but can never take 

into account the functional interactions of the many other genes also being expressed 

and influencing cellular behavior. As a consequence, our current knowledge of axon 

guidance and synaptogenesis is limited by views these two polar extremes provide. Our 

understanding of neural wiring will never improve unless new approaches are used to 

overcome this barrier. 
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How could this be achieved? The gap that occupies the space between genetic and 

genomic studies must begin to be filled in with knowledge that is able to explain 

function. Ultimately, the goal would to be able to fully integrate genomic and genetic 

data into a meaningful continuum that explains the function of genes involved in neural 

wiring when expressed in combinations. This will obviously not be achieved quickly nor 

easily, and will require being completed in a modular fashion. For example, to start, an 

ideal case would be taking a small gene family that exhibits some degree of 

combinatorial expression in neurons. If the genes are related enough in function such 

that they can be studied with the same assay, one could then test how different 

combinations affect their functional output. This could be considered one “module” 

consisting of a gene family or a group of similar genes. Already, this will provide more 

information than genetic studies alone because it encompasses multiple genes and 

reveals how their combinatorial expression influences their function. However, it is still 

extremely far away from approaching the scale of the genome, or even the ~200 genes 

involved in neural wiring. To extend this module to cover more genes, the same 

approach could then be performed with another group of genes gene family to create a 

second “module”. These two modules could then be combined through more 

experiments to understand how different gene families influence function when 

expressed in combinations. This process could be performed over many groups of 

genes and gene families to produce a connected understanding of combinatorial gene 

function and possibly reveal the mechanistic principles behind Cajal’s “chemotropism” 
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and Sperry’s “chemoaffinity hypothesis” and represent a new paradigm for 

understanding neural development. 

In summary, genomic studies do not provide enough detail on gene function, genetic 

studies do not study enough genes to reveal the complexities found in vivo, and 

currently there is no “middle ground” to begin connecting the two. The aim of this thesis 

is to demonstrate the utility of integrating expression and function studies of multiple 

genes in such a manner to produce a more meaningful interpretation into how 

combinatorial gene expression relates to the functional consequence of its gene 

products. To do so, I will study a small gene family of cell-adhesion molecules, the  𝛿-

protocadherins, which have been implicated in various aspects of neural development 

and wiring but how they function together is unknown. Studying the 𝛿-protocadherins 

with this method will demonstrate how this new approach can be effective in increasing 

our knowledge of neural wiring. 
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Chapter 2 

Defining Combinatorial Expression of                           

𝛿-Protocadherins in Neurons Using Single-Cell 

Analysis 

1.  Abstract 
Understanding how neural wiring is specified in the mammalian brain will greatly 

enhance our understanding of brain function and dysfunction. The daunting task of 

instructing neural wiring choices has long been proposed to utilize combinations of 

molecular cues. However, to understand how combinations may function in neural 

wiring, it is critical to first know what they are, and how complex they may be. Defining 

these combinations has been difficult due to the vast complexity of the nervous system 

and its great deal of heterogeneity. Now, with the capability to study gene expression in 

single cells, the combinatorial nature of these cues can begin to be revealed so that 

their functions may be further studied to understand how they regulate neural wiring. 

Here, we develop a targeted single-cell gene expression method to detect ~35 genes in 

50 single olfactory sensory neurons using the NanoString platform. We focus on the 𝛿-

protocadherins, a small cell-adhesion family that has been implicated in neural 

development and proposed to function via combinatorial expression in neurons. Here, 

we report that the number of 𝛿-protocadherins that can be expressed in individual 

olfactory sensory neurons ranges from zero to seven, and we validated our findings 



	 83	

using two independent RNA detection methods. Finally, we compare our results to 

single-cell RNA sequencing (scRNA-seq) studies and find that our targeted method can 

detect more 𝛿-protocadherins per neuron than scRNA-seq studies. 

2.  Introduction 

A longstanding hypothesis of neural development is that neurons utilize combinations of 

molecular cues to specify neural wiring choices. This has been difficult to study, 

however, because the nervous system is immensely complex due to the vast number of 

cells it contains, a high degree of cellular heterogeneity, and the trillions of synaptic 

connections made between them. While the function of the nervous system depends on 

the precise arrangement of neural circuits, understanding how these circuits are formed 

has been technically and conceptually challenging because neurons appear to express 

different combinations of numerous genes that control for axon guidance and 

synaptogenesis. Even though some studies have begun to demonstrate why 

combinations are important (Stevens and Jacobs 2002; Rhee et al. 2007; Emond et al. 

2011), it has been difficult to understand what the combinations are, how many genes 

are expressed, and how different they may be among neurons. Now, technological 

advancements have enabled us to begin answering these questions. The ability to 

profile the nucleic acids of single cells has given researchers unprecedented insight into 

the large amount of complex heterogeneity that exists in biology. Even though we are 

still in the infancy of its technological development, single-cell analyses have already 

revealed many important discoveries about biological complexity that could not be 
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previously addressed. For example, single-cell studies have uncovered the molecular 

changes during developmental pathways (Tan et al. 2015; Hanchate et al. 2015; 

Petropoulos et al. 2016) and provided new understandings about intra-tumoral 

heterogeneity (Patel et al. 2014; Chung et al. 2017) and the clonal evolution of tumors 

(Navin et al. 2011; Wang et al. 2014; Ross and Markowetz 2016). 

Single-cell analyses can therefore greatly enhance our understanding of the nervous 

system by defining the molecular diversity of neurons to begin untangling its complexity. 

Initial efforts to study gene expression in single neurons relied primarily on PCR-based 

approaches such as RT-PCR (Sucher et al. 2000; Lin et al. 2007; Toledo-Rodriguez 

and Markram 2007), and allowed researchers to examine a small number of genes of 

interest in a non-quantitative manner (Mackler and Eberwine 1993; Miyashiro et al. 

1994; Crino et al. 1996; Baro et al. 1997; Horikoshi and Sakakibara 2000; Esumi et al. 

2005; Esumi et al. 2006; Hirano et al. 2012). The use of qRT-PCR increased throughout 

slightly and enabled quantification (Citri et al. 2011) and microarrays vastly enhanced 

the number of genes that could be studied (Tietjen et al. 2003; Kamme et al. 2003; 

Tietjen et al. 2005). However, since these methods are highly PCR dependent but have 

no means for correcting or controlling amplification artifacts, they can suffer from strong 

amplification biases, sensitivity limitations, and technical noise. 

Today, the most common approach is single-cell RNA-seq (scRNA-seq). First 

demonstrated in 2009 (Tang et al. 2009), many variations for profiling the 

transcriptomes of individual cells with scRNA-seq have since been developed (Islam et 

al. 2011; Ramsköld et al. 2012; Picelli et al. 2013; Macosko et al. 2015; Gierahn et al. 
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2017), each with their own advantages and disadvantages (Kolodziejczyk et al. 2015; 

Svensson et al. 2017). The high-throughput capabilities of transcriptome profiling has 

already allowed many sub-populations of neurons to be identified, increasing our 

knowledge of the cellular diversity in the nervous system (Tasic et al. 2016; Shekhar et 

al. 2016; La Manno et al. 2016). However, although many technical aspects of scRNA-

seq have been improved such as the use of unique molecular identifiers (UMIs) to 

remove amplification biases (Kivioja et al. 2012; Islam et al. 2014), scRNA-seq studies 

suffer from two major limitations for understanding the relationship between single 

neuron gene expression, and neuronal function. 

First, a critical restriction with scRNA-seq is the low capture efficiency of mRNA 

molecules within a cell. The amount of total RNA in single diploid mammalian cells has 

been measured to be in the range of 20-40 pg, depending on the cell type (Edström 

1964; Roozemond 1976; Uemura 1980). The proportion of that which is mRNA is 

estimated to be minimal, comprising of only 1-2%, creating the most challenging aspect 

of single-cell analyses (Kawasaki 2004). Problematically, current scRNA-seq methods 

are estimated to have very poor capture efficiency of the mRNA in a cell, with studies 

estimating only 10-50% is captured per cell (Islam et al. 2014; Marinov et al. 2014). 

Since it is known that some genes are only expressed in low copies in individual cells 

(Islam et al. 2011), a significant proportion of genes and transcripts will inevitably be 

undetected or under represented. Remarkably, this appears to not significantly hinder 

general classification of cell types via hierarchical clustering. However, missing a large 

portion of a cell’s mRNA will significantly skew any biological interpretations that are 
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focused on particular genes. For example, if you are attempting to define combinations 

of genes, low capture efficiency could cause misleading results. 

In this study, we developed a medium-throughput single-cell analysis method. Instead 

of attempting to capture and sequence the entire transcriptome, our approach targeted 

35 specific genes involved in neural wiring and used the NanoString nCounter digital 

hybridization platform (Geiss et al. 2008; Malkov et al. 2009) for detection. Using this 

method, we analyzed 50 randomly selected olfactory sensory neurons (OSNs). We 

focused on the 𝛿-protocadherins, a family of nine cell-adhesion molecules (Vanhalst et 

al. 2005; Redies et al. 2005) that have been implicated in various aspects of neural 

development (Yamagata et al. 1999; Uemura et al. 2007; Yasuda et al. 2007; Bononi et 

al. 2008; Emond et al. 2009; Schneider et al. 2014; Wu et al. 2015) and neurological 

conditions (Dibbens et al. 2008; Morrow et al. 2008; Bucan et al. 2009; Luo et al. 2012; 

Tsai et al. 2012; Butler et al. 2015). Expression studies throughout the nervous system 

have led to the proposal that they are combinatorially expressed in individual neurons 

(Vanhalst et al. 2005; Hertel et al. 2008; Etzrodt et al. 2009; Krishna-K et al. 2011), and 

that this would generate a “combinatorial code” of adhesive specificities for neural 

development and neural circuit formation. However, this has never been properly 

examined or defined. 

The purpose of this study was to determine if the 𝛿-protocadherins are combinatorially 

expressed in single OSNs, and if so, to what extent. Our results show that in individual 

OSNs, the 𝛿-protocadherins are expressed in a wide range of combinations, and we 

validate our findings using RNA in situ hybridizations and single-cell qPCR. We also 
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show that our targeted method appears to be better at detecting 𝛿-protocadherins in 

single neurons than scRNA-seq by comparing our results to publicly available data sets. 

By defining the depth of combinatorial expression that exists in neurons, we have now 

set the stage to begin to study 𝛿-protocadherin function in the context of their 

combinatorial possibilities. 

3.   Methods 

3.1.  Animal Use 

All protocols for treatment and breeding of animals were approved by the Cornell 

Institutional Animal Care Use Committee (IACUC). Non-Swiss Albino (NSA) mice were 

used for all single-cell studies. For in situ RNA hybridization experiments, both NSA and 

C57Bl/6 mice were used. For all single-cell and single label in situ experiments, mice 

were sacrificed at post-natal day 7 (P7). 

3.2.  In Situ RNA Hybridizations and Analysis 

P7 mice were euthanized and decapitated. Heads were then embedded in OCT 

(TissueTek) and fresh-frozen on isopentane cooled by liquid nitrogen. 20 𝜇M 

cryosections were collected and allowed to dry for 1-2 hours, fixed with 4% 

paraformaldehyde for 15 minutes, and then washed three times in PBS. The slides were 

then acetylated in 0.25% acetic anhydride in 0.1M triethanolamine for 15 minutes, and 

washed again three times in PBS. Slides were then blocked in hybridization buffer for 

several hours at room temperature. Digoxigenin labeled antisense RNA probes were 
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prepared at 1ng/uL in hybridization buffer, heated at 80C for 10 minutes, and then 

cooled on ice for 3 minutes. All probes targeted the nucleotides consisting of the whole 

ectodomain and transmembrane domain of the 𝛿-protocadherins. Probes were then 

allowed to hybridized with the tissue for 24-48 hours at 65-72C depending on the probe. 

After hybridization, slides were washed in 2X SSC at hybridization temperature for 30 

minutes, three times with 0.2X SSC at hybridization temperature for 15 minutes, and 

then once with 0.2X SSC at room temperature. The slides were then washed with B1 

(100 mM Tris pH 7.4, 150 mm NaCl) for 15 minutes and then blocked (Roche Blocking 

reagent) for ~2 hours at room temperature before incubating with anti-digoxigenin-

alkaline phosphatase antibody at 1:3,000 overnight at 4C. The next day, the slides were 

wash three times with B1 + 0.05% Tween 20 for 15 minutes each, and then with B3 

(100 mM Tris pH 9.5, 50 mM MgCl2, 100 mM NaCl) for 15 minutes. Finally, the slides 

were reacted with NBT/BCIP (Promega, 15 𝜇L NBT + 7.2 𝜇 BCIP per 1.5 mL of B3). 

Replicates from three different heads were performed for each gene, and all slides were 

scanned using an Aperio Scanscope. To quantify percent area expressed in OSNs, 

each neural layer of the epithelium was manually traced and analyzed using a Halo 

imaging algorithm (Indica Labs). 

3.3.  Single OSN Isolation 

The olfactory epithelium of P7 NSA mice was dissected and enzymatically dissociated 

into single cell suspensions. Approximately 250,000 cells were then plated on glass 

coverslips coated with poly-ornithine, and the cells were allowed to recover at 37C with 

6% CO2 for 30 minutes in Modified Eagle’s Medium (MEM). After recovering, the cells 
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were gently washed with incubator equilibrated MEM three times. The coverslip was 

then transferred into a 10 cm dish, immobilized by applying small dabs of autoclaved 

Vaseline between the bottom of the coverslip and the 10 cm dish, and then adding 10 

mL of incubator equilibrated MEM. Individual cells were then isolated using manual 

aspiration with micropipettes under a 20X objective. Micropipettes were prepared using 

a Sutter P-97 Flaming/Brown micropipette puller. Tips were pulled such that the bore of 

the pipette was only slightly larger than the diameter of an OSN. The following pulling 

parameters were used: Heat = 600, Pull = 7, Time = 200, Velocity = 5, Pressure = 620. 

Prior to isolation, each pipette was filled with ~3 μL of MEM. While a neuron was being 

selected for isolation, positive pressure was slowly applied to the micropipette to 

prevent media and any contaminants from entering the micropipette before the chosen 

neuron was isolated. Two different single cell lysis/RNA kits were used during cell 

collections, Cells Direct (Invitrogen) and Cells-to-Ct (Ambion). In house control tests 

showed that they did not produce significantly different results. After an OSN was 

aspirated into the micropipette, the contents (usually 1-2 μL) were transferred into a 

PCR tube containing 6 μL of lysis buffer mix (for Ambion, 9uL lysis + 1 μL DNAseI; for 

Cells Direct, 10 μL lysis buffer + 1 μL enhancer) by gently snapping the most distal tip of 

the micropipette inside the tube at a 45 degree angle to increase the bore size, and then 

expelling the contents using an intramuscular needle and syringe. To minimize time out 

of the incubator, neurons were isolated from each coverslip for no more than 30 

minutes. If cells began to look unhealthy, cell picking was stopped. Cells processed in 

Cells Direct lysis buffer could immediately be stored at -80 until ready for processing. 
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For Ambion samples, cell lysates were vortexed, and incubated at room temperature for 

5 minutes, and then 0.5 μL of the stop solution was added and incubated for 2 minutes 

at room temperature before being stored at -80C until further processing. 

3.4.  Processing and Screening of Single-Cell RNA 

To process the single-cell RNA into cDNA, individual cell lysates were brought up to 10 

μL with DEPC treated and the 35 gene multiplex primer set (100 nM final, see Table 

2.1), and heated at 80C for 10 minutes and then chilled on ice for 3 minutes. Next, 10uL 

of 2x buffer and 1 μL of the reverse transcriptase III/PlatinumTaq mix were added and 

incubated at 50C for 1 hour. Immediately after, the samples were then heated to 85C for 

15 minutes, and then 94C for 2 minutes, followed by 18 cycles of 94C for 30 seconds, 

60C for 30 seconds, 72C for 30 seconds.  

After amplification, 20 μL of 10 mM Tris 7.5 was added to each sample to bring up the 

volume to 40 and then stored at -80C until further analysis. Each processed neuron was 

then screened using 2 𝜇L of its cDNA as a template for nested Taqman qPCR reactions 

for the marker genes Gapdh and Ncam1. Samples were run on an ABI 7500 under 

standard cycling conditions, and Ct values were determined using AutoCt detection. 

Only cells that had Ct values ≤ 25 for both genes were used for the NanoString 

analysis. The following primer sequences were used: Gapdh (forward): 

AACAGCAACTCCCACTCTTC, Gapdh (reverse): AATACGGCTACAGCAACAGG, 

Gapdh (probe): GGCTGGCATTGCTCTCAATGACAA, Ncam1 (forward): 

GATGCTGTGATTGTCTGTGAT, Ncam1 (reverse): GACTATGAACCGGACGTCTTT, 
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Ncam1 (probe): CCTGCCTCCAACCATCATCTGGAA. Primer efficiencies for Gapdh 

and Ncam1 were determined to be 93.93% and 93.17%, respectively. 

3.5.  NanoString nCounter Processing 

A custom codeset of 35 genes was designed, targeting a region within the amplicon 

generated from the forward and reverse primers (Table 2.2). An error was discovered in 

the Pcdh18 codeset sequence and was therefore removed from all downstream 

analyses. The cDNA of each single cell were analyzed with our custom codeset 

NanoString Headquarters (Seattle, WA) as per standard NanoString nCounter protocol. 
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Table 2.1 Custom NanoString codeset sequences. 
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3.6.  Analysis of Single Neuron NanoString Data 

Statistical analyses of single-cell data was performed by our collaborators, Dr. Jean 

Yang and Dr. Shila Ghazanfar in the School of Mathematics and Statistics at the 

University of Sydney, Australia. We utilized a statistical model that we have previously 

published (Ghazanfar et al. 2016). Briefly, the distribution of the NanoString log2 counts 

for each 𝛿-protocadherin was fitted to a gamma-normal mixture model using an 

Expectation Maximization algorithm. A maximum-likelihood classifier was then adopted 

to classify cells as “expressed” or “not expressed”, by assigning cells as “expressed” if 

the fitted normal density for the second component is higher at that expression level 

than the fitted gamma density for the first component. To ensure that the assigned 

labels of “expressed” or “not expressed” corresponded to the relevant biological 

scenario, the mean of the second fitted component was compared to that of negative 

control gene eGFP via one-sided t-tests. In particular, it is desired that the mean of the 

second component is significantly greater than the mean of the eGFP expression 

(calculated as 3.9 - the largest among other negative control genes Notch2, GFAP and 

Cdh13). As a result, seven protocadherins were studied further, as Pcdh11x and 

Pcdh18 did not pass this criteria at the significance threshold of P < 0.05. 

3.7.  Single-cell qPCR Validation 

Single-cell qPCR validation of the NanoString data was performed identically to the 

single-cell pre-NanoString quality control. Briefly, 2uL of the cDNA from each single cell 

were used as template in each Taqman assay (Gapdh, Ncam1, Notch2, and all nine 𝛿-
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protocadherins). All primer sets (Table 2.2) displayed efficiencies between 93-100%, 

except for Pcdh1 which had 83% efficiency (improvement was not observed with 

multiple primer designs). 

 

 
 

Table 2.2 Primer sequences for qPCR screen and validation experiments. 
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4.  Results 

4.1.  𝛿-Protocadherin Expression in the Mouse Olfactory Epithelium 

We first performed single color digoxigenin-labeled in situ RNA hybridizations for each 

𝛿-protocadherin in the mouse olfactory epithelium, as well as neural (Ncam1) and glial 

(Notch2) markers (Figure 2.1). Ncam1 signal is consistently strong throughout a layer in 

the epithelium, marking the neural layer, while Notch2 marks the non-neural 

sustentacular cells (Rodriguez et al. 2008). Of the nine 𝛿-protocadherins, we detected 

seven in the neural layer of the olfactory epithelium (Pcdh11x and Pcdh18 were not 

detected). The individual pattern of each delta varied. For example, Pcdh7 and Pcdh17 

were both strongly expressed overall, but in some regions are weakly expressed. In 

contrast, Pcdh8 appears to be almost uniformly expressed throughout the entire 

epithelium, but only in the most apical region of the neural layer and therefore appears 

to have weaker expression overall. 
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Figure 2.1 RNA in situ hybridization of the mouse olfactory epithelium at P7 for Ncam1, 
Notch2, and seven of the nine 𝛿-protocadherins. The remaining two, Pcdh11x and 
Pcdh18, were not detected. Note the general expression for Ncam1 and Notch2, 

whereas the 𝛿-protocadherins exhibit restricted and punctate patterns. Each in situ was 
performed over three different animals, and control sense probes did not generate any 

signal. Scale bar = 500 μm. 

 

Interestingly, some deltas had notable patterns of spatial restriction. For example, 

Pcdh1 was consistently expressed the highest in the dorsal-lateral region, with several 

other sub-regions demonstrating localized variable expression patterns (Figure 2.2A, 

see arrow heads). In contrast, Pcdh7 had minimal expression in the dorsal-lateral 

region, and had strongest expression in between the later and medial regions. Finally, 

within all areas of expression, signal always appeared punctate (Figure 2.2B), 

suggesting that only a proportion of the cells in a region being expressed are actually 

expressed. This is consistent with double label in situ hybridization data from our lab 
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(unpublished, Eric Williams) on E17 mouse olfactory epithelium, which shows that these 

seven deltas can all co-express with each other to various degrees. Together, these in 

situ studies are concordant with expression studies on 𝛿-protocadherins in other regions 

of the nervous system (Luckner et al. 2001; Krishna-K et al. 2008; Hertel et al. 2008; 

Krishna-K et al. 2011; Lin et al. 2012; Hertel et al. 2012), and also with the hypothesis of 

delta combinatorial expression in single neurons. However, these methods are unable 

to define combinations and reveal how extensive they may be. 

 

Figure 2.2 RNA in situ hybridizations of the mouse olfactory epithelium at P7 from 
Figure 2.1, but highlighting spatial regulation and punctate patterns. (A) Some of the 
deltas exhibit strong spatial regulation, as seen here by Pcdh1 and Pcdh7 (see arrow 

heads). (B) Higher magnification images at the midline showing punctate expression of 
the deltas, but not for Ncam1 and Notch2. Scale bar = 100 μm. 
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4.2.  Development and Optimization of Single OSN RNA Processing 

for NanoString Detection Analysis 

Single-cell analysis using NanoString for detection of gene expression has not been 

established as a routine method. Therefore, careful optimization at each step was 

required to develop a robust and reliable method. 

4.2.1.  Strategy and Optimization of Single OSN Processing 

The overall strategy for processing single cells was to maximize sensitivity by only 

targeting specific genes, while minimizing noise from amplification biases, 

contamination and excess handling. Furthermore, we predicted that by only targeting 

small regions of specific genes of interest and using a non-sequencing based method of 

detection, we may reduce amplification biases while increasing sensitivity of our genes 

of interest. To this end, we introduced a multiplex pool of forward and reverse for 

primers for all 35 genes at the first step of reverse transcription. This way PCR 

amplifications could commence immediately after first strand synthesis without further 

manipulations. The technical aspects of single OSN processing required exhaustive 

optimization to produce strong and reliable signals. For optimization experiments, 

dilutions of bulk RNA at various amounts (e.g. 1, 0.5, and 0.1 pg of total RNA) as well 

as single OSNs were used. To assess the outcome of optimization experiments, the 

cDNA produced was assayed using nested Taqman qPCR for the marker genes Gapdh 

(indicating a cell was captured) and Ncam1 (confirming it was a neuron). The following 

conditions were exhaustively optimized for the processing of single cell mRNA: method 
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of single cell isolation, type of lysis buffer, volume of lysis buffer, multiplex primer 

concentration for reverse transcription, denaturing temperature of RNA prior to reverse 

transcription, reverse transcription buffer, type of reverse transcriptase, units of reverse 

transcriptase, reverse transcription temperature, reverse transcription time, cleaning up 

reverse transcription products prior to amplification, number of PCR cycles, units of 

PaqTaq in PCR amplification, Mg2+ concentration in the PCR reaction, as well as 

others. These parameters were carefully optimized to prevent exponential distortion of 

amplicons. The final processing method is outlined in the methods section. 

4.2.2.  Optimization of Single-Cell cDNA Input for NanoString nCounter Detection 

Once the single-cell processing protocol was finalized, total signal from any cell could 

be increased or decreased by changing the number of cycles in the amplification step. It 

was important for each cell's cDNA to be within NanoString nCounter's dynamic range 

of detection such that no cell would saturate or fall below detection of the system. The 

optimal signal was empirically determined by running cells with different qPCR signals 

(from endogenous variation and from different amplification cycles) for the marker 

genes on NanoString. 

As a general rule, we found that any cell with a Ct value above 25 would not have 

strong NanoString detection and that lowly expressed genes would risk being excluded 

from detection. Saturation was not approached until the signal became much stronger 

(below Ct values ~16). Therefore, as a measure of quality control, the cDNA of each cell 

was screened for Gapdh and Ncam1 prior to analysis with NanoString. Only cells with 
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Gapdh and Ncam1 qPCR Ct values of 25 or lower were sent for further analysis with 

NanoString. 

Out of 155 OSNs isolated, processed and screened, only 61 passed our quality control 

measure, indicating a success rate of 39% (Figure 2.3). Although each cell was 

manually isolated under a microscope, it is still possible that cellular content was lost in 

the steps of micro-manipulation. PCR failure did not seem like a probable factor and 

was ruled out because qPCR replicates were reliably consistent and never failed over 

multiple re-runs. We therefore believe that the failure of most cells occurs in the process 

of isolating and capturing the cells. 

                            

Figure 2.3 Distribution of qPCR quality control screen for 155 single OSNs for Gapdh 
and Ncam1. Cells with Ct values of 0 (x-axis) did not have any detectable signal. Only 
cells with Ct values ≤ 25 (dotted line) for both genes were used in further analysis with 

NanoString. 
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In total, 50 single cells as well as several controls were analyzed on the NanoString 

nCounter for our codeset. Controls included two water only samples, and four bulk 

samples of 100ng of purified RNA from 1,000s of OSNs. In single-cell analyses, it is not 

possible to perform biological replicates, because the fundamental unit being measured 

is the cell itself. Therefore, in order to estimate technical noise and replicability, we also 

ran four "pool/split" samples. These were prepared by combining and mixing 12 

individually isolated and lysed cells, and then distributing the pooled volume back into 

separate tubes of equal volumes and proceeding with processing them as if each was a 

single cell. If technical replicability of the single-cell processing and NanoString is high, 

these samples should produce very similar results. 

To validate the use of our quality control screen, we first compared each cell that was 

run on NanoString to its corresponding qPCR values for Ncam1 and Gapdh (Figure 

2.4). Log2 counts from NanoString showed high correlation to 1/log2 of the Ct values, 

with Pearson correlation values of 0.89 (P-value < 1×10−15) for Ncam1 and 0.86 (P-

value < 1×10−15) for Gapdh. This high concordance suggested that the digital count 

output from NanoString is as sensitive as qPCR and does not require further 

standardization or normalization and also that the relationship between them appears to 

be linear. Therefore, further analysis on the NanoString dataset was performed on the 

log2 counts. 
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Figure 2.4 Pearson’s correlation coefficient of single OSN qPCR Ct values to 
NanoString counts for Ncam1 (left) and Gapdh (right). Both display high concordance, 
indicating that the digital count output from NanoString is as sensitive as qPCR and no 

normalization is needed. 

 

4.3.  Single-Cell Analysis of the 𝛿-Protocadherins  

4.3.1.  Single-Cell Heterogeneity and Sample Controls 

Strong heterogeneity among the single cells can be seen in the heat map of raw 

NanoString counts (Figure 2.5). This is consistent with the proposed combinatorial 

expression of 𝛿-protocadherins as well as other guidance cues. As expected, the water 

only samples were negative, confirming the lack of contamination or background signal. 

Comparing the average of single cells to bulk RNA is a common way to gauge if 

sufficient single cells have been sampled and if they accurately reflect the tissue’s 

composite gene expression profile. Although our bulk samples are comprised primarily 

of neurons, there are also some non-neuronal cells within the populations, causing a 
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few discrepancies in signal comparison. Additionally, our single OSNs were selected for 

strong Ncam1 signal, whereas the neurons in the bulk samples were not. 

Figure 2.5 Heat map of raw NanoString log2 counts shows heterogeneity of deltas and 
other axon guidance cues in codeset in single OSNs. 

 

Using Multiple Discriminant Analysis (performed by our collaborators Jean Yang and 

Shila Ghazanfar at the University of Sydney, Australia), we examined whether the four 

sample types (single cells, pool/split, water, and bulk) were more similar to themselves 

then samples in other groups (Figure 2.6). Across the first two dimensions, each sample 

type occupied a distinct dimensional space. The single cells occupied the most disperse 

space, indicating high levels of heterogeneity and the possibility of sub-populations 

within the 50 cells. The pool/split samples fell within the single-cell space, but clustered 
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together tightly in one region, indicating high technical replicability. Finally, the water 

and bulk samples were well separated from the single-cell and pool/split samples. 

 

Figure 2.6 Multiple Discriminant Analysis showing clustering of sample types. 

 

Since single cells must be amplified, a major concern is the possibility of generating 

erroneous signal through amplification biases or exponential distortions. The ribbon plot 

in Figure 2.7 shows that despite our bulk sample containing non-neuronal cells, that the 

single-cell populations demonstrate similar trends with the bulk. Notable differences 

between OSNs and the bulk are observed in olfactory marker protein (OMP), E-

cadherin (Cdh1), and Neuropilin1 (Nrp). These differences are likely caused by sample 

size, the fact that non-neural cells are present in the bulk, and that the single cells were 

screened and selected for high Ncam1 signal. Despite these differences, strong 
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correlations were found between sample types, and the single cells showed strong 

correlation to the bulk samples (r2 = 0.65), and high correlation with the pool/split 

samples (r2 = 0.87). 

  

 

Figure 2.7 Comparison of sample type by expression rankings. (A) Ribbon plot showing 
average expression for each gene from the single cells, bulk, pool/split and water 
samples. The overall trends track well except for a few outliers that are not well 

detected in the single cells. (B) Pearson’s correlation between sample types. The single 
cells display high correlation to the bulk, indicating that the single cells appropriately 

represent the bulk tissue, and the pool/split show strong correlation to the single cells, 
indicating high technical reproducibility.   

 

4.3.2.  Mixture-Modeling to Determine On/Off Status of 𝛿-Protocadherins  

The relatively limited number of neurons tested prevented us from accurately assessing 

quantified variation of deltas between the cells. Instead, to define which deltas were 

expressed in any given OSNs with high statistical confidence, we utilized a gamma 

mixture model approach that we previously published (Ghazanfar et al. 2016) to classify 

each delta as “on" or “off” in each cell (see methods, performed by our collaborators 

Jean Yang and Shila Ghazanfar at the University of Sydney, Australia). This analysis 
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showed that individual OSNs can express anywhere from zero to seven deltas. This is 

consistent with the presence of a combinatorial code for 𝛿-protocadherins, as proposed 

elsewhere in the CNS. Although Pcdh18 was excluded from the codeset, Pcdh11x was 

not detectable in any single OSNs, consistent with our in situ hybridizations. 
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Figure 2.8 Gamma mixture-modeling for calling on/off status for each 𝛿-protocadherin. 
(A) Fitting of mixture-model to each 𝛿-protocadherin. (B) Binary heat-map showing the 

mixture modeling results for the 𝛿-protocadherins, indicating a wide range of 
combinatorial states can be expressed in single OSNs. 
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4.4.  Validation of Single-Cell Data 

NanoString is a relatively new platform for single-cell analysis. We therefore sought to 

validate our results by utilizing single-cell qRT-PCR on a population of 18 randomly 

isolated individual OSNs (Figure 2.9). We designed Taqman primers that targeted 

genomic regions that were independent from the NanoString codeset targets. We 

utilized a similar “on” or “off” call for the various deltas by establishing a threshold Ct 

value of 30, where any gene with Ct > 30 was called “off” and any gene with a Ct ≤ 30 

was “on". This analysis showed that the pattern of expression shown by qRT-PCR is 

consistent with the combinatorial patterns in NanoString data, and that no cells 

expressed Pcdh18 and only a small percentage expressed Pcdh11x. 

           

Figure 2.9 Single-cell qPCR screen of the for each delta in 18 single 
OSNs. Note the similar expression patterns to the NanoString on/off 

expression heat map and the range of possible combinations. 
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Finally, a major concern in single-cell studies is whether or not gene expression 

changes while the cells are being isolated. Before single OSNs can be isolated, the 

epithelium must be first be dissected and dissociated. To test whether or our single-cell 

expression data has in vivo relevance, we analyzed the in situ data from Figure 2.1 to 

estimate their relative expression levels. The olfactory epithelial layer, where the OSNs 

reside, was manually traced and the digoxigenin/alkaline phosphatase signal was 

converted into a percent area positive. This would provide an estimate for the percent of 

OSNs expected to express a given 𝛿-protocadherin in vivo. To avoid biases and 

arbitrariness in assigning thresholds, each trace was measured at two reasonable 

thresholds (high and low) to produce a range to approximate 𝛿-protocadherin signal. We 

then produced confidence intervals from our single-cell data to estimate the likelihood 

that a random cell would express each delta. Although these are two entirely different 

methods, they produced similar trends in relative expression values (Figure 2.10). This 

suggests that the gene expression of deltas did not significantly change while the tissue 

was being processed or while the cells were being isolated. 
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Figure 2.10 Ribbon Plot comparing quantification of in situ hybridization signal to 95% 
confidence intervals generated from the NanoString single OSN results. The red line 

and area represents the percent of single cells that would be predicted to express each 
delta in a given set of neurons. The light blue lines represent the mean (and standard 
error) percent of OSNs that express each delta in the olfactory epithelium in vivo, as 

determined from quantification of the in situ signal (n = 3 animals). Because 
determination of thresholding can easily lead to biases, two measurements were taken 

for each sample (low and high). 

 

4.5.  Comparing the Detection of 𝛿-Protocadherins in scRNA-Seq to 

Our NanoString Method 

Given that scRNA-seq has known limitations in capture efficiencies, we hypothesized 

that our targeted approach which only reverse transcribes and amplifies the 35 genes in 

our codeset, would better detect the 𝛿-protocadherins. We sought to estimate if our 
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targeted single-cell approach using NanoString was better at detecting the 𝛿-

protocadherins than scRNA-seq by utilizing three publicly available OSN scRNA-seq 

datasets (Saraiva et al. 2015; Tan et al. 2015; Hanchate et al. 2015) and analyzed them 

using the same gamma-normal mixture modeling method (Ghazanfar et al. 2016). Since 

our single cells analyzed on NanoString were pre-selected for Ncam1 positive neurons, 

we only analyzed single cells from the scRNA-seq data sets that were positive for 

Ncam1 to ensure the samples were matched. Comparing the distribution of the mean 

number of deltas detected per cell (Figure 2.11A) shows that the scRNA-seq datasets 

often did not detect any deltas, and rarely detected more than two, whereas our 

NanoString data displayed a wide range in the distribution. The mean number of deltas 

detected per cell was much lower in all three scRNA-seq data sets than in our 

NanoString data (Figure 2.11B), with our NanoString detecting an average of 3.66 

deltas per OSN while the scRNA-seq data sets ranged from 0.94 to 1.38. Our mean 

value of 3.66 is more consistent with all of the RNA in situ hybridizations experiments 

done in this chapter, as well as the work done by others in across different neural 

systems. Together, these are consistent with our targeted single-cell method exhibiting 

higher sensitivity than existing scRNA-seq methods. 
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Figure 2.11 Comparison of our single OSN data to three scRNA-seq data sets. (A) 
Distribution of the number of deltas determined to express per neuron. Note that the 

three scRNA-seq sets are all highly skewed to the left, and rarely detected more than 3 
per cell. In contrast, our data detects a much broader distribution. (B) The mean number 

of deltas detected per cell. While the scRNA-seq papers detected ~1 per cell on 
average, our method detected 3.66. The number above each bar indicates the number 

of neurons analyzed. 

 

5.  Discussion 

5.1.  Combinatorial Expression of 𝛿-Protocadherins  

The cadherins and protocadherins have long been proposed to provide adhesive 

specificities in the developing nervous system, mediated through combinatorial 

expression within individual neurons (Shapiro and Colman 1999; Yagi 2012). However, 

it has only been suggested, and never proven for the 𝛿-protocadherins (Obst-Pernberg 

and Redies 1999; Hertel et al. 2008; Krishna-K et al. 2011). Defining the combinatorial 

nature of the deltas is a critical first step towards understanding their functional 
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implications in neural development because it would guide future studies with a realistic 

and accurate model for how they are expressed and exist within neurons. 

Here, we developed and utilized a targeted medium-throughput, non-sequencing based 

single-cell analysis approach to show for the first time that 𝛿-protocadherins are 

expressed in a wide range of combinations in randomly selected olfactory sensory 

neurons. Although caution must be taken in generalizing findings from one region of the 

nervous system to others, the overlap and punctate expression pattern of deltas in other 

regions would suggest that similar levels of combinatorial expression exists in most 

other neuronal types.  

These findings raise several important questions. For example, what is the functional 

impact on a neuron that expresses multiple deltas? Are some deltas stronger or more 

important than others and therefore the specific repertoire expressed matters, or are 

they all equal and the total number expressed is what is important? Addressing these 

questions will be pivotal in revealing the role of 𝛿-protocadherins in neural development 

and neural circuit formation. 

5.2.  Considerations on the Possibilities of Regulated and Stochastic 

Models of Combinatorial Expression 

An obvious question that arises from these combinatorial expression patterns is whether 

or not they are governed by regulated or stochastic processes. A few plausible models 

could be imagined. In one case, each delta could be regulated independently, with no 

regulatory "cross-talk" from each other, and transcription of each delta occurs through 
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its own independent regulatory mechanisms. In a second scenario, there could be 

strong co-regulatory aspects that govern which, and how many deltas are expressed in 

a cell. For example, if certain deltas shared regulatory elements, they may be more 

frequently co-expressed together than with others. Although we do not have a large 

enough sample to make conclusions regarding this possibility, we do not see obvious 

biases of co-expression between different deltas, suggesting that this is not likely. In the 

third model, delta expression may be entirely stochastic. In a fourth possibility, aspects 

of these models could be combined. For example, within individual neurons, the total 

number of deltas to be expressed might be regulated, but their selection is random, or 

some deltas may be regulated while others are stochastically expressed. 

There is another sub-family of protocadherins, the clustered protocadherins, whose 

regulatory mechanisms have been well studied and may provide mechanistic insight 

into the possible ways in which the deltas are regulated. For example, each alpha is 

preceded by its own promoter, and regulatory elements such as transcriptional 

enhancers that mediate a promoter choice mechanism have been identified and 

validated (Tasic et al. 2002; Ribich et al. 2006; Kehayova et al. 2011; Monahan et al. 

2012; Guo et al. 2012). Regulatory elements have also been discovered for the betas 

and some of the gammas, but interestingly were not proximal to the genes and could be 

located over 320kb away (Wang et al. 2002; Yokota et al. 2011). Consistent with a 

promoter choice mechanism, three separate studies examined the clustered 

protocadherins using single-cell RT-PCR (Esumi et al. 2005; Kaneko et al. 2006; Hirano 

et al. 2012). Although not all of the members were tested, they concluded that the 
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clustered protocadherins exhibit monoallelic yet stochastic expression within individual 

Purkinje neurons, consistent within the regulatory mechanisms discovered. However, 

how universal these mechanisms are remains to be seen. For example, from these RT-

PCR studies, they found that the C-type isoforms of the alphas and gammas were 

constitutively expressed in all Purkinje neurons. Despite a lack of evidence, this was 

perpetuated in the field to be a universal feature of all neurons until recent single-cell 

studies in olfactory sensory neurons and serotonergic neurons proved this was not true 

(Chen et al. 2017; Mountoufaris et al. 2017). Thus, discoveries on gene expression and 

regulatory mechanisms in one neuronal type must be cautiously applied to others. 

In contrast, almost nothing is known regarding the regulation of the 𝛿-protocadherins. 

Given that they are scattered throughout the genome, it becomes more difficult to find 

and validate any putative regulatory elements across the entire family. To begin 

approaching this question in silico, we examined the distribution of the total number of 

deltas expressed per cell (performed by our collaborators Jean Yang and Shila 

Ghazanfar, University of Sydney, Australia). First, an estimate of variation in observed 

frequencies was obtained by bootstrapping the single-cell data for 50 cells 10,000 

times. Next, to model a random distribution based on the observed frequencies for each 

delta, the average proportion of each protocadherin across the 50 cells were calculated, 

and then expression status was assigned according to probabilities estimated and also 

run over 10,000 simulations (Figure 2.12). We found that the middle range of 3 and 4 

genes was slightly lower than what would be expected from a random distribution. A 
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goodness of fit test for these distributions revealed a P-value of 5x10-5, indicating a 

significant difference between the two distributions.  

This suggests that some level of regulation may be occurring, and that would be 

consistent with the spatially restricted patterns observed by the in situ hybridizations in 

the epithelium and also elsewhere in the nervous system by others. However, one 

possible interpretation is that both processes occur. In such a model, deltas could be 

regulated to only express in certain spatial regions, but within a region that is regulated 

to be “on”, it is stochastically expressed within neurons. Future studies will need to be 

done to better determine the contributions these processes have on 𝛿-protocadherin 

expression. How would such an understanding be interpreted towards in vivo 

significance? One obvious method would be to study 𝛿-protocadherin expression across 

functionally similar neural sub-populations (such as odorant receptor populations) to 

provide insight into whether specific combinations are expressed by sub-populations of 

neurons and therefore likely have functional relevance in vivo. 
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Figure 2.12 Distribution of the mean number of deltas expressed per OSN for observed 
results and a randomly modeled distribution based on individual expression proportions 

observed. Note the difference in the middle of the distributions. 

 

To search for any possible conserved regulatory elements among the deltas, MUSCLE 

sequence alignments of the genomic regions 200bp and 2Kb upstream of each delta 

transcription start site (TSS) were performed. No sequences or motifs were found to be 

highly conserved, suggesting that no obvious 5’ regulatory elements are shared among 

the deltas. Interestingly, many lncRNAs were found to be in proximity of the TSS of the 

deltas (Figure 2.13). In several cases, they are immediately upstream within ~100-300 

bp of the delta TSS, but in some cases were slightly further away or intragenic, all 

consistent with possible modes in which lncRNAs have been found to regulate genes 

(Kung et al. 2013). While this is striking, it does not appear to be conserved in all 

mammals. Future studies will be needed to examine the possible role these lncRNAs 

could have in regulating the 𝛿-protocadherins. Additionally, thorough comparative 
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sequence analyses will need to be carried out to identified other possible conserved 

regulatory elements. 

 

Figure 2.13 Examples of lncRNAs found immediately upstream of the transcription start 
sites of Pcdh1, Pcdh8, and Pcdh10 in the mouse. 

 

5.3.  Single-Cell Analyses: Transcriptome vs Targeted Profiling 

The field of single-cell biology has expanded profoundly over the past several years, 

and is becoming more common in biological research as technical and economic 

barriers are lowered.  However, despite its great power to reveal new depths of 

complexity in biology, it suffers a limitation similar to the human genome project – how 

can all the sequencing data be interpreted and utilized in a useful and meaningful way? 

For example, revealing sub-populations of neurons in the brain helps us understand 

how many different cell types there may be, but it doesn’t provide any functional 

explanation or validation that these cell types are actually functioning differently in the 
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brain. How can we move beyond clustering and classifications, and towards functional 

understanding of scRNA-seq data instead?  

A well-recognized concern about scRNA-seq is the low capture efficiency of mRNA, and 

this limitation would theoretically significantly hinder any attempts to interpret the 

functional implications of a single cell’s sequenced transcriptome. While hierarchical 

clustering may not be greatly affected by this because there are enough genes to still 

differentiate sub-populations, attempts to functionally understand and validate specific 

genes may be profoundly impacted by this limitation. 

Since we were only interested in a relatively small number of genes, we hypothesized 

that a targeted gene approach would provide more accurate data by reducing the level 

of capture inefficiency during the reverse transcription step. Furthermore, the 

NanoString based approach analyzes small (200 bp) amplicons, and this uniformity 

would conceivably also help reduced biases among the processing of transcripts. By 

comparing our data to other scRNA-seq data sets on OSNs, we conclude that our 

multiplexed NanoString method appears to have a higher detection rate of 𝛿-

protocadherins, consistent with our concern about the low capture efficiency of scRNA-

seq. 

To this end, single-cell experiments should be designed carefully. If the goal is to obtain 

a general survey of the transcriptomic landscape to identify global changes or sub-

populations through hierarchical clustering, scRNA-seq is suitable because it samples 

the entire transcriptome. However, if you are interested in a limited set of specific 
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genes, scRNA-seq may not provide enough accurate detection and an alternative 

method like our targeted approach using NanoString may be more appropriate. Future 

studies performing direct comparisons will be useful in determining the exact extent of 

these differences. 

5.4.  Conclusion 

This study developed a novel single-cell RNA analysis method that was used to reveal 

the complexity of combinatorial expression of the 𝛿-protocadherins. We found that they 

can be expressed in diverse sets of combinations. This has important implications for 

understanding their function, as all studies to date have only considered their isolated 

functions. This knowledge can now be applied to future studies to understand how their 

adhesive function may be altered when expressed in combinations.  Future studies to 

better understand these combinatorial patterns in the nervous system will require 

sampling larger numbers of neurons to be able to determine if co-expression regulation 

is occurring, and testing more types of neurons to determine if these patterns occur 

throughout all neural cell types. Finally, we compared our results with three publicly 

available OSN scRNA-seq datasets. We found that on average, our targeted approach 

detected more deltas per neuron. This raises important questions about the reliability of 

scRNA-seq results, and whether or not it is suitable for studies that require accurate 

detection of a smaller number of specific genes.  
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Chapter 3  

The Adhesive Functions of 𝛿-Protocadherins in 

Combination 

1.  Abstract  

Cell adhesion molecules are critical for proper neural circuit formation during 

development. In order to meet the demands of the nervous system, cell adhesion 

molecules such as the 𝛿-protocadherins have been proposed to generated 

combinatorial adhesive codes to specify neural wiring choices. In Chapter 2, we 

demonstrated that 𝛿-protocadherins are expressed in combinations within single 

neurons, confirming that their expression patterns can generate combinatorial codes. 

However, the deltas have been poorly studied individually and never studied as a 

family. Here, we studied the adhesive functions of deltas individually, and in simple 

combination. We show that the deltas display a range of apparent affinities, allowing 

some to bind stronger and overcome mismatched deltas when coexpressed. We 

propose that combinatorial function of deltas ultimately depends on which deltas are 

expressed, how many are expressed, and their relative surface expression levels. 
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2.  Introduction 

The formation of the nervous system has long been theorized to require combinations of 

guidance cues to work together to enable billions of neurons to reach and synapse with 

their appropriate partner (Sperry 1963; Shapiro and Colman 1999). But while genetic, in 

vitro, and genomic approaches have revealed how any one cue can influence this 

process, how these many members work together to mediate guidance and target 

recognition is still very poorly understood. One major class of guidance cues thought to 

work in combination are cell adhesion molecules (CAMs). Although CAMs themselves 

are highly diverse, expression studies have shown that individual neurons are likely to 

express different combinations of CAMs. For example, the cadherins are the largest 

category of CAMs (Hulpiau et al. 2016), and in situ hybridization studies have 

suggested that individual neurons clearly express different combinations of CAMs 

(Wöhrn et al. 1999; Redies 2003; Krishna-K et al. 2011). But what the full extent of 

these combinations are, and how they work together to exert an effect on neuronal 

behavior is still unknown. 

Several approaches have been used to understand how combinations of cues mediate 

guidance and synapse formation. Genetic tools have been used to affect the expression 

of two, and sometimes three, different cues at one time. However, this approach is time 

consuming and relatively difficult in vertebrates. In vitro approaches have utilized 

primary neuronal culture to study the impact of CAMs and other cues on behavior. 

However, such studies by their nature utilize a heterogeneous population of neurons, 
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and require a population-based approach to understand how cues may function 

together. Structural analyses can begin to show how cues may physically interact. This 

in turn can generate hypotheses for further study, but do not in and of themselves 

demonstrate function. Finally, the advent of single-cell genomic tools can, for the first 

time, reveal the particular combination of cues expressed by individual neurons. But 

such approaches still do not provide a functional readout to determine how CAMs and 

other cues affect neuronal function. 

To begin to address the complexity associated with understanding combinatorial CAM 

function, we have chosen to study the 𝛿-protocadherins, a nine member subfamily of 

the cadherin superfamily. 𝛿-Protocadherins are known cell adhesion molecules (Sano et 

al. 1993; Hirano et al. 1999; Tai et al. 2010; Izuta et al. 2015), and genetic deletion and 

misexpression studies have shown a role for individual deltas in axon guidance and 

synapse formation (Uemura et al. 2007; Williams et al. 2011; Emond et al. 2011; 

Hayashi et al. 2014). In Chapter 2, we showed that randomly selected olfactory sensory 

neurons can express anywhere from zero to seven different deltas, consistent with in 

situ patterns throughout the nervous system (Vanhalst et al. 2005; Krishna-K et al. 

2011; Lin et al. 2012a; Lin et al. 2012b). To determine the functional effect of these 

combinations on cellular behavior, we utilized the K562 adhesion assay to study how 

different combinations affected cell adhesion. Finally, we propose a working model to 

explain how combinatorial delta expression regulates adhesive cellular behaviors. 
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3.  Methods 

3.1.  DNA Plasmids 

All constructs were cloned into modified pEGFP-N1 vectors (p2a and direct fusion) with 

protocadherin fragments generated by PCR from the ATG to the end of the 

transmembrane domain for each delta with either eGFP, TagRFP, or FLAG tags at the 

C-terminus. 

3.2.  K562 Aggregation Assay 

K562 myelogenous leukemia cells were obtained from ATCC (ATCC CCL-243) and 

maintained in RPMI + L-glutamine with 10% calf bovine serum. To transfect 𝛿-

protocadherins into K562 cells, electroporations were performed using an Amaxa 

Nucleofector II (Lonza) when cells reached a density between 250-500,000 cells/mL. 

For each reaction, 1 x 106 cells were gently pelleted and then resuspended in 100 μL of 

Ingenio Electroporation Solution (Mirus Bio), and electroporated using program T-016 

with 5-8ug of DNA, and immediately recovered in 2 mL of incubator equilibrated media. 

After 1 hour, 4mM valproic acid was added to the cultures to promote maintained 

expression, and in experiments where two populations were mixed, equal volumes from 

each population were then combined. Both 6 well and 24 well plates were used, with 

total volumes of 2mL and 500 respectively. Cells were gently agitated continuously at 

15 RPM overnight in a tissue culture incubator, and images were taken between 24-26 

hours post-electroporation. Most images were captured using confocal microscopy at 

1024 x 1024 using a 10x objective (Zeiss LSM 510), although some images were 
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captured using a camera attached to an inverted fluorescent scope with a 10x or 20x 

objective. 

3.3.  Coaggregation Index Analysis 

To generate the Coaggregation Index, confocal images were analyzed using custom 

code written in Mathematica (Wolfram Research). Briefly, each confocal image is 

divided into squares with areas slightly larger than the area of one cell (15 x 15 pixels) 

to allow for sampling of neighboring cells. Squares with no fluorescent signal (all black) 

are discarded, and the remaining squares are analyzed for how many colors are 

detected in each square. The final output is the percent of squares with colors that have 

more than one color, which we termed the CoAggregation Index. 

3.4.  Aggregate Size Analysis 

For the initial assessment of 𝛿-protocadherin mediated aggregation size, two 

independent electroporations were performed. For each replicate, 15-20 fields of view 

were imaged using an inverted fluorescent microscope with a 10x objective. These 

images were then analyzed in ImageJ to measure aggregate size. Pixel size of 

aggregates were compared to the pixel area of one cell to approximate the number of 

cells per aggregate. Aggregates smaller than three cells were removed from the 

analysis to prevent dividing cells and single cells not participating in aggregation from 

skewing the results. 
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3.5.  Aggregate Size with Increased Rotational Speeds 

K562 cells were electroporated and allowed to form aggregates at 15 RPM overnight. At 

24 hours, six fields of view were captured with confocal microscopy with a 5x objective, 

and then returned to the incubator. The speed was then increased to 120 RPM for 1 

hour, and images were captured again. This process was repeated at 160, 200 and 220 

RPM for a total of five time points. Three independent electroporations were performed 

for each sample. Each image was then analyzed using a custom written code in 

Mathematica (Wolfram Research) to measure the pixel size of each aggregate, and 

aggregate pixel size was converted to microns. 

3.6.  Surface Biotinylation 

Surface biotinylation of live K562 cells was performed using the Pierce Cell Surface 

Isolation Kit (Thermo Scientific), and the protocol was modified for use with smaller 

volumes and smaller columns (Pierce Micro Spin Columns, Thermo Scientific). Briefly, 

at 24 hours post-electroporation, cells were gently pelleted at ~ 1000 x g, and then 

washed once with ice cold PBS. The labeling solution was prepared by suspending 12 

mg of EZ-Link Sulfo-NHS-SS-Biotin in 48 mL of ice cold PBS. Cell pellets were then 

resuspended into single cell suspensions with 1 mL of the labeling solution, and 

moderately agitated at 4C on a rotary shaker such that the solution was constantly 

mixing for 30 minutes. Next, 50 μL of quenching solution was added to each sample, 

and the cells were again pelleted at 1000 x g for 3 minutes, and washed once with 1 mL 

ice cold TBS. The pellets were then lysed on ice for 30 minutes using 50 μL of the 
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supplied lysis buffer plus added protease inhibitors. The lysate was then spun at 10,000 

x g for 10 minutes at 4C, and the supernatant was transferred to micro columns 

containing 100 μL of Neutravidin agarose slurry that had been washed four times with 

100 μL of wash buffer by spinning at 1000 x g for 1 minute at room temperature. An 

additional 150 μL of lysis buffer was added to ensure complete mixing during 

incubation. Samples were then capped and incubated for 1 hour at room temperature 

with end-over-end rotary mixing. The columns were then spun at 1000 x g for 1 minute, 

and washed with 4 x 100 μL wash buffer with protease inhibitors. Finally, 50 μL of SDS-

Page sample buffer with 50 mM DTT was added to each column, heated for 5 minutes 

at 95C, and then spun for 3 minutes at 20,000 x g to elute the purified sample, and 1 μL 

of bromophenol blue was added to each sample. 

3.7.  Western Blot Analysis 

Western blots were performed by loading 8 μL (roughly 15% of total elution from each 

biotinylation experiment) onto 10% SDS polyacrylamide gels. The separated proteins 

were then transferred to polyvinylidene difluoride (PVDF) membranes for 2.5 hours at 

380 mAmps at 4C. The membranes were then blocked in 5% non-fat dairy milk in TBST 

(Tris-buffered saline with 0.1% Tween 20) for 1 hour at room temperature, and then 

incubated in primary antibodies overnight for 16 to 18 hours. All primary antibodies used 

were monoclonal, and carefully titrated to establish working dilutions of equivalent 

detection so that samples across antibodies could be compared. To achieve this, whole 

cell lysates of K562 cells electroporated with equal amounts of DNA for Pcdh7 fused 

with GFP, RFP and FLAG were used. Equal amounts of lysate were probed at various 
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concentrations for each antibody, and over several rounds of optimization, dilutions for 

each antibody that produced roughly equivalent detection were obtained. The 

antibodies used were mouse anti-GFP (1:4,000, Thermo Scientific MA5-15256), mouse 

anti-RFP (1:2,000, Thermo Scientific MA5-15257) and mouse anti-FLAG (1:6,000, 

Thermo Scientific MA1-91878). The best loading control for surface expression was 

determined to be transferrin receptor (TfR) and was used at 1:1,000 (Thermo Scientific 

13-6800). After primary incubation, blots were washed 3 x TBST for 5 minutes, then 

incubated with secondary goat anti-mouse HRP antibody (1:10,000, Thermo Scientific) 

for 1.5 hours, wash 3 x TBST for 5 minutes again, and then developed with ECL. 

Estimation of band intensity was carried out using ImageJ. 

4.  Results 

4.1.  𝛿-Protocadherins are Calcium Dependent Homophilic Cell 

Adhesion Molecules 

A subset of 𝛿-protocadherins have been tested for their adhesive abilities using a 

variety of different approaches across different studies (Sano et al. 1993; Hirano et al. 

1999; Yoshida 2003; Tai et al. 2010; Emond et al. 2011; Izuta et al. 2015), but have 

never been systematically characterized as a family. We assessed the cell adhesion 

properties of the deltas using the K562 cell adhesion assay. K562 cells are excellent 

cells to test for cell-adhesion because they do not endogenously express any cadherins 

or exhibit any cell-cell adhesion (Schreiner and Weiner 2010). Thus, any cell 

aggregation behaviors can be attributed to what they were manipulated to express. 



	 138	

Briefly, K562 suspension cells are electroporated with DNA constructs encoding 𝛿-

protocadherins tagged with GFP or RFP. The cells are allowed to recover for 30-60 

minutes, and are then gently agitated at 15 RPM and observed at 24 hours post 

electroporation. Expression of full-length constructs was more difficult than only 

expressing the extracellular and transmembrane (ECTM) domains. However, 

preliminary tests comparing full-length Pcdh1 against just the ECTM of Pcdh1 produced 

equivalent aggregates, and the ECTM was able to bind homophilically (binding with like 

protocadherin on opposing cell) to the full-length construct suggesting that the lack of 

the intracellular domain (ICD) did not affect adhesive recognition outside the cell (Figure 

3.1). This suggests that the intracellular domain is not required to mediate adhesive 

events. This is consistent with a few other reports on protocadherins that also removed 

the intracellular domain without disrupting adhesion (Chen et al. 2007; Tai et al. 2010; 

Emond et al. 2011). Therefore, ECTM constructs were used in all subsequent 

experiments. 

 

Figure 3.1 The 𝛿-protocadherins still exhibit homophilic recognition, even when one 
population lacks the intracellular domain. (Left) A typical Pcdh1-ECTM-GFP aggregate. 
(Middle) A typical Pcdh1-FL-RFP aggregate. (Right) Both populations engage in highly 

mixed homophilic aggregates when allowed to co-mingle. Scale bar =100 μm. 
 



	 139	

We then tested eight of the nine deltas in this format (Pcdh11x did not express in K562 

cells) for their ability to induce aggregation. GFP alone does not mediate any 

aggregation, and cells remain in a single cell suspension. Interestingly, the eight deltas 

all mediated adhesion, but to varying degrees (Figure 3.2A). For example, Pcdh10 

formed very small aggregates relative to the other deltas. Varying the amount of Pcdh10 

transfected into cells had a limited impact on the size of aggregates formed. Since it 

induced significantly smaller aggregates than that seen with the other deltas, Pcdh10 

was excluded from subsequent experiments. In contrast, K562 cells transfected with 

Pcdh7 or Pcdh17 formed larger aggregates than the other deltas. In order to normalize 

the size of aggregates, the amount of DNA electroporated for each delta was titrated to 

generate an approximately equal distribution of aggregate sizes (Figure 3.2B). The 

importance of modulating the level of expression of a given delta in relation to adhesive 

function was further examined in later studies. 

 

Figure 3.2 (A) Electroporation of 𝛿-protocadherins into K562 cells induces aggregation 
formation, whereas GFP alone does not. (B) Distribution of aggregate sizes for each 

delta from two independent electroporations. Scale Bar = 100 μm. 
. 

A defining feature of all cadherin superfamily members is that their adhesive functions 

are calcium dependent. Presumably, this is one way in which their function may be 
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regulated, although how extracellular calcium dynamics influence cadherin function is 

not well understood. The 𝛿-protocadherins have never been systematically 

characterized for this defining cadherin characteristic. We therefore next asked if 𝛿-

protocadherin cell adhesion and aggregate formation was calcium-dependent by 

comparing aggregate formation of each delta in normal media (RPMI 1640, containing 

42 μM CaCl2), and media with 20 μM EDTA, which should be sufficient to chelate all 

calcium ions present in RPMI1640. Control cells electroporated with only GFP remained 

as single cell suspensions with both treatments (Figure 3.3). Consistent with being 

members of the cadherin superfamily, all deltas had significantly reduced levels of 

aggregation in the presence of EDTA. However, some deltas may be less sensitive to 

calcium than others, as some (e.g. Pcdh7, Pcdh8, and Pcd17) still maintained 

aggregates, albeit small ones. The addition of higher levels of CaCl2 in the media did 

not have a noticeable effect on cell aggregation and aggregate size (data not shown), 

suggesting that they are already saturated with calcium at 42 μM. This suggests that the 

deltas are largely calcium dependent, but some calcium independent adhesion may still 

occur for at least some members. The significance of these slight differences will need 

to be addressed in future studies. 
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Figure 3.3 𝛿-protocadherin aggregation is primarily calcium dependent, as aggregation 
is severely disrupted by the presence of 20 μM EDTA. However, some deltas still 

displayed small aggregates in the presence of EDTA (e.g. Pcdh8 and Pcdh17). Scale 
bar =100 μm. 

 

4.2.  𝛿-Protocadherin Binding in trans is Strictly Homophilic 

To determine if deltas mediate only homophilic aggregation, we next mixed cells 

expressing a given delta (fused to p2a-GFP) with those expressing another delta (fused 

to p2a-RFP) and tested all 49 possible pairs. As expected, RFP and GFP cells 

expressing the same delta mixed homophilically (Figure 3.4, squares along center 

diagonal), while those expressing different deltas segregated from one another and 

formed distinct and completely separate aggregates (Figure 3.4, all squares off center 

diagonal). These results suggest that in trans, 𝛿-protocadherins will preferentially bind 

with the same 𝛿-protocadherin. Therefore, we conclude that 𝛿-protocadherins are strictly 

homophilic when binding in trans. 
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Figure 3.4 𝛿-Protocadherins exhibit strict homophilic adhesion in trans. Cells expressing 
deltas with a p2a-GFP tag (columns) were mixed with cells expressing deltas with p2a-
RFP tags. All possible pair-wise combinations were tested. Each pair was tested in two 

independent electroporations. Scale bar =100 μm. 
 

 

4.3.  Mismatched Delta Populations Generate Various Coaggregation 

Behaviors 

The results shown in Figure 4 are analogous to those previously found using clustered 

protocadherins (Schreiner and Weiner 2010; Thu et al. 2014). In those studies, further 

experiments were also performed whereby the protocadherins expressed between the 

two populations were “mismatched”. In the simplest example, cells expressing one 

clustered protocadherin were allowed to mix with cells expressing the same clustered 
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protocadherin plus an additional, different clustered protocadherin. In all variations 

tested in the K562 assay, the two populations always segregated from one another, 

suggesting that a single mismatch was sufficient to prevent any mixing. To determine if 

the 𝛿-protocadherins followed the same general principle, we performed similar 

experiments. 

In these experiments, we systematically “challenged” cells expressing just one 𝛿-

protocadherin to coaggregate with cells expressing the same delta plus an additional 

“mismatched” delta. We therefore refer to these experiments as “mismatch 

coaggregation assays” (Figure 3.5A). We tested all 42 possible mismatch pairs and 

critically, we discovered that the uniform principle defined for the clustered 

protocadherins does not appear to apply to the deltas (Figure 3.5B, C). Instead, we 

observed a range of outcomes which can be described as three general categories of 

aggregation behavior. In the first, we found the populations completely segregated from 

one another, as seen with the clustered protocadherins (Figure 3.5B, Pcdh7+Pcd19 vs 

Pcdh19). In the second, the populations appeared to "interface," as red aggregates 

directly abutted green aggregates (Figure 3.5B, Pcdh1+Pcdh7 vs Pcdh1). In the last 

category, green and red cells appeared to intermix freely with one another (Figure 3.5B, 

Pcdh7+Pcdh19 vs Pcdh7). Importantly, however, the extent of interfacing or intermixing 

appeared to vary depending on the particular deltas used in the experiment. 

In previous coaggregation experiments performed by others, outcomes were primarily 

considered either binary (mixing or no mixing) or placed into categories (e.g. type I, II, 

III, etc.) by eye to interpret different outcomes. We choose to quantify our observations 
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by developing a novel analysis to produce a metric (CoAggregation Index) of how well 

two different populations coaggregate. This allowed us to detect and quantify subtle 

differences without bias. Briefly, this metric (see methods) parses an image into a grid 

where the area of each square is just slightly larger than the size of one K562 cell. Each 

square of the grid is then analyzed for the presence of red, green, or yellow signal. To 

determine the extent of mixing, the number of squares containing more than one color 

are counted and reported as a percent (corrected for squares without any signal). Cells 

with strong intermixing will have a higher proportion of squares containing more than 

one color, generating a higher CoAgg Index value. 

Analyzing these initial results with this metric allowed us to identify more nuanced 

differences among the three broad phenotypic categories. Indeed, subtle differences not 

visible by eye could be easily distinguished as they produced different CoAgg Index 

values (Figure 3.5B). Applying our quantification method to all 42 mismatch 

coaggregation assays, we observed a broad spectrum of CoAgg Index values (Figure 

3.5D). On the high end of the CoAgg Index, some mismatched pairs (e.g. Pcdh7 vs 

Pcdh7+Pcdh19, Figure 3.5B, first image) intermixed just as well as two populations 

expressing the same protocadherin without a mismatch (e.g. Pcdh7 vs Pcdh7, purple 

bar). On the opposite end, some did not mix at all (e.g. Pcdh19 vs Pcdh7+Pcdh19, 

Figure 3.5B, far right image), similar to control experiments with two different 

protocadherins (e.g. Pcdh1 vs Pcdh7, green bar). In the middle we observed a 

continuum of intermixing and interfacing. As a general rule, CoAgg values below 0.1 

indicated segregation. From 0.1 to 0.2, clear interfacing is observed, and as 0.2 is 
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surpassed the behavior begins to transition from interfacing towards intermixing. 

Generally, CoAgg values above 0.5 were rarely observed. Thus, the use of the CoAgg 

Index revealed that interfacing and intermixing behaviors lie on a continuum. The use of 

our metric allows us to distinguish visually similar outcomes that would not be 

detectable by eye. 
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Figure 3.5 Spectrum of coaggregation behaviors observed in mismatch coaggregation 
assay screen. (A) Diagram of mismatch coaggregation assay, where the RFP 

population expresses two deltas, and each GFP population expresses only one of the 
two deltas. (B) Select pairs from screen displaying different possible outcomes along 

the spectrum. Number in upper right corner is average CoAgg Index value for that pair. 
(C) Graphical representations of aggregate formation in A. (D) Spectrum of CoAgg 

indexes measured in mismatch coaggregation assay, ordered from highest to lowest. 
Note the comparisons to the single pair-wise tests on the far left. Error bars indicate 

standard error. Each pair in the screen was performed over two independent 
electroporations. Scale bar = 100 μm. 

. 
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A critical principle that emerged from these experiments was that the CoAgg Index 

depended on the identity of the mismatched protocadherin (Figure 3.6A). For example, 

for Pcdh1 (Figure 3.6A, row 1), the index was high when mixed with cells expressing 

Pcdh1+Pcdh9 (dark blue, index = 0.30), indicating strong intermixing. In contrast, the 

index was low when these cells were mixed with cells expressing Pcdh1+Pcdh7 

(medium blue, index = 0.11), consistent with an interfacing behavior. Comparing the 

behavior of different deltas in these assays (columns) revealed different behaviors for 

each protocadherin. For example, for column 1, when Pcdh1+Pcdh7 cells are mixed 

with Pcdh7, the index value is 0.33 (dark blue, intermixing), whereas Pcdh1+Pcdh9 cells 

mixed with Pcdh9 cells gave an index of 0.07 (light blue, segregation). 

In addition to these differences in any one row or column, we noted that differences 

existed for complementary pairs (Figure 3.6A, 6B). Notably, a heat map of these data 

displays great asymmetry across the diagonal. Thus, mixing Pcdh1+Pcdh7 cells with 

Pcdh1 cells (index of 0.11) resulted in interfacing, whereas mixing Pcdh1+7 cells with 

Pcdh7 cells resulted in strong intermixing, producing an index of 0.33. Although all 

deltas are adhesive (Figure 3.2), we conclude that their ability to interact with cells 

expressing distinct combinations of deltas is strongly dependent upon which deltas are 

expressed within a given combination. 
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Figure 3.6 Differential behaviors in mismatch coaggregation assay. (A) Heat map of 
CoAgg Index values reveals lack of symmetry across pairs. (B) Examples of non-

complementary results for mismatched pairs. (C) Estimated rankings of intermixing 
behaviors based on mismatch coaggregation assay screen mean row and column 

scores. Scale bar = 100 μm 
 

Since there is a clear range in behavior among the deltas, we sought to estimate the 

overall ranking for how well each delta was able to 'overcome’ the presence of a 

mismatch and still intermix. Using the CoAgg index values from our screen of 42 

mismatch coaggregation assays, we estimated a hierarchy or ranking of each delta. To 

do this, we first calculated the mean CoAgg Index across the rows for each delta. This 

indicates how well each protocadherin alone can mix with cells that also express the 
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same protocadherin plus an additional, mismatched 𝛿-protocadherin. In this case, 

higher index scores indicate a stronger ability to intermix with a population that 

expresses a mismatched delta. Next, the column means for each delta were calculated. 

In contrast to row means, lower column index values indicate stronger ability to prevent 

mixing when acting as the mismatched gene. Plotting each protocadherin with the row 

means on the Y-axis and the column means on the X-axis creates a linear trend and 

ranking of the deltas, suggesting these two parameters are capturing the same 

information. These results suggest that the deltas display a wide range in their abilities 

to overcome mismatched pairs, and some are better than others at overcoming 

mismatched pairs to still bind with their matched delta. 

We hypothesized three potential explanations for the behavior of different deltas in our 

mismatched coaggregation assays. First, differences in the surface expression of each 

delta expressed within the various cell populations could influence their adhesive 

interactions. Thus, the expression of two deltas within a given cell may result in uneven 

(or non-existent) surface expression of one relative to the other, biasing the adhesive 

interactions. Second, different deltas may possess different apparent adhesive affinities. 

Stronger affinities would produce more stable binding events, and increase the 

probability of intermixing despite mismatched proteins being present. And finally, some 

combination of the two may occur. In this case, the ultimate adhesive behavior of a cell 

expressing two deltas would be determined by which deltas are expressed, the 

apparent affinities of each delta, and their relative expression levels. 
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4.4.  Differential Coaggregation Outcomes are Not Explained by 

Differences in Surface Expression 

To address the first possibility, we repeated select mismatch coaggregation 

experiments and controlled for surface protein expression of each delta. To track 

proteins at the surface, we generated ECTM constructs of each delta fused with FLAG, 

GFP, and RFP. Through several rounds of optimization, we carefully titrated the amount 

of each construct transfected into cells to minimize differences in surface protein 

expression, as confirmed using surface protein biotinylation and western blots. As a 

control, we showed that the biotinylation of the electroporated cells specifically detected 

surface protein expression and not cytosolic proteins (Figure 3.7) 

 

Figure 3.7 Surface biotinylation of K562 cell surface is specific to the plasma 
membrane and does not detect cytoplasmic proteins. Non-electroporated control cells, 
and cells electroplated with cytosolic GFP and Pcdh7 fused with GFP were used. (Left) 
Whole cell lysate shows no GFP signal in control cells, and strong GFP and Pcdh7-GFP 

cells. All samples had strong cytosolic signal for 𝛽-actin signal and membrane bound 
Transferrin receptor (TfR). (Right) In the biotinylated samples, no cytosolic 

𝛽-actin was detected in any samples, and TfR was enriched. GFP antibodies only 
detected Pcdh7-GFP samples, suggesting only proteins on the cell surface were 

isolated. 
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For the first test, we chose Pcdh1 and Pcdh7, as these had different CoAgg Index 

values when challenged to coaggregate with cells expressing Pcdh1+Pcdh7 (0.11 and 

0.33, respectively). After optimizing surface expression conditions such that each delta 

was present at the surface at roughly the same level (Figure 3.8A), we repeated the 

mismatched coaggregation assay, and imaged aggregate formation over several time 

points (Figure 3.8B,C). Consistent with our initial screen, and having controlled for 

differences in expression level, we still found that Pcdh7 cells consistently produced a 

higher index value when combined with cells expressing Pcdh1+Pcdh7. In contrast, a 

mismatch coaggregation assay where Pcdh1 cells were combined with cells expressing 

Pcdh1+Pcdh7 consistently resulted in lower values and only interfaced. We repeated 

this same experiment using Pcdh1+Pcdh17 to determine if this result was generalizable 

(Figure 3.8D). Since the Pcdh1+Pcdh7 time course indicated that 26 hours was 

sufficient to detect mature aggregates, we only captured the Pcdh1+Pcdh17 set at this 

time point (Figure 3.8E,F). As with Pcdh1+Pcdh7, Pcdh1+Pcdh17 also demonstrated 

differences in coaggregation behavior depending upon which delta was mismatched. 

While Pcdh17 expressing cells could strongly intermix with Pcdh1+Pcdh17 cells (index 

= 0.44), cells expressing Pcdh1 segregated (index = 0.04). We note, however, that this 

is a slight change from our initial screen, which found that cells expressing Pcdh1 and 

Pcdh17 alone both interfaced with cells co-expressing Pcdh1+Pcdh17. This suggests 

that some pairs in the screen might have been influenced by unequal surface 

expression. Interestingly, we also note that Pcdh17 is the only gene that is slightly off 

the linear trend in our hierarchical ranking of deltas from the mismatch coaggregation 
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assay screen (Figure 3.6C), suggesting that this may be the cause. However, the 

results when the levels are balanced are still consistent with different behaviors of 

mixing occur depending on which deltas are being tested. Therefore, it is unlikely that 

our first interpretation involving differential surface expression is correct. Instead, we 

interpret these results to indicate that different deltas possess different apparent 

adhesive affinities. 
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Figure 3.8 Deltas still maintain differential mixing behaviors in mismatched pairs even 
when variation in surface level expression is reduced. (A) Western blot of surface 

biotinylation for Pcdh1+Pcdh7 pairs showing that each gene is expressed at roughly 
equal levels at the cell surface. (B) CoAgg Index values for mismatched coaggregation 

assays for Pcdh1+7 cells mixed with Pcdh1+7, Pcdh1, and Pcdh7 cells across time 
points. Note that the Pcdh7 and Pcdh1+Pcdh7 cells display similar values while Pcdh1 
cells are much lower. Differences between populations at the time points were highly 
significant by multiple t-tests (* = p-values < 0.0001). (C) Representative images of 
aggregates at 26 hours. Note that Pcdh1-RFP cells can only interface, while Pcdh7-

RFP cells can intermix with Pcdh1+Pcdh7-GFP cells just as well as Pcdh1+Pcdh7-RFP 
cells. (D) Western blot of surface biotinylation for Pcdh1+Pcdh7 pairs showing that each 

gene is expressed at roughly equal levels. (E) CoAgg Index values at 26 hours, (F) 
Representative images, note that Pcdh1-RFP cells segregate from Pcdh1+Pcdh17-GFP 
cells whereas Pcdh17-RFP cells completely intermix. Each pair was tested across two 
independent electroporations. Error bars indicate standard error. P-values calculated 

using Student’s t-tests. Scale bar=100 μm. 
. 
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4.5.  Higher Rotational Speeds Reveal Differential Apparent Affinities 

Among 𝛿-Protocadherin  

Our results suggest that deltas possess different apparent affinities because some are 

able to overcome the presence of a mismatched pair while others are not. For example, 

when Pcdh1+Pcdh7 are co-expressed, cells expressing Pcdh7 alone are still able to 

overcome the presence of Pcdh1 in the Pcdh1+Pcdh7 cells because the affinity of 

Pcdh7-Pcdh7 interactions is greater than Pcdh1-Pcdh1 interactions. To test this model 

a different way, we looked to prior studies by Steinberg, who demonstrated the 

importance of the rotational speed that cells are subjected to in cell aggregation 

experiments. When cells are incubated in round wells and subjected to gyratory 

movement, shear forces are imposed on the cells as they collide into one another. 

Using cell populations expressing different classical cadherins, he found that higher 

speeds increased the shear forces imposed on the cells, and therefore the stringency of 

coaggregation between different cadherin types. In contrast, extremely low speeds 

allowed weak hetero-cadherin binding to occur between two different cadherin 

populations that had previously not been observed (Duguay et al. 2003). 

Unfortunately, most studies on protocadherin aggregation do not appear to take this 

factor into consideration, and either do not report the speed used (Thu et al. 2014) or 

only use high speeds (Emond et al. 2011; Cooper et al. 2016). As the selection of speed 

could drastically impact the results, it is important to fully consider the selection of speed 

used in aggregation experiments. For example, if a high speed is used that selects for 
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only the strongest bonds, weaker bonds that may still be biologically relevant will not be 

observed. Additionally, the in vivo relevance of aggregation at commonly used speeds 

such as 80RPM and greater remains to be explained. For these reasons, in all our 

experiments thus far we subjected the K562 cells to 15RPM, which is much lower than 

what is typically used. We also confirmed that our results with 15 RPM produced 

qualitatively equal results to cells that were not subjected to any rotational speeds (0 

RPM), suggesting that 15 RPM does not create significant shear force to cause the loss 

of weaker bonds (data not shown). However, the slight agitation of 15 RPM allowed for 

the cells to better disperse throughout the well than at 0 RPM, enabling them to sample 

the population more efficiently and also enhance imaging quality. 

We predicted that by subjecting 𝛿-protocadherin aggregates to different rotational 

speeds, differences in apparent affinity among the deltas would be revealed. To test this 

prediction, we transfected three different populations of K562 cells (expressing Pcdh1, 

Pcdh7, or Pcdh17 alone), and ensured they expressed similar surface levels for each 

K562 population (Figure 3.9A). We subjected the cells to gradually increasing speeds 

(15, 120, 160, 200 and 220 RPM), and obtained confocal images for each time point. 

Here we assessed aggregate size (and not coaggregation), as each population was 

transfected with only a single delta. We predicted that the aggregates of deltas with 

lower apparent affinities would dissociate sooner and at lower speeds than deltas with 

higher apparent affinities. In preliminary studies, we determined that the precise order of 

events was important to obtain reproducible results. Different aggregates formed 

depending upon when the cells were subjected to higher speed (e.g. immediately after 
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transfection or after 24 hours), and how various speeds affected the size of aggregates 

formed by the different deltas (see methods). 

At our standard 15 RPM aggregation speed, aggregate size for cells expressing Pcdh7 

was consistently larger than that of Pcdh1 or Pcdh17. As we increased rotational speed, 

this relationship was maintained, and Pcdh7 aggregates remained larger than Pcdh1 or 

Pcdh17 aggregates (Figure 3.9B). Even at the highest rotational speed tested (220 

RPM), small but distinct aggregates were still present in Pcdh7-expressing cells, while 

both Pcdh1 and Pcdh17 expressing cells had fully dissociated into single cells (Figure 

3.9C). 

Pcdh1, 7 and 17 were the top three of the mixing ranking from Figure 3.6C. We 

predicted that if we tested the lower ranking Pcdh19, it should have smaller aggregates 

at all speeds compared to the top three. However, because it was difficult to express 

Pcdh19 at the same high levels used in the Pcdh1, 7, and 17 experiment, we reduced 

Pcdh1 levels to match that of Pcdh19 (Figure 3.9D). We then carried out an identical 

experiment, and found that Pcdh19 always formed smaller aggregates than Pcdh1 at 

each speed (Figure 3.9E,F). This is consistent with the presence of a hierarchy of 𝛿-

protocadherin apparent affinities, with Pcdh7 having a higher apparent affinity than 

Pcdh1 or Pcdh17 (which were very similar), and with Pcdh19 having the lowest affinity 

among these four proteins. These rankings, generated using a different approach from 

those in Figure 3.6, still resulted in a similar hierarchy of delta affinities. 
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Figure 3.9 Increasing rotational speed on 𝛿-protocadherin aggregates reveals 
differences in apparent affinities. (A) Western blot showing similar levels of surface 

protein levels for populations of cells expressing Pcdh1-RFP, Pcdh7-RFP, and Pcdh17-
RFP. (B) Average size of aggregates as rotational speed is increased for Pcdh1, Pcdh7, 
and Pcdh17 cells. Note that Pcdh7 (green line) has consistently larger aggregates than 
Pcdh1 and Pcdh17 cells. P-values calculated by Student’s t-test (* = P > 0.0001). (C) 
Western blot showing similar levels of surface protein levels for populations of cells 

expressing Pcdh1-RFP, and Pcdh19-RFP. (E) Average size of aggregates as rotational 
speed is increased for Pcdh1 and Pcdh19 cells. P-values calculated by Student’s t-test 

(* = P > 0.0001). (F) Representative images at select time points. Note that Pcdh19 
cells quickly dissociated into single cells compared to Pcdh1 cells. Each assay was 
repeated over four independent electroporations. Error bars indicate standard error. 

Scale bar = 100 μm. 
. 
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We next assessed how rotational speed could be utilized to confirm differences in delta 

affinities observed with our mismatch coaggregation assay. In our initial mismatch 

experiment with Pcdh1 and Pcdh7, cells expressing Pcdh1 alone could only interface 

(index = 0.11) with cells expressing both Pcdh1+Pcdh7, whereas cells expressing only 

Pcdh7 intermixed highly (index = 0.33) with Pcdh1+Pcdh7 cells. We repeated the 

experiment but instead altered the rotational speed to see how the CoAgg Index values 

would change. Aggregates were allowed to form overnight at 15RPM and images were 

taken at 24 hours. The cells were then subjected to 120RPM for 1 hour and re-imaged 

(Figure 3.10A). The index of control experiments (Pcdh1+Pcdh7-GFP cells vs. 

Pcdh1+Pcdh7-RFP cells) dropped only slightly upon increasing speed but remained 

high (index = 0.29). In contrast, cells expressing Pcdh1 alone now failed to interface 

with the Pcdh1+Pcdh7 cells, and the two populations were now completely separated 

(index = 0.04). Finally, cells expressing Pcdh7 alone still intermixed with Pcdh1+Pcdh7 

cells at the higher speed, in a manner highly similar to the control cells (index = 0.30) 

(Figure 3.10B). These results suggest that the interfacing behavior of Pcdh1 cells with 

Pcdh1+Pcdh7 cells is much weaker that the intermixing behavior of Pcdh7 cells with 

Pcdh1+Pcdh7 cells, enabling Pcdh7 cells to maintain adhesive interactions between 

mismatched populations even at higher speeds. These results are again consistent with 

Pcdh7 possessing a higher apparent adhesive affinity compared to Pcdh1. 
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Figure 3.10 The impact of rotational speed on mismatch coaggregation assay with 
Pcdh1 and Pcdh7. At 15RPM (standard speed), Pcdh7-RFP cells intermix with 

Pcdh1+Pcdh-GFP cells equally well as Pcdh1+Pcdh7-RFP cells do, whereas Pcdh1-
RFP cells will only interface. At increased rotational speed, the Pcdh1-RFP interfacing 
interactions are disrupted and the population now segregates, whereas Pcdh7-RFP 

cells remain intermixed, similar to the Pcdh1+Pcdh7-RFP control cells. (A) 
Representative images of mismatched coaggregation assays at both speeds, and (B) 

CoAgg Index values demonstrating change in coaggregation behavior between 15 and 
120 RPM. P-values calculated with Student’s t-test. Error bars indicate standard error.  

Scale bar = 100 μm. 
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4.6.  𝛿-Protocadherin Extracellular Domains Have Low Sequence 

Identities 

Our prior experiments showing differences in aggregate size, aggregate dissociation, 

and mismatched coaggregation among the deltas highly suggest they have different 

apparent affinities. To begin examining possible structural differences accounting for 

these observations, we annotated the signal peptide and transmembrane domains of 

each 𝛿-protocadherin to isolate just the extracellular domains sequences, which are the 

regions that are responsible mediating adhesion. We performed MUSCLE alignments 

between all delta members and found they exhibit low sequence identity, around ~35% 

(Figure 3.11). Because delta-1s contain an extra EC domain, we then the compared 

sub-families (𝛿-1 vs 𝛿-2). Sequence identity comparisons within sub-families exhibit 

slightly higher sequence identities but still remain fairly low (42-45%). A recent structural 

paper has shown that the adhesive trans interface of zebrafish Pcdh19 is mediated 

through a “forearm handshake” of EC domains 1-4 (Cooper et al. 2016). We therefore 

annotated each extracellular domain by utilizing the various common calcium binding 

motifs which are present between each domain as boundary markers, and compared 

domains 1-4 as well as each of the first four domains individually (Table 3.1). We found 

that overall, the first four domains also exhibit similarly low levels of sequence identities, 

but that the first domain is the lowest among all four domains. Together, this low level of 

sequence homology among the deltas is consistent with them possessing different 

apparent affinities. 
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Figure 3.11 Pairwise protein sequence identities of 𝛿-protocadherin extracellular 
domains. Note the low sequence identities. 

 

Group Full EC EC 1-4 EC 1 EC 2 EC 3 EC 4 

𝛿-1 (Pcdh1, 7, 9, 11x) 45.3 43.6 35.7 44.9 47.7 45.6 

𝛿-2 (Pcdh8, 10, 17, 18, 19) 42.2 44.0 34.1 47.7 54.0 40.0 

All deltas (𝛿-1 + 𝛿-2) 34.4 37.5 29.1 38.7 44.4 37.4 

Table 3.1 Pairwise protein sequence identity (%) of EC domains. 
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4.7.  EC Domains 1-4 Mediate trans Binding of 𝛿-Protocadherins 

To further test the EC1-4 adhesive interface, we first created EC1-4 deletion constructs 

of Pcdh7 to confirm that this region mediates adhesion. Alone, these constructs failed to 

mediate any aggregation (Figure 3.12A), consistent with EC1-4 being the adhesive 

interface. We then repeated the mismatch coaggregation assay, but this time with cells 

co-expressing Pcdh7(delEC1-4) and Pcdh1 (Figure 3.12B). This deletion caused Pcdh7 

cells to switch from intermixing to complete segregation when mixed with cells 

expressing Pcdh7(delEC1-4) (index = 0.01), consistent with the disruption of Pcdh7-Pcdh7 

mediated adhesion. In contrast, Pcdh1 cells, which previously only interfaced with 

Pcdh1+Pcdh7 cells, could now intermix (index = 0.28) (Figure 3.12C). Together, this 

suggests that the EC1-4 plays a necessary role in 𝛿-protocadherin adhesion. 

Additionally, it suggests that EC1-4 in Pcdh7 plays a dual role in the Pcdh1+Pcdh7 

population, as it required to allow Pcdh7 cells to intermix, but also apparently acts to 

interfere with and prevent Pcdh1 cells from intermixing. 
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Figure 3.12 Extracellular domains 1-4 are required for trans binding of 𝛿-
protocadherins. (A) Deletion of EC1-4 in Pcdh7 removes adhesive function and 

aggregation formation. (B) CoAgg Index values of mismatch coaggregation assay using 
cells coexpressing Pcdh1 with Pcdh7(del:1-4). Pcdh7 cells, which usually intermix with 

Pcdh1+Pcdh7 cells, now segregate while Pcdh1 cells, which usually segregated, now 
intermix. (C) Representative images of coaggregation results. Each pair was tested over 
three independent electroporations. P-values calculated with Student’s t-test. Scale bars 

= 100 μm. 

 

To confirm whether the domains for adhesive specificity and affinity reside within EC 

domains 1-4, we created a chimera construct by swapping EC1-4 of Pcdh1 into Pcdh7 

(Pcdh7(EC1-4:Pcdh1)). We first addressed specificity by testing aggregate formation 

between cells expressing the Pcdh7(EC1-4:Pcdh1) and cells expressing Pcdh1 or Pcdh7 

alone. We found that Pcdh7(EC1-4:Pcdh1) now completely intermixed with Pcdh1, and 
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segregated from Pcdh7, confirming that residues for adhesive specificity are within 

EC1-4 (Figure 3.13A,B). We then expanded this to our mismatch coaggregation assay. 

As expected, cells that co-express Pcdh1+Pcdh7(EC1-4:Pcdh1) now intermixed with Pcdh1 

cells, but segregated from Pcdh7 cells. These results suggest that EC domains 1-4 

contain the residues responsible for 𝛿-protocadherin specificities and apparent affinities. 

 

Figure 3.13 Extracellular domains 1-4 confer adhesive specificity. (A) Swapping Pcdh1 
EC1-4 into Pcdh7 is sufficient to switch trans binding specificity, as well as 

coaggregation behavior in mismatch coaggregation assay. (B) Coaggregation Index 
values for each pair tested. Note the dramatic reversal when EC1-4 is swapped. Each 
pair was tested over two independent electroporations. Error bars indicate standard 

error. Swaps scale bar = 100 μm. 
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4.8.  Modulating Surface Level Expression of 𝛿-Protocadherins Alters 

Aggregation Behaviors 

Our results above highly suggest that the members of the 𝛿-protocadherins have 

different apparent affinities. Most of the experiments performed to support this idea 

were controlled in a manner such that differences in surface expression level were 

reduced and each protocadherin had an equal opportunity to influence the outcome. 

However, our in situ and single cell expression analyses (see Chapter 2) suggest that 

individual neurons express 𝛿-protocadherins at various levels. We therefore explored 

how modulating expression might influence the apparent adhesive affinity differences 

among the deltas when expressed alone, and in combination. 

We first optimized expression levels for Pcdh1, 7, and 17 alone to generate similar 

gradients of "low," "medium," and "high" surface levels of expression (Figure 3.14A). To 

determine if apparent adhesive affinity is dependent upon surface level, we 

electroporated K562 cells expressing low, medium or high level of Pcdh7-RFP and 

Pcdh17-RFP separately, and subjected them to the same speed assay as in Figure 3.9 

Analysis of the aggregate sizes for these experiments showed that when comparing 

each expression level, Pcdh7 always had larger aggregate sizes at every speed (Figure 

3.14B-C). Even Pcdh7 at medium levels maintained larger aggregate sizes than Pcdh17 

at high levels. These patterns are consistent with Pcdh7 having a greater apparent 

affinity than Pcdh17. 
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Figure 3.14 (A) Western blots showing establishment of gradients (high, medium, and 
low) of surface membrane levels for Pcdh1, Pcdh7 and Pcdh17. (B) Average aggregate 

size of cell populations expressing gradients of Pcdh7 and Pcdh17 at increasing 
rotational speed. P-values calculated by multiple Student’s t-test (** = statistically 

significant from medium, p > 0.0001, * = p > 0.005, •• = statistically significant from low, 
p > 0.0001, • = p > 0.05). (C) Representative images of aggregates at select speeds. 

Each assay was performed over four independent electroporations. Error bars indicate 
standard error. Scale bar = 200 μm. 

. 
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We next transfected K562 cells with low, medium, and high levels of Pcdh1, 7, and 17 

and performed aggregation assays where the type of protocadherin was matched 

between populations, but the levels of that protocadherin varied. For example, Pcdh1-

GFP (medium) was mixed with cells expressing Pcdh1-RFP at low, medium and high 

levels. This experiment was repeated for Pcdh7 and Pcdh 17 (Figure 3.15A,B). Notably, 

cells expressing matched levels of a given delta (e.g. both populations expressing 

medium levels of protein) had consistently higher intermix values than when the two 

populations had differing, non-matched levels of surface expression (e.g. medium vs. 

low or medium vs. high). Additionally, we consistently identified higher index values for 

Pcdh7 relative to Pcdh17 and Pcdh1 regardless of the level of expression of each gene, 

consistent with Pcdh7 having the highest apparent affinity among these deltas. 
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Figure 3.15 Populations of matched deltas show slight preference towards matched 
levels. (A) CoAgg Index values for medium populations allowed to mixed with low, 
medium or high levels populations. In each case, the medium-medium pair had the 

highest CoAgg Index. (B) Representative images of Pcdh7-GFP medium cells 
coaggregated with Pcdh7-RFP cells at low, medium and high levels. Subtle differences 
can be seen when comparing the results of the medium cells to the low and high cells. 
P-values calculated with Student’s t-test, *** = p < 0.0001, ** = p < 0.001, * = p < 0.05. 

Error bars indicate standard error. Scale bar = 100 μm. 
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4.9.  Manipulation of Surface Levels in Populations Expressing a 

Single 𝛿-Protocadherin Does Not Change Coaggregation Behavior in 

the Mismatch Coaggregation Assay 

Our results so far suggest that deltas possess different relative affinities, but that the 

amount at which they are expressed can influence aggregate size and slightly alter 

homophilic coaggregation. We next asked how varying surface levels would influence a 

mismatch coaggregation assay. We had previously shown that when differences in 

expression level are minimized, mixing Pcdh1+Pcdh7-GFP cells with Pcdh1-RFP cells 

led to interfacing while Pcdh7-RFP cells highly intermixed. In a second experiment, 

Pcdh1+Pcdh17-GFP intermixed with Pcdh17-RFP cells, while segregating from Pcdh1-

RFP cells (see Figure 3.8). We used the same gradients used to establish low, medium 

and high levels in Figure 3.15 to test whether the index values would be affected by 

changes in the surface level expression of the RFP populations that express a single 

protocadherin. This experiment would test, in a mismatch coaggregation assay, whether 

or not the expression level on cells expressing a single delta would influence its ability 

to interact with cells expressing two deltas at equal levels. For example, could a 

population expressing a given delta that interfaced with a mismatch population at 

'balanced' levels intermix if it expressed a lot more? Although some changes in index 

values were observed, they were overall remarkably stable. Importantly, the CoAgg 

index category never changed. For example, although the cells expressing low levels of 

Pcdh7-RFP had reduced CoAgg index values, compared to medium and high, each 

population still intermixed (Figure 3.16 A,B). Consistent with this, increasing the surface 
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level of Pcdh1-RFP cells increased the CoAgg Index value, but it always remained 

interfacing (Figure 3.16C,D). Further tests with Pcdh1+Pcdh17 yielded results 

consistent with that of the Pcdh1+Pcdh7 (Figure 3.16E-H). 

 

Figure 3.16 Altering level of a delta in the population expressing a single delta in the 
mismatch coaggregation assay does not significantly alter outcome of coaggregation 
behavior. (A) Cells expressing Pcdh7-RFP at low, medium and high surface levels 
consistently mix with Pcdh1+Pcdh7-GFP cells. (B) Although CoAgg Index values 

changed slightly, each population still intermixed. Gradients tested for the single pair did 
not change coaggregation behavior for (C,D) Pcdh1 vs Pcdh1+Pcdh7, (E,F) Pcdh1 vs 
Pcdh1+Pch17, and (G,H) Pcdh17 vs Pcdh1+Pcdh17. Each pair was tested across two 

independent electroporations. P-values determined by Student’s t-test, *** = p < 0.0001, 
** = p < 0.001, * = p < 0.05. Error bars indicate standard error. Scale bar = 100 μm. 

. 
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4.10. Manipulation of the Relative Proportion of Surface Expression in 

Populations Expressing Two 𝛿-Protocadherins Changes 

Coaggregation Behavior in Mismatch Coaggregation Assay 

What is the relationship between the number of deltas expressed within a neuron, their 

apparent adhesive affinities, and their relative expression to one another? In Fig. 3.8, 

we performed mismatch coaggregation experiments while maintaining approximately 

equal levels of all deltas within all cells. In contrast, in Figure 3.16, we maintained 

approximately equal levels of deltas expressed within cells expressing two 𝛿-

protocadherins, but varied the level of delta expression in the single population. We next 

maintained a constant level of delta surface expression in the single population, but 

varied the proportion of surface level expression in the double population to ask what 

effect varying this ratio could have on the adhesive interactions between two 

populations of cells. 

To answer this question, we tested nine pairs of 𝛿-protocadherins. To perform these 

experiments, we generated six different populations for each pair tested. For example, 

to test the effect of altering the proportion of Pcdh1 and Pcdh7 when co-expressed, we 

electroporated two different populations of Pcdh1+Pcdh7. In the first population, the 

amount of DNA input of Pcdh1-GFP was much higher than that of Pcdh7, and so we 

called this population Pcdh1high+Pcdh7low-GFP. In the second population, the DNA input 

was flipped such that more Pcdh7 was used than Pcdh1 (Pcdh1low+Pcdh7high-GFP). To 

test for coaggregation with these two GFP populations, we also generated identical RFP 
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populations for each pair, as well as populations expressing Pcdh1-RFP and Pcdh7-

RFP individually at a medium level in between the high and low expression levels. For 

each pair tested, every GFP population was then tested against every RFP population, 

and their index values were obtained. These experiments generated two components 

within each pair. First, it tests how surface expression proportions affect mixing when 

the genes were matched (i.e. double expressing GFP populations vs. double expressing 

RFP populations). Secondly, it tests the influence of proportion in the double cells in the 

mismatch coaggregation assays (i.e. double expressing GFP populations vs. single 

RFP populations). 

As expected, control pairs that had matched expression levels (i.e. Pcdh1low+Pcdh7high-

GFP vs. Pcdh1low+Pcdh7high-RFP) intermixed and had high CoAgg index values (Figure 

3.17A first four squares, Figure 3.17B). Differences in the CoAgg Index values between 

the two sets of control pairs could often be observed, depending on which genes were 

being tested. Importantly, populations with matched 𝛿-protocadherins but unmatched 

levels had significantly reduced index values. For example, when levels between the 

populations were matched for Pcdh7+Pcdh17, the index values were measured to be 

0.36, but 0.05 when unmatched. This indicates that matched surface expression levels 

can be just as critical as matching the type of deltas. 

For the single-RFP populations, their outcomes were significantly dependent on which 

population of the co-expressed GFP pair they were being tested against. For example, 

Pcdh7high+Pcdh1low cells intermixed with Pcdh7-RFP cells but segregated from Pcdh1-

RFP medium cells. In contrast, Pcdh7low+Pcdh17high cells segregated from Pcdh7-RFP 
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cells and intermixed with Pcdh17-RFP cells (Figure 3.17, last four squares). Thus, the 

proportion of the GFP population was sufficient to reverse the outcome, even though 

both genes were being expressed. For example, Pcdh7high+Pcdh1low cells intermixed 

with Pcdh7-RFP cells and segregated from Pcdh1-RFP cells (Figure 3.17A, top row). In 

contrast, Pcdh7low+Pcdh1high cells interfaced with Pcdh7-RFP cells and while intermixing 

with Pcdh1-RFP cells (Figure 3.17A, bottom row). Thus, the proportion of deltas in the 

GFP population was sufficient to alter the coaggregation outcome, even though both 

genes were being expressed. These results suggest that the relative amount of 

expression can critically modulate the coaggregation outcome, with the level and affinity 

of a given delta acting as a competitor to the other deltas expressed within the cell. 

Several other pairs of deltas were tested in this manner (Figure 3.17 C-F, Figure 3.18) 

and each experiment produced similar results. In theory, changing the relative 

proportion of co-expressed deltas could be one method for fine tuning adhesive 

interactions. 
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Figure 3.17 Changing the proportion of surface level in the population that expresses 
two deltas drastically changes coaggregation behavior with other cell populations. (A) 

Coaggregation behavior of Pcdh7high+Pcdh1low cells with cells expressing 
Pcdh7high+Pcdh1low, Pcdh1, or Pcdh7 (top row) changes when changed to 

Pcdh7low+Pcdhhigh (bottom row). (B) Coaggregation Index values of each RFP 
population when allowed to mix with each GFP population. Note that each pair changes 
depending on which high/low pair it is being mixed with. Similar effects were seen with 

(C,D) Pcdh7+Pcdh17 and (E,F) Pcdh7+Pcdh8. Each pair was tested across two 
independent electroporations. Error bars indicate standard error. Scale bar = 100 μm. 

. 
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Figure 3.18 Coaggregation Index values of six more pairs of deltas testing impact of 
switching high/low status in cells expressing two deltas. Note that the index value for a 

cell population changes depending on which high/low pair it is mixed with. (A) 
Pcdh8+Pcdh17, (B) Pcdh1+Pcdh8, (C) Pcdh1+Pcdh19, (D) Pcdh7+Pcdh19, (E) 

Pcdh1+Pcdh17, and (F) Pcdh17+Pcdh19. Each pair was tested across two independent 
electroporations. Error bars indicate standard error. 
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Finally, to confirm that the differences in input DNA altered the proportion of the surface 

expression in these experiments, we checked a select number of pairs by performing 

surface biotinyation and western blots. We then approximated the differences between 

the high/low pairs by performing band analysis to produce a ratio of GFP to RFP signal 

(Figure 3.19) In most cases, the measured surface levels corresponded to the “low” and 

“high” classifications of the DNA input. However, in some cases (e.g. Pcdh7-

GFP+Pcdh19-RFP) the pairs do not flip, but the proportion still changes. These results 

are consistent with the cellular behavior observed in Figures 3.17 and 3.18 and support 

the idea that the relative proportion of each delta, when co-expressed with others, is a 

critical component in modulating their adhesive specificities with other populations. 

 

Figure 3.19 Labeling and detection of 𝛿-protocadherins at the cell surface for select 
pairs from Figures 3.17 and 3.18 demonstrating change in surface level proportions 

between high/low DNA input. Protein samples were concentrated to enhance detection 
of deltas being expressed at lower levels, and this increased the visibility of higher 

molecular weight bands. 

 



	 177	

5.  Discussion 

Previous studies have shown the important roles the 𝛿-protocadherins play in neural 

development (Uemura et al. 2007; Dibbens et al. 2008; Emond et al. 2009; Williams et 

al. 2011). However, they have never before been studied as a family to provide a 

systematic understanding of how they might function together. In Chapter 2, we showed 

that randomly selected individual OSNs express a wide range of 𝛿-protocadherin 

combinations, raising important questions about how different combinations will 

influence their adhesive functions with other neural populations. For example, how 

might combinatorial expression be useful for a neuron? What logic may underlie the 

function of the combinations expressed, if any? And does the precise identity of each 

combination matter or are there functional redundancies? In this chapter, we 

systematically examined 𝛿-protocadherins individually, and in simple combinations to 

begin to addressing these questions. 

In stark contrast to the clustered protocadherins, which have been shown to always 

mediate segregation between populations that are mismatched by just one 

protocadherin, we show that delta-protocadherins are much more diverse in their 

possible outcomes when they begin to be expressed in simple combinations. 

Importantly, we report that the adhesive behaviors of populations expressing multiple 

deltas depends highly on which deltas are being expressed. Through several 

experiments, we propose that this is due to differences in apparent affinity among the 

deltas, but that the relative expression level of each delta modulates the influence of 
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these affinity differences. Together, we propose a working model which posits that 𝛿-

protocadherin combinatorial adhesive codes are generated not only through 

combinatorial expression, but also the relative affinity and expression levels of the 

specific delta repertoire. Our results supporting this model are discussed below. 

5.1.  𝛿-Protocadherins Mediate Specific trans Homophilic Adhesion 

The 𝛿-protocadherins have often been proposed to mediate combinatorial adhesive 

codes for neural development (Wöhrn et al. 1999; Hertel et al. 2008; Krishna-K et al. 

2011), yet the adhesive characteristics of each delta had never been systematically 

studied. Using the K562 cell aggregation assay, we characterized each delta 

individually and then asked if populations of deltas only engage in aggregation with cells 

expressing the same protocadherin, or if they could cross-adhere with different deltas 

on different cells. By testing all possible pairs, we concluded that each delta is strictly 

homophilic in trans. This suggests that 𝛿-protocadherins cannot stably “cross-adhere” 

and that any adhesion mediated by a delta on one cell must be interacting with the 

same type of delta on an opposing cell. Thus, the fundamental adhesive unit is the 

homophilic trans interface. Together, these adhesive characteristics are entirely 

consistent with the work that has been done on the clustered protocadherins. 

 
 
  



	 179	

5.2.  𝛿-Protocadherins Possess Different trans Apparent Affinities 

5.2.1.  Evidence from Differential Coaggregation Behaviors in Mismatched 

Populations 

Since we showed that deltas are expressed in combination in single neurons (see 

Chapter 2), and many have proposed that this could generate adhesive codes, we 

began to address how their adhesive functions may change when more than one delta 

are expressed per cell. In prior studies on the clustered protocadherins, any mismatch 

that existed between two cell populations would cause them to form distinct, segregated 

aggregates (Schreiner and Weiner 2010; Thu et al. 2014). This was tested and found to 

be true when even up to five were expressed. Our systematic screen of mismatch 

coaggregation assays was intended to test simple combinations and see if the deltas 

behave similar to the clustereds in this respect. In these experiments, two deltas were 

co-expressed in one population, and the ability of different populations expressing just 

one delta from the pair to coaggregate with the population co-expressing two deltas was 

observed. In striking contrast to the clustered protocadherins, we unexpectedly found 

that the 𝛿-protocadherins produced diverse outcomes - some pairs of populations 

intermixed completely, some interfaced, while others segregated. Importantly, the 

outcome depended on which deltas were being tested. To quantify and order these 

variable outcomes, we developed and utilized a novel coaggregation measure, the 

Coaggregation Index. To control for the possibility that our diverse results were not the 

result of skewed or severely unbalanced co-expression in the cell populations that were 

electroporated with two protocadherins, we titrated and measured the cell surface 
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expression of select pairs to ensure that expression levels were roughly equivalent. 

After reducing the possibility that variation of cell surface expression was the cause of 

our results, we still observed differences among coaggregation behaviors, highly 

suggesting that different 𝛿-protocadherins possess different apparent affinities. 

5.2.2.  Evidence from Differential Response to Increased Rotational Speeds 

Although it is known that rotational speed can play a critical factor in cell aggregation 

experiments, many studies do not address the role of rotational speed in the result of 

aggregation experiments. At higher speeds, shear forces are increased, and weaker 

bonds begin to dissociate. We decided to use this overlooked principle as a different 

way to confirm the differences in apparent affinities of the deltas. We tested higher 

rotational speeds with deltas alone, and also with the mismatch coaggregation assay. In 

all cases tested, our results were consistent with our initial hierarchical rankings - deltas 

proposed to have weaker apparent affinities dissociated more easily at higher speeds 

that deltas proposed to have higher apparent affinities. These results further support the 

idea that the 𝛿-protocadherin family members possess a range of apparent affinities that 

causes them to have differentiating cell adhesion functions. 

5.2.3.  Evidence from Sequence, Structure and Domain Swaps 

Proteins that exhibit different apparent affinities should be able to be explained by their 

underlying structural differences. Our sequence analyses of the extracellular domain 

regions of the deltas showed low sequence identity (less than 40%). Upon examining 

the sequences more closely, we observed that some of the higher affinity ranking deltas 
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such and Pcdh7 and Pcdh17 had noticeable regions where the sequence was extended 

and not present in others. These extensions are found within the first four domains, 

consistent with recent structural studies showing that the clustered protocadherins form 

trans binding through EC 1-4 (Rubinstein et al. 2015; Goodman et al. 2016b; Nicoludis 

et al. 2016; Goodman et al. 2016a; Cooper et al. 2016). We therefore performed select 

deletion and swap constructs, and proved that domains controlling for specificity and 

affinity are contained within EC1-4, consistent with these prior structural studies. 

Together, these analyses further support our data by showing that there are sufficient 

differences in their sequences to mediate functional difference in their apparent 

affinities, and that the critical residues likely reside within EC domains 1-4. In contrast, 

the clustered protocadherins display higher extracellular sequence identity (~60%) and 

do not display any gaps or insertions in their alignments. Thus, it is entirely possible that 

the sequence differences among the deltas create a hierarchy of affinities. In contrast, 

the clustereds are all more similar in their structures and even though they display high 

specificities, may not exhibit such a wide range of different affinities. 

Taken together, our aggregation experiments highly suggest that the differences in the 

behavior of deltas we observed are the result of deltas possessing different apparent 

affinities. Therefore, which deltas a neuron expresses becomes important because they 

are not all equal in their adhesive affinities. Future biochemical and structural studies 

will be required to actually define the affinities of these adhesive interfaces and confirm 

the extent of their differences. 
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5.3.  Modulation of Affinity Repertoire by Surface Expression Level 

If deltas have different affinities, which are fixed, what is the utility of expressing them in 

combination? For example, if Pcdh7 has the highest affinity such that it will always 

outweigh weaker affinities, even when combined, what use would that provide for 

neurons? Such a system would defeat the purpose of combinatorial expression. We 

showed in Chapter 1 through single-cell analysis and in situ hybridization that OSNs can 

express deltas at various levels. We therefore examine the effect of varying the surface 

level of protocadherins to see how the outcome of our coaggregation experiments might 

change. We concluded that the relative surface level between co-expressed deltas is a 

critical way to modulate their differences in apparent affinities. 

5.3.1.  Effect of Surface Level on Homophilic Populations 

Studies on classical cadherins have shown that cell populations expressing the same 

cadherin but at different levels can sort out, thus showing the importance of surface 

level (Duguay et al. 2003). To date, the impact of surface level has never been reported 

for any protocadherin. By establishing surface expression gradients of low, medium, 

and high for Pcdh1, Pcdh7, and Pcdh17, we compared the CoAgg Indices of medium-

low and medium-high to medium-medium pairs for each delta. Under our experimental 

conditions, these level differences did not cause segregation or interfacing and the 

populations still intermixed. However, we did notice that unmatched levels displayed 

reduced intermixing compared to the matched medium-medium pair. Although the 

effects are relatively subtle, they are statistically significant and consistent with the idea 
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behind Steinberg’s Differential Adhesion Hypothesis (DAH) that cell populations will try 

to reach a state of minimized interfacial free energy. It can also be interpreted from a 

simple probabilistic stance - cells expressing a certain level of molecules of a delta are 

more likely to come into contact and adhere with cells expressing the same level than 

one expressing fewer molecules. We also note that all pairs of Pcdh7 cells had higher 

index values than all the Pcdh1 and Pcdh17 pairs, and that Pcdh1 and Pcdh17 had 

similar values, again consistent with our initial hierarchical rankings of apparent affinity. 

By testing these gradients against increasing rotational speeds, we confirmed that more 

surface proteins led to bigger aggregates, but that affinity rankings remained constant at 

each gradient level. These results suggest that differences in level can effectively 

modulate the aggregation and coaggregation outcomes even when the populations 

express the same delta and thus the same overall apparent affinity. 

5.3.2.  Effect of Surface Levels in Mismatched Populations 

How could surface expression influence coaggregation between mismatched 

populations? We took pairs that we had titrated to express roughly equal surface levels 

(e.g. Pcdh1+Pcdh7) and tested them in mismatch coaggregation assays with cells 

expressing different levels of a single delta. Somewhat unexpectedly, having more or 

less surface protein on the single population did not drastically change the outcome. 

Although slight differences were observed, the category (e.g. interfacing) of 

coaggregation never changed. For example, if a single population intermixed when the 

levels were all roughly equal with the co-expressed pair, it still intermixed even when it 

was expressed at a lower level. This suggests that the levels of the single population do 
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not affect mismatched coaggregation.  In contrast, if the proportion of the co-expressed 

deltas are altered, dramatic changes are observed in coaggregation behavior.  

 

How could this be? Our interpretation of these results centers on the importance of the 

relative expression levels within a population. In single populations, there are no relative 

expression levels because only one delta is being expressed. However, when more 

than one deltas are expressed in a cell, each surface expression level can be 

considered relative to the others also being expressed. We posit three possible 

explanations. In the first model, the relative proportion of co-expressed deltas influences 

trans binding by changing the probability that a delta on one cell will be given the 

opportunity to interact and bind with the same delta on another cell (Figure 3.19). For 

example, in a population that only expresses Pcdh7, the relative expression of that delta 

will always be 100% even if the absolute surface protein levels change because there is 

no other delta being expressed. In the experiments of Figure 3.16, single populations 

were tested against cells expressing two deltas in an approximate 1:1 ratio.  Thus, the 

probability that a Pcdh7 molecule on the Pcdh7 expressing cells will interact with a 

Pcdh7 molecule in the Pcdh1+Pdh7 cells will always be 50%. Expressing more or less 

of Pcdh7 in the Pcdh7 only cells will not change that probability. Therefore, the outcome 

does not significantly change.  
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Figure 3.19 One possible model for how surface expression levels only effects cells 
expressing two deltas in mismatch coaggregation assay. In the top three cases, the 
surface level changes in the cells expressing only Pcdh7, but the probability that any 

one molecule of Pcdh7 on those populations will interact with a Pcdh7 molecule on the 
red cells is always 50%. The probability cannot change by altering levels until Pcdh7 is 
co-expressed with another delta (bottom two cells), and the amount at which they are 

expressed alters their relative proportions. 

 

In contrast, if the proportion of co-expressed deltas are altered, dramatic changes are 

seen. For example, if Pcdh1+Pcdh7 are co-expressed in an approximate 1:1 ratio, a 

molecule of Pcdh1 on a cell just expressing Pcdh1 will have a 50% chance of 

interacting with a Pcdh1 molecule on the Pcdh1+Pcdh7 cells, and we know this leads to 

interfacing. On the other hand, a molecule of Pcdh7 on a cell just expressing Pcdh7 will 

also have a 50% chance of interacting with a Pcdh7 molecule on the Pcdh1+Pcdh7 
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cells, but this leads to intermixing. If we now change the proportion in the Pcdh1+Pcdh7 

cells to such that Pcdh1 > Pcdh7, we see that the CoAgg index of Pcdh1 is greatly 

increased and that of Pcdh7 is greatly decreased.  This may occur because the 

probability of Pcdh1-Pcdh1 trans interactions have now been increased and the 

probability of Pcdh7-Pcd7 interactions are decreased. Thus, the influence of Pcdh7’s 

higher apparent affinity has been modulated by having a decreased surface expression. 

We tested a wide range of pairs across the hierarchy of apparent affinities and found 

that in every case, the CoAgg Index of a mismatch pair is widely influenced by the 

proportion of the co-expressed pair. The magnitude of change observed depends on 

how much the proportion was distorted, and also which deltas were being tested. Thus, 

despite any differences in affinity, the relative levels of each delta can “weigh” their 

influence on the adhesive nature between any two cell populations.  

 

In a second possibility, differences in relative surface levels may alter how different 

deltas interact or are arranged within the same cell, and in turn this changes their 

adhesive binding function in trans. For example, differential or promiscuous cis binding 

may rearrange how the deltas are arrayed on the surface, and therefore influence their 

ability (or probability) to bind with the same delta on other cells. Or, cis interactions may 

differentially induce structural changes or block one delta from being able to bind in 

trans.  A third and final possibility is that both cases may occur. Future work will need to 

be done to determine how surface levels influence coaggregation behaviors. 
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5.4.  Comparison to Clustered Protocadherins 

Our results are very different from the clustered protocadherins. First, none of the 

clustereds were able to intermix when two populations were mismatched, whereas here 

we show the deltas can produce diverse outcomes. Furthermore, the specific make up 

of clustered combinations did not matter - only whether or not the repertoire matched. In 

contrast, the specific repertoire matters for the deltas as they have different 

characteristics (apparent affinity). What could explain these differences? One possibility 

is that all the clustereds are much weaker in affinity than most of the deltas, and that 

none are strong enough to “overcome” the interference of the presence of a 

mismatched protocadherin. Thus, if the affinities of all the clustereds and deltas were 

combined to make a ranking, the clustereds may be primarily on the end with the 

weaker deltas (i.e. Pcdh19, Pcdh9, Pcdh18). This would also serve well for “self-

avoidance”, where the adhesive states must disengage after isoneural homophilic 

recognition occurs. 

We note that our experimental conditions differed in a few aspects from the clustered 

experiments. However, we believe our method considered and controlled for more 

areas of possible variation. First, we mixed cell populations an hour after 

electroporation, before gene expression turns on. This means that as the cells are 

beginning to express the deltas, each cell would have an equal opportunity to interact 

with both populations. In the prior experiments done by others with the clustered 

protocadherins, populations were mixed after recovering cells overnight. In our hands, 

this could lead to the formation of aggregates prior to being combined with another cell 
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population, and this could potentially lead to preference of homophilic aggregation. 

Secondly, our use of a controlled, slow rotational speed allowed us to detect weaker 

adhesive interactions between two populations. Whether weaker adhesive states such 

as interfacing exist for clustereds and were not detected due to inappropriate speeds 

remains to be determined. Third, our results consider and show the significance of 

surface expression levels. It remains to be seen how differences in surface level 

expression affect clustered protocadherin adhesion. 

It is noteworthy that in evolution, the deltas emerged much earlier than the clustered 

protocadherins (Hulpiau et al. 2016; Ravi et al. 2016). The significance of what this 

means for functional differences has not been answered. One interpretation of cadherin 

evolution is that the “primordial” cadherins had many extracellular repeats, and as 

evolution progressed and adhesive interactions needed to be more specific the number 

of EC repeats decreased. We note that all the clustereds have 6 EC repeats while the 

𝛿-1s have 7 and the 𝛿-2s have 6. One possibility is that the clustereds emerged from a 

duplication event of one of the weaker, lower affinity 𝛿-2 protocadherins. However, 

sequence alignments do not reveal any obvious homology between a particular 𝛿-2 and 

any of the clustereds. Since it is assumed that clustereds and deltas are co-expressed 

in neurons, an important step will be to incorporate the two sub-families to generate a 

more encompassing understanding of protocadherin function. 
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5.5.  Proposed Model and In Vivo Relevance 

We therefore propose a simple model to explain our results. The adhesive function of a 

combinatorial ‘adhesive code’ of 𝛿-protocadherins depends on two factors that will 

dictate the adhesive interactions it will have with other populations. First, which deltas 

are expressed in a cell is critical because the apparent affinities among the deltas differ. 

Second, the influence of a given delta is weighted by the proportion of its relative 

surface expression to the other deltas that are also expressed within the cell (Figures 

3.17, 3.18). Thus, we propose that while apparent affinity is fixed, the effective weight 

this has on the cell can be modulated by changing its relative amount on the cell 

surface. This can be achieved by expressing more or less of a given delta, or 

expressing multiple deltas (higher combinations) to “dilute” the presence of another. 

This dilution effectively reduces the impact of a high affinity delta, and enables the 

presence of weaker affinity deltas to exert an effect on cellular behavior. 

How could this be useful for neurons to specify neural wiring choices? To date, the most 

established model in the protocadherin field is that of the clustered protocadherins. 

Through combinatorial expression, the ~58 clustered protocadherins have been 

theorized to produce an estimated 3 x 1010 unique surface combinations (Yagi 2012). 

However, except for a few instances (Chen et al. 2012), deletion studies require whole 

clusters to be deleted to see functional consequences (Wang et al. 2002; Weiner et al. 

2005; Lefebvre et al. 2012; Hasegawa et al. 2017). This model suggests that in most 

cases, the availability of a large set of genes to create diversity is critical, rather than 

specific members. In contrast, genetic studies on the 𝛿-protocadherins have shown that 
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knocking out or mutating a single member can have significant functional impacts on the 

nervous system (Uemura et al. 2007; Dibbens et al. 2008; Emond et al. 2009; Williams 

et al. 2011; Bruining et al. 2015). Additionally, individual members have been 

associated with neurological conditions such as autism and schizophrenia (Bucan et al. 

2009; Hussman et al. 2011; Girirajan et al. 2013; Butler et al. 2015). This suggests that 

while diversity may be the general driver of clustered function in the nervous system, 

individual deltas have critical roles in neural function. In contrast to the clustered 

protocadherins, if a neuron has the potential to express all nine deltas but each can only 

be present in an "on" or "off" state (i.e. no variation in expression level), there are only 

512 different combinatorial possibilities. However, we have shown that for the deltas, 

surface levels are a significant factor. By introducing a second state for the deltas, such 

that there are now three possible states (off, low, high), 19,683 different surface 

combinations can be generated. If there were 10 possible states, the number of unique 

surface identities now reaches 106. However, these calculations fail to take into account 

the impact of differential apparent affinities among the deltas. Notably, deltas of both 

low and high apparent affinities, as defined in this chapter, are known to have impacts 

on neural function. What does this mean for combinatorial identities and function? It 

suggests that the delta model becomes more complex because the meaning of the 

combinatorial repertoire of a cell depends on multiple factors. 

Notably, deltas of both low and high apparent affinities, as defined in this chapter, have 

impacts on neural function. As the deltas appear to be less similar to the clustereds, this 

adds a degree of complexity in understanding their role in adhesion. 
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How is this relevant to in vivo processes? Because the deltas are expressed throughout 

the soma, axon, growth cone and synapses of neurons, their adhesive events may have 

wide functions. For example, it is now entirely conceivable that combinatorial codes of 

deltas could specify neural migrations, axon guidance patterns, and synaptogenesis. By 

progressing towards a comprehensive understanding of their function as a family, we 

can begin to interpret in vivo studies with more accuracy. For example, in knockout 

studies of protocadherins, we can now ask if the effect observed is due to the loss of 

that particular delta, or the ability of other deltas to have a stronger influence on the cell 

surface due to the absence of the delta that was removed. In neurological conditions 

such as Pcdh19 FLE, we may now begin to ask what the consequences are on the 

combinatorial repertoire of other deltas when Pcdh19 is mutated? The punctate and 

combinatorial expression of neurons may be one of the reasons why some conditions 

like Pcdh19 FLE are difficult to understand and model, but an approach driven by 

combinatorial methodologies such as those demonstrated here will likely provide means 

to reduce these complexities and begin to understand their functions in vivo. 

We do note that there are unpublished reports (from our lab and others) that deltas can 

interact heterophilically in cis, and this is consistent with the clustereds which show 

promiscuous cis dimerization in the EC domain most proximal to the membrane. It is 

possible that cis complexes of deltas changes the nature of their trans binding.  In 

addition, since several deltas have been shown to modulate other proteins (Emond et 

al. 2011; Chen & Gumbiner 2006; Yasuda et al. 2007), it is possible that interactions 

with other proteins on the cell surface may also alter their functions. Future studies will 
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be needed to explore how delta combinations may be affected through interactions with 

other proteins. 

Even though the combinations tested here were low in complexity (i.e. two genes), we 

believe these results form a foundational framework for future studies to understand the 

functions of higher level 𝛿-protocadherin combinations. In summary, we propose that 

despite the possibility of complex combinations, the adhesive outcome between two cell 

populations expressing 𝛿-protocadherins depends on which deltas are expressed, their 

apparent affinities, and the relative proportions of their surface expression levels. 
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Chapter 4 Discussion 

1.  Abstract 

Understanding how the nervous system develops and becomes wired presents a major 

challenge in neuroscience. A widely accepted but poorly understood model for how 

neurons can generate complex wiring specificities with only a small number of genes is 

through the use of combinatorial expression patterns within individual neurons. 

However, current methods are not able to produce a model for understanding how 

these different genes may function together towards the goal of wiring the nervous 

system. In this thesis, the role of combinatorial expression and function of the 𝛿-

protocadherins were studied and defined. Utilizing single neuron expression analysis 

and tissue culture aggregation assays, these studies demonstrate how a small number 

of genes, when expressed in combination, can produce diverse outcomes. In this 

discussion, the possibilities and limitations of extending this combinatorial methodology 

to the remaining members of the cadherin superfamily to generate a larger 

understanding of combinatorial function is explored. 
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2.  The Importance and Functional Implications of 

Combinatorial Gene Function 

In Chapter 1, the limitations of transcriptome profiling and genetic analyses for 

understanding the combinatorial nature of neural wiring were described (Figure 4.1). 

When the transcriptome is profiled, thousands of genes can be defined, but very little 

understanding of how these genes function together is gained. In genetic studies on 

single genes, a detailed understanding of that gene's individual function is gained, but 

how that gene interacts with the many other genes also being expressed is not 

considered. For example, many different genes have been identified to play crucial roles 

in the process of neural wiring. However, current approaches are inefficient at capturing 

and understanding this complexity. To begin tackling complex questions involving many 

genes, we must move towards connecting these two disparate ends into an integrated 

model that can better explain what occurs in vivo. In an ideal case, experiments would 

provide high functional insight for a high number of genes. However, current strategies 

do not accommodate both, and usually as one aspect is gained, the other is lost. 

Considering this, how can new strategies be applied for enhancing our understandings 

of the complexities of nervous system development? 
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Figure 4.1 Limitations of traditional approaches in understand complex combinatorial 
gene expression and function. 

 

3.  Summary of Results and Working Model for 𝛿-

Protocadherin Adhesion 

The aim of this thesis was to demonstrate a method for understanding combinatorial 

gene function in cell adhesion using a small gene family, the 𝛿-protocadherins. Using 

single-cell analyses and in vitro assays, our results provide an enhanced framework for 

further studying and interpreting 𝛿-protocadherin functions in vivo by revealing how they 

function in simple combinations. In Chapter 2, the extent of combinatorial expression of 

𝛿-protocadherins was defined in single olfactory sensory neurons, and we found that 

deltas are expressed in a wide range of combinations in single neurons. These 

expression patterns are consistent with the deltas generating combinatorial codes, 
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where individual neurons express different repertoires of deltas to provide different 

adhesive functions. 

In Chapter 3, the adhesive functions of deltas alone, and in simple combinations were 

characterized. We concluded that within the family, the deltas possess different 

apparent affinities which create significant functional differences between them. This 

emphasizes that the specific identify of the combinatorial repertoire matters, as which 

deltas are expressed becomes important in dictating its adhesive function. Furthermore, 

we show that the relative proportion of each delta at the cell surface can act to modulate 

the differences defined by apparent affinity. Thus, the final adhesive outcomes of delta 

combinations ultimately depends on which deltas are expressed and their relative level 

of surface expression. Because deltas have been found to be expressed throughout the 

nervous system (Hirano et al. 1999; Gaitan and Bouchard 2006; Hertel et al. 2008; 

Redies et al. 2008; Krishna-K and Redies 2009; Krishna-K et al. 2011; Priddle and Crow 

2013) and also on all parts of the neuron (Hirano et al. 1999a; Yasuda et al. 2007; 

Asahina et al. 2012), the impact of these combinatorial adhesive codes are likely to be 

widespread and critical for understanding several different aspects of neural 

development. As the deltas are part of a larger gene family, how can these results be 

utilized to expand to a more comprehensive model involving more genes? 
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4.  Integrating a 𝛿-Protocadherin Model with the Clustered 

Protocadherin Model 

We know from ongoing studies that single olfactory sensory neurons co-express both 

deltas and clustered protocadherins (data not shown). Therefore, a simple and natural 

first step is to integrate our delta model with the clustered protocadherin model to create 

a larger, more encompassing model of combinatorial protocadherin function. As 

reviewed in the previous chapters, the clustered protocadherins consistent of ~58 

different genes that are combinatorially expressed in most neurons. However, their 

model of function is different from our model for the deltas. In the clustered 

protocadherins, cell aggregation assays will always segregate if there is just one 

mismatched clustered is present between the two populations. Genetic studies have 

shown that in most neural systems, no one clustered is necessary, and effects are 

generally only observed by removing a whole cluster. In contrast, knocking out a single 

delta can have a drastic impact on neural development and wiring. Therefore, the 

immediate question to ask is how do these two families function together to influence 

cellular behavior, and under what model? 

To do this, the approach outlined in this thesis can be repeated. Because it is important 

to know for aggregation assays the extent of co-expression, the combinatorial 

expression of deltas and clustered protocadherins must first be characterized in single 

neurons. Next, their adhesive functions can begin to be characterized. A critical 

component of our delta model is that they display different apparent affinities. Although 



	 203	

it appears that the clustereds may not vary as much in this respect based on the current 

model, it will be critical to compare them to produce a combined hierarchy to understand 

how they function when present in the same cell. However, the clustered model was 

based on experiments testing only the members that had the highest sequence 

identities (greater than 80%) in order to test the most stringent adhesive conditions for 

specificity (Thu et al. 2014). The authors posited that if the clustereds with the highest 

sequence similarities failed to generate heterophilic binding, then the ones with lower 

sequence similarities would be highly unlikely to do so either. However, one possibility 

is that this selection caused them to sample clustereds with all very similar affinities, 

and therefore missed the role of divergent sequences may have on generating different 

adhesive coaggregation behaviors between populations expressing mismatched 

protocadherins. 

To address this initially without having to test all 58 clustereds, select members 

representing the range of sequence identities within a given clusters (alpha, beta, and 

gamma) could be tested. This way, any behaviors generated by different affinities will 

not go overlooked. To do this, the various experiments using K562 cells in Chapter 3 

can establish how the clustereds compare to the deltas, allowing them to be merged 

into our delta hierarchy of apparent affinities. For example, what happens to high affinity 

deltas (e.g. Pcdh7) when the clustered acts as a mismatch, and vice versa? Critically, 

this will attempt to produce a larger, integrated model explaining the combinatorial 

functions of a larger set of genes while maintaining high functional understanding. 
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Combining these two cadherin subfamilies will produce an integrated model for nearly 

all protocadherins. 

However, there are a few other remaining members in the protocadherin family. Based 

on their sequences, they show low sequence identities to the clustereds and deltas 

(Figure 4.2), suggesting that they may provide additional complexity in combination 

through more affinity differences when multiple protocadherins are expressed. These 

remaining members could easily be fully integrated with the deltas and clustereds to 

provide a comprehensive model of all protocadherins. In Chapter 3, the combinatorial 

complexity tested was low (i.e. co-expressing only two protocadherins) to establish the 

foundations of the methodology. To address the amount of complexity observed in vivo, 

combinations could easily be extended to test more than two to demonstrate and define 

combinatorial function at greater complexities. 
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Figure 4.2 Heat map of all protocadherin extracellular domain sequences. Extracellular 
regions were annotated using prediction servers to mark the end of the signal peptide 

and the start of the transmembrane domain, and then the protein sequences were 
aligned using MUSCLE to determine the percent sequence identity between all 

members. Note that the blocks of high homology (large blue squares) represent the 
alpha, beta, and gamma clustered protocadherins. 
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5.  Expanding Towards an Integrated Model of Combinatorial 

Cadherin Adhesion 

As noted in Chapter 1, the cadherins are the largest group of cell adhesion molecules. 

While we have focused on one subfamily, the 𝛿-protocadherins, classical cadherins 

such as N-cadherin have been extensively studied. Critically, some interactions are 

known to occur among different cadherin subfamily members that can alter their 

function. For example, Pcdh19 and N-cadherin have been shown to form a complex 

which generates a novel adhesive specificity that no longer recognizes Pcdh19 or N-

cadherin alone (Biswas et al. 2010). In contrast, when the clustered protocadherins are 

co-expressed with N-cadherin, N-cadherin adhesion appears to be dominant and the 

clustereds appear to not contribute towards adhesive specificity (Thu et al. 2014). 

Therefore, it suggests that there are underlying hierarchies and rules for how cadherin 

adhesion occurs in combinations, and that unless they are studied and characterized as 

such, their true functions will never be understood. 

Our ongoing single-cell studies suggest that individual neurons can express many 

different members of the cadherin superfamily and thus exhibit a high level of 

combinatorial complexity, yet almost nothing is known about how members of the 

cadherin superfamily function together when expressed in combinations. Could the 

approach outlined above be expanded further to include all cadherins, to produce an 

integrated model for combinatorial adhesion among all cadherins? Conceivably, the 

same approach could be used produce a comprehensive integrated model of the ~110 
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members of the cadherin superfamily (Hulpiau et al. 2016). A functional understanding 

of how this large gene family functions together would be immensely powerful in 

understanding how the cadherin superfamily controls many aspects of neural 

development and wiring. 

Since the cadherin superfamily consists of over 100 genes, they cannot be easily tested 

at once. How could integration be accomplished? One method to tackle this problem is 

to utilize a modular approach towards constructing larger models of combinatorial gene 

function. In this approach, each sub family can be studied to produce a module which 

represents the combinatorial function for that specific group. Next, modules can be 

combined into larger modules encompassing more genes until a singular model is 

constructed which explains and predicts the adhesive outcomes of combinations 

consisting of all cadherins. 

This problem can be established within the framework of the concept outlined in Figure 

4.1. For example, where expression studies can inform us about which cadherin genes 

are expressed in single cells or tissues, there is no functional insight gained into their 

combined function (Figure 4.3A). In contrast, genetic studies on single cadherins 

provide functional insight into that individual cadherin, but do not inform how they work 

with the other cadherins that are also present in the same cells. The current models 

established in chapters 2 and 3 for the deltas, as well as the one established for the 

clustered protocadherins by others represent modules of sub-families that increase our 

functional insight into a by providing meaning for how function in combination. However, 

they remain distinct and separate until they are combined, as described above (Figure 



	 208	

4.3B). For example, this can be done by combining clustered and 𝛿-protocadherins 

together in the same cell, to see which subfamily exerts a greater effect on aggregation. 

This would produce a larger module that considers more genes but does not 

compromise functional description and insight (Figure 4.3C). Finally, after this process 

is repeated several times to create modules for each sub family, they can each be 

integrated into a larger, single module consisting of all members of the cadherin 

superfamily (Figure 4.3D). Notably, this approach builds vertically on the graph, which 

maintains high functional insight despite consisting of more genes. Thus, this approach 

provides a new way to overcome the limitations of current approaches where this would 

not be possible. 

 

Figure 4.3 A combinatorial methodology towards understanding combinatorial cadherin 
expression and function through modular experiments. 
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6.  Possible Limitations and In Vivo Relevance 

There are several caveats to this approach to consider. First, these experiments rely on 

a non-neural system (K562 cells) to provide an understanding of function in the nervous 

system. However, compared to neuronal cultures which exhibit high levels of 

heterogeneity, tissue culture systems such as K562 are a homogenous population, and 

do not endogenously express any cadherins. Therefore, they provide an “empty vessel” 

to express only specific combinations of cadherins, thereby simplifying the interpretation 

of adhesive events. 

Second, most cadherins have intracellular domains which participate in a variety of 

signaling processes, although many are poorly characterized. In the experiments in 

Chapter 3, the ICDs were removed such that only the extracellular and transmembrane 

domains were expressed. This allows the experiment to measure only the adhesive 

interactions, and not signaling events that may occur downstream. However, if the ICDs 

were used, signaling events are likely to not be appropriately measured in K562 cells as 

they are non-neuronal and therefore likely to have different signaling machinery. 

Furthermore, signaling has been shown to be dependent on where in the nervous 

system you are studying. Thus, signaling events modeled in this system would not be 

useful toward generalizing towards the whole nervous system. For these reasons, the 

lack of ICD domains does not pose a major limitation for these experiments. Instead, 

this system defines the rules for the first step - the adhesive interactions. However, 

signaling events remain critical to understand and would need to be further studied in 
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other experiments. For example, some cadherins have been shown to modulate each 

other (Chen and Gumbiner 2006; Yasuda et al. 2007), and the ability of several different 

axon guidance cues to cross-talk to produce additive (Taku et al. 2016) (Funato et al. 

2000), hierarchical (Stein 2001; Chang et al. 2004), and modulatory or synergistic 

outcomes (Stevens & Jacobs 2002; Höpker et al. 1999; Rhee et al. 2002; Bonanomi et 

al. 2012; Bielle et al. 2011) further demonstrates the importance of studying genes in 

combinatorial as these functions would not be detected if studied alone. Defining the 

possibilities of combinatorial extracellular binding provides the first step for future 

studies to define the signaling events these binding events may initiate. 

Another difficulty in interpreting in vitro studies for in vivo function is that the nervous 

system is very dynamic. For example, some attractive guidance molecules can also act 

as repulsive cues, depending on the developmental stage, location, and cell type under 

consideration (Colamarino and Tessier-Lavigne 1995; Wong et al. 1997). The 

expression, and response of a neuron to certain cues can change depending on where 

the neuron is - even as the axon extends from one area towards another. Thus, 

functional interpretations of combinations may not always apply in vivo. For example, 

the impact of clustered protocadherins has been shown to vary depending upon neuron 

type and location in the nervous system (Lefebvre et al. 2012; Molumby et al. 2016; 

Chen et al. 2017; Mountoufaris et al. 2017). Therefore, combinatorial functions will need 

to be carefully interpreted depending on which neural system is being studied. 

Another aspect that needs to be considered is that the combinatorial repertoire defined 

in a cell does not mean that the entire repertoire is present in an equal distribution 
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throughout the whole neuron. Because neurons are known to have sub-cellular 

localization of mRNAs (Brittis et al. 2002), it is possible that even though a neuron may 

express a given combination, only a subset of that repertoire may be expressed in the 

growth cone, the soma, or the axon, for example. As single-cell technologies improve, 

these sub-cellular localizations will be better defined and allow for more precise spatial 

interpretations of these combinations. 

Despite these limitations, experiments could be performed to better interpret cadherin 

functions in vivo. For example, one possibility would be to use sub-populations of 

neurons that are functionally the same. If distinct sub-populations express similar 

cadherin combinations but different from other sub-populations, it would suggest that 

the given combination is providing adhesive instructions. Sub-populations could include 

odorant receptor sub-types in olfactory sensory neurons which target specific glomeruli 

in the olfactory bulb, or neurons in specific cortical layers which may use combinatorial 

profiles to specify laminar migration and/or synapse specificities between layers. With 

CRISPR technology now widely available, mouse models can be easily designed to test 

combinatorial functions in defined circuitries to confirm and validate in vivo function. 

 

7.  Conclusion 

This thesis outlines a possible approach to expand our knowledge of protocadherins 

and cadherin adhesive functions in combination. With the use of single-cell technologies 

to define combinations, and cell aggregation assays to understand the functional 
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implications of these combinations, we can begin to unravel the complex processes in 

neural wiring to better understand neural development. 
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