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Abstract 

Protocadherin-21 (pcdh-21) is a transmembrane protein concentrated at nascent disks 

in mouse photoreceptors and thought to regulate disk synthesis. PCDH-21 mutations are 

associated with retinal degenerative diseases. Pcdh-21 undergoes proteolytic cleavage that 

may be essential for disk synthesis. In mice, Pcdh-21 interacts with prominin-1 (prom-1) and 

their interaction may be required for their localization and function in disk synthesis.  

 To compare pcdh-21 localization across species, we performed immunofluorescence 

microscopy using an antibody raised against the N-terminus of X.laevis pcdh-21 (xpcdh-21). 

In rods and cones of all species, pcdh-21 was localized to nascent disks at the base of the 

outer segment, suggesting a conserved role in disk assembly. However, in contrast with the 

idea that pcdh-21 localizes only to the basal outer segment, pcdh-21 was localized to other 

outer segment regions, and this localization was different across cell types and species, 

suggesting that pcdh-21 has cell type- and species- specific structural roles. Pcdh-21 was 

restricted to open disk rims in X.laevis cones. Prom-1, an interacting partner of pcdh-21 in 

mice, shows identical labeling at the open disk rims. Pcdh-21 and prom-1 may therefore 

interact to maintain open disk structure.  Immunoblots showed that proteolytic cleavage of 

pcdh-21 may be unique to mice. In X.laevis rods, pcdh-21 labeling in the nascent disks did 

not vary with disk synthesis rate.  

We attempted to inhibit pcdh-21 function using a dominant negative approach. Full 

length pcdh-21 (FL) and deletion constructs consists of mouse (mpcdh-21) and xpcdh-21 

were overexpressed in X.laevis rods. Retinal degeneration and disk defects were only 

observed in retinas overexpressing mpcdh-21 FL. Mpcdh-21 FL was retained in the ER, 
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caused abnormal ER structure, and was not cleaved in X. laevis retinas. Xpcdh-21 variants 

were correctly localized and did not cause retinal degeneration. 

 This study illustrated that pcdh-21 localization, processing and properties may not be 

conserved across species. Differences in pcdh-21 localization may reflect differences in disk 

synthesis mechanisms or disk ultrastructure. However, the conserved association of pcdh-21 

and prom-1 with open disk rims and nascent disks suggests that they may form a complex 

involved in regulating disk synthesis and/ or in maintaining disk structure. 
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Chapter  1: Introduction 

1.1 The eye 

1.1.1 The retina  

Vision begins when light passes through the cornea and is focused by the lens. An 

image is formed on the retina at the posterior of the eye (Fig.1-1A). The retina is organized 

into layers of cells, forming synapses with each other (Fig.1-1B). Light entering the eye is 

captured by the light sensing cells, rods and cones. They convert light to electrical signals 

and communicate them to the bipolar, horizontal and amacrine cells. These cells integrate 

and transmit the signal to the ganglion cells, whose axons comprise the optic nerve 

connection to the brain (reviewed by Sung, 2010).  

 

1.1.2. Rod and cone photoreceptors 

Rods and cones, named after their shapes, are the two major types of photoreceptors 

(PR) in the retina. Rods mediate night and peripheral vision, whereas cones are responsible 

for color, day and central vision (reviewed by Sung, 2010).  

Both rods and cones possess outer segments (OS), specialized compartments for light 

detection (Fig.1-2A). The OS is a membranous structure filled with thousands of disks 

stacked on top of each other. The large surface area can accommodate numerous 

phototransduction proteins to maximize its visual sensitivity (reviewed by Sung, 2010). The 

inner segment (IS) contains the machinery for protein synthesis and mitochondria for energy 

production. The OS proteins synthesized in the IS are delivered to the OS through the 

connecting cilium, a narrow pathway linking the IS and OS. The connecting cilium is the 

basal part of an axoneme that extends distally to about half the length of the OS. The cell 
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body contains the nucleus. The synaptic terminal is responsible for releasing 

neurotransmitters needed for signal transmission (reviewed by Sung, 2010).  

Current understanding of the OS structure is mostly derived from studies of frogs. 

This section will provide an overview of OS structure based on these studies. Their variation 

among species will be discussed in section 1.1.3.  

Several structural differences are observed between rods and cones. Rods have 

cylindrical OS with uniform disk size; whereas cones have disks that decrease in size from 

basal to distal OS (Fig.1-2A). Rods possess multiple disk invaginations, called incisures 

(Fig.1-2B). At each incisure, a corresponding calycal process is present. Calycal processes 

are protrusions of the IS plasma membrane surrounding the basal third of the OS (Rodieck, 

1973) (Fig.1-2B). In cones, only a single incisure is present in most species (reviewed by 

Anderson, 2010). The functions of calycal processes and incisures are not clear. Calycal 

processes may provide structural support for ROS and control disk size (Rodieck, 1973; 

reviewed by Sung, 2010). Incisures are hypothesized to increase disk rim area (Rodieck, 

1973).  

Each disk in the OS is divided into distinct membrane domains: surfaces and rims. In 

rods, the upper and lower surfaces are connected by rims at both edges of the disks (Fig.1-

3A). These disks are termed "closed disks" since they are surrounded by the plasma 

membrane (Steinberg, 1980). The rims of "closed disks" possess a characteristic hairpin 

shape at all edges. (Fetter, 1987). 

On the other hand, cones have open disks that are not enclosed by the plasma 

membrane (Fig.1-3B). Cone disk membranes are therefore continuous with each other. A 

feature of open disks is that the rims opposite to the axoneme are not fully developed and are 
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accessible to extracellular matrix (Fig.1-3C) (Cohen, 1968). Similar open disks are observed 

at the base of the rod outer segments (ROS), where nascent disks are synthesized (Besharse, 

1977). In cones, the rims adjacent to the axoneme are structurally analogous to those of rods 

and exhibit a similar hairpin structure (Fig.1-3B) (Fetter, 1987).  

 

1.1.3 Retinas and photoreceptors across species 

The rod and cone density of vertebrate retinas are organized to adapt to their habitats. 

Rods and cones are responsible for night and day vision, respectively. Popular mammalian 

research subjects, such as rats and mice, are nocturnal and therefore have rod dominant 

retinas. Humans and lower vertebrates, including X.laevis and zebrafish (Danio rerio), are 

diurnal species with higher concentration of cones (reviewed by Anderson, 2010). Because 

rod-dominant retinas limit the study of cones that mediate daylight vision in humans, some 

researchers have turned to lower vertebrates with numerous cones, and also developed cone-

rich transgenic mice (Mears 2001; Daniele, 2005). 

 Rods and cones are distributed unevenly in humans. Rods are concentrated at the 

peripheral retina where cones are almost absent. In the central retina, called the macula, 

cones are much more concentrated. The center of the macula, called the "fovea centralis", 

consists entirely of cones (reviewed by Sung, 2010). A similar cone-rich region is only 

present in higher mammals, making it difficult to study macular diseases in the most widely 

used vertebrate animal models (Wikler, 1990; Chandler, 1999). For this reason, larger 

animals, such as monkeys and pigs, have become increasingly popular models because their 

rod and cone distribution are more similar to humans (Petters, 1997; Petters, 2000).  

 The structure of rod outer segments (ROS) differs across species. The most obvious 
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difference is the diameter and length of the ROS. Amphibians have ROS that are much larger 

than those of mammals (Fig.1-4A) (Rodieck, 1973). The number and depth of incisures also 

vary across species. Compared to rodent rods, primates and X. laevis have more prominent 

incisures and calycal processes (Cohen, 1960; Cohen, 1965; Papermaster, 1978) (Fig.1-4B).  

The distribution of open disks varies across species. Amphibian cones are composed 

entirely of open disks whereas mammalian cones possess both open and closed disks (Cohen, 

1968). Open disks are mostly observed at the basal third of the cone outer segment (COS) 

(Cohen 1961; Anderson, 1978). The distribution of open disks in rods is more controversial 

across species. In X. laevis and monkey rods, the most basal OS have open disks (Besharse, 

1977; Steinberg, 1980). It is unclear whether similar open disks are present at the base of 

rodent ROS (Obata, 1992; Chuang, 2007). These discrepancies have led to contradicting 

models of disk synthesis, which will be further discussed in section 1.1.5. 

 

1.1.4 Phototransduction  

Phototransduction is the process by which a single photon of light is converted to an 

electrical signal (Fig.1-5, middle disk). The signal generated from a single photon is 

amplified through the G-protein signaling pathway. The G-protein coupled receptor, 

rhodopsin, contains the light-capturing chromophore, 11-cis retinal. It isomerizes to all-trans 

retinal following absorption of a photon. The activated rhodopsin (metarhodopsin II, or R*), 

recruits the heterotrimeric G protein, transducin. Once it interacts with R*, transducin 

exchanges GDP for GTP, causing the alpha subunit (Gα) to dissociate from Gβ,γ and bind 

phosphodiesterase (PDE) (reviewed by Burns, 2005; Fu, 2010). 
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The activated PDE hydrolyzes cGMP to 5'GMP. A decrease in cytoplasmic cGMP 

causes the cyclic nucleotide gated channel (CNGC) to close, reducing the entrance of cations. 

This hyperpolarizes the cell and reduces neurotransmitter release at the synaptic terminal. 

The response initiated by a single photon is amplified at two major steps. Each R* can 

activate 100-500 molecules of transducin and each transducin-activated PDE can hydrolyze 

up to 100 molecules of cGMP (reviewed by Burns, 2005).  

Rapid inactivation of the phototransduction cascade is required to respond to 

subsequently absorbed photons.  This is achieved by efficient termination of the cascade 

components at two amplification steps (Fig.1-5, lower disk). First, R* is phosphorylated by 

rhodopsin kinase, facilitating the binding of R* to arrestin.  Second, Gα converts GTP to 

GDP, leading to reassembly of the heterotrimeric G protein complex and subsequently 

inactivation of PDE (reviewed by Burns, 2005).   

Restoring cGMP levels to the dark state is essential for reopening of the CNGC. This 

is accomplished by guanylate cyclase (GC), the enzyme that synthesizes cGMP from GMP. 

Low Ca
2+ 

levels increase the activity of GC. During a light response, Ca
2+

 entry is inhibited 

due to CNGC closure, while Ca
2+ 

continues to leave the cell through the Na
+
 Ca

2+
 exchanger. 

The fall in Ca
2+ 

level stimulates cGMP synthesis through GC. Increased cGMP levels then 

cause CNGC to reopen and the cell returns to its resting depolarized state (reviewed by Burns, 

2005).   

Similar reactions and homologous phototransduction proteins are found in cones. 

However, to suit their roles in mediating vision under bright light, their kinetics and 

properties differ from those of rods (Kefalov, 2010). The specific differences will not be 

reviewed in detail here.
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1.1.5 Disk morphogenesis and shedding  

PR disks are renewed continuously to replace highly active rhodopsin. In rods, disks 

are synthesized at the base of the OS, displaced distally by disks added at the basal OS, and 

shed at the tip of the OS. The shed disks are subsequently engulfed and degraded by the 

neighboring retinal pigment epithelial cells (Young, 1967). A balance of disk synthesis and 

loss is essential for maintaining OS length and PR survival.  

 Two controversial models have been proposed to describe disk synthesis in rods. The 

predominant model, the "membrane evagination model", proposes that disk surfaces and rims 

are developed in two separate, sequential processes. First, the inner face of the plasma 

membrane at the distal connecting cilium evaginates and grows away from the connecting 

cilium (Fig.1-6A). As the evagination expands in size, it is remodeled into a disk shape. 

Second, rim formation begins at the connecting cilium (Fig.1-6B). It proceeds as the 

proximal and distal surface of two adjacent evaginations grow bilaterally along the edge of 

the disk. The two ends meet opposite to the connecting cilium and separate from the plasma 

membrane (Steinberg, 1980). Based on this model, nascent and mature disks can be 

distinguished according to their positions in the OS and the formation of rims opposite to 

connecting cilium, as illustrated in Fig. 1-6C.  

 An alternative model, the "vesicular targeting model", suggests that disks assemble 

by fusion between nascent disks and vesicles transported from the IS or the base of the OS 

(Fig.1-7A) (Chuang, 2007). These vesicles are enriched with rhodopsin, syntaxin3 and Smad 

anchor for receptor activation (SARA), which interacts with the C-terminus of rhodopsin and 

syntaxin 3 to fuse with nascent disks through interaction with phosphatidylinositol 3-

phosphate (PI3P) (Fig.1-7B). Inhibition of SARA function and interaction with PI3P disrupts 
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rhodopsin trafficking and disk synthesis. In contrast to the membrane evagination model, the 

authors observed plasma membrane surrounding all basal disks and did not observe any 

membrane evaginations (ie. open disks) (compare Fig.1-7A and 1-7C).  

 Proponents of the vesicular targeting model argued that the observation of open disks 

is due to disruption of the fragile nascent disk plasma membrane during tissue processing 

(Obata, 1992; Chuang, 2007). However, there is evidence suggesting that these open disks 

are not likely to be artifacts. First, significant numbers of open disks are observed in cones 

(Cohen, 1968). Second, the dye Lucifer yellow, when introduced extracellularly, labels the 

basal ROS as a thin band in X.laevis retinas. This band is displaced towards the distal OS 

over time. The labeling pattern is thought to result from dye penetration into the nascent open 

disks. After the open disks develop rims, the dye is trapped in closed disks (Matsumoto, 

1985). This labeling pattern was not reported when a similar experiment was performed in 

some mammals (dog and rat), suggesting that the mechanism of disk synthesis may vary 

between species (Laties, 1976). Furthermore, studies supporting the vesicular targeting 

model were conducted in rodents whereas the membrane evagination model is based on 

experiments using monkeys, squirrels and amphibians (Nilsson, 1964; Steinberg, 1980; 

Besharse, 1977). 

 

1.2 Pcdh-21 and prom-1 

Evidence illustrating the mechanisms of disk synthesis is mainly based on 

morphological and immunohistochemical analysis. The molecular players involved in this 

process are not well defined. In mice, protocadherin-21 (pcdh-21) and prominin-1 (prom-1) 
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are the only two proteins with exclusive localization in nascent disks, suggesting 

indispensable roles in disk synthesis (Maw, 2000; Rattner, 2001).   

 

1.2.1 Initial characterization of pcdh-21 

Pcdh-21 is a type 1 single pass transmembrane protein, containing a signal peptide, an 

N-terminal extracellular domain and a C-terminal cytoplasmic domain (Fig.1-8) (Rattner, 

2001). The N-terminus consists of six cadherin repeats, a characteristic domain found in 

cadherin superfamily members. These repeats act as Ca
2+

 binding sites and are best known 

for their function in cell-cell adhesion (reviewed by Angst, 2001).  

Cadherin superfamily members are divided into six sub-branches. Despite its name, 

pcdh-21 is actually grouped into cadherin-related subbranch 2, rather than the protocadherin 

subbranch (Fig.1-9). Pcdh-21 differs from the well-studied, classical cadherins (eg. E-

cadherin, N-cadherin). First, pcdh-21 did not demonstrate homotypic adhesive interaction in 

vitro (Rattner, 2004). Second, pcdh-21 is not likely to bind to cytoskeleton or -catenin in the 

cytoplasm like most classical cadherins because pcdh-21 orthologues have divergent 

cytoplasmic domains (Rattner, 2004; reviewed by Hulpiau, 2009).  

Pcdh-21 orthologues have been identified in diverse vertebrate species, including 

mammal, chicken, fish and amphibian (GenBank database). The N-terminal cadherin 

domains are highly conserved whereas sequences in the cytoplasmic domain are more 

divergent (Rattner, 2004). 

In mice, pcdh-21 transcripts are most prominent in the retina (Rattner, 2001). In situ 

hybridization using retinal sections of X. laevis and zebrafish demonstrates that pcdh-21 
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transcripts are exclusively found in the PR nuclei layer (Rattner, 2001; 2004). Because of its 

exclusive localization to PR, pcdh-21 is also named “photoreceptor cadherin”.  

 In mouse PR, pcdh-21 is localized to the base of the OS, where disk synthesis occurs. 

Ultrastructural analysis of mouse rods showed that it is particularly localized to the nascent 

disk rims opposite to the axoneme, and is not expressed in the mature disk rims at the tip of 

the OS (Fig.1-10) (Rattner, 2001). In mouse cones, pcdh-21 localization is confined to the 

connecting cilium, as demonstrated at the light microscopic level (Fig.1-11)  (Rattner, 2001). 

Its ultrastructural localization in cones has not been studied.  

 

1.2.2 Pcdh-21 expression in developing mouse retinas 

Pcdh-21 expression pattern in developing mouse retinas also confirmed its role in 

disk synthesis. It is detected as soon as rods begin to differentiate, and its expression 

increases as rods become more numerous (Rattner, 2004). Pcdh-21 is detected at the site of 

developing OS before other OS structural proteins, including the α subunit of cyclic 

nucleotide grated channel and ROM-1 (Bascom, 1992; Cook, 1989).  Two essential 

phototransduction proteins, rhodopsin and arrestin, are expressed at the same time as pcdh-21. 

In contrast to pcdh-21, they accumulate in the IS and are not targeted to the OS until later in 

development (Rattner, 2001). It is thought that OS proteins that are involved in 

phototransduction or structural maintenance will only be expressed after the OS is 

synthesized.   
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1.2.3 Pcdh-21 cleavage may be required for disk synthesis in mice 

In mouse and bovine retinas, pcdh-21 is cleaved in the last cadherin domain, producing 

a soluble N-terminal fragment and a C-terminal fragment that remains associated with disk 

membrane (Fig.1-12) (Rattner, 2004). The cleavage site was predicted by matching the 

electrophoretic mobility of a series of in vitro translated fragments with the C-terminal 

cleaved fragments obtained from mouse retinas (Rattner, 2004). Enzymatic treatments 

excluded the possibility that the C-terminal fragments were phosphorylated and glycosylated 

(Rattner, 2004). However, other post translational modifications may affect electrophoretic 

mobility of the cleaved fragments, so the accuracy of this cleavage site is uncertain. In 

addition, the cleavage site predicted from mice is conserved across species, but pcdh-21 

cleavage has only been demonstrated in rodent and bovine retinas (Rattner, 2004). 

Proteolysis is a thermodynamically favourable irreversible reaction that initiates many 

processes, for example blood clotting and apoptosis (Davie, 1991; Hengartner, 2000). The 

function of pcdh-21 cleavage is unclear but has been proposed to ensure that OS assembly 

proceeds in a unidirectional manner (Rattner, 2004).  

In vivo studies of mouse retinas showed that only a portion of pcdh-21 is cleaved 

(Rattner, 2004). This implies that irreversible proteolysis of pcdh-21 may be tightly 

regulated. In transgenic mouse models with abnormal disks, this regulation is disrupted and 

the full length, uncleaved pcdh-21 accumulates (Rattner, 2004; Yang, 2008). It should be 

noted that the evidence supporting the role of pcdh-21 in disk synthesis was solely based on 

data obtained using mice.  

Rds 
-/-

 mice, which do not express peripherin-2 (prph-2), a critical OS protein, fail to 

develop OS. Instead, disorganized and abnormal vesicles derived from PR accumulate 
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between PR and retinal pigment epithelial cells (Jansen, 1984). In rds 
-/-

 mice, full length 

pcdh-21 increased by four fold relative to levels seen in wild type mice, while the ratio of full 

length to cleaved fragments increased by two fold.  This suggested that mice are capable of 

cleaving a portion of the abnormally high levels of pcdh-21 (Rattner, 2004). The full length 

pcdh-21 is mislocalized to PR-derived vesicles, lending evidence that pcdh-21 is cleaved at 

the base of the OS (Rattner, 2004). If the OS, the proposed site of pcdh-21 cleavage, is not 

formed, it is expected that its cleavage is disrupted and the full length protein accumulates at 

the site where the protein should be cleaved (Rattner, 2004).  

The fate of the cleaved fragments and the site of cleavage in PR are unclear. Labeling 

with both antibodies against the N- and C-terminus produced identical labeling pattern that is 

exclusively at the base of the OS (Rattner, 2004). It is possible that pcdh-21 is cleaved at the 

base of the OS and the soluble N-terminal fragments diffuse away from the basal OS, as 

evidenced by the detection of the N-terminal fragments in the medium used to lyse the mouse 

retinas (Rattner, 2004). Alternatively, the N-terminal fragments may be retained at the basal 

OS by binding to other membrane proteins (Rattner, 2004). 

 

1.2.4 Initial characterization of prom-1 

Prom-1 is a pentaspan transmembrane glycoprotein best characterized for its role as a 

stem cell marker. Prom-1 is often referred to as CD133 or AC133 (Weigmann, 1997; 

Miraglia, 1997; Fargeas, 2003). Evidence suggests that prom-1 is implicated in disk synthesis. 

In mouse PR, it is exclusively at the base of the ROS where it binds and colocalizes with 

pcdh-21 (Maw, 2000; Yang, 2008). Transgenic mice that lack prom-1 or carry prom-1 

mutations had abnormal disks and exhibited retinal degeneration (see section 1.3.4). 
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Mutations in PROM-1 have been found to cause several retinal diseases in humans (see 

section 1.3.1).  

Prom-1 homologues have been identified in diverse species. In flies, axolotl 

(salamander), zebrafish, chicken, X. laevis and mice, prom-1 transcripts are detected in the 

PR layers, suggesting a critical role in PR (Jaszai, 2011). Prom-1 homologues exhibit 40-

70% similarity at the amino acid level and share several conserved domains, including an 

intracellular cysteine rich domain, and several extracellular leucine residues (Weigmann, 

1997; Corbeil, 2000).    

Prom-1 is specifically localized to plasma membrane protrusions of various cell types 

(Corbeil, 2001). In epithelial cells, prom-1 is exclusively localized to the microvilli. In 

transfected cells, prom-1 is localized to filopodia and lamellipodia (Weigmann, 1997; 

Corbeil, 2000; Yang, 2008). Its function may be linked to the formation of membrane 

protrusions since expression of a mutant prom-1 in transfected HEK cells abolishes the 

formation of protrusions (Yang, 2008). The presence of prom-1, a protein with high 

preference for membrane protrusions, in basal disks lends support to the “evagination model”, 

which predicts that plasma membrane outgrowth is a critical step in disk synthesis (Steinberg, 

1978).  

Prom-1 function has been studied in flies with compound eyes. Insect eyes consist of 

many subunits called ommatidia. Each of these has multiple rhabdomeres consisting of 

hundreds of rhodopsin-containing microvilli. To keep rhabdomeres separated from each 

other, prom-1 binds to spacemaker to create spacing between rhabdomeres. In the absence of 

spacemaker, the rhabdomeres became closely opposed to each other (Zelhof , 2006). The 
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human homolog of spacemaker, EYS, when mutated, caused autosomal recessive RP (Abd 

El-Aziz, 2008).  However, its function in the human retina is unknown. 

 

1.2.5 Molecular evidence supporting the “membrane evagination model” 

The “membrane evagination model” predicts that disk synthesis is a kind of cell 

motility involving membrane protrusion and expansion (Steinberg, 1980; Williams, 1988). 

The observation that similar components are involved in these two processes may lend 

support to the model.  

At the base of the ROS, a complex consisting of pcdh-21, prom-1 and actin is 

hypothesized to initiate the formation of membrane evagination, the first step of the 

membrane evagination model (Yang, 2008). Actin regulates the formation of membrane 

protrusions through membrane remodeling in diverse cell types. In vertebrate rods and cones, 

actin is enriched at the distal connecting cilium where the evagination forms (Fig.1-13.) 

(Steinberg, 1980; Chaitin, 1986; Hale, 1996). The addition of an actin-depolymerizing drug 

to frog and rabbit retinas results in overgrown disks (Williams, 1988; Vaughan, 1989). The 

underlying mechanism of this abnormality can be explained using the membrane evagination 

model. It has been hypothesized that actin plays a role in initiating membrane outgrowth by 

pushing the membrane away from the connecting cilium. When this step is inhibited, 

membrane that is normally added to the newly formed evaginations is channeled to disks that 

have already reached their mature sizes (Williams, 1988). 

Prom-1 is specifically localized to membrane protrusions in diverse cell types 

(Corbeil, 2001). Prom-1 binds to actin in PR and transfected cells. In vitro, the interaction of 

prom-1 and actin mediates membrane protrusion formation. Cells transfected with mutant 
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prom-1 bind actin less efficiently, and fail to form membrane protrusions. When prom-1 is 

mutated in vivo, abnormally large disks are observed, possibly through inhibiting the ability 

to generate new membrane evaginations, a mechanism similar to that used to explain the 

phenotype in actin-defective retinas (Yang, 2008).   

The second step of the model, rim formation, is thought to be regulated by prph-2 

(Arikawa, 1992). In nascent disks of rods, prph-2 is localized to rims near the connecting 

cilium, where rim formation begins (Fig.1-13). It is not localized to nascent disk edges 

opposite to the connecting cilium where rim formation is not completed. In mature disks at 

the distal ROS, rims opposite to the connecting cilium are formed and prph-2 is observed. In 

rodent rods, pcdh-21 and prph-2 show complementary localization (Rattner, 2004). Pcdh-21 

is concentrated in nascent disk edges opposite to connecting cilium where rims are not 

developed (Fig.1-13). 

The membrane evagination model implies that immature and mature disks can be 

distinguished morphologically based on the completion of rim development. Nascent disks 

are membrane evaginations that have not yet developed rims, giving rise to the appearance of 

“open disks”. Once disk rims are formed, mature disks become “closed disks”. The vesicular 

targeting model, on the other hand, suggests that both nascent and mature disks are closed 

disks. The distinct molecular compositions of nascent and mature disk rims may reflect their 

ultrastructural differences, indirectly supporting the evagination model (Fig.1-13).
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1.3 Mutations in PCDH-21 and PROM-1 cause inherited photoreceptor 

degeneration 

Inherited photoreceptor (PR) degeneration is defined by the progressive loss of PR 

function and viability, due to inheritance of a defective gene. To date, mutations in over 180 

genes are associated with PR degeneration (Wright, 2010) (See RetNet for a summary of 

these genes is maintained by Stephen P. Daiger at www.sph.uth.tmc.edu/Retnet/).  Mutations 

in PCDH-21 and PROM-1 are associated with common inherited diseases, including RP, 

macular degeneration and cone-rod dystrophy (Table 1.1). The onset of these diseases is 

usually in childhood or early adulthood. The defects continue to progress, causing the 

patients to become completely blind at later stages of the diseases (Wright, 2010).  

Retinitis pigmentosa (RP) is the most common cause of PR degeneration with a world 

prevalence of 1:3000 to 1:4000 (Wright, 2010). It is characterized by initial defects in rods, 

leading to the loss of peripheral and night vision. The disease often progresses to secondary 

defects in cones. (Wright, 2010).  In contrast to RP, cone-rod dystrophy (CORD), affects 

cones before rods. In some forms of CORD, both rods and cones are affected simultaneously 

but cones may suffer from more severe defects (Wright, 2010), or cone deficits are perceived 

as more debilitating by patients.  Another common disease, macular dystrophy (MD) affects 

all cell types in the macula, including rods, cones and retinal pigment epithelial cells (Wright, 

2010). 

To understand the pathogenic mechanisms of PCDH-21 and PROM-1 mutations, 

researchers have modeled PR degeneration caused by these mutations in mice. However, 

mice have few cones and lack a macula, which hinders the study of macular dystrophies and 

CORD (Jeon, 1998).  

http://www.sph.uth.tmc.edu/Retnet/
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1.3.1 PCDH-21 mutations 

Three mutations that occur in the conserved cadherin domains of Pcdh-21 are linked 

to autosomal recessive retinal degeneration (Table 1-1). These mutations all cause premature 

termination and, likely non-functional proteins. A single base insertion in the second cadherin 

domain causes CORD, the only disease linked to PCDH-21 mutation (Ostergaard, 2010). 

The precise diseases caused by the other two mutations, which occur in the first and fifth 

cadherin domains, have not been identified (Henderson, 2010).  

 

1.3.2 Pcdh-21
 -/-

 mice 

The inheritance pattern and clinical features observed in patients with PCDH-21 

mutations resemble those observed in transgenic mice (Rattner, 2001; Ostergaard, 2010; 

Henderson, 2010). Pcdh-21 heterozygous knockout mice are unaffected, whereas 

homozygous knockout mice undergo progressive retinal degeneration. They develop normal 

retinas but PR cell death is observed as early as one month old, shortly after retinal 

development is completed. PR continue to degenerate progressively and only 50% of their 

PR remain after five months.   

The phenotype of pcdh-21 
-/-  

mice confirms a link between disk synthesis and pcdh-21. 

At the onset of retinal degeneration, these mice develop shorter OS and misaligned disks 

(Rattner, 2001). They have impaired vision, as determined by a reduction in rod and cone 

electroretinography response by two to three fold (Rattner, 2001). However, considering the 

severe OS abnormalities, the visual dysfunction is not as severe as expected, possibly due to 

the correct targeting of the phototransduction proteins (Rattner, 2001). 

Pcdh-21 is not likely to play a role in phototransduction because vision is only modestly 
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compromised in pcdh-21 
-/-  

mice. Furthermore, it is not likely to be involved in OS protein 

trafficking since phototransduction (eg. rhodopsin, S-cone opsin) and structural proteins (eg. 

ROM-1) are correctly targeted in pcdh-21 
-/-

 mice.  

 

1.3.3 PROM-1 mutations 

Compared to PCDH-21, more disease-causing PROM-1 mutations have been 

identified (Table 1-1). Of the five known PROM-1 mutations, only disease associated with 

the R373C missense mutation is inherited in a dominant pattern. The same R373C mutation 

is associated with CORD as well as two forms of MD (Stargardt disease 4 and bull's eye 

macular dystrophy) (Yang, 2008). Two frameshift mutations that result in premature stop 

codons and likely induce nonsense-mediated decay, are linked to autosomal recessive RP 

(Permanyer, 2010; Zhang, 2007). Maw et al. (2000) also identified a frameshift mutation, but 

the precise disease has not been identified. Recently, another frameshift mutation in PROM-1 

has been linked to autosomal recessive CORD (Pras, 2009). 

 

1.3.4 Prom-1 transgenic mice  

Prom-1 Knockout The absence of prom-1 causes progressive PR degeneration and 

disorganized disks in both rods and cones. These defects were first observed two weeks after 

birth, slightly earlier than observed in pcdh-21 knockout mice (Rattner, 2001; Zacchigna, 

2009). Both rod and cone responses were reduced by ~50% at one month of age and were 

almost completely absent at six months of age. It is unclear whether loss of prom-1 causes 

PR degeneration due to the abnormal distribution of visual pigments and/ or defective disk 
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ultrastructure. Prom-1 induced defects were inherited in a recessive pattern, since 

heterozygous knockout mice were unaffected and had normal retinas (Zacchigna, 2009).  

Human R373C Prom-1 transgenic mice Transgenic mice expressing the human R373C 

PROM-1 mutant exhibit progressive PR degeneration and OS defects two weeks after birth. 

The mutation is thought to exert a dominant negative effect (Yang, 2008). In transgenic mice, 

the mutant proteins are misolocalized throughout the OS, affecting the localization of the 

endogenous prom-1 and pcdh-21. Furthermore, expression of the mutant protein abolishes 

prom-1 binding with pcdh-21 and actin, two other components that are thought to regulate 

disk synthesis. Proteolytic cleavage of pcdh-21, a process thought to be essential for normal 

disk synthesis, is also affected (Yang, 2008). These phenotypes led to the conclusion that the 

R373C mutation encodes a stable mutant protein that impairs endogenous protein function. 

This is in direct contrast to another PROM-1 mutation (c.1878delG), causing truncation of 

the prom-1 protein. Additionally, in vitro study showed that the truncated proteins are 

degraded in the ER and are not transported efficiently to the plasma membrane (Maw, 2000). 

 

1.4 Significance 

PR disks must be synthesized continuously for proper function. Abnormal disk 

synthesis leading to reduction in OS length and defective disk structures are often associated 

with PR degeneration (Wright, 2010). This can be caused by the inheritance of defective 

genes or environmental factors, such as age. Despite the essential role of disk synthesis for 

PR survival, the components and mechanisms involved in this process are unclear. The 

results of this study will help define the role of pcdh-21 in disk formation and advance our 
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understanding of this process, which will in turn help develop therapies for curing blindness 

caused by defective disk formation. 

 

1.5 Rationale and objectives 

Ultrastructural observations from a wide variety of vertebrates have revealed 

morphological differences between ROS and COS. Comparative studies of ROS from diverse 

species have also revealed variations in ROS structure. These observations led to several 

unanswered yet interesting questions regarding to disk synthesis. What is the molecular basis 

leading to OS structural differences across species and between rods and cones? Is the 

mechanism of rod disk synthesis evolutionary conserved across species?  

Pcdh-21 is one of the two proteins concentrated at the nascent disks of PR, suggesting 

its role in disk synthesis. Pcdh-21 is expressed in PR of diverse species and its amino acid 

sequence is evolutionary conserved (Rattner, 2004). Although OS ultrastructure varies across 

species and between cell types, pcdh-21 localization has only been identified in mice, a 

species with low abundance of cones. Little is known about pcdh-21 localization in cones 

and in PR of other species.  

 X.laevis is an ideal organism for studying OS protein functions. It has large OS and 

high disk turnover rate. Furthermore, its disk synthesis follows a diurnal cycle, making 

X.laevis amenable for determining whether pcdh-21 expression supports its role in disk 

synthesis. Furthermore, transgenic X.laevis are easy to generate, allowing us to study the 

effect of pcdh-21 deletion mutants on disk morphology, which may be helpful in 

understanding the role of pcdh-21 in disk synthesis.  
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 To characterize the role of pcdh-21in PR disk synthesis, this project is divided into 

three aims:  

 To define and compare the subcellular localization of pcdh-21 in PR of different species. 

 To examine pcdh-21 abundance in nascent disks of X.laevis rods during disk synthesis. 

 To investigate pcdh-21 function in X.laevis rod disk synthesis.  
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Figure 1-1. The human eye (A) and retina (B). 

 (A) Light passes through the cornea and is focused by the lens. The retina converts light to 

electrical signals that are sent to the brain through the optic nerve. (B) Diagram illustrating 

the neural circuitry in the retina. Counter intuitively, the photoreceptors (R=rods; C=cones), 

the light sensing cells, are located furthest away from the incoming light. Light passes 

through several cell layers before reaching the photoreceptors. The bipolar cells (B) receive 

signals from rods and cones that are modulated by the horizontal cells (H). Bipolar cells 

synapse with the ganglion cells (G). The signals are further modified by the amacrine cells 

(A).The ganglion cell axons together constitute the optic nerve which is responsible for 

sending the final signal to the brain. The pigmented neuroepithelial cells (RPE) are adjacent 

to the rods and cones. They supply nutrients to the photoreceptors and aid in outer segment 

turnover (Modified from Sung and Chuang, 2010).  
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Figure 1-2. Overview of X.laevis rod and cone morphology.  

(A) Rods and cones have four distinct compartments: outer segment, inner segment, cell 

body and synaptic terminal. The outer segment consists of ~1000 regularly stacked disks. 

Proteins synthesized in the inner segment are transported to the outer segment through the 

connecting cilium. In rods, the axoneme extends from the basal outer segment to half of the 

outer segment. In cones, the axoneme is present along the entire outer segment. N=nucleus; 

OD=oil droplet (B) 3D view of X.laevis rods. Calycal processes are protrusions that extend 

from the inner segment plasma membrane. They surround the basal outer segment like the 

calyx of a flower. Rod disks contain multiple incisures, indentations resulting from disk rims 

penetrating the centre of the disks.  (Modified from Besharse & Pfenninger, 1980) 
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Figure 1-3. Ultrastructural differences between X.laevis rods and cones.  

(A) The distal part of the ROS consists of closed disks surrounded by the plasma membrane. 

The rims of the rod disks have hairpin shape since the two opposing disk surfaces are closer 

together (Modified from Steinberg, 1980).  (B) Cone outer segments do not have distinct 

plasma and disk membranes and the disk membranes are continuous with each other. Cone 

disks are termed “open disks” since the rims opposite to the axoneme are exposed to the 

extracellular matrix. Note that the rims adjacent to the axoneme adopt a hairpin shape as 

observed in closed disks of rods. In the basal ROS of X. laevis, open disks are observed (A) 

(modified from Fetter and Corless, 1987). (C) Transverse sections of closed and open disks. 

In open disks, the rims opposite to the axoneme (circle) are not formed and are accessible to 

the extracellular matrix (Modified from Steinberg, 1980).   
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Figure 1-4. Structural diversity between photoreceptors of different species. 

(a) Rods and cones of different species illustrating variation in OS diameter and length. The 

diameter of frog ROS are almost five times larger than those of humans and rats. The cells 

are drawn to scale. o=outer segment; e=ellipsoid containing mitochondria m=myoid 

containing endoplasmic reticulum; n=nucleus; s=synaptic terminal; p=paraboloid containing 

oil droplet (Modified from Roderick, 1973). (b) Cross sections of human, frog and mouse 

distal ROS. Humans and frogs have multiple disk incisures, resulting in flower-shaped disks. 

Mouse rods only have a single incisure and therefore have a circular rod disk. (c) Cross 

sections of human basal ROS. A calycal process is present at each indentation. One side of 

the disk is displaced by the axoneme (Modified from Cohen, 1965; 1960; Papermaster, 1982). 

IN=incisures; Ca=calycal process; Ax=axoneme.  
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Figure 1-5. Phototransduction cascade activation and inactivation.  

The upper disk shows that in the dark, rhodopsin (R), transducin (Gα, β,γ) and 

phosphodiesterase (PDE) are spatially separated from each other. The cGMP gated ion 

channel in the plasma membrane is open, generating a constant influx of Na
+
 and Ca

2+
 into 

the OS. This flow of ions keeps the cell in its resting, depolarized state. The middle disk 

depicts cascade activation upon light absorption. Rhodopsin is activated (R*), facilitating 

binding of heterotrimeric transducin (Gα, β,γ). Once it binds to rhodopsin, it exchanges GDP 

to GTP. The GTP bound Gα subunit dissociates from the other subunits. It binds and 

activates PDE, catalyzing the hydrolysis of cGMP to GMP. A decrease in cGMP level leads 

to the closure of cGMP gated ion channel. The lower disk illustrates steps involved in 

cascade inactivation. To inactivate rhodopsin, it is phosphorylated by rhodopsin kinase (RK), 

followed by binding of arrestin (Arr). PDE is inactivated when Gα converts GTP to GDP. 

(Modified from Burns & Arshavsky, 2005) 
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Figure 1-6. The membrane evagination model is separated into two steps: the formation 

of disk surface (A) and disk rims (B-C).  

(A) Electron micrographs of monkey ROS illustrating the development of disk surface. At 

the distal connecting cilium, a small bud, representing a newly formed evagination is 

observed (1, arrow). As the evagination grows away from the connecting cilium, it becomes 

thinner and continues to remodel into disk shape (2-4, arrows). An arrowhead marks the first 

mature disk spanning the width of the OS. Note that mature disks are surrounded by plasma 

membrane, which are absent in nascent disks (Modified from Steinberg, 1980). (B) 

Longitudinal and cross sections of a disk showing the process of rim formation. Rim 

formation begins at the distal connecting cilium (1). Two adjacent evaginations grow and 

extend along the disk edge (2-3). The two ends join at a point opposite to the connecting 

cilium (4) (Modified from Steinberg, 1980). (C) Cartoon illustrates the transition from open 

to closed disk followed by rim formation. Rim formation occurs when proximal side of one 

evagination (orange arrow) fuses with the distal side of the adjacent evagination (red arrow).  

The mature disk detaches from the plasma membrane, forming a closed disk. This fusion 

results in the engulfment of the extracellular space (blue) into the closed disks. Blue indicates 

surface exposed to the extracellular region whereas purple indicates surface facing the 

cytoplasm surface. CC=connecting cilium (Modified from Han, Z., thesis). 
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Figure 1-7. Two contradicting models of rod disk synthesis.  

(A) In the “vesicular targeting model”, all disks, including nascent disks, are enclosed by 

plasma membrane. The enlarged circle depicts nascent disk formation through vesicle fusion 

with developing disks. Vesicles are transported directly from the inner segment or derived by 

endocytosis at the connecting cilium. Ax=axoneme; CC=connecting cilium.  (B) Diagram 

illustrates the molecular machinery involved in the “vesicular targeting model”. Vesicles 

embedded with rhodopsin and SNARE protein syntaxin3 (Syn3) fuse with nascent disks 

enriched with phosphatidylinositol 3-phosphate (PI3P). This fusion is regulated by SARA 

that interacts with rhodopsin, Syn3 and PI3P. (Modified from Sung and Chung, 2010). (C) 

The “membrane evagination model” describes the presence of open disks at the base of the 

ROS. Closed disks surrounded by plasma membrane are described in the “vesicular targeting 

model”(Modified from Sung & Chuang, 2010). 
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Figure 1-8. Schematic diagram of pcdh-21 structure.  

Pcdh-21 is a single pass transmembrane protein with a cytosolic C-terminus. The 

extracellular N-terminus consists of six cadherin repeats.  



 30 

 

 

 

 
Figure 1-9. Phylogenetic tree generated by comparing first cadherin domain of pcdh-21 

and other cadherin family members. 

The illustrated cadherin members show higher homology to pcdh-21 than other cadherins 

based on BLAST search of the GenBank database. Chicken (cprCAD), mouse (mpCAD) and 

bovine (bprCAD) pcdh-21 are closely related to each other. They are not highly related to 

classical cadherins and protocadherins. (Modified from Rattner, 2001 and Hulpau, 2009). 

prCAD=photoreceptor cadherin. Cdh1=E-cadherin (GenBank accession number Z13009); 

Cdh2=N-cadherin(S42303); Cdh4=R-cadherin; Cdh5=VE-cadherin; Cdh9=T1-cadherin; 

Dsg1=Desmoglien-1; Dsc1=Desmocollin-1; Fat=Fat; Fmi1=Flamingo1; Pcdh-

a1=Protocadherin-α1 (CNR); Pcdh-b1=Protocadherin-1; Pcdh-8=Protocadherin-8 

(Arcadlin). (Modified from Rattner, 2001).  

Members of 

protocadherins (or 

cadherin-related major 

branch family 1a) 

 Members of 

classical cadherins 

Pcdh-21 orthologs 
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.  

Figure 1-10. Pcdh-21 localization in mouse rods. 

Pre-embedding labeling of mouse rods using anti-C-pcdh-21 antibody. Labeling is 

concentrated at the basal ROS rims opposite to the axoneme. Ax=axoneme. (Modified from 

Rattner, 2001). 
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Figure 1-11. Pcdh-21 localization in mouse cones. 

Mouse retinal sections were double labeled with anti-pcdh-21 and peanut agglutinin (which 

labels the extracellular matrix ensheathing COS). (A) Pcdh-21 (arrows) is exclusively 

localized to the base of the COS, labeling the basal disks as a thin line. (B) Serial optical 

sections imaged at a plane close to the connecting cilium showed that pcdh-21 (arrows) is 

confined to the COS.  (Modified from Rattner, 2001). 
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Figure 1-12. Pcdh-21cleavage in mouse and bovine retinas. 

Pcdh-21 is cleaved at the last cadherin domain, releasing a soluble N-terminal fragment and a 

membrane associated C-terminal fragment (Rattner, 2001).   
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Figure 1-13. Localization of OS proteins involved in disk synthesis in rodent rods. 

Nascent disks are depicted as membrane evaginations (also named “open disks”), based on 

the membrane evagination model. Actin is localized to the distal connecting cilium (Chaitin 

& Bok, 1986). Prom-1 and pcdh-21 colocalize at the base of the ROS, likely at the rims 

opposite to the connecting cilium (Rattner, 2004; Yang, 2008). Low levels of prom-1 are 

present in nascent disk surfaces (Maw, 2000). At the base of the OS, prph-2 distribution is 

complementary to that of pcdh-21 (Arikawa, 1992; Rattner, 2004). Prph-2 is restricted to 

rims near the connecting cilium. At the distal OS, prph-2 is localized to both rims of mature 

disks (also named “close disks”) (Arikawa, 1992). N=nucleus. CC=connecting cilium. 
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Figure 1-14. X.laevis with defects in actin polymerization (A) and transgenic mice 

containing a prom-1 R373C mutation (B) have abnormally large disks.   

(A) At the base of the outer segment, the overgrown nascent disks (arrows) extend along the 

inner segment plasma membrane. The mature disks at the distal outer segment are normal. (B) 

Enlarged disks (arrows) grow along the outer segment plasma membrane. OS=outer segment; 

IS=inner segment (Williams ,1988; Yang, 2008) 
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Table 1-1. PCDH-21 and PROM-1 mutations associated with inherited photoreceptor 

degeneration. 

 

Gene Mutation Disease  

PCDH-21 c.524dupA * AR CORD (Ostergaard, 2010) 

 c. 337delG * AR disease unknown  (Henderson, 2010) 

 c.1459delG * AR disease unknown (Henderson, 2010) 

PROM-1 c.1878delG *  AR disease unknown (Maw, 2000)  

 c.C1726T  AR RP (Zhang, 2007) 

 c.R373C  AD CORD, AD MD (Yang, 2008) 

 c.869delG *  AR RP (Permanyer, 2010) 

 c.1349insT * AR CORD (Pras, 2009) 

 

dup=duplication; del=deletion; ins=insertion; AR=autosomal recessive; *=frameshift 

mutation; AD=autosomal dominant; CORD=cone-rod dystrophy; MD=macular dystrophy; 

RP=retinitis pigmentosa 
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Chapter  2: Subcellular localization of pcdh-21 

2.1 Introduction 

Pcdh-21 is evolutionary conserved across species. Pcdh-21 transcripts are exclusively 

found in the PR layers of fish, X.laevis and mice (Rattner, 2004). However, its localization at 

the protein level has only been determined in mice. In mouse rods, it is restricted to the 

nascent disk rims opposite the axoneme (Rattner, 2001). It is also localized to the nascent 

disks of mouse cones, but its ultrastructural localization within the nascent disks is unknown. 

Because of its exclusive localization in nascent disks, pcdh-21 is thought to play a 

role in disk synthesis. Pcdh-21 -/-mice had shorter and fragmented OS (Rattner, 2004).  

PCDH-21 mutations are linked to retinal degenerative diseases (Ostergaard, 2010; 

Henderson, 2010). In mice, pcdh-21 undergoes proteolytic cleavage, which may be essential 

for disk synthesis (Rattner, 2004).  

Observations from primates and amphibians suggest that nascent disks are first 

synthesized as membrane protrusions and are subsequently remodeled into disk structures 

(membrane evagination model) (Steinberg, 1980; Wrigely, 2000). This model has been 

challenged by studies from mice (Chuang, 2007). The authors proposed that disk synthesis 

occurs by fusion between vesicles and developing disks (vesicular targeting model).  One 

plausible explanation for such inconsistency is that mammalian and non-mammalian rods 

may employ different disk synthesis mechanisms (Sung, 2010). This is supported by multiple 

studies revealing differences in OS ultrastructure across vertebrates (Cohen, 1965; 1960; 

Frederick, 1973; Papermaster, 1982).   



 38 

To gain clues about the function of pcdh-21 in disk synthesis across species, it is 

necessary to determine its subcellular localization. Our current knowledge of pcdh-21 

localization is limited and is based on mice that have small OS, low number of cones and 

relatively slow disk renewal rate.  

We evaluated and compared pcdh-21 localization across species and in transfected 

cells with immunofluorescence microscopy. Using X.laevis with OS diameter five times 

larger than mice and twice as high a disk synthesis rate as mice (Kinney, 1977), we studied 

pcdh-21 abundance in nascent rod disks during disk synthesis. We also examined pcdh-21 

cleavage across species using western blot.  

 

2.2 Materials and methods 

2.2.1 Generation of pcdh-21 polyclonal antibody  

Peptides containing sequences from the N-terminus (CYGENGPQNRFELTMYEH; 

amino acid 358-374) and C-terminus (CQEMESGPKNENRNN; amino acid 776-789) of 

X.laevis pcdh-21were fused to either KLH or THY. Immuogens were used to immunize 

rabbits and their antisera were collected. Procedures were carried out by Yenzym Antibodies 

(South San Francisco, California). 

 

2.2.2 Peptide competition assays on Western blots and immunohistochemistry 

Lyophilized peptides were resuspended to 100mg/ml in DMSO and were incubated in 

50℃ hot water bath for 3mins. The mixture was vortexed and mixed by inversion at RT for 

1hr. Prior to immunolabeling for immunohistochemistry, peptides (100X) were incubated 

with antibodies and mixed by inversion at RT for 1hr.  For immunostaining of western blots, 
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a mixture containing antibodies and peptides were incubated and mixed by inversion 

overnight at 4ºC. prior to application to the western blot membrane.  

 

2.2.3 Preparation of frozen retinal sections from multiple species 

X.laevis and X.tropicalis: Tadpoles were fixed in 4% paraformaldehyde in 0.1M NaPO4 pH 

7.4 at 4℃ for 1-3 days.  Eyes were dissected and cryoprotected with 20% sucrose in 0.1M 

NaPO4 pH 7.4 for 2-3 hours. Eyes were embedded in OCT (TissueTek, Torrance, CA) and 

12μm sections were cut.  

Zebrafish: Heads of adult zebrafish were fixed in 4% paraformaldehyde in 0.1M NaPO4 pH 

7.4 at 4℃ overnight. Eyes were dissected, processed and sectioned using a protocol identical 

to that used on X.laevis eyes.   

Mouse: Eyes were obtained from C57BL mice (P22) and were fixed in 4% 

paraformaldehyde in 0.1M NaPO4 pH 7.4 for 1hr. After the removal of the corneae and 

lenses, eyes were fixed for another hour and were gradually infiltrated with increasing 

concentrations of sucrose (5%, 10%, 15%, 20% in 0.1M NaPO4 pH 7.4; 10mins at each 

concentration). Eyes were then embedded in OCT and 12-16μm sections were obtained.  

Pig:   Eyes were shipped on ice from a nearby slaughterhouse and were kept at 4℃ until 

dissection. Sections of the eye were sliced off with a razor blade. Tissues were processed and 

sectioned using a protocol identical to that used on mouse eyecups.   

Human Donor eyes with their corneaes removed were obtained from UBC Eye Bank 

(Vancouver, BC, Canada). Eyes were fixed in 4% paraformaldehyde in 0.1M NaPO4 pH 7.4 

for 3 days at 4℃. After the removal of the lenses and ciliary bodies, several incisions were 

made to flatten the eye and pieces of tissue were obtained using an 8mm trephine. Punched 
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tissues were gradually infiltrated with increasing sucrose concentration (5%, 10%, 15%, 20% 

in 0.1M NaPO4 pH 7.4; 5-10mins at each concentration). In another protocol, prior to 

dissection, eyes were immersed in 10% sucrose in 0.1M NaPO4 pH 7.4 (overnight at 4℃) 

and were transferred to 30% sucrose in 0.1M NaPO4 pH 7.4 (overnight at 4℃). After 

punches of tissues were collected, they were further cryoprotected in 30% sucrose in 0.1M 

NaPO4 pH 7.4 for 1 hr.  Tissues were embedded in OCT and 20μm sections were obtained.  

 

2.2.4 Immmunofluorescence labeling of frozen retinal sections  

Cryosections were blocked and permeabilized in PBS containing 1% goat serum and 

0.1% Triton X-100. Sections were immunolabeled overnight with primary antibodies diluted 

in PBS containing 0.1%  goat serum and 0.1% Triton X-100. Antibodies used were as 

followed: anti-N pcdh-21 (1:10000), anti-acetylated tubulin (1:250; Sigma-Aldrich, St. Louis, 

MO), anti-peripherin 5A11 (1:10; a gift from R.S. Molday, UBC), anti-rhodopsin blgn (1:10; 

gift of W. C. Smith, University of Florida), anti-cone arrestin 7G6 (1:100; gift from Peter 

Mcleish, Morehouse School of Medicine) and anti-N-prom-1 (1:150; gift from Zhou Han, 

University of Connecticut). Sections were washed with PBS and labeled with Cy3- (anti-

mouse 1:750; anti-rabbit 1:1000; Jackson Immunoresearch, West Grove, PA), Cy5- (anti-

mouse 1:500; anti-rabbit 1:500; Jackson Immunoresearch, West Grove, PA) or Alexa488-

conjugated secondary antibodies (anti-mouse 1:500; anti-rabbit 1:100; Molecular Probes, 

Eugene, OR). Some sections were also counterstained with Alexa488 (1:100) or Alexa555-

conjugated wheat germ agglutinin (1:1000; Molecular Probes, Eugene, OR), Alex546-

conjugated phalloidin (1:40; Molecular Probes, Eugene, OR) and Hoechst 33342 (1:1000; 

Sigma-Aldrich, St. Louis, MO). Sections were imaged using a Zeiss (Oberkochen, Germany) 
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510 laser scanning confocal microscope equipped with a 10X numerical aperture (N.A.) 0.3 

objective and a 40X N.A. 1.2 water immersion objective.  Images in z-series were spaced 

1µm apart. Z-series projections were constructed using Zeiss LSM5 software. Figures were 

assembled using Adobe Photoshop (Adobe Systems, San Jose, CA). Gamma was freely 

adjusted in images of wheat germ agglutinin (to improve image detail), but was not adjusted 

in images of antibody labeling (to maintain linearity of signal).  

 

2.2.5  Expression and purification of mouse and X.laevis pcdh-21 from COS-7 cells  

Plasmids used for transfection were generated by subcloning eGFP, mpcdh-21, 

xpcdh-21 and human rhodopsin cDNA into the EcoR1 and Not1 site of the pMT3 vector 

(Oprian,1987). COS-7 cells were plated onto 60mm and 10cm culture vessels and maintained 

in Dulbecco’s modified Eagle’s medium with 10% (v/v) fetal calf serum. 24µg of pMT3 

mpcdh-21 and pMT3 xpcdh-21 plasmids were transfected in 10cm culture dishes; whereas 

8µg of pMT3 GFP were transfected in 60mm cultured dishes. All transfections were 

performed using lipofectamine 2000, according to the manufacturer’s instructions (Invitrogen, 

Carlsbad, CA) and harvested 40-42hrs after transfection. Lysates from cells expressing 

xpcdh-21 and mpcdh-21 were solubilized in 500µl of buffer (PBS, 1% Triton X-100, 2mM 

EDTA, 1mM PMSF), whereas lysates from cells expressing GFP were solubilized in ~170µl 

of buffer.  Lysates were vortexed and centrifuged for 5mins to pellet insoluble materials. 

Supernatants were transferred to separate microcentrifuge tubes and equal volumes of 2X 

loading buffer containing 8% β-mercaptoethanol were added. For localization studies, cells 

were plated on 8-well cell culture slides and were transfected with 2µg of DNA. All plasmids 

were transfected using lipofectamine 2000 and fixed 40-48hrs post-transfection. 
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2.2.6 Immunofluorescence labeling of COS-7 cells 

After the removal of media, cells were washed with PBS and fixed in 4% 

paraformaldehyde in 0.1M NaPO4 pH 7.4 for 30mins. To terminate fixation, fix was 

removed and cells were rinsed with PBS, followed by incubation with primary antibodies for 

1hr. Antibodies were prepared in buffer containing PBS, 0.1% goat serum and 0.1% TritonX-

100. Identical buffer, excluding Triton X-100, were used to dilute antibodies for labeling of 

non-permeabilized cells. The following primary antibodies were used: anti-N rhodopsin 

(B630N) (1:20; cell line was a gift from W. C. Smith, University of Florida), anti-C 

rhodopsin (1D4) (1:1000; Calbiochem), anti-N pcdh-21 (1:10000), anti-KDEL (1:80; 

Stressgen Biotechnologies, Victoria, BC, Canada) and anti-calnexin (1:100; Stressgen 

Biotechnologies, Victoria, BC, Canada). Sections were washed with PBS and labeled with 

Cy3- (anti-mouse 1:750; anti-rabbit 1:1000; Jackson Immunoresearch, West Grove, PA) or 

Alexa488-conjugated secondary antibodies (1: 100; Molecular Probes, Eugene, OR). Some 

sections were also counterstained with Alexa488-conjugated wheat germ agglutinin (1:100; 

Molecular Probes, Eugene, OR), and Hoechst 33342 (1mg/ml; Sigma-Aldrich, St. Louis, 

MO). Sections were imaged as previously described.  

 

2.2.7 Retinal extracts from multiple species  

Eight X. laevis tadpole retinas were solubilized in 80ul of solubilization buffer (PBS, 

2.5% SDS, 5mM Tris pH 6.8, 20% sucrose, bromophenol blue, 2mM EDTA, 1mM PMSF, 

4% β-mercaptoethanol) and homogenized using a motorized plastic pestle. Retinas from ten 

adult zebrafish, pig and human were solubilized and homogenized in 100μl of buffer 
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(150mM NaCl, 50mM Tris pH 7.5, 1% Triton X-100, 1mM EDTA, protease inhibitor 

cocktail (Sigma Aldrich). Mouse retina (C57BL, P25) was solubilized and homogenized in 

80µl of buffer. After incubation on ice for 5mins, lysates were centrifuged to remove the 

nuclear fraction and other insoluble material. Supernatants containing cytoplasmic and 

membrane proteins were transferred to a separate tube and equal volume of 2X loading 

buffer (2.5% SDS, 5mM Tris pH 6.8, 20% sucrose, 8% β-mercaptoethanol, bromophenol 

blue) were added.  

 

2.2.8 SDS page and western blotting  

14μl of protein samples were separated on 10% SDS-polyacrylamide gels (SDS-

PAGE) using the Laemmeli discontinuous buffer system. After electrophoresis, proteins were 

transferred to PVDF membrane using a Biorad wet transfer apparatus. Blots were blocked 

with 1% blocking buffer (skim milk and PBS) and probed with anti-N pcdh-21 (1:10000). 

Blots were then incubated with IRDye800-CW-conjugated anti-rabbit secondary antibodies 

(1: 10000; Rockland, Gilbertsville, PA) and analyzed on a LI-COR Odyssey imager (Li-Cor, 

Lincoln, NE). 

 

2.3 Results 

2.3.1 Characterization of anti-pcdh-21 antibodies and proteolytic cleavage of pcdh-21 

across species 

Two polyclonal antibodies were raised against the N- and C-termini of X.laevis pcdh-

21 (xpcdh-21). Peptides corresponding to sequences from the fourth extracellular cadherin 
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domain or the cytoplasmic domain were chemically linked to KLH or THY and used to 

immunize rabbits (Fig.2-1).   

Previous studies have demonstrated that mouse pcdh-21 (mpcdh-21) (100kDa) is 

cleaved, producing a soluble N-terminal fragment (75kDa) and a membrane associated C-

terminal fragment (25kDa) (Fig.1-12). Immunoblot analysis was used to determine whether 

this cleavage is present in retinas across species. COS-7 cells extracts expressing GFP, 

mpcdh-21 or xpcdh-21 served as controls.  

The anti-N-pcdh-21 antibody detected a single 90kDa band, likely representing the full 

length xpcdh-21, in X.laevis retinal lysate (Fig.2-2, top left, arrow). The band had a relative 

mobility slightly lower than that predicted by the xpcdh-21 sequence. In xpcdh-21 

transfected cell lysate, four bands were detected (150kDa, 100kDa, 90kDa and 60kDa). The 

two most intense bands appeared to be 100kDa and 90kDa. The 100kDa band, which was not 

present in X.laevis retinal lysate, is likely to represent alternatively glycosylated xpcdh-21. 

The faint, high molecular band (150kDa) may represent xpcdh-21 aggregates or xpcdh-21 

that is post-translationally modified or alternatively spliced. The 60kDa band may be 

degradation products or fragments result from cleavage at a site different from that predicted 

in mouse retinas (Rattner, 2004). Antibody incubated with the corresponding peptide did not 

detect the 90kDa band in X.laevis retinal lysate as well as the four bands in xpcdh-21 

transfected cell lysate (Fig.2-2, top right), demonstrating labeling specificity. 

Immunoblotting with the anti-C-pcdh-21 antibody detected 100kDa and 90kDa (Fig.2-2, 

bottom left, arrow) bands in xpcdh-21 transfected cell lysate, identical to those recognized by 

the anti-N-pcdh-21 antibody. The predicted 25kDa C-terminal fragments that would be 

produced via proteolytic cleavage were not detected, suggesting that xpcdh-21 was not 
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cleaved in transfected cells.  No band was detected in X.laevis retinal lysate, possibly due to 

low sensitivity of the antibody. The absence of labeling in mpcdh-21 transfected cell lysate 

implies that the anti-C-pcdh-21 antibody does not cross react with the mouse orthologue. 

Antibody specificity was demonstrated when antibody preincubated with peptide failed to 

detect any band in xpcdh-21 transfected cell lysate (Fig.2-2, bottom right). 

The antigenic sequence used to generate the anti-N-pcdh-21 antibody had a high degree 

of homology with other species. We tested the cross reactivity of this antibody with prcad-21 

in zebrafish and mammalian retinas, including mouse, pig and human. The antibody was not 

able to detect zebrafish pcdh-21, since the only observed band (120kDa) was not inhibited 

when probed with preincubated antibody (Fig.2-2, top left). In mpcdh-21 transfected cells, 

the antibody recognized two bands at 100kDa (Fig.2-3, top left, arrow) and 90kDa. The 

100kDa band likely represents the full length mpcdh-21. Its relative mobility is slightly lower 

than what was previously reported (Rattner, 2004). The 90kDa band was also observed in 

xpcdh-21 transfected cells that were not able to cleave xpcdh-21.  Therefore, it is unlikely 

that the 90kDa band represents the N-terminal cleaved fragment. Similarly, previous studies 

reported that cleavage was not detected in 293 cells expressing mpcdh-21 (Rattner, 2004).  

In mouse retinas, three bands with molecular masses of 100kDa, 90kDa and 80kDa 

were detected (Fig.2-3,left). However, only the highest molecular weight band (100kDa), 

was inhibited by preadsorption of antibody with peptide (Fig.2-3, right). This implies that our 

antibody might not be able to detect the cleaved N-terminal fragment and it might detect an 

unrelated protein at 80kDa. A 100kDa band was observed in pig and human retinas. However, 

this band was not inhibited with preadsorbed antibody in human retinas. A 150kDa band was 

detected in pig retina that was inhibited by preadsorbed peptide. This band was also detected 
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in control cells transfected with GFP, suggesting that the 150kDa detected in pig retina may 

not be pcdh-21. 

 

2.3.2 Distribution of pcdh-21 in X.laevis rods 

To determine pcdh-21 localization in X.laevis retinas, frozen sections were labeled with 

the anti-N- and anti-C-pcdh-21 antibodies. Both antibodies showed similar labeling patterns. 

The labeling intensity obtained with the anti-N-pcdh-21 antibody was stronger than that 

obtained with the anti-C-pcdh-21 antibody. This difference might be due to variation in 

antibody sensitivity (due to e.g. differences in affinity), as demonstrated by the results from 

western blots (Fig.2-2). Other potential causes might include limited accessibility of the 

intracellular epitope.  Since there was no evidence that xpcdh-21 is cleaved (unlike the 

mouse homolog, see section 2.3.1), we assumed that the same protein was detected with both 

antibodies. All subsequent immunolabeling studies were therefore performed using the anti-

N-pcdh-21 antibody, unless stated otherwise.  

In X.laevis rods, pcdh-21 labeling was most intense in the RIS and ROS plasma 

membrane (Fig.2-4A, arrows).  It labeled the base of the ROS as a faint, thin band in some, 

but all not rods (Fig.2-4A, arrowhead). A Z-series projection indicated that low levels of 

pcdh-21 were present in the ROS, exhibiting a striated labeling pattern (Fig.2-4B, arrows). 

To determine whether these structures represent labeling of incisures (invaginations of disk 

rims, Fig.1-2B), transverse sections were doubled labeled with antibody against peripherin-2 

(5A11) in the incisures. (Fig.2-5A). Peripherin-2 was localized to the interior of the ROS, 

where pcdh-21 was absent, , indicating that the striated pattern noted in Fig. 2-4B is not due 

to incisure labeling. 
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In some cross sections of ROS, pcdh-21 antibody did not label the circumference of the 

ROS continuously with uniform intensity (Fig.2-5A), as one would expect for a plasma 

membrane protein. Instead, it labeled the circumference of the ROS in a punctate manner. 

This led to the speculation that pcdh-21 is localized to the calycal process or the spaces in 

between them (Fig.1-2B). Calycal processes contain actin filaments and can be identified by 

staining with phalloidin.  Phalloidin labeling appeared as dots that were uniformly spaced 

around the base of the ROS (Fig.2-5B, arrows). Pcdh-21 was not localized exclusively at the 

calycal processes, nor was it found exclusively in the spaces between them. Pcdh-21 labeled 

the ROS in a pattern suggestive of plasma membrane labeling (Fig.2-5B, arrows).  

The faint, thin band labeling the base of ROS reflects pcdh-21 expression in a few 

nascent disks (Fig.2-4A, arrowhead).  In a minority of rods, stacks of disks were labeled 

throughout the disk surface, showing a thick band labeling pattern. Most bands extended 

from the base (Fig.2-4C) or tip of the ROS (Fig.2-4D) and their thickness ranged from 2-

18μm. This suggests that in a small number of rods, all disks synthesized for a period of 

some days expressed high levels of pcdh-21. However, on average, only ~1% of the rods 

exhibited this type of labeling, although this number varied significantly between animals. In 

transverse sections, in which epitopes are exposed to the disk surfaces and are equally 

accessible to antibody labeling, only a minority of rods were labeled in the disk surfaces 

(Fig.2-5C), similar to what we observed in labeling of longitudinal sections. Furthermore, 

labeling longitudinal sections with anti-C pcdh-21 antibody specific to the intracellular 

epitope produced identical labeling pattern. These results eliminated the possibility that the 

thick band labeling is an artifact caused by increased antibody accessibility in damaged OS 

(i.e. rods bisected by sectioning).  
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 Our results showed that in X.laevis, pcdh-21 is localized to multiple regions of the 

ROS and is in distinct contrast with those previously reported in mice, where it is 

concentrated at the base of the ROS (Rattner, 2001). 

 

2.3.3 Distribution of pcdh-21 in X.laevis cones  

 Similar to our findings in rods, we observed that the base of the COS (Fig.2-6A, 

arrowhead) and CIS plasma membrane (Fig.2-6A, arrows) were labeled. Compared to 

adjacent rods, pcdh-21 labeling in cones was more intense, suggesting that pcdh-21 may be 

expressed at higher levels in cones than rods (Fig.2-6A).   

A 3D reconstruction of serial optical sections demonstrated that pcdh-21 was 

localized exclusively at the COS rims (Fig.2-6B). Notably, pcdh-21 did not completely 

circumscribe the COS and exhibited a C-shaped labeling pattern (Fig.2-6B, arrows). Double-

labeling with anti-acetylated-tubulin antibody, specific for the axoneme, showed that pcdh-21 

was not localized to the rims adjacent to the axoneme. This suggests that pcdh-21 is only 

localized to the open rims of COS. The apparent labeling of disk surfaces in some cones 

(indicated in longitudinal sections (Fig.2-6A)) likely represent tangential imaging of the COS 

surface. 

Occasionally, we observed bright spots of pcdh-21 labeling at the periphery of basal 

COS (Fig.2-6A, arrows). To confirm whether these spots were at the connecting cilium, a 

passage for exporting OS proteins synthesized in the IS (Fig.1-2A), transverse sections were 

double labeled with anti-acetylated tubulin antibody, a connecting cilium marker (Fig.2-6B). 

These spots of pcdh-21 colocalized with anti-acetylated tubulin labeling (Fig.2-6B, arrows), 

indicating that pcdh-21 was abundant at the connecting cilium. A timecourse analysis 
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(discussed more extensively in section 2.3.5), showed that pcdh-21 expression in cones was 

constant throughout the day (Fig.2-8B). We therefore speculated that these spots represent 

delivery of newly synthesized pcdh-21 to the COS, providing a continuous supply of pcdh-21.  

Immunofluorescence studies of mouse cones showed that pcdh-21 is localized 

exclusively at the base of the OS (Rattner, 2001). This contrasts dramatically with our 

findings in X.laevis, where in addition to the basal COS, we observed pcdh-21 is also 

localized to open COS disk rims and CIS plasma membrane. 

 

2.3.4 Peptide competition assays for testing antibody specificities  

To verify labeling specificities, the anti-N- and anti-C-pcdh-21 antibodies were pre-

incubated with their respective immunogenic peptides prior to immunolabeling (Fig.2-7). In 

the blocked sections, pcdh-21 labeling at the rod plasma membrane (Fig.2-7B, arrows; Fig.2-

7D) and base of the ROS (Fig.2-7B, arrowheads; Fig.2-7D) were abolished. In sections 

labeled with the anti-N-pcdh-21 antibody, immunoreactivity was detected in the COS, 

although the intensity was substantially weaker (Fig.2-7B, asterisks). It is possible that pcdh-

21 in tCOS is expressed at such high levels that more concentrated peptide would be required 

to completely inhibit the signal.  

 

2.3.5 Variation in pcdh-21 labeling intensity in X.laevis retinas during disk synthesis 

Pcdh-21 is thought to regulate disk synthesis in mice (Rattner, 2001; Rattner, 2004).  

We therefore hypothesized that pcdh-21 abundance in nascent disks might increase with disk 

synthesis rate, or alternatively, that pcdh-21 abundance at the base of the OS might increase 

with increased abundance of nascent disks.  We sought to verify this hyothesis using X.laeivs, 
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an amenable model for correlating protein expression and disk synthesis. In X.laevis rods, 

disk synthesis is stimulated upon light exposure and the synthesis rate varies in different 

phases of a standard light cycle (Besharse, 1977).  

X.laevis tadpoles raised in diurnal cycles (12hrs light: 12hrs dark) were collected at five 

different timepoints when disk synthesis rate has been previously described as varying most 

dramatically (Fig.2-8A, red arrows) (Besharse, 1977). We imaged the entire retina and 

measured the number of rods with thin basal band labeling (Fig.2-8B). We frequently 

observed bands that only labeled 10-20% of the ROS width (Fig.2-8, C and D). To determine 

whether this is an artifact due to imaging of an oblique section or surface of the ROS, the 

entire depth of the ROS was imaged with serial optical sections. These “partial bands” did 

not always become bands that spanned the entire width of the ROS. For consistency of our 

analysis, only bands that spanned at least 90% of the ROS were measured.  

Our results suggested that pcdh-21 abundance at the basal ROS did not correlate with 

phase of light cycle, and consequently, with disk synthesis rate. First, we observed thin bands 

spanning the base of the ROS in retinas collected at 1am when almost no disks are 

synthesized (Fig.2-6B, arrows) (Besharse, 1977). Second, within a single retina, less than 

half of the rods were labeled at the basal ROS. It has been reported that younger cells at the 

peripheral retina have higher ROS renewal rate than more mature cells at the central retina 

(Kinney, 1978). However, rods that were labeled at the basal ROS were not found in greater 

numbers in the peripheral than central retina. Lastly, although the animals were raised under 

the same lighting condition, there was substantial variation between retinas collected at the 

same time, in terms of the width of the band and the number of ROS with thin basal band. In 

contrast to the variable labeling seen at the basal ROS, the ROS plasma membrane was 
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always uniformly labeled in all rods. In addition, pcdh-21 labeling in cones was uniform, 

with no obvious variation between day and night.   

In summary, we did not observe any time-dependent variations in any pcdh-21 labeled 

ROS and COS structures, including the labeling intensity, band width and number of ROS 

with thin basal band. 

 

2.3.6 Distribution of pcdh-21 in non-mammalian retinas 

 Pcdh-21 distribution in X.laevis retinas differs from that reported in mice, in which 

pcdh-21 is exclusively at the base of the OS (Rattner, 2001). We thus set out to determine if 

localization to other regions of the OS is unique to non-mammalian retinas. Immunolabeling 

of X.tropicalis and zebrafish retinal sections with anti-N-pcdh-21 antibody showed that pcdh-

21 localization was similar between X.tropicalis and X.laevis retinas. It was localized to the 

base of the ROS (Fig.2-9A, arrows) and rod plasma membrane (Fig.2-9A, arrowheads). In 

cones, pcdh-21 was localized to the disk rims (Fig.2-9B, arrowheads) and base of the COS 

(Fig. 2-9B, arrows). In adult zebrafish that have cone-dominant retinas, pcdh-21 was only 

detected in cones, where it was similarly present at the disk rims (Fig.2-9C, arrowheads) and 

base of the COS (Fig.2-9C, arrows). In conclusion, the distribution of pcdh-21 we observed 

in X. laevis retina is not unique to this species.  In non-mammalian PR, pcdh-21 localization 

is not restricted to the base of the OS, but is also localized to the rod plasma membrane and 

cone disk rims. Differential localization in the two membrane domains of rods and cones is 

distinctive and has not been reported for any other OS protein.  
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2.3.7 Distribution of pcdh-21 in mammalian retinas 

 Our result of pcdh-21 localization in non-mammalian retinas is different from 

previous reports. Three possibilities may give rise to these differences. First, the epitopes 

used to generate the antibodies were different, and therefore the antibodies may have 

different sensitivities. Second, different procedures were employed for sample preparation 

that may alter antigenicity.  Third, mice may have a pcdh-21 distribution that differs from 

fish and frog species. To rule out these possibilities, mouse retinal sections were labeled with 

antibodies used in previous studies in mice (Rattner, 2001; 2004). These antibodies 

recognized epitopes in the cytosolic C-terminus and first N-terminal cadherin domain of 

mouse pcdh-21. Immunolabeling was performed in parallel with antibody against the fourth 

cadherin domain of X.laevis pcdh-21, which cross reacts with the mouse homolog as 

demonstrated in immunoblot (Fig.2-3). For direct comparison, images were obtained using 

identical settings. Labeling with three different antibodies showed that in mice, pcdh-21 was 

most concentrated at the base of the OS (Fig.2-10). The intensity used to scan the sections 

labeled with the mouse specific antibody was too high for imaging the sections labeled with 

xpcdh-21 antibody. Signal at the base of the OS was saturated and background was observed 

in the IS (Fig.2-10C). When the same section was scanned at a lower intensity (Fig.2-11A), 

the image showed a similar signal to noise ratio as Fig.2-10A and B, suggesting that the 

antibody raised against xpcdh-21 is likely more sensitive. Antibody labeling was specific 

since signal at the base of the OS was abolished when antibody was preincubated with 

respective peptide (Fig.2-11B).  

 Thus, three antibodies generated against three different epitopes produced similar 

labeling patterns in mice, suggesting that exclusive pcdh-21 localization at the base of the OS 
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is not an artifact, and likely represents a distribution of pcdh-21 unique to mouse or to 

mammalian retinas. To verify this, we labeled pig retinal sections with the anti-N-pcdh-21 

antibody raised against xpcdh-21. As observed in mouse retinas, pcdh-21 was greatly 

enriched at the base of the OS (Fig.2-12, arrowheads). In addition, weak immunoreactivity 

was detected in the apical OS (Fig.2-12; A,C, arrows). Due to the relatively small sizes of the 

PR, it is uncertain whether this labeling represents the plasma membrane or other structures 

of the apical OS.  

 In both mouse and pig retinal sections, we found that anti-pcdh-21 antibody also 

labeled one side of the basal OS (Fig.2-12; B,D, arrows). This labeling pattern was only 

observed occasionally in cells that were positioned closer to the outer nuclear layer, where 

cells were less densely packed, allowing us to more clearly visualize the basal OS. 

Ultrastructural analysis of mouse rods has reported that pcdh-21 was concentrated at the rims 

opposite to the axoneme (Rattner, 2001). To determine whether our observation at the light 

microscopic level agrees with ultrastructural results, we doubled labeled mouse sections with 

anti-acetylated tubulin antibody. We found that in some cells, pcdh-21 is localized to the 

axonemal side of the OS (Fig.2-13B, arrows), which contradicts this previous report. 

However, due to the thin diameter of the OS, we could not conclude its precise localization in 

some cells (Fig.2-13B, arrowhead).
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2.3.8 Distribution of pcdh-21 in human photoreceptors 

To examine pcdh-21 distribution in human rods, human retinal sections were labeled 

with anti-N-pcdh-21 antibody. Pcdh-21 was localized as a thin line spanning the base of the 

OS (Fig.2-14A, arrowhead). Occasionally, pcdh-21 was also localized to one side of the 

basal OS, in a pattern which extended from the base to ~30% of the length of the OS. In a 

minority of rods, pcdh-21 labeling was observed along almost the entire OS.  In these cells, 

pcdh-21 labeling was more abundant at the basal ROS and was distributed along the distal 

ROS in discrete puncta (Fig.2-14B, arrows). In Fig.2-14B, the puncta labeled with anti-N-

pcdh-21 antibody appeared to align with a subtle banding pattern of wheat germ agglutinin 

(WGA), which detects glycoproteins in the OS. This labeling pattern may reflect the 

periodicity of disk synthesis (Kaplan, 1982), suggesting that there may be a correlation 

between disk synthesis and pcdh-21 expression, although we failed to describe any such 

association in our timecourse analysis of X.laevis rods.  

Double-labeling with anti-acetylated-tubulin antibody showed that pcdh-21 was 

localized adjacent to the axoneme, where disk synthesis begins (Fig.2-14C, arrows). Due to 

the resolution limit of light microscopy, we could not determine whether pcdh-21 is localized 

to the disk rims or plasma membrane of human rods. We speculate that pcdh-21 is likely to 

localize to the plasma membrane as observed in X.laevis rods. Labeling specificity was 

verified with antibody preadsorbed with their respective peptides (Fig.2-15). 

In human cones (identified by anti-cone arrestin antibody) pcdh-21 was exclusively 

found at the base of the OS (Fig.2-14D arrows). In contrast to X.laveis cones, we did not 

observe labeling in the disk rims. Previous ultrastructural studies have reported that humans 

cones consists of mostly closed disk rims that are not accessible to the extracellular matrix 
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except at the basal third of the OS, whereas X.laevis cones have open disks throughout the 

OS. We therefore speculate that this difference in pcdh-2 distribution may be related to the 

different distribution of open disks in cones of the two species.  

In conclusion, similar to non-mammalian and other mammalian species, pcdh-21 in 

human rods was localized to the basal ROS. However, its localization at the distal ROS 

adjacent to the axoneme was not observed in other mammalian species and may be unique to 

humans or primates.  

 

2.3.9 Localization of pcdh-21 in COS-7 cells 

Immunofluorescence of X.laevis retinal sections indicated that pcdh-21 is localized to 

the ROS plasma membrane. However, such localization is unclear in mice due to the thin 

diameter of their ROS. We therefore investigated pcdh-21 localization in COS-7 cells 

expressing either mpcdh-21 or xpcdh-21. We also compared their localization with rhodopsin 

that is distributed to the plasma membrane and disk surfaces of rods, and the plasma 

membrane of COS-7 cells. Pcdh-21 and rhodopsin were detected with antibodies against 

their extracellular (anti-N-pcdh-21, anti-rhodopsin B630N) or intracellular region (anti-

rhodopsin 1D4), in the presence or absence of permeabilizing agent (TX-100).  Cells were 

doubled labeled with WGA, which labels glycoproteins in the plasma membrane and 

therefore serves as a cell surface marker.  

 In permeabilized cells expressing rhodopsin (Fig.2-16; A,C), xpcdh-21 (Fig.2-16E) or 

mpcdh-21 (Fig.2-16G), the majority of the labeling was intracellular. Double labeling using 

ER markers, KDEL or calnexin, demonstrated that most of the rhodopsin (Fig.2-17A) and 

pcdh-21 (Fig.2-17; B,C) were localized to the ER, likely representing newly synthesized 
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proteins, or proteins prevented from ER exit due to quality control mechanisms. Due to their 

high expression in the cell body, it is difficult to conclude whether pcdh-21 and rhodopsin 

colocalized with WGA label in the plasma membrane. In a minority of cells, labeling in the 

cell processes (Fig.2-16; A,C,E,G arrows) was clearly evident.   

 In the absence of permeabilizing agent, ER labeling was reduced dramatically, 

enabling detection of proteins at the plasma membrane (Fig.2-16; B,D,F,H). Compared to 

cells expressing rhodopsin (Fig.2-16; B,D), labeling of xpcdh-21 (Fig.2-16F) and mpcdh-21 

(Fig.2-16H) at the cell surface was weak. These results suggested that pcdh-21 was not 

efficiently transported to the plasma membrane. Cells expressing rhodopsin labeled with 

antibody against the intracellular epitope (1D4) also showed weak labeling at the cell surface 

(Fig.2-16D), indicating that a small degree of permeabilization occurred in the absence of 

detergent. 

 Double labeling using an ER marker and anti-N-pcdh-21 antibody showed different 

labeling patterns of xpcdh-21 (Fig. 2-18C) and mpcdh-21 (Fig. 2-18D) in the ER. Rhodopsin 

(Fig. 2-18B) and xpcdh-21 (Fig. 2-18C) were distributed diffusely in the ER. These cells had 

normal ER morphologies, in a pattern that is also typical of ER labeling of non-transfected 

cells (Fig. 2-18A). In contrast, mcpdh-21 was retained in the ER in a reticular manner and 

these cells had unusual ER morphologies (Fig. 2-18D). Similar localization and abnormal ER 

structures were observed in transgenic X.laevis overexpressing mpcdh-21 (Section 3.3.2, Fig. 

3-5B, arrows). These results suggest that mpcdh-21 disrupted ER structures, and possibly 

induced ER stress.  
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2.4 Discussion 

2.4.1  Differential pcdh-21 localization in rods and cones of the same species  

 We found that pcdh-21 localization is different in rods and cones of the same species 

(Fig.2-17). This was most evident in X.laevis and human retinas. In X.laevis rods, pcdh-21 

labeling was most intense in the IS and OS plasma membrane, whereas in X.laevis cones, it 

labeled the open rims of cone disks. In human rods, it labeled the base and possibly the disk 

rims of OS, whereas in human cones, pcdh-21 was localized exclusively at the base of the OS.  

It is an unusual observation that this OS protein has different localizations in the two types of 

PR. The major OS proteins that have been identified so far have similar localizations in both 

rods and cones. For example, peripherin-2, rom-1 and ATP-binding cassette transporter 

(ABCA-4) are all found at the rims of mature rod disks as well as at the rims of cone disks 

(Arikawa, 1992; Moritz, 1996; Papermaster, 1982). To date, the only OS protein that shows 

similar differential localization is prom-1 (Han, 2012). In X.laevis retinas, prom-1 and pcdh-

21 shows overlapping localization pattern at the base of the OS and cone disk rims (Han, 

2012). Since the two proteins interact in mouse PR (Yang, 2008), it is likely that they also 

interact in X.laevis PR, leading to overlapping localization pattern.  

As mentioned above, in contrast to most major OS proteins, which have similar 

localizations in both rods and cones, we observed that in X.laevis, pcdh-21 is differentially 

localized to the ROS plasma membrane and the open rims of COS opposite to the axoneme. 

This begs the question as to how pcdh-21 can be targeted to these distinct membrane 

domains. We propose that the non-axonemal side of COS rims may be analogous to ROS 

plasma membrane. It is not surprising that COS and ROS may share similar membrane 

domains since rods and cones shared a common ancestor (Lamb, 2007). After the divergence, 
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ROS developed a plasma membrane that was absent in COS. To verify this hypothesis of 

“membrane domain homology”, it may be interesting to determine whether cone homologs 

of other ROS plasma membrane proteins (eg. CNGC, Na
+
Ca

2+ 
exchanger) are localized to the 

non-axonemal side of COS rims. 

 

2.4.2 Pcdh-21 may be involved in maintaining open disk structure in X.laevis 

Differential localization of pcdh-21 in X.laevis rods and cones may be related to 

ultrastructural differences between these cell types. One notable difference is the distribution 

of open disks along the OS, which appears to correlate with pcdh-21 expression level. We 

found that pcdh-21 expression is greatest in cones that are composed entirely of open disks.  

Pcdh-21 localization also correlates with the distribution of open disks. It is restricted to the 

open rims of cone disks and open basal rod disks (Fig.2-19).  

In X.laevis retinas, pcdh-21 localization is in direct contrast to that of prph-2, which is 

localized to the closed rims of COS and ROS (Arikawa, 1992). Based on in vitro studies, 

prph-2 has been hypothesized to form closed rims by promoting fusion of adjacent disk 

membranes (Arikawa, 1992; Boesze-battaglia, 1997). Because of the contrasting 

localizations of pcdh-21 and prph-2 in both rods and cones, the two proteins may play 

opposing roles in disk synthesis. We therefore speculate that pcdh-21 may maintain the open 

disk structure by preventing membrane fusion.  It has also been suggested that the prph-2 

dimerization and oligomerization is responsible for adhering adjacent disk membranes, 

thereby forming disk rims that are closer together compared to those of open disks (Wrigley, 

2000; Fetter & Corless, 1987). If pcdh-21 function is opposite to prph-2, pcdh-21 may be 

involved in maintaining the spaces between open disk membranes. Microsome studies have 
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demonstrated that expression of prph-2 is sufficient to induce membrane morphology 

characteristics of OS (Wrigely, 2000).  It may be of interest to express pcdh-21 in vesicles 

and contrast changes in their membrane structure with those induced by prph-2 insertion.  

Prom-1 is another protein that is thought to maintain open disk structure. Similar to 

pcdh-21, prom-1 and prph-2 reside in mutually exclusive domains in X.laevis cones (Han, 

2012). If pcdh-21 and prom-1 form a complex in maintaining open disk structure, it provides 

a molecular explanation as to the origin of structural differences between rods and cones, a 

question that has been of great interest of PR cell biologists for years.  

To address whether pcdh-21 is involved in maintaining open disks in other species, one 

can compare pcdh-21 localization in the COS of other species. Unlike X.laevis that have open 

disks along the COS, only the basal third disks and some of the distal disks of squirrel and 

mouse COS are open (Anderson, 1978). If this open disk distribution is similarly observed in 

humans, it may explain why pcdh-21 is only observed exclusively at the base of COS. These 

results may have implication in understanding whether open disks are present at the base of 

human ROS, where pcdh-21 labeled the width of basal ROS as a thin line. Interestingly, in 

human rods, pcdh-21 was also localized to the axonemal side where open disk rims are 

absent. Therefore, the axonemal localization of pcdh-21 is unlikely to be related to open 

disks.   

 

2.4.3 Conserved localization of pcdh-21 in basal OS support its role in disk synthesis  

In all species examined, pcdh-21 is localized to the nascent disks at the base of ROS 

and COS, suggesting that its role in disk synthesis is conserved. In mice, compared to other 

proteins that are essential for normal OS morphology, pcdh-21 is expressed earlier during 
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development when rods begin to differentiate (Rattner, 2001; Cook, 1989; Bascom, 1992; 

Liu, 2002). Moreover, pcdh-21 expression is restricted to the developing OS (Rattner, 2004). 

Previous studies hypothesized that disk synthesis occurring at the base of adult OS is 

equivalent to that which occurs in developing photoreceptors (Nilsson, 1964; Sung & 

Chuang, 2010). Examining the expression pattern of pcdh-21 in developing retinas of other 

species may be useful to confirm the role of pcdh-21 in disk synthesis. 

 If pcdh-21 regulates disk synthesis in all species, the results of this study 

demonstrating differential pcdh-21 localization in mammalian and non-mammalian species 

supports the hypothesis that the mechanisms of disk synthesis are not evolutionarily 

conserved (Sung, 2010). Two contradicting models of disk synthesis have been proposed by 

Steinberg (1980) and Chuang (2007). The evidence that gave rise to the Steinberg model is 

based on the presence of open disks at the base of the ROS, which have been interpreted as 

outfolding of the plasma membrane (Steinberg, 1980). In general, studies that support the 

presence of open disks were performed in frogs, however, these open disks were not 

observed in mice (Obata and Usukura, 1992; Chuang, 2007). In biochemical studies that test 

whether an extracellular dye is incorporated into ROS after the open disks are sealed off, 

inconsistent results have been reported in amphibians and mammalian retinas (Matsumoto 

and Besharse, 1985; Laties, 1976). Ultrastructual localization of pcdh-21 at the basal ROS of 

different species using electron microscopy or sub-resolution light microscopy will allow us 

to examine subtle differences in pcdh-21 distribution and correlate pcdh-21 localization with 

the distribution of open disk in these species. 

 Pcdh-21 labeling pattern in human rods may reflect the process of disk synthesis. At 

the most basal part of the ROS where the most nascent disks were found, pcdh-21 labeling 
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was most intense. Pcdh-21 was also localized to the axonemal side of the ROS, where disk 

synthesis is initiated (Steinberg, 1980). In the distal ROS where mature disks were found, 

weak and punctate labeling was detected. The puncta may result from disk remodeling during 

disk maturation. It is possible that in this process, pcdh-21 is degraded once it has completed 

its role in disk synthesis. Alternatively, pcdh-21 may be displaced by insertion of other OS 

structural proteins, such as prph-2. It is worth noting that the punctate labeling of pcdh-21 

appeared to align with bands of WGA labeling with similar variations in intensity, which 

have been hypothesized to be related to altering periods of disk synthesis. 

 

2.4.4 Pcdh-21 likely performs species- and cell type-specific structural roles 

Pcdh-21 is differentially localized to other regions of ROS and COS across species, 

including disk rims, plasma membrane and structures adjacent to the axoneme, suggesting 

species and cell type specific structural roles. For example, we speculate that pcdh-21 is 

involved in maintaining open disk structures in X.laevis cones, as described in section 2.4.2.  

Given that OS ultrastructure varies between species, pcdh-21 may be a component that 

is important for achieving the structural diversity between photoreceptors. Pcdh-21 is 

detected in distal regions of X.laevis and human ROS, but not mouse and pig ROS. At the 

ultrastructural level, human and X.laevis rods are similar that they both have multiple, deep 

incisures that surround the ROS, whereas mouse rods have a single, shallow incisure near the 

axoneme. In addition, mouse rods do not have distinct calycal process surrounding the basal 

ROS, as observed in X.laevis and higher primates (Cohen, 1960; Cohen, 1965). 

Our data show that pcdh-21 localization in basal ROS is reversed in human and mouse. 

We found that in human, pcdh-21 is localized to disk rims near the axoneme, whereas 
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previous studies in mouse rods showed that pcdh-21 is concentrated to the rims opposite to 

the axoneme (Rattner, 2001). We speculate that the more intense labeling at the basal ROS in 

humans may be a result of its distinct disk ultrastructure. In rods of higher primates, at the 

basal ROS, one side of the disks seems to be displaced by the axoneme. Therefore, it may 

force pcdh-21 to cluster towards one region of the disks. This unique organization of the 

basal ROS has only been reported in human and monkey (Cohen, 1965). To confirm that the 

more intense labeling is due to this special organization at basal ROS, it may be of interest to 

examine pcdh-21 localization in monkey rods.  

 

2.4.5 Pcdh-21 abundance at the basal ROS does not increase with disk synthesis or 

open disks  

X.laevis is an ideal model organism for correlating pcdh-21 distribution with change 

in disk synthesis rate (Besharse, 1977). This question is difficult to address in mouse because 

light only has a minor effect in stimulating disk synthesis, comparing to X.laevis (Young, 

1967). Furthermore, the presence of open disks is controversial in mouse rods (Chuang, 

2007). 

Ultrastructural studies have shown that X.laevis have open, nascent disks (Besharse, 

1977).  Based on our hypothesis that pcdh-21 and prom-1 together form a complex in 

maintaining open disks (section 2.4.2), we expect that pcdh-21 labeling will be greater at the 

base of ROS, as disk synthesis increases and more open disks are present. However, our 

immunofluorescence results did not indicate variation in thin basal band labeling. To test 

whether pcdh-21 abundance increases with the number of open disks, we can perform 

immunolabeling of ultrathin sections, which will allow us to determine whether pcdh-21 is 
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specifically associated with open disk rims and whether this labeling varies at different 

phases of the light cycle.  

Previous studies have examined prom-1 abundance at the basal rod disks in X.laevis 

raised in cyclic light (Han, 2012). In the dark (4.30am) when no disk was synthesized, prom-

1 was absent at the basal disks; whereas, in the day (4.30pm), prom-1 was more abundant at 

the basal disks. However, the authors reported great variations between animals which made 

the difference between timepoints statistically insignificant. Such variations were also 

observed in our analysis with pcdh-21. To determine circadian regulation of pcdh-21 and 

prom-1, semi-quantitative approaches, such as RT-PCR and western blots, may be useful. 

However, immunohistochemical studies suggest that pcdh-21 and prom-1 are expressed at 

much higher levels in cones. As a result, they may not truly reflect the circadian regulation of 

pcdh-21 and prom-1 in rods. 

In contrast to the weak and heterogeneous expression at the base of the ROS, labeling 

intensity was much higher in ROS plasma membrane and was observed in all rods. This may 

imply that in X.laevis rods, pcdh-21 may have other roles in addition to disk synthesis.  

 

2.4.6 Xpcdh-21 and mpcdh-21 have different localizations and effects  

Xpcdh-21 and mpcdh-21 are different in various aspects: (1) Cleavage of pcdh-21 is 

likely unique to mouse retinas. (2) Overexpression of mpcdh-21, but not xpcdh-21, in PR and 

cultured cells resulted in ER abnormalities. (3) Xpcdh-21 and mpcdh-21 are localized 

differently in cultured cells and PR.  

Given their differences in primary sequences, it is possible that the two homologs 

adopt different conformations and/or interact with different proteins. Immunoblot analysis of 
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retinal lysates showed that xpcdh-21 has lower molecular mass compared to mpcdh-21. 

Treatment of retinal lysates with enzymes that remove glycosylation and phosphorylation 

will allow us to determine whether the shift is a result of post-translational modifications. 

However, this difference in molecular mass was not observed in COS-7 cell lysates, 

suggesting that pcdh-21 expressed in COS-7 cells and retinas are processed differently.  

 

2.4.7 Pcdh-21 cleavage is not conserved across species 

 Pcdh-21 has been shown to be cleaved in mouse and bovine retinas (Rattner, 2004). 

In two strains of transgenic mice with abnormal disks, pcdh-21 cleavage is impaired, leading 

to accumulation of full length pcdh-21 (Yang, 2008; Rattner, 2004). This phenotype led to 

the hypothesis that pcdh-21 cleavage is essential for normal OS structure.  

 To determine the significance of pcdh-21 cleavage in disk synthesis, it is important to 

identify the enzyme that is responsible for this cleavage. One candidate enzyme is a member 

of a Disintegrin and Metalloprotease (ADAM) family, which is a zinc dependent 

metalloprotease that cleaves other cadherin family members at the last cadherin domain, 

similar to the observed cleavage of pcdh-21 (Reiss, 2005; Scholz, 2005; Satfig, 2008). Matrix 

metalloprotease is another enzyme that cleaves many transmembrane proteins at the 

extracellular domain (Rattner, 2004; Arribas & Borroto, 2002). 

 Identifying the cleavage enzyme is useful in defining the function of pcdh-21 

cleavage on disk synthesis. Theoretically, it would be possible to inhibit cleavage by 

applying a protease inhibitor or by knocking down the enzyme with siRNA. Furthermore, it 

would help to determine if some species lack the enzyme or co-factors required for this 

cleavage and as a result, pcdh-21 is not cleaved in these species, or alternatively, whether 
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differential processing of pcdh-21 may be related to disk ultrastructural differences between 

species. It may be interesting to determine whether different species have other mechanisms 

to compensate for functions performed by pcdh-21 cleavage.  

Following pcdh-21 cleavage, a soluble N-terminal fragment and membrane associated 

C-terminal fragment were generated (Rattner, 2004). Understanding the fate of the N-

terminal fragment is crucial for understanding whether pcdh-21 is cleaved across species. 

Immunostaining of mouse retinal sections using the anti-N-pcdh-21 antibody only detected 

pcdh-21 at the base OS, rather than throughout the retina, as expected for a soluble protein 

(Rattner, 2001). It is therefore possible that the N-terminal fragment is degraded following 

cleavage and the degradation rate may vary between species.  pulse-chase experiment 

involving incubating cultured cells with radioactive amino acids can be performed to study 

the rate of pcdh-21 cleavage and half-life of the N-terminal fragment. Culture media that 

likely contain the released N-terminal fragments can then be analyzed with immunoblot 

analyses. However, studying pcdh-21 cleavage in vitro will require expression in cell lines 

that are capable of cleaving pcdh-21, such as PR derived cell lines or cells cotransfected with 

the candidate enzyme. Another approach to verify pcdh-21 cleavage across species is to 

generate a C-terminal antibody that detects the membrane associated C-terminal fragment.  

 Although the predicted pcdh-21 cleavage site is highly conserved between mouse and 

X.laevis, our results showed that pcdh-21 cleavage is unique to mouse retinas (Rattner, 2004). 

We speculate that pcdh-21 cleavage may be specific to rods. Therefore, cleavage may not be 

detected in species with greater number of cones, such as X.laevis. However, we also did not 

observe cleavage in pig retinas, which have a similar rod to cone ratio as mice. Furthermore, 

one can take advantage of a strain of transgenic mice with cone dominant retinas (Daniele, 
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2005). We hypothesize that these mice will have lower levels of cleaved fragments than 

normal mouse retinas. 

 Previous studies have found that the ratio of C-terminal fragment: full length pcdh-21 

produced after cleavage was significantly higher in bovine OS than mouse retina (Rattner, 

2004). If the level of cleavage differs between these two closely related mammalian species, 

it is not entirely surprising that in X.laevis retina, pcdh-21 was not cleaved or the level of 

cleavage occurred at such low levels that the cleaved fragments were undetectable by our 

assay. 
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Figure 2-1. Epitopes recognized by the anti-N and anti-C-pcdh-21 antibodies. 

The locations of the peptides N- (CYGENGPQNRFELTMYEH; amino acid 358-374) and C-

terminus (CQEMESGPKNENRNN; amino acid 776-789) used to generate anti-pcdh-21 

antibodies are indicated. 
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Figure 2-2. Immunoblot of extracts from transfected cells and non-mammalian retinas 

probed with anti-N-and anti-C-pcdh-21 antibodies (left). Peptide competition assays for 

testing antibody specificities (right).  

For blots probing with the same antibody, equal volumes of identical samples were loaded 

and immunoblotting were performed in parallel. (Left) Both anti-N and anti-C-pcdh-21 

antibodies detected two intense bands at ~100kDa and ~90kDa (arrow) in xpcdh-21 

transfected cell lysate. Only the ~90kDa band was observed in X.laevis retinal lysate using 

the anti-N-pcdh-21 antibody. Xpcdh-21 was not detected in X.laevis retinal lysate using the 

anti-C-pcdh-21 antibody. The predicted ~25kDa cleaved fragments were not detected in 

xpcdh-21 transfected cells. (Right) Antibody specificities were verified using antibody 

preincubated with corresponding peptide. All bands were blocked except for a faint high 

molecular weight band at ~200kDa in X.laevis retinal lysate and ~150kDa in zebrafish retinal 

lysate.  
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Figure 2-3. Immunoblot of extracts from transfected cells and mammalian retinas, 

probed with anti-N-pcdh-21 antibody (left) or antibody incubated with peptide (right).  

Equal volumes of identical samples were loaded and immunoblotting were performed in 

parallel. (Left) In mpcdh-21 transfected cell lysate, two bands at ~100kDa (arrow) and 

~90kDa were detected. These bands, in addition to a ~80kDa band, were observed in mouse 

retinal lysate. Of these bands, only the ~100kDa band was observed in pig and human retinal 

lysate.  (Right) Antibody specificities were verified using antibody preincubated with 

corresponding peptide The anti-N-pcdh-21 antibody incubated with peptide did not detect 

any band in mpcdh-21 transfected cell lysate. The ~100kDa band observed in retinal lysates 

of all species was inhibited, except in human retina. The ~90kDa and ~80kDa bands were not 

inhibited in mouse retinal lysate.  
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Figure 2-4. Pcdh-21 localization in longitudinal sections of X.laevis photoreceptors 

labeled with anti-N-pcdh-21 antibody.  

(A) Pcdh-21 was localized to the plasma membrane of ROS and RIS (arrow). The base of the 

ROS was also labeled as a thin band (arrowhead). Image was contrast-enhanced to show 

labeling at the basal ROS. (B) A Z-series projection indicated that low levels of pcdh-21 

were found in the ROS, exhibiting a striated labeling pattern (arrows). (C-D) In a minority of 

rods, pcdh-21 was expressed in the disk surfaces at the distal (C) or basal OS (D). Scale 

bar=5μm.  
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Figure 2-5. Pcdh-21 localization in cross sections of X.laevis photoreceptors. 

Sections were double labeled with anti-N-pcdh-21 antibody and anti-peripherin-2 (5A11) (A), 

phalloidin (B) or anti-opsin antibody (blgn) (C). (A) Pcdh-21 did not colocalize with 

peripherin-2 in the incisures. Note the punctate labeling of pcdh-21 at the circumference of 

the ROS. (B) Phalloidin recognizes actin filaments in the calycal process. It appeared as dots 

surrounding the ROS at the inner and outer segment junction (arrows). Pcdh-21 antibody 

labeled the ROS as a continuous line (arrows). It did not colocalize exclusively with 

phalloidin, nor was it found exclusively in the spaces between them. (C) In a few rods 

labeled with anti-rod opsin antibody (blgn), pcdh-21 was localized to the disk surfaces. Scale 

bar=5µm. 
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Figure 2-6. Pcdh-21 localization in longitudinal (A) and cross sections (B-C) of X.laevis 

photoreceptors.  

(A) Pcdh-21 localized to the base (left, arrowhead) and rims of COS (left, arrow). It was also 

found at the CIS plasma membrane (right, arrow). Bright spots of pcdh-21 were localized to 

the periphery of basal COS (right, arrowhead). Labeling in COS was more intense than 

neighboring rods. (B-C) Cross sections double labeled with anti-acetylated-tubulin antibody, 

a marker for the axoneme and connecting cilium. (B) A Z-series projection showed that 

pcdh-21 was localized to the COS rims except at the rims adjacent to the axoneme (arrows). 

(C) In a few cones, bright spots of pcdh-21 attached to COS rims were observed. These 

bright spots colocalized with anti-acetylated tubulin labeling (arrows). Scale bar=5µm.  
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Figure 2-7. Peptide competition confirmed the specificities of anti-N (A-B) and anti-C-

pcdh-21 antibodies (C-D). 

Prior to immunolabeling of X.laevis retinal sections, antibodies were preincubated with 

peptides used to generate the antibodies (B, D). For comparison, images of unblocked 

sections taken with identical settings were shown (A, C). (B) In the blocked sections, anti-N-

pcdh-21 labeling at the ROS plasma membrane (arrows) and basal ROS (arrowhead) were 

abolished. In addition, labeling of the COS was significantly weaker (asterisk). (D) No rods 

or cones were labeled when anti-C-pcdh-21 antibodies were preincubated with their 

respective peptide. Scale bar=20µm. Green=wheat germ agglutinin.  
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Figure 2-8. Analysis of pcdh-21 expression at the basal ROS over a diurnal cycle.  

(A) X.laevis tadpoles raised in diurnal cycles were collected after 0, 2, 8 hrs of light exposure 

and 4hrs in the dark (red arrows). Unfilled and shaded region indicate periods in light and 

dark cycle, respectively. (B-D) Confocal images showing pcdh-21 localization in retinas 

collected at 1am (B-C) and 5pm (D).  In some rods, pcdh-21 labeled the basal ROS as a faint, 

thin band (B, arrows). In a few rods, only the centre (C, arrowheads) or periphery (D, 

arrowheads) of basal ROS was labeled. No obvious difference was observed between retinas 

collected during the day or at night. Note that pcdh-21 was detected in plasma membrane of 

all rods and labeling intensity is greater in cones than rods. Scale bar=5µm. 
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Figure 2-9. Pcdh-21 localization in X. tropicalis and zebrafish retinas.  

In X. tropicalis rods (A), pcdh-21 was detected at the base (arrows) and plasma membrane 

(arrowheads). In X. tropicalis cones (B) and adult zebrafish cones (C), pcdh-21 was found in 

the disk rims (arrowheads) and base of the COS (arrows). Pcdh-21 was localized to the inner 

segment plasma membrane of zebrafish single cones, but not in the double cones. Pcdh-21 

did not appear to express in zebrafish rods. OS=outer segment. IS= inner segment. 

ONL=outer nuclear layer.  Scale bar=5μm. 
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Figure 2-10. Mouse retinal sections immunolabeled with antibodies against mouse 

pcdh-21 (A-B) and X.laevis pcdh-21(C).  
(A-B) Labeling with anti-N- (A) and anti-C terminus (B) of mpcdh-21 showed that pdh-21 

was concentrated at the base of the OS, (C) Labeling with antibody against the N-terminus of 

X.laevis pcdh-21. Section was scanned at the same intensity as Fig.2-10A and B. Signal at 

the base of the OS was saturated with weak labeling in the IS. Green=WGA; Blue=DAPI. 

Scale bar=10µm. 
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Figure 2-11. Verification of anti-N xpcdh-21 antibody labeling specificity in mouse 

retinal sections. 

(A) Sections scanned at a lower intensity compared to Fig.2-10C. Labeling at the base of the 

OS was weaker and no signal was detected in the IS. (B) Blocked section imaged with the 

same settings as (A). No signal was detected at the base of the OS. Green=WGA; 

Blue=DAPI. Scale bar=10µm. 
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Figure 2-12. Mouse and pig retinal sections double labeled with WGA and anti-N-

xpcdh-21. 
In mouse (A-B) and pig (C-D) retinas, pcdh-21 labeling was most intense at the base of the 

OS (arrowheads) and weak labeling was detected in the distal part of the OS (arrows). (B-D) 

Higher magnification of mouse and pig retinas. At the base of the OS, pcdh-21 labeled the 

basal ROS as a thin line (arrowhead)  In a minority of rods, the basal half of the ROS at one 

side, exhibiting a L-shaped labeling pattern. High magnification of the rods are shown to 

illustrate the. Scale bar=5µm.  
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Figure 2-13. Mouse retinal sections labeled with anti-N-pcdh-21, anti-acetylated tubulin 

antibody and wheat germ agglutinin.   
(A) Tubulin labeling is most intense at the inner and outer segment junction.  Axoneme in the 

OS was not detectable. Note that pcdh-21 was detected in the distal part of the OS (arrows). 

(B) Higher magnification of the boxed region in (A). In some cells, pcdh-21 appeared to 

localize to the axonemal side of the OS (arrows). Due to the thin diameter of the OS, the 

precise localization of pcdh-21 was not clear in other cells (arrowhead). Blue=WGA. Scale 

bar=5µm. 
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Figure 2-14. Longitudinal sections of human retinas were double labeled with anti-N-

pcdh-21 and WGA (A-B) or anti-acetylated--tubulin (C) or anti-cone arrestin 7G6 (D).  

(A-B) Double-labeling of anti-N-pcdh-21 antibody and WGA showed that most rods were 

labeled as a thin line spanning the base of the ROS (A, arrowhead). Pcdh-21 was localized 

along one side of the ROS, spanning 30% (A, arrows) to 90% (B, arrows) of the ROS length. 

The labeling was most intense at the base of the ROS and was localized in a particulate 

manner in the distal ROS (B, arrows). (C) Double-labeling of anti-N-pcdh-21 and anti-

acetylated-tubulin antibodies revealed that pcdh-21 was adjacent to the axoneme (arrows). (D) 

Double labeling of anti-cone-arrestin 7G6 and anti-N-pcdh-21 antibodies demonstrated that 

pcdh-21 was localized exclusively at the base of the COS (arrows). Scale bar=2μm. 
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Figure 2-15. Verification of pcdh-21 antibody labeling specificity in human retinal 

sections. 

(A) Pcdh-21 labeled the base (arrowhead) and along one side of the ROS (arrows). (B) 

Labeling at these sites was abolished when antibody was preadsorbed with peptide. Weak 

background labeling was observed in the inner segment. Scale bar=2µm.  
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Figure 2-16. Localization of rhodospin, xpcdh-21 and mpcdh-21 in permeabilized (left) 

and non-permeabilized (right) COS-7 cells.  

Transiently transfected cells expressing rhodopsin (A-D), xpcdh-21 (E-F) and mpcdh-21 (G-

H) were labeled with anti-rhodopsin (B630N or 1D4) or anti-N-pcdh-21 antibodies in the 

presence or absence of detergent.  Cells were also double-labeled with WGA, a cell surface 

marker. (Left) In permeabilized cells, the majority of rhodopsin, xpcdh-21 and mpcdh-21 

were found in the cytoplasm and they rarely colocalized with WGA. Occasionally, rhodopsin, 

xpcdh-21 and mpcdh-21were present in the cell processes (arrows). (Right) In non-

permeabilized cells, labeling in the cytoplasm decreased dramatically. Expression in the cell 

surface was observed in cells expressing rhodopsin and xpcdh-21, but was markedly lower in 

cells expressing mpcdh-21. Scale bar A,C,E,G=50µm. Scale bar B,D,F,H=10µm.  



 83 

 

 

Figure 2-17. Localization of rhodopsin, xpcdh-21 and mpcdh-21 in the ER of COS-7 

cells.   
Transiently transfected cells expressing rhodopsin (A), xpcdh-21 (B) and mpcdh-21 (C) were 

double-labeled with ER-markers, anti-calnexin (A) or anti-KDEL (B-C), and anti-rhodopsin 

(B630N) or anti-N-pcdh-21 antibodies. Rhodopsin, xpcdh-21 and mpcdh-21 (arrows) in the 

cytoplasm colocalized with ER markers. Scale bar=10µm. 
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Figure 2-18. ER morphologies of non-transfected cells (A) and cells expressing 

rhodopsin (B), xpcdh-21 (C) or mpcdh-21 (D).  

Non-transfected cells (A, arrows), transiently transfected cells expressing rhodopsin (B), 

xpcdh-21 (C), or mpcdh-21 (D) were double-labeled with ER-markers, anti-calnexin (B) or 

anti-KDEL (A,C,D), and anti-rhodopsin (B630N) or anti-N-pcdh-21 antibodies. The ER 

labeling was diffused in non-transfected cells and cells expressing rhodopsin or xpcdh-21. 

The rhodopsin and xpcdh-21 labeling was also diffused.  In contrast, mcpdh-21 was localized 

to the ER in a reticular manner (D). The abnormal, reticular structures were also observed 

using the ER marker. Scale bar=10µm  
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Figure 2-19. Pcdh-21 distribution in rods and cones of different species.   

Pcdh-21 localization in nascent disks is conserved in rods and cones of different species. In 

contrast, its distribution in mature disks varies between photoreceptor types across species. In 

X.laevis rods, pcdh-21 is localized to the plasma membrane. In human rods, it may be 

localized to the disk rims or plasma membrane near the axoneme. In mouse and pig rods, 

pcdh-21 is not detected in any significant level in distal ROS. In X.laevis and zebrafish cones, 

it is localized to the open disk rims along COS. It is also present in the inner segment plasma 

membrane of X.laevis cones and some  types of zebrafish cones.  In human cones, pcdh-21 is 

found exclusively at the base of the COS. 
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Chapter 3: Generation of pcdh-21 mutants to study pcdh-21 

function in disk synthesis. 

3.1    Introduction  

  In mice, prom-1 interacts with pcdh-21 and actin at the base of the OS (Yang, 2008). 

The absence or disruption of either member of this complex causes abnormal disk synthesis 

(William, 1988; Rattner, 2001; Yang, 2008). Because prom-1 and actin are often associated 

with membrane protrusions, which are structurally analogous to the nascent disk precursors 

described in the membrane evagination model, a complex consisting of prom-1, actin and 

pcdh-21 is hypothesized to be a molecular participant in disk synthesis (Steinberg, 1978; 

Yang, 2008).   

Transgenic mice expressing a missense mutation in human PROM-1 (R373C) showed 

abnormal disks. The mutant protein is thought to cause a dominant negative phenotype. It 

binds to pcdh-21 and causes pcdh-21 mislocalization. Furthermore, it disrupts interaction 

between prom-1 and actin filaments (Yang, 2008). 

Dominant negative approaches have been used to study cadherin function (Zhu, 1996; 

Utton, 2001). Cadherin members often interact with intra- or extracellular proteins to perform 

specific functions (reviewed by Takeichi, 1995). We therefore attempted to generate 

dominant negative mutations by overexpressing pcdh-21 lacking the extra- or intracellular 

domain in PR. The underlying hypothesis was that these truncated forms of pcdh-21 would 

compete with endogenous pcdh-21 for binding partners.  However, they would be able to 

participate in interactions only on one side of the membrane, and unable to interact with 

binding partners on the other side. Disrupting pcdh-21 function would then lead to defects in 

disk synthesis and serve as model to study retinal degeneration caused by pcdh-21 mutations.  
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 In mouse retina, pcdh-21 is cleaved into a soluble N-terminal fragment and a C-

terminal fragment that is retained in the membrane (Fig.3-1a). Our N-terminal deletion 

construct was designed to mimic this pcdh-21 cleaved fragment. To ensure entry into the 

secretory pathway, a signal peptide sequence was added to the N-terminal deletion construct 

(Fig.3-1b). The C-terminal deletion construct lacked the intracellular domain.  The constructs 

retained the pcdh-21 transmembrane domain in order to ensure the truncated proteins were 

targeted to membranes.  

We overexpressed X.laevis and murine (mpcdh-21) forms of these variants in 

transgenic X.laevis rods. Retinal degeneration was determined by measuring rhodopsin levels 

using dot blot analysis and examining OS structure in frozen retinal sections. Subcellular 

localizations of transgenes were visualized by confocal microscopy. Disk ultrastructure was 

studied with transmission electron microscopy.  

Transgenic X.laevis are relatively easy to generate due to their rapid developmental 

time, and large number of transgenic animals can be generated in single transgenesis 

experiment. In addition, X.laevis have high disk turnover rates and large PR, making them 

particularly amenable to studies of disk membrane synthesis. For these reasons, extensive 

knowledge regarding OS protein targeting has been revealed using transgenic X.laevis (Tam, 

2000; Tam, 2004; Baker, 2008).  

 

3.2     Materials and methods 

3.2.1 Generation of constructs 

Full length mpcdh-21 and xpcdh-21 cDNAs were received as gifts from Jeremy 

Nathans (John Hopkins University). Full length mpcdh-21 cDNA was amplified by PCR 
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using forward primers containing an EcoR1 restriction site and reverse primers including a 

Not1 site. For synthesis of xpcdh-21 FL, xpcdh-21ΔC and mpcdh-21ΔC constructs, in 

addition to the EcoR1 and Not1 sites, 15 bases of homologous sequences flanking the EcoR1 

and Not1 sites were added, allowing the cDNA to be cloned into the vector through 

homologous recombination (In-fusion cloning kit; Clontech, Mountain View, CA). Xpcdh-

21ΔN and mpcdh-21ΔN were synthesized as described in Fig.3-2. All PCR products were 

cloned into the EcoR1/Not1 sites of the XOP0.8-eGFP-N1 vector and all final constructs 

were sequenced.  For the synthesis of TαcP-eGFP-N1, X.laevis opsin promoter from 

XOP0.8-eGFP-N1 was excised using EcoRV and was replaced with the zebrafish cone 

transducin promoter (T-cP).  A fragment containing T-cP was excised from TαcP-eGFP-1 

(gift of Dr. Breandan Kennedy, University College, Dublin) using EcoR1 and BamH1. To 

create blunt ends, the TαcP fragments were incubated with large fragment of DNA 

polymerase I (Invitrogen) and 10mM dNTPs, allowing the extension of single stranded DNA 

in the presence of template and dNTPs. TαcP fragments with blunt ends were cloned into 

vector XOP0.8-eGFP-N1. For expression in transgenic animals, expression constructs were 

linearized with Fse1 (New England Biolabs, Beverly, MA) and purified (QIAquick Gel 

Extraction Kit; Qiagen, Valencia, CA).  

 

3.2.2 Generation and rearing of transgenic X.laevis 

Transgenic X. laevis were generated using the restriction enzyme mediated 

integration method, modified as previously described (Kroll and Amaya, 1996; Moritz, 1999). 

Embryos were treated with 18µg/ml G418 to eliminate non-transgenic embryos (Invitrogen, 

Carlsbad, CA) and kept in an 18ºC incubator on a 12-hour dark/ 12-hour light cycle. All 
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procedures were carried out in adherence with The ARVO Statement for the Use of Animals 

in Ophthalmic and Vision Research, and met UBC animal care committee approval. At 14 

days postfertilization, normally developed animals were sacrificed. One eye was processed 

for confocal microscopy and the contralateral eye was either solubilized, or processed for 

transmission electron microscopy.  

 

3.2.3 Dot blot 

Eyes were solubilized using procedures similar to those described previously (section 

2.2.8).  2μl of solubilized eyes were diluted 150X in 20mM NaHPO4 buffer, pH 7.4. 30ul of 

diluted samples were loaded into a bio-dot apparatus (Bio-Rad, Hercules, CA) and drawn 

through a PVDF membrane (Millipore, Bedford, MA). Blots were blocked with blocking 

buffer (1% skim milk and PBS) and probed with anti-rhodopsin (B630N) (1:20; cell line was 

a gift from W. C. Smith, University of Florida). Blots were then incubated with IRDye800-

CW-conjugated anti-mouse secondary antibodies (1:10000; Rockland, Gilbertsville, PA) and 

analyzed on a LI-COR Odyssey imager (Li-Cor, Lincoln, NE). The fluorescent signal was 

used to estimate rhodopsin levels in each transgenic animal. Values were normalized to the 

averaged levels from control (TαcP-eGFP). Statistical analysis was performed using SPSS 

(SPSS, Chicago, IL). Plots were generated using SigmaPlot (Systat, Chicago, IL).  

 

3.2.4 SDS page and Western blot 

Solubilized eyes (15µl) were analyzed with SDS-page and Western blot as described 

previously (section 2.2.9). Blots were probed with anti-N-mpcdh-21 antibodies that only 

detect the mouse protein (1: 200; a gift of Jeremy Nathans, John Hopkins University) and 
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labeled with IRDye800-CW-conjugated anti-rabbit secondary antibodies (1:10000; Rockland, 

Gilbertsville, PA).  

 

3.2.5 Immunohistochemistry and confocal microscopy  

Frozen sections of transgenic X.laevis were obtained and immunolabeled as 

previously described (Section 2.2.3-4). The following primary antibodies were used: anti-N-

mpcdh-21 (1: 200; a gift of Jeremy Nathans, John Hopkins University), anti-KDEL (1: 10; 

Stressgen Biotechnologies, Victoria, BC, Canada) and anti-N-xpcdh-21(1: 10000). Sections 

were counterstained and labeled with secondary antibodies, as previously described in 

section 2.2.4. 

 

3.2.6 Transmission electron microscopy 

X.laevis tadpoles were fixed in double aldehyde fixative containing 1% 

glutaraldehyde and 4% formaldehyde in 0.1M cacodylate buffer pH 7.4 at 4°C. After 30mins 

of fixation, corneas were slit and tadpoles were fixed again for up to 48hrs. Fixative was then 

removed by incubating tissue in buffer for at least 1hr at 4°C. To preserve lipids, dissected 

eyes were fixed for one hour with 1% osmium tetroxide in 0.1M cacodylate buffer pH 7.4. 

Eyes were washed with buffer for a minimum of an hour and then washed in 0.1M 

cacodylate buffer.  Tissues were dehydrated in a graded series of ethanol (30%, 50%, 70%, 

95%, and 100%). They were infiltrated gradually in a mixture of 100% ethanol and Pelco 

Eponate 12 resin (Ted Pella Inc., Redding, CA) and then in pure resin.  Eyes were 

subsequently embedded in flat molds with the lens facing down to obtain longitudinal retinal 

sections. Resin was polymerized in a 60℃ incubator for up to 72 hrs. Ultrathin sections 
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(70nm) were cut using a Sorvall MT 5000 ultramicrotome (Dupont, Wilmington, DE) 

equipped with a diamond knife and collected on Formvar-coated copper grids. Sections were 

stained with 2% uranyl acetate and 2% lead citrate for 2mins each. They were imaged with 

the aid of an H-7600 transmission electron microscope (Hitachi, Berkshire, UK) at 80kv. 

 

3.3     Results  

3.3.1 Retinal degeneration in transgenic X.laevis expressing mpcdh-21 variants 

 To examine retinal degeneration in transgenic X.laevis expressing mpcdh-21 variants, 

frozen retinal sections immunolabeled with anti-C-pcdh-21 specific to mouse (-mpcdh-21) 

were examined with confocal microscopy. Transgenic X.laevis expressing eGFP under the 

control of a cone promoter (TαcP-eGFP) served as a control for a lack of retinal degeneration. 

Histology showed that mpcdh-21 ∆N (Fig.3-3B) and ∆C (Fig.3-3C) were expressed in most 

rods, whereas mpcdh-21 FL was mostly found in rods located in the peripheral retina (Fig.3-

3A). Although mpcdh-21 FL was expressed at lower levels, shorter OS, indicating retinal 

degeneration, were only observed in this group. The apparent low expression level of mpcdh-

21 FL was likely a result of the large number of degenerating cells.  This is supported by the 

observation that cells expressing mpcdh-21 FL were found at the periphery, where new PR 

are located. It is expected that they would also eventually degenerate due to the toxicity of 

the transgene. The distribution of degenerating cells also suggests that the overexpression of 

mpcdh-21 FL caused progressive cell death.  

 Loss of rods results in lower rhodopsin levels. To rigorously determine PR survival, 

total rhodopsin levels in transgenic X.laevis whole eye lysates were measured by dot blot. 

ANOVA indicated that there was significant difference between groups (Fig.3-3E). Multiple 
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comparison analysis using Dunnett’s test showed that only retinas expressing mpcdh-21 FL 

had significantly lower rhodopsin levels, compared to control (p=0.009), confirming our 

results obtained with histology. 

 

3.3.2 Subcellular localization of mpcdh-21 variants 

 We examined the distribution of mpcdh-21 variants with confocal microscopy. Of the 

three mpcdh-21 variants, only mpcdh-21 FL (Fig.3-4A, arrow) was convincingly expressed 

at the base of the OS and this was observed only in a minority of cells (<1%). The majority 

of mpcdh-21 FL was mislocalized to the IS in a reticular (Fig.3-4; B,C) and punctate 

distribution (Fig.3-4D). Unlike the endogenous xpcdh-21 (see section 2.3.2), mpcdh-21 FL 

was not localized to the plasma membrane, suggesting plasma membrane localization of 

pcdh-21 is dependent on intrinsic factors (such as a targeting signal).   

Mpcdh-21 ΔN (Fig.3-4E) and ΔC (Fig.3-4; F-G) were localized to the IS in a diffuse 

pattern with a characteristic labeling of the ER. Their localizations at the base of the OS was 

unclear due to their high expression in the IS, making it hard to identify the IS-OS junction. 

Mpcdh-21 variants were rarely convincingly observed at the base of the OS (Fig. 3-4G, 

arrow). 

To determine the identity of the reticular structures observed in retinas expressing 

mpcdh-21 FL, sections were double labeled with Golgi and post-Golgi marker (WGA) as 

well as ER marker (α-KDEL). The majority of mpcdh-21 FL colocalized with α-KDEL, 

suggesting that they were retained in the ER (Fig.3-5B). Non-transgenic retinas showed 

diffuse ER labeling (Fig.3-5C), whereas mpcdh-21 FL expressing retinas had abnormal, 

reticular ER labeling (Fig.3-5B). Transmission electron microscopy provided further 
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evidence that transgenic retinas had abnormal ER. They had vesiculated and wavy ER 

membrane (Fig.3-6B), in contrast to non-transgenic retinas with flat and regularly spaced ER 

membrane (Fig.3-6A). Taken together, immunofluorescence and ultrastructural analysis 

suggest that accumulation of mpcdh-21 FL may cause ER abnormalities and ER stress. 

 

3.3.3 Mpcdh-21 cleavage in transgenic X.laevis 

Previous studies suggested that pcdh-21 cleavage is required for disk synthesis 

(Rattner, 2004). To investigate whether X.laevis is able to cleave mpcdh-21, whole eye 

extracts from transgenic X.laevis were analyzed using western blot probed with antibody 

against the C-terminus of mpcdh-21. A single band at ~100kDa (Fig.3-7, arrowhead), 

corresponding to the molecular weight of mpcdh-21 FL, was detected. The predicted cleaved 

fragment (~25kDa) was not observed, indicating that mpcdh-21 was not cleaved in X.laevis 

rods. No band was observed in control animals and animals expressing low levels of pcdh-21.  

 

3.3.4 Disk ultrastructure in rods overexpressing mpcdh-21 FL 

We examined the effect of mcpdh-21 overexpression on disk ultrastructure using 

transmission electron microscopy. In transgenic retinas expressing mpcdh-21 FL, OS defects 

with variable degrees of severity were observed between retinas, which may be related to the 

differences in transgene expression levels. Minor defects were detected in the distal ROS, 

including misaligned disks (Fig.3-8B), vesicles (Fig.3-8C, arrow) and large intra- or 

interdiskal spaces (Fig.3-8B). More dramatic defects were observed at the basal OS, the site 

of disk synthesis. The basal disks of a few rods were overgrown, although they were 

orientated correctly perpendicular to the OS (Fig.3-8; E-F).  
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3.3.5 Retinal morphology in transgenic X.laevis overexpressing xpcdh-21 variants 

 Sections of transgenic retinas expressing X.laevis pcdh-21 variants were 

immunolabeled with anti-xpcdh-21 antibodies that are not able to distinguish between 

transgenic and endogenous xpcdh-21. All variants had normal OS length (Fig.3-9; B-D) and 

rhodopsin levels (Fig.3-9E), similar to those observed in control retinas (Fig.3-9A). These 

results confirmed that expression of the deletion constructs did not result in dominant 

negative mutations. In contrast to mpcdh-21 variants, xpcdh-21 variants did not accumulate 

in the IS and their localizations were identical to nontransgenic retinas..  

 

3.4     Discussion 

3.4.1 Pcdh-21 deletion constructs did not generate dominant negative mutations 

Several reasons may explain why we failed to generate dominant negative effects. 

First, the deletion constructs may not have been expressed at sufficiently high levels to 

inhibit endogenous xpcdh-21 function, possibly due to protein instability. However, this 

seems unlikely since histology shows that the deletion constructs were expressed in cells 

throughout the retina. The expression was greater and more homogenous than mpcdh-21 FL 

that caused RD. Second, the deletion constructs were not targeted to the base of the OS, 

which may be necessary for dominant negative effects. Third, the deletion constructs may not 

be able to bind to pcdh-21 interacting partners and compete with endogenous pcdh-21 due to 

misfolding, mistargeting, or species-specific sequence differences in interacting domains. 



 95 

Dominant negative approaches have been particularly successful to study proteins 

that assemble into multimers or proteins consisting of domains with separate and independent 

functions. For example, a number of cadherins form homo- or heterotypic interactions using 

their extracellular cadherin repeats. The extracellular interaction propagates the signal to the 

cytoplasmic domain linked to a variety of proteins that is essential for cadherin function 

(reviewed by Angst, 2001). This is demonstrated by the expression of deletion construct 

lacking the cytoplasmic domain. These mutants were able to bind and compete for interacting 

partners of endogenous cadherins, thereby inhibiting cadherin functions (Utton, 2001). 

Whether pcdh-21 possesses separate interaction and function domains, like other cadherins, 

is unclear. The possibility of generating dominant negative mutants can be further explored 

when more is known about pcdh-21, including its binding partners, interacting and functional 

domains.  

In a minority of cells with healthy OS, mpcdh-21 FL was targeted to the base of the 

OS and did not accumulate in the IS. These cells may be expressing mpcdh-21 FL at low 

levels that can be processed by the protein machinery. Alternatively, the protein machinery 

may occasionally have increased folding efficacy or decreased quality control. 

Understanding the cellular conditions that facilitate the successful targeting to the base of the 

OS may be helpful in generating dominant negative mutations.  

Interetingly, in a few rods with normal OS, mpcdh-21 FL was exclusively at the base 

of ROS and was not found in the plasma membrane, as observed for endogenous xpcdh-21. 

In other words, mpcdh-21 expressed in X.laevis rods retains a localization equivalent to that 

observed in mouse PR. This implies that the differences in localization between xpcdh-21 



 96 

and mpcdh-21 are due to intrinsic properties of these homologs (such as targeting signals), 

and not due to species differences in PR structures or disk synthesis mechanisms. 

 

3.4.2 Mpcdh-21 FL, but not xpcdh-21, caused retinal degeneration and abnormal disk 

synthesis  

The overexpression of mpcdh-21 FL caused rod cell death and abnormal disks; 

whereas xpcdh-21 FL overexpressing retinas were normal. Several reasons may contribute to 

such differences. First, the amino acid sequences of mpcdh-21 and xpcdh-21 are not identical 

(~50% similarity). Therefore, they may have different conformations, properties and turnover 

rates. Second, mpcdh-21 may express at higher levels than xpcdh-21. Comparison of mpcdh-

21 and xpcdh-21 levels is challenging because antibodies specific to the mouse and X.laevis 

pcdh-21 do not have identical sensitivities. Furthermore, our antibody cannot distinguish 

endogenous and overexpressed X.laevis pcdh-21 in X.laevis retinas. Third, abnormal 

phenotype may be caused by mislocalization in the IS, which was only observed in mpcdh-

21 overexpressing retinas. 

Previously, we attempted to overexpress epitope tagged xpcdh-21 in X.laevis rods. 

The transgene expression level was extremely low and was barely detectable at the base of 

the ROS, suggesting that overexpression of xpcdh-21 transgene at high levels may be 

challenging.  However, it is also possible that this low expression was caused by the presence 

of the epitope tag.  
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3.4.3 Mechanisms by which mpcdh-21 FL causes retinal degeneration 

Previous studies have suggested that pcdh-21 and prom-1 interaction at the base of 

the OS is required for disk synthesis. The expression of human R373C prom-1 in mice exerts 

a dominant negative effect by causing mislocalization of enodgenous pcdh-21 and prom-1 

(Yang, 2008). We therefore speculate that the overexpression of mpcdh-21 FL in X.laevis 

may cause retinal degeneration by (1) disrupting endogenous pcdh-21 or prom-1 trafficking 

or (2) interfering with the ability of endogenous pcdh-21 to interact with its partners, possibly 

prom-1.  However, labeling transgenic retinal sections with antibody specific to endogenous 

prom-1 or pcdh-21 suggest that prom-1 targeting is unlikely to be affected (Fig.A.1). First, 

prom-1 did not accumulate in the IS. Occasionally, we observed prom-1 at the base of the OS. 

However, the transgenesis method can lead to mosaic transgene expression levels that can 

vary between cells within a single retina. These cells may therefore express transgene at such 

low levels as to be indistinguishable from non-transgenic cells. This question could be 

addressed by double labeling with anti-mpcdh-21 and anti-prom-1 antibodies but because 

both available reagents were generated from rabbits, we were unable to perform a double 

labeling experiment to determine whether a cell showing reticular mpcdh-21 labeling in the 

IS showed correct localization of prom-1 in the OS. It may be interesting to compare whether 

prom-1 is localized correctly when mpcdh-21 is also targeted correctly.  

Mpcdh-21 cleavage is thought to be essential for disk synthesis. However, the failure 

to cleave mpcdh-21 FL in X.laevis is unlikely to induce retinal degeneration, because unlike 

in mice, pcdh-21 is not cleaved in X.laevis retinas (see section 2.3.1). 

The abnormal ER structures observed in mpcdh-21 FL overexpressing retinas 

strongly suggests ER stress. This may be caused by overexpression of protein that saturates 
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the protein synthesis and trafficking machinery and/ or mpcdh-21 FL cannot adopt its proper 

conformation in X.laevis. However, it is notable that the accumulation of deletion constructs 

in IS did not cause retinal degeneration. This suggests that it is not general overexpression 

but inherent properties of mpcdh-21 FL that causes the observed phenotype. These properties 

are unique to mpcdh-21 FL and are not present in the deletion constructs or xpcdh-21 FL. 

ER stress activates the unfolded protein response (UPR) that aims to eliminate or 

slow the accumulation of misfolded protein. Failure to restore the cell to its healthy state 

triggers cell death and may possibly cause retinal degeneration in mpcdh-21 FL 

overexpressing retinas. To provide direct evidence of ER stress, it may be of interest to 

examine expression of genes upregulated in UPR, including BiP, a chaperone that facilitates 

proper protein folding, CHOP, a pro-apoptotic transcription factor, and xbp-1, an RNA that is 

alternatively spliced in response to ER stress. 

.  

3.4.4 Mpcdh-21 FL results in overgrown disks 

In mpcdh-21 FL overexpressing retinas, we observed abnormally large basal disks, 

strikingly similar to those reported in cultured X.laevis retinas treated with actin 

depolymerization drug (Williams, 1988). We therefore speculate that the overgrown disks 

observed in our samples may arise due to a direct or indirect disruption of actin. As 

mentioned above, ER stress may activate the UPR that aims to slow accumulation of 

misfolded proteins. To achieve this, the cell reduces overall protein synthesis, possibly 

including actin. Alternatively, mpcdh-21 FL may disrupt prom-1 function (when mutated, 

prom-1 affects actin polymerization (Yang, 2008)). The last possibility strongly supports the 

"membrane evagination model" mechanism of disk synthesis. A complex consisting of actin, 
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prom-1 and pcdh-1 is proposed to be a molecular player in this process. When one of these 

components is defective, overgrown nascent disks would be anticipated (Williams, 1998; 

Yang, 2008).  

A small number of abnormal disks are observed in a background of normal disks, 

suggesting that defects in disk synthesis occurred transiently. Furthermore, the abnormal 

nascent disks synthesized at the base of the OS are likely incorporated into the distal OS. The 

occasional periods of abnormal disk synthesis were possibly triggered by a specific 

condition, such as an increase in transgene expression level. The promoter used to drive the 

transgene expression has been shown to result in expression levels that may vary on a daily 

or hourly basis (Moritz, 2001). Compared to the complete loss of OS observed with confocal 

microscopy, abnormal disk synthesis is a mild defect. Most likely, high transgene expression 

levels induce ER stress and the more severe phenotype of retinal degeneration and complete 

loss of OS; whereas a moderate expression level is not toxic enough to cause severe retinal 

degeneration but causes defects in disk synthesis. 
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Figure 2-20. (a) Pcdh-21 cleavage in mice.  

Pcdh-21 is cleaved into a soluble N-terminal fragment and a C-terminal fragment that is 

retained in the membrane. (b) Domain structure of the pcdh-21 FL, pcdh-21 ΔC and 

pcdh-21 ΔN constructs. The N-terminal deletion construct is designed to mimic the 

endogenous pcdh-21 cleaved fragment.  To ensure efficient membrane targeting, a signal 

peptide sequence was added to this construct.  
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Figure 2-21. Strategies used to generate the pcdh-21 ΔN constructs.  

(a)  Forward primers with the EcoR1 sites bound to the start of pcdh-21. Reverse primers, 

containing sequences encoding the signal peptide and cleavage site, annealed to the signal 

peptide. PCR products encoding sequences from the start codon to the signal peptide were 

synthesized. (b) To remove part of the N-terminus, forward primers, encoding the signal 

peptide and cleavage site, anneal to the cleavage site. Reverse primers with the Not1 site 

bound to the end of pcdh-21. The resulting PCR products contain sequences of the 

cytoplasmic domain. (c) The two PCR products were combined. Overlapping sequences that 

were introduced in the primers allowed the two PCR products to complementary base pair 

with each other.  The remaining DNA was synthesized by the addition of EcoR1 and Not1 

primers. 
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Figure 2-22. Analysis of transgenic X.laevis expressing mpcdh-21 variants by confocal 

microscopy (A-D) and dot blot (E). 

(A-D) Confocal micrographs showing transgenic retinas expressing mpcdh-21 variants. (A) 

Mpcdh-21 FL was expressed in a few cells at the periphery of the retina. Cells in the centre 

of the retina had shorter OS or had completely lost their OS. (B-C) Mpcdh-21 ∆N (B) and ∆C 

(C) were found in cells throughout the retina and they had healthy OS. (D) Retinas 

expressing eGFP under the control of a cone-transducin-α promoter (T-αP-eGFP) were used 

as a control for lack of retinal degeneration. Green=WGA (OS), red=mpcdh-21, 

blue=Hoescht.. Scale bar=20μm. (E) Averaged rhodopsin levels (bar) from each group are 

shown. For each sample (data points), rhodopsin levels were measured by dot blot and values 

were normalized to the averaged levels from control (T-αP-eGFP). ANOVA indicated 

significant differences between groups (p=0.013). Multiple comparison analysis using 

Dunnett’s test showed that only mpcdh-21 FL had significantly lower rhodopsin levels, 

compared to control (p=0.009) (n=14-22 per group).  
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Figure 2-23. Localization of mpcdh-21 variants in transgenic X.laevis rods. 

(A) Mpcdh-21 FL was localized correctly to the base of the OS (arrows).  It is important that 

to note that unlike the endogenous xpcdh-21, mpcdh-21 was not localized to the plasma 

membrane. (B-D) Mpcdh-21 FL was also expressed in the inner segments in a reticular (B, C) 

and punctate distribution (D). (E-G) Mpcdh-21 ΔN (E) and mpcdh-21 ΔC (F) were primarily 

localized in the inner segments in a diffuse manner and were rarely convincingly observed at 

the base of the OS (G, arrow). Green=WGA (OS), red=mpcdh-21; blue=Hoescht. Scale 

bar=2μm. 
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Figure 2-24. Pcdh-21 localization in the inner segments of transgenic (A-B) and non-

transgenic (C) X.laevis retinas. 

Double labeling with Golgi and post-Golgi membranes marker, WGA (A) and ER marker, α-

KDEL (B-C). (A) Mpcdh-21 did not colocalize with WGA (arrow). (B) Mpcdh-21 labeling 

overlapped with α-KDEL (arrow). Transgenic retinas showed reticular α-KDEL labeling, 

indicating abnormal ER morphology. (C) Non-transgenic X.laevis ER was diffusely labeled 

with α-KDEL. Scale bar=2μm.  
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Figure 2-25. ER ultrastructure of non-transgenic (A) and mpcdh-21 FL expressing 

X.laevis rods (B).  

(A) The ER membranes of rod photoreceptors of non-transgenic animals were flat and 

regularly stacked. (B) Rods in transgenic retinas had fragmented ER with vesicles (arrow) 

located among the membranes.  Scale bar=2µm. 
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Figure 2-26. Western blot analysis of mpcdh-21 FL cleavage in transgenic X.laevis eyes.  

Solubilized eyes from transgenic X.laevis expressing mpcdh-21 in rods or eGFP in cones 

were analyzed by western blot probed with anti-mpcdh-21 C-terminus. Retinas with high and 

low expression levels were selected. Full length mpcdh-21 (~100kDa) (arrowhead) was 

detected.  The predicted cleaved fragment (~25kDa) was not observed. 
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Figure 2-27. Disk ultrastructure of non-transgenic (A, D) and transgenic X.laevis 

expressing mpcdh-21 FL (B,C,E,F).  

(A) Non-transgenic retinas had densely packed disks orientated perpendicularly along the 

long axis of the OS. (B,C,E,F) Transgenic retinas had wavy disks that are orientated at 

different angles in the distal OS (B).  Large intra- or interdiskal spaces (B) and vesicles (C, 

arrows) were also observed. (D) Non-transgenic retinas had disks with uniform sizes 

throughout the OS, including the base of the OS. (E) Transgenic retinas had overgrown disks 

at the base of the OS (arrow) whereas the distal disks were relatively normal. (F) The 

overgrown disks were bent towards the distal OS. OS=outer segment; IS=inner segment. 

Scale bar= 500nm (A-D,F); 2µm (E). 
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Figure 2-28.Analysis of transgenic X.laevis expressing xpcdh-21 variants by confocal 

microscopy (A-D) and dot blot (E). 

 (A-D) All xpcdh-21 variants all possessed normal OS length and showed no sign of retinal 

degeneration. Green=WGA, blue=Hoescht. Scale bar=20μm. (E) Experimental procedures 

were the same as Fig.3-3. ANOVA indicated that no significant differences in rhodopsin 

levels were observed between groups (p=0.561) (n=20 per group).
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Fig.A-1. Prom-1 localization in non-transgenic (A) and transgenic X.laevis retinas 

expressing mpcdh-21 FL (B-C).  

Sections were labeled with antibody against the N-terminus of prom-1. (A) In some rods, 

prom-1 is localized to the base of the ROS as a thin line (arrowheads). (B-C) In transgenic 

X.laevis retinas, prom-1 was correctly targeted to the base of the ROS in a few cells with 

healthy OS (arrows). Prom-1 did not accumulate in the IS. Scale bar=10µm.  
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Fig.A-2. Prom-1 localization in non-transgenic X.laevis retina.  

Sections were labeled with antibody against the N-terminus of prom-1. (A) Prom-1 was 

usually detected at the base of the ROS as a thin line and rarely localized to the ROS plasma 

membrane (arrows). Prom-1 labeling was more intense in adjacent cones. (B) Higher 

magnification of rods from a different retina. Rods with prom-1 localization in the plasma 

membrane were rare, but sometimes occurred in clusters (arrows). Note that prom-1 was not 

present in the IS plasma membrane. Scale bar=10µm.  
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Fig.A-3. Protein sequence alignment of human (hpcdh-21), pig (ppcdh-21), 

mouse (mpcdh-21), X.laevis (xpcdh-21) and zebrafish (zpcdh-21). Two 

polyclonal antibodies were raised against the N- (red) and C-termini (blue) of 

xpcdh-21. Black vertical line indicates cleavage site predicted in mice. 


