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Primary cilia (PC) are extracellular microtubule-based sensory organelles which 

can be found on almost every cell type in the mammalian system. Defects in PC result 

in a broad range of phenotypes including polycystic kidneys, retinal degeneration, 

hearing loss, obesity, polydactyly, and severe cerebral malformations. As a class these 

diseases are termed ciliopathies. While some mutations are more pleiotropic, other 

mutations only affect certain cell types such as the human sensory organ systems, 

including rod and cone photoreceptors in the retina and cochlea hair cells in the inner 

ear which have highly modified PC. For my project I have chosen to work on a select 

class of ciliopathies termed Usher syndrome (USH). USH is an autosomal recessive 

disorder that affects both hearing and vision in patients and accounts for more than 50% 

of combined deafness and blindness cases. Usher Syndrome Type 3A (USH3A) is 

caused by mutations in the Clarin-1 (CLRN1/CLRN1) gene and there is no cure for this 

devastating disorder. Therefore, my major goal was to develop a gene replacement 

based therapeutic approach for USH3A. In order to accomplish this, I first needed to 

identify the endogenous localization of Clrn1 in the retina by utilizing commercially 
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available antibodies against CLRN1 allowing us to target the correct retinal cell type for 

treatment and to avoid off-target toxicity. In addition, I sought to identify a retinal 

phenotype in Clrn1 deficient mouse models in order to design and evaluate an effective 

gene therapy approach, and be able to efficiently assay for phenotype rescue. My 

results show that both Clrn1 -/- knockout (KO) and N48K knock-in (KI) mice display a 

novel retinal phenotype with a delay in arrestin-1 movement upon exposure to light in 

photoreceptor cells. My final goal was to determine the effects of AAV-mediated delivery 

of Clrn1 on retinal function and morphology in USH3A mouse models. I show that all 

neuronal cell types in the retina sustain AAV-mediated CLRN1 expression after 

intravitreal and subretinal vector delivery as detected by anti-GFP and anti-HA tag 

antibodies. In addition, the previously utilized CLRN1 antibody can recognize AAV-

expressed CLRN1 through co-localization experiments. 
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CHAPTER 1 
INTRODUCTION 

Primary Cilia 

Cilia Structure and Function 

Primary cilia (PC) was first identified in 1675 by Anton Van Leeuwenhoek and 

were believed to be vestigial organelles not essential for cell survival and/or function 

(41). Today, it is known that PC are found on almost every cell type in the body and are 

conserved from the green algae Chlamydomonas reinhardtii, to the nematodes 

Caenorhabditis elegans, all the way up to humans (85). PC have a diverse range of 

physiological roles including embryonic development, control of cell growth, and signal 

transduction (45, 56, 228). Tissue-specific modified PC also act as chemical, physical, 

or ligand-based sensors, which will be discussed in Sensory Cilia. Overall, PC play a 

vital role in the development and function of a wide range cell types and organ systems.  

PC are microtubule-based organelles that extend from the apical surface of the 

plasma membrane and are present on almost all eukaryotic cell types (18, 41, 64, 85, 

113, 195). During the cell cycle, in mitosis the centrioles act to separate a single cell into 

two daughter cells. Once the nuclear envelope re-forms the mother centriole duplicates 

a neighboring daughter centriole. Once established, the mother and daughter centrioles 

proceed to dock along the plasma membrane in G0/G1 phase and become the basal 

bodies that generate the ciliary axoneme (41, 85, 113). The mother centriole contacts a 

ciliary vesicle, analogous to the plasma membrane, which tethers the mother centriole 

to a bilayer membrane by centriole distal appendages called transition fibers. In the 

ciliary vesicle, a ciliary bud begins to form and will elongate from the base to the tip, 

forming the cilia membrane. The mother centriole will elongate the alpha-tubulin and 
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beta-tubulin to generate the ciliary axoneme, while the gamma-tubulin will remain 

exclusively at the mother centriole. Once the cilium is fully formed, the ciliary vesicle will 

dock and merge with the plasma membrane and the ciliary axoneme will be projected 

outside the cell. (85, 113, 195, 228). Once a cilium is formed, the cell is no longer able 

to divide until the cell resorbs the ciliary axoneme and disassociates the basal bodies 

from the plasma membrane to then act as centrioles for cell division once again. 

PC exist as motile and non-motile PC. All have a ring of 9 parallel microtubule 

doublets that extend from the basal bodies at the cell surface. The basal bodies consist 

of alpha- beta- and gamma-tubulin while the PC axoneme consists of alpha- and beta-

tubulin (18, 41, 64, 85, 113). The outer ring microtubule doublets are also susceptible to 

post-translational modifications including acetylation, glycylation, and glutamylation 

(113). These additions allow for greater stability and provide additional interaction foci 

for other proteins. Motile cilia contain an additional microtubule doublet in the middle of 

the axoneme that is tethered to the outer ring by radial spokes and dynein arms that 

allow for regulated movement and active bending of the axoneme (56, 143, 195). Motile 

cilia are preferentially found on the surface of epithelial cells in the trachea and the 

ependymal cells lining the ventricles in the brain. Unique 9 + 2 microtubules exist on 

olfactory sensory neurons that coincidentally are non-motile cilia. There is an additional 

role for non-motile cilia on the embryonic node pericardium on the developing heart 

which helps to regulate fluid flow in the abdomen during embryonic development and is 

responsible for the specification of the left-right body axis (18, 85, 113). 

The base of the ciliary membrane is continuous with the plasma membrane and 

a distinct region, just above the basal bodies, will become differentiated into a transition 
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zone (TZ) with structurally distinct protein complexes that act as a gate to regulate 

protein entry and exit within the cilium. The TZ consists of Y-links connecting the ciliary 

membrane to the microtubule axoneme. They are tethered to the membrane through 

transmembrane proteins that associate with beaded extracellular proteins that form an 

outer ring termed a ciliary necklace (45, 195, 216, 231). At the TZ, there are two primary 

protein complexes that functionally interact with each other, the Meckel-Grouber 

Syndrome (MKS) complex and the Nephronopthesis (NPHP) complex. Interactions 

between these two complexes are critical for the early stages of ciliogenesis including 

membrane docking and fusion of the ciliary vesicle (56, 195, 216, 231). The MKS 

complex consists of MKS-1/ MKSR-1/ MKSR-2/ MKS-3/ / MKS-5/ MKS-6 and the NPHP 

complex consists of NPHP-1/NPHP-4. Furthermore, there is a hierarchal interaction 

between the proteins within each individual complex, as well as between the two 

complexes. MKS-5 is essential for TZ localization of all MKS and NPHP complex 

components. Loss of MKS-5 in combination with MKSR-1, MKSR-2, MKS-6, and NPHP-

4 all result in abnormal cilia morphology; and MKS-5 is required for proper TZ 

localization of MKS-1, MKSR-1, MKSR-2, MKS-3, and MKS-6 (the entire MKS 

complex). Additionally, MKS-5 is also responsible for complete localization of NPHP-1 

and NPHP-4 at the transition zone (231). Together, this indicates that MKS-5 is a critical 

component of the TZ and may act as a key regulator of the ciliary gating mechanism. 

In addition to the TZ as a ciliary gate, protein trafficking into and out of the cilia is 

also regulated by intracellular trafficking. Due to the fact that protein synthesis takes 

place within the endoplasmic reticulum (ER) and cytoplasm of the cell, ciliary proteins 

need to be trafficked to the PC through intraflagellar transport (IFT) as well as the 
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BBSome (BBS: Bardet-Biedl Syndrome) complex. IFT is an intracellular trafficking 

system that moves uni-directionally along microtubules using Dynein and Kinesin 

microtubule motors. Kinesin2 regulates anterograde transport and Dynein regulates 

retrograde transport. These motors are associated with two primary protein complexes 

comprised of IFTA and IFTB (85, 113, 202, 203, 234). The BBSome is a hetero-

octameric complex of 8 core proteins with up to 8 associated proteins that traffics cargo 

bi-directionally through the cytoplasm and cilia. The BBSome is not essential for PC 

formation as IFT is; however, mutations in BBS proteins result in altered membrane 

protein composition (122, 159). One mechanism that helps to regulate the selective 

trafficking of certain receptors to cilia is that they contain a ciliary localization sequence 

(CLS) within the protein that allows it to be recognized by the IFT and/or BBSome 

machinery (85, 216). Membrane trafficking from the ER and/or Golgi apparatus is also 

regulated by the Rab family of small GTPases as well as SNAREs (soluble N-

ethylmaleimide sensitive factor receptors) (113, 216, 228). SNAREs are a component of 

the exocyst complex, this will allow trafficking across the ciliary membrane indicating 

that there is a potential active transport mechanism in place utilizing importins and 

exportins. It has been proposed that this process functions similarly to that of the 

nuclear pore complex, and nucleoporins that regulates protein trafficking across the 

nuclear envelope. Indeed, recently, it has also been shown that nucleoporins localize to 

the basal bodies at the PC in cell culture as well as in tracheal epithelial cells (85, 130, 

161). Not all nucleoporins localize to the basal bodies, only those aligning with the outer 

nuclear membrane ring, transmembrane ring, and linker nucleoporins, indicating that 

there are cilia-specific gating proteins as well in addition to the TZ proteins (130). 
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Sensory Cilia 

In addition to the standard PC found on almost every cell type, certain tissues 

possess modified PC unique to its particular cell type, tissue type, and function. The 

primary examples are olefactory cilia in nasal tissue, stereocilia and kinocilia in the 

cochlea, and photoreceptor (PR) connecting cilia (CC) in the retina. One common 

feature of all three cell types is that their PC have adjacent actin-based microvilli, either 

on the same cell or adjacent cells, which act to assist in cilia function (80). 

Olfactory neurons are first order neurons and are the initial cell types in the 

olfactory system that responds to external stimuli, primarily odorants, and are 

responsible for our sense of smell. Olfactory neurons also have adjacent sustentacular 

cells that act as supporting cells and they possess a dense layer of microvilli on their 

apical surface (20). The olfactory system is unique in that the olfactory epithelium has a 

basal cell layer consisting of horizontal and globular basal cells that acts as olfactory 

stem cells and can regenerate the olfactory neurons if they die and need to be replaced 

(20). Olfactory neurons contain between 10-30 primary cilia per cell, and as mentioned 

previously, olfactory neuronal cilia are non-motile cilia even though they possess a 

central doublet of microtubules (80, 120, 121, 125, 151). Odorants will bind to their 

respective G-protein-coupled receptors (GPCRs) within the cilia of olfactory neurons 

and will then consecutively relay the activation signal to the olfactory glomeruli in the 

olfactory bulb which will stimulate mitral cells in the olfactory tract to relay the signal to 

the brain (156). In general, each olfactory neuron only expresses a single type of 

GPCR, and humans possess approximately 400 odorant GPCR genes. Although each 

GPCR is specific for a particular odorant, they all signal through the activation of 
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adenylyl cyclase III, which will act to increase the intracellular levels of cAMP and the 

consecutive opening of cyclic nucleotide gated channels (80, 121, 125, 151). 

In contrast to the multi-ciliated olfactory neurons, ciliated cells in the cochlea 

have a single PC with adjacent actin-based microvilli structures. PC in the cochlea act 

to receive and process sound waves and the adjacent vestibular system coincides with 

sensing motion and balance (21, 111). At the surface of each cochlear hair cell there is 

a modified PC called a kinocilium which contains a central microtubule doublet in 

addition to the 9 doublets of the axoneme. Each kinocilia has adjacent rows of 

stereocilia (similar to microvilli) that are composed of actin, arranged in semi-circle rows, 

and are stacked in a staircase-like fashion moving away from the kinocilium (80, 84). 

The result is a V-shaped bundle that is connected together by both ankle and tip links 

that, upon sound stimuli, will bend and initiate an intracellular signaling cascade to relay 

the stimulus through the cochlear nerve and into the brain to process the signal (80, 

111). The direction of kinocilium formation will predict the direction and orientation of the 

stereocilia bundle and is believed to be responsible for any positional information 

required for proper hair cell development (3, 10, 21, 54, 80, 111, 157, 242, 246). 

In contrast to both olfactory and cochlear cilia, the cilia in PR cells in the retina 

exist as a single highly modified PC called a CC ((15, 67, 78)133, 170). Rod PR are 

designed for response to very dim levels of light and cone PR are designed for 

response to bright levels of light. They each have a similar cellular structure in that their 

ribbon synapses are located in the outer plexiform layer (OPL) in the retina, their nuclei 

are localized in the outer nuclear layer (ONL), their inner segments (IS) contain the 

majority of intracellular content, and they have a small CC that connects the IS to the 
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outer segment (OS). Just below the CC, around the basal bodies, is a periciliary ridge 

complex that helps to facilitate disk membrane biogenesis as well as general membrane 

protein trafficking into the cilium (112, 145, 161, 214). There are additional actin-based 

microvilli-like structures that are extensions of IS membrane, and these filamentous 

structures are termed calyceal processes which are only present in amphibians, birds, 

and primates (133, 168). Along the OS of PR cells are membrane invaginations termed 

incisures that are associated with these calyceal processes (72, 73). This periciliary 

membrane as well as the calyceal processes are highly concentrated with scaffolding 

and adhesion molecules that are very large transmembrane proteins. These proteins 

act to connect the OS incisures to the calyceal processes and allow for structural 

integrity of the OS as well as potentially help to facilitate protein trafficking into the OS of 

PR cells (72, 73, 200). These proteins when mutated or missing result in Usher 

Syndrome (USH) which will be discussed below in Usher Syndrome (147, 233). 

The rod OS is composed of very densely stacked disc membranes that are 

separate from the plasma membrane whereas the cone OS is composed of folds of 

plasma membrane (80, 106). PR cilia are in a 9 + 0 arrangement and the TZ occupies 

the entire length of the CC, which is unique to PR cells (112, 145). The OS contains the 

axoneme of the cilia and it also contains the light absorbing components of the PR. OS 

discs are shed distally on a daily basis and are phagocytized by the retinal pigmented 

epithelium (RPE) while new discs are replenished at the base of the OS at the CC. All 

components of the OS are synthesized in the IS and they are trafficked to the OS 

through molecular motors within the cell (147, 187, 190, 202, 203, 234). Through some 

more recent data, it was identified that primates have well developed additional actin-
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based structures on their PR cells that extend from the IS and are localized all around 

the OS termed calyceal processes. They are present on both rod and cone PR cells and 

are absent from lower level mammals, including mice. These processes are composed 

of actin filaments and contain all of the USH proteins, indicating that these processes 

are involved in an elongated periciliary ridge complex and assist with protein trafficking 

to the OS (198). The OS of rod PRs have membrane invaginations termed incisures 

which are associated with microtubule tracks that allow for protein trafficking along the 

OS. Calyceal processes are tethered to the OS incisure microtubule tracks by the USH 

transmembrane proteins. They are believed to help facilitate OS protein trafficking as 

well as possibly provide additional structural integrity to the rod OS (75, 76). This is 

believed to be why USH syndrome mouse models do not display retinal degeneration, 

whereas patients that carry similar mutations develop retinal degeneration (198), and 

will be discussed further in Autosomal Recessive Retinal Dystrophies. PR function and 

the rhodopsin signaling cascade will be discussed in Phototransduction Cascade. 

Diseases Associated with Primary Cilia (Ciliopathies) 

Ciliopathies are a class of disorders that result from defects and/or abnormalities 

in PC structure and/or function. Ciliopathies are primarily autosomal recessive disorders 

that present with a very broad range of phenotypes even with mutations in the same 

gene. Autosomal recessive polycystic kidney disease is defined by bilateral renal cysts 

and is caused by mutations in the PKHD1 gene. Nephronopthesis (NPHP) is caused by 

renal cysts and 11 causative genes have been identified, NPHP1-11 (18, 64, 78, 109). 

Leber’s Congenital Amaurosis is an early onset blindness due to retinal degeneration 

that presents as retinitis pigmentosa caused by PR cell death. There are 14 known 

causative genes. Not all of these are cilia related genes, as there are several that are 
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crucial for the visual signaling cascade, but the disease is characterized based on 

patient presentation (1, 187, 188). Senior-Løken Syndrome is combined polycystic 

kidney disease with retinal degeneration and is believed to be a result in mutations in 

select NPHP genes (1, 109, 187, 188). Usher Syndrome (USH) is combined hearing 

and vision loss due to mutations in any of 11 genes. The three forms of USH are 

classified by the severity and age of onset of symptoms and USH will be discussed 

further in Usher Syndrome (1, 187, 188, 230). Joubert’s syndrome, in addition to renal 

cysts, also presents with retinal coloboma as well as mental retardation and ataxia as a 

result of hypoplasia of the cerebellum. Mutations in several NPHP and MKS genes can 

result in Joubert’s Syndrome. The primary diagnostic characteristic is a “molar tooth 

sign” that is observed in a brain MRI, as a result of cerebral hypoplasia (41, 109). 

Bardet Biedl Syndrome (BBS) is caused by mutations in the BBSome proteins as well 

as some MKS and NPHP genes. BBS is characterized by juvenile-onset obesity caused 

by altered leptin signaling in the brain. BBS also presents with retinitis pigmentosa, 

polycystic kidneys, and mental retardation (1, 41, 109, 188, 230). Meckel-Grouber 

Syndrome (MKS) is the most severe form of ciliopathy and is embryonic lethal. In 

addition to the earlier mentioned symptoms, it is primarily characterized by lung 

hypoplasia, post-axial polydactyly, and occipital meningoencephalocele (41, 109). 

Recently, different recessive mutations have been seen in many cilia genes and 

can present with a wide range of organ involvement based on the causative mutation, or 

combination of mutations (109, 127). There is also the possibility that certain mutations 

will present differently based on the genetic background of the patient and the effect of 

modifier alleles on the causative mutation(s) (127). This is becoming more widely 
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accepted in the field of ciliopathy research over the last decade as researchers begin to 

identify the cellular mechanisms underlying the respective disease phenotypes (127). 

The Biology of Vision 

Retinal Structure 

The eye is a highly specialized organ that allows for the perception of light and 

vision. The visual system is a highly complex signaling system with multiple integrated 

components that are required for visual processing. Light passes through the cornea 

and lens and is received in the retina in the back of the eye to sense a visual stimulus. 

This stimulus is further processed by the inner retina and then by the brain into cohesive 

images. The retina possesses five primary classes of neurons that perform the initial 

image processing including rod and cone PRs, bipolar cells (BPCs), amacrine cells, 

horizontal cells, and retinal ganglion cells (RGCs). In addition to retinal neurons, there 

are two supporting cells in the retina, the RPE and Müller glial cells (106, 214). Rod and 

cone PRs are first order neurons in the ONL that initially respond to light. Rod PRs 

mediate dim light vision while cone PRs mediate bright light and color vision. The rod 

scotopic response range is 10-6 – 102 cd/m2, while the cone photopic response range 

is10-2 – 106 cd/m2. Mesopic vision refers to a mixed rod-cone response and is at the 

high response end of rods and the low end of cones between 10-2 – 10 cd/m2. Humans 

have one type of rod cell that responds maximally to a wavelength of 498 nm and 3 

cone pigment cells, blue cones (short wavelength cones: s-cones) responding 

maximally to a wavelength of 437nm, green cones (medium wavelength cones: m-

cones) responding maximally to a wavelength of 533 nm, and red cones (long 

wavelength cones: l-cones) responding maximally to a wavelength of 564 nm (106). 
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At the base of PR cells are their synapses that connect to BPCs. Rod synapses 

are termed the rod spherule and cone synapses are termed the cone pedicle. Both rod 

and cone synapses contain a ribbon synapse that is adjacent to post-synaptic structures 

(106). In addition to synaptic communication between PRs and BPCs, there are also 

lateral contacts between rods and cones as well as cones to cones in the retina. These 

exist between the synaptic membranes as well as small gap junctions along the outer 

limiting membrane (OLM) that also connect both rod and cone PRs to the Müller cell 

end feet (106). BPCs are second order neurons in the INL that synapse to PRs and act 

to amplify the visual signal. There is one type of BPC for rods, the rod on BPC, which 

connects to multiple rod cells. Cones have two types of BPCs, on and off BPCs. These 

BPCs relay the amplified signal to the third order RGCs which communicate the visual 

signal through the optic nerve to the brain. Within the brain, communication and 

interpretation between the left and right eyes occurs across the optic chiasm. Finally, 

the lateral geniculate nucleus in the thalamus is responsible for visual perception in the 

brain and this signal is forwarded to the visual cortex for final visual processing (214). 

In addition to bipolar cells, the INL has horizontal cells and amacrine cells that 

provide lateral interactions between rod and cone cells as well as between PRs across 

the retina. Horizontal cells are responsible for close and global communication across 

the retina between rods and cones. Amacrine cells have synaptic connections with the 

axons of bipolar cells and RGCs (106). On the apical side of the OS of PR cells lies the 

RPE cell layer. The RPE absorbs much of the excess light that is not received by the 

PR cells, and provides nutrients and oxygen to PRs. The RPE is also responsible for 

phagocytosing the OS of PRs on a daily basis. Approximately 10% of the distal OS is 
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digested by the RPE every morning and this is an integrin-mediated process (106). 

Müller cells are another cell type found in the retina that span the entire retina from their 

basal lamina at the inner limiting membrane (ILM) adjacent to the RGCs, with the 

nucleus in the INL, and the Müller cell end-feet creating the OLM at the apical side of 

the ONL. Müller cells act as supporting glial cells for all cell types in the retina and are 

responsible for neuroprotective pathways as well as facilitating cone-opsin recycling 

through a Müller cell-specific pathway. Additionally, Müller cells are believed to act as 

photon guides to direct incoming light directly onto the PR OS (106). 

Human retinas have a highly dense cone region near the center of the retina 

along the visual axis called a fovea centralis, which is approximately 2.5 mm in diameter 

and appears as a shallow depression in retinal optical coherence tomography images. 

Surrounding the fovea is a narrow ring called the macula lutea. These areas are 

adjacent to the optic nerve, which is localized nasally to the fovea. The fovea consists of 

only cone PRs with a lower density of cones spread across the remainder of the retina. 

Adjacent to the fovea, approximately 4.5 mm just outside of the foveal pit, is the densest 

region of rod PRs that gradually decreases towards the retinal periphery. There are 

between 60-125 million rod PRs and approximately 3.2-6.5 million cones in the human 

retina. Cones account for only 10% of the retina but they are responsible for our 

daytime vision and normal daylight visual acuity (106). The foveal cone system allows 

for greater resolution than the rest of the retina in that each cone PR synapses to only 

one bipolar cell, termed a midget cone BPC, and one ganglion cell, termed a midget 

ganglion cell. In the periphery of the retina, each rod BPC connects with multiple PRs 

and each cone BPC and ganglion cell interact with multiple PRs (106, 214). The foveal 
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region is specific to primates, however some species have modified regions of the retina 

that act in a similar fashion, for example the area centralis in dogs (16). 

Phototransduction Cascade 

In rod PR cells, rhodopsin is the primary component of the OS. It is a 40 kDa 

seven-transmembrane GPCR with an associated chromophore molecule 11-cis retinal. 

The C-terminal sequence of rhodopsin is critical because it not only contains a 

sequence of five amino acids (aa) (QVXPX) at the C-terminus that targets rhodopsin to 

the OS, but the C-terminus and intracellular loop regions are also responsible for 

binding of rhodopsin to its associated G-protein complex (161, 215). In the dark, the 

cyclic nucleotide gated channel is open with an intracellular charge of approximately 

40mV and there is a continuous glutamate neurotransmitter release at the PR ribbon 

synapse (106). Upon exposure to light, the 11-cis retinal undergoes photoisomerization 

to the all-trans confirmation. Activated rhodopsin is now able to bind and activate the G 

protein transducin by catalyzing a GDP exchange for a GTP on the Gα transducing 

subunit of the G-protein membrane associated complex which is then released from the 

complex (206). Once activated, transducin stimulates the activation of cGMP 

phosphodiesterase that then hydrolyzes cGMP to GMP. This results in the closing of the 

cyclic nucleotide gated channels in the membrane and causes a hyperpolarization in 

membrane potential to approximately 70 mV, thus inhibiting the inflow of Na+ and Ca2+ 

ions into rods (106, 214). For the recovery phase, activated rhodopsin is phosphorylated 

by the G-protein rhodopsin kinase (GRK1) which then allows for arrestin-1 to bind the 

C-terminus and cytoplasmic loops of rhodopsin. In the dark, with high levels of 

intracellular Ca2+, a recoverin-Ca2+ complex binds to GRK1 to reduce GRK1 activity and 

inhibit rhodopsin phosphorylation. Upon exposure to light, when the cyclic nucleotide 
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gated channels close, the levels of intracellular Ca2+ drop and therefore results in the 

disassociation of the recoverin-Ca2+-GRK1 complex, allowing GRK1 to then 

phosphorylate the C-terminus of rhodopsin and allow arrestin-1 binding. Guanylyl 

cyclase activating proteins (GCAP) will replenish cGMP to levels sufficient to open 

cyclic nucleotide gated channels once more. Additionally, the isomerized all trans-retinal 

is reduced to all trans-retinol, and is actively transported to the RPE, converted back to 

11-cis-retinal and returned to the PR OS through the interstitial retinoid binding protein. 

11-cis-retinal is then inserted back into rhodopsin. Upon return to the dark-adapted 

state, arrestin-1 dissociates from rhodopsin and returns to the IS, ONL, and OPL, thus 

completing the phototransduction cycle (106, 112, 214). 

Retinal Function and Morphological Assays 

Electroretinogram 

The Electroretinogram (ERG) is a standard ophthalmological assay used to 

measure retinal function through the stimulation of an electrical activity across the eye 

upon exposure to flashes of light. Upon illumination there is a change in electrical 

potential on the surface of the cornea relative to the retina (106). The ERG was first 

implemented in the early 1900’s. Dr. Gotch was the first to establish that there were two 

electrical changes that occurred, first the cornea was negatively charged compared to 

the baseline, and then it became positively charged (106). Today the ERG is defined as 

a subset of 3 functions. The a-wave is an initial depolarization due to the electrical 

potential change in the OS as a result of activated rhodopsin. The b-wave is a positive 

change in electrical potential as a result of the INL cells receiving signal input from PR 

cells. Additionally, there is a c-wave that appears later as a result RPE cell responses 

(106, 175, 184). Accompanying the rising phase of the b-wave are a series of oscillatory 
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potentials (OPs) that are believed to originate from via communication between cells in 

the INL in response to the ERG. OPs are visible but they cannot accurately be 

measured until a digital filter to amplify the signal is applied called a Fast Fourier 

Transform that reduces out the signal from the a-wave and b-wave in order to obtain a 

quantitative measure for their frequency and amplitude (106, 227). Additionally, prior to 

the a-wave, there is an early receptor potential signal that is a small dip prior to the full 

a-wave and is due to the initial chromophore activation (106). There are two types of 

ERG, scotopic and the photopic. The scotopic ERG is measured in response to dim 

light flashes and measures the response from rod PRs. The photopic ERG is measured 

at bright light flashes and therefore measures cone function. As mentioned previously, 

there is some overlap of rod and cone response under intermediate flash intensities, 

termed mesopic conditions. Therefore, the brightest light flash measured in the scotopic 

ERG will contain some cone responses as well. Similarly, the dimmest light flash 

measured in the photopic ERG will contain some rod function. 

Spectral-Domain Optical Coherence Tomography 

Spectral-Domain Optical Coherence Tomography (SD-OCT) provides a method 

for imaging cross-sections of the retina in a live animal and is non-invasive. It is the only 

imaging method that can provide a visualization of the multiple layers of the retina 

without sacrificing the animal. SD-OCT generates high quality images that are 

generated through two scans, an A-scan and a B-scan. The A-scan registers the 

interface between the retinal tissue and the B-scan is the reflected output of the light 

scattering through the retina that is then registered by the camera (110). Our current 

OCT system is a Bioptigen instrument. This system provides images of horizontal 

sections of the retina as well as a fundus image of the surface of the retina. SD-OCT 
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scans can be used to measure retinal layer thickness in an animal over time. 

Delineations of the ganglion cell layer (GCL), INL, and ONL are fairly easy to deduce, 

however the demarcation of the IS/OS/RPE is much more difficult. This can be 

overcome by averaging multiple scans taken at the same slice in the retina and merging 

these images (19, 81, 238). SD-OCT is currently the best tool for assessing subretinal 

vector injection damage because any subretinal detachment can be observed through 

this methodology in vivo. OCT can be used in combination with histological sections to 

assay for retinal damage and subretinal detachment over time and was utilized to assay 

for post-injection damage and retinal degeneration (19). 

Autosomal Recessive Retinal Dystrophies 

Patient Phenotypes 

Approximately 2 million patients worldwide are affected by retinal dystrophies (1, 

92). Retinal dystrophies are inherited one of four ways: autosomal dominant, autosomal 

recessive, X-linked, or mitochondrially (1, 92). Autosomal recessive retinal diseases are 

Mendelian recessive inherited disorders caused by mutations leading to the lack of 

protein function that will result in cellular dysfunction and eventually cell death, which in 

this case will present phenotypically as vision loss. The different forms of retinal 

dystrophies are due to mutations in over 100 different genes (92). The patient 

phenotypes observed in retinopathies can be classified based on the primary cell 

type(s) involved. Pure rod and cone dystrophies present as congenital stationary night 

blindness and achromatopsia, respectively. There can also be presentation of 

pathogenesis first in rods and then cones, a hallmark of retinitis pigmentosa. Retinitis 

pigmentosa typically presents as night blindness with restricted peripheral vision 

followed by cone loss and a decline in visual acuity. Cone/rod diseases occur when the 
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cones are more affected initially.  Patients will exhibit photophobia and poor visual 

acuity with the possibility of color blindness. For this project I will specifically focus on 

autosomal recessive retinitis pigmentosa. 

Autosomal recessive retinitis pigmentosa onset can vary depending on the gene 

mutated and the age at initial vision loss ranging from infants to mid-20’s or later. The 

initial presentation is typically night vision defects due to a loss of rod PR function with 

increasing loss of peripheral vision over time. Subsequent extensive loss of rods will 

result in tunnel vision.  Subsequent cone leads to declining visual acuity, color vision 

defects, and eventually in some cases almost complete vision loss (1, 158, 199, 213, 

225, 236). Utilizing imaging of the retinal tissue through a fundus exam, there is typically 

visible dark pigmented deposits, due to the loss of PR cells, optic nerve pallor, and 

thinning of central blood vessels (199, 213). Additional phenotypic assays that can help 

identify the retinal pathology include the ERG which would present as a gradual 

decrease in the rod response and SD-OCT which would present as a thinning of the 

ONL over time beginning in the periphery and gradually moving towards the fovea and 

might include retinal fluid accumulation (158, 213). Once the overt pathology of the 

patient is defined, the next step to understanding potential treatment therapies is 

identifying the genetic mutation(s) causing the disease. Recent advances in whole 

genome sequencing, along with more thorough databases of characterized retinal 

mutations, has allowed for more accurate gene specific treatments (11, 24, 25, 43, 44, 

55, 70, 92, 118, 123, 124, 132, 150, 171, 172, 185, 186, 188, 200, 201, 212, 213, 221, 

239). This also provides the patients with a somewhat more accurate disease prognosis 

and pattern for disease progression and allows for more appropriate patient selection 
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for early phase gene therapy trials (20, 29, 66, 96, 104, 108, 119, 181). Unfortunately, 

even if the causative mutations are known, potential available treatments are often 

limited due to the lack of animal models that accurately recapitulate the disease 

phenotype, the lack of therapeutic outcomes in animal models, or the patient’s inability 

to qualify for a given clinical trial. There is also a concern in patients that present with 

very early autosomal recessive retinitis pigmentosa because, although some of the 

more successful treatment trials have employed gene replacement therapies, if PR cells 

are lost, there is no way currently to generate more in the retina (49, 50, 58, 86, 116, 

118). 

Current Treatment Methods for Retinal Degeneration 

Current treatment modalities for retinitis pigmentosa are dependent on the age of 

onset and the severity of the retinal degeneration. In the most severe forms of retinitis 

pigmentosa, patients have lost the majority of their vision and only maintain a small 

fraction, if any, of their PR cells in their central retina. In these patients, INL cells may 

also be damaged or lost, but the primary degeneration is in PR cells. These are the 

most difficult to treat because there are few or no PR cells left to transduce, as PR are 

terminally differentiated cells that do not divide, and there are no natural retinal 

progenitor cells that can give rise to new PR cells (136). 

The Argus II, the first commercially available prosthesis for retinitis pigmentosa, 

is a 6x10 grid electrode array that is surgically implanted on the surface of the retina 

adjacent to the GCL on the ILM with a receiving antenna that is sutured to the temporal 

region of the face. The external component is a transmitting antenna attached to a pair 

of glasses with a small video camera that will record the external environment. There is 

an additional video unit that will process the images received through the video camera 
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and transform them into an electrical signal that is sent through the antenna to initiate a 

focal electrical stimulation of small subsets of RGCs. This results in a vision like signal 

being transmitted to the brain. The Argus II clinical trial was approved by the FDA in 

2013 and patients have been monitored over the course of the trial for improvement in 

visual task performance, SD-OCT, and a Functional Low-Vision Observer Rated 

Assessment. After 5 years of performance and safety validation, the patients presented 

with an overall improvement in quality of life. They were able to perform everyday tasks 

such as sidewalk tracking and direction discrimination statistically better when the 

system is turned on vs off. The Argus II is now the sole retinal prosthesis that is 

approved by the US, Canada, and Europe (58, 59, 74, 91, 174). 

An alternative approach is the use of optogenetics to stimulate normally light 

insensitive retinal cells to respond to a light stimulus, for example turning the bipolar 

cells and/or RGCs into new light sensors to generate a visual response to the 

environment (50). Currently, optogenetics therapies have made advances in pre-clinical 

studies, and in August of 2016 RetroSense therapeutics enrolled 3 patients in an FDA 

approved Phase I/II clinical trial funded by the Foundation for Fighting Blindness. The 

treatment was applied as an AAV-mediated gene therapy using channelrhodopsins 

targeting RGCs in order to stimulate retinal activity (ClinicalTrials.gov, NCT02556736). 

The most novel approach that has recently been studied is the use of stem cells 

to regenerate retinal cells In vivo through the injection of embryonic stem cells (ESC) 

and induced pluripotent stem cells (iPSC). Previously, there has been some progress in 

generating successful gene therapy trials for diseases of the RPE including macular 

degeneration and Stargardt macular dystrophy through transplanted ESCs and iPSCs 
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to the subretinal space between PR and the RPE (20, 86). There has also been 

progress made on generating large quantities of mammalian cochlea cells in culture in 

order to generate sufficient cells to administer for cochlear iPSC gene therapy (155). 

There still needs to be extensive work done to assess whether these cells can integrate 

accurately and efficiently into degenerated retinas and cochleas. If these organoids are 

able to recapitulate both cell types in vivo, this would be a promising treatment not only 

for general forms of retinitis pigmentosa, but also for the more severe forms of disease 

that occur at varying ages from infancy to adulthood, such as USH, since the age of 

onset will no longer be an issue, and because this would help to circumvent problems 

with gene therapy treatments for large genes. 

In patients that present with later onset retinitis pigmentosa or slowly progressive 

retinitis pigmentosa, there are more available treatment options, especially if regions of 

the retina are relatively intact. Gene therapy is simply defined as the administration of a 

therapeutic DNA to cure a defective cell. By restoring the wild-type (WT) gene or cDNA, 

there is the potential to achieve a therapeutic amount of WT protein that was previously 

absent from the cell. Alternatively, the delivered gene of interest may act to silence a 

detrimental gain-of-function gene. Some of the most hopeful progress in gene therapy 

has been achieved for retinal diseases due to the fact that the eye is a relatively 

immune privileged organ that is isolated from other tissue systems and therapeutic 

treatment can be administered fairly easily through an intraocular injection. 

There are two primary gene delivery methods for therapeutic treatments, 

nanoparticles that are bound to the DNA of interest and viral delivery vectors that will 

encapsulate the DNA of interest. These two methods can further be modified with 
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additional mechanisms of gene therapy once the cell type(s) of interest is/are identified 

(108). The initial gene therapy treatments began with non-viral gene therapy in animal 

models, not in humans, and employed plasmid DNAs transfecting cells at the site of 

injection. These can be delivered as naked plasmid DNAs through electroporation, 

sonication, or with the DNA bound to polymers or cationic lipids to increase cellular 

uptake and gene expression. Non-viral gene therapy is an interesting delivery option 

due to its ability to carry genes of any size and it has an extremely low immunogenicity. 

However, with time the DNA will be naturally degraded, or if the cells divide, the gene of 

interest will be diluted with each cell division. If the delivered DNA integrates into 

chromosomal loci it may stably persist but there is a significant risk of endogenous gene 

disruption or gene activation that may have deleterious consequences, including tumor 

initiation. Some clinical applications of non-viral delivery therapy trials include 

intramuscular injection of naked DNA, a melanoma cancer vaccine using cationic lipids, 

chronic limb ischemia, and a canine melanoma vaccine (108, 222). 

There are several different types of viral vectors for gene delivery, each with its 

own advantages and disadvantages. The primary methods for retinitis pigmentosa 

treatment therapy are Adenovirus, lentivirus, and Adeno-associated virus (AAV). I will 

first discuss is Adenovirus vectors which are fairly widely used and have a broad range 

of therapeutic applications. Adenovirus is an icosahedral capsid DNA virus with a 

nascent DNA of 36 kb. Adenovirus is a potentially useful gene therapy delivery tool 

because it can package up to 38kb of DNA. The Adenovirus capsid will preferentially 

infect hepatocytes in the liver, but different co-factors as well as different capsid 

mutations allow for the virus to evade initial liver infection and allow the virus to travel 
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through the circulatory system to reach the tissue of interest. Adenovirus has been 

utilized in a broad range of treatments including multiple types of cancers and 

cardiovascular treatments. One of the primary complications with Adenoviral therapy is 

that it has a strong inherent immunogenicity and this will in turn stimulate a host immune 

response against the therapeutic vector construct. This has been an ongoing concern 

with the use of Adenovirus for clinical therapies (108). 

Because Adenovirus can package very large DNA constructs it may be the best 

possible delivery system for some genes of interest. There have been several 

Adenoviral gene therapies tested in the retina, but most had low transduction 

efficiencies or infected the wrong cell type (108). Recently, there have been some 

significant advances in the optimization of the Adenoviral vector for optimal retinal 

delivery to the cell type of interest. For example, in 2014 Dr. Hu developed a helper-

dependent adenoviral vector retinal gene therapy to deliver large DNA constructs. This 

new delivery system has the inverted terminal repeats necessary for DNA replication 

without the presence of the viral coding genes. They tested a ubiquitous CAG promoter, 

along with a separate construct containing the interphotoreceptor retinoid binding 

protein enhancer (IRBPE) in order to specifically target PR cells. This system increased 

the transduction efficiency which resulted in a greater number of viral particles per cell. 

As a result, they observed sustained expression throughout the RPE with a subretinal 

injection using low viral doses for at least 4 months (140). This suggests that it may be 

possible use Adenoviral vectors to treat the retina with larger genes, such as in USH, to 

develop gene therapy treatments for retinitis pigmentosa. 
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Lentiviral vectors are another mode of viral gene therapy which is an HIV RNA 

based virus that can package up to 10 kb of a therapeutic construct. Lentivirus can 

infect dividing and non-dividing cells and stable transfection has been demonstrated for 

multiple organ systems. Similar to the other viral therapies, lentivirus can be pseudo-

typed to optimize for cell type specific targeting of the gene of interest. Additionally, the 

promoter and regulatory regions flanking the gene of interest can also modify the level 

of cell-type specific expression. Integration-deficient vectors have also been designed 

for infection in non-dividing cells, however, this is not ideal for dividing cells since, like in 

all cases, the gene of interest will be diluted out over time as the cell divides. As with the 

other two viral methods, lentivirus also poses a risk of an innate or adaptive immune 

response to the capsid (108, 222). Most recently in 2014 Dr. Cosgrove developed an 

EIAV-lentiviral vector to develop a gene therapy for Myosin7A, the causative gene for 

USH1B. He utilized a CMV driven Myosin7A vector with a subretinal injection. Affected 

mice were analyzed 1 month post-injection and they reported expression of Myosin7A in 

both PR and RPE cells (240). Previously, they showed that Myosin7A KO mice have a 

delay in transducin translocation upon exposure to light. He also showed that after 

short-term 6 day continuous light exposure (2500 lux) and long term cyclic light/dark 

exposure of medium light (1500 lux) induced significant PR degeneration in Myosin7A 

KO vs WT mice (176, 219). Post-EIAV-lentiviral treatment with CMV-Myosin7A revealed 

a significant rescue of both the transducin translocation and light damage phenotypes. 

They also validated the safety and tolerability in non-human primates and proved that 

the gene therapy was safe and well-tolerated (51, 240). This is extremely promising for 

the progress of large gene therapy in the retina, particularly for USH diseases. 



 

38 

AAV is the most prevalent method of viral gene therapy to date and has had the 

most clinical success, particularly in the retina. In patients that present with later onset 

retinitis pigmentosa, gene therapy is an available treatment option, particularly if there 

are relatively intact remaining regions of the retina. The eye is a relatively immune 

privileged organ that is isolated from other tissue systems, and therapeutic treatment 

can be administered fairly easily through an intraocular injection. Additionally, retinal 

and RPE cells are terminally differentiated, meaning that any AAV-DNA that is delivered 

and taken up by the retinal cells will remain within those cells for the remainder of their 

life since it will not become diluted out over time as the cells divide (108). 

AAV is a non-pathogenic parvovirus that can infect both dividing and non-dividing 

cells. AAV has the smallest packaging capacity of all the viral vectors with a size of only 

5kb. The AAV genome is a linear strand of DNA that consists of two reading frames 

containing the replication, capsid, and assembly coding genes. There are 9 or more 

gene products that are controlled by 3 promoters with the addition of differential splicing 

and alternative translation start site. Flanking these sequences are the inverted terminal 

repeat sequences that are necessary for packaging (66, 108, 222). The replication gene 

codes for 4 proteins that are involved with viral replication and packaging of the virus 

(Rep40, Rep52, Rep68, and Rep78). The capsid proteins form the outer surface of the 

viral capsid (165). There are 3 capsid proteins that are composed of two smaller 

proteins (VP1 and VP2) and one larger protein (VP3). These capsid proteins are in a 

ratio of 1:1:10, with VP3 being the most abundant. There are multiple different capsid 

serotypes that have been identified to date as well as multiple different capsid-serotype-

specific mutations that have been identified to optimize for better cell type-specific 
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transduction. This will be discussed later in Chapter 5: Serotypes and modifications. 

The AAV constructs that are utilized for gene therapy have all of the replication and 

capsid genes removed so that all that remains are the inverted terminal repeat 

sequences for packaging and then the promoter, enhancers, and gene of interest are 

inserted in the middle along with a poly-adenylation sequence at the end (108). There 

are many studies looking at the success of AAV-mediated gene therapy in the retina 

and the optimization of targeting specific cell types with different capsid mutants. The 

early gene therapy studies in the late 1990’s looked at cell-type specific transduction 

after subretinal and intravitreal injection as well as long term expression, stability, and 

toxicity (108, 222). These preliminary studies initiated the development of successful 

gene therapy replacement treatments for several animal models of retinitis pigmentosa. 

The first most extensively studied model was for mutations in the RPE65 gene. 

Part of the early success for this clinical trial was that there were both naturally 

occurring mouse and dog models (47, 48, 102, 115). They showed that subretinal 

treatment of an AAV2-CBA-RPE65 lead to increased improvement in ERG post-

treatment. This was also shown with several other serotypes, and was additionally 

assessed in both mice and dogs (46-48, 102, 115, 117). After initial treatment in 

humans, it was shown that treatment mediated improved vision, however it could not 

altogether halt the PR degeneration over several years in patients. It was also reported 

that the only way to halt PR cell death in dogs was to treat prior to any onset of 

degeneration (27, 28, 47-49, 102). Patients have been monitored for several years with 

some treated patients developing the ability to utilize a “pseudo-fovea” at the sight of 

injection in order to gain visual acuity. This indicated that the patients were able to 
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undergo cortical learning in order for the brain to receive a useful visual signal where it 

did not previously exist (20, 46, 47, 102, 117). Similar preliminary studies have been 

done for other autosomal recessive retinal conditions, but so far only in animal models, 

particularly in LCA mouse models including aryl hydrocarbon receptor interacting 

protein-like 1 (Aipl1), guanylate cyclase 1 (GC1), and spermatogenesis-associated 

protein 7 (Spata7) (28, 30-32, 137, 244). Retinal gene therapy has also been assessed 

in the BBS retinitis pigmentosa mouse models which show that PR cell death and 

rhodopsin miss-localization can be rescued post-treatment in both BBS4 and BBS1 KO 

mice (42, 205, 209). Similarly, BBS AAV gene therapy has also been utilized for other 

organ systems including olfactory epithelia and Adenovirus gene therapy has also been 

used for other ciliopathy genes such as Ift88 (153, 154, 232). Some cilia genes are too 

large to fit in a standard AAV vector for gene therapy, and therefore other methods of 

delivery need to be utilized such as a dual vector AAV system to deliver large genes in 

two parts, allowing them to recombine in the cell. This was used for USH1B rather than 

a lentiviral or Adenoviral vector carrier (144). Most recently in February of 2017, it was 

shown that AAV-mediated delivery of USH1C can prolong auditory hair cell survival, 

rescue sensory transduction, and rescue the auditory brain stem response post-

treatment (173). Together, these results confirm the therapeutic potential for the use of 

AAV as gene therapy tool, not only in the retina but several other cell types as well.  

Usher Syndrome 

Usher Syndrome (USH) is a recessively inherited class of diseases defined as 

combined hearing and vision loss due to mutations in nine known genes. Recently, it 

has also been shown that USH mouse models possess a defect in their odorant 

detection abilities as well that may also provide an additional diagnostic tool for patients 
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(120). USH disorders affect approximately 1/23,000 people in the US and are the cause 

of about 50% of combined blind-deaf patients. USH was first reported by Charles Usher 

in 1914 in a patient cohort (233). There are three forms of USH that are classified by the 

severity and age of onset of symptoms as well as additional vestibular dysfunctions.  

USH1 is the earliest onset and is the most severe. It presents with severe 

bilateral hearing loss at birth and children are either born completely deaf or will present 

with profound hearing loss by one year of age. USH1 patients also present with 

extensive vestibular dysfunction in addition to hearing loss and often have delays in 

motor development (236). Retinitis pigmentosa in USH1 patients presents very early in 

childhood and first displays as tunnel vision along with decreased visual acuity followed 

by rapid vision loss (10, 158, 233, 236). USH1 is known to be caused by five known 

genes. USH1B is caused by mutations in the Myosin7A (MYO7A) gene. MYO7A 

mutations are the most prevalent of all USH mutations resulting in ~50% of all USH 

cases based on the genetic population. MYO7A is an actin-based motor domain protein 

that is a non-conventional myosin. It is composed of a motor head domain, two FERM 

(F for 4.1 protein, E for ezrin, R for radixin, and M for moesin) domains, two MyTh4 

domains, five IQ calmodulin-binding motifs, and a Src homology 3 (SH3) domain (192). 

USH1C is caused by mutations in the harmonin gene. USH1C is the most prevalent 

mutation among the Acadian population in Louisiana (236). Harmonin is a scaffolding 

protein that has three isoforms. All isoforms contain two PDZ (Post-synaptic density 95 

(PSD95), disc large, ZO1 proteins) domains, class A and B isoforms contain an 

additional PDZ domain and class B isoforms also have a 2nd coil-coil domain (192). 

USH1D and UDH1E are caused by mutations either in the cadherin 23 (Cdh23) or 
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protocadherin 15 (Pch15) genes, both cadherin-related proteins. Cadherin proteins are 

very large calcium dependent single-pass transmembrane cell adhesion proteins that 

are indirectly connected to the actin cytoskeleton through their C-terminal PDZ binding 

motif (192). Recently, M. Zallocchi has shown that Pch15 functionally interacts with the 

USH3A protein CLARIN1 (CLRN1) in zebrafish cochlear hair cells via immuno-

precipitation and the fact that Pch15 is mislocalized when the C-terminus of Clrn1 is 

deleted (169). Finally, USH1F is caused by mutations in the SANS gene which encodes 

a scaffolding protein (10). Sans contains three Ankyrin domains with a CT PDZ binding 

motif (192, 236). In addition to USH1 proteins being present in PRs and cochlear hair 

cells, it has recently been reported that harmonin, SANS, Cdh23, and Pch15 are all 

present in olfactory sensory neurons at both the mRNA and protein levels (120). 

USH2 patients are characterized by the age of onset of hearing loss in their early 

teens, although some can present earlier on in life or in their adolescence, and hearing 

loss tends to be stable throughout the patients’ life with no known vestibular 

dysfunction. Retinitis pigmentosa also arises later in USH2 patients and usually is not 

diagnosed until after puberty (158). Interestingly, it has been shown that USH2 patients 

also present with a significant reduction in choroidal thickness that is correlated with age 

(52). It has been shown that in retinitis pigmentosa patients there can be altered 

choroidal blood flow which could provide additional confounding variables with disease 

progression (141). This is significant because analyzing choroidal thickness may also 

help to provide an additional monitor for disease progression and help researchers to 

understand more about the disease mechanism. USH2 is known to be caused by three 

genes. USH2A patients carry mutations in the gene usherin which causes between 50-
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90% of USH2 cases depending on the genetic population. There appears to be a 

founder effect in the French-Canadian population, accounting for approximately 50% of 

the USH2A cases with a secondary founder population of European origin accounting 

for approximately 15-45% of all mutated alleles (158). There are two isoforms of 

usherin, the short isoform is a laminin type EGF (epidermal growth factor) - like protein 

with 4 fibronectin domains. The long isoform is a transmembrane protein with a C-

terminal protein binding motif (192, 236). USH2C is caused by mutations in the VLGR1 

(very large G-protein coupled receptor) gene, which is the largest of all USH genes. 

VLGR1 is a seven transmembrane Ca2+ exchanger that only appears to account for a 

small percentage of USH2 cases at 3-6% of patients (158, 236). VLGR1 is believed to 

play a role of adhesion in the synaptic membranes and assist in G-protein signaling 

during synaptogenesis (192). USH2D is caused by mutations in the whirlin gene and is 

a proline-rich protein with 3 PDZ domains. Whirlin mutations appear to be extremely 

rare compared to other USH mutations (10, 158, 236). Similar to the USH1 proteins, the 

USH2 proteins usherin and Vlgr1 have also been reported to be present in olfactory 

sensory neurons at both the mRNA and protein levels (120). 

USH3A is the latest onset of all the USH disorders and is caused by mutations in 

only one gene to date, Clarin1 (CLRN1/CLRN1). USH3A is the least prevalent of all 

USH forms but mutations in CLRN1 are mostly seen among the Finnish and Ashkenazi 

Jewish populations which accounts for more than 40% of patients due to a strong 

founder effect in both cohorts. USH3A patients present with progressive retinitis 

pigmentosa in their 20’s to 30’s (131, 239). Affected patients will experience progressive 

tunnel vision and reduced visual acuity over time. Different from the other types of USH, 
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USH3A hearing loss will present between the 1st and 2nd decade of life, but will become 

profound over time (171, 172, 239). This is unique compared to USH1 and 2 because 

hearing loss in USH3A presents post-lingually and allows for patients to develop fairly 

normal speech abilities. This also suggests that USH3A may be the most detrimental in 

terms of patient quality of life because patients are born with normal hearing and vision, 

but progressively lose both senses later in life (10, 158, 185, 186, 225). Patients show a 

significant level of visual field loss and analysis of patient retinas by ERG show 

definitive PR dysfunction, with a greater deficit in rod function than in cones, and their 

fundus exams show significant retinitis pigmentosa phenotypes in the peripheral retina. 

Upon SD-OCT analysis, the ONL was significantly thinner than the standard thickness 

and the IS/OS band was disrupted within 4 degrees of the fovea (189). As stated 

previously, there is currently no treatment for retinitis pigmentosa in USH3A patients, 

however many patients have received cochlear implants. Those patients with cochlear 

implants show a significant improvement in hearing and also showed a significant 

improvement in word recognition post-treatment (183, 185). 

CLRN1 is a tetraspanin TM protein with 3 isoforms. The main isoform contains 

an N48 glycosylation residue with a proposed PDZ binding motif on the intracellular C-

terminus (4, 132, 192, 218, 241). The true function of CLRN1 is unknown but it is 

believed to localize at the CC, kinocilia, and stereocilia as other USH proteins (53, 146, 

241). Although the other USH proteins were recently shown to be expressed in the 

olfactory epithelium, there is no evidence as of yet whether there is any CLRN1 

expression as well. Clrn1/CLRN1 will be discussed in Chapter 3 background. 
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Usher Interactome 

The USH proteins are believed to functionally interact with each other along the 

stereocilia and kinocilia in the inner ear and along the CC, calyceal processes, and 

incisures in PR cells (5, 198). Each of the proteins in this network have different 

functions that provide membrane-membrane connections, scaffolding proteins for 

structural maintenance, and motor proteins that allow for the movement of cargos. 

MYO7A is the only known motor protein associated with this functional network and has 

been shown to interact with harmonin and whirlin to connect the USH interactome to the 

intracellular actin cytoskeleton (135, 147, 192). MYO7A has also been shown to directly 

interact with Pch15 in the inner hair cells (204) with additional protein-protein specific 

interactions between the C-terminal PDZ binding motif in SANS to the PDZ domains in 

whirlin (3, 5, 35, 135, 147, 170, 191, 192, 229). Of all the USH proteins, CLRN1 is the 

only protein that has not yet been conclusively linked to the interactome. As stated 

previously, recent studies showed that the C-terminal domain of Clrn1 functionally 

interacts with Pch15 in zebrafish neuromast hair cells and this interaction is essential for 

Pch15 incorporation into cochlear hair cell bundles and its proper localization at the tip 

links of stereocilia. Interestingly, a Pch15 deletion did not alter Clrn1 localization 

suggesting that Clrn1 is required for proper Pch15 localization and function but that 

Clrn1 can localize independently of Pch15 (146, 169). Clrn1 was also found to be 

essential for the hair cell synaptic ribbon arrangement. Clrn1 zebrafish morpholinos 

displayed a definitive increase of synaptic ribeye puncta and an increase in puncta 

mislocalization. This phenotype could be rescued with the full-length Clrn1, however, 

the C-terminal deletion of Clrn1 did not. This indicates the C-terminus is required for 

proper ribeye localization at the ribbon synapses as well as for synaptic formation (169). 
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Furthermore, Clrn1 was shown to be required for normal vesicle recycling at the ribbon 

synapses and the C-terminus was not required for proper vesicle recycling (169). The 

USH interactome proteins are also linked to other ciliopathy proteins including Cep290, 

RPGR, RPGRIP1, lebercilin, and BBS6. In particular, SANS has been shown to directly 

interact with Cep290 (211). The defects in Clrn1 vesicle recycling was also assessed 

using a rab11a/b cilia marker for trafficking and it was shown that Clrn1 was required for 

accumulation of rab11a/b at the apical pole in inner hair cells (169). 

Given that this interactome is present in both cochlear hair cells and PR cells, its 

functions appear to be cell-type specific, although little information relates to the 

function of USH proteins in olfactory neurons (120). In the cochlea, this interactome is 

believed to play a role in sensing sound waves through cilia bending and interactions at 

the tip and lateral links on the inner ear stereocilia (5, 54). When the tympanic 

membrane senses a sound it relays a vibration that is sent through the fluid matrix in the 

cochlea, and the stereocilia will bend in response to fluid movement. The USH 

interactome proteins are believed to activate when the stereocilia move, relaying the 

signal into the cell and results in neurotransmitter release at the cellular synapses (23, 

148). Additionally, harmonin functionally acts as a scaffold for ion channel complexes at 

the ribbon synapses in order to regulate Ca2+ signaling and electrical signaling at inner 

hair cell synapses (84, 147, 211). In PR cells, the USH interactome functions as an 

adhesion complex along the CC, periciliary membrane, and the calyceal processes (54, 

158, 199). As mentioned previously, they are present in frogs, birds, and primates but 

are lacking in mice. They are believed to act as stabilizers of the OS, and USH proteins 

help facilitate OS disc formation and biogenesis (148, 211). 
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Usher Syndrome Animal Models 

Many of the naturally occurring mouse models display a distinctive behavior of 

head-tossing and circling around themselves. This is believed to be a consequence of 

inner ear vestibular dysfunction and abnormal balance issues. This behavior seems to 

be restricted to the USH1 mutations, however there is one model for USH2 that does, 

indicating that some USH2 patients could perhaps have mild vestibular problems. A 

commonality of all USH mouse models is that they present with definitive inner ear 

defects, having a loss of stereocilia and kinocilia that result in hearing loss. However, 

they have very mild, if any, retinal phenotypes that have been extremely difficult to 

characterize (233). Although there does not appear to be any structural abnormalities in 

the retina, there is a reduced a- and b-wave ERG in some of the USH1 and 2 mouse 

models. A mouse model for USH1C shows mild peripheral degeneration and USH2D 

mice have shortened PR OS (237). MYO7A KO mice have an accumulation of 

rhodopsin in their OS and their RPE have an abnormal accumulation of melanosomes 

(51, 144). Currently, the only USH mouse model that has been reported to have 

measurable PR loss is an USH2A mouse which loses approximately 50% of PR by 2 

years of age (233). Recently, in a new USH3A mouse model, Y. Imanishi has reported a 

slight decrease in b-wave ERG at 7 months of age, but as the WT animals age, their 

ERG will drop to KO levels at 9 months of age (217). This late onset loss of function is 

believed to be a result of abnormal RPE function in this mouse strain as well as an 

increase in inflammation (160). There are also some additional retinal phenotypes of 

delayed phototransduction protein localization upon exposure to light. This has been 

seen in mouse models for all three forms of USH (72, 176, 219, 220). The USH3A 

mouse models and phenotypes will be discussed further in Chapter 3 and 4. 
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Recently, several zebrafish morpholino models have also been generated in 

order to attempt to identify additional retinal phenotypes as well as study USH protein 

localization and function in a model organism. Zebrafish have a much shorter 

developmental time frame and their retinas are more cone-dominant, making them 

relatively more similar to a primate retina than a mouse. They are also diurnal and more 

dependent on visual processing (22). Zebrafish are a good model to test a potential for 

a gene therapy treatment because the zebrafish retina can also regenerate PR cells in 

vivo (22). There are currently zebrafish models for all three USH syndromes and 

successful therapeutic treatments have been of recent growing interest in these models 

in order to validate the effectiveness of treatments. 
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CHAPTER 2 
OVERVIEW, RATIONALE, AND SPECIFIC AIMS 

USH retinal diseases are caused by a group of autosomal recessive genetic 

disorders that present with combined hearing and vision loss in patients. The three 

classifications of USH account for 50% of combined blindness/deafness in humans and 

affects 1/25,000 children worldwide (10, 23, 135, 199, 233, 236). The three USH types 

are clinically differentiated by the age of onset and the mutated gene involved (23, 135, 

236). USH3A is the slowest onset of the USH sub-types and is therefore the most 

promising target for treatment. Current treatments for USH3A are costly and limited only 

to hearing defects utilizing hearing and vision aids, cochlear implants being the most 

effective. In USH3A, hearing loss results from the loss of function of vestibular cochlear 

cells in the inner ear, whereas vision loss and progressive night blindness is caused by 

a loss of PR cells in the retina and is characterized clinically as retinitis pigmentosa (20, 

107, 171, 172, 183, 185, 186, 189, 192). USH3A is caused by mutations in the Clrn1 

gene, which encodes a 232-amino acid four transmembrane domain protein of unknown 

function. Its pattern of endogenous expression in the retina remains unclear. It has been 

shown that Clrn1 contains an N48 glycosylation and PDZ domains which are likely 

responsible for proper protein localization and facilitation of its interaction with other 

USH proteins. The USH proteins are localized to photoreceptor IS, CC, ONL and PR/ 

bipolar cell synapses in the OPL, as well as to the kinocilium and stereocilia bundle of 

cochlear cells in the inner ear (3-6, 8-10, 14, 17, 23, 35, 53, 54, 68, 69, 88, 89, 93, 94, 

105, 107, 114, 117, 131, 135, 138, 139, 142, 147-149, 152, 158, 169, 172, 178, 191-

194, 198, 199, 204, 211, 217, 233, 237, 241, 242). The retinal location of Clrn1/Clrn1 

remains controversial because previous localization data is conflicting depending on the 
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assay performed. (4, 87-89, 114, 182, 218, 241) A primary difficulty with regard to 

understanding USH3A function is that no current animal models fully recapitulate patient 

phenotypes. The genetically engineered models, N48K knock-in (KI) and Clrn1 knock-

out (KO) (Clrn1 -/-) mice, described to date present with a hearing loss phenotype while 

their retinas appear morphologically and functionally normal based on histology, OCT, 

and ERG analysis (87-89, 218). In order to develop an effective treatment for USH3A, a 

preclinical animal model is required that more accurately mimics the patient phenotype 

because there is currently no restorative retinal therapy for Usher patients. Therefore, 

uncovering a retinal phenotype in available USH3A mouse models and determining the 

endogenous localization of Clrn1/Clrn1 in the retina are crucial for the development of 

clinical therapies. The aims of my study are to define an USH3A mouse retinal 

phenotype, identify the endogenous retinal location of Clrn1, and successfully rescue an 

identified retinal phenotype using AAV-mediated gene therapy. 

Aim 1: Identify endogenous Clarin-1/CLARIN-1 expression in the retina. 

 Hypothesis: Clrn1/Clrn1 is expressed in photoreceptor cells and its N48 
glycosylation and PDZ binding domain are responsible for proper localization. 

 Objective 1.1: Document Clrn1/Clrn1 retinal expression and localization in the 
presence or absence of photoreceptors. 

 Objective 1.2: Identify endogenous Clrn1 localization by immunohistochemical 
(IHC) analysis employing new CLRN1 antibodies in mouse retinal tissue. 

 Objective 1.3: Document Clrn1 subcellular localization when N48 glycosylation is 
absent. 

Aim 2: Identify a retinal phenotype in N48K Knock-in (KI) (N48K) and Clarin-1 
Knock-out (KO) (Clrn1 -/-) mice. 

 Hypothesis: There is a subtle but quantifiable visual phenotype in the USH3A 
mouse models. 
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 Objective 2.1: Perform light-driven protein translocation experiments in mice 
containing the Clrn1 -/- KO or N48K KI mutation to characterize a retinal 
phenotype. 

 Objective 2.2: Replicate the identified decreased b-wave phenotype in the new 
A/J mouse strain. 

 Objective 2.3: Perform prolonged light exposure experiments and light damage 
experiments in Clrn1 -/- KO or N48K KI mice to characterize a retinal phenotype 
and potentially induce degeneration compared to wild-type mice. 

 Objective 2.4: Perform novel ERG methods using light exposure prior to ERG in 
order to characterize a retinal phenotype in Clrn1 -/- KO or N48K KI mice. 

Aim 3: Identify the optimal AAV gene construct, capsid serotype, and delivery 
method for Clarin-1 gene therapy treatment and assay for phenotypic rescue 

using AAV mediated gene therapy. 

 Hypothesis: Clrn1 needs to be expressed at optimal levels by the correct cell 
type in order to develop a successful gene therapy treatment that can restore the 
previously defined phenotype through AAV-mediated gene therapy. 

 Objective 3.1: Assess CLRN1 localization following AAV-injection containing 
human CLRN1. 

 Objective 3.2: Optimize vector capsid, promoter, and titer for CLRN1/CLRN1 safe 
and effective AAV gene therapy treatment. 

 Objective 3.3: Determine if exogenously-expressed CLRN1/CLRN1 can rescue 
the phenotypes previously described in Aim 2 Clrn1 -/- KO or N48K KI mice. 
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CHAPTER 3 
IDENTIFYING WHERE ENDOGENOUS CLARIN-1 RNA AND PROTEIN IS 

EXPRESSED IN THE RETINA 

Background 

It has been established that the majority of USH proteins localize to the CC and 

calyceal processes in PR cells and at the kinocilia and stereocilia bundle in cochlear 

hair cells (3, 147, 192, 198). As mentioned previously, many USH proteins contain PDZ 

domains, PDZ binding motifs, as well as transmembrane components, all of which have 

been proposed to link the USH interactome to the intracellular cytoskeletal network 

through macromolecular complexes (3, 135, 211). As of yet USH3A is the only USH 

protein that has not been definitively linked to the USH interactome.  

USH3A is caused by mutations in the Clrn1 gene which consists of 4 exons. 

There are 3 proposed protein-coding transcripts in the retina: isoform 1 containing 

exons 1, 3 and 4 which is the 232 aa isoform that is 26 kilo-Daltons (kDa) and is 

believed to be the primary variant, isoform 2 containing all exons 1-4 which is the 250 

aa isoform, and isoform 3 containing exons 1 and 4, the smallest isoform at 180 aa 

(Ensemble: Isoform 1: Clrn1-201 ENSMUST00000051408.7, Isoform 2: Clrn1-202 

ENSMUST00000055636.12, isoform 3 Clrn1-203 ENSMUST00000072551.6). It is 

unclear if all three isoforms are expressed in the retina or not, and if so, which retinal 

layers are expressing which isoform. Isoforms 1 and 2 are thought to contain four 

transmembrane domains and isoform 3 contains only two, with intracellular N- and C-

terminal ends (4).The main variant codes for a tetraspanin transmembrane protein with 

an extracellular glycosylation residue on Asparagine (N)-48 (218). This transmembrane 

tetraspanin structure has been supported through recent 3D protein modeling utilizing 

multiple different software for protein domain analysis as well as I-TASSER for final 
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structure prediction (132). The most common patient mutation in the US is a loss of this 

N48 glycosylation, which is believed to render the protein non-functional and target it for 

degradation (114). Cell culture experiments looking at multiple mutations, including 

those in transmembrane-1, transmembrane-3, and the N48 loss of glycosylation 

(N48K), show that WT Clrn1 localizes to the plasma membrane and the mutant Clrn1 

localizes almost completely with the ER (107, 114, 218). In addition to its glycosylation, 

Clrn1 also contains a PDZ binding domain on its intracellular C-terminal tail that may 

facilitate its interactions with other transmembrane proteins (100, 101, 146). In vivo, 

Clrn1 has been proposed to be associated with the ribbon synapses, CC, kinocilia, 

stereocilia bundle, and the cellular cytoskeleton in both PR and cochlear hair cells (87-

89, 93, 182, 218, 241, 242). Functionally, Clrn1 was reported to be essential for the 

development, neuronal activation, and synaptic maturation of cochlear hair cells (87, 88, 

241, 242). Because Clrn1’s localization pattern and functional significance in cochlear 

hair cells is similar to other USH proteins, this suggests that Clrn1 also belongs to the 

USH protein network in both the hair cells and photoreceptors (3, 135, 198, 211, 241). 

Due to conflicting results depending on the assay performed, the precise retinal 

localization of Clrn1/Clrn1 has not been conclusively established (53, 169, 182, 241). 

One group utilizing retinal transcriptome analysis reported Clrn1 expression only in 

starburst amacrine cells (207). Dr. Flannery’s group analyzed Clrn1 mRNA expression 

in the retina by in situ hybridization, followed by laser-capture microdissection and RT-

PCR. They reported that Clrn1 mRNA was expressed throughout development and was 

absent at adulthood. cDNA analysis indicated that the transcript detected corresponded 

to isoform 1 (232 aa variant) and 3 (150 aa variant) and do not mention isoform 2 (250 



 

54 

aa variant) even though their RT-PCR gel shows a faint product for that isoform (Geller 

figure 1) (Figure 3-1) (87). Clrn1 appears throughout the embryo, head, and brain during 

development as well as in the retina. They further observed Clrn1 in multiple brain 

tissues, however, for all of these assays they used primers in exon 3 and 4, with no way 

to distinguish whether the isoform 2 (250 aa variant) is expressed in addition to isoform 

1 (232 aa variant) because these primers would amplify both transcripts (Geller et al 

figure 1) (87). In situ hybridization showed mRNA expression in the INL and not in PR 

cells in WT fetal retinas, but no mRNA expression was observed in KO mice, and Clrn1 

expression declined to no transcript by adulthood (Geller figure 2) (87). Laser capture 

dissection showed Clrn1 in the INL using isoform 1 primers (232 aa variant), and they 

suggest Clrn1 is only expressed by retinal Müller glial cells (Geller figure 5) (87). This 

group also generated the first Clrn1 KO mouse through loxP-Cre-excision of exon 1 

containing part of the 5’ UTR and the ATG start codon. A difficulty with this mouse 

model is the genotype for a Clrn1 -/- is the lack of a PCR product, which creates the 

possibility that a heterozygote mouse could be mistakenly genotyped as a KO due to a 

failed PCR reaction (87). They further tested a novel antibody generated against human 

CLRN1 and saw identical staining in WT and KO retinas; however, they do not test this 

antibody in cochlear tissue. Another group looked at laser capture microdissection in the 

mouse cochlea and reported the highest level of Clrn1 expression in the spiral ganglion 

cell region, similar to all the other USH proteins they tested (166). 

In another study, Dr. Zallocchi and colleagues developed another novel CLRN1 

human polyclonal antibody that recognized all CLRN1 isoforms and they report labeling 

at the stereocilia and synapses of inner hair cells and the CC and ribbon synapses in 
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PR cells (241). One difference between their methods and the methods of others was 

that they did not utilize any fixative prior to sectioning and staining which may help to 

preserve the antibody epitope better than if the samples are fixated prior to analysis. Dr. 

Zallocchi and colleagues provided a supplemental appendix demonstrating the 

specificity of their antibody by reporting no staining in their Clrn1 -/- KO mouse model 

(53). When Clrn1 expression was assessed via RT-PCR, they observed products only 

for what they reference as isoforms 2 (232aa variant) and 3 (180aa variant), which 

correspond to isoforms 1 (232 aa variant) and 3 (180aa variant) in Ensembl, 

respectively. They further showed that only one isoform (232 aa variant) was observed 

via western blotting. Their subcellular localization in both inner hair cells and 

photoreceptors coincides with the localization of all other USH proteins at the 

stereocilia, kinocilia, and ribbon synapses in the inner ear as well as the CC and 

calyceal processes in PR cells (198). Given these similarities, I hypothesized that 

Clrn1/Clrn1 is indeed expressed in PR cells and that the optimal therapeutic vectors 

should be targeted for PR cells in the retina. This will be discussed in Chapter 5. 

Due to the phenotypic and biochemical inconsistencies with the current mouse 

models, a few groups have utilized zebrafish for a model organism to better recapitulate 

the retinal phenotypes of USH in patients. In zebrafish Clrn1 has been observed from 

embryo through adulthood in both the cochlea and retina. Zebrafish in situ analysis 

shows Clrn1 in hair and supporting cells in the ear and PR and INL cells in the retina 

(93, 169, 182). In zebrafish, Dr. Phillips and colleagues reported in situ hybridization of 

Clrn1 in sensorineuronal cells with weak expression in the brain, retina, and inner ear. 

In the retina, both ONL and INL cells contained Clrn1 transcripts. Interestingly, Clrn1 
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INL staining was present at embryonic stages and restricted to amacrine cells in adult 

fish, similar to the Dr. Geller et al. paper; however ONL Clrn1 expression was present at 

all ages (182). They made a custom antibody for zebrafish Clrn1, targeting the 1st 

extracellular loop containing the N48 glycosylation. They transfected embryos with a 

Clrn1-HA tagged construct and looked for colocalization of an anti-HA antibody with 

their Clrn1 antibody. They showed Clrn1 localization at the synapses and apical cell 

body of inner hair cells with no staining in the stereocilia. In the retina, Clrn1 was 

expressed in the INL basal portion where amacrine cells reside as well as in the ONL 

and GCL. Furthermore, they saw significant Clrn1 expression at the OLM as well as the 

OPL and partial co-localization with Müller cells at the OLM and INL. In the adult retina 

they observed additional Clrn1 staining at cell-cell contacts between rod and cone PR 

cells (182). A second zebrafish study utilized a Novus Biologicals (NB)-rabbit-anti-

human-CLRN1 antibody and they observed Clrn1 localization at the cochlear hair cell 

bundle where it colocalized with F-actin and they observed no Clrn1 antibody staining in 

the KO morpholinos (93). This is significant because it shows Clrn1 localization at the 

cochlear hair bundles and that their commercial antibody is specific for Clrn1. This also 

provides further evidence that Clrn1 has an overall localization pattern similar to all 

other USH proteins. The only complication with this study is that morpholino treated 

zebrafish retinas possessed a normal ERG response compared to WT fish (93). 

A primary complication with studying USH3A mouse models is that the mice 

exhibit extensive hearing loss by 4 months of age but do not develop any previously 

defined retinal phenotype (87-89, 93). Additionally, Clrn1 -/- KO mice display a 

characteristic circling behavior by 6 months of age. As mentioned above, some studies 
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claim Clrn1/Clrn1 is expressed in the inner retina, whereas others claim Clrn1/Clrn1 is in 

photoreceptor cells (53, 87, 88, 241). An additional complication is that the Clrn1 -/- KO 

mice may potentially still express an isoform of Clrn1/Clrn1 because the previous 

antibody stained both WT and KO retinas (87, 88). There are 11 proposed Clrn1 mRNA 

splice variants predicted to produce protein products, and there are three known Clrn1 

isoforms thought to be expressed in the retina, but it is unclear which retinal layer or cell 

type is producing which isoform (4, 226). Due to the disagreements among the 

previously published data, it is critical to identify the endogenous retinal localization of 

Clrn1/Clrn1 in order to develop a successful gene therapy treatment for USH3A.  

As noted above, Clrn1 -/- KO and N48K KI mice were also generated on both the 

CBA/J and A/J backgrounds. CBA/J mice carry a mutation in phosphodiesterase 

PDE6B that causes a complete loss of photoreceptors by 3 months of age (rd1  

mutation) (43). By utilizing these mice, I could determine if Clrn1 is expressed in PR 

cells and which isoforms of Clrn1 are removed in Clrn1 -/- ; rd1 -/- double KO mice.  

The second strain of A/J mice additionally carry an Usher Syndrome Type 1D 

mutation in Cadherin 23 (Cdh23) that causes hearing loss, but no clear retinal 

phenotype (7, 26, 69, 70, 129, 138, 139, 142, 167, 201, 208, 243). Cdh23 was shown to 

interact with the Usher Syndrome Type 1B gene (USH1B) Myosin 7A, and is a 

glycosylated protein with a C-terminal PDZ-binding motif involved in mediating cell-cell 

contacts and calcium-dependent interactions (7, 10, 26, 69, 70, 129, 138, 139, 142, 

201, 208). These mice were used to compare Clrn1 -/- ; Cdh23 -/- and Clrn1 +/+ ; Cdh23 -/- 

mice in the context of a secondary USH mutation to potentially induce a retinal 

phenotype and perhaps identify potential interacting partners of Clrn1. Additionally, the 
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A/J strain has a smaller ERG amplitude than control C57BL/6J mice and they lose 

significant ERG amplitude over time (Figure 4-7, 4-8) (160, 217). A/J WT mice also 

undergo significant loss of ONL nuclei over time compared to C57BL/6J mice. This 

retinal degeneration in A/J mice suggests that their retinas ‘age’ much faster than other 

strains (160). This could potentially reveal an ERG phenotype due to the accelerated 

aging process. This will be discussed in Chapter 4. Overall, my experimental plan is 

aimed to determine whether Clrn1/Clrn1 is expressed in inner retina, outer retina, or 

both and identify potential interacting partners. I therefore documented mRNA and 

protein expression using RT-PCR, immunohistochemistry, and western blot analysis in 

all 3 mouse strains and the results are discussed below. Not all data was acquired for 

all strains because not all strains were available throughout the course of this work. 

However, the strain for each result is defined with each data set. 

Methods 

RT-PCR 

The Dr. Flannery mixed albino C57BL/6J strain Clrn1 -/- KO mice, the Dr. 

Imanishi A/J albino strain Clrn1 -/- KO mice, and the Dr. Imanishi CBA/J strain Clrn1 -/- 

KO mice were used for RT-PCR experiments (87, 88). Mice were euthanized with dual 

CO2/cervical dislocation, retinas were dissected out, and RNA was isolated using a 

Trizol phenol chloroform method (Life Technologies, Trizol Reagent #15596026). 

Samples were processed according to the published protocol (https://tools.thermofisher. 

com/content/sfs/manuals/trizol_reagent.pdf) and all centrifuge spins were performed at 

16,000 x g for 1 hour. RNA for RT-PCR was converted to cDNA using a Bio-Rad iScript 

cDNA Synthesis Kit (Bio-Rad #170-8891, http://www.bio-rad.com/webroot/web/pdf/lsr 

/literature/ 4106228C.pdf) at a maximum concentration of 1ug total RNA and RNA for 

http://www.bio-rad.com/webroot/web/pdf/lsr
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qRT-PCR experiments was processed using a Bio-Rad iScript Reverse Transcription 

Supermix for RT-qPCR (Bio-Rad #1708841, http://www.bio-rad.com/en-us/product/ 

iscript-reverse-transcription-supermix-for-rt-qpcr) at a max concentration of 1ug total 

RNA. Primers for RT-PCRs were based on previously published data (Table 3-1) (87). 

Primer positions are defined in Figure 3-1A. All isoforms are based on NCBI-Ensembl 

accession numbers. Isoform 1 is exons 1, 3, and 4 (ENSMUST00000051408.7) the 232 

aa isoform, Isoform 2 is exons 1-4 (ENSMUST00000055636.12) the 250 aa isoform, 

and Isoform 3 is exons 1 and 4 (ENSMUST00000072551.6) the 180 aa isoform and the 

predicted RT-PCR product sizes were obtained through alignment of the published 

primers to the NCBI reference sequences in Vector-NTI (Figure 3-1B). 

Previously, Dr. Hauswirth’s group has tested novel AAV2 serotype capsid 

mutations that allow for better transduction efficiency in the retina. I utilized the 

construct that had the best expression in PR cells in the retina, which was an AAV2 

quadruple mutant. The AAV2 Quadruple mutant contains 4 tyrosine to phenylalanine 

mutations at residues Y-F 272, 444, 500, and 730 (AAV2-Quad). The AAV vector was 

produced and optimized as described previously (65, 71, 82, 83, 103, 128, 134, 179, 

180, 197, 245). C57BL/6J mice along with A/J WT and Clrn1 -/- KO mice were then 

injected subretinally with AAV2-Quad-Y-F-sc-smCBA-hCLRN1-HA at 8.43 x 1012 vg/ml 

(Table 5.1 construct 1) as described previously (128, 181, 182, 199). These mice were 

analyzed 1 month post-injection by RT-PCR as described above.  

Immunohistochemistry 

Mice were utilized from both strains described above and mice were housed as 

described above (87, 88, 217). C57BL/6J control mice were utilized for initial antigen 

retrieval and antibody staining optimization. All mice were housed in a 12 hour dim-

http://www.bio-rad.com/en-us/product/


 

60 

light/dark cycle and were euthanized as described above. Eyes were incubated in 4% 

paraformaldehyde (PFA) fixative for 1 hour prior to moving to a 1x phosphate buffered 

saline (PBS) solution. For paraffin sections, eyes were embedded using a paraffin 

processor (RMC Ventana Tissue Processor PTP 1530) and sectioned at a thickness of 

4 um for all samples. For cryosections, eyes were incubated in 30% sucrose until 

saturated and then embedded in O.C.T. (Optimal Cutting Temperature) compound 

(Fisher Scientific Healthcare Tissue Plus O.C.T. compound 23-730-571) and sectioned 

on a Leica Cryostat (Leica CM 1900 Cryostat) at 12 um per section for all samples.  

For paraffin immunostaining, antigen retrieval was optimized beginning with base 

protocols and combinations of protocols found in Fabio D’Amico et al, 2009 (57). The 

final optimized paraffin protocol is as follows: Prior to any treatment the slides were 

incubated in a dry incubator lying flat at 60oC for 1 hour. The tissue sections were then 

de-paraffinized either with Histoclear II (National Diagnostics Inc. HS 202) or Xylenes 

(C8H10 X3P 3875 Fisher Scientific). Tissue sections were rehydrated with dilutions 

beginning with 100%, 95%, 90%, 80%, and 70% ethanol for 3 minutes each, followed 

by 1x PBS. Slides were then incubated with a Protinase K solution at a concentration of 

10 mg/ml for 10 minutes at 37oC then washed 3 times, followed by incubation in 0.5% 

Saponin for 20 min at room temperature and washed again 3 times in PBS. Slides were 

serum blocked with 1% bovine serum albumin (BSA) for 1 hour and incubated with 

primary antibody in 0.5% BSA overnight at RT. Primary antibodies are as follows: 

Novus Biologicals rabbit-anti-CLRN1 (NB-CLRN1) 1:2000 dilution (NBP69142), mouse-

anti-Gamma Tubulin 1:1000 dilution (Thermo Scientific Pierce MA1-850), mouse-anti- 

arrestin-1 1:100 dilution (courtesy of Dr. WC Smith, C10C10) (73), mouse-anti-
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rhodopsin 1:100 dilution (courtesy of Dr. WC Smith, B6-30) (2), and mouse-anti-GFP 

1:100 dilution (Invitrogen A11121). The second day slides were washed 3 times in PBS 

and stained with the following secondary antibodies for 2 hours at a dilution of 1:400: 

goat-anti-rabbit 488 (A11008), goat anti-rabbit 594 (A11012), goat-anti-mouse 488 

(A32723), goat-anti-mouse 594 (A11005), donkey-anti-rabbit 488 (A21206), donkey 

anti-rabbit 594 (A21207), donkey-anti-mouse 488 (A21202), and donkey-anti-mouse 

594 (A21203). Secondary antibodies were acquired from Molecular Probes/Invitrogen, 

Eugene, OR. Lastly, slides were rinsed 3 times in 1x PBS and mounted with 

VectaShield containing DAPI (Vector Laboratories H1200). Sections were analyzed 

using a spinning disc confocal microscope at the University of Florida Cell and Tissue 

Analysis Core (Olympus DSU-IX81). Images were acquired with 10-15 confocal z-

stacks and images were consecutively de-convolved and merged into a single 

projection image and each individual color channel was saved separately and merged.  

Cryosections were stained with the following protocol: Tissue sections were air-

dried at room temperature for 30 min prior to staining. Sections were consecutively 

incubated in PBS for 5 minutes, followed by incubation in 0.5% Saponin or Triton X-100 

for 20 min at room temperature and washed again 3 times in PBS. Slides were then 

serum blocked with 1% BSA for 1 hour and then incubated with primary antibody in 

0.5% BSA overnight at RT. Primary antibodies are as follows: NB-CLRN1 1:2000 

dilution (NBP69142) and mouse-anti-rhodopsin 1:100 dilution (courtesy of Dr. WC 

Smith, B6-30) (2). The second day slides were washed 3 times in 1x PBS and stained 

with the following secondary antibodies for 2 hours at a dilution of 1:400: goat-anti-rabbit 

488 (A11008) and goat-anti-mouse 594 (A11005) (Molecular Probes/Invitrogen, 
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Eugene, OR). Lastly, slides were rinsed 3 times in 1x PBS and mounted with 

VectaShield containing DAPI (Vector Laboratories H1200). Sections were analyzed 

using a spinning disc confocal microscope in the Cell and Tissue Analysis Core at the 

University of Florida (Olympus DSU-IX81). Images were acquired with 10-15 confocal z-

stacks and images were consecutively de-convolved and merged into a single 

projection image and each individual color channel was saved separately and merged.  

For the C57Bl/6J mice that were AAV treated for co-staining with the NB-CLRN 

antibody, the AAV vector was produced and optimized as described previously (65, 71, 

82, 83, 103, 128, 134, 179, 180, 197, 245). These mice were then injected subretinally 

with AAV2-Quad-Y-F-sc-smCBA-hCLRN1-Venus at 1.54 x 1012 vg/ml (Table 5.1 

construct 3) or intravitreally with AAV2-Quad-Y-F-sc-smCBA-hCLRN1-Venus at 1.54 x 

1012 vg/ml (Table 5.1 construct 4) that both contain a Venus-GFP protein analog with 

the previously described methods (179, 180). Mice were euthanized, and sections were 

obtained and analyzed 1 month post-injection by paraffin immunohistochemistry as 

described above. Sections were stained with primary antibodies: NB-CLRN1 1:2000 

dilution (NBP69142) and mouse-anti-GFP 1:100 dilution (Invitrogen A11121). 

Secondary antibodies were goat anti-rabbit 594 (A11012) and goat-anti-mouse 488 

(A32723) (Molecular Probes/Invitrogen, Eugene, OR). Lastly, slides were rinsed 3 times 

in 1x PBS and mounted with VectaShield containing DAPI (Vector Laboratories H1200). 

Sections were analyzed using a spinning disc confocal microscope through the Cell and 

Tissue Analysis Core at the University of Florida (Olympus DSU-IX81). Images were 

acquired with 10-15 confocal z-stacks and images were de-convolved and merged into 

a single projection image and each color channel was saved separately and merged. 
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Western Blot Analysis 

Mice from both strains described above were housed and euthanized as 

described above (87, 88, 217). C57BL/6J control mice were utilized for initial antibody 

staining optimization. Eyes were dissected as eye-cups, retinas, and remaining ocular 

tissue. Whole eyes were removed from the mouse, eye cups and retina dissections 

were performed by cutting off the cornea and removing the lens. Retinal dissections 

were then separated from the other ocular tissues by placing a slit between the retina 

and choroid tissue, slowly separating the two layers. The NB-CLRN1 antibody was 

tested on all tissues and eye-cups were used for the majority of experiments. Samples 

were sonicated in 200 ul of homogenization buffer for 5 seconds (30mmol/l Tris-HCl, 

10mmol/l EGTA, 5 mmol/l EDTA, 1% Triton X-100, 250 mmol/l sucrose and 1 mmol/l 

phenylmethylsulfonyl fluoride, pH 7.5) and stored on ice. Samples were centrifuged at 

16,000 g for 1 min to precipitate out debris and loaded in a 4-20% SDS-PAGE gradient 

gel (Bio-Rad Mini-PROTEAN TGX precast gel #456-1094) in a running buffer (25mM 

TrisBase, 192 mM Glycine, and 1% SDS) for 1 hour at 200 volts 0.08 amps and 30 

watts of current. Gels were transferred in a wet transfer system to a 0.45 um pore sized 

PVDF membrane (Immobilion-FL IPFL00010) for 1 hour in a transfer buffer (25mM 

TrisBase, 192 mM Glycine, and 10% methanol) at 200 volts, 0.2 amps, and 40 watts. 

Membranes were washed in 50% Odyssey blocking buffer in PBS for 1 hour (Li-Cor 

927-40000) followed by 3 washes in PBS with 0.1% Tween-20 and incubated at room 

temperature overnight with the primary antibody. The primary antibodies are as follows: 

NB-CLRN1 1:2000 (NBP69142), mouse-anti-rhodopsin 1:200 (courtesy Dr. WC Smith, 

B6-30) (2), mouse-anti-arrestin-1 (courtesy Dr. WC Smith, C10C10) (73) mouse anti-

gamma tubulin Thermo Scientific Pierce MA1-850). The second day membranes were 
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washed 3 times in 1x PBS with 0.1% Tween-20 and incubated with the secondary 

antibodies in a blocking buffer mix for two hours (5 ml PBS with 0.1% Tween-20, 1 ml 

Odyssey blocking buffer, and 10 ul 20% SDS). Secondary antibodies were diluted at 

1:10,000 and were as follows: goat-anti-mouse IRDye 800CW (Li-Cor926-32210) and 

goat-anti-rabbit IRDye 680LT (Li-Cor 926-68021). Membranes were finally rinsed 3 

times with 1x PBS with 0.1% Tween-20 and imaged on an Odyssey imaging system. 

For the new A/J Clrn1 -/- ; Cdh23 -/- double KO and A/J Clrn1 +/+ ; Cdh23 -/- WT 

mice that were treated for co-staining with the NB-CLRN antibody, the AAV vector was 

produced and optimized as described previously (65, 71, 82, 83, 103, 128, 134, 179, 

180, 197, 245). These mice were then injected subretinally with AAV2-Quad-Y-F-sc-

smCBA-hCLRN1-HA at 8.43 x 1012 vg/ml (Table 5.1 construct 1) that contained a 

hemagglutinin (HA)-tag sequence as described previously (179, 180). These mice were 

euthanized, and eyecup dissections were obtained and analyzed 1 month post-injection 

as described above. Western blots were performed as described above with primary 

antibodies: NB-CLRN1 1:2000 dilution (NBP69142) and mouse-anti-HA 1:200 dilution 

(3F10, Roche Diagnostics, Indianapolis, IN). Secondary antibodies were diluted at 

1:10,000 and were as follows: goat-anti-mouse IRDye 800CW (Li-Cor926-32210) and 

goat-anti-rabbit IRDye 680LT (Li-Cor 926-68021). Membranes were finally rinsed 3 

times with 1x PBS with 0.1% Tween-20 and imaged on an Odyssey imaging system. 

Results 

Clarin-1 mRNA Isoform-Specific Expression 

Initial RT-PCR experiments were performed utilizing the previously published 

primers from Dr. Geller and colleagues in 2009, with intracellular actin as the positive 

control (Figure 3-1 E, E’) (87). Figure 3-1 A shows the general schematic of primer 
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location. Figure 3-1 B, B’, and B” shows which exons are expressed in each isoform of 

Clrn1/Clrn1. I first tested primers F1-R1 in exons 3 and 4 which picks up both isoforms 1 

and 2 (Figure 3-C) In C57BL/6J control mice there was a clear RT-PCR product for 

Clrn1 at the expected size of 273 bp which would correlate to isoform 1. When CBA/J 

Clrn1 +/+ WT rd1 -/- KO mice were assessed, there was an RT-PCR product at the 

expected size similar to the C57Bl/6J mice, indicating that isoform 1 is produced in the 

inner retina because the rd1 -/- strain of mice are completely lacking PR cells at 2 

months of age (Figure 3.1C) (43, 126, 177). When the CBA/J double Clrn1 -/- KO, rd1 -/- 

KO mice were assessed, they did not show any transcript present for the same PCR 

reaction, indicating that isoform 1 is absent in these mice (Figure 3-1C). This is 

significant because Clrn1 -/- KO mice lacking PR cells do not produce any isoform 1 

Clrn1 mRNA from the inner retina, but Clrn1 WT mice without PR cells do. This 

indicates that isoform 1 is most likely expressed by the inner retinal cells. When I further 

tested isoform 2-specific primers F2-R4, there is only a product for the un-injected 

C57BL/6J mice indicating that isoform 2 is most likely the isoform that is expressed in 

PR cells because it is not present in either the CBA/J Clrn1 +/+ WT rd1 -/- KO or CBA/J 

double Clrn1 -/- KO, rd1 -/- KO mice (Figure 3-1D). 

The right eyes of the C57BL/6J mice were injected subretinally with AAV2-Quad-

Y-F-sc-smCBA-hCLRN1-HA (Table 5-1 construct 1), and there did seem to be an 

increased amount of isoform 1 in the injected vs un-injected eyes of C57BL/6J mice 

indicating that I am also detecting the injected construct as well as the endogenous 

Clrn1 transcript (Figure 3-1C). When I tested primers F2-R4, which should only pick up 

isoform 2, I only detect the expected fragment 300 bp in the un-injected C57Bl/6J eyes, 
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but not in the AAV-treated eyes (Figure 3-D). This indicates that isoform 2 is absent in 

both Clrn1 -/- ; rd1 -/- and Clrn +/+ ; rd1 -/- mice and that isoform 2 is most likely expressed 

by PR cells because it is absent from both Clrn1 WT and KO mice when on the rd1 

background (Figure 3-D). The only mice that show a significant presence of isoform 2 

from this first group were the C57BL/6J controls with a correct band at 300 bp. 

I next tested the published primers on the new A/J Clrn1 -/- ; Cdh23 -/- double KO 

and A/J Clrn1 +/+ ; Cdh23 -/- WT mice that were treated in one eye with subretinally with 

AAV2-Quad-Y-F-sc-smCBA-hCLRN1-HA (Table 5-1 construct 1), (Table-5-1 construct 

1). With primers F3-R1 I detected the expression of isoform 1 at 326 bp in the WT A/J 

Clrn1 +/+ ; Cdh23 -/- mouse un-injected retinas. A significant finding is that when 

comparing the injected to the un-injected KO A/J Clrn1 -/- ; Cdh23 -/- mice, the untreated 

eyes do not have any isoform 1 expression at 326 bp, but the treated retinas show 

expression of isoform 1 with the F3-R1 primers as expected (Figure 3-F). This further 

supports the conclusion that isoform 2 is most likely expressed by PR cells while 

isoform 1, and perhaps 3, are expressed in the INL. 

Endogenous Clarin-1 Protein Localization Using Immunohistochemistry 

For immunohistochemistry, mice were sacrificed and paraffin samples were 

processed as described above. Antigen retrieval was optimized in C57BL/6J mice first 

and endogenous Clrn1 was detected using an anti-human rabbit polyclonal CLRN1 

primary antibody, Novus-Biolgicals-CLRN1 (NB-CLRN1). I saw Clrn1 staining at the CC 

of PR cells in the retina (Figure 3-2 A’, A”’). When I tested the WT A/J Clrn1 +/+; Cdh23 -/- 

and KO A/J Clrn1 -/- ; Cdh23 -/- mice I saw NB-CLRN1 staining at the CC of PR cells and 

some staining within the ONL in the WT mice (Figure 3-2 B’, B”’, C’, C”’). In contrast, 

although the A/J Clrn1 -/- ; Cdh23 -/- mice show some staining within the ONL, there 
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seems to be an absence of staining at the CC in PR cells. (Figure 3-2 C’, C”’) This is 

promising given that there is a difference in Clrn1 -/- KO vs WT mice in the A/J; Cdh23 -/- 

strain. Comparison of C57Bl/6, A/J Clrn1 +/+ ; Cdh23 -/- , and Clrn1 -/- ; Cdh23 -/- mouse 

tissue indicates Clrn1 is present, but localizes specifically to the CC alone only in 

C57Bl/6 mice. A/J Clrn1 +/+ ; Cdh23 -/- mice that show localization in the CC and outer 

nuclear layer (ONL) and Clrn1 -/- ; Cdh23 -/- mice show little expression. Cryosections 

were processed as described above. In C57BL/6J mice, cryo-preserved sections 

showed NB-CLRN1 localization throughout the entire PR cell, concentrated at the IS 

and OPL, similar to that in A/J Clrn1 +/+ ; Cdh23 -/- mice in paraffin sections (Figure3-3). 

The difference in paraffin vs cryo-staining is most likely due to the different treatment 

methods prior to staining. The paraffin processed samples undergo much harsher 

processing methods that the cryo processed samples because the tissues undergo a 

series of dehydration steps before being immersed in Xylene and embedded. The 

tissues are then re-treated with xylene before several rehydration steps as mentioned 

above. This can act to mask certain antigens or alter some antigen specificity compared 

to the cryo-processed tissue that are not exposed to these treatments. 

When analyzing NB-CLRN1 staining in A/J Clrn1 +/+ ; Cdh23 -/- N48K KI mice, NB-

CLRN1 localized only to the distal tips of the OS of PR cells (Figure 3-4). In previous 

cell culture experiments, the mutant N48K KI Clrn1 failed to traffic to the plasma 

membrane and (114). Due to the high levels of protein synthesis in PR cells, it is 

possible that N48K KI Clrn1 is trafficked to the RPE cells for degradation rather than 

being degraded by the PR cell. In PR cells there are several mechanisms that regulate 

protein homeostasis including ubiquitination enzymes, heat-shock proteins, and ER 
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stress response proteins (13). Interestingly, Clrn1 has been shown to interact with 

several of these proteins including HSP70, HSPA5, calnexin, and cation-independent 

mannose-6-phosphate receptor that were identified by Tian et al (218). Since then, 

there have been no further studies looking at the functional interactions of Clrn1 with 

any of the 54 identified interacting partners. It is possible that in the presence of the 

N48K mutation, cell stress pathways stimulate protein degradation in order to maintain 

cellular homeostasis. Given the OS/RPE localization of N48K KI Clrn1, this may be 

what stimulates retinal degeneration in patients over time because PR and RPE cells 

cannot keep up with the amount of mutant protein being made in PRs. 

I further validated the localization of NB-CLRN1 at the CC of PR cells by co-

staining with both NB-CLRN1 and gamma-tubulin, a basal body marker, which stains 

adjacent to the CC in PR cells. I saw staining of gamma-tubulin with NB-CLRN1 

indicating that Clrn1 is indeed localized at the CC in PR cells (Figure 3-5). I further 

validated whether the NB-CLRN1 antibody recognized Clrn1 protein by colocalizing NB-

CLRN1 with injected AAV constructs expressing the 232 aa isoform of human Clrn1 

cDNA. C57BL/6J mice were treated withAAV2-Quad-Y-F-sc-smCBA-hCLRN1-Venus at 

1.54 x 1012 vg/ml either subretinally or intravitreally (Table 5-1 construct 3 or 4) and 

sections were immunostained with NB-CLRN1 and CLRN1-Venus (GFP analog). 

Subretinally injected CLRN1/CLRN1 localized at the RPE and PR cells and intravitreally 

injected CLRN1/CLRN1 localized throughout the whole retina as I had seen previously 

(Figure 3-6 A’, B’; Figure 5-1 A, B) (72). For both injections, the AAV-CLRN1/CLRN1 

protein colocalized with the NB-CLRN1 staining (Figure 3-6 A”’, B”’). NB-CLRN1 also 

stained for endogenous Clrn1 protein expression given the localization at the CC in the 
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intravitreally treated retinas as seen previously (Figure 3-2 A, A”’, B, B”’; Figure 3-6 A”, 

B”). Overall, it appears that the NB-CLRN1 antibody recognizes Clrn1/CLRN1 based on 

the colocalization of AAV-CLRN1-Venus with the NB-CLRN1 antibody. 

Endogenous Clarin-1 Protein Localization Using Western Blot 

Tissue samples were processed and western blots were performed as described 

above with C57BL/6J mice being used for initial NB-CLRN1 antibody optimization. For 

the initial western blot data, the expected 26 KDa band was seen for both the retina and 

eye cup dissections (Figure 3-7A, A’). This product is absent from the RPE/choroid 

dissection samples suggesting that this Clrn1 protein product is only expressed in the 

retina. These samples appear to be from clean dissections without retinal contamination 

as evidenced by the lack of arrestin-1 in these samples (Figure 3-7 A). This confirms 

that the 26 kDa protein is only expressed in retinal tissue because it is present in the 

retina and whole eyecup samples but not the RPE/choroid samples. I further validated 

these dissected samples by co-staining for arrestin-1 and rhodopsin along with NB-

CLRN1 in both C57BL/6J and A/J WT mice (Figure 3-8 A, B). Arrestin-1 only appears in 

the retinal and eye-cup dissections, suggesting they are pure dissections containing 

only retina tissue (Figure 3-8 A). In the secondary antibody-only negative controls, there 

appears to be no cross-reactivity with the anti-rabbit secondary that would recognize 

NB-CLRN1. I do see cross-reactivity for the anti-mouse secondary that recognize 

arrestin-1 and rhodopsin (Figure 3-8 C). I believe that this is coming from the anti-IgG 

epitopes present in the choroidal vasculature that are only present in the RPE/choroid 

and whole eye-cup dissections since these bands only present in those sample lanes. 

I further tested the NB-CLRN1 antibody in AAV-expressed CLRN1/CLRN1 vector 

injected eyes vs un-injected eyes. A/J WT Clrn1 +/+ ; Cdh23 -/- and KO Clrn1 -/- ; Cdh23 -/- 
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mice were injected subretinally with AAV2-Quad-Y-F-sc-smCBA-hCLRN1-HA (Table 5.1 

construct 1). When comparing the injected vs un-injected eyecups, the expected 26 

KDa band was seen for all mice which would correspond to a monomer protein product 

(Figure 3-7 B, B’). Additionally, I have clear co-localization of NB-CLRN1 with the anti-

HA antibody that recognizes this vector expressed CLRN1 protein (Figure 3-7 B, B’). 

Overall, it seems that the NB-CLRN1 antibody does recognize Clrn1/CLRN1 both as 

endogenous and an AAV-expressed protein. Given that there are additional bands that 

do not run at the expected size for Clrn1 it is likely that there may be some non-specific 

staining for other proteins in the retina. A potential way to decipher this would be to 

analyze these samples on a coomassie blue stained gel, excise out the protein 

fragments and send both for mass-spectrometry analysis in order to identify the exact 

protein(s) running in each band. Possible ways to test this hypothesis would be to 

generate a Clrn1-Crisper-Cas9 KO mouse that would delete the entire Clrn1 locus and 

therefore should have no Clrn1 expression from any isoform. Alternatively, a 

Clrn1/Clrn1 KI mouse with an N-terminal or C-terminal HA-tag under endogenous 

promoter control of Clrn1 could be made. This should allow for anti-HA staining of 

endogenously expressed Clrn1 and should therefore be able to clearly demonstrate the 

endogenous expression of Clrn1 without any artifact from non-specific targets with the 

NB-CLRN1 antibody in immunohistochemistry and western blot analyses. 
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Table 3-1. Previously published Clarin-1 RT-PCR primers 

Primer Oligo Name Primer Sequence 5’-3’ 

Clrn1 F1 Forward GGTCCAAGCCATCCCCGTA 
Clrn1 F2 Forward TCATGCCAAGCCAGCAGAAGAAG 
Clrn1 F3 Forward AGGCAATGTGGGTTAGGAGCAAG 
Clrn1 R1 Reverse TGTTCTGTAGGCATAGGTCCCTTC 
Clrn1 R4 Reverse CTCTCCTTTGTCCTCATACAGAGAGTACC 
Clrn1 R5 Reverse AGCCCCAGTGGTCCATGAAGAG 
Actin F1 Forward ACCAACTGGGACGACATGGAGAA 
Actin R1 Reverse CATGGCTGGGGTGTTGAAGGT 
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Figure 3-1. RT-PCR and Clarin-1 isoform expression. A): Schematic of Clrn1 RT-PCR 

with primer locations, arrows represent published primers (87). B, B’, B”) 
Clrn1 three main protein isoforms. C-E) CBA/J mice (Clrn1 -/- , rd1 -/- double 
KO vs Clrn1 +/+ ; rd1 -/- KO, left eye (L) vs right eye (R), C57 control, un-
injected (UI) vs injected (I) with AAV8-Y733F-CBA-hCLRN1-HA subretinally. 
C) F1-R1 expected size for isoform 1 273 bp, isoform 3 should not be 
present. D) F2-R4 should only pick up isoform 2 at approximately 300 bp. E) 
Actin control should be 165 bp. F, E’) A/J mice (Clrn1 -/- ; Cdh23 -/- double KO 
vs Clrn1 +/+ ; Cdh23 -/- KO, un-injected (UI) vs injected (I) AAV2-smCBA-
hCLRN1-HA subretinally. F) F3-R1 expected size for isoform 1 326 bp is seen 
in both the injected retinas. E’) Actin control should be 165 bp. 
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Figure 3-2. Novus Biologicals-CLARIN-1 antibody staining for immunohistochemistry. 

NB-CLRN1 localizes to CC in A) C57Bl/6J B) Clrn +/+ , Cdh23 -/- WT mice but 
not in C) Clrn1 -/- . Cdh23 -/- KO mice A’, B’, C’) Goat-488-anti-rabbit-NB-
CLRN1. A”, B”, C”) Goat-594-anti-mouse- rhodopsin. A”’, B”’, C”’) Merged 
488-594-DAPI. 
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Figure 3-3. Cryo-preserved C57BL/6J Novus Biologicals-CLARIN-1 staining. A, A’) 20x 

magnification of C57BL/6J mice. NB-CLRN1 is localized throughout the entire 
PR cell, particularly at the IS and OPL. B, B’) 60x magnification of C57BL/6J 
mice. A, B) Merged goat-594-anti-mouse- rhodopsin, goat-488-anti-rabbit-NB-
CLRN1, merged with DAPI-358. A’, B’) NB-CLRN1 staining alone goat-488-
anti-rabbit-NB-CLRN1. 
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Figure 3-4. Novus Biologicals-CLARIN-1 localization in WT vs Clarin-1 KO, and N48K 

KI A/J mice. A) NB-CLRN1 localizes at the distal tips of the OS in N48K KI 
mice, possibly within the RPE microvilli. Merged donkey-488-anti-mouse- 
rhodopsin, donkey-594-anti-rabbit-NB-CLRN1. Compared to B) WT and C) 
Clrn1 -/- KO A/J mice. 
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Figure 3-5. Novus Biologicals-CLARIN-1 colocalization with gamma tubulin. A) NB-

CLRN1 localizes at CC with partial overlap of gamma-tubulin (cilia basal body 
marker) in C57BL/6J mice. A’) gamma-tubulin localization at the basal bodies 
in PR cells. A”) NB-CLRN1 at the CC of PR cells. B) Reference image for NB-
CLRN1 localization at the CC in C57Bl/6J mice. A) Goat-594-anti-rabbit-NB-
CLRN1, Goat-488-anti-mouse-gamma tubulin, DAPI-358, DAPI-358. A’) 
Goat-488-anti-mouse-gamma tubulin. A”) Goat-594-anti-rabbit-NB-CLRN1. B) 
Donkey-488-anti-rabbit-NB-CLRN1, Donkey-594-anti-mouse- rhodopsin, 
DAPI-358. 
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Figure 3-6. Subretinal and intravitreal AAV-injected CLARIN-1 colocalization with Novus 

Biologicals-CLARIN-1 antibody. A) Subretinal injection AAV2-Quad-Y-F-
smCBA-hCLRN1-Venus (GFP analog). B) Intravitreal injection AAV2-Quad-Y-
F-smCBA-hCLRN1-Venus (GFP analog). A’, B’) Donkey-488-anti-mouse-
GFP (Venus-analog). A”, B”) Donkey-594-anti-rabbit-NB-CLRN1. A”’, B”’) 
merged with DAPI-358, complete co-localization is observed with GFP and 
some endogenous NB-CLRN1 staining is observed in the connecting cilium of 
photoreceptors. 
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Figure 3-7. Novus Biologicals-CLARIN-1 western blot analysis. A) Western blot analysis 

of different dissection methods staining for arrestin-1 and NB-CLRN1. A’) NB-
CLRN1 staining alone. Retina dissections show the expected Clrn1 band at 
26 kDa and arrestin-1 at 50 kDa. RPE/choroid dissections have minimal to no 
arrestin-1 present at 50 kDa indication that they do not contain much if any 
retinal tissue. The RPE/choroid dissections also do not contain any Clrn1 at 
the predicted 26 kDa size. Eye cup dissections containing both the retina and 
RPE/choroid tissues have both the 26 kDa and 100 kDa bands further 
indicating that the 26 kDa band for Clrn1 is only present in the retinal tissue 
and the larger 100 kDa fragment is coming from the RPE/choroid tissue. B) 
Western blot analysis of injected vs un-injected retina eyecups. B’) color 
enhanced image of B with a longer exposure time. Eyes were treated 
subretinally with AAV2-Quad-Y-F-sc-smCBA-hCLRN1-HA and blots were 
stained for anti-HA in green and anti-CLRN1 in red. 
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Figure 3-8. Arrestin-1, rhodopsin, and secondary-only control western blots. A) Arrestin-

1 is only present in retinal samples. B) Rhodopsin is present in all samples, 
but the majority is in retinal samples. C) Secondary only controls show no 
staining for anti-rabbit (CLRN1) and IgG staining for anti-mouse (arrestin-1, 
rhodopsin). 
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CHAPTER 4 
IDENTIFYING A RETINAL PHENOTYPE IN CLARIN-1 KNOCK-OUT (KO) (Clrn1 -/-) 

AND N48K KNOCK-IN (KI) MICE*1 

Background 

As stated previously, in dark-adapted PR cells, the Gα protein transducin is 

localized in the OS disc membranes and is associated with the trimer of Gβ and Gγ 

complex and arrestin-1 is localized to the rod PR IS and OPL synapses. Upon exposure 

to light, transducin moves from the OS to the IS and OPL whereas arrestin-1 will move 

from the OPL and IS to the OS where it will bind to phosphorylated rhodopsin (79). The 

majority of transducin will move from the OS to IS within 2 minutes of light exposure and 

the majority of arrestin-1 will translocate to the OS within 8 minutes of light exposure 

(37, 79). There is an ongoing debate as to whether these proteins travel through 

diffusion or through active transport with molecular motors along the actin and tubulin 

cytoskeletal filaments (36-39, 95, 97, 98, 162-164, 210). Dr. Wolfrum, as well as others, 

have assessed arrestin-1 and transducin’s ability to utilize cytoskeletal filaments in a 

dark-adapted vs light-adapted retina. In the light they believe arrestin-1 and transducin 

do not require filaments; however, in the dark, arrestin-1 and transducin travel along 

cytoskeletal filaments in order to return to their normal dark-adapted state (39, 190). 

Dr. Cosgrove’s group previously showed that the shaker1 (MYO7A) USH1B and 

the whirler (whirlin) USH2D mice have a delay in transducin translocation upon 

exposure to light (176, 219). MYO7A mice also display a slightly attenuated ERG 

response for both a- and b-waves, but prior to this study no retinal degeneration had 

                                            
1 * Reprinted with permission from Dinculescu A and Stupay RM et al. AAV-Mediated Clarin-1 Expression 
in the Mouse Retina: Implications for USH3A Gene Therapy. PLoS One 2016.11(2):e0148874. 
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been observed. The level of light intensity required for transducin activation was much 

brighter than WT controls. They further demonstrated that mice exposed to continuous 

bright light of 2500 lux, and mice housed in mid-level light at an intensity of 1500 lux, 

develop retinal degeneration in approximately 6 months; however they do not 

degenerate when the mice are housed at a low light intensity of 200 lux (176). Dr. 

Cosgrove’s group was also able to demonstrate that lentiviral delivery of WT MYO7A 

can rescue this transducin translocation phenotype as well as the light induced retinal 

degeneration (240). Similarly, they also showed a transducin translocation defect in 

whirlin mutant mice along with a requirement for brighter levels of light to induce 

complete transducin translocation. Whirlin mice develop a retinal degeneration 

phenotype when exposed to 1500 lux for a continuous period of time, and also have 

miss-localized rhodopsin protein in the IS of PR cells (219). Given this translocation 

phenotype in other USH mouse models, I hypothesized that there may be a similar 

translocation phenotype, retinal degeneration after bright light exposure, attenuated 

ERG, or a potential additional ERG phenotypes in my USH3A mouse models.  

As noted previously, a primary complication with studying USH3A is that the 

current mouse models do not show a retinal phenotype but do present with significant 

hearing loss and inner hair cell death by 4 months of age (87-90, 93). An additional 

complication with the original Clrn1 -/- KO and N48K KI mouse models is that each was 

generated on different genetic backgrounds which means that any phenotype identified 

may have confounding variables due to the genetic background of the mouse strain. 

Additionally, the original Clrn1 -/- KO mice are albinos and the N48K KI mice are 

pigmented adding another layer of complexity to comparing any phenotype of 
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translocation and/or light-induced degeneration between Clrn1 -/- KO and N48K KI mice. 

Particularly with the hypothesis of a light exposure phenotype, pigmented mice are 

traditionally less sensitive to light and require much higher levels of light to induce 

degeneration compared to albinos. This is one benefit to switching to the A/J strain. 

One complication is that the A/J mice develop more pronounced age-related 

retinal degeneration than other strains. This PR cell death is due to an upregulation of 

inflammatory factors and a decrease in neuroprotective factors and these mice show 

changes in their RPE prior to PR cell death (160). A/J mice have significant thinning of 

the ONL and a noticeable decline in cone PR number at 8 months old. Consequentially, 

there was a decrease in scotopic and photopic ERGs at 8 months of age. This PR cell 

death is independent of light exposure since WT A/J mice raised in the dark also 

undergo PR degeneration (160). Upon fundus exam, A/J mice have an increase in auto-

fluorescence at 8 months of age and have evidence of inflammation and immune cell 

activation originating from the RPE. Additionally, 8 month old mice show an increase in 

RPE cell size and multinucleated cells, and they also fail to regenerate 11-cis retinal 

over time (160). Additionally, this strain of mice also carry other background mutations 

that cause the mice to age at an accelerated rate and they have a higher incidence of 

cancer and mitochondrial defects. These mice also have RPE defects and undergo 

retinal degeneration over time with an attenuated ERG at 12 months of age (160). 

Methods 

Arrestin-1 and Transducin Translocation Assay 

Mice from both the C57Bl/6J mixed albino and the A/J strain described above 

were housed as described above (87, 88, 217). All mice were housed in a 12 hour dim-

light/dark cycle prior to translocation experiments. Mice were dilated with Atropine 
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Sulfate Ophthalmic Solution 1% (Akorn Inc, Lake Forest IL USA, NDC 17478-215-05) a 

long acting dilator prior to being dark adapted overnight. The following day mice were 

dilated again with Phenylephrine Hydrochloride Ophthalmic Solution 2.5% (Paragon 

BioTeck Inc, Portland OR, USA, NDC 42702-102.15) prior to translocation experiments. 

One mouse of each genotype was moved into a clear plastic box and exposed to 1000 

lux of light for 1 hour, and the mice were then euthanized as stated previously. Eyes 

were enucleated and placed in a 4% PFA fixative solution for 1 hour prior to moving to a 

1x PBS solution. All eyes were processed for paraffin sections as described above. 

Immunostaining was performed as described previously with the exceptions of not 

baking the slides at 60oC prior to staining and having a Protinase K digestion step. 

Primary antibodies were as follows: mouse-anti-arrestin-1 1:100 dilution (courtesy of Dr. 

WC Smith, C10C10) (73), mouse-anti-rhodopsin 1:100 dilution (courtesy of Dr. WC 

Smith, B6-30) (2), and rabbit-anti-transducin 1:1000 dilution (rabbit polyclonal Santa 

Cruz Biotechnology sc-389). Secondary antibodies were as follows at 1:400 dilution: 

goat-anti-rabbit 488 (A11008), goat anti-rabbit 594 (A11012), goat-anti-mouse 488 

(A32723), goat-anti-mouse 594 (A11005), donkey-anti-rabbit 488 (A21206), donkey 

anti-rabbit 594 (A21207), donkey-anti-mouse 488 (A21202), and donkey-anti-mouse 

594 (A21203). All secondary antibodies were acquired from Molecular Probes/ 

Invitrogen, Eugene, OR. Slides were mounted and imaged and analyzed as described 

above using a spinning disc confocal microscope through the Cell and Tissue Analysis 

Core at the University of Florida (Olympus DSU-IX81). Images were acquired with 10-

15 confocal z-stacks and images were consecutively de-convolved and merged into a 

single projection image and each color channel was saved separately and merged. 
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Fluorescence intensity plots were made with ImageJ software (National Institutes of 

Health). Densitometric plots were obtained across the PR cell layer and the Plot Profile 

program was used to calculate arrestin-1 and transducin staining intensity across the 

PR cell layer. Nuclear staining with DAPI defined the ONL. For this analysis three 

random regions across the retina were selected for WT, KO, and KI mice. The 

fluorescent signal in the OPL was defined as a percentage of total fluorescence across 

the entire PR cell layer. The statistical difference was calculated via an unpaired t-test 

using GraphPad software and error bars calculated as the mean ± standard error of 

mean (SEM) and was considered to be statistically significant at p<0.05 or greater.  

GFAP Expression and Olfaction Assays to Test for Alternative Phenotypes 

Immunohistochemistry was performed on paraffin retinal sections to look for any 

upregulation in glial fibrillary acidic protein (GFAP) expression in WT vs KO mice. Slides 

were mounted and imaged as described above using KO mice from the C57BL/6J 

mixed albino strain. GFAP is an intermediate filament protein that is upregulated in 

Müller glial cells in response to retinal injury or degeneration (77). Eye-cups were 

processed and stained as described above with an anti-GFAP antibody (Thermo Fisher 

mouse antibody ASTRO6, #MA5-12023) and Vecta-Shield with DAPI. 

For olfactory assays, mice were anesthetized and sacrificed and olfactory and 

respiratory epithelium and olfactory bulb samples were processed in collaboration with 

Dr. Jeffrey Martens’ group at UF. Experimental protocols are described in their previous 

studies (153, 232). Olfactory lysates were obtained from WT A/J and N48K KI mice and 

RT-PCR analysis was done with the previously published primers (87). Samples were 

dissected and RT-PCR was performed as described above. 
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Electroretinography 

For the LKC system, an electrode was placed on the surface of the cornea and a 

reference electrode was placed in the skin at the surface of the skull between the ears. 

A third grounding electrode was placed in the tail to establish a baseline measurement. 

The mice were set up on a mobile platform then moved into an upright Ganzfeld dome 

that generated a uniform light field for the procedure (EM Win UTAS LKC Technologies 

Gaithersburg, MD). For the Espion system, a contact electrode was placed on the 

surface of the eye, the reference electrode was placed in the cheek of the mouse, and 

the ground electrode was placed in the tail. The mice were setup on a stationary 

platform and a moveable Ganzfeld dome was lowered on top of the mice prior to the 

procedure (40). Both systems contain a platform heating pad to keep the mice at a 

stable body temperature during the experiment. Both systems were utilized through the 

course of this work, but unless otherwise noted, only the LKC data is presented here. 

For scotopic ERG, mice were dark adapted overnight for 12 hours prior to ERG. 

The mice were dilated the day before using Atropine Sulfate Ophthalmic Solution 1% 

(Akorn Inc, Lake Forest IL USA, NDC 17478-215-05) a long acting dilator. Prior to ERG 

the mice were then dilated again using Phenylephrine Hydrochloride Ophthalmic 

Solution 2.5% (Paragon BioTeck Inc, Portland OR, USA, NDC 42702-102.15). Mice 

were then anesthetized using a mixture of ketamine (72 mg/kg) (Ketaset: Ketamine HCl 

injection, USP, Zoetis Inc, Kalamazoo MI, USA, NADA 043-304) and xylazine (4 mg/kg) 

(LLOYD Shenandoah IA USA, NADA 139-236) by intraperitoneal injection with a 

volume of 4 ul per gram of weight. Then the mice were setup on the platform and, prior 

to electrode placement, either Gonak Hypermellose Opthalmic Demulcent Solution 

2.5% (Akorn Inc, Lake Forest IL, USA NDC 17478-064-12), Serile eye wash (Altaire 
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Pharmaceuticals Inc, Aquebouge NY USA, NDC 59390-175-35), or GenTeal Lubricant 

Eye Drops (Alcon Laboratories Inc, Fort Worth TX USA NDC 0078-0518-16) was 

applied to the surface of the cornea to keep the eyes hydrated throughout the 

procedure. The mice were then placed in the Ganzfeld dome and exposed to 3 light 

intensities of -20 dB, -10 dB, and 0 dB (corresponding to 0.02, 0.2 and 2 scot-cd·sec·m–

2 stimuli). After ERG the mice were provided anesthesia reversal using a solution of 

Antisedan Orion Pharma Corporation Finland, Zoetis Inc, Kalamazoo MI USA NADA 

141-033) (63, 72, 175, 184). Scotopic a-wave, b-wave, and OPs were compared 

between control C57BL/6J, A/J WT, and KO mice to validate the previously published 

ERG phenotype. The a-wave was measured from the highest amplitude immediately 

after the light stimulus to the lowest amplitude afterward prior to the increase in 

amplitude for the b-wave. The b-wave was measured from the lowest amplitude used 

for the a-wave to the highest amplitude after the OPs. The OPs are the oscillations 

along the increasing amplitude of the b-wave and there can be a range of up to 5 OPs. 

OP1 is measured from the lowest amplitude used for the a-wave to the next highest 

amplitude prior to the next trough. OP2 begins at the first trough to the next highest 

amplitude. OP3 is measured similarly from the next trough to the next highest peak.  

For a photopic ERG, mice were first light adapted, and mice were prepared as 

described above. In order to select the optimal time, mice were light adapted in the 

Ganzfeld dome for 2, 4, 6, 8, and 10 minutes and then the highest light intensity for a 

cone response was tested to determine a plateau of maximal response and then all 

intensities were recorded. Cone response is recorded at 4 light intensities of -3 dB, 3 

dB, 6 dB, and 10 dB (25 phot-cd·sec·m–2 maximum intensity). After the procedure, mice 



 

87 

were provided anesthesia reversal as described above (63, 72, 175, 184). Photopic 

cone ERGs were compared between C57BL/6J, A/J WT, and KO mice. 

For the dual-flash ERG recovery responses, mice were dark adapted overnight, 

then fully bleached to suppress rod responses using the Espion ERG system, then a 

scotopic ERG was recorded at 1 cd.s/m2 which is equivalent to the 0 Db intensity on the 

LKC system. After the initial flash post light adaptation, the mice were tested at varying 

time points post light exposure to measure how rapidly the mice were able to recover a 

scotopic ERG response. This protocol is defined in Table 4-1 and was only assessed on 

the initial C57BL/6J mixed albino mice. Due to the amount of time required to set up the 

mice on the Espion system compared to the LKC system, I was unable to reproduce the 

protocol on the new A/J strain because the A/J mice are extremely sensitive to the 

anesthesia and cannot be anesthetized for the 1 hour required for the experiment. 

For ERG analysis post 1000 lux light adaption, mice were dark adapted 

overnight, exposed to 1000 lux of light for 1 hour, and then a scotopic ERG was 

measured immediately after light exposure. Maximum scotopic a- and b-wave ERG 

recordings were analyzed for WT, Clrn1 -/- KO and N48K KI A/J strain mice, the 

amplitudes were averaged between left and right eyes from the same mouse, and then 

averaged together for each genotype. The results were analyzed by a Student’s t test 

using GraphPad statistical software (GraphPad Prism 6.0, GraphPad Software, San 

Diego, CA). ERG responses were considered statistically significant at p<0.05 *, <0.01 

**, and <0.001 *** and all ERG data are represented as the mean ± SEM. 

Spectral Domain Optical Coherence Tomography 

SD-OCT was used to assay for retinal degeneration post-light damage as 

follows. Mice were anesthetized and eyes were dilated and kept hydrated during the 
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procedure as described above. Mice were arranged on the Bioptigen platform and 

focusing scans were used to align the retina with the optic nerve at the center of the 

image. Two more scans were obtained peripheral to the optic nerve, both nasally and 

temporally. SD-OCT parameters for all scans were the same for all mice. Rectangular 

volume scans were obtained with an A/B scan ratio of 1000, 5 frames per B-scan at 100 

B-scans and 80 lines of inactive A-scans per B-scan ratio taken at 1 volume with a 

square field of 1.4 mm length and 1.4 mm width and a horizontal offset of 0.1 mm. After 

the procedure, mice were woken up as described above (19). Images were analyzed 

with InVivo Vue Bioptigen software and ONL thickness was measured using Bioptigen 

Diver software with a 9x9 spider plot. ONL thickness was measured both manually and 

using the auto-segmenting program, and values were compared. The ONL thickness 

was measured and calculated using Diver software calipers through the Bioptigen OCT 

system placed at the OPL synapses and the OLM at the top of the ONL and plotted in 

GraphPad software and a two way ANOVA (Analysis of Variance) test was performed to 

assess whether changes in ONL thickness was statistically significant. 

Light Damage 

Mice were housed in the animal facility as described above. Prior to light damage 

mice were analyzed by ERG and SD-OCT as described above for a light damage 

control. During light damage experiments, the previously published protocols were 

adapted (99, 223, 224). The mice were dark adapted the day before and two mice were 

placed in each cage, one of each genotype, with minimal bedding and food placed on 

the bottom of the cage to allow for minimal blockage of light. Mouse cages were housed 

on a standard ACS (animal care services) rack with LED lights, emitting 5500K of light, 

arranged under the cage lids. These lights are adjustable to achieve the desired light 
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intensity. Light intensity was calibrated using a traceable dual-range light meter (Sper 

Scientific 840006 Light Meter Lux). Timing of light exposure was also controlled by an 

electric timer. Mice were placed in the rack at 6 pm and light damage was performed for 

4 hours until 10 pm at specified light intensities. One week post-light damage mice were 

analyzed using SD-OCT and ERG, and the ONL thickness and scotopic ERG 

responses were measured, calculated, and analyzed as described above.  

For the initial A/J light intensity optimization, light intensities of 1300, 1500, 2000, 

or 5000 lux were used to optimize the light damage conditions for the maximum ONL 

degeneration in WT mice. At all light intensities tested, SD-OCT was performed 1 week 

post light damage, ONL thickness was analyzed using a two way ANOVA (Analysis of 

Variance) to assess if changes in ONL thickness was statistically significant after light 

damage. Scotopic ERG responses were assessed for all mice pre- and post-light 

damage at all intensities and a- and b-wave amplitudes were measured as described 

above. A Student’s T-test was performed and the ERG response was considered 

statistically significant at P<0.05 *, <0.01 **, and <0.001 ***. The 2000 lux intensity was 

chosen to assess for light damage in the Clrn1 -/- KO and N48K KI mice and light 

damage was performed as stated above. SD-OCT and ERG were performed pre- and 

post-light damage to measure ONL thickness and retinal function as mentioned above.  

Results 

Light-Driven Protein Translocation to Characterize a Retinal Phenotype 

Upon dark-adaptation, both the mixed albino C57BL/6J WT and Clrn1 -/- KO mice 

have proper localization of transducin in the OS and arrestin-1 in the IS, ONL and OPL 

(Figure 4-1). Upon exposure to 1000 lux of light for 1 hour, both the WT and Clrn1 -/- KO 

mice have normal transducin movement (Figure 4-1 C, C’). Fluorescence quantification 
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is plotted in Figure 4-1 B, B’. However, after 1 hour of light exposure at 1000 lux both 

the Clrn1 -/- KO and N48K KI mice show a significant delay in arrestin-1 translocation 

from the OPL and IS to the OS and this delay is statistically significant for both the Clrn1 

-/- KO and N48K KI mice on the mixed C57BL/6J albino mice (Figure 4-2 B, B’, C, C’). 

This is in contrast to USH1B and USH2D mouse models that have a delay in transducin 

translocation rather than arrestin-1 (176, 219, 220). This translocation phenotype was 

also reproducible in the new A/J Clrn1 -/- KO and N48K KI mice compared to WT. It is 

unclear what the biological significance of this arrestin-1 delay is, given that there is no 

PR degeneration or loss of ERG response over time. Previous studies have looked at 

arrestin-1 KO mice and they see a prolonged photoresponse in mice completely lacking 

arrestin-1. These mice also do not have ONL degeneration, but they do have slightly 

disorganized OSs and a highly altered recovery phase of rhodopsin (235). I therefore 

also tested for a similar delay in rod PR cell recovery response but there was no 

significant difference between the WT and N48K KI mice (Figure 4-10). 

GFAP Expression in WT vs KO Mice 

As mentioned above, GFAP is an intermediate filament protein that is 

upregulated by Muller glial cells in response to retinal injury or degeneration (77). When 

comparing the mixed albino C57BL/6J WT and Clrn1 -/- KO mice there did appear to be 

some slight upregulation in some Clrn1 -/- KO mice, however this was not consistent 

across a larger pool of samples (Figure 4-3). The samples were all processed according 

to the same protocol at the same time. This was shown in other previous studies (87). 

Olfactory Structure and Clarin1 Expression in Olfactory Cells 

A collaboration was arranged with the Dr. Jeffrey Martens’ lab at UF to assess 

Clrn1/Clrn1 expression in olfactory tissue. As noted above, olfactory epithelium, 
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respiratory epithelium, and olfactory bulb tissue was acquired, sectioned, and stained in 

addition to mRNA isolation from olfactory tissue for RT-PCR analysis. First I compared 

the cilia formation in both olfactory and respiratory epithelium looking at acetylated 

tubulin and there did not appear to be any differences in either tissue from WT or N48K 

KI mice. I next looked at whether there was normal olfactory signaling present in the WT 

vs N48K KI A/J mice by assessing the presence and amount of tyrosine hydroxylase 

activity. There appeared to be normal localization in the juxtaglomerular cells that 

innervate the olfactory glomeruli (Figure 4-4 B, B’, C, C’). Overall there did not appear to 

be any olfactory phenotype, which was disappointing because previous studies have 

looked at the other USH proteins in olfaction, both in animal models and patients and 

they saw significant decrease in olfactory signaling as well as decreased beat frequency 

in nasal cilia (12, 120, 196). Next I looked at transcript analysis of Clrn1 in olfactory 

lysates. Utilizing the previously published primers that were used above, I saw isoform-

specific products for isoform 2 with primers F2-R4 indicating this isoform is expressed in 

olfactory epithelium. I also saw much fainter products for F2-R5 which detects isoforms 

1 and 2, as well as a product for F3-R1 which detects all three isoforms (Figure 4-5 A). 

Overall, this indicates that Clrn1 is expressed in olfactory tissue and correlates with 

other USH proteins being expressed there as well. 

Validation of the Previously Published Novel ERG Phenotype 

First I compared the A/J strain ERGs for the WT and Clrn1 -/- KO mice to my 

previous control C57BL/6J mice in order to understand any differences that may hinder 

future studies. Like the previously published data on the A/J strain (160), the A/J mice 

do have significantly smaller a- and b-wave ERG amplitudes compared to the C57BL/6J 

mice. It appears that the cones are most affected in the A/J strain because all light 
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intensities for the pure cone response were all significantly reduced and the only a- and 

b-wave intensity that was significantly decreased was at the 0 Db flash intensity which is 

the brightest rod response condition and does detect some cone response (Figure 4-7 

A, B). Furthermore, the A/J cone ERGs were significantly decreased at all three 

intensities compared to the C57BL/6J controls (Figure 4-6 C). I also examined OPs in 

the A/J mice. In the pure rod response ERG there is a difference between the A/J WT 

and Clrn1 -/- KO mice (Figure 4-6 D). This may be significant because the OPs are a 

result of the inner retinal response after synaptic transmission from PR cells. There is 

no conclusive agreement in the published data that supports which cell types in the 

inner retina are producing the OPs, but they are generally believed to originate from 

either amacrine cells, horizontal cells, or the on/off rod cone bipolar cell pathways (209). 

If OPs do in fact originate in amacrine cells, this would be significant because they are 

reduced in the Clrn1 -/- KO mice. I further confirmed the ERG difference previously 

published in the WT vs Clrn1 -/- KO A/J mice (217). 

As described above, Dr. Imanishi generated a Clrn1 -/- KO and N48K KI strain on 

an A/J background that possess an aging mutation allowing for more rapid retinal 

degeneration over time. The goal was to identify an additional retinal phenotype for the 

Clrn1 -/- KO and N48K KI mice. He showed that at 3 and 6 months old the Clrn1 -/- KO 

mice have a reduced ERG by approximately 30%, however by 9 months of age the WT 

mice also have a reduced ERG response similar to Clrn1 -/- KO levels but there did not 

appear to be any difference in the WT vs N48K KI mice (217). I validated this difference 

in ERG amplitudes for the WT vs Clrn1 -/- KO mice and saw a similar trend, however the 

KI mice did not have a significant decrease compared to WT at older ages (Figure 4-7). 
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Abnormal Retained Electroretinogram in N48K Mice 

Given the delay in arrestin-1 movement upon exposure to light and the reduced 

OPs potentially due to problems in the inner retina, I tested for any physiological 

significance that could be observed in vivo. I performed scotopic ERGs on WT, Clrn1 -/- 

KO, and N48K KI A/J mice after the translocation experiment with 1 hour of light 

exposure at 1000 lux. I found that at the brightest scotopic response of 0 Db, there was 

a significant difference in that the N48K KI mice still produced a b-wave ERG response 

(Figure 4-8). I am unsure as to what this response is telling us about a potential 

mechanism of retinal degeneration over time and how it is relevant to the biological and 

physiological processes that are occurring. There are a few potential theories that may 

be playing a role. 1: The N48K KI mice fail to completely suppress rhodopsin signaling 

as efficiently as WT mice and they therefore still respond to light, which makes sense in 

terms of the arrestin-1 delay phenotype. 2: N48K KI mice have prolonged synaptic 

signaling, which also could be related to the arrestin-1 phenotype with it remaining 

bound to the OPL. 3: N48K KI mice are able to recover rhodopsin signaling more rapidly 

than WT mice. 4: N48K KI mouse cones respond to lower levels of light compared to 

WT mice so they are more responsive in the mesopic light range. And finally, 5: N48K 

KI mice have abnormal communication between the on/off rod-cone bipolar cell 

signaling processes or their feedback mechanisms with horizontal cells.  

Given the complex nature of the cell types in the INL, it is difficult to determine 

which potential pathway is causative, and it very well may be a combination of several 

mechanisms. I have considered possibly using synaptic inhibitors to block any potential 

recovery or collaborating with groups that can perform single cell recordings ex vivo. 
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One other method I did attempt is a dual-flash ERG recovery response, which would 

possibly show a more detailed difference in ERG recovery over time. 

Dual-Flash ERG Recovery Response 

For the dual-flash ERG recovery, the flash protocol is defined in Table 4-1 as well 

as described above. I assessed WT vs N48K KI mixed C57BL/6J albino mice at time-

points up to 45 minutes and I did not observe any statistical significance between the 

WT and KI mice (Figure 4-9). This would perhaps eliminate any dim cone response 

since the light intensity used was a mesopic mixed rod-cone intensity, however this was 

performed on the Espion ERG system and not the LKC system as for the previous 

translocation ERG experiment and this may introduce some variability between the two 

experiments. The lack of a dual-flash ERG recovery phenotype may also eliminate any 

abnormal on/off rod-cone bipolar cell signaling because the rods were completely 

bleached after the extended light exposure, and there was no significant difference in 

the rods ability to slowly respond to light over time. I was unable to test this on the new 

A/J strain mice because they are highly sensitive to the anesthesia and are unable to 

remain anesthetized for the required 1 hour in order to run the experiment. 

Light Damage in WT, KO, and KI Mice 

Because I found a delay in arrestin-1 translocation upon light exposure, I wished 

to see if I could induce retinal degeneration after bright light exposure through the use of 

light damage (223, 224). In order to test if my mice were susceptible to light damage, I 

first assessed WT mice at a range of light intensities from 1300, 1500, 2000, and 5000 

lux as described above. At all light intensities tested using a two-way ANOVA there was 

significant degeneration post-light damage in the WT mice (Figure 4-10 A, Table 4-2). 

The most significant damage occurred at 5000 lux, which was expected (Figure 4-10 B, 



 

95 

Table 4-2). At 2000 lux the WT mice did have statistically significant degeneration, 

particularly in the superior retina, however, they still had a normal scotopic ERG 

response for both the a- and b-waves and only had a significantly reduced ERG at 5000 

lux (Figure 4-10 C, C’, D, D’, Table 4-2). I therefore chose to analyze the Clrn1 -/- KO 

and N48K KI mice at 2000 lux for ONL thickness and scotopic ERG response. After light 

damage, only the superior retina showed slight degeneration in the Clrn1 -/- KO mice 

and the N48K KI mice had significant degeneration furthest from the optic nerve both in 

the superior and inferior retina (4-11 A, B) (Table 4-3). Interestingly, similarly to the WT 

mice, the Clrn1 -/- KO mice did not show any reduction in scotopic ERG amplitude post 

light damage for either the a- or b-waves (Figure 4-11 C, C’). This may not be the most 

reliable results because the Clrn1 -/- KO mice already have a reduced b-wave at 6 

months old and they would therefore not necessarily show any significant difference 

since their ERG responses are already reduced without an treatment (Figure 4-11 C’). 

When I assayed for light damage on the N48K KI mice, I saw a significant 

decrease in scotopic ERG amplitudes for both the a- and b-waves for all light intensities 

(Figure 4-11 D, D’). This is intriguing because unlike the WT and Clrn1 -/- KO mice, the 

N48K KI mice are the only ones that display any significant loss of function following 

light damage. This can provide us with an additional phenotype to utilize in order to 

validate our AAV gene therapy vectors for an effective therapeutic treatment. 

Given there is a significant decrease in N48K KI ERG after light damage and a 

maintained ERG after bright light exposure, there may be an underlying mechanism that 

is affected by both light conditions. The combination of these two experiments may be 

able to explain why patients do not lose vision initially, but go blind over a prolonged 
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period of time. This suggests the rate of vision loss may be related to the amount and 

level of light exposure over time. Perhaps initially PR cells can handle a minimal amount 

of light induced stress, but there is a limit above which continued stress to the PR-RPE 

visual system leads to PR degeneration. I can further test the Clrn1 -/- KO and N48K KI 

mice for pre-conditioning prior to light damage which would be to expose the mice to a 

low level of light for one week prior to light damage to see if the loss of ONL thickness 

and ERG function can be reduced. This would allow me to assess whether the N48K KI 

mice have any abnormal neuroprotective features compared to the WT and Clrn1 -/- KO 

mice because they have a significantly reduced ERG response after light damage. 

One complication with the A/J mouse strain is that they were shown to have 

abnormal RPE function and undergo retinal degeneration as they age. Therefore the 

strain itself may possibly be more susceptible to light damage due to background RPE 

complications. The A/J mice have extensive inflammatory changes as they age with an 

increase of immune cell infiltrates in the retina which can have an impact on the rate of 

retinal degeneration due to light damage. Dr. Palczewski’s group showed in RPE flat-

mounts that the majority of RPE cells were multi-nucleated with an abnormally large cell 

size, indicating that the RPE cells were unhealthy and undergoing senescence (160). 
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Table 4-1. Dual-flash ERG recovery response 

Steps Flash Intensity 
(cd.s/m2) 

Interval Between Two Flashes Adaptation 
Time 

1 1 0 ms 30 s 
2 1 25 ms 30 s 
3 1 50 ms 30 s 
4 1 100 ms 30 s 
5 1 250 ms 30 s 
6 1 500 ms 30 s 
7 1 750 ms 30 s 
8 1 1 s 30 s 
9 1 2 s 30 s 
10 1 4 s 30 s 
11 1 16 s 30 s 

N = 5 at 3 months old for all genotypes 
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Table 4-2. Two-way ANOVA for WT light damage range of intensities 

Distance from  Light Damage Brightness Intensity 
Optic Nerve (um) 1300 lux 1500 lux 2000 lux 5000 lux 

-600 um ns p < 0.05 * ns p < 0.0001 **** 
-450 um ns ns ns p < 0.0001 **** 
-300 um ns p < 0.01 ** p < 0.05 * p < 0.0001 **** 
-150 um p < 0.05 * p < 0.0001 **** p < 0.0001 **** p < 0.0001 **** 
0 um ns ns ns ns 
150 um p < 0.05 * p < 0.0001 **** p < 0.0001 **** p < 0.0001 **** 
300 um p < 0.05 * p < 0.01 ** p < 0.0001 **** p < 0.0001 **** 
450 um ns p < 0.01 ** p < 0.0001 **** p < 0.0001 **** 
600 um p < 0.001 *** p < 0.0001 **** p < 0.0001 **** p < 0.0001 **** 

N = 4 for all light intensities 
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Table 4-3. Two-way ANOVA in Clarin-1 KO and N48K KI mice, 2000 lux light damage 

Distance from Optic Nerve (um) Clrn1 -/- KO N48K KI 

-600 um ns p < 0.001 *** 
-450 um ns p < 0.0001 **** 
-300 um ns p < 0.001 *** 
-150 um ns ns 
0 um ns ns 
150 um ns ns 
300 um p < 0.05 * p < 0.01 ** 
450 um p < 0.001 *** p < 0.01 ** 
600 um ns p < 0.0001 **** 

N = 10 for all light intensities 
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Figure 4-1. Normal localization of arrestin-1 and transducin. A, A’) Normal dark-adapted 

localization of arrestin-1 and transducin in WT and Clrn1 -/- KO A/J mice. 
Goat-488-anti-rabbit-transducin and Goat-594-anti-mouse-arrestin-1. B, B’) 
Fluorescence intensity plots of transducin in WT vs Clrn1 -/- KO A/J mice after 
1 hour light exposure at 1000 lux. Goat-488-anti-rabbit-transducin and DAPI-
358 VectaShield. C, C’) Representative immunohistochemistry of light-
adapted transducin localization in WT vs Clrn1 -/- KO A/J mice. Goat-488-anti-
rabbit-transducin and DAPI-358-vectashield. 
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Figure 4-2. Immunofluorescence and quantification of arrestin-1 in light-adapted Clarin-

1 KO and WT retinal sections. A, A’) Corresponding profiles of fluorescent 
signal intensity scanned across the photoreceptor layer. There is a significant 
amount of increased arrestin-1 signal in the OPL of Clrn1 -/- KO mice (A’) 
compared to WT OPL (A). B, B’) Immunohistochemistry of arrestin-1 
distribution after light exposure translocation. Nuclei are stained blue with 
DAPI. B) WT immunohistochemistry. B’) Clrn1 -/- KO immunohistochemistry. 
C) Bar graph showing the relative signal intensities of arrestin-1 in the OPL of 
Clrn1 -/- KO and WT mice, expressed as a percentage of the total signal 
intensity in the photoreceptor layer, shown for both Clrn1 -/- KO and N48K KI 
mice (**p<0.01). C’) Bar graph showing the relative signal intensities of 
arrestin-1 in the OPL of N48K KI and WT mice, expressed as a percentage of 
the total signal intensity in the photoreceptor layer, shown for both Clrn1 -/- KO 
and N48K KI mice (**p<0.01). Similar staining was seen for both the mixed 
C57BL/6J albino strain and the A/J strain. 
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Figure 4-3. GFAP expression in WT vs Clarin-1 KO C57BL/6J mixed albino mice. A) 

Representative WT staining of GFAP. The staining appears to have relatively 
minimal GFAP expression. B) Representative Clrn1 -/- KO staining of GFAP. 
The staining appears to be relatively similar to the WT mice with perhaps a 
slight upregulation of GFAP expression, but it is not significantly higher across 
multiple samples. 
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Figure 4-4. Normal olfactory structure in both WT and N48K KI A/J mice. A) WT 

olfactory and respiratory epithelium. A’) N48K KI olfactory and respiratory 
epithelium. Disruption of CLRN1 does not affect cilia formation in the nasal 
cavity. Representative confocal images of olfactory and respiratory epithelium 
from 7 month-old control and mutant mice stained with the ciliary axoneme 
marker acetylated α-tubulin. Scale, 10 μm. B) WT olfactory signaling. B’) 
N48K KI olfactory signaling. There is normal active olfactory signaling in 
CLRN1 WT and N48K KI mice. Representative confocal images of olfactory 
bulb glomeruli from WT and N48K KI mice stained with tyrosine hydroxylase. 
Tyrosine hydroxylase is present in juxtaglomerular cells innervating glomeruli 
of control and CLRN1 mutants, indicative of active olfactory signaling. Scale, 
10 μm. C, C’) Merged images of DAPI and tyrosine hydroxylase. 
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Figure 4-5. RT-PCR of WT A/J olfactory epithelial tissue lysates. A) There is a PCR 

product for all three primer sets from olfactory epithelial lysates. F2-R4 can 
pick up the 250 AA isoform of Clrn1. F2-R5 can pick up isoform 1 and 2, and 
F3-R1 can pick up all three isoforms. 
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Figure 4-6. ERG difference in C57BL/6J vs WT and Clarin-1 KO A/J mice. White bars 

are C57BL/6J mice, black bars are WT A/J mice, and red bars are Clrn1 -/- KO 
A/J mice. A) a-wave ERG, 0 Db is significantly decreased in A/J mice. B) b-
wave ERG, 0 Db is significantly decreased in A/J mice. C) Cone ERG, all light 
intensities are decreased in A/J vs C57BL/6J mice and 0 Db is decreased in 
A/J WT vs Clrn1 -/- KO mice. D) Oscillatory potentials in C57BL/6J vs A/J 
mice. Only the 0 Db OP1 is decreased in C57BL/6J vs A/J mice and all light 
intensities have reduced OPs in WT vs Clrn1 -/- KO A/J mice. 
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Figure 4-7. Validation of the ERG phenotype in A/J Clarin-1 KO mice. A) WT vs Clrn1 -/- 

KO normal scotopic a-wave ERG response. B) WT vs Clrn1 -/- KO abnormal 
scotopic b-wave ERG response. C) WT vs N48K KI normal scotopic a-wave 
ERG response. D) WT vs N48K KI normal scotopic b-wave ERG response. 
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Figure 4-8. ERG phenotype post 1 hour light exposure in the N48K KI mice. After 1 hour 

of light exposure at 1000 lux, the N48K KI mice are still able to generate an 
ERG response at a 0 Db light intensity.  
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Figure 4-9. Dual flash ERG recovery response in the N48K KI mice. a- and b-wave 

recovery ERG response after light exposure. There is no significant difference 
in either a- or b-wave ERG between WT and N48K KI mice. 
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Figure 4-10. Light damage optimization in WT A/J mice. A) Comparison of light damage 

in A/J WT mice at varying light intensities using SD-OCT. There is minimal 
difference in loss of PR cells between untreated controls, 1300, 1500, or 2000 
lux intensities of light. The only extreme difference is between WT untreated 
vs 5000 lux of light. B) Comparison of untreated control vs 2000 lux treated 
WT mice. C) WT scotopic a-wave and C’) b-wave ERG after 2000 lux light 
damage, there is no significant decrease in ERG amplitude after 4 hours of 
light exposure at 2000 lux. D) WT scotopic a-wave and D’) b-wave ERG after 
5000 lux light damage, there is a significant decrease in ERG amplitude after 
4 hours of light exposure at 5000 lux. 
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Figure 4-11. SD-OCT and ERG in Clarin-1 KO vs N48K KI A/J mice pre- vs post-light 

damage. A) Clrn1 -/- KO and B) N48K KI ONL thickness pre- and post-light 
damage at 2000 lux. There is a significant decrease in both genotypes post-
light damage, mostly in the superior retina for the Clrn1 -/- KO mice and 
farthest from the optic nerve in both the superior and inferior retina in the 
N48K KI mice. C, C’) Clrn1 -/- KO a- and b-wave ERG. There is no significant 
difference between pre- vs post-light damage. B, B’) N48K KI a-wave ERG. 
There is a significant difference between pre- vs post-light damage for -10 
and 0 Db. C, C’) N48K KI b-wave ERG. There is a significant difference 
between pre- vs post-light damage for all scotopic light intensities. 
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CHAPTER 5 
ASSAYING FOR PHENOTYPIC RESCUE USING AAV-MEDIATED GENE THERAPY*2 

Background 

In order to develop a successful gene therapy treatment, the serotype, capsid 

mutation(s), promoter, and cDNA, targeted to the desired cell type, need to be 

optimized in order to avoid toxicity and achieve optimal expression levels. This can be 

highly variable based on the promoter, gene of interest, and fluorescent tags within the 

AAV plasmid. There is further variability of many different AAV capsid serotypes and 

additional capsid mutations allowing for greater cell specificity and transduction 

efficiency in the retina. All of these are elements that need to be considered in order to 

design a successful gene therapy treatment for USH3A. Previously, Dr. Cosgrove 

showed delays in transducin movement upon exposure to light in Myo7A and whirlin 

mice compared to WT controls, and they further showed that lentiviral delivery of WT 

MYO7A can rescue the transducin translocation phenotype (176, 219, 240). Given that 

my data is similar to Dr. Cosgrove’s, I hypothesized that I could also rescue the arrestin-

1 translocation phenotype using an AAV-mediated delivery of CLRN1 to the retina.  

Adeno-Associated virus 

AAV is the most prevalent method of viral gene therapy to date and has also had 

the most clinical success to date, particularly in the retina. AAV is a non-pathogenic 

parvovirus that can infect both dividing and non-dividing cells. AAV has the smallest 

packaging capacity of all the viral vectors with a maximum DNA size of only about 5kb. 

The AAV genome is a linear single strand of DNA that consists of two reading frames 

                                            
2 * Reprinted with permission from Dinculescu A and Stupay RM et al. AAV-Mediated Clarin-1 Expression 
in the Mouse Retina: Implications for USH3A Gene Therapy. PLoS One 2016.11(2):e0148874. 
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containing the replication and capsid coding genes. There are 3 transcriptional initiation 

sites that control expression for 4 replication proteins. There are 3 capsid proteins that 

are composed of two smaller proteins (VP1 and VP2) and one larger protein (VP3). 

These capsid proteins are in a ratio of 1:1:10, with VP3 being the most abundant. 

Flanking these sequences are the inverted terminal repeat sequences that are 

necessary for replication and packaging (66, 108). The AAV constructs employed for 

gene therapy have all of the replication and capsid genes removed so that all that 

remains are the inverted terminal repeat sequences for packaging, in addition to a 

promoter, enhancers, gene of interest, and a polyadenylation addition sequence that 

are inserted between the inverted terminal repeats (108). For my AAV gene therapy, 

there are two primary backbones that I have utilized, a pTR vector and a self-

complimentary (sc) vector. The pTR vector is a single stranded vector that requires the 

cellular machinery for second strand DNA synthesis and therefore expresses the gene 

of interest relatively slowly at lower levels initially. The sc vector is able to fold onto itself 

resulting in a double stranded DNA molecule immediately upon cellular infection. This 

allows for rapid transcription and expression of the gene (cDNA) of interest (66). 

Serotypes and Modifications 

Multiple different capsid serotypes have been identified, as well as multiple 

different capsid-serotype-specific mutations that have optimized the AAV vectors for 

better cell type-specific infection. There have also been many studies looking at the 

success of AAV-mediated gene therapy in the retina and the optimization of targeting 

specific cell types with different capsid mutants. The initial studies in the 1990’s looked 

at a simple AAV2 capsid serotype injected into the subretinal space. Using a rod opsin 

promoter driving a synthetic GFP protein, they saw exclusive expression in PR cells 
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with 20% pan-retinal expression and 100% expression at the site of injection (83). They 

further validated that their recombinant AAV viral preps were free of Adenovirus and WT 

AAV (83). Subsequent retinal gene therapy studies in the early 2000’s examined cell-

type specific infection after subretinal and intravitreal injection as well as long term 

expression, stability, and toxicity (71, 104, 108, 222). These studies initiated the 

development of successful gene replacement therapies for several animal models of 

retinitis pigmentosa. The AAV2 capsid utilizes several charged surface residues that are 

responsible for AAV2 binding to its heparin sulfate receptor and allows for entry into the 

cell. One complication with the AAV2 capsid is that on the capsid surface there are 

many tyrosine residues that can be phosphorylated and therefore target the viral particle 

for ubiquitination and degradation within the cell (179). Site specific mutation of these 

tyrosine residues, specifically in the VP3 region of the capsid surface, allow for AAV 

vectors to avoid degradation and achieve higher transduction efficiency (128, 179, 197). 

The initial capsid mutations studied were single point mutations in the tyrosine 

residues on the AAV capsid surface for the AAV2, 8 and 9 serotypes (180). Further 

studies looked at the efficacy of combining multiple capsid mutations in different 

combinations of tyrosine to phenylalanine both after subretinal and intravitreal delivery. 

They showed that multiple combinations of tyrosine-phenylalanine (Y-F) mutants 

displayed pan-retinal expression of an AAV2-GFP injected virus (179, 180). Upon 

immunohistochemistry analysis, there was differential expression with each capsid 

mutation from only PR cells to expression in all retinal cell types after subretinal 

delivery. In contrast, after intravitreal delivery, the majority of viral expression was 

present in retinal ganglion cells for all capsid mutations analyzed, with only two 
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appearing to successfully target PR cells after an intravitreal delivery (179, 180). A 

subsequent study examined un-modified or modified capsid mutants for serotypes 

AAV1, 2, 5, and 8 in RPE cell and 661W cone cell retinal cultures to assess for which 

additional mutations may be optimal (197). Vector expressed protein was detected by 

FACS sorting for both cell lines and it was found that the addition of Y-F mutations 

increased the transduction efficiency (197). These capsid mutations were further tested 

in vivo to test which mutations would be optimal for intravitreal injection in order to avoid 

any surgical damage from subretinal injection. Additional threonine to valine (T-V) 

mutations were examined as well. It was found that the previously identified AAV2-

Quadruple mutant with an additional T-V mutation at aa 491 worked the best for 

intravitreal injection and produced the highest level of transduced PR cells across the 

retina (128). This vector is described in the Methods below. Similar studies have been 

done looking at systemic delivery to the retina using various AAV9 capsid mutations in 

dogs (33, 34, 60-62). For this study however, the two mutants I have focused on are the 

AAV2 Quad Y-F and AAV2-Quad-T491V vectors in addition to WT AAV2 capsid.  

Methods 

Clrn1 -/- KO and N48K KI mice were generated as described above (87, 88, 217). 

Animals were housed and maintained as noted previously. The AAV viral vectors were 

generated and purified as previously reported and viral titers was measured by real 

time-PCR (103, 115, 245). All viruses that were tested here are listed in table 5-1 with 

their capsid serotype and mutations, vector construct, and viral titer listed. The AAV2 

Quadruple mutant contains 4 tyrosine to phenylalanine mutations at residues Y-F 272, 

444, 500, and 730 (AAV2-Quad). The second mutant utilized was the AAV2-Quad 

capsid with an additional tyrosine to valine mutation at aa 491 (AAV2-Quad-T491V). 
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Either a ubiquitous smCBA (small chicken β-actin) or a PR specific GRK1 (G-protein 

receptor kinase 1) promoter was used for all experiments. For direct vector product 

visualization, either a C-terminal Venus-tagged human CLRN-1 (CLRN1-Venus, from 

Dr. Imanishi at Case Western University) or a hemagglutinin (HA)-tagged CLRN1 was 

used for all experiments. Both subretinal and intravitreal injections were performed as 

previously described (179, 180). Briefly, a 30.5 gauge needle was used to pierce the 

nasal side of the cornea and a Hamilton syringe with a 33 gauge needle was used to 

inject the virus into the eye. Subretinal injections used a blunt-tip needle to deposit the 

virus into the subretinal space between the RPE and PR cells, and intravitreal injections 

used a 45o beveled tip needle to deposit the virus into the vitreous space. All eyes were 

injected with 1 ul of viral vector and the associated vector genome copies/ ml are 

defined in table 5-1 for each. Right eyes were injected and left eyes remained un-

injected. C57BL/6J mice were tested with buffer alone in the right eye to assess any 

damage resulting from the injection procedure. Intravitreal and subretinal vectors at a 1: 

1000 dilution of CBA and GRK CLRN1 were also tested in right eyes against and buffer 

alone in left eyes further minimize any variability due to injection damage (data not 

shown). For vector toxicity assays, right eyes received dilutions of one microliter of 

either a full strength titer of approximately 1013 vector genome/ml (vg/mL) or serially 

diluted vectors of 1012, 1011, or 1010 vg/mL in the right eye. All treated mouse eyes were 

first documented for PR function by ERG and for retinal structure by OCT at 4 months 

post-injection with several were analyzed up to 1 year post-injection. Later experiments 

were also analyzed by OCT at 1 week post-injection to verify there was no injection 

damage prior to ERG analysis. At 1 month CLRN1-Venus and CLRN1-HA were visible 



 

116 

by immunohistochemistry using an anti-GFP or anti-HA antibodies (3F10, Roche 

Diagnostics, Indianapolis, IN). ERG, OCT, translocation, and immunohistochemistry 

experiments were performed as described above. Differences in maximum a- and b-

wave amplitudes between injected and un-injected eyes were analyzed by the Student t 

test (GraphPad Prism 6.0, GraphPad Software, San Diego, CA), and were considered 

statistically significant if p<0.05 or less. All ERG amplitudes are presented as mean ± 

SEM. All tissue samples were processed and stained as described above.  

Results 

AAV-Delivered Clarin-1 Retinal Localization 

I first wanted to assess AAV-CLRN1 localization in a subretinal vs intravitreal 

vector delivery to see which cell types express AAV injected CLRN1. For subretinal 

injection, vector construct 3, Table 5-1 was delivered subretinally to WT C57BL/6J mice, 

retinal sections were obtained at 1-month post-injection, and sections were imaged on a 

spinning disc confocal microscope as described above (72). Sc-smCBA-CLRN1-Venus 

localization was seen primarily in PR cells but also in RPE cells (Figure 5-1 A) with 

significant CLRN1-Venus expression throughout the PR cell body, particularly in the IS 

and some punctate staining at the CC. For intravitreal injections, vector construct 4, 

Table 5-1 was delivered intravitreally to WT C57BL/6J mice and analyzed the same as 

subretinal injections. CLRN1-Venus expression was seen in all retinal cell types except 

for RPE cells with the majority of AAV-CLRN1 expression in the inner retina and GCL. 

There appeared to be significant expression in Mϋller cells, particularly in their apical 

microvilli adjacent to the OLM (Figure 5-1 B) (72) with limited expression in PR cells, 

unlike the subretinal injection expression. Given that we believe Clrn1 is expressed in 

PR cells, it seems the optimal delivery method would be a subretinal injection, however, 
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a complication with this method is the risk of potential damage from injection due to the 

obligate retinal detachment. The previous human clinical trials have seen this post-

injection, particularly if the injection is delivered close to the fovea (46-49, 102, 117). 

Because mice lack a fovea, this is not an issue for these preliminary studies. 

Although the CLRN1-Venus construct allowed me to see where virally expressed 

protein was localized, a Venus-tagged construct is inappropriate for a gene therapy 

treatment in the clinic. Therefore, I designed an AAV construct replacing the Venus tag 

with an HA tag (Construct 1 Table 5-1). Ideally no additional tags should be on the 

injected construct in order to take the vector into the clinic, but prior to this study there 

was not an optimal antibody that could recognize endogenous or injected Clrn1/CLRN1 

in the retina. By using an HA-tag I can assess if there is any toxicity when there is no 

interference with the PDZ binding domain. Additionally, now that I have identified an 

antibody that recognizes Clrn1 in WT, Clrn1 -/- KO, and N48K KI mice, I can generate an 

AAV construct without any tags so that it can be optimized for the clinic. 

When I tested this new HA-tagged vector subretinally, I see similar significant 

expression in PR and RPE cells (Figure 5-2 A, B). Interestingly, there appeared to be 

significant cell death near the injection site, where the viral bleb was administered, and 

this cell toxicity was reduced towards the periphery of the retina (Figure 5-2 B, C). This 

suggests that the full viral titer is toxic to the retina using an HA-tagged CLRN1 

construct. This is most likely because Clrn1 is normally expressed at very low levels in 

the retina, thus excess CLRN1 is likely toxic. I believe that the reason why I do not see 

this toxicity with a subretinally delivered CLRN1-Venus construct is that there is a PDZ-

binding domain on the CT tail of CLRN1 and this is where both tags were placed. The 
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Venus tag is very large and most likely masks the binding ability of the PDZ domain, 

whereas the HA tag is very small, only 10 aa, and therefore leaves the PDZ binding 

domain open to interactions. This would lead to copious amounts of functional CLRN1 

protein in the cell and most likely leads to the observed toxic effect. In addition to the 

large amounts of CLRN1 protein, CBA-CLRN1-HA is also expressed in the RPE cells, 

where Clrn1 is not normally expressed, and this may be a contributing factor to the 

toxicity because Clrn1 is a transmembrane protein and its membrane localization may 

interfere with the normal function of the RPE microvilli. Given that I cannot utilize the 

Venus-tagged construct for a gene therapy treatment, and that the HA-tagged construct 

is extremely toxic, I needed to optimize the HA-construct in order to minimize the toxicity 

or optimize an intravitreal delivery vector to target PR cells. 

Optimized AAV Vector Capsid, Promoter, and Titer for Safe and Effective Gene 
Therapy  

Initially, constructs 7 and 8 Table 5-1 were tested in C57BL/6J WT control mice 

following subretinal or intravitreal injection, to assess whether the toxicity could be 

reduced using a less potent AAV serotype, a simple AAV2 capsid. Although I did see 

expression via a subretinal injection, there was almost no expression at all with the 

intravitreal injection. Therefore, I chose to optimize for minimal toxicity using the original 

HA-tagged vector, construct 1 Table 5-1. As noted above, using a full viral titer of 8.43 x 

1012 vg/ml, I saw significant PR cell loss via immunohistochemistry as well as a 

significant loss of PR cell function via ERG analysis (Figure 5-3 A, A’). I then assessed 

reduced viral titers sequentially to a 1:1000 dilution at 8.43 x 109 vg/ml. The only dilution 

that did not show significant cell death or loss of function was the 1:1000 dilution dose 

(Figure 5-3 B’, B) (Figure 5-4) (72). I next compared PR cell function by ERG analysis 
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after a full titer subretinal injection and a full titer intravitreal injection. Similar to the 

1:1000 subretinal injection, intravitreal injection did not show any functional loss in ERG 

amplitude in injected vs un-injected eyes (Figure 5-5 A, B). Using immunohistochemistry 

for CLRN1-HA in the intravitreally treated mice, there seemed to be ample expression in 

all retinal cell types as seen previously, but it appears to preferentially target Müller cells 

and RGCs (Figure 5-5 C, C’, C”) (72). This is a complication because I believe that 

Clrn1 should be expressed in PR cells and they do not appear to be targeted via an 

intravitreal injection with the CBA promoter. Because of this, I wanted to first optimize 

for toxicity and optimize for intravitreal delivery to target PR cells. 

Given the initial constructs are under a ubiquitous CBA promoter, I also wanted 

to see if the subretinal toxicity could be mediated by using a photoreceptor-specific 

GRK1 promoter, with construct 10 Table 5-1 injected in WT C57BL/6J mice. I also 

tested construct 11 Table 5-1 intravitreally to assess if I can both target PR cells 

specifically and avoid toxicity from the subretinal injection. First, using OCT analysis, I 

assessed the amount of PR cell loss in vivo prior to ERG functional analysis. Using a 

full titer virus, there was a significant loss of PR cells in the retina at the injection site, 

and cell loss was not observed in the half of the retina not receiving vector. However, 

there was extensive thickening of the ILM and nerve fiber layer (Figure 5-6 A, A’). At 3 

months post-injection, there was significant degeneration in the retinal periphery at a 

1:10 dilution of 2.1 x 1011 vg/ml, which correlated with the injection site (Figure 5-6 B, 

B’). I did not see any significant degeneration at a 1:100 dilution at 3 months post-

injection, but there was thickening of the ILM and nerve fiber layer and there was no 

significant retinal damage in the mice that were treated intravitreally (Figure 5-6 C, C’). 
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I next assessed functional loss via ERG analysis in all subretinal dilutions as well 

as for intravitreal injections. Given the extensive retinal degeneration with full titer 

injections, they were excluded from ERG analysis. Similar to the CBA promoter 

constructs, the full titer, as well as a 1:10 dilution at 2.1 x 1011 vg/ml of subretinal GRK1-

CLRN1-HA vector exhibited a significant loss of function by ERG analysis of both the a- 

and b-wave amplitudes compared to un-injected eyes (Figure 5-7 A, B). When I tested 

the same AAV2-Quad-Y-F-GRK1-CLRN1-HA vector using an intravitreal injection I saw 

no significant reduction in either the a- or b-wave amplitudes (Figure 5-7 C). I still have 

significant CLRN1-HA expression even at a subretinal 1:1000 vector dilution, 

suggesting there is sufficient CLRN1 expression even at low vector dose levels. Given 

these results, it seems that a 1:1000 dilution is optimal for either the CBA or GRK1 

promoter vectors (Figure 5-8 A, A’, A”). At 8 months post-treatment there is still 

significant GRK1-CLRN1-HA expression in PR cells and there is no significant cell loss.  

When I assess the scotopic ERG response at 10 months of age, however, there 

is a significant loss of ERG amplitude for all light intensities both for the a- and b-wave 

responses (Figure 5-8 B, C). This indicates that there is still some toxicity over time with 

the 1:1000 dilution of subretinal GRK1-CLRN1-HA in control C57BL/6J mice. 

Unfortunately, even though intravitreal GRK1-CLRN1-HA injected retinas do not 

degenerate or have a decrease in ERG response, I was unable to detect CLRN1-HA 

using immunohistochemistry in these retinas. This may be due to low levels of protein 

being expressed through the intravitreal vector delivery route because the intravitreal 

vector at this dose cannot penetrate to PR cells efficiently enough to detect expression. 

I additionally tested a novel AAV2 serotype that contains an additional mutation that 
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changes a threonine to a valine and has been shown to allow greater transduction 

efficiency across the retina (AAV2-Quad-Y-F-T491V) (27, 28, 128, 197). Even with the 

additional modification to the viral capsid, I am still unable to detect any anti-CLRN1-HA 

staining post-injection and it remains unclear why this is the case. Moving forward in 

terms of a gene therapy treatment, it seems that either the CBA intravitreal route or the 

1:1000 CBA or GRK subretinal route are the best current options.  

Gene Therapy Rescue of Clarin1 Retinal Phenotypes 

Given my studies on identifying an optimal AAV CLRN1 vector design for gene 

therapy, I first tested the AAV2-Quad-Y-F-smCBA-CLRN1-HA construct after an 

intravitreal injection and looked at the arrestin-1 translocation phenotype 1 month post-

injection in the original mixed C57BL/6J albino mouse strain. I performed the 

translocation assay as described in Chapter 4 and mice were analyzed as described 

previously (Figure 4-2) (72). Looking at the initial immunohistochemistry analysis, there 

did appear to be some decrease in arrestin-1 miss-localization after light exposure in 

the N48K KI mice, however this was not very consistent across samples (Figure 5-9 A, 

A’). This was quantified in the fluorescence intensity plots as previously described and 

the overall ratio of OS/OPL x100 was calculated for all mice (Figure 5-9 B, B’) (71). After 

averaging all mice assayed for all genotypes, surprisingly the N48K KI mice no longer 

had a significantly higher amount of arrestin-1 in the OPL compared to WT mice. 

However, the percentage of arrestin-1 in the OPL is not significantly different from the 

untreated N48K KI retinas (Figure 5-9 C). There is also the problem of antigen masking 

because there is so much viral expression in the OPL post-injection, which makes it 

possible that I am not picking up all of the arrestin-1 protein because the antibody 
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cannot bind. When I compare the WT to the Clrn1 -/- KO mice, there did not appear to 

be any potential rescue of the arrestin-1 translocation phenotype (Figure 5-9 D). 

I next assessed the potential to rescue the reduced b-wave ERG phenotype in 

the new A/J strain of mice. Because only the Clrn1 -/- KO mice showed a reduced ERG 

phenotype, I only tested those mice for phenotypic rescue. I tested construct 2 Table 5-

1 after intravitreal injections and measured scotopic ERGs for WT and Clrn1 -/- KO mice 

at 2 months and 4 months post-injection. At two months post-injection, there was no 

significant difference between the treated vs untreated Clrn1 -/- KO mice, however, there 

was a significant difference between WT and Clrn1 -/- KO untreated mice as seen 

previously (Figure 4-7) (217). At 4 months post-injection, there was a significant 

difference between the WT and Clrn1 -/- KO untreated eyes. I also saw a significant 

increase in ERG response in the treated vs untreated Clrn1 -/- KO mice at 4 months of 

age (Figure 5-10). This suggests a potentially successful gene therapy in that there is a 

maintained ERG response after AAV gene therapy treatment in the Clrn1 -/- KO mice as 

they age. Given the additional light damage and maintained translocation ERG 

phenotypes, there is a potential to use those assays for treatment in the N48K KI mice. 
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Table 5-1. AAV constructs 

Construct Plasmid Serotype Titer Volume Injection 

1 Sc-smCBA-
hCLRN1-HA 

AAV2 Quad Y-F 8.43x1012 1 ul Subretinal 

2 Sc-smCBA- 
hCLRN1-HA 

AAV2 Quad Y-F 8.43x1012 1 ul Intravitreal 

3 sc-smCBA-
hCLRN1-Venus AAV2 Quad Y-F 1.54x1012 1 ul Subretinal 

4 sc-smCBA-
hCLRN1-Venus AAV2 Quad Y-F 1.54x1012 1 ul Intravitreal 

5 sc-smCBA- 
hCLRN1-HA AAV2 Quad Y-F 1.68x1012 1 ul Subretinal 

6 sc-smCBA- 
hCLRN1-HA AAV2 Quad Y-F 1.68x1012 1 ul Intravitreal 

7 sc-smCBA- 
hCLRN1-HA AAV2 2.27x1012 1 ul Subretinal 

8 sc-smCBA- 
hCLRN1-HA AAV2 2.27x1012 1 ul Intravitreal 

9 sc-smCBA- 
hCLRN1-HA AAV8 Y733F 1.23x1013 1 ul Subretinal 

10 pTR-GRK1- 
hCLRN1-HA AAV2 Quad 2.1x1012 1 ul Subretinal 

11 pTR-GRK1- 
hCLRN1-HA AAV2 Quad 2.1x1012 1 ul Intravitreal 

12 pTR-GRK1- 
hCLRN1-HA 

AAV2 Quad Y-F-
T491V 2.31x1013 1 ul Intravitreal 
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Figure 5-1. Localization of vector-expressed CLARIN-1-Venus following subretinal and 

intravitreal delivery. A) CLRN1-Venus fusion fluorescence was detected on 
the apical side of RPE cell membranes (arrows), and in PR IS, ONL and OPL. 
Scale bar: 20 μm. There is strong CLRN1-Venus fluorescence in specific 
regions within photoreceptor cells: IS, cell body membrane and OPL. Nuclei 
are stained blue with DAPI. B) Representative image of retinal cross-section 
showing CLRN1-Venus fusion fluorescence. Strong expression is seen at the 
OPL, the stratified dendrites within the IPL, and inner retinal neurons. CLRN1-
Venus expression is shown by intense fluorescence at the Müller cells and 
their apical processes at the OLM Scale bar: 30 μm. 
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Figure 5-2. Toxicity and photoreceptor cell death post-subretinal injection of CLARIN-1. 

A) A cross-section of a whole eye showing pan-retinal expression of AAV-
delivered CLRN1 (green). C57BL/6J mice were injected subretinally with an 
AAV2-Quad-Y-F-sc-sm-CBA-hCLRN1-HA virus at a full titer of 8.43x1012 
vg/ml and showed at 6 weeks post-injection. B) Retinal section adjacent to 
injection site, there is minimal PR cell death peripheral to the injection site. C) 
Retinal section at the site of injection, there is significant PR cell death. 
Localization of vector-expressed CLRN1-HA protein by immunostaining with 
an anti-HA antibody (40X magnification). 
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Figure 5-3. Photoreceptor cell death and retinal morphology in full titer vs 1:1000 

dilution of subretinally delivered CLARIN-1. A) Average ERG amplitudes of 7 
mice injected subretinally with a full titer of AAV2-Quad-Y-F-sc-sm-CBA-
hCLRN1-HA at a viral titer of 8.43x1012 vg/ml. Black bars are un-injected left 
eyes and white bars are injected right eyes. The full titer shows a significant 
decrease in ERG amplitude at all scotopic light intensities. A’) 
Immunohistochemistry staining for anti-HA-CLRN1 (green) and anti- arrestin-
1 (red). Retinal cross-sections show significant retinal damage and PR cell 
death at the site of injection. B) Average ERG amplitudes of 5 mice injected 
subretinally with a 1:1000 dilution of AAV2-Quad-Y-F-sc-sm-CBA-hCLRN1-
HA at a viral titer of 8.43x109 vg/ml. Black bars are un-injected left eyes and 
white bars are injected right eyes. The 1:1000 dilution titer shows no 
significant decrease in ERG amplitude at all scotopic light intensities. B’) 
Immunohistochemistry staining for anti-HA CLRN1 (green) and anti- arrestin-
1 (red). Retinal cross-sections show significant preservation of retinal 
morphology and minimal PR cell death at the site of injection. 
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Figure 5-4. Evaluation of retinal function and retinal morphology in CLARIN-1-HA 

injected mice following subretinal delivery. A). Bar graphs show the average 
maximum ERG b-wave amplitudes in scotopic, dark-adapted conditions of un-
injected wild-type control eyes, compared to AAV-injected eyes that received 
decreasing doses of AAV-CLRN1-HA vector (2 months post-injection). Max b-
wave amplitudes in AAV-injected eyes were dose dependent, and were 
significantly lower than un-injected controls at 1010, 109, and 108 vg (* p<0.05, 
** p<0.001). B). Localization of CLRN1-HA protein following subretinal 
delivery of the AAV2-Quad-Y-F-sc-smCBA-hCLRN1-HA vector. CLRN1-HA 
fluorescence (green) was detected by immunohistochemistry in photoreceptor 
IS region, ONL and OPL, and was absent from the outer segments (labelled 
with a rhodopsin antibody, red). The eyes received diluted vector (107 vg). 
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Figure 5-5. ERG and Immunohistochemistry analysis of subretinal vs intravitreal AAV2-

Quad-Y-F-smCBA-hCLARIN-1-HA in C57BL/6J mice 6 weeks post-injection. 
All mice are control C57BL/6J strain measured 1 month post-injection. Black 
bars are un-injected eyes and white bars are injected eyes. A) Subretinal 
injected AAV2-Quad-Y-F-sc-smCBA-hCLRN1-HA. ERGs for all scotopic light 
intensities are significantly decreased in injected vs un-injected eyes for both 
the a- and b-waves. P-values= *<0.05. **<0.01. B) Intravitreally injected 
AAV2-Quad-Y-F-smBA-hCLRN1-HA. ERGs are not significantly decreased in 
injected vs un-injected eyes for all light intensities. C) Immunohistochemistry 
staining for anti-HA-CLRN1 (green). There is significant expression in the 
GCL and INL. There also seems to be significant expression in Müller cells, 
with some possible expression in PR cells. C’) arrestin-1 (red) staining for PR 
cells merged with CLRN1-HA (green). C”) arrestin-1 (red), Clrn-HA (green), 
and DAPI (blue) co-staining, merged. 
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Figure 5-6. SD-OCT of subretinally injected AAV2-Quad-Y-F-pTR-GRK-1-hCLARIN-1-

HA. All mice tested were C57BL/6J controls injected subretinally with AAV2-
Quad-Y-F-pTR-GRK1-hCLRN1-HA. A) Full titer of 2.10x1012 vg/ml 1 year 
post-injection taken at the optic nerve. A’) Image A taken adjacent to the optic 
nerve. B) 1:10 dilution of 2.10x1011 vg/ml. 3 months post-injection taken at the 
optic nerve B’) Image B taken adjacent to the optic nerve C) 1:100 dilution of 
2.10x1010 vg/ml. 3 months post-injection taken at the optic nerve C’) C image 
taken adjacent to the optic nerve. 
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Figure 5-7. ERG analysis of subretinal vs intravitreal AAV2 Quand-Y-F-pTR-GRK1-

hCLARIN-1-HA 3 months post-injection. White bars are un-injected and black 
bars are injected eyes. A) Subretinal 1:10 dilution a-wave ERG. All light 
intensities are significantly decreased in injected versus un-injected eyes, p-
values= *<0.05, **<0.01. B) Subretinal 1:10 dilution b-wave ERG. All light 
intensities are significantly decreased in injected versus un-injected eyes, p-
values= *<0.05, **<0.01, ***<0.001. C) Intravitreal full titer a-wave ERG. All 
intensities are not significantly different between injected and un-injected 
eyes. D) Intravitreal full titer b-wave ERG. All intensities are not significantly 
different between injected and un-injected eyes. 
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Figure 5-8. Evaluation of retinal function and GRK1-hCLARIN-1-HA expression 

following subretinal delivery. A). Localization of CLRN1-HA protein following 
subretinal delivery of the AAV2-Quad-pTR-GRK1-hCLRN1-HA vector. 
CLRN1-HA fluorescence (green) was detected by immunohistochemistry in 
photoreceptor IS region, ONL and OPL, and was absent from the outer 
segments. A’) Co-staining with CLRN1 and DAPI. A”) Co-staining with 
CLRN1, DAPI, and rhodopsin for OS marker. The eyes received a diluted 
vector at a dilution of 1:1000. At 10 months pf age there did not appear to be 
any reduction in ONL thickness. B) a-wave ERG at 10 months post-injection. 
C) b-wave ERG at 10 months post-injection. Over time there is a significant 
loss in scotopic ERG amplitude for both a- and b-waves over time. 

  



 

132 

 
Figure 5-9. Arrestin-1 translocation quantification after intravitreal injection. A) 

Immunohistochemistry staining of the untreated left eye of an N48K KI mouse 
after 1 hour of light exposure. There is still a significant amount of arrestin-1 
remaining at the OPL synapses. Arrestin-1 (red) and DAPI (blue). A’) 
Immunohistochemistry staining of the treated right eye of an N48K KI mouse 
after 1 hour of light exposure. There is no longer a significant amount of 
arrestin-1 remaining at the OPL synapses in mice treated intravitreally with 
AAV2-Quad-YF-sc-smCBA-hCLRN1-HA. Arrestin-1 (red), CLRN1-HA 
(green), and DAPI (blue). B) Fluorescence intensity plot of the untreated left 
eye. B’) Fluorescence intensity plot of the treated right eye. C) Average 
fluorescence intensity ratio of the OPL/OS in C57BL/6J WT vs N48K KI mice. 
There appears to be a decrease in the amount of arrestin-1 at the OPL 
synapses vs the OS, but the amount in the treated vs untreated N48K KI eyes 
is not significant even though there is no longer a difference between the KI 
and C57BL/6J WT mice. D) Average fluorescence intensity ratio of the 
OPL/OS in C57BL/6J Albino WT vs Albino Clrn1 -/- KO mice. There appears 
to be no decrease in the amount of arrestin-1 at the OPL synapses vs the OS 
in the treated vs untreated Clrn1 -/- KO eyes, and the ratio of arrestin-1 in the 
OPL/OS in the WT vs Clrn1 -/- KO remained the same after treatment.  
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Figure 5-10. Evaluation of retinal function in WT vs Clarin-1 -/- KO untreated and treated 

retinas following intravitreal delivery. Bar graph shows the average maximum 
ERG b-wave amplitudes in scotopic, dark-adapted conditions of untreated WT 
and Clrn1 -/- KO control eyes, compared to AAV-treated eyes that received 
the full titer of AAV2-Quad-sc-smCBA-hCLRN1-HA vector (2 months and 4 
months post-injection). Maximum b-wave amplitudes were not significantly 
lower than untreated controls at 2 or 4 months in the WT mice. Clrn1 -/- KO 
mice at 2 months were slightly higher in the treated vs untreated eyes and the 
untreated Clrn1 -/- KO mice had a significantly reduced ERG compared to WT, 
as shown above. At 4 months the Clrn1 -/- KO treated eyes were significantly 
higher than the untreated eyes and the ERG from the untreated eyes 
remained significantly lower than the WT. 
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CHAPER 6 
CONCLUSIONS 

A primary complication with the USH mouse models is the majority have normal 

retinal function and morphology. Many studies for USH proteins localize them to the PR 

CC and calyceal processes in the retina and the stereocilia bundle on cochlear hair cells 

in the ear (5, 198). The USH3 protein, CLRN1, is the only USH protein not proven to be 

a component of these USH networks (3, 147, 194, 211). CLRN1 is believed to be a 

tetraspanin transmembrane protein that has a C-terminal PDZ binding domain with a 

suggested role in sensory synapses (4, 132). One issue with the previous Clrn1/Clrn1 

data, is the retinal localization data is conflicting and may due to the different techniques 

utilized. The immunohistochemistry data localized Clrn1 at the CC in PR cells, and the 

in situ data showed Clrn1 expression in the INL, most likely in Müller cells, with 

expression loss at 1 month old (53, 87, 241). Another group using retinal transcription 

profiling showed Clrn1 expression only in starburst amacrine cells (207). Given this 

conflicting data, it was unclear which cell types in the retina express Clrn1/Clrn1. More 

recently, in zebrafish, Clrn1 was shown to localize to inner retinal cells and PR cells 

including cell-cell contacts between PR and Müller glial cells at the OLM with some faint 

expression in the GCL (93, 182). Clrn1 localization in the cochlea showed staining in the 

cochlear hair cells in the inner ear (93, 146, 182, 241). Recently, it has also been shown 

that Pch15, the USH1F protein, binds to the C-terminal tail of Clrn1 and that Clrn1 is 

essential for proper subcellular localization of PCH15 in the cochlear hair cells (169). 

The zebrafish CC staining supports the subcellular localization of Clrn1 that I saw 

at the CC in PR cells with the NB-CLRN1 antibody in mice (Figure 3-2). Additionally, 

this antibody colocalizes with AAV-injected CLRN1, both via the subretinal or intravitreal 
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route (Figure 3-6) confirming the NB-CLRN1antibody recognizes Clrn1. The N48K KI 

mice, have Clrn1 localizing at the OS distal tips and/or RPE microvilli (Figure 3-4). The 

Clrn1 -/- KO mice appear to have normal synapses, but N48K KI mice were not studied 

(4, 72, 87, 89, 169, 241, 242). Since other USH proteins were shown to play a role in 

sensory synapses, it would be useful to pursue in these mice (3, 135, 191-194). 

Here I show that the Clrn1 -/- ; rd1 -/- double KO mouse has no expression of the 

250 aa isoform in WT or Clrn1 -/- KO mice lacking PR cells, but the WT Clrn1 +/+ ; rd1 -/- 

mice lacking PR cells still express the 232 aa isoform (Figure 3-1C, D). The C57BL/6J 

mice containing PR cells express the 250 aa isoform, suggesting the 250 aa isoform is 

most likely expressed by PR cells and the 232 aa isoform is expressed by the inner 

retina (Figure 3-1). Additionally, quantitative RT-PCR could be optimized for isoform 

specific primers. This would inform us whether the original RT-PCR for the double 

Clrn1/rd1 WT and KO data is correct because I could compare whole retina to only 

inner retina and measure if it is really isoform 1 in the INL, isoform 2 in PR cells, and 

where isoform 3 may be expressed, if at all. 

In addition to identifying where endogenous Clrn1/Clrn1 is expressed in the 

retina, I further attempted to identify a retinal phenotype in multiple mouse strains for 

Clrn1 -/- KO and N48K KI mice. I identified a delay in arrestin-1 translocation from the 

OPL to the OS upon exposure to light (Figure 4-2). This is significant because other 

USH mouse models have reported a light induced delay in transducin movement but not 

arrestin-1 (176, 219). I further showed that N48K KI mice have a maintained ERG 

response after 1 hour of light exposure, indicating that under a 0 dB mesopic single 

flash light intensity N48K KI mice are still responsive to light (Figure 4-8). Given the 
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delay in arrestin-1 movement and maintained ERG response, I tested the ERG recovery 

response rate to see if with age there was a significant difference. This was previously 

shown in an arrestin-1 double KO mouse (235) where the study identified a novel 

prolonged photoresponse with altered rhodopsin recovery in these mice, but these mice 

have a completely normal ONL similar to my mice (235). Unfortunately, I was unable to 

see any difference in ERG recovery in the WT vs N48K KI A/J mice (Figure 4-9). 

To further test whether or not the arrestin-1 delay and maintained ERG response 

indicate a potential mechanism for disease progression, I also looked at the ability to 

induce degeneration and PR cell death after a 4 hour bright light exposure. In WT A/J 

mice there was some significant PR cell loss in the ONL after 4 hours of light exposure 

at 2000 lux, however there was no decrease in ERG response, and this was therefore 

used as the control light intensity (Figure 4-10). When I assessed for both retinal 

degeneration and ERG loss after 2000 lux of light damage, the Clrn1 -/- KO mice 

showed minimal degeneration in the superior retina whereas the N48K KI mice showed 

degeneration in both the superior and inferior retina, but neither was significantly 

different from the WT mice after light damage. When I looked at a loss of function by 

ERG analysis after light damage, the Clrn1 -/- KO mice showed no significant decrease 

in ERG response; however, the N48K KI mice showed a significant decrease in ERG 

amplitude for the -10 and 0 Db a-wave intensities, and at every scotopic b-wave light 

intensity. This now further provides a quantifiable outcome parameter that I can assess 

for an AAV-mediated gene therapy phenotype rescue in the N48K KI mice in the future.  

I also validated the A/J mouse strain has a reduced ERG compared to C57BL/6J 

mice, and Clrn1 -/- KO A/J mice have a significant decrease in ERG amplitude compared 



 

137 

to WT A/J mice as they age as previously published (Figure 4-6, 4-7) (160, 217). Given 

these phenotypes between the Clrn1 -/- KO and N48K KI mice, although they both 

possess a delay in arrestin-1 translocation, it seems that the Clrn1 -/- KO phenotype is 

more related to a decreased b-wave ERG at dim light intensities, which may be due to 

an inner-retinal and not a PR cell phenotype. In contrast, the N48K KI phenotype is due 

to a maintained ERG response after light exposure, and loss of retinal function after 

light damage with a significantly reduced a- and b-wave ERG at all light intensities 

(Figure 4-11D, D’). This suggests the N48K KI phenotype is due to malfunctions in PR 

cells. This is significant because it means that even though both mutations are in the 

same protein, there may be different biological mechanisms inducing loss of retinal 

function and degeneration depending on the mutation. This is particularly relevant in the 

case of the N48K KI mutation, since it’s the most prevalent mutation in USH3A patients. 

I next assessed the gene therapy potential for Clrn1/CLRN1. First I looked at 

AAV-CLRN1 expression in the retina after subretinal or intravitreal injections with an 

AAV2-Quad-smCBA-hCLRN1-Venus tagged vector. Subretinal delivery showed AAV-

CLRN1 in PR and RPE cells with the majority in the IS and ONL of PR cells and distinct 

punctate staining at the CC (Figure 5-1) (72). Intravitreally delivered AAV-CLRN1 was 

expressed in every retinal cell type, particularly in the INL and GCL. There is also 

significant staining in Müller cells based on the staining in their apical processes at the 

OLM (Figure 5-1). I originally tested the Venus-tagged construct because at the time 

there was not a Clrn1/CLRN1 antibody available however, a Venus-tagged construct 

would not be able to move forward for gene therapy treatment in the clinic. 
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I generated a C-terminal HA-Tagged AAV-CLRN1 vector in order to follow viral 

expression levels without altering Clrn1/CLRN1 protein structure. Unfortunately, when I 

tested the subretinal AAV2-Quad-Y-F-smCBA-hClLRN1-HA construct, the virus was 

extremely toxic and killed the majority of PR cells at the injection site (Figre5-2). This 

was significantly reduced at a vector dilution of 1:1000 from the original titer and protein 

expression was still observed using an anti-HA antibody (Figure 5-3, 5-4). Furthermore, 

when I compared the full titer subretinal and intravitreal injections there appeared to be 

no toxicity in the intravitreally treated eyes, both functionally via ERG amplitudes, and 

structurally with no loss of PR cells (Figure 5-5). Given the CBA-HA vector toxicity, and 

the ability for the AAV-CLRN1 constructs to transfect multiple cell types, I needed to 

optimize for PR cell expression, a delivery method that is not toxic, and a capsid 

serotype and design that will target PR cells through both injection methods if possible.  

To specifically target PR cells by subretinal and intravitreal delivery, I generated 

a construct driven by a PR specific GRK1 promoter with an HA-tag. First I performed 

OCT analysis 3 months post-treatment to assay for subretinal injection damage. The full 

titer GRK1 vector was extremely toxic, with complete loss of PR at the injection site. At 

a 1:10 dilution, there was still some cell death, and only at the 1:100 and 1:1000 

dilutions was there no significant degeneration (Figure 5-6). When I assess the ERG 

response for each injection, the 1:10 dilution was extremely toxic to the retina and only 

the 1:100 and 1:1000 intravitreal injections did not show any significant loss in retinal 

function (Figure 5-7). With age, the 1:1000 dilution at 10 months old (8 months post-

treatment) still showed no significant retinal degeneration, however, there was a 

significant loss of ERG amplitude for all scotopic light intensities in both the a- and b-
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waves (Figure 5-8). This suggests that even though the initial treatment appeared safe 

and non-toxic, over time there is still some functional toxicity that results from the AAV2-

Quad-Y-F-pTR-GRK1-hCLRN1-HA vector treatment. Given the possibility that there are 

different isoforms of Clrn1/CLRN1 present in different cell types, it seems that the 

currently preferred method for my gene therapy approach is either a subretinal delivery 

of CBA-hCLRN1-HA vector at a 1:1000 dilution dose of 8.43 x 109 vg/ml or an 

intravitreal delivery of CBA-hCLRN1-HA vector at a full titer dose of 8.43 x 1012 vg/ml. 

To test for a potential treatment, I intravitreally injected the AAV2-Quad-smCBA-

hCLRN1-HA construct into WT, Clrn1 -/- KO, and N48K KI mice (Table 5-1, construct 

11). I performed the arrestin-1 translocation experiment 1 month post-injection and the 

N48K mice showed some significant rescue of the arrestin-1 delay after light exposure 

compared to WT mice, but the untreated versus treated Clrn1 -/- KO eyes did not show a 

significant difference (Figure 5-9). Because the arrestin-1 localization is not significantly 

different in WT vs N48K KI treated eyes, this is still a useful phenotype to screen for the 

success of a gene therapy treatment because they are behaving more like the WT mice. 

I further wanted to attempt to rescue the reduced ERG b-wave phenotype in the 

Clrn1 -/- KO mice using an intravitreal injection of the AAV2-Quad-smCBA-hCLRN1-HA 

construct. At 2 months post-injection there was no significant ERG rescue in treated vs 

untreated retinas, but at 4 months post-injection there was a significantly higher ERG 

amplitude in the treated vs untreated retinas (Figure 5-10). This is promising because it 

means that the AAV treatment was able to maintain a stable ERG response compared 

to the untreated control. A similar vector was used by a collaborator to test for AAV-

mediated CLRN1 expression in cochlear hair cells in a new mouse model. Using in situ 
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hybridization they observed CLRN1 expression in inner and outer cochlear hair cells as 

well as ganglion cells until 1 week post-natally (90). To test for a therapeutic rescue of 

the hearing loss phenotype in Clrn1 -/- KO mice, they observed ABR (auditory brainstem 

response) thresholds in WT, Clrn1 -/- KO untreated, and Clrn1 -/- KO treated mice. Mice 

were injected at P3 and analyzed 22 weeks post-injection. At all three ABR intensities 

tested (8, 16, and 32 kHz) they saw a significant rescue in ABR thresholds post-

treatment in the Clrn1 -/- KO mice (90). This AAV treatment can further be validated after 

retinal injections. Additionally, because the N48K KI mice also showed degeneration 

and a significant loss of ERG function post light damage, this can also be a potential 

assay to measure the success of a gene therapy treatment. If these phenotypic rescue 

experiments prove to be reliable and reproducible they can further be used to validate 

my viral vectors in order to translate my gene therapy into the clinic to treat patients. 

In conclusion, I have shown that my novel NB-CLRN1 antibody stains the CC in 

PR cells and that it recognizes my injected viral construct through both a subretinal and 

intravitreal delivery. I have also identified a novel retinal phenotype of a delay of 

arrestin-1 movement upon exposure to light in both the KO and KI mice. I confirmed that 

the Clrn1 -/- KO display a reduced ERG b-wave amplitude phenotype, in agreement with 

a recent study (217). I further showed that N48K KI mice are more susceptible to light 

damage compared to the WT and Clrn1 -/- KO mice due to a loss of a- and b-wave ERG 

amplitude after light exposure. All of these previously unidentified phenotypes can now 

be employed to further screen my optimized AAV-vector designs to gain a statistically 

valid and reproducible approach to develop a gene therapy treatment for USH3A. 
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