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PUBLIC ABSTRACT

CNGB1 MUTATION IN PAPILLON DOGS: THE IDENTIFICATION,
CHARACTERIZATION AND CURE

By
Paige A. Winkler

Progressive retinal atrophy (PRA) is an inherited retinal dystrophy that affects
over 100 breeds of dogs. Typically the disease begins with loss of dim-light vision and
then progresses to total blindness. The loss of dim-light vision is due to a mutation in a
gene that is necessary for rod photoreceptor development, maintenance or function.
PRA is the canine equivalent of a human disease, retinitis pigmentosa (RP), which
affects about 1 in 4000 people. Mutated genes that cause PRA in dogs are often the
same genes that cause RP in humans. Information gleaned from PRA can be used to
help understand RP in humans.

Papillon dogs are one of the 100 breeds of dogs that are affected with PRA. In
this dissertation, | have identified a mutation in the gene CNGB1 which accounts for
70% of the PRA in the Papillon dogs. The CNGB1 gene codes for a protein that is
necessary for rod phototransduction and olfactory transduction. Human patients with RP
type 45 also have mutations in the CNGB1 gene.

The CNGBL1 affected dogs have abnormal and decreased rod function at the
earliest age tested. Normal day light (cone photoreceptor) vision is maintained until
cone function decreases between 4 and 5.5 years of age. However, dogs maintain
navigational day-light vision for many more years. These functional data, coupled with in
vivo and ex vivo histological data, show that the disease results in a slow retinal

degeneration that will eventually lead to complete blindness.



Gene replacement therapy is a method of supplying a cell with the means to
produce a normal protein in place of the abnormal or absent protein caused by a
mutation in a gene. Gene therapy has been proven successful in research and clinical
settings, especially in the context of retinal degenerations. We used a viral vector to
introduce a copy of the normal dog CNGB1 gene back into the rod photoreceptors in the
CNGBL1 affected dogs. The gene therapy was able to rescue rod function and the
rescue was maintained until the last data point was collected 9 months after injection.

The olfactory involvement of the CNGB1 mutation was investigated in the
CNGBL1 affected dogs. The olfactory epithelium and the olfactory bulbs were abnormal
in the CNGB1 affected dogs when compared to control dogs. | developed a behavioral
test that could assess olfactory function in the CNGB1 dogs with very little training. The
CNGBL1 affected dogs had decreased but not absent olfactory function.

The detailed descriptions of the retinal and olfactory phenotypes, in addition to
the successful gene replacement therapy trial, in the CNGB1 affected dogs have laid
the ground work for future studies including working with clinicians to advance gene

replacement therapy trials in human patients with mutations in the CNGB1 gene.



ABSTRACT

CNGB1 MUTATION IN PAPILLON DOGS: THE IDENTIFICATION,
CHARACTERIZATION AND CURE

By
Paige A. Winkler

Progressive retinal atrophy (PRA) is an inherited retinal dystrophy that affects
over 100 breeds of dogs. It is characterized by a bilateral retinal degeneration
commonly resulting in blindness. Affected dogs typically present with loss of dim light
vision, attenuation of retinal blood vessels and tapetal hyperreflectivity. The purpose of
this study was to identify the underlying cause of PRA in Papillon dogs and to
characterize the phenotype at the cellular and molecular levels.

| identified a mutation in the gene CNGB1 which accounts for 70% of the PRA in
the Papillon dogs. The CNGB1 mutation involves a 6 base pair insertion and a 1 base
pair deletion resulting in exon skipping and a premature stop codon cause by a
frameshift. CNGB1 encodes the 3-subunit of a cyclic nucleotide-gated ion (CNG)
channel. CNGB1 has multiple splice variants expressed in rod photoreceptors, olfactory
sensory neurons and other tissues. CNG channels are directly involved in rod
phototransduction and olfactory transduction.

The retinal phenotype of the CNGB1 affected dogs was characterized by in vivo
and ex vivo analyses. Electroretinograms (ERGs) and behavioral vision testing were
conducted to assess retinal function throughout the course of the disease. The CNGB1
affected dogs had decreased and abnormal rod function at the earliest age tested but

cone function was preserved until 5.5 years of age. Histological analyses showed that



the morphology of rod photoreceptors deteriorate slowly over the first ~1.5 years of life
while cone photoreceptor morphology is preserved for longer.

Adeno-associated viral (AAV) vector therapy was used to treat five CNGB1
affected dogs with a wild-type copy of canine CNGB1 cDNA. One eye was injected with
a low titer (1x10%?) of an AAV vector delivering CNGB1 cDNA, six eyes were injected
with a higher titer (5x10*?) and one eye was injected with a GFP-expressing construct
as a vehicle and procedural control. All dogs treated with the AAV vector containing the
wild-type copy of CNGB1 showed rescue of rod function that was maintained
throughout the time course of the study (9 months).

The CNGBL1 affected dog olfactory phenotype was investigated using in vivo and
ex vivo techniques. The olfactory epithelium and the olfactory bulbs were abnormal in
the CNGB1 affected dogs when compared to control dogs. | developed a behavioral test
that could assess olfactory function in the CNGB1 dogs. The CNGBL1 affected dogs had
decreased but not absent olfactory function.

The detailed descriptions of the retinal and olfactory phenotypes, in addition to
the successful gene replacement therapy trial, in the CNGB1 affected dogs have laid
the ground work for future studies including working with clinicians to advance gene

replacement therapy trials in human patients with mutations in the CNGB1 gene.
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This dissertation is dedicated to the dogs.
Their contribution was not taken lightly.
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CHAPTER 1

INTRODUCTION



1.1 Domestication of the dog and development of dog breeds

1.1.1 Domestication of dogs

In the thousands of years that dogs have been man’s best friend they have
provided aid in day to day activities and companionship. While we know that dogs have
been at our sides for a very long time the actual timeframe and location of canine
domestication is a hotly debated topic between evolutionary geneticists, archaeologists
and paleontologists [1]. There does seem to be a consensus that modern day canines
are descendants of gray wolves but the widespread distribution of wolves throughout
Eurasia does not aid in pinpointing a location for domestication [2-5]. Archaeologists
have found dog bones buried with human remains dated to 12,000 years ago in the
Middle East and 16,000 years ago in Eurasia [1]. Dog-like remains were found in
Europe that date to over 30,000 years ago indicating a much earlier date of
domestication than previous archaeological studies [5,6]. While archaeological evidence
is hard to dispute, the skeletal differentiation between domesticated dog and wild wolf
could bias the timeframe. It is possible that dogs were domesticated well before their
skeletal/morphological divergence from wolves [5].

Molecular genetic data has been utilized in the attempt to identify a timeframe
and location. Mitochondrial DNA studies of dogs and other canid species have
suggested that canine domestication could have started over 100,000 years ago in
multiple locations throughout Eurasia [3,7]. However, other studies using mitochondrial
DNA have provided evidence that a single dog domestication event happened less than
16,300 years ago in China [2]. Studies involving genomic DNA, which removes the
maternal bias from the previous studies, have shown significant influences of Middle
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Eastern wolves on the domesticated dog genome [5]. The likely continued intermixing of
domesticated dogs and wild wolf populations has created a tangled web of genetic
diversity that researchers are still trying to sort out [5]. Despite the controversy behind
the time and location of the domestication of the dog there is little disagreement on the

impact this event had on humans.

1.1.2 Development of dog breeds

Ancient art and descriptions of types of dogs have implicated the existence of
‘breeds’ for thousands of years. Early dogs were bred selectively to enhance certain
behaviors to aid humans in their work. Herding and hunting ‘proto-breeds’ are examples
of the result of strong behavioral selection [4,8]. Dogs were also selected for
morphological traits (physical characteristics, coat color/length and size). In the mid-
1800s, defined breed standards started to emerge [8]. The formation of breed clubs,
and the rules and competition involved, created the reproductively isolated breeds that
we are familiar with today [9]. One of the rules of breed clubs is the breed barrier rule
that requires that a dog’s parents must be registered in order for a dog to be registered.
This creates the genetic isolation of breeds from one another [9]. The result of the breed
barrier rule has created hundreds of breeds that are highly phenotypically variable. To
date, the American Kennel Club recognizes 184 dog breeds and the Federation
Cynologique Internationale (an international federation of kennel clubs) recognizes 343

dog breeds (www.akc.org, www.fci.be). Using a molecular approach, breeds can be

clustered together in two main groups; ancient breeds and modern breeds. Ancient
breeds include Asian breeds (e.g. Akita, Shiba Inu and Chow Chow), African breeds

(e.g. Baseniji), Arctic breeds (e.g. Siberian Husky and Alaskan Malamute) and the
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Middle Eastern sighthounds (e.g. Afghan Hound and Saluki) [8,9]. The modern breeds
include all other breeds known which can be further clustered into four main groups; the
mastiff/terrier breeds, herding/sighthound breeds, hunting breeds and mountain breeds
[8,9]. The clustering of these breeds used a combination of genetic techniques made

possible with the high quality sequencing and publication of the canine genome.



1.2 The canine genome

Dogs have 39 pairs of chromosomes; 38 pairs of autosomes and one pair of sex
chromosomes. The 38 autosomes are telocentric, meaning that their centromere is near
the end of the chromosome [10,11]. In 2005, a high quality draft of the canine genome
was compiled by Lindblad-Toh et al. at the Broad Institute of MIT and Harvard. The
genome was sequenced using a whole-genome shotgun approach resulting in 7.5X
coverage of the canine genome. A female boxer was sequenced; the dog was chosen
because of its low genetic variability, which made assembly of the genome easier
because, for example, segmental duplications were easier to detect [4].

The most highly studied mammalian genomes (human, chimpanzee, mouse and
rat) only represent two Orders of placental mammals. The dog belongs to a third Order
and the publication of the canine genome allows for comparative genomics between the
three Orders [4]. The dog genome has about 2.5 billion base pairs of DNA, similar to
that of humans (2.9 billion) and mouse (2.6 billion) [4,12,13]. Dogs have ~19,300 protein
coding genes, almost all of these genes have orthologs to human genes. Humans have
about 22,000 genes and mice have ~23,000, with the differences in gene numbers
being primarily due to large expansions of particular gene families [4,12,14].

Dog population structure is unigue because there is less variation within breeds
and more variation across breeds than is seen in many other types of animals.
Intrabreed linkage disequilibrium (LD) is nearly 100X longer than interbreed LD [4]. The
LD within a breed is on the order of megabases while the LD across breeds is on the
order of kilobases (kb), similar to what is seen in European human populations where

LD is (<100 kb) [4,15]. Although LD varies between intra/interbreed dogs and humans,



the density of single nucleotide polymorphisms (SNPs) is comparable (1/900 intrabreed;

1/1,600 interbreed; 1/1,000 human) [4,16].



1.3 Canine models of inherited diseases

In population genetics there are three key factors upon which | will focus, due to
their context in canine genetics, which can modulate genetic drift within a species;
effective population size, selection and founder events. Genetic drift is defined as a
process of evolutionary change involving the random sampling of alleles from the
parental population and the passing of those alleles on to the next generation [17,18].
Understandably, the size of the parental population (and the frequency of the allele) has
a strong effect on the probability of an allele being passed from one generation to the
next. However, it is not the census size of the population that determines this; it is the
number of individuals that actually pass their genetic information on to the next
generation. This is the basis of the concept of effective population size. The individuals
who do not successfully reproduce do not have any influence on the next generation.
Factors such as unequal numbers of the sexes and inbreeding can have large impact
on the effective population size [19]. Inbreeding increases the likelihood of the same
allele being inherited by an offspring by decreasing the number of available alleles that
can undergo selection [17,18].

The degree to which individuals pass their genetic information can be influenced
by natural selection (the individual is more fit due to their combination of alleles and is
therefore more likely to successfully reproduce) or artificial selection (breeding of plants
and animals and the propagation of desired traits controlled by humans).

The frequencies of alleles in a population can also be influenced by founder or
bottleneck events. A founder event occurs when a small part of a population breaks

away from a larger population thereby losing some of the genetic variation of the



original population [18]. A population bottleneck occurs when the effective population
size decreases drastically [18]. An example of this is the importation of a breed
recognized in Europe to America. A small group of dogs will be brought overseas and
that small group will be used to create an American population. It is easy to appreciate
the loss of genetic diversity in the future American dogs by starting a new population
with only a select few dogs from Europe. The creation of the breed barrier rule created a
founder event resulting in all dogs that exist within a breed today are from an original set
of registered dogs.

A small effective population size with strong selection (artificial or natural) can
have a huge effect on genetic drift [18]. The development of dog breeds is a prime
example of artificial selection, where physical characteristics and behaviors have been
selected and fixed within breeds by humans. In artificial selection, humans would not
knowingly select for a disease causing allele. However, it is possible that a deleterious
allele could be linked to a positive trait that is being selected. In addition, a popular
animal (e.g. a winner of a dog show), which is a carrier for a deleterious mutation, could
be used to produce many offspring, increasing the frequency of that deleterious allele
within the breed [18].

Putting these genetic concepts in the context of dog breeds and breeding, it is
not surprising that rare alleles can increase in frequency within a breed. Humans
selectively breed for certain characteristics and behaviors in their dogs, complying with
a strict breed standard. Occasionally, a highly successful dog will be bred to produce
hundreds or thousands of descendants because that dog stands out as an excellent

representative of the breed [20]. The excessive use of one individual can result in



founder events within a breed. A group investigated the population structure and
effective population size of 10 breeds registered in the United Kingdom Kennel Club.
They found that in some breeds, one popular sire could produce over 1,000 offspring.
Additionally, they found that the effective population size of the breeds was very low due
to inbreeding and the use of popular dogs. Golden retrievers had a registration
population of over 31,000 animals but the calculated effective population size was 67
individuals [20]. Boxers, mentioned previously to have been chosen for genomic
sequencing due to the low genetic variability of one member, had a registration
population size of 44,000 and an effective population size of 45 [20]. These breeds both
had an extensive use of popular sires and dams, meaning that from one generation to
the next only a fraction of the potential parental dogs were used to produce the next
generation.

These features of the canine population structure make dogs ideal for disease
research. The publication of the high quality draft sequence of the genome in 2005, the
advances of tools for genome wide association studies (GWAS) and next generation
sequencing has allowed canine models to emerge as useful models of human disease
[21]. Breeders and owners are concerned with the health and welfare of their dogs and
many breed clubs require health tests that dogs must pass in order to be bred. This is a
useful approach for catching early- and mid-age diseases. However, a dog may no
longer get the health tests after they are retired from breeding. If disease occurs at a
young age in a breeding animal, the dog is not used for breeding and these types of
mutations can be removed from the gene pool. Recessive and late onset deleterious

diseases can be carried through the generations unnoticed. Due to inbreeding and the



use of popular dogs the likelihood that an offspring will inherit two copies of these
deleterious alleles increases. Because of the population and breeding structure within
dog breeds, most Mendelian diseases identified have locus and allelic homogeneity,
meaning that a majority of diseases found within a breed are caused by an identical
mutation in one gene, generally descended from a single founder. There are, however,
a few instances of locus heterogeneity identified in dog breeds, progressive retinal
atrophy being a prime example [22].

The extent of LD and availability of variable SNPs reduces the number of SNPs
needed for GWAS compared to outbred populations such as humans. Some
researchers predicted that only ~10,000 SNPs are needed to map traits [4]. However,
an lllumina High Density Canine SNP bead array has been developed that utilizes over
170,000 SNPs spaced across the canine genome is available for researchers to use in
their GWAS studies.

Studying canine diseases can benefit both dog and man. Identifying a disease
causing mutation can allow the development of a genetic test for breeders to utilize in
their breeding program and provides the potential to virtually extinguish a disease in
only a few generations. Approximately 80% of canine genetic diseases have a
corresponding human genetic disease [21]. Understanding how a disease manifests
and progresses can be studied extensively in dogs which can lead to a better
understanding of the comparable disease in humans [23]. For example, canine cancer
has a similar etiology to human cancers and they have a similar response to treatments.
Certain breeds are predisposed to certain types of cancer which implies a genetic basis

for the disease [23]. Additionally, a mutation has been identified in Golden retrievers
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that results in Duchenne X-linked muscular dystrophy. The canine disease matches the
human disease so closely that therapies are being tested in affected dogs in hopes of
developing a therapy for affected humans [21,23].

Therapies derived for the canine disease can often lead to clinical trials for the
human disease. A particularly relevant example of this is the mutation in the RPE65
gene in Briard dogs. This mutation causes an autosomal recessive retinal degeneration
in the dog. The human analog of this disease is Leber congenital amaurosis in which
children are born blind or become blind at a very early age. Acland et al. used gene
replacement therapy to insert a working copy of the RPE65 gene and provided the long
term rescue of vision in the dog model [24]. Just a few years after this pivotal study,

gene replacement therapy trials in humans were initiated with positive results [25].
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1.4 Inherited retinal dystrophies in dogs

Inherited retinal dystrophies in dogs include progressive retinal atrophy (PRA),
achromatopsia and Leber congenital amaurosis models. Canine achromatopsia (Ach) is
a retinal dystrophy that is stationary, i.e. there is little change in vision during the course
of the patient’s life. Ach is caused by mutations in cone specific proteins (CNGA3,
CNGB23) resulting in non-functional cones but the rods are unaffected [26,27]. The dogs
are not able to see using cone-mediated (day-light and bright-light) vision but can see in
dimmer light settings when the rods are functioning. Canine models of Leber congenital
amaurosis (LCA) show retinal dysfunction very early in life and progress slowly if it
progresses at all. A well-known canine LCA model, the RPE65-/- briard dog were
originally described to have congenital stationary night blindness but were later
reclassified because there is histological evidence of a very slow retinal degeneration

[27].

1.4.1 Progressive retinal atrophy in dogs

PRA is a genetically heterogeneous retinal dystrophy reported in over 100
breeds of dog [28]. All forms of PRAs have a similar clinical presentation but the age of
onset, the effect on the ERG and the progression differ depending on the underlying
gene mutation. Typically PRA presents as an initial loss of night and peripheral vision
and with progression day vision is also effected eventually leading to complete
blindness in most instances. The entire retina degenerates over time which leads to
attenuation of the retinal blood vessels and hyperreflectivity of the tapetum lucidum

(Figure 1.1). The most common forms of PRA are recessively inherited but X-linked and
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dominantly inherited forms have been identified [27].To date there are mutations in 19

genes that cause retinal dystrophies in dogs (Table 1.1) [22,27,29,30].

Figure 1.1. Canine fundus images. Left, 6 month old dog affected with PRA. At this
early stage of the disease, the fundus looks normal. Right, 3.5 year old dog affected
with PRA; note the tapetal hyperreflectivity, attenuation of retinal vasculature and the
atrophy of the optic nerve head.

Identification of casual mutations in PRA affected dogs can be challenging due to
the genetic heterogeneity of the disease [22]. It is becoming increasingly recognized
that more than one gene mutation causing PRA can be segregating within a single
breed [27,31-33]. However, the population structure and well-kept pedigrees of
purebred dogs can aid in identifying family groups to study increasing the possibility of
focusing on one locus at a time. Additionally, age of onset, the type of cell that is
dysfunctional in early stages of the disease (determined by ERG) and the rate of
progression of the disease are all features that can be used to characterize and classify
the phenotype. While end-stage PRA due to any gene mutation looks similar both
ophthalmoscopically and electroretinographically, studying dogs at early stages and

careful phenotyping of the disease can be very valuable to identify candidate genes

and/or potential instances of locus heterogeneity.

13



PRA is homologous to the human diseases retinitis pigmentosa (RP) and for the
early onset forms, Leber congenital amaurosis. Because of the similarities of PRA to RP
and LCA, PRA affected dogs can be used as models for studying inherited retinal
degenerations. Dogs are diurnal and share the same environment as their human
counterparts which allows for the study of any environmental factors that might be
involved in a disease. Dog and human eyes are similar in size and shape which aids in
optimizing translational therapies. Dogs have a region of higher photoreceptor density
(the area centralis) which is comparable to a human macula. Dogs are ideal models for
studying eye diseases for a better understanding of the progression of the disease and
development of future therapies.

PRA can subdivided into rod-cone dysplasias, rod-cone degenerations or cone-
rod dystrophies as determined by retinal functional testing by electroretinography (ERG)
and by histological investigation. Each of these forms of photoreceptor dystrophy show
different histological and ERG characteristics and the age of onset can vary
considerably. Classical PRA is a rod-led degeneration in which the rods either fail to
develop normally and degenerate (rod-cone dysplasias) or they mature normally but
then degenerate (rod-cone degenerations). Dogs with rod-cone dysplasia may have an
abnormal rod ERGs at a very young age and the ERGs may never fully develop. With
the rod-cone degenerations function develops normally but then the amplitudes of the
ERG decreases over time paralleling the loss of rods. A retinal dystrophy is classified as
a cone-rod dystrophy when the cone photoreceptors are affected either prior or
simultaneously with the rod photoreceptors. This effect on cone photoreceptors

manifests as decreased daylight vision and abnormal or diminished cone ERGs.
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Understanding which photoreceptor type is initially involved, and whether there is
dysfunction prior to degeneration can suggest potential candidate genes for the

condition. Table 1.1 shows a list of known retinal dystrophies in dogs.

Table 1.1. Genes associated with inherited retinal dystrophies in dogs

Human

Gene Breed(s) Inheritance® Disease’ Ref
ADAM9 Glen of Imaal terrier aR CORD [34]
clorf36 Collie aR arRP [35]
c2orf71 Multiple breeds aR arRP [33,36]
CCDC66 Schapendoes aR arRP [37]
CNGA1l Shetland sheepdogs aR arRP [38]
CNGA3 German shepherd dogs aR Ach [39]
CNGB1 Papillons aR arRP [31]
CNGB3 Alaskan malamute, German

shorthaired pointer aR Ach [26]
FAM161
A Tibetan terrier, Tibetan spaniel aR arRP [40]
IQCB1 Pit bull terrier aR CORD [41]
NPHP4 Standard wirehaired dachshund aR CORD [42]
PDEGA Cardigan welsh corgi aR arRP [43]
PDE6B Irish setter, sloughi, American aR arRP [41,44,

Staffordshire terrier 45]
PRCD Multiple breeds aR arRP [46]
RHO Mastiff aD adRP [47]
RPEG5 Briard aR LCA [48]
RPGR Siberian Husky, Mixed breed X XRP [49]
RPGRIP1 Miniature longhaired dachshund aR CORD [50]
SAG Basenji aR arRP [51]
SLC4A3  Golden Retriever aR arRP [32]
STK381  Norwegian elkhound aR arRP [52]
TTC8 Golden Retriever aR arRP [22]

1. Mode of inheritance: aR, autosomal recessive; aD, autosomal dominant; X, X-linked.

2. Associated human disease: arRP, autosomal recessive retinitis pigmentosa; adRP,
autosomal dominant retinitis pigmentosa, XRP, X-linked retinitis pigmentosa; LCA,
Leber congenital amaurosis; CORD, cone-rod dystrophy; Ach, achromatopsia.
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1.5 Inherited retinal dystrophies in humans

Inherited retinal dystrophies are genetically and phenotypically heterogeneous
disorders. Mutations in 238 genes have been identified that cause some form of

inherited retinal dystrophy (https://sph.uth.edu/Retnet/home.htm). Over 80 of these

genes have visual impairment as part of a syndrome in which multiple tissues in the
body are affected; these are termed syndromic retinopathies and will not be discussed
further. Retinal dystrophies can have an autosomal dominant, recessive or X-linked
mode of inheritance. Some retinal dystrophies have been associated with multiple
modes of inheritance based on the severity of the mutation in the gene responsible for
the disease [53]. To complicate matters, different mutations within one gene can result
in different retinal dystrophies depending on the part of the gene mutated and the effect
of the mutation. All of these factors combined make clinical and genetic classification
challenging to obtain [53,54]. While all forms of retinal dystrophies are important | will be
focusing on three progressive inherited retinal dystrophies which are homologous to
PRA in dogs; retinitis pigmentosa (RP), LCA and cone-rod dystrophies (CORD). Table
1.2 shows a compiled list of genes in which mutations have been identified and cause

one of these diseases.
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Table 1.2. Inherited retinal dystrophy genes and associated type organized by
proposed involvement in the retina

Gene Type® Inheritance®
Phototransduction cascade

CNGA1 RP49 aR
CNGB1 RP45 aR
GUCA1A CORD14 aD
GUCA1B RP48 aD
GUCY2D LCAL, CORDG6 aR, aD
KCNJ13 LCA16 aR
PDEGA RP43 aR
PDEG6B RP40 aR
PDEG6G RP57 aR
RHO RP4 aR, abD
SAG RP47 aR
Vitamin A metabolism/visual cycle

ABCA4 RP19, CORDS3 aR, aD
LRAT jRP, LCA14 aR
RBP3 RP66 aR
RDH12 RP53, LCA13 aR
RGR RP44 aR
RLBP1 naRP aR
RPEG5 RP20, LCA2 aR
Structural or cytoskeletal

CRB1 RP12, LCAS8 aR
FSCN2 RP30 aD
PRPH2 RP7, LCA18 aR, aD
RDS LCA18, RP7 aR, ab
RP1 RP1 aR, aD
TULP1 RP14, LCA15 aR
RNA intron-splicing factors

PRPF3 RP18 aD
PRPF31 RP11 aD
PRPF4 RP70 ab
PRPF6 RP60 aD
PRPF8 RP13 ab
RP9 RP9 ab
CACNALF CORDX3 X
CLRN1 RP61 aR

RIMS1 CORD7 abD
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Table 1.2. cont'd

RP2 RP2 X
SEMA4A RP35, CORD10 aR, aD
USH2A RP39 aR
Photoreceptor morphogenesis

CDHR1 RP65, CORD15 aR
PROM1 RP41, CORD12 aR
AIPL1 jRP, LCA4, naCORD aR, aD
ARLG6 RP55 aR
C2orf71 RP54 aR
CEP290 LCA10 aR
IFT172 RP71 aR
Kiz RP69 aR
LCAS5 LCAS5 aR
RPGR RP3, RP15, CORDX1 X
RPGRIP1 LCA6, CORD13 aR
TTCS8 RP51 aR
Retinal development and/or maintenance
CRX LCA7, CORD2 aR, aD
GDF6 JRP, LCA17 aR
NR2E3 RP37 aR
NRL RP27 aR
RAX2 CORD11 aD
ZNF408 naRP aR
ZNF513 RP58 aR
Intracellular trafficking

RAB28 CORD18 aR
RD3 LCA12 aR
RP2 RP2 aD
TOPORS RP31 aD
Other

ADAM9 CORD9 aR
BEST1 RP50 aD
c8orf37 RP64, CORD16 aR
CA4 RP17 aD
CERKL RP26 aR
DHDDS RP59 aR
DRAM2 CORD21 aR
EMC1 naRP aR

EYS RP25 aR
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Table 1.2. cont’d

FAM161A
GPR125
HGSNAT
IDH3B
IMPDH1
IMPG2
KIAA1549
KLHL7
MAK
MERTK
NEK?2
NMNAT1
PITPNM3
POC1B
PRCD
SLC7A14
SPATAY
TTLLS

RP28
naRP
naRP
RP46

RP10, LCA1l

RP56
naRP
RP42
RP62
RP38
RP67
LCA9
CORDS5
CORD20
RP36
RP68
jRP, LCAS
CORD19

aR
aR
aR
aR
ab
aR
aR
ab
aR
aR
aR
aR
ab
aR
aR
aR
aR
aR

1. Type identified by http://omim.org. RP, retinitis pigmentosa; jRP, juvenile retinitis
pigmentosa; naRP, no RP type has been assigned (in literature); CORD, cone-rod
dystrophy; naCORD, no CORD type has been assigned (in literature); LCA, Leber
congenital amaurosis. Table modified from [55,56].

2. Mode of inheritance identified by http://omim.org or from reference listed. aR,
autosomal recessive; aD, autosomal dominant; X, X-linked

1.5.1 Retinitis pigmentosa

Retinitis pigmentosa is an inherited retinal degeneration that occurs in humans. It
is the leading cause of inherited blindness affecting about 1 in 4000 people [55]. Non-
syndromic RP is restricted to phenotypes involving the eye. The age of onset of RP is
variable but typically rod-mediated and peripheral vision starts to deteriorate in
adolescence or young adulthood. The loss of peripheral vision continues often resulting
in tunnel vision. Cone-mediated vision decreases, causing loss of central vision and

visual acuity and patients are usually diagnosed as legally blind in their 40s. In addition
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to the loss of vision, the fundus (posterior segment of the eye) of RP patient shows

attenuation of retinal blood vessels, optic disc pallor and pigment deposits in the

peripheral retina (Figure 1.2).

Figure 1.2. Human fundus images. Normal human (left) and RP patient (right) fundus
images. Black arrows point to the fovea in each fundus; note the shrinking macula,
attenuation of retinal vessels and the optic nerve pallor. The * in the RP fundus shows

the pigment deposits that give RP its name. Figure modified from [55].

RP is a genetically heterogenous disease with identified mutations in over 50
genes [57]. RP types are denoted as RP 1-71 and are classified by their causal

mutation (http://omim.org/). Like PRA, RP is most commonly recessively inherited

(arRP) but dominant and X-linked inherited forms also occur. Mutations that cause RP
are found in genes that are involved in photoreceptor structure and function,
photoreceptor support cells, cell-cell interactions, RNA intron-splicing factors and cell
development and maintenance as well as a group of genes with protein localization in
the retina but of unknown function. There are mutations in over 40 genes that result in

arRP (Table 1.2) (http://omim.org/, https://sph.uth.edu/Retnet/home.htm). Many arRP

mutations have been identified by homozygosity mapping (via SNP arrays) or
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sequencing family groups in which RP is segregating. Commercially available
microarrays are available for screening for known mutations, however the efficacy of
this method is questionable due to the genetic heterogeneity of RP [58]. Next
generation whole genome sequencing and exome sequencing, while more expensive,

are becoming the method of choice for screening for arRP.

1.5.2 Leber congenital amaurosis

LCA is a retinal dystrophy affecting 1/30,000 to 1/81,000 children [59,60]. As the
name implies, children are often born with visual impairments or show symptoms by one
year of age. LCA accounts for about 20% of children enrolled in schools for the blind
[56].

LCA is phenotypically variable but three main characteristics must be present.
The patient must have severe and early visual deficits. The patient must have reduced
or absent pupillary responses. The patient must have abnormal or non-recordable
electroretinograms. Additional findings include variable abnormal fundus appearance,
photophobia, bone spicule shaped pigment and inability to focus on an object [56].

LCA patients also show variation in the progression of the disease. In a summary
of studies, 90 patients were examined and 15% showed deterioration of visual acuity,
75% showed no change in visual acuity (from first diagnosis) and 10% showed
improved visual acuity [56]. The variability seen in phenotype is attributable to the gene
in which the mutation occurs and the severity of the effects of the mutation [56]. LCA
has an autosomal dominant or recessive mode of inheritance. There have been
mutations described in 18 genes that result in a diagnosis of LCA (Table 1.2). Many of
these genes have also been implicated in RP and cone rod dystrophies.
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1.5.3 Cone-rod dystrophies

Cone-rod dystrophies (CORD) affect about 1/40,000 people [54]. In contrast to
RP, CORDs begin with cone abnormalities either prior to or simultaneously with rod
defects. This means that daylight and central vision is affected first while dim light and
peripheral vision is retained for longer. CORD symptoms are often described in two
stages [54].

The first stage includes reduced visual acuity and photophobia. The macula is a
region of the retina with a very high density of cones and is used for high acuity vision
(e.g. reading and facial recognition). Because cones are the first photoreceptors
affected in CORDs, the macula is the location where the first signs of degeneration
occur. During the first stage, there are generally no complaints of night blindness.
Retinal vessels show little to no attenuation but bone spicule shaped pigment deposits
can be seen in the macular region. Additionally, there may be dyschromatopsia (altered
color vsion). Patients usually begin to show signs of visual impairment at a young age
[54]. Although central vision is impaired during this stage the patients can still ambulate
without aid because their peripheral vision is still useful.

The second stage of the disease occurs when the rods begin to degenerate. At
this point, dim light vision decreases and peripheral vision deteriorates and patients
become legally blind. The rate of progression and age of legal blindness varies but in
general occurs earlier than what is seen in RP patients [54].

CORDs can have an autosomal dominant, autosomal recessive or X-linked mode

of inheritance. Table 1.2 shows a list of genes with mutations associated with CORD.
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1.6 Retinal structure and function

The eye is an organ that is highly specialized to take visual information from the
outside world and transmit that information to the brain. Light is refracted by the cornea
then passes through the pupil and is further refracted by the lens to be focused at the
back of the eye on the retina (Figure 1.3). Light photons travel through the cell layers of
the retina to the photoreceptors where they are converted into a neuronal response that
then travels anteriorly through the retina to be transmitted through the optic nerve to the
brain. Some animals, particularly ones adapted to dim light and/or night vision, have a
tapetum lucidum. The tapetum lucidum is a reflective tissue within the inner choroidal
layer that reflects light that is not absorbed by the photoreceptors back to the

photoreceptors increasing the chances of light absorption [61-63].

1.6.1 Retinal anatomy

The retina is composed of 10 organized layers that receive and amplify the signal

from photons entering the eye (Figure 1.4):

a) Retinal pigment epithelium
b) Photoreceptor layer

c) External limiting membrane
d) Outer nuclear layer

e) Outer plexiform layer

f) Inner nuclear layer
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Choroid

Sclera

Ciliary body

Figure 1.3. Gross anatomy of the human eye. Light enters the eye through the pupil
and the lens focuses the light to the retina at the back of the eye. Light then passes
through the multiple cell layers of the retina to the photoreceptors where the photons
are turned into a neuronal signal that is propagated anteriorly through the retina to the
ganglion cells and then to the brain. Figure modified from [63].

g) Inner plexiform layer
h) Ganglion cell layer
i) Nerve fiber layer

j) Internal limiting membrane

These will be examined in detail in the following subsections.
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Figure 1.4. Layers of the retina. The 10 layers of the retina are labeled in A) a
simplified schematic of retinal cells and layers and B) a histological section of a canine
retina, nuclei are stained dark blue. (A) modified from [64]. RPE — retinal pigment
epithelium, PRL — photoreceptor layer, OS — photoreceptor outer segment, IS —
photoreceptor inner segment, ELM — external limiting membrane, ONL — outer nuclear
layer, OPL — outer plexiform layer, INL — inner nuclear layer, IPL — inner plexiform layer,
GCL — ganglion cell layer, OFL — optic nerve fiber layer, ILM — inner limiting membrane.

1.6.1.a Retinal pigment epithelium

The retinal pigment epithelium layer consists of a single layer of retinal pigment
epithelial (RPE) cells. These cells are positioned between the outer segments (OS) of
the photoreceptors and the choroid. These non-neuronal cells support the
photoreceptors and are instrumental in vision. RPE cells in the tapetal fundus are not
actually pigmented, as this would defeat the purpose of having a tapetum. The pigment

granules in the non-tapetal RPE absorb scattered light, protecting the eye from photo-
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oxidation. RPE cells form a barrier between the photoreceptor OS and the choroid.
Therefore, the RPE cells are necessary for the transport of nutrients from the choroidal
blood vessels to the photoreceptors and to transport waste out of the photoreceptors.
The RPE cells are also responsible for phagocytosis of the photoreceptor OS disks that
are shed from the tips of the photoreceptor outer segments. During a process known as
the visual cycle the RPE cells convert the retinoid, all-trans retinol, into the chromophore
11-cis retinal that is transported to the photoreceptors to combine with opsin and form
the active visual pigment of the photoreceptor. Following phototransduction all-trans
retinol is produced and is transported back to the RPE for conversion back to 11-cis
retinal for transport to the photoreceptors. Mutations in genes expressed in the RPE
cells can lead to photoreceptor degeneration and vice versa indicating how closely

these cells rely on one another [62,65-68].

1.6.1.b Photoreceptor layer

The photoreceptor layer consists of the inner segments (IS) and OS of the rod
and cone photoreceptor cells. The rod photoreceptors are cells that are used for dim
light vision. They have stacks of disks in their OS that are pinched off from the
membrane and are densely packed with the visual pigment rhodopsin. Cone
photoreceptors are used in daylight and color vision and their disks are invaginations of
the outer membrane. Cones have different opsins which differ in the wavelength of light
they absorb. The OS of the photoreceptors are the site of phototransduction; where light
energy is turned into a neuronal response to be propagated through the rest of the
retina and onward to the brain [62,66,69-71]. Photoreceptor anatomy and the

phototransduction cascade will be discussed in detail later in this chapter.
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1.6.1.c External limiting membrane

The external limiting membrane consists of the Mdller cell connections to the
rods and cones. The Miller cells provide metabolic and structural support to the
photoreceptors. The processes of the Miiller cells contribute to the matrix of the external
limiting membrane helping to create a structure and a barrier to the inner retina

[62,66,71].

1.6.1d Outer nuclear layer

The outer nuclear layer (ONL) contains the cell bodies of the photoreceptors. In
the healthy human central retina, the ONL is 6-8 nuclei thick while in dogs the central
retina ONL is 10-12 nuclei thick and loss of nuclei in the ONL results from photoreceptor

death [62,66,71]

1.6.1.e Outer plexiform layer

The outer plexiform layer is the location of the synapses between the
photoreceptors and the second order neurons, which are the bipolar and horizontal
cells. The rod and cone photoreceptors release a neurotransmitter, L-glutamate, in an
inverse graded response to light (i.e. in the dark the photoreceptors release L-
glutamate, and light stimulation decreases the amount of L-glutamate release). The
connections between the photoreceptors and the horizontal and bipolar cells are a site
of visual integration which organizes the information based on contrast of the object
being seen in comparison to its surroundings. Horizontal cells form synapses with
photoreceptors and bipolar cells and are able to supply information to both types of
cells. Horizontal cells are involved in lateral information transfer while the bipolar cells
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are involved in the vertical transmission of signal through the retina towards the brain. In
humans there are 11 types of bipolar cells; 1 type that forms synapses with rod
photoreceptors and 10 that form synapses with cone photoreceptors. Each type of
bipolar cell responds differently to the input supplied by its connecting photoreceptor
which aids in the integration of the visual signals. The cone bipolar cells are divided into
two types: ON and OFF bipolar cells. The ON bipolar cells depolarize in response to
light while OFF bipolar cells hyperpolarize [66,72]. One rod bipolar cell will synapse with

multiple rod cells creating an amplification of signal [62,66,72].

1.6.1.f Inner nuclear layer

The inner nuclear layer houses the nuclei and cell bodies of the bipolar, Muller,
horizontal and amacrine cells. These nuclei do no form the clear, organized rows seen

in the ONL [62,66,71].

1.6.1.9 Inner plexiform layer

The inner plexiform layer is the location of the synapses between bipolar cells
and the amacrine and ganglion cells. The amacrine cells provide feedback to both the
bipolar and ganglion cells in a lateral manner while the bipolar to ganglion synapses are

involved in vertical information transfer [62,66,71].

1.6.1.h Ganglion cell layer

The ganglion cell layer holds the nuclei and cell bodies of the ganglion cells. The
ganglion cells receive the information that the rest of the retina has accumulated and

organized and transmits this information to the brain [62,66,71].
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1.6.1.i Nerve fiber layer

The axons of the ganglion cells converge together and form nerve bundles that
group together at the lamina cribrosa (a perforated plate region of the sclera) to form the
optic nerve connecting the eye to the brain. The nerve fiber layer runs parallel to the

retinal surface [62,66,71].

1.6.1, Internal limiting membrane

The internal limiting membrane is the basement membrane of the retina which is

formed by a matrix of the inner ends of the Muller cell processes [62,66,71].

1.6.2 Photoreceptor anatomy

Photoreceptors are the cells that receive the photons of light and turn this signal
into an electrical response. Photoreceptor cells are specialized, sensory ciliated cells

that consist of four key features (Figure 1.5):

a) Outer segment
b) Inner segment
c) Connecting cilium
d) Cell body

e) Synaptic terminals
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Figure 1.5. Rod and cone photoreceptor anatomy schematic. The photoreceptors
consist of 1) the outer segments, 2) the inner segments, 3) the connecting cilium 4) the
cell body and 5) the synaptic terminal. Disks in rods are pinched off from the membrane
while they are invaginations of the plasma membrane in cones. Phototransduction
occurs on the disk membranes in the photoreceptor outer segments. The inner segment
houses the cellular organelles and supplies the outer segments via the connecting
cilium. The cell body contains the nucleus and has long processes reaching from to the
inner and outer segments and to the synaptic terminal. The synaptic terminal synapses
with second order neurons to propagate the signal through the retina. Modified from [73]
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1.6.2.a Outer segment

The OS is composed of stacked membrane disks where the opsin, or light
reactive molecule, and the phototransduction machinery are housed. The disks contain
high concentrations of the visual pigment (the opsin conjugated with 11-cis retinal) and
the disks at the distal ends of the OS are phagocytosed and recycled by the RPE cells

[62,66,69-71,74].

1.6.2.b Inner segment

The inner segment is the site of the metabolic and synthetic machinery of the
cell. Photoreceptors require a large amount of energy (~90,000 ATP molecules per
second per cell). The inner segment houses the mitochondria at the distal end near the
base of the OS to supply the cell with the energy it needs. In addition to the normal
maintenance of the cell, the endoplasmic reticulum and the golgi apparatus are
responsible for packaging the opsin-filled vesicles that are constantly being transported

to the OS to replace the disks that are being recycled by the RPE cells [62,66,69-71,73].

1.6.2.c Connecting cilium

The connecting cilium connects the inner segment to the OS and supplies the
machinery for intracellular transport. The cilium is constructed of microtubules and
microfilaments. The microtubules form doublets that extend from the inner segment to
the OS but once in the OS they become singlets. These singlet microtubules are
referred to as the axoneme and provide structural support and transportation to the
distal end of the OS. The microtubules use kinesins and dynein motors for anterograde
and retrograde cellular transport. Microtubules are also used for transport from the
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endoplasmic reticulum to the golgi apparatus to the connecting cilium. In addition to the
microtubules, the connecting cilium contains microfilaments. Microfilaments also provide

structural support and transport [62,66,69-71].

1.6.2.d Cell body

The cell body of the photoreceptor contains the nucleus and is located in the
ONL of the retina. Long processes extend basally from the cell body to the inner and
outer segments and apically to the synaptic terminal. The cell bodies of the cone
photoreceptors are located closest to the external limiting membrane. The basal
process is relatively short while the apical process must extend through the entire ONL
to the outer plexiform layer where the synaptic terminal is located. The rest of the ONL
consists of the cell bodies of the rod photoreceptors. The basal and apical processes
are variable in length, depending on where in the ONL the cell body is located. The rod
cell body apical processes also extend to the outer plexiform layer where the synaptic

terminals are located [62,66,69-71,73].

1.6.2.e Synaptic terminal

The synaptic terminals of the rods and cones are called spherules and pedicules,
respectively. The synaptic vesicles, filled with L-glutamate, are released when the
photoreceptor membrane is depolarized. This means that in the dark-state, the cells are
releasing the neurotransmitter to the secondary neurons. When the cells become light

activated, L-glutamate release is reduced [75,76].
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1.6.3 Phototransduction

Phototransduction in rods and cones is similar but our principal understanding of
phototransduction is the result of studies performed in rods. This section will focus on

rod phototransduction [62,66,69-71,74].

1.6.3.a Phototransduction cascade in rods

Rhodopsin is a membrane bound protein combined with a retinoid that is located
on the disks of the rod photoreceptor OS. Rhodopsin is the visual pigment of rods and is
a G-coupled protein receptor. 11-cis retinal (a chromophore) is cross-linked within
rhodopsin; this relationship between rod opsin and 11-cis retinal makes the light
sensitive version of the protein, rhodopsin. When the chromophore is hit by a photon, it
isomerizes to form all-trans retinal. This change in shape of the chromophore causes it
to dissociate from rhodopsin resulting in a series of conformational change in rhodopsin
resulting in an ‘activated’ rhodopsin, also known as metarhodopsin. Metarhodopsin is
able to interact with and activate the G-protein transducin (Figure 1.6, 1). Transducin is
composed of three subunits; alpha, beta and gamma. The alpha subunit of transducin
binds GDP but activation causes GDP to dissociate and GTP binds in its place. The
beta-gamma subunits dissociate and the activated alpha subunit of transducin then
interacts with a cGMP-phosphodiesterase (PDEG6) (Figure 1.6, 2). The PDEG6 protein
has four subunits, one alpha (A), one beta (B) and two gammas (Y). Two activated
transducins bind, one to each of the two Y subunits of PDE6 and the complex
dissociates from the PDEGA/B, no longer inhibiting the catalytic properties of PDEGA/B.

PDEGA/B hydrolyzes cGMP to 5’-GMP (Figure 1.6, 3). The hydrolysis of cGMP causes
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the closure of the cyclic nucleotide gated ion (CNG) channels in the plasma membrane

of the outer segment (not on the disks) (Figure 1.6, 4).
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Figure 1.6. Phototransduction in the rod photoreceptor. In the dark, transducin and
the phosphodiesterase are inhibited and cGMP is bound to the CNG channels allowing
for the slight depolarization of the photoreceptor (top). Light enters the rod
photoreceptor and causes a conformational change in rhodopsin (1). Metarhodopsin
activates transducin (2). Transducin activates the cGMP phosphodiesterase which
hydrolyzes cGMP (3), closing the CNG gated channel (4). Figure modified from [70].

In the dark rod photoreceptors are slightly depolarized because a low proportion of CNG
channels are open allowing for the steady influx of cations (Na* and Ca®") into the cell,
this is called the dark current. The rods are kept from complete depolarization by Na*/
Ca”*- K" exchangers that pump ions out of the cell. Interestingly, only about 1% of CNG

channels are open in the dark [77]. In the depolarized state, the photoreceptor releases
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L-glutamate from the synaptic terminal. Upon exposure to light the phototransduction
cascade reduces the levels of cGMP leading to closure of the CNG channels stopping
the influx of cations into the OS. The closure of the CNG channels, in combination with
the still active Na*/ Ca?*- K* exchangers, causes a hyperpolarization of the
photoreceptor (i.e. the cell becomes more negative). Hyperpolarization of the cell results
in a graded decrease in L-glutamate release from the synaptic terminals [62,66,69-

71,74].
1.6.3.b Inactivation of phototransduction cascade

Rhodopsin is deactivated by two mechanisms. First, it is phosphorylated by a
protein called rhodopsin kinase. This decreases its activity but does not inactivate the
chromophore. Complete inactivation comes via binding of arrestin. Arrestin stays bound
to rhodopsin until the chromophore is reduced and transported to the RPE cells for
recycling.

Transducin alpha is deactivated by the hydrolysis of the bound GTP to GDP. This
causes the dissociation of transducin alpha from PDEG6. Transducin has internal
hydrolase activity which, in conjunction with a GTPase activating protein, allows for self-
limiting activity. Transducin alpha rebinds the transducin beta-gamma subunits.

The deactivated transducin dissociates from the PDEGY subunits. With the PDEGY
subunits free, they are able to rebind to and inhibit the PDE6A/B subunits.

After hyperpolarization due to CNG channel closure of the cell, the cell must
return to its depolarized state. This occurs by the above mechanisms to inactivate
proteins that aid in the hydrolysis of cGMP. However, cGMP still must be restored to

open the CNG channels. This occurs due to the activity of guanylate cyclase (GC). GC
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is inhibited by guanylate cyclase-activating proteins in the presence of high intracellular
Ca”" but the closure of CNG channels causes the Ca®* concentration in the cell to
decrease enough for dissociation and activation of GC. GC activity is necessary to
restore cGMP levels and open CNG channel for restoration of the depolarized resting

state of the rod photoreceptor [62,66,69-71,74].
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1.7 The electroretinogram

The electroretinogram (ERG) is a method of measuring the retina’s response to
light stimuli. While the first recorded realization that the eye elicits an electrical response
to light was in 1865, it was not until the early 1900s that the individual components of
the ERG started to become elucidated. Initial ERG studies showed three waves, a fast
negative wave (the a-wave) followed by a positive wave (the b-wave), and third slow
positive wave (the c-wave) [68,69].

There are two types of current that travel through the eye. There is a local current
that travels through the retina. The remote current travels through the retina, to the
vitreous, to the cornea and then back to the retina via the choroid and RPE cells. ERGs
can be measured locally or remotely. A locally measured ERG uses microelectrodes
placed within the retina at specific cell layers. This is invasive but useful for measuring
the isolated responses of certain cell types. Measuring an ERG remotely involves
placing an electrode in the vitreous or on the cornea (usually attached via a special
contact lens). A remote ERG is the result of a summation of electrical currents in all
radial cell types in the retina (photoreceptors, bipolar cells and Miiller cells), this ERG
can be measured by placing an electrode on the cornea. The horizontal and amacrine
cells have little to no effect on the ERG because they are arranged laterally and the
signals cancel each other out. The corneal ERG is not invasive and is common practice

in clinical and research settings [68,69].
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Figure 1.7. The three components of the ERG. Deepening levels of anesthesia were
used to identify the three components that summate to form the ERG waveform. The PI
component is the first to disappear, followed by PII and then PIIl. The PI component
(yellow line) originates from RPE cell membrane potentials. PII (red line) is due to the
depolarization of the ON-bipolar cells. Pl component (blue line) is the result of
photoreceptor hyperpolarization. The black line is the typical ERG measured which is
the combined wave of all three components; the a-wave (A), b-wave (B) and c-wave (C)
are labeled. Figure modified from [68,78].

In 1933, Ragnar Granit identified three components (PI, PII, Plll) of the ERG that
disappeared in turn when the depth of anesthesia was increased (Figure 1.7). The PI
component is a slow positive response and is the first to disappear under anesthesia.
The second component is Pll and has a fast positive peak that decreases to an
intermediate positive wave that is sustained during the light exposure. The final
component of the ERG is PIII which consists of a fast negative response peak (faster
than the response in PII) which is maintained for the duration of the light flash. These
three components combine to form the composite ERG tracing that is measured under

no or normal levels of anesthesia, and encompass the three waves (a-, b- and c-waves)

that had been described earlier in the century [68,69].
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Figure 1.8. Representative canine ERG tracings. 10 week old normal dog ERG
tracing. A) Dark adapted (scotopic) ERGs with light flashes of -2.4, -1.2 and 0.4 log
cdS/m? after 20 minutes dark adaptation. B) Photopic ERG with a light flash of 0.4 log
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The a-wave is the fast, negative wave of the PIlIl component (Figure 1.7 and
Figure 1.8). The negativity of the wave is the result of the reduction of the dark current
during phototransduction in response to light. Specifically, it is the result of the cells
becoming hyperpolarized (more negative) due to the closure of CNG channels in the
photoreceptor OS. To dissect out the different cell types that contribute to the ERG
waves, cellular antagonists or agonists can be injected into the eye. When L-glutamate

was identified as the neurotransmitter released from the photoreceptors researchers
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were able to use an L-glutamate antagonist, 2-amino-phosphonobutyric acid (APB), to
block synaptic transmission of the photoreceptors to bipolar cells. Doing this did not
affect the a-wave but all subsequent waves were no longer present, indicating that the
a-wave is the result of a change in current before the message is passed to bipolar
cells, i.e. the a-wave is generated by the photoreceptors. The PIll component has a
slow positive response that is not seen in normal ERGs because it is occluded by the PI
component. By extracting the retina away from the RPE cells and blocking L-glutamate
release from the photoreceptors (i.e. removing the Pl and fast Plll components), it has
been determined that the slow positive Plll response is due to changes in the Muller cell
membrane potentials [68,69].

The origin of the b-wave has a long history of debate as to whether it originates
from the Muiller cells or the ON-bipolar cells but the current consensus is that the b-
wave originates from the latter. The ON-bipolar cells depolarize in response to light
giving rise to the positive PIl component (Figure 1.7 and Figure 1.8). As described
earlier, APB blocks photoreceptor synaptic transmission to bipolar cells and doing so
completely removes the b-wave. Additional studies in the mGIuR6 knockout mouse
(which do not have the ON-bipolar cell L-glutamate receptor) showed that without the
ability of the ON-bipolar cell to receive signal from the photoreceptor the mice have no
b-wave. Exposure of Milller cells to barium blocks their K™ permeability and therefore
blocks a change in their membrane potential. ERGs that were recorded after barium
was injected into the vitreous showed an increase of the b-wave amplitude. This led to

the conclusion that Muller cells do not contribute to and they might actually counteract
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the production of the b-wave. Blockage of OFF-bipolar cells and third order neurons
also enhance the b-wave [68,69].

The c-wave is the final wave of the ERG and is produced by the Pl component.
This wave is not seen in normal flash ERG protocols in humans or dogs (Figure 1.7 and
Figure 1.8) [68,69,79]. To see this wave, there must be an extended light exposure and
DC recording perform (the normal flash ERG is recorded by AC recording). The c-wave
is generated from the RPE cells. The origin of the c-wave was elucidated by studying
retinas with destroyed photoreceptors (c-wave is unaffected), destroyed glial cells (c-
wave remains unchanged) and recording a retinal ERG after removal of the RPE cells
(loss of c-wave). The membrane potential change in RPE cells that is responsible for
the c-wave is dependent on phototransduction. Therefore, analysis of the c-wave can
give insight to photoreceptor and the RPE health and the relationship between the two
[68,69].

There are standard ERG protocols for clinicians set by the International Society
of Clinical Electrophysiology of Vision (ISCEV) for humans and the European College of
Veterinary Ophthalmologists (ECVO) for dogs [79,80]. Generally, these include a dark-
adapted (scotopic) recorded ERG and a light-adapted (photopic) ERG. These protocols
also include detailed standards for every aspect of the ERG to create consistency
between patients and clinics.

Researchers often use more extensive ERG protocols than the standard ISCEV
and ECVO recommended protocols. There are many factors that can affect ERGs and
these must be accounted for in analysis but utilizing these factors can lead to a better

understanding of the ERG. One of the main factors affecting the ERG is light
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adaptation. In most settings, putting the patient in the dark for 20-60 minutes before
starting the ERG dark-adapts the retina. The dark-adapted state is very sensitive to dim
light stimuli and is a way to measure rod-driven vision. The ERG starts with a very dim
light flash and the intensity of the flash will increase. Increasing the light flash intensity
brings about mixed rod and cone response. After the scotopic protocol, the patient is
light adapted (a background light is turned on) for at least 10 minutes. Then, a series of
flashes, in increasing brightness, is applied over the background light. The presence of
constant light saturates the rods so the photopic ERG is a cone-only ERG. Only about
5% of the photoreceptors are cones and they have a much faster response, so the
resultant ERG will have smaller wave amplitudes but the response times will be quicker.
Dark- and light-adapted ERGs are part of the standard ERG protocols listed previously
[68,69,79,80].

As eluded to in the previous paragraph, the intensity of the light flash is a variable
factor. Most protocols use a series of very dim to very bright light flashes. During a
scotopic ERG, the very dim flashes elicit mainly rod responses and the amplitudes are
often low because of the graded release of L-glutamate. As the flashes increase in
intensity, more rods and, above certain intensities, cones are activated resulting in a
larger amplitude response. In the bright flashes of a scotopic ERG, the waves are the
result of mixed rod and cone responses. In the photopic ERG, there is a background
light that saturates the rods and only a cone response is recorded. The flashes are
superimposed on the background light. In the scotopic protocol the time between
flashes must be increased as the brightness of the flash increases. This allows the cells

an appropriate amount of time to recover to the dark-adapted state after the flash
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stimulus. An intensity series for dark- and light- adapted ERGs is an optional test that
maybe added onto the standard protocols listed previously but researchers may have
more advanced protocols (i.e. more flashes or more range in the intensities)
[68,69,79,80].

The standard ERG protocol uses flashes of white light. However, altering the
color of the light flashes can help differentiate between contributions from rods and
cones. Peak rod sensitivity occurs at about 500 nm (blue/green color spectrum). Rods
are about 1000 times more sensitive than cones to blue light so a dark-adapted ERG
using blue flashes can be used to elicit rod-only responses. Cones and rods are
similarly sensitive to red/orange light flashes but the timing of rod and cone responses is
different. Using a red flash will produce two distinct components in the b-wave, the
faster being from cones and the slower from rods. This method can be useful for
investigating the degree of rod function. Different colored light flashes are not generally
used in the clinical setting but can be useful for researchers [68,69,79,80].

The frequency of the light flashes is also a factor used to separate cone and rod
responses. A flicker frequency of higher than 15 Hz is used to investigate cone-only
responses. This utilizes the temporal properties of the different photoreceptors. Cones
respond to and recover from light exposure quickly while rods are slower to recover.
Thirty Hz flicker ERGs to assess cone function are included in standard protocols but

researchers may opt to choose additional frequencies in their studies [68,69,79,80].

1.7.1 Measuring and analysis of electroretinograms

The standard ERG protocols include sections that describe how to measure and

report ERGs [79,80]. The amplitudes of the waves and the time to the peak amplitude of
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the waves (implicit time) are measured and reported. Figure 1.9 is a diagram of the
points that are measured on the ERG. The a-wave amplitude is measured from baseline
(ERG recording amplitude before a light flash, set to zero) to the lowest point of the a-
wave curve. The b-wave amplitude is the response increase from the lowest point in the
a-wave to the peak of the b-wave. A- and b-wave amplitudes will be smaller for dimmer
light flashes and will increase as the light flashes become brighter. Implicit time to each
wave is measured from the time of the flash of light (set to zero) to the peak of the
wave. Implicit time will decrease as the light flashes become brighter. Comparing wave
amplitudes and implicit times of affected and breed/age matched normal controls can

give insight to the tracings of an abnormal ERG [62,68,79,80].
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Figure 1.9. Measuring the ERG. The implicit time of the a- and b-waves are measured
from the time of the light flash to the time of the wave peak. A-wave amplitude is
measured from baseline to the lowest point of the wave. B-wave height is measured
from the a-wave trough to the peak of the b-wave. Figure from [62]

Another parameter that can be assessed from an appropriate ERG study is the

response threshold. In a scotopic ERG, the threshold is determined when the first a- or
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b-wave is measurable. Increased threshold is indicative of abnormal rod function.

Altered photopic ERG thresholds would imply abnormal cone responses [62,68,79,80].
Measuring and analyzing ERGs in these ways provides a consistent and

objective measurement for comparisons of ERGs between individuals. Each component

of the ERG can give insight into the mechanisms of retinal dysfunction.
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1.8 Progressive retinal atrophy in Papillon dogs

PRA was first reported in Papillon dogs in 1995 [81]. Starting in the early 2000s,
the Comparative Ophthalmology (CO) lab at Michigan State University began collecting
DNA samples from Papillons affected with PRA and their relatives. This was the start of
a mutually beneficial relationship with the CO lab and the Papillon Club of America
(PCA). In 2009, the PCA arranged for a breeding of two European Papillons affected
with PRA. The pregnant female was brought to the United States and produced two
affected puppies. These three affected Papillons were the start of a research colony
now maintained by the CO lab. The ability to study affected puppies at an early age and
at consistent time points during the early stages of their PRA was instrumental in
identifying the causal mutation. Figure 1.10, A-C shows fundus images of one of the
affected Papillon puppies at 6, 10 and 14 months of age compared to the affected
mother at 3.5 years old (Figure 1.1-, D). The fundic photographs taken during the first

~1.5 years of life show the beginning stages of PRA in the affected dog.

Figure 1.10. Fundus image series of PRA affected Papillon dogs. Images from a
male affected Papillon at 6, 10 and 14 months of age (A-C) and an affected female at
3.5 years of age (D). The black arrow marks attenuation of retinal vasculature. Note the
increasing of reflectivity of the tapetum in the fundic images.

While the image series in Figure 1.10 shows convincing evidence of the beginning

stages of PRA, please appreciate the subtlety of the changes if the dog were to be only
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examined once during this time period. It is standard breeding practice, recommended
by the PCA, to have yearly eye exams conducted on breeding animals starting at 2

years of age (www.pcagenetics.com).

In 2011, a mutation was identified in the gene CNGBL1 that accounts for
approximately 70% of PRA in Papillon dogs [31]. The details of initial phenotyping,
identification of the mutation and functional data supporting the identified causal

mutation are included in Chapter 2 of this dissertation.
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1.9 Cyclic nucleotide-gated ion channels

Cyclic nucleotide-gated ion (CNG) channels are nonselective cation channels
that are members of the voltage-gated ion channel family. Like other members of this
family, the individual subunits of the channel consist of 6 membrane spanning segments
(S1-S6) with the N-terminal and C-terminal ends of the protein projecting into the
cytoplasmic side of the cell membrane. The subunits contain a cNMP binding domain
near the C-terminal end. The CNG channel is a heterotetrameric protein, consisting of a
combination of alpha and beta subunits [82,83].

The CNG channels allow the influx of Na*, K* and Ca?" cations into the cell.
While the channels are nonselective, it is their role in Ca®* cation influx that is integral to

cellular processes involved in signal transduction in sensory cells [82,83].
1.9.1 Gene structure

CNG channel proteins are encoded by two gene subfamilies (Figure 1.11). The
alpha subunits are transcribed from the CNGA1, CNGA2, CNGA3 and CNGA4 genes
(A1-A4). The sequence similarity between the A1-A3 genes is over 75% but the A4
sequence deviates from the subfamily [82]. The genomic structure of the N-terminal of
the A subfamily is highly conserved up to the exon encoding the second
transmembrane segment (S2). In the A1-A3 genes the S2 through the C-terminal is
conserved and consists of only one large exon but the A4 gene is poorly conserved in
this region. The A3 gene encodes multiple splice variants expressed in different tissues

[82].
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Figure 1.11. Cyclic nucleotide-gated ion channel subfamilies. The alpha (A) subunit
families are transcribed from the genes CNGA1, CNGA2, CNGA3 and CNGA4. The
beta (B) subunits are transcribed from the CNGB1 and CNGB3 genes. Exon boundaries
are marked with red lines. Transmembrane domains S1 through S6 are marked with
gray boxes. The pore region and the cyclic nucleotide binding domain are marked with
green and yellow boxes, respectively. Figure modified from [82].

The beta subunits are transcribed from the CNGB1 and CNGB3 genes (B1, B3).
The gene originally designated as CNGB2 is now called CNGA4 [84]. Though quite
different from the A subfamily, the B genes are similar to one another sharing about
67% sequence similarity [82]. The genomic structure of the B subfamily is conserved
consisting of 12 exons that encode the S2 to C-terminal portion of the protein. The N-
terminal portion of the B genes varies drastically and is probably the result of a different
gene fused to the N-terminal CNGBL1 original gene [82]. The CNGB1 gene produces
multiple splice variants. There are multiple CNGB1 splice variants described; three
expressed in the retina, one in olfactory epithelium and two in testes and the flagellum

of sperm [85-87]. The retinal variants consist of various combinations of the glutamic
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acid-rich protein (GARP) exons and a full length CNGB1 (CNGB1a) transcript. The
olfactory epithelium transcript (CNGB1Db) is a shorter form of CNGB1a, lacking the
GARP-region [88]. The variants expressed in the testes lack the GARP regions and are

very similar in their sequences differing only in their N-terminal region [82,85].
1.9.2 Protein structure and functional domains

The general CNG subunit consists of six transmembrane segments with the N-
terminal and C-terminal ends of the proteins extending into the cytoplasm. In addition to
the common transmembrane topology, all CNG subunits have a voltage sensitive motif,
a pore region and a cyclic nucleotide binding domain (CNBD) [82]. The A subunits have
a carboxy-terminal leucine zipper (CLZ) domain [89].

The voltage sensitive motif is a charged amino acid sequence located within the
S4 transmembrane segment. In voltage-gated ion channels this segment rotates to
open the channel in response to depolarization. CNG channels are not voltage sensitive
but still contain the motif. It is possible that the amino acids in the CNG channel motif
enable the channel to be constitutively open under physiological conditions. This would
remove the voltage sensitivity of the CNG channel and leave the gating of the channel
under cyclic nucleotide control [82,90].

The pore sequence is linked between the S5 and S6 transmembrane domains by
amino acid linker sequences. While the pore S5 and S6 sequences are conserved there
is considerable variability between the channels in different tissues in regards to their
Ca?* affinity. This variability arises from the linker sequences between the S5-pore-S6

region [91]. The selectivity filter is located in the pore loop.
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Figure 1.12. Channel reactivity to cNMP binding. Olfactory sensory neurons are

similarly responsive to cGMP and cAMP and much more sensitive to these cNMPs than
rod photoreceptors. Rod photoreceptors are much more sensitive to cGMP than to
CAMP. This graph displays normalized current to cNMP concentration; the
concentration of cNMP is on a log scale [82].

It is a highly conserved glutamate residue (E363) that binds Ca?* and holds the divalent
cation in the pore, blocking monovalent cation entry [91]. CNG subunits are arranged
with their pore and S6 regions exposed to one another to allow the formation of the
channel [92].

All CNG subunits have a CNBD located near the C-terminal domain. The CNBD
consists of an 80-100 amino acid sequence. Cyclic nucleotides bind to this sequence in
a series of polar and non-polar interactions. The binding of the cyclic nucleotides results
in a conformational change that opens the channel [93]. All cyclic nucleotides can bind
to the CNBD region but the opening of the channel due to a bound cyclic nucleotide can
vary in different cell types. For example, photoreceptors preferentially bind cGMP and

the ability of cGMP to open photoreceptor channels is three orders of magnitude greater

than cAMP (Figure 1.12) [82]. In contrast, olfactory sensory neurons respond equally
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well to both cAMP and cGMP and lower concentrations of the cyclic nucleotides are
needed for these channels to open [82].

The CLZ domain is located only on the A subunits of CNG channels. This domain
is important for subunit binding and stoichiometry [89]. It has been shown that CNGA1
and CNGAS3 fragments containing the CLZ domains form trimers in solution by forming
a 3-helix coiled-coil complex [89,94]. Carefully conducted experiments have shown that
CNGA1 and CNGAS3 subunits form trimers first and then the high affinity of B subunits to

A subunits controls the binding of one B subunit [89,94].
1.9.3 Channel composition and functional properties

CNG channels are heterotetrameric complexes consisting of A and B subunits. In
expression systems, A subunits can form functional homomeric channels but the
channels do not show native channel characteristics. Native channel characteristics
include Ca?* permeability, sensitivity to blockage by L-cis-diltiazem (a pharmacological
CNG channel blocker) and Ca**-dependent regulation. Homomeric A subunit channels
have decreased Ca?* permeability, carry less single channel current and are not as
sensitive to channel blockage by L-cis-diltiazem or Ca?*-dependent regulation
[82,95,96]. The B subunits cannot form homomeric channels. It has been convincingly
shown that rod photoreceptor CNG channels consist of a 3:1 CNGA1:CNGB1a ratio of
subunits and the common olfactory sensory neuron CNG channels contain a 2:1:1
CNGA2:CNGA4:CNGB1b subunit composition [82,89,94,97,98] . Cone photoreceptor
channels have not been studied as intensely as rods but recent reports have shown that
CNGA3 CLZ domains form trimers in solution, indicating that the cone CNG channel

has a 3:1 A:B stoichiometry like the rods and the olfactory sensory neurons [89,94]. The
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additional CNG channel in OSNs has not been studied but a 3:1 CNGA3:CNGB

stoichiometry has been proposed [82].
1.9.4 CNG channels in photoreceptors

CNG channels are located in the plasma membrane of the photoreceptors. The
GARP region of the CNGB1a subunit (in rods) interacts with peripherin/rds in the disk
membranes [99]. The interaction between these two proteins in the two different
membranes results in an organized distribution of CNG channels around the membrane
of the OS. The A subunits of CNG channels interact with the Na*/ Ca®*- K* exchangers,
allowing the close proximity of the channels. The influx of Na* and Ca®* ions into the cell
via the open CNG channels results in the depolarized state of the photoreceptors in the
dark, i.e. the “dark current”, and the activity of the Na*/ Ca**- K* exchangers prevent the
cell from complete depolarization. In the dark, L-glutamate is released from the
photoreceptor in a graded state. The CNG channels are the sole source of Ca?* influx
into the photoreceptor. When a photon is absorbed by the photoreceptor the
phototransduction cascade is initiated and the CNG channels close creating a

hyperpolarization of the cell and a decrease in L-glutamate release.
1.9.5 CNG channels in olfactory sensory neurons

The olfactory epithelium (OE) of the nasal cavity is the location of sensory
transduction for the sense of smell. The olfactory sensory neurons (OSNSs) are bipolar
neurons. The dendrite of the OSN extends to the apical side of the OE and the axon
extends to the olfactory bulb (OB). On the tip of the OSN dendrite there are 20-50 cilia.

The cilia contain the machinery for sensory transduction. Olfactory signal transduction
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will be discussed in detall later in this chapter. There are two main populations of OSNs
that contain CNG channels. The most common type of OSN uses cAMP as the channel
activator. This channel has a 2:1:1 CNGA2:CNGA4:CNGB1b subunit composition and
this is the best understood pathway. The less common type of OSN uses cGMP as the
channel activator. This channel contains the CNGAS3 subunit and a B subunit but it is
still unclear which B subunit is utilized. While the stoichiometry of this channel has not
been studied, a 3:1 CNGA3:CNGB has been proposed [82]. The CNG channels are

closely associated with Ca**-activated CI" channels and Na*-2CI™-K* cotransporters.
1.9.6 Olfactory system anatomy

The olfactory system is a specialized system that is designed for the intake of air
containing odorants and sending the olfactory information to the brain. The olfactory

system consists of three main features (Figure 1.13):

a) Nasal cavity and the olfactory epithelium
b) Olfactory sensory neurons

c) Olfactory bulb

54



Mdral

coll \, —{_

Qlunmwriulus

2
S

Bone .
/ 1
/
I Nasal
/ epithelium \
{ Ollactory ) \
| e /| Lo (]
\ 11] ' .‘ utl » \I ‘.‘ |;‘.:'i
| i
\ ﬂ\ A /rm N (15 fﬁM\ o

Figure 1.13. The olfactory system. The olfactory system is composed of three main
features. The nasal cavity and olfactory epithelium are circled in the image in the upper
left and displayed in pink in the bottom of the enlarged image. The olfactory sensory
neurons (OSNs) are in red, blue and green; representing groups of OSNs with differing
olfactory receptors. The axons of the OSNs extend through the cribriform plate to the
olfactory bulb where they form synapses with mitral cells in the glomeruli. Modified from
[100].

196a Nasal cavity and the olfactory epithelium

Air enters the nasal cavity through the nostrils in the nose. The nasal cavity acts
as both an olfactory and respiratory reservoir. Inside the nasal cavity, there are scroll-
like bones called turbinates. Lining these thin bones are the respiratory and olfactory

epithelia. Some turbinates have a combination of the two epithelia while some contain
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solely respiratory or olfactory epithelium. The turbinates have two functions. One
function is to warm, humidify and filter the air before it goes to the lungs; this is the
respiratory function of the nasal cavity and will not be discussed further [101]. The other
function is to expose the OE to incoming odorants.

The OE contains three types of cells (Figure 1.14). There are supporting cells,
the OSNSs (discussed in the next section) and the basal cells. The supporting cells (or
the sustentacular cells) are columnar cells that provide physical and metabolic support
to the OSNs. The supporting cells produce the odorant-binding proteins necessary for
the trafficking of the incoming odorant to the olfactory receptor. There are two types of
basal cells; the globose basal cells and the horizontal basal cells. The globose basal
cells are the cells that are responsible for differentiating and maintaining the olfactory
epithelium while the horizontal cells replenish the globose cells [102,103]. The
neuroepithelium, consisting of the OSNs and sustentacular cells, is exposed to the
outside environment necessitating that damaged cells are repaired and replaced. The
OSNs in neuroepithelium are one of the few types of nerve cells that can be replaced by
cell division during post-natal life. In fact, OSNs have a cellular life span of about one
month, so the activity of the globose basal cells is instrumental in the maintenance of
the neuroepithelial tissue [101]. The OE contains olfactory glands, also called
Bowman'’s glands. These glands are below the basal lamina but have ducts that extend
through the OE to the surface of the tissue. The glands continuously secrete the mucus
that coats the olfactory tract. The secretion holds the odorant-binding proteins produced
by the support cells and aids in trapping and trafficking odorants inspired through the

nose [101,104].
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Figure 1.14. The olfactory epithelium. The olfactory epithelium (OE) consists of three
types of cells; supporting cells, olfactory sensory neurons (OSNs) and basal cells. The
cilia are connected to the dendrite of the OSNs and are exposed to the external
environment on the apical side of the OE. The axons of the OSNs extend below the
basal lamina and group together to form nerve fiber bundles which extend from nasal
cavity through the cribriform plate to the olfactory bulb. Modified from [101].

1.9.6.b Olfactory sensory neurons

OSNss are bipolar neurons with an apical knob extending towards the surface of
the OE and the axon extending to the OB. The knob of the OSN contains the nonmotile
cilia where olfactory transduction occurs. The unmyelinated axons of the OSNs
converge into nerve bundles below the basal lamina and the bundles travel together
through the cribriform plate to the olfactory bulb. The bundled axons make up the
olfactory nerve [104-107].

The cilia are key structures in the olfactory system. They greatly increase the
surface area of the OSN that is exposed to the environment and incoming odors. The
cilia are long and narrow projections that hold the olfactory transduction machinery. The

olfactory receptors are located in the cilia. The olfactory receptors are a member of the
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seven transmembrane G-protein-coupled receptor family and are similar to the opsin
genes in the photoreceptors. In humans, there are over 300 functional genes that
encode different olfactory receptors while dogs have over 800 functional genes; each
species has numerous pseudogenes as well. Each gene produces a receptor that
recognizes a set of similar molecules and each OSN (and associated cilia) contain only
that one type of olfactory receptor. Additionally, all OSNs that express the same
receptor converge in the same glomeruli in the OB [104-107].

The cilia have three major functions in olfactory transduction. First, the cilia take
the chemical information from the environment and, through the steps that lead to
depolarization of the OSN, turn that message into an electrical response. Second, the
small volume of an individual cilium allows a minor local change in ion concentration
that can result in depolarization of the cell. This minor change in the cilia is amplified to
produce a large neural response. Finally, the cilia aids in adaptation or desensitization
of the odor response. The second or continued exposure to an odorant, in a short
period of time, produces a decreased response compared to the initial exposure

response (see Olfactory Signal Transduction, section 1.8.7, for more details) [104-107].

1.9.6.c Olfactory bulb

The axons of the OSNs form nerve bundles and exit the nasal cavity through the
cribriform plate to the OB. The OB is composed of five layers; the nerve fiber layer, the
glomerular layer, external plexiform layer, the mitral cell layer and the inner plexiform

layer (Figure 1.15) [106,108].
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Figure 1.15. The layers of the olfactory bulb. The layers of the olfactory bulb starting
from the outside, (where the OSNs form glomeruli with the tufted and mitral cells) the
glomerular layer, to the inner plexiform layer. T-tufted cells, M-mitral cells, SA-short
axon cells, PG-periglomerular cells. Reproduced from [108].

The outer most layer of the OB is the nerve fiber layer. The axons from the OSNs
form a complex web surround the outside of the OB. The axons of the OSNs travel
through these networks before terminating in the glomeruli. In the glomerular layer the
OSN axons form synapses with post-synaptic mitral and tufted cells. A glomerulus, a
spherical area of synaptic transmission in the OB, may contain up to 1000 OSN axons.
Tufted cells are secondary neurons that receive excitatory messages via the
neurotransmitter glutamate, from the OSNs and project their axons to the olfactory
cortex (a region of the brain that receives olfactory input). Mitral cells receive most of
their excitatory information from tufted cells but some synapse with OSNs. There are
inhibitory cells in the glomerular layer, the periglomerular cells and the short axon cells,
which synapse with OSNs, tufted and mitral cells and aid in information processing
[106,108].

The external plexiform layer contains the cell bodies and dendrites of some

secondary neurons. The tufted and mitral cell dendrites expand laterally and synapse
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with inhibitory parvalbumin-expressing interneurons which aid in controlling global gain
of the neurons with which they synapse. Granule cell dendrites extend to the external
plexiform layer and synapse with mitral and tufted cells to mediate inhibition [106,108].

The mitral cell layer contains the cell bodies of the mitral cells. Mitral cells extend
their dendrites to the glomeruli and the external plexiform layer while their axons extend
through the inner plexiform layer to the olfactory cortex. Although all OSNs expressing a
certain olfactory receptor converge in the same glomeruli, mitral and tufted cells extend
to different regions of the olfactory cortex [106,108].

The inner plexiform layer is the inner most part of the OB. This layer consists of
granule cells, deep short axon cells and the dendrites of mitral and tufted cells. Granule
cells and deep short axon cells provide inhibitory information from the brain to the mitral
and tufted cells, this is termed centrifugal feedback. The dendrites from the mitral and
tufted cells branch into many regions of the olfactory cortex. The determined location of
the dendrites based on the initial input from the glomeruli is not clearly understood

[108,109].

1.9.7 Olfactory signal transduction

The majority of OSNs in the OE use CNG channels for signal transduction. There
are two major pathways that utilize CNG channels. One pathway utilizes cGMP and a
channel with a proposed stoichiometry of 3:1 (CNGA3:CNGB) and the B subunit is yet
to be determined. There is not much known about this pathway but there seems to be a
consensus that it is used for only certain types of odors, specifically natriuretic peptide
hormones. As this is a minor pathway that is not fully understood, it will not be

discussed further.
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Figure 1.16. Olfactory signal transduction. Olfactory transduction in the olfactory
sensory neuron cilium (modified from Kaupp and Siefert 2002). 1) The odorant binds to
the olfactory receptor (OR), 2) the Gy protein activates adenylyl cyclase 111 (ACIII)
converting ATP to cAMP. 3) Binding of cAMP to the CNG channel allows the influx of
cations. 4) Ca®* binds to and opens the CI channel for complete depolarization of the
cell. Figure modified from [82].

The signal transduction pathway that applies to the majority of OSNs utilizes the
CNG channel with CNGB1b. The stoichiometry of this channel is 2:1:1 CNGA2:
CNGA4:CNGB1b. The CNG channels and olfactory receptors are localized to the cilia
of the OSNs which extend out of the OE and into the mucosa of the olfactory tract.
When an odorant binds to an olfactory receptor it activates a G protein (Gy) (Figure
1.16, 1). G then activates adenylate cyclase 11l which converts ATP to cAMP (Figure
1.16, 2). cAMP binds to and opens the CNG channels allowing for the influx for cations,
depolarizing the cell (Figure 1.16, 3). The increase in local Ca®* opens a nearby Ca**-
dependent CI' channel which expels CI" which further depolarizes the cell, in fact 80% or

more of the depolarization of the cell is due to these CI" channels (Figure 1.16, 4)
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[82,105]. The depolarization of the OSN triggers the release of an action potential
sending an electrical response to the glomeruli in the OB.

During repeat exposures to a scent over a short period of time, the electrical
response to that odor reduces. The adaptation mechanisms work directly through the
CNG channels in the OSN [110]. Calcium/calmodulin (Ca**/CaM) is the inhibitory factor
involved. The influx of Ca®* into the cell is important for the initial signal transduction
and the cell’s ability to adapt to an odor. The Ca** binds to CaM and the Ca?*/CaM
complex binds to the CNGAZ2 subunits and inhibits the channel [110]. CaM also
activates the olfactory phosphodiesterase which converts cAMP to AMP, which
decreases the amount of available cAMP to open CNG channels and limits the

response of the odorant [82,105,110].
1.9.8 CNG channelopathies

Mutations in CNG channels lead to numerous disorders most of which manifest
in the photoreceptors. Mutations in CNG genes in humans and animal models have
enabled us to improve our understanding of the roles of each of the CNG subunits.

Mutations in the cone CNG channel subunits (CNGA3 and CNGB3) result in
achromatopsia (total color blindness). The cones have abnormal to no function but the
rods function normally. However rod function only provides a very low level of visual
acuity. Human achromatopsia patients have been identified with mutations in either
CNGAS3 or CNGB3. Canine models have been identified with mutations in the CNGB3
gene [26,111]. A mouse model for CNGAS3 has been developed as well [112]. A CNGAS3
mutant sheep has been identified and has been used as a large animal model in

preliminary gene therapy trials [113,114].
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CNGAL1 subunit mutations result in RP 49 [115]. Mutations in this gene account
for about 1% of arRP patients. These patients have typical RP symptoms. CNGA1
knockout mice are not yet available but a mutation in the CNGA1 gene was found in
Shetland sheepdog resulting in PRA [38,95].

Olfactory deficits in humans due to CNG channels have yet to be reported but
mouse knockout models of the subunits have been studied in detail. Four mouse
models have been developed for the study of the CNGA2 subunit [116-119]. These
mice have decreased olfactory ability and have a high neonatal mortality rate because
mouse pups rely on their sense of smell to find the mother to nurse and the affected
mice appear to have reduced ability to locate the mother. While the mice are not
anosmic, they do have abnormal development of the OE and OB. In CNGA4 knockout
mice the olfactory system develops normally and there is no apparent difference in
morphology between mutants and wild-types. These mice have differences in odor

adaptation and cAMP affinity [120,121].

1.98.a CNGB1 mutations

CNGB1 mutations have been identified in humans resulting in RP 45, which is
reported to result in about 4% of RP cases [55]. The affected patients present with night
blindness and decrease peripheral vision by 20 years of age. Their day vision
decreases slowly throughout their life resulting in blindness around the age of 60
[122,123]. Patients with CNGB1 mutations and their clinicians are enthusiastic about
starting clinical gene therapy trials to restore vision (Drs. Stephen Tsang and Alex
Levin, personal communications). Mouse models have been generated to study the

impact of CNGB1 mutations.
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The N-terminal mouse knockout was created by removing exons 1 and 2 from
the CNGB1 gene that results in a complete knockout of all rod-specific splice variants.
The retinal degeneration is severe and is associated with developmental structural
abnormalities in the rod OS. CNGAL1 subunits still localize to the OS and the rods still
have some abnormal function [124]. While informative, this model does not accurately
recapitulate the phenotype of human patients with RP 45.

The C-terminal mouse knockout (cngb1X-26) removes exon 26 from the CNGB1
gene, resulting in a premature stop codon in the full length retinal CNGB1 transcript and
also the olfactory CNGB1 transcript but the GARP regions are unaffected. These mice
have an abnormal visual and olfactory phenotype. There is no recordable rod ERG and
single cell rod recording showed very little individual rod response to light.
Immunohistochemistry labeling for CNGAL1 and full length CNGB1 showed that neither
protein was expressed at normal levels (CNGB1 was absent and CNGA1 was
expressed at very low levels). The lack of CNGBL1 in this mouse model leads to a
disruption of phototransduction and results in retinal degeneration. At about 6 months of
age, the mice have about 50% of their ONL still present and the photoreceptor OS are
shortened. By 11 months of age, only 1 layer of nuclei remained in the ONL [125].
These mice have been used in initial gene therapy trials which have had successful
results, partially restoring their vision [126].

The cngb1X-26 mice also have an olfactory deficit because the mutation occurs
in a region of the gene that also affects the CNGB1b transcript. Cngb1X-26 mice had a
higher than normal postnatal mortality and a decrease in body weight because they had

difficulty in locating the mother to nurse. In buried food tests, the mice were able to find
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food but it took them about 3 times longer than wild-type controls [127]. The OE is
slightly thinner in affected mice compared to wild-type mice but the morphology was
similar. Immunohistochemistry labeling showed that CNGA2 and CNGA4 channels
formed but were not targeted to the cilia and therefore were mislocalized to the cell
membrane of the cell body. These channels are still active and may explain the delayed
olfactory responses in the mice because it would take the cAMP longer to diffuse to the

channels outside of the cilia to open the channel [127].
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1.10 Gene therapy

Gene therapy is a method of introducing new or different genes into an organism
to reduce or cure disease symptoms. Gene therapy can be used for gene
supplementation therapy (used where a mutation causes loss-of-function of a gene) or
gene silencing/knockdown therapy (used in conditions in which a mutation results in a
gain-of-function or has a toxic product). There are multiple approaches for delivery of a
therapeutic gene and these can be divided into non-viral methods and those that utilize
viral vectors. Non-viral approaches consist of therapeutic DNA which may or may not be
combined with a delivery aid (i.e. physical or chemical) and are introduced to the tissue
or cells of interest [128]. Non-viral vectors are relatively safe and have little limitations
on size of the gene that can be delivered but they are sensitive to cellular barriers
(physical and functional) which must be overcome [128]. While non-viral vectors
continue to be developed and optimized, viral vectors are the most commonly utilized

and in this chapter | will focus on viral vector methods of gene delivery.

1.10.1 Gene therapy vectors

Viruses have evolved to overcome the host physical and functional barriers.
Researchers exploit these features to develop a vector from the virus that will deliver
the therapeutic transgene to the target tissue and lead to expression of the therapeutic
gene. The most commonly utilized viral vectors (at least in the context of retinal gene
therapy) are lentivirus, adenovirus and adeno-associated virus vectors [128].

Lentiviruses are single-stranded RNA retroviruses. Lentiviral vectors can

integrate their sequence into the chromosomes of dividing or non-dividing cells, allowing
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for long term expression of a transgene. However, the ability to integrate into the host
cell chromosomes is cause for some concern. If the lentivirus inserts its genome into a
necessary gene or regulatory unit, it could result in insertional mutagenesis with
potential adverse consequences. The lentivirus vector can hold up to 8 kb of
modification sequence. A major drawback of the lentiviral vector is that it is relatively
large in size (80-100 nm) which makes delivery to photoreceptors difficult [128].

Adenoviruses are double-stranded DNA viruses. These viruses infect non-
dividing cells and do not incorporate their DNA into the host chromosome (i.e. they exist
as episomes within the cell) so insertional mutagenesis is not a concern. These viruses
have a very large packaging capacity being able to hold up to 37 kb of DNA sequence.
Unfortunately, the virus is up to 100 nm in size, creating difficulty in photoreceptor
transduction. Furthermore, the adenoviral vectors can elicit host immune responses that
deactivate adeno-modified cells [128]. Methods are being used to modify the adenovirus
in such a way that decreases the host immune responses to allow for long-term
expression of the transgene [128].

Adeno-associated viral (AAV) vectors are single-stranded DNA viruses that can
only replicate in the presence of a helper virus (i.e. with the aid of an adeno or herpes
virus). These are small viruses (25 nm) which hold about 4.7 kb of DNA, which limits
the size of the gene that can be introduced using the AAV vector [128,129]. While a
majority of human beings have been exposed to adeno-associated viruses, there is no
disease associated with the virus although a recent report indicates that AAV2 may be
involved in some hepatocellular carcinomas [130]. There is also little concern for

insertional mutagenesis because the AAV vector persists long term as episomes and
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very rarely incorporate into the host genome. The small particle size, ability to transfect
non-dividing cells and the ease of viral modifications have placed these vectors at the

forefront of retinal gene therapy [128,129].

1.10.2 Wild-type AAV structure and cellular integration

The wild-type AAV can only cause infection with a helper virus; in the absence of
the helper virus it exists either as an episome within the host cell or is incorporated into
the host genome until activated by a helper virus [129]. The wild-type AAV consists of
two inverted terminal repeats (ITRs), two open reading frames and three promoters
(Figure 1.17). The three promoters (p5, p19 and p40) code for four replication proteins
(rep) and three capsid proteins (cap). The AAV capsid is the particle that holds the
single- stranded DNA. It consists of only 60 polypeptides. The capsid can be modified to
increase vector efficacy and decrease immune response (this will be considered in
more detail below).

The AAV binds to a receptor on the membrane of the host cell and is
endocytosed into the cell by a clathrin-coated pit (Figure 1.18). The AAV then goes
through a series of endosomal processing steps, necessary for proper integration of the
virus [131]. The endosomal processing results in conformational changes to the capsid
proteins exposing nucleus localization signals and a phospholipase domain located on
the capsid [129]. The viral vector then enters the nucleus and the capsid is removed in a
process called viral uncoating. Once the vector genome is released within the nucleus it

must become double-stranded.
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Figure 1.17. Wild-type adeno-associated viral genome. The adeno-associated viral
(AAV) genome consists of two inverted terminal repeats (ITR), three promoters (p5, p19
and p40), two open reading frames (rep and cap) and a poly A tail. The p5 promoter
produces two larger replication proteins Rep78 and 68 while the p19 promoter produces
the smaller replication proteins Rep52 and 42. P40 produces the capsid proteins VP1, 2
and 3. The promoters, rep and cap open reading frames can be removed and replaced
with a different coding sequence, assisting in gene therapy. Figure reproduced from
[129].

The genome becomes double-stranded either by DNA repair mechanisms of the
host cell or by annealing of complimentary single-stranded vector genomes. Once it is
double-stranded it concatamerizes with the ITR sequences of different additional
double-stranded genomes to form the circular structures. The longer the cell is exposed
to treatment, the larger the concatamerized episome becomes [128,131]. Risk of AAV
integration is low (one integration per 103-10* vector particles) but still needs to be
monitored [132]. Vector integration is random and is very low in non-dividing cells

[128,129,131].
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Figure 1.18. Viral entry into the cell. The virus binds to a receptor on the cell surface.
The specific receptor is dependent on the vector capsid composition and serotype. The
virus enters the cell via a clathrin-coated pit. The virus is processed through an
endosome causing a conformational change in the capsid and endosomal escape. The
virus is then able to enter the nucleus and expose its genome. The single-stranded viral
genome becomes double-stranded and forms episomes for long lasting transduction.
Rarely, the viral genome integrates into the host genome at random locations. Modified
from [128].

1.10.3 Vector modification

AAV vectors attach to a receptor on the cell surface and then enter the cell via
endocytosis. The receptor that the AAV binds to is dependent on the capsid sequence
of the vector. This different AAV serotypes have different capsid sequences. The AAV
serotype influences which cell type it is able to transduce. Understanding the cellular
tropism of vectors can help researchers choose the best vector to target the cell type
that is to be modified. AAV vector transduction efficiency can be modified by altering the
serotype of the vector. For example, a hybrid vector can be created that takes the
genome from one vector (most commonly used is AAV2) and packages it inside a

capsid of another serotype (a process known as pseudotyping). For example if it is
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packages into an AAV5 capsid it creates an AAV2/5 vector. Pseudotyping may increase
transduction efficiency of a desired cell type.

The ITRs are the origins for DNA replication, packaging signals and chromosome
maintenance. Recombinant AAV vectors (rAAV) need only these ITR sequences in cis
for transduction, the rep and cap sequence can be removed and replaced with a gene
and promoter of interest. The coding sequence of the gene can be packaged within the
cell as long as the entire coding sequence is less than 5 kb [128,129,131]. The ideal
promoter to package within the vector will depend on the target cell type. Promoters can
be ubiquitous or cell type specific. The use of a cell type specific promoter decreases
the likelihood that the protein of interest is produced in the incorrect cell type (reducing
off target effects) [128,129,131].

The capsid sequence can also be modified. Altering conserved capsid tyrosine
residues and replacing them with phenylalanine residues has been shown to increase
transduction efficiencies (by allowing the vectors to escape ubiquitination) and can
decrease immune response [128,129,131]. Some groups have modified capsids with a

known ligand for a receptor on their cell of interest [131].

1.10.4 Retinal gene therapy

Gene therapy in the retina has been very successful in animal models and
human clinical trials. The eye is an external organ that can be monitored non-invasively
and is immune privileged [128]. A subretinal injection (in which the vector is injected
between the retina and the RPE) creates a focal retinal detachment often referred to as
a “bleb” [128,133]. Within these blebs, the vector is exposed directly to photoreceptors

and retinal pigment epithelial cells. This is the most efficient delivery route to target the
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outer retinal cells (RPE and photoreceptors). Most vectors used for retinal gene therapy
will transduce RPE cells but transduction efficiency in the photoreceptors varies
between AAV serotypes and between different capsid modifications. The most
commonly utilized vectors for photoreceptor transduction are AAV2 pseudotypes
(specifically, AAV2/5, AAV2/8 and AAV2/9) [128]. Vectors can also be delivered
intravitreally but the transduction efficiency of photoreceptors is not as high as with
subretinal delivery route, most likely due to poor penetration through the inner limiting
membrane of the retina [128].

As mentioned earlier, a huge advance in retinal gene therapy was made when
gene supplementation therapy using an AAV2 vector delivered by subretinal injection
led to sustained transgene expression and rescue of visual function in dogs with marked
visual impairment due to a mutation in the RPE65 gene [24]. This proof of principle
study was adapted to human patients [134]. The results from these Phase I/1l clinical
studies have shown that the AAV2/2 vector is safe in human subjects and holds
promising results. However, follow up studies have shown that with older-treated
patients there may be long term visual improvement but the retina continues to
degenerate [128]. Since these pivotal proof of concept studies in animal models and
human patients, at least five additional clinical trials are underway for gene replacement

therapy in the retina and even more preclinical trials are starting [135].
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1.11 Conclusion

The identification of animal models to study diseases is necessary to understand
the biology and mechanisms of a disease. Mouse models are commonly used but there
are some drawbacks to using the mouse models, especially for vision research. Mice
have small eyes and they are nocturnal, so they have a rod-dominated retina. They do
not have a region of high cone/photoreceptor density as seen in the macula of humans.
Additionally, many mouse models are engineered and have relatively homogenous
genetic background.

Large animal models, specifically dogs, are important for development of
therapies of retinal diseases. Dogs have a similar eye shape and morphology to
humans. They have a photoreceptor-dense region of the eye called the area centralis
which is similar in location and function to the human macula. Studying multiple species
can highlight species differences in the diseases which can further our understanding of
the disease.

In the following chapters | describe the identification and detailed phenotype of
the CNGB1 affected dog. Furthermore, | present the preliminary results of the first

successful gene therapy trial in the CNGB1 affected dog.
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2.1 Abstract

Retinal dystrophies in dogs are invaluable models of human disease. Progressive
retinal atrophy (PRA) is the canine equivalent of retinitis pigmentosa (RP). Similar to
RP, PRA is a genetically heterogenous condition. We investigated PRA in the Papillon
breed of dog using homozygosity mapping and haplotype construction of single
nucleotide polymorphisms within a small family group to identify potential positional
candidate genes. Based on the phenotypic similarities between the PRA-affected
Papillons, mouse models and human patients, CNGB1 was selected as the most
promising positional candidate gene. CNGB1 was sequenced and a complex mutation
consisting of the combination of a one basepair deletion and a 6 basepair insertion was
identified in exon 26 (c.2387delA;2389 2390insAGCTAC) leading to a frameshift and
premature stop codon. Immunohistochemistry (IHC) of pre-degenerate retinal sections
from a young affected dog showed absence of labeling using a C-terminal CNGB1
antibody. Whereas an antibody directed against the N-terminus of the protein, which
also recognizes the glutamic acid rich proteins arising from alternative splicing of the
CNGBL1 transcript (upstream of the premature stop codon), labeled rod outer segments.
CNGB1 combines with CNGAL1 to form the rod cyclic nucleotide gated channel and
previous studies have shown the requirement of CNGB1 for normal targeting of CNGA1
to the rod outer segment. In keeping with these previous observations, IHC showed a
lack of detectable CNGAL protein in the rod outer segments of the affected dog. A
population study did not identify the CNGB1 mutation in PRA-affected dogs in other
breeds and documented that the CNGB1 mutation accounts for ~70% of cases of

Papillon PRA in our PRA-affected canine DNA bank. CNGB1 mutations are one cause
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of autosomal recessive RP making the CNGB1 mutant dog a valuable large animal

model of the condition.
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2.2 Introduction

Retinitis pigmentosa (RP) is the leading cause of inherited blindness in humans
affecting about 1 in 4,000 people [1]. It can be inherited in a dominant, recessive or X-
linked fashion and shows considerable locus heterogeneity, with mutations in over 40
genes identified as causing non-syndromic RP (RetNet: https://sph.uth.edu/retnet/sum-
dis.htm). Proteins encoded by these genes are necessary for a variety of functions
within photoreceptors and their supporting cells. The age at onset and rate of
progression of RP vary such that some patients have a history of night blindness from
childhood while others may not notice symptoms until they are adults. The variability
depends on the gene involved and the effect of the mutation on gene function, but there
is also variability between patients with the same mutation [2,3]. Rod photoreceptors are
affected initially, resulting in loss of night (rod-mediated) vision and constriction of the
visual fields. Loss of cone-mediated (daytime and color) vision may occur secondarily
to rod-loss, even when RP is caused by a mutation of a gene exclusively expressed in
rods, and can lead to complete blindness.

Retinal dystrophies analogous to RP occur in dogs, with reports of such conditions in
over 100 different breeds [4]. The canine RP equivalent is known as progressive retinal
atrophy (PRA) [5,6]. The gene mutations underlying several forms of PRA have been
identified and many have proven to be in genes analogous to those known to cause RP
[7-13] or in some instances have suggested new candidate genes for investigation in
RP patients [14-16].

Spontaneously occurring retinal dystrophies in canine models are of particular

interest because the canine eye is similar in size to the human eye. This morphological
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similarity allows for identical surgical approaches for intravitreal and subretinal injection
of therapeutic agents and testing for approaches such as implantation of intravitreal
sustained-release devices. An additional advantage of canine models over rodent
models is that the canine eye has regions of higher photoreceptor density (of both rods
and cones), namely the area centralis and the visual streak that are somewhat
analogous to the human macula [17]. In contrast, the retina of laboratory rodents lacks
an equivalent region having an even density of photoreceptors across the retina [18].
Dogs with spontaneous mutations resulting in retinal dystrophies have proven to be
important in preclinical assessment of therapies destined for use in human patients. For
example, dogs with a mutation in RPE65 as a model for Leber congenital amaurosis
type Il were crucial for preclinical proof-of-concept gene therapy trials [19] which led to
phase 1/2 human clinical trials [20-22]. The RPE65 mutant dog and other dog retinal
dystrophy models have subsequently been used in several other preclinical trials for
retinal gene and drug therapy [19,23-31]. Identification of the gene mutations
underlying other forms of canine PRA may provide additional spontaneous canine
models to allow study of disease mechanisms and proof-of-concept therapy trials.

The Papillon breed of dog was initially reported to have PRA in 1995 [32]. Studies of
the phenotype of affected dogs suggested loss of rod electrophysiological responses
but maintenance of cone-driven responses at least until late in the disease process
[33,34]. Our unpublished studies of PRA in Papillons show a wide range in age of
onset. This phenotypic variability could either suggest within-breed locus heterogeneity

or could merely be the result of background genetic or environmental influences.
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In this study we report a frameshift mutation in CNGB1 that is the cause of one form
of PRA in Papillon dogs providing a large-animal model of autosomal recessive RP

(RP45) due to CNGB1 mutations.
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2.3 Materials and methods
2.3.1 Ethics statement

All procedures were in compliance with the ARVO statement for the Use of Animals in
Ophthalmic and Vision Research and approved by the Michigan State University
Institutional Animal Care and Use Committee (AUF number 05/11-106-00; Institutional

NIH/PHS Animal Welfare Assurance number A3955-01).
2.3.2 Electroretinography

To assess rod and cone photoreceptor function, electroretinograms (ERGs) were
recorded using a modification of a previously described technique [26]. Briefly, ERGs
were recorded using an Espion E2 Electrophysiology system with ColorDome Ganzfeld
(Diagnosys LLC, Lowell, MA) and bandpass set between 0.5 and 500 Hz. Dogs were
dark-adapted for one hour and anesthetized with injectable propofol (10 mg/kg
PropoFlo, Abbott Animal Health, North Chicago, IL), intubated and maintained on
inhaled 1 to 2% isoflurane (Isoflo, Abbott Laboratories, North Chicago, IL) delivered in
oxygen. The ERG assessment consisted of three dark-adapted flash intensities at -2.4,
-1.2 and 0.4 log cdS/m? to record rod and mixed rod-cone responses. This was
followed by light adaptation at 30 cd/m? for 10 minutes and recording of a light-adapted
response to a 0.4 log cdS/m? flash and then 33 Hz flicker responses to the same

intensity both superimposed on the same background light.
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2.3.3 Spectral domain-optical coherence tomography

Assessment of retinal morphology was performed by Spectral Domain-Optical
Coherence Tomography (SD-OCT; Spectralis OCT+HRA Heidelberg Engineering Inc.,
Heidelberg, Germany). Dogs were anesthetized as described for ERG, the pupil dilated
with 1% topical tropicamide (Mydriacyl, Alcon Laboratories, Honolulu, HI, USA), a lid
speculum fitted and the eye positioned in primary gaze using a stay suture in the inferior
perilimbal conjunctiva. High-resolution cross-section images obtained by line and
volume scanning and images from the same region of the central retina of affected and

control (wild-type) Papillons were assessed.

2.3.4 Animal use and sample collection

A pregnant female Papillon dog that had been diagnosed with PRA and had been
mated with a PRA-affected Papillon stud dog was donated to the Michigan State
University Comparative Ophthalmology laboratory with the consent of the owner to
allow the study of the phenotype of PRA in the breed. This female and her offspring
were used to establish a small breeding colony of dogs. The colony was kept under
standard laboratory housing with 12:12hr light:dark cycles.

Blood samples from client-owned Papillon dogs were donated with owner consent.
DNA was extracted from blood samples using a commercial DNA extraction kit with a
modified protocol (Qiagen Sciences, Germantown, MD). Briefly, a red blood cell lysis
buffer (0.32 M sucrose, 10 mM Tris, 5 mM MgCl,) was added in a 2 step fashion to
whole blood (3X volume and then 2X volume, respectively). Cell lysis solution (Qiagen

Sciences, Germantown, MD) was added to lyse the white blood cells followed by
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addition of protein precipitation solution (Qiagen Sciences, Germantown, MD),
isopropanol DNA precipitation and a 70% ethanol wash step.

The retina from a mixed breed dog was dissected from an enucleated eye and
placed in an RNA stabilization buffer (RNAlater, Qiagen Sciences, Germantown, MD)
and stored in a -80° C freezer until RNA extraction. RNA was extracted using an
RNEasy kit according to manufacturer’s protocol (Qiagen Sciences, Germantown, MD).
cDNA was made from mRNA using a 3’ RACE kit according to manufacturer’s protocol

(Invitrogen, Carlsbad, CA).

2.3.5 Genome-wide association mapping

Twenty-four Papillons (9 cases, 15 controls) were genotyped for 173,662 single
nucleotide polymorphisms (SNPs) using lllumina Canine HD BeadChips. Initial genome-
wide association analysis was conducted using the genome analysis toolset PLINK [35].
SNPs with a minor allele frequency (MAF) of <5% and with missing genotype calls of
>10% were removed from the analysis. The final data set consisted of 116,235 markers.
All 24 individuals genotyped successfully for over 90% of the SNPs and were retained in
the analysis. One of the control dogs was removed from the PLINK analysis but was
used in the run of homozygosity analysis. The final genotyping rate was >99.8%. Chi-
square association mapping was conducted in PLINK, and correction for multiple testing

was achieved using the Max(T) permutation procedure (10,000 permutations) in PLINK.

2.3.6 Custom sorting program and haplotype construction

Homozygosity mapping was performed using a custom sorting program. An

algorithm was written to search for blocks of SNPs where there was a difference in the
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calls between the affected and unaffected dogs. The high quality SNP data, generated
from PLINK, was imported to a Microsoft SQL Server 2008R2 database (Microsoft
Corporation, Redmond, WA) to take advantage of its efficient set theory based querying
mechanism. The received data was formatted with dog identifiers as columns and SNPs
as rows. Indexing the data provided a method to measure continuity. The query used
scalar-valued functions to assess the criteria described below and attached a flag to
each row identified. For each individual SNP, if the affected dogs shared the same
homozygous genotype, then the unaffected dogs were compared and rows identified
where 95% of the unaffected dogs did not share the same genotype as the affected
dogs. Upon those criteria being met, the affected and unaffected groups were
considered ‘different’ by the algorithm. Identified SNPs were then sorted into groups
formed by having a level of adjacency of at most four SNPs apart. Only sections with 6
or more SNPs meeting the above criteria were marked for further analysis. These
regions were then sorted by size of the region and all regions 1.5 MB or larger were
inspected for arRP candidate genes using the University of California, Santa Cruz

(UCSC) Genome Browser [36] (http://genome.ucsc.edu/). Four regions of particular

interest (on CFA2, CFA4, CFA7, and CFA12) were then subjected to haplotype
construction, using fastPHASE [37]. Haplotypes were manually examined for shared

regions in related affected family members.

2.3.7 DNA sequencing

The UCSC Genome Browser (http://genome.ucsc.edu/) CanFam?2.0 was used in

conjunction with the cDNA sequences to identify the exons for the CNGB1 gene.
Primers (Supplemental Table 2.S1) were designed flanking the entire exon and the
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splice sites using Primer3 (http://frodo.wi.mit.edu/). Sanger dideoxy-sequencing was
done by an ABI 3730 Genetic Analyzer (Applied Biosystems, Inc., Foster City, CA) at

Michigan State University’s Research Technology Support Facility.

2.3.8 CNGB1 genotyping assay

A restriction enzyme digest was designed to quickly screen dogs for the mutation in
CNGB1 (see supplemental methods). This assay was used to test for the presence of
the mutation in 139 Papillon dogs, 33 PRA affected dogs from 8 different breeds and 66

unaffected dogs from 9 different breeds.

2.3.9 Immunohistochemistry

A PRA-affected female Papillon from the research colony and an unaffected mixed
breed female control dog were humanely euthanized at 8 weeks of age. The eyes were
enucleated and the right eye was fixed in paraformaldehyde following a previously
describe protocol [38].

Frozen sections were immunolabeled with either a rabbit anti-mouse CNGB1 N-
terminal (kindly provided by Dr. Stephen Pittler), rabbit anti-human CNGB1 C-terminal
(Sigma-Aldrich, St Louis, MO) or mouse monoclonal CNGA1 ([39] kindly provided by Dr.
Bob Molday) antibody. Sections were blocked with 10% horse serum (Sigma-Aldrich, St
Louis, MO) for 2 hours at room temperature and labeled with primary antibodies
(dilutions of: N-terminal CNGB1 1:100, C-terminal CNGB1 1:300 and CNGAL1 1:10)
overnight at 4°C. Secondary antibodies (anti-rabbit or anti-mouse Alexa Fluor 488,

1:500) (Invitrogen Molecular Probes, Carlsbad, CA) were placed on the sections for 2
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hours at room temperature. All sections were counterstained with the nuclear stain
DAPI (Invitrogen Molecular Probes, Carlsbad, CA).

Sections were imaged using a fluorescent microscope (Nikon Eclipse 80i, Nikon
Instruments Inc., Melville NY) using commercial image capture software (MetaVue,

Molecular Devices, Sunnyvale CA).
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2.4 Results

2.4.1 Phenotypic description

DNA samples were collected from 23 PRA-affected Papillons and 119 unaffected
Papillons. The dogs had all been examined by a veterinary ophthalmologist. For the
affected dogs an ophthalmoscopic diagnosis was made between 10 months and 13
years of age (data not shown). A small breeding colony of PRA-affected Papillons was
established, consisting of an affected female and two affected offspring.
Electroretinography (ERG) showed markedly reduced or absent rod-mediated ERG
responses from an early age with preservation of cone photoreceptor responses (Figure
2.1). Spectral Domain-Optical Coherence Tomography (SD-OCT) performed on PRA-
affected Papillons (confirmed to have the CNGB1 mutation described in this paper)
showed that at the time the canine retina reaches maturity (approximately 8 weeks of
age [40]) retinal layer thicknesses were comparable to a normal control (Figure 2.2A
and 2.2B) and that affected dogs have a progressive thinning of the outer nuclear layer

with age (Figure 2.2C & D).
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Figure 2.1. Representative ERG tracings from a normal control Papillon and a
PRA-affected Papillon, both 10 weeks of age. A. Dark-adapted ERG recordings at -
2.4,-1.2 and 0.4 log cdS/m?. B. Light-adapted flash and flicker (33Hz) ERG tracings.
Background white light of 30 cd/m? and flash intensity of 0.4 log cdS/m?. The vertical
bars on the flicker ERG indicates the flash timing.
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Figure 2.2. SD-OCT cross sectional images of the central retina from CNGB1
mutant Papillons and wild-type controls. Note the progressive thinning of the outer
nuclear layer of the retina in the affected animals. NFL/GCL — nerve fiber layer/ganglion
cell layer; IPL — inner plexiform layer; INL — inner nuclear layer; OPL — outer plexiform
layer; ONL — outer nuclear layer; PR — photoreceptor inner and outer segments; C —
choroid. (Note the retinal pigment epithelium is not labeled).

2.4.2 Mapping of the Papillon PRA locus

An initial genome-wide association analysis performed using PLINK software [35]
and including the genotypes from 23 Papillons (9 cases, 4 obligate carriers and 10
controls) yielded no significant associations (data not shown). Because within breed
locus heterogeneity for PRA in dogs is a common occurrence, and because we and
others had noted a wide range of age of onset [32] between the affected dogs, we
suspected that more than one form of PRA may be segregating in the Papillon breed.
Therefore, we analyzed the genotyping data from a small family group of 3 affected
dogs within our breeding colony that we felt were very likely to share the same gene
mutation (pedigree in Figure 2.3). We compared the genotyping results of the 3
affected dogs with that of 2 obligate carriers from the family and 11 control dogs (an
additional control was included in this analysis). Our pedigree analysis supported an
autosomal recessive mode of inheritance (data not shown) so we performed

homozygosity mapping using a custom written computer program. The program was set
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to identify regions of homozygosity containing runs of at least six SNPs in the cases and
for which the control animals did not share homozygosity (see Materials and Methods).
This revealed 13 such regions of homozygosity greater than 1.5 Mb but only 4 of these
regions contained obvious positional autosomal recessive RP candidate genes; CNGB1
(CFA2), RBP3 and RGR (CFA4), RD3 and CRB1(CFA7) and TULP1 (CFA12) (Table
2.1).

Figure 2.3 shows a section of the run of homozygosity surrounding CNGB1 and the
p-values for each marker, resulting from a chi-square association test corrected for
multiple testing (the full region of homozygosity is shown in Supplementary Table 2.S4).
These four regions were then subjected to haplotype construction, and haplotypes were
examined within the small family group (data not shown). Only in the CFA2 region did
the affected dogs from this family have a unique extended haplotype which was not
present in the homozygous state in control (non-obligate carrier) dogs. Obligate carrier
dogs each possessed one copy of this haplotype. Furthermore, after comparing the
phenotype of the PRA-affected dogs in our colony with that reported for human families
and mouse models with CNGB1 mutations, CNGB1 was considered the strongest
candidate. Based on the haplotype analysis and phenotypic information, CNGB1 was

selected to screen first for mutations.
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Table 2.1. Regions of homozygosity above 1.5 MB from small Papillon family

Chr

Start Position*

End Position®

arRP Candidate Genes?

Location of Candidate

Size of Region (bp) Genes!
6 3,330,209 12,765,968 9,435,759 - -
28 10,867,526 19,744,585 8,877,059 - -
4 34,171,819 42,900,776 8,728,957 RGR ch4:37,501,028-37,504,555
4 34,171,819 42,900,776 8,728,957 RBP3 ch4:38,165,164-38,175,385
21 19,922,213 28,084,112 8,161,899 - -
7 7,812,042 14,771,908 6,959,866 CRB1 chr7:8,233,979-8,375,413
7 7,812,042 14,771,908 6,959,866 RD3 chr7:12,835,467-12,835,739
2 37,571,313 43,948,453 6,377,140 - -
12 3,051,458 8,579,562 5,528,104 TULP1 chr12:7,639,870-7,647,308
7 3,000,316 7,077,039 4,076,723 - -
37 23,673,475 26,349,135 2,675,660 - -
14 8,954,008 11,562,422 2,608,414 - -
32 11,212,687 13,539,152 2,326,465 - -
2 60,980,617 62,826,928 1,846,311 CNGB1 chr2:61,454,476-61,520,336
14 37,878,684 39,484,021 1,605,337 - -

1. Locations are all in respect to UCSC Genome Browser CanFam2.0 (http://genome.ucsc.edu)
2. arRP - autosomal recessive retinitis pigmentosa. Gene abbreviations: RBP3 - retinol binding protein 3, RGR -
retinal G protein coupled receptor, RD3 - retinal degeneration protein 3, CRB1 - crumbs homolog 1, TULP1 - tubby

like protein 1, CNGBL1 - cyclic nucleotide gated channel beta 1
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SNP Name Chr| Base Position| Pval |A1|A2|A3 Ci|C2 Ul[{U2|U3|U4|US|U6|U7|U8| U9 [uiojull
BICF2P544310 2 | 61,179,425 | 0.0022 |AA[AA|AA AB [AB AB AB [AB
BICF2P348307 2 | 61,182,288 | 0.0022 AB [AB AB [AA|AA|AA [AA|AA|AA|AA[AA|AB |AB
BICF2P1349008 2 | 61,198,715 | 0.0022 |AA|AA[AA AB [AB AB AB [AB
BICF2523137837 | 2 | 61,206,318 | 0.0022 AB |AB AB [AA |AA |AA |AA|AA |AA |AA[AA[AB |AB
BICF2523035024 | 2 | 61,341,337 | 0.0022 AB |AB AB |AA [AA |AA | AA [AA|AA [AA |AB |AB |AB
BICF2523238410 | 2 | 61,420,765 | 0.0022 AB |AB AB |AA [AA |AA |AA |AA|AB |AA |AA|AA|AA
BICF2P309315 2 | 61,428,709 | 0.0022 AB |AB AB [AA [AA | AA|AA|AA [AA [AA [AA [AA|AA
BICF2P606415 2 | 61,556,283 | 0.0022 AB |AB AB [AA|AA | AB [AA|AA | AB [AA|AB |AA [AA
BICF2P548237 2 | 61,563,742 | 0.0022 AB |AB AB |AA |AA [AB |AA [AA |AB [AA [AB |AA [AA
BICF2523117344 | 2 | 61,604,057 | 0.0022 AB |AB AB |AA |AA |AB [AA |AA | AB |AA|[AB |AB | AB
BICF2523119288 | 2 | 61,608,201 | 0.0022 |AA|AA|AA AB |AB AB AB AB AB [AB |AB
BICF2P75954 2 | 61,645,929 | 0.0022 |AA|[AA|AA AB | AB AB AB AB |AB
BICF2523730507 | 2 | 61,656,330 | 0.0022 AB [AB AB [AA |AA |AB |AA|AA|AA|AA[AB |AB |AB
BICF2P52239 2 | 61,677,919 | 0.0022 AB [AB AB [AA|AA |AB [AA |AA|AB |AA[AB |AB |AB
BICF2523740273 | 2 | 61,700,423 | 0.5756 AB AB AB
BICF2P57790 2 | 61,719,834 | 0.0022 |AA|AA|AA AB [AB AB AB [AB |AB
BICF2P1445705 2 | 61,736,588 | 0.0022 [AA[AA|AA AB [AB AB
BICF2P651283 2 | 61,761,135 | 0.0022 AB [AB AA |AA |AA|AB |AA | AA | AA | AA | AA [ AA [ AA
BICF2P1201761 2 | 61,781,060 | 0.5858 AB AB |AB
BICF2523256057 | 2 | 61,792,733 | 0.0022 |AA|AA|AA AB [AB
BICF2P705841 2 | 61,822,011 | 0.0022 |AA|AA|AA AB |AB
BICF2523730081 | 2 | 61,830,410 1 AB AB

(@ G2
Al

A2

A3

Figure 2.3. SNP analysis in the CNGB1 region using a small family group of
affected and unaffected Papillons. The SNPs are located in a 1.84 Mb region of
homozygosity among the affected dogs (Only SNPs near the center of the region are
shown). CNGBL1 is located at chr2:61,454,476-61,520,336 in the reference genome
(canFam2.0). SNP genotypes are given in columns for each dog, with the family group
data displayed to the left of the black back and all others to the right of the black bar. All
affected dogs (1-3) share the same haplotype, obligate carriers (C1-2) each have one
copy of the haplotype seen in the affected dogs and none of the unaffected dogs (U1-
11) possess the haplotype seen in the affected dogs. A-Major allele, B-minor allele, as

designated by Illlumina (lllumina Inc, San Diego, CA).
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2.4.3 Genomic structure of canine CNGB1

To establish the genomic structure of canine CNGB1 we sequenced cDNA from a
control canine retinal library and genomic DNA from a control Papillon and compared
these to the published canine genomic sequence for this region (CanFam2.0). From
these comparisons we deduced the intron/exon boundaries for CNGB1 (Table 2.2)
which differed from the predicted structure seen on the University of California, Santa

Cruz (UCSC) Genome Browser [36] (http://genome.ucsc.edu/).

2.4.4 Sequence analysis of CNGB1

The full coding region of canine CNGB1 was sequenced from the cDNA of a control
canine retinal library (cDNA sequence submitted to GenBank KC527595). Sequencing
cDNA from the control dog revealed three single nucleotide variants (SNVs), at
locations ¢.3378C>A, ¢.3440T>C and c.3534G>A, and one previously reported single
nucleotide polymorphism (SNP) at location ¢.151G>A (rs22870569). CNGB1 exons and
exon/intron boundaries were sequenced from genomic DNA from control and affected
Papillons. This revealed the same SNVs and SNP as seen in the sequenced cDNA but
also contained two additional variants; a previously described SNP (c.27G>A,
rs22870567) and a SNV allele that segregates with the affected phenotype (c.215C>T,;
p.P72L). PolyPhen-2 predicts that this is a benign change in amino acid (HumVar
0.412) [41].

The affected Papillon had a frameshift mutation in exon 26. This consisted of a 1 bp
deletion (chr2: 61,502,597; ¢.2387delA) and a 6 bp insertion (between chr2:61,502,599-

61,502,600; c. 2389_2390insAGCTAC).
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This mutation (c.2387delA;2389_2390insAGCTAC, which for simplicity we will refer
to as CNGB1-fs26) is predicted to result in a premature stop codon, 17 bp downstream
and is present in affected Papillons but not in unaffected Papillons or in the canine

reference genome (UCSC Genome Browser CanFam?2.0) (Figure 2.4).
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T TAC ATT CGC TGT T@C T-- --- -AC TGG GCT GTG
Y I R C Y Y W A v

T TAC ATT CGC TGT TECT AGC TAC ACT GGG CTG TGA
‘ Y I R C S S Y T G L Stop

Figure 2.4. Papillon mutation in CNGB1 exon 26. Sanger dideoxy-sequencing traces
for part of CNGB1 exon 26 are shown for an unaffected (A) and an affected (B)
Papillon. Panel C shows the codon and amino acid alignment inferred from the traces in
panels A and B, for the unaffected sequence (top) and affected Papillon mutation
sequence (bottom). The complex Papillon mutation includes a 6 bp AGCTAC insertion
between reference bases chr2:61,502,599-61,502,600 (yellow highlight in panel C and
within yellow box in panel B) and an adenine deletion at chr2: 61,502,597 (red highlight
in panel C and red triangle in panel B). The deletion causes a frameshift and premature

stop codon within seven residues, including the two new, inserted codons.
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Table 2.2. Intron and exon boundaries for canine CNGB1 gene

Location on Chr2* Donor? Intron (size) Acceptor?
Exog 6611’,44554:,157262; ATCTGAGCAAgtaagtcagg 1 (2533bp)  tgtcctacagGTGTCGGGAT EXO;
Exog 6611’,445577’?2642?: GGACTCCCTGgtaagagaat 2 (2069bp)  aaccttccagCCACCTGAAG Exog
Exog 6;{‘;;;’3152 GGCCCTCAGGgtgagtgccy 3 (288bp) tettttccagAAATCCAGGA EXOZ
EXOZ Ggl’f‘f%??‘r’;g AAGTGAACAGgtaccacace 4 (772bp)  tgtccctcagCAGTTCCAAC EXO;
Exog 6611,%)6?15182; CCCTGCTCAGgtacttctga 5 (89bp)  gtcctggcagGCAGGAGCAC Exog
Exog Geliflfg(i??ogd GGGAGCTCAGgtgaggccag 6 (184bp)  ticttctcagATGGACTTGG EXOQ
EXOQ 6611,%)6?9355- GGGACACCGGgtgagtccte 7 (1283bp)  ccctgtgeagGTCTGGGCCC Exog
Exog 6611’?622’,234;‘; AACCTCCAAGgtaagtcaaa 8 (352bp) tctgatctagGACCAGAGAG Exog
Exog 661;“?622’,67717(; TTGGACACAGgtacagggag 9 (365bp)  tgctgcttagAGCCCCCTGG Exig
Exgg 661;“?5’:;?28421' ACCCTGCCAGgtgagcecee 10 (852bp)  ccacttgcagGTTGATGGCT Exﬂ
Exﬂ 6611’?;4?1952 CAGGGAGCAGgtctgticty 11 (1686bp)  tcccatgcagGAGCCTGACT Exig
Exgg 6611’?:{5’?5&962' GTGCAGACCAgtaagtgcet 12 (6320bp)  teccctgeagTCTGCATCCT Exig
Exgg 6;;‘;%?;% AGATGCCCAGgtgggagcca 13 (1405bp)  ctcaactcagGAAGCTGCCC Exiz
=xon 661{‘4773:;,788611' AGGAGGCAAAgtaaggtgct 14 (5744bp) ggggteacagTGTCCTGCTG 0
=xon 6611’f‘47795,6§§3; CTCCCAGCAGgtacggagey 15 (685bp)  tigtotgeagGAGCTGCAGG  —on
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Exon
16
Exon
17
Exon
18
Exon
19
Exon
20
Exon
21
Exon
22
Exon
23
Exon
24
Exon
25
Exon
26
Exon
27
Exon
28
Exon
29
Exon
30

Table 2.2. cont'd

61,480,379-
61,480,415
61,485,851-
61,486,010
61,488,513
61,488,620
61,491,093-
61,491,250
61,492,298-
61,492,456
61,493,340-
61,493,548
61,494,272-
61,494,322
61,494,596-
61,494,682
61,496,562-
61,496,626
61,497,435-
61,497,557
61,502,583-
61,502,724
61,503,429-
61,503,588
61,505,461-
61,505,558
61,505,659-
61,505,742
61,508,746-
61,508,864

AGCCCAGAAGgtaggtgtgc
GAACAGAAAGgtcacctttt
AAGGCACTGAgtgagtgggg
CCAAAGCCCTgtgagtccag
CCGCTGACCAgtgagtcctg
AGACATCATTgtgagtcccg
TCGCTTTAAGgtgcgcgctg
CTGTTTGAAGgtaggcttcc
ATGTTTACAGgtgagacaca
TGGGAAACAGgtgagccagt
GATCGGACAGgtagctgggt
GGCATGCTGGgtaagatggg
TCTCTTCCAGgtatggcccc
GTGCAAGAAGgtgagtggcc

GAGAAATAAGgtcagagggg
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16 (5435bp)
17 (2502bp)
18 (2472bp)
19 (1047bp)
20 (883bp)
21 (723bp)
22 (273bp)
23 (1879bp)
24 (808bp)
25 (5025bp)
26 (704bp)
27 (1872bp)
28 (100bp)
29 (3003bp)

30 (258bp)

tctctccaagTGCCTGCTAC
gtccttgcagGAAGAGGCTG
gtgtccacagTGGCCAGGAT
catcccacagCCCCGGCCAA
ctccctgcagACCTGATGTA
tttctttcagACAGACAAAA
ggoatttcagATGGACATGC
ttcttcccagTACATGGCCT
tctcccgcagGGTCATCAGG
ctctctctagTTACATTCGC
ttgcccctagATGAGAGACG
tcctttccagACGAGTCAGA
ttggggacagGGCTGTGACC
tetgtttcagGGGGAGATAG

tctaccccagCTTACTGGCT

Exon
17
Exon
18
Exon
19
Exon
20
Exon
21
Exon
22
Exon
23
Exon
24
Exon
25
Exon
26
Exon
27
Exon
28
Exon
29
Exon
30
Exon
31



Table 2.2. cont’d
Exon 61,509,123-

31 61,509,269 AGAAGGCCAGgtacattttt 31 (6620bp) tttctttcagGCGCATGCTG
Exon 61,515,890-

32 61.516,100 GCTGGAACAGgtaagatggt 32 (2609bp) tggattttagGCCAAGAGCT
Exon 61,518,719- .

33 61.519.006 GGCCGAGTGA - 3UTR

1. Locations are all in respect to UCSC Genome Browser CanFam2.0 (http://genome.ucsc.edu)
2. Capital letters are exonic DNA sequences and lower case bases are intronic regions
End of coding region marked in Exon 33 row by underlined TGA
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Table 2.3. Single nucleotide variant (SNV) locations in genomic Papillon CNGB1

Location Positionlon cDNA Referenzce Variar;t cDNA Protein4 SNP ]
Chr2 change allele allele bp change number
Exon 2 61,457,096 Cc.27G>A G A G - rs22870567
Exon 2 61,457,220 c.151G>A G A A p.E69K rs22870569
Exon 3 61,459,353 c.215C>T C T C p.P72L -
Exon 33 61,518,754 c.3378C>A C A A - -
Exon 33 61,518,816 €.3440T7>C T C C p.L1165P -
Exon 33 61,518,910 c.3534G>A G A A - -

1. Locations are all in respect to UCSC Genome Browser CanFam2.0

(http://genome.ucsc.edu)

2. Reference allele from UCSC Genome Browser

CanFam2.0
3. Variant allele from sequenced gDNA of
Papillons

4. Protein change due to the SNV found in either Papillons and/or cDNA. Change

is in respect to CanFam2.0

5. SNP number from Broad Institute SNP collection
(http://www.broadinstitute.org/mammals/dog/snp2)
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Table 2.3 shows the SNVs and SNPs detected and Supplemental Figure 2.S1
shows the predicted canine protein amino acid sequence and alignment with other
species. Primers for sequencing canine gDNA and cDNA are supplied in
Supplementary Table 2.S1 and Table 2.S2, respectively.

A genotyping assay for the mutation was developed (supplemental methods). The
assay was used to genotype 20 Papillons that had been diagnosed by a veterinary
ophthalmologist to have PRA (not including purpose-bred colony dogs) and 119
Papillons whose owners reported no abnormal vision (Table 2.4). The mutation was
identified in the homozygous state in 13 of 20 Papillons that had been diagnosed with
PRA. Of the phenotypically normal Papillons, none were homozygous for the mutation
and 20 were heterozygous for it. This indicates a 16.5% carrier rate, and a mutated
allele frequency of ~31% in the Papillon breed, however, ascertainment bias almost
certainly falsely inflates these values. In addition, we genotyped 33 dogs from 8 different
breeds that had been diagnosed with PRA and 66 dogs from 9 different breeds that
were clinically normal, none of the dogs of non-Papillon breeds had the mutation

(Supplemental Table 2.S3).
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Table 2.4. PRA type 1 genotypes and clinical status for 139 Papillons

Genotype® Clinical Status

PRA affected® Unaffected Total

CNGB1 M/M 13 0 13
CNGB1 M/+ 3 20 23
CNGB1 +/+ 4 99 103

Total 20 119 139

1. Genotyping results: (+/+) means wild-type CNGB1 sequence. M= mutant
(c.2387delA;2389 2390insAGCTAC) genotype

2. Not including colony dogs to avoid inflation of mutation presence in the general
population of Papillon dogs

2.4.5 Immunohistochemistry shows lack of detectable full-length CNGB1 protein

in affected retina

To confirm that the CNGB1-fs26 mutation does disrupt CNGB1 expression in the
homozygous animal, we performed immunohistochemistry (IHC) on retinal sections
from an 8 week-old PRA-affected Papillon from the breeding colony that was
homozygous for the CNGB1-fs26 mutation and compared it to retinal sections from an 8
week-old normal dog that was confirmed not to have the CNGB1-fs26 mutation.

CNGBL in other species codes for multiple transcripts via alternative splicing [42,43].
The CNGBL1 locus has been described to code for four sensory transcripts; three retinal
transcripts and one olfactory sensory transcript, as well as other splice variants
expressed in kidney, brain, testes and spermatozoa [44-47]. The 5’ portion of the gene
encodes two glutamic acid rich proteins (GARPSs) while the full-length transcript
encodes the CNGB1 protein. The position of the CNGB1-fs26 mutation is predicted to
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allow normal expression of the two GARPs but to disrupt production of the full-length
CNGBL1 protein. To test this prediction we used two CNGB1 antibodies: one that
targets the amino terminal (GARP region) of CNGB1 and the GARPs and a second
antibody that targets the carboxyl end of CNGB1 downstream of both the GARP region
and the predicted premature stop codon in the mutant canine CNGB1 gene. The results
from this study showed that while the rod outer segments of the wild-type retina were
labeled by both antibodies (Figure 2.5 A, C), the rod outer segments of the PRA-
affected Papillon were labeled with the amino terminal antibody but not the carboxyl
terminal antibody (Figure 2.5 B, D). This provides strong evidence that the mutation
disrupts production of full-length CNGB1 protein while still allowing expression of
GARPs as predicted from the CNGB1-fs26 mutation.

We also performed IHC with a CNGAL1 antibody. The rod cGMP-gated channel
consists of both CNGA1 and CNGB1 subunits. Studies in mouse models have shown
that lack of CNGB1 also disrupts trafficking of CNGAL to the outer segments resulting in
very reduced or absent CNGAL protein [48,49]. As predicted by the mouse model, the
retinal sections for the affected Papillon showed lack of detectable CNGAL1 protein while
in the retinal sections from the normal dog CNGA1 was appropriately expressed and

correctly targeted to the rod outer segments (Figure 2.5 E, F).
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Control Affected

CNGB1 GARP

CNGA1

Figure 2.5. Immunohistochemistry on frozen retinal sections from age (8wk) and
sex matched (female) control and affected dogs. Images on the left are from the
control dog and images on the right are from the affected dog. Panels A and B are
stained with GARP-CNGB1 N-terminal antibody (green) and DAPI (blue). GARP
proteins are present in both the control and affected samples. Panels C and D were
stained with CNGB1 C-terminal antibody (green) and DAPI. CNGBL1 full length protein is
not detected in the affected sample. Panels E and F are stained with CNGA1 antibody
(green) and DAPI. CNGAL1 is not detected in the affected sample, presumably due to
necessity for CNGB1 to form viable channels and normal trafficking. Size bar: 20 pm.
OS- photoreceptor outer segment, IS — photoreceptor inner segment, ONL — outer
nuclear layer, IPL — inner plexiform layer, INL — inner nuclear layer
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2.5 Discussion

We used homozygosity mapping of SNP microarray genotyping data from PRA-
affected Papillons to identify regions where the affected dogs had runs of homozygosity
spanning greater than 1.5 Mb and for which control dogs showed allelic variability.
Positional candidate genes were identified mapping to those regions and haplotype
analysis revealed only one region (on CFA2) in which obligate-carrier dogs had one
copy of the haplotype observed in affected dogs, and none of the unrelated control dogs
were homozygous for the haplotype observed in affected dogs. CNGB1 was selected
as the most promising positional candidate gene because of its location within the CFA2
region and of the similarity of the phenotype of CNGB1 retinal dystrophy in mice and
humans to that of the PRA-affected Papillons in our breeding colony (early lack of rod
function and yet a slow retinal degeneration). The canine genome assembly
(CanFam2.0) on the UCSC Genome Browser had incorrect exon predictions for
CNGBL1. We established the normal gene structure by sequencing cDNA from a retinal
library developed from a control dog (GenBank KC527595). Sequencing of the
confirmed exons and nearby flanking intronic regions of CNGB1, in affected and
phenotypically normal Papillons, revealed a frameshift mutation (CNGB1-fs26) that
segregated with disease status in our breeding colony and was not present in the
homozygous state in any unaffected Papillons. A missense variation was also detected
in the affected dogs (p.P72L). This converts a proline to leucine but at a residue that in
some species is a leucine and in others a proline, making it unlikely that this would have
a major effect on the function of CNGBL1 in the dog [50]. Furthermore, this amino acid

change was predicted to be benign by the PolyPhen-2 program [41].
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Cyclic nucleotide gated (CNG) channels are necessary for normal
phototransduction. There are different CNG channels encoded by paralogous genes
specific to the rod and cone photoreceptors [44]. The rod CNG channel is a
heterotetrameric protein consisting of three CNGAL1 subunits and one CNGB1 subunit
[51-53]. In dark conditions, the rod has higher levels of cyclic guanosine
monophosphate (cGMP) which act to open a proportion of the CNG channels allowing
an influx of cations, resulting in depolarization of the rod photoreceptor. Light
stimulation triggers the phototransduction cascade activating the cGMP
phosphodiesterase that hydrolyzes cGMP lowering its concentration and leading to
closure of the CNG channels. This halts the influx of cations through the channel which,
coupled with the continued action of other ion pumps in the cell membrane, results in
the light-induced hyperpolarization of the rod photoreceptor.

CNGAL1 can form functional channels in vitro without CNGB1 [54-56], while CNGB1
on its own does not form a functional channel. However, in vivo CNGBL1 is important for
rod CNG formation and normal functionality of the channel [48,49]. The CNGB1 gene
codes for three splice variants in the retina that encode the soluble glutamic acid rich
proteins 1 and 2 (GARP1 and GARP2) and a full length CNGBL1 protein [42]. The full
length transcript in the retina is known as CNGB1a. Full length CNGBL1 protein in the
retina consists of an N-terminal “GARP region” and a C-terminal “channel domain”.
GARPL1 is of low abundance whereas GARP2 is more highly expressed [49]. The
functions of the GARP subunits are still being explored. GARP2 does bind to PDE6 and
may act to reduce dark level noise [57]. It is also postulated to have a structural role in

the rod outer segment [49] where it interacts with peripherin-2 at the rod outer segment
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disk rim [58]. As discussed further below GARP2 may also play a role in control of the
opening of the CNG channel [59]. Other than these three splice variants expressed in
the retina, CNGBL1 also has splice variants expressed in the olfactory epithelium
(CNGB1b —which encodes a shorter protein than expressed in the retina lacking the
GARP region), kidney, brain and testes [44-47]. Two mouse gene targeting models,
CNGB1X-1 and CNGB1X-26, have been created to study the functions of these
proteins in the retina.

The CNGB1X-1 mouse knockout model, which lacks all retinal CNGB1 products,
has shown that GARPs are necessary in outer segment disk development and the
structural integrity of the rod outer segments [49]. Interestingly, the CNGB1X-1 mice
have a weak rod response that is detectable on single cell recording. This activity
originates from a low level of homomeric CNGA1 channel formation in the rod outer
segments. Despite the presence of the channels and the resulting weak light-induced
rod response, these mice have severe rod photoreceptor degeneration. It was
suggested that degeneration may be due to rod structural, rather than functional, failure
[49]. Another mouse model, CNGB1X-26, has an engineered mutation that leads to a
deletion of exon 26 resulting in a frameshift that introduces a premature stop codon in
the first triplet in exon 27 of CNGB1. The CNGB1X-26 mouse has a complete absence
of mRNA for full-length CNGB1 and thus a lack of the CNGB1 protein but still produces
GARRP proteins [48]. These mice have normal development of the rod outer segments
and a slower retinal degeneration than the CNGB1X-1 mouse.

The premature stop codon in the CNGB1X-26 mouse is positioned at a site

homologous to 10 codons upstream of the premature stop codon predicted in the
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CNGB1-fs26 mutation identified in this study. While we anticipate that the premature
stop codon in CNGBL1 in the PRA-affected Papillon will lead to nonsense-mediated
decay of the abnormal CNGB1 mRNA and a complete absence of the CNGB1 protein,
as was reported for the CNGB1X-26 mouse [48], rather than production of a truncated
protein, further studies are required to confirm this.

IHC using an antibody that binds to the carboxyl end of CNGB1 confirmed the lack
of full-length CNGBL1 in the rod outer segments of a young affected Papillon prior to
photoreceptor degeneration. The CNGB1-fs26 mutation is not predicted to affect
expression of the GARPs, and IHC using an antibody that recognizes GARPs as well as
the GARP region of the full-length CNGBL1 labeled the rod outer segments of the
affected Papillon suggesting that GARPs and/or a truncated CNGB1 product are
expressed. If the truncated mRNA avoids degradation and allows the production of a
truncated protein, it would be missing domains essential for channel gating and cyclic
nucleotide binding and would therefore not be expected to function normally. IHC also
showed a lack of detectable CNGAL protein in the rod outer segments in the young
affected Papillon. Similar IHC results were observed in the CNGB1X-26 mouse. It was
suggested that the GARPs may have a dominant-negative effect on the transport of
CNGAL1 to the outer segment accounting for the lack of homomeric CNGA1 channels in
the outer segments of CNGB1X-26 mice (which have GARPSs) contrasted with the
presence of low levels of CNGAL in outer segments of CNGB1X-1 mice (which lack
GARPSs) [49]. The reduced level of CNGAL in the outer segment of the CNGB1X-1
mouse is probably a reflection of the importance of CNGBL1 in transport of CNGAL to

the outer segment [49]. A region in the N-terminal section of the CNGB1 subunit (bovine
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amino acids #677-764) has been described to interact and promote protein-protein
interactions with the CNGAL1 subunit C-terminal region; this region is upstream of the
CNGB1-fs26 mutation and is not predicted to be effected by this mutation [60,61]. As
would be expected in animals with a lack of rod CNG channels, the ERG changes in the
affected Papillons indicate a lack of rod function. Specifically, prior to a thinning of the
outer nuclear layer, there was an elevated dark-adapted ERG threshold with only a
recordable response to light intensities above cone response threshold, a marked
reduction in a- and b-wave amplitudes for the dark-adapted brighter flashes that elicit a
mixed rod cone response in normal dogs.

The CNGB1X-26 mutation also lacks expression of the CNGB1 splice variant
expressed in the olfactory epithelium (CNGB1b). These mice show absence of proper
channel localization and delayed olfaction [62]. More detailed phenotypic
characterization of the dog model is required to ascertain how closely the canine
phenotype, both retinal and olfactory, mimics the CNGB1X-26 mouse model.

Mutations in CNGB1 have been identified in human patients with autosomal
recessive RP (RP45) and are reported to account for ~4% RP of cases [1]. In 2001,
Bariel et al. reported a consanguineous French family with RP that they mapped to an
interval containing CNGB1 [63]. They then identified a missense mutation that
converted an evolutionarily conserved glycine to valine (c.2978G>T; p.G993V) which
they predicted would alter the cyclic nucleotide-binding domain (CNBD). The effect of
this mutation was further elucidated in an elegant study reported by Michalakis et al
[59]; they showed that the p.G993V mutation prevented binding of cGMP and that

binding is required for removal of an inhibitory effect that the GARP domain and also
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GARP2 has on channel opening, such that if cGMP cannot bind to CNGB1 the CNG
channel is silent [59]. More recently resequencing of candidate RP genes led to the
identification of a simplex RP patient homozygous for a missense substitution in CNGB1
(c.2957A>T; p.N986I) resulting in substitution of a conserved amino acid 7 codons
upstream of the mutation identified by Bariel et al. and also in the CNBD [64]. Kondo et
al. used homozygosity mapping to screen known arRP genes in Japanese RP patients
and in one patient identified a mutation at the donor site of exon 32 (c.3444+1G>A) of
CNGBL1 [65]. Subsequently, Becirovic et al. performed exon trapping experiments to
investigate the effect of the mutation. Their studies suggest that the mutation leads to
skipping of exon 32 and replacement of the last 170 amino acids by 68 unrelated amino
acids [66]. The probands in the Bariel et al. and Kondo et al. studies had night blindness
from a young age and were diagnosed with RP in their 30’s [63,65].

The CNGB1-fs26 mutation identified in Papillon dogs was present in 13 of the 20
PRA-affected Papillons tested. This suggests that there is at least one additional PRA
locus segregating within the breed. Within-dog breeds genetic heterogeneity for PRA is
becoming more evident [13,16]. Additional studies will be required to find the gene
mutation(s) responsible for the other form(s) of PRA segregating in Papillons.

The early onset of loss of rod function in the CNGB1-fs26 mutant dog, coupled with
a slow retinal degeneration that we have observed in our colony dogs, seems to
accurately parallel the described disease course in human patients as well as the
comparable mouse model (CNGB1X-26). Recently recombinant adeno-associated viral
vector-mediated gene therapy to deliver a normal copy of CNGB1 to CNGB1-/- mice

was reported to allow for CNG channel formation, restoration of rod function and retinal
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morphological preservation [67]. The early loss of rod function and yet slow rod
photoreceptor loss in the animal models suggests that CNGB1 RP is a good target for
gene augmentation therapy. The CNGB1-fs26 mutant dog promises to be a valuable

model for preclinical trials of such therapy.
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Figure 2.S1. CNGB1 amino acid alignments. Sequence alignments performed using
muscle alignment in SeaView software ([68]. Single nucleotide polymorphism and
variants found in Papillon gDNA sequencing are numbered (1: p.E69K, 2: p.P72L, 3:
p.L1165P) and the changed amino acid is underlined. 2: p.P72L is the SNV that has
only been seen in Papillons with the mutation and is marked with red text. The
CNGB1X-26 mouse stop codon is highlighted in red. The Papillon mutation is
highlighted in green. The human mutations are marked in yellow (highlighted N [64] G

[63]and arrow which represents a splice mutation [65]). Epitopes for N-terminal antibody

(mouse, highlighted in purple) and C-terminal antibody (human, highlighted in teal).
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Table 2.S1. Primers for genomic DNA sequencing

Name F Primer R Primer Amplicon Size
Exon 1 catcgagctcctgttccac ggaagctccaggtttccag 284
Exon 2 aatgtgtgacccacagaagtg atgcagaactggcaactgtg 371
Exon 3,4 tgttcctgcctgaaccag tgcctgggaatgagtagagac 577
Exon 5, 6, 7 caggacactgtgaatgaagtgc cttgctcctgaacccaagac 660
Exon 8 tgtgcagatgaggctagagg ctcatccttcccgatgagc 356
Exon 9 gccaacatacagtacatcataagtttc  agctgatggctaagggcttc 215
Exon 10 ttggtgcctcaaatctggtc gtgttggacattgggctgag 318
Exon 11 tggggtctgagcagtaggtc ttgccctcagactttccatc 346
Exon 12 aggagcaactgggtcttcc tcagggcctggcectagtg 249
Exon 13 tgaatgatcatgggcttcag tcctgttctatgecctttgg 435
Exon 14 tggtctcagaggtcacaggac agcctctctgctcagtgctc 325
Exon 15 ttcctcaaatcacccaccac tctgtccagtcggcatctc 531
Exon 16 gaggactctaacagggtctgg ggatgagacaggcataggg 250
Exon 17 ccctccaaacatgctttctg tttaggaccagggagtaggg 358
Exon 18 atctgcaggcgtcaaagtc cctgctcatccctatccatac 248
Exon 19 tagggccaggtggaatacag cgtaggcctttctcaagcac 368
Exon 20 tgacagcatgttgtgaggtg gcttctecctcettgttctge 358
Exon 21 tccttccctaatcctactgtgg tgtctcgtctatcgcagcag 391
Exon 22, 23 agcacatgggtctaaggaatg ctcagggcagagctcaaatg 576
Exon 24 gggctaaggacctctgatttg agagtgccttgctccgttg 290
Exon 25 ggtggtcttgtttcccacag atgggacctctttccaggac 269
Exon 26 aagcgtttgcatcttgcac actcgtgctctttcccagac 361
Exon 27 cgtctgtgtagagtaaacgtgctc tctcctgacagceccagttg 437
Exon 28 agtgctacagcacagagactgc ctgtttaggggacgatgtgg 463
Exon 29 ccacatcgtcccctaaacag cacctcatgccaaacaacc 310
Exon 30 ctttccatcacatcactaactcc aaccacagtggcctccttc 498
Exon 31 ggtgggaagggacattttag tcgtttcagcagcacatttc 349
Exon 32 ccattagccaagacgaccac aaggcatggtccacaatctg 400
Exon 33 aagctgttcaagactcctccag tggtgggatggactctactg 488




Table 2.S2. Primers for cDNA sequencing

Name F Primer R Primer Amplicon Size
Exon 1-2 ctgcaagtgacagggagaag tcaggagccacagtgatctg 351
Exon 2-5 ctgcaagtgacagggagaag ctcaccaagtccatctgagc 538
Exon 3-10 ctggtggtcggcatctgag caggagccaagccatcaac 819
Exon 9-13 ggcttgagcagaatctggag  ataagctggagctgcctctg 494
Exon 12-18 ttgatggcttggctcctg tcgtaaacccagtgagtggag 1586
Exon 15-19 tagaggagatgcccaggaag gagccggtcattgatgatg 551
Exon 19-20 gaagatgttgatgcggacag gaaagcggtacgtcttccag 526
Exon 19-25 atgaggctgaagagctcagg ggactgccaggtgtactcg 1226
Exon 20-22 agctcatcgaccctgatgtc tgtccatcttaaagcgacgag 474
Exon 26-27  ttgaagtttggcgtgaatcc aaccgcatcttgtctggaag 581
Exon 27-31 tacgatggtgtgggaaacag ccagaatgaagaggttggtaaac 700
Exon 30-31 accggcagttgatctttgac cctcaggtgggcaagtttac 500
Exon 31-33 ccaagagctcgcaggatg tcactcggcctctttctt 287

Table 2.S3. Non-Papillon breeds tested for CNGB1 mutation

Breed

Australian Shepherd
Belgian Tervuren
Chinese Crested

Dachsund

Italian Greyhound
Labrador Retriever
Old English Sheepdog
Polish Lowland

Sheepdog

12
13

3
10
14
11
11

13

Clinically PRA
affected Unaffected Total
4 8
1 12
1 2
2 8
10 4
0 11
3 8
8 5
4 8

Tibetan Terrier

12
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Table 2.54. The entire region of homozygosity surrounding the site of the CNGB1 mutation

Ch Base

SNP Name r Position Pval
TIGRP2P260
57 0.04
rs8802155 p 60254384 o4
BICF2S23151
662 2 60273762 1
BICF2P11689 0.02
80 2 60548272 69
TIGRP2P266
49 0.02
rs9163294 p 60564157 “gq
BICF2S24415 0.02
286 2 60735861 69
TIGRP2P272
60 0.57
rs8792423 p 60980617 "o,
BICF2P71848 0.52
5 2 61031775 12
TIGRP2P272
64 0.00
rs8807842 p 61,049,489 22
BICF2P31983 0.52
8 2 61076087 12
BICF2P48812 0.52
8 2 61084643 12
BICF2P84542 052
0 2 61085185 12
BICF2P84541 0.57
9 2 61085481 92
BICF2P35217 0.57
3 2 61,094748 92
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Table2.54. cont’d

BICF2P54491
0
BICF2P34890
7
BICF2P13490
08
BICF2523137
837
BICF2523035
024
BICF2523238
410
BICF2P30931
5
BICF2P60641
5
BICF2P54823
7
BICF2523117
344
BICF2523119
288

BICF2P75954
BICF2S523730
507

BICF2P52239
BICF2S23740
273

2 61,179,425
2 61,182,288
2 61,198,715
2 61,206,318
2 61,341,337
2 61,420,765
2 61,428,709
2 61,556,283
2 61,563,742
2 61,604,057
2 61,608,201
2 61,645,929
2 61,656,330
2 61,677,919

2 61,700,423

0.00 A A A A A
22 B B B B B
0.00 A A A A A
22 B B B B B
0.00 A A A A A
22 B B B B B
0.00 A A A A A
22 B B B B B
0.00 A A A A A
22 B B B B B
0.00 A A A
22 B B B B
0.00 A A A
22 B B B
0.00 A A A A A A
22 B B B B B B
0.00 A A A A A A
22 B B B B B B
0.00 A A A A A A A A
22 B B B B B B B B
0.00 A A A A A A A A
22 B B B B B B B B
0.00 A A A A A A
22 B B B B B B
0.00 A A A A A A A
22 B B B B B B B
0.00 A A A A A A A
22 B B B B B B B
0.57 A A -
56 B B
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BICF2P57790
BICF2P14457
05
BICF2P65128
3
BICF2P12017
61
BICF2523256
057
BICF2P70584
1
BICF2523730
081
BICF2P10203
9
BICF2P34022
2
BICF2P14303
38
BICF2P56788
2
BICF2P35760
8
BICF2P14053
06
BICF2P56190
1

BICF2P62008

2 61,719,834
2 61,736,588
2 61,761,135
2 61,781,060
2 61,792,733
2 61,822,011
2 61,830,410
2 61,983,959
2 61,988,808
2 61,999,276
2 62,081,153
2 62,097,073
2 62,110,938
2 62,116,651

2 62,134,106

0.00
22
0.00
22
0.00
22
0.58
58
0.00
22
0.00
22

0.00
22

W>wWw>w>

W>>W>W>W>W>
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B
A
B
A
B
A
B
A
B
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B
A
B

W>>W>wW>w>>w>

W>>W>wW>w>>w>




Table2.54

BICF2S23035
175
BICF2S23187
69
BICF2P30838
1
BICF2P32432
3
BICF2P32432
2
BICF2P79637
3
BICF2P13304
55
BICF2P49612
5
BICF2S23424
493
BICF2P87532
1
BICF2P10048
26
BICF2P10648
92
BICF2S23430
864
BICF2P10556
66
BICF2P51117
9

.cont’d

62,150,701
62,158,518
62,177,558
62,214,897
62,215,437
62,243,400
62,252,040
62,301,315
62,312,743
62,324,397
62,332,319
62,343,676
62,357,680
62,367,351

62,405,199

W>W>W>WOW>WO>W>W>
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A
B
A
B
A
B
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B
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B
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B
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B
A
B
A
B
A
B
A
B
A
B




Table2.54. cont'd

BICF2P21387
1
BICF2P47313
8

BICF2P88807
BICF2P12207
95
BICF2P72095
1
BICF2P13929
15
BICF2523451
051
BICF2P87894
5
BICF2524428
69
BICF2P10002
52
BICF2522914
690
BICF2523321
75
BICF2523620
100
BICF2P68067
4
BICF2P12893
71

2 62,413,010
2 62,457,372
2 62,471,732
2 62,479,545
2 62,500,174
2 62,524,560
2 62,533,775
2 62,551,012
2 62,628,636
2 62,696,026
2 62,806,611
2 62,819,638
2 62,826,928
2 62,964,565

2 63,127,929

W>W>>W>w>w>
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Table2.54. cont'd

BICF2523032

857 2 63,150,127
BICF2523356
306 2 63,158,699

BICF2523551
818 2 63,231,557

0.65
14
065 A
52
0.02
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2.7.1 Supplemental methods — CNGB1 genotyping assay

PCR primers (F primer 5-AAGCGTTTGCATCTTGCAC-3' and R primer 5-
TGTCCGATCATCACAGAGAAAG-3’) were designed to amplify CNGB1 exon 26
(Figure 2.S2). PCR amplification produces a 239 bp product in unaffected dogs and a
larger 244 bp product in affected dogs (due to the 1 bp deletion and 6 bp insertion,
Figure 2.S2A; red highlighted text Figure 2.S2B). The enzyme Alul, which recognizes
the sequence AGCT, can be used to distinguish the normal and mutant alleles. The
PCR product is digested for 2 hr at 37°C with 5 units Alul enzyme in 1X NEB buffer 4
(New England Biolabs, Ipswitch, MA). There is a common Alul site (blue highlighted text
Figure 2.S2B) in both unaffected and affected dog DNA that verifies restriction enzyme
activity. The unaffected dogs have a 218 bp product and the common 21 bp product
(run off the end of this gel; Figure 2.S2A). The affected dogs, due to the 6 bp insertion
(AGCTAC) that contains an Alul cut site, produce the 21 bp common band and the
diagnostic 95 and 128 bp bands (Figure 2.S2A). A heteroduplex band is also seen in
carriers, which migrates slightly slower than the 218 bp band. Note that the genotyping
assay is designed utilizing the 6 bp insertion, not the 1 bp deletion. It is assumed that

these two sequence changes are in complete linkage disequilibrium.
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Unaffected dog sequence

aagcgtttgcatcttgcacagctgtcagagccaggccacccaggctcagcagggtggggecttt
gctgaccgaggtccccttectettetetetetagTTACATTCGCTGT THCT A CTGGGC
TGTGAAGACCCTCATCACCATTGGTGGGCTGCCTGACCCCAGAACGCTCTTTGAAATTGTCTTC
CAGGGGCTGAACTATTTCACGGGTGTCTTTGCTTTCTCTGTGATGATCGGACAGgtagctgggt
caccagtctggcttgccacccaccecgtctgccagggeccccteccactactgeccagaaatgtcac
catctgtggccattccttttggactaagtctgggaaagagcacgagt

Affected dog sequence

aagcgtttgcatcttgcacagctgtcagagccaggccacccaggctcagcagggtggggecttt
gctgaccgaggtccccttectettetetetetagTTACATTCGCTGT TiCT EEEINEEA C TGGGC
TGTGAAGACCCTCATCACCATTGGTGGGCTGCCTGACCCCAGAACGCTCTTTGAAATTGTCTTC
CAGGGGCTGAACTATTTCACGGGTGTCTTTGCTTTCTCTGTGATGATCGGACAGgtagctgggt
caccagtctggcttgccacccacccecgtctgccagggeccccteccactactgeccagaaatgtcac
catctgtggccattccttttggactaagtctgggaaagagcacgagt

Figure 2.S2. CNGB1 genotyping assay. (A) An agarose gel shows the banding
patterns of digested PCR products from CNGB1 affected, carrier and unaffected
Papillons. (B) The unaffected dog CNGB1 sequence is shown above the affected dog
sequence and the primer binding sites are underlined, Intronic sequence is in lower
case and exonic sequence is in upper case. The sequence differences are indicated by
red highlighting. The Alul enzyme recognition site that is common to both the wildtype
and mutant alleles is shown by blue highlighting.
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CHAPTER 3

DETAILED DESCRIPTION OF THE RETINAL PHENOTYPE OF CNGB1 AFFECTED
DOGS
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3.1 Introduction

Retinitis pigmentosa (RP) is one of the leading causes of inherited retinal
degenerations in humans [1]. RP is a well-studied group of retinal diseases in which
mutations in over 40 genes have been described. However, detailed phenotypic
descriptions of individual types of RP are sometimes lacking in the available literature.
For example RP45 patients, caused by mutations in the CNGB1 gene, have no
published ERG or OCT analyses. Understanding the natural course and progression of
RP requires detailed ERG, OCT and histological analyses which may aid in the
development of potential therapies. For obvious reasons, retinal histology on early stage
or pre-degenerate eyes is not a common occurrence for RP characterization. For
histological studies, animal models are instrumental. Purpose-bred animals can be
studied at early ages and followed throughout the course of the disease.

The CNGB1 gene produces three retinal proteins in the rod photoreceptor. There
are two shorter splice variants that produce glutamic acid-rich proteins that are
necessary for structural integrity of the rod photoreceptor and a full length protein
(CNGB1a) which is the beta subunit of the rod cyclic nucleotide-gated ion channel that
is an integral component of the phototransduction cascade [2,3]. There are two CNGB1
knockout mouse models which have allowed the characterization of phenotypes
resulting from two different mutations in the gene [4,5]. In chapter 2, a complex mutation
in CNGBL1 identified in Papillon dogs was described. Dogs homozygous for the CNGB1
mutation have abnormal rod function from as early as 5 weeks of age, obvious retinal
vasculature attenuation within the first year of life and a slow loss of cone function over

the next 5-8 years [6].
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The purpose of this study was to provide detailed characterization of the
progression of the retinal degeneration caused by the mutation identified in the CNGB1
gene in Papillon dogs. Understanding the natural progression of the disease will provide

a baseline for future development of therapies for the disease [7].
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3.2 Materials and methods

3.2.1 Animal use

The dogs used in this study were maintained in a colony at the Michigan State
University Comparative Ophthalmology Laboratory. Dogs were housed in a 12:12 hour
light-dark cycle. The dogs were cared for and all experiments and procedures were in
compliance with the ARVO statement for the Use of Animals in Ophthalmic and Vision
Research and approved by the Michigan State University Institutional Animal Care and
Use Committee (AUF number 05/11-106-00 and 05/14-090-00; Institutional NIH/PHS

Animal Welfare Assurance number A3955-01).
3.2.2 Electroretinography

Electroretinograms (ERGs) were recorded following a modified procedure
previously described [8]. Briefly, an Espion E2 Electrophysiology system with
ColorDome Ganzfeld (Diagnosys LLC, Lowell, MA) with the bandpass set between 0.5
and 500 Hz was used. Dogs were dark-adapted for one hour before being anesthetized
with intravenous propofol (10 mg/kg PropoFlo, Abbott Animal Health, North Chicago,
IL). They were then intubated and maintained on inhaled 1 to 2% isoflurane (Isoflo,
Abbott Laboratories, North Chicago, IL) delivered in oxygen. The anesthesia and
manipulations were carried out under a dim red light. The ERG assessment consisted of
11 dark-adapted flash intensities (-2.41, -2.00, -1.60, -1.19, -0.79, -0.39, 0.00, 0.39,
0.85, 1.36, 1.90 log cdS/m?) and a 5 Hz flicker with flash intensity -1.60 log cdS/m? to
record rod photoreceptor and mixed rod-cone photoreceptor responses. Following this

procedure, dogs were light adapted at 30 cd/m? for 10 minutes and 11 light-adapted
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flash intensities superimposed over the same 30 cd/m? background light (-2.41, -2.00,
-1.60, -1.19, -0.79, -0.39, 0.00, 0.39, 0.85, 1.36, 1.90 9 log cdS/m?) were recorded for
cone photoreceptor responses.

To investigate residual rod function scotopic ERGs were recorded from 7 week
old CNGB1 affected dogs (N=5), 8 week old PDEGA affected dogs (PDEGA affected
dogs do not have rod function at this age, N=4) and 7-10 week old phenotypically
normal dogs (N=3) [9].

Preservation of cone function was investigated by photopic ERGs recorded from
older CNGBL1 affected dogs 1 year, 1.5 years, 3 years, 3.5 years, 4 years and 5.5 years
of age (N=2 for each time point). The photopic ERGs of CNGB1 affected dogs were
compared to phenotypically normal controls that were ~1.5 years old (N=3) and 3 years

old (N=2).
3.2.3 Spectral domain-optical coherence tomography

Assessment of CNGBL1 affected dog retinal morphology was performed by
Spectral Domain-Optical Coherence Tomography (SD-OCT; Spectralis OCT+HRA
Heidelberg Engineering Inc., Heidelberg, Germany). Dogs were anesthetized with
intravenous propofol (10 mg/kg PropoFlo, Abbott Animal Health, North Chicago, IL),
then intubated and maintained on inhaled 1 to 2% isoflurane (Isoflo, Abbott
Laboratories, North Chicago, IL) delivered in oxygen. The pupil was dilated with 1%
topical tropicamide (Mydriacyl, Alcon Laboratories, Honolulu, HI, USA), a lid speculum
fitted and the eye positioned in primary gaze using a stay suture in the inferior perilimbal
conjunctiva. High-resolution cross-section images obtained by line and volume scanning

and images from the same region of the central retina of CNGB1 affected and
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phenotypically normal dogs were assessed. OCTs were measured from CNGB1
affected dogs aged 3 months (N=3), 5-7 months (N=4), 1 year (N=1), 1.5 years (N=3), 4
years (N=1) and 5.5-6 years (N=2). Measurements of the central dorsal retina were
collected and compared to phenotypically normal dogs 6 months (N=4), 1.5 years

(N=1), 3.3 years (N=1), 4.8 years (N=1) and 8 years (N=2) of age.
3.2.4 Vision testing

Vision testing was performed using a previously described four-choice vision
testing device [10]. Briefly, dogs were placed in the central box of the vision testing
device from which there are four tunnel exits. The far ends of three of the exits were
blocked and one was left open. The open exit was randomly chosen for each run.
Different light intensities were used to illuminate the room outside of the device (35-45
cd/m?, 15.0 cd/m?, 8.0 cd/m?, 1.0 cd/m?, 0.4 cd/m?, 0.2 cd/m?, 0.02 cd/m?). The time it
takes for the dog to exit the device was recorded, as well as whether the open exit was
selected as its first choice. This is a proven method for determining the functional vision
of a dog. Increased time and incorrect exit choices indicate decreased vision in the dogs
[11]. The mean correct choice and time to exit was calculated over 14 runs per light

intensity.
3.2.5 Sample collection and processing

Following humane euthanasia eyes were enucleated from 5 CNGBL1 affected
dogs (8 weeks, 5 months, 1 year, 1.5 years, 2.3 years and 2.5 years). The right eyes
were fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA,

USA) in phosphate buffered saline (PBS, pH 7.4) with 3% sucrose for 3 hours at 4°C.
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The anterior segment of the eye was removed and the eyecup placed back in the
fixative for 30 minutes. The eyecup was removed from the fixative, washed with PBS
and placed in 30% sucrose in PBS overnight at 4°C. The eye was washed in PBS
before embedding in optimal cutting temperature medium (Electron Microscopy
Sciences, Hatfield, PA, USA) and frozen with liquid nitrogen. Eyes were stored at -20°C
until sectioning. Eyes were sectioned (14 um) using a cryomicrotome (Leica CM3050-S,
Leica Microsystems, Buffalo Grove, IL, USA).

Left eyes from the CNGBL1 affected dogs and one control dog (8 weeks old) were
fixed in 3% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer
(Electron Microscopy Sciences, Hatfield, PA, USA) for 30 minutes, the anterior segment
of the eye removed and the eyecup placed back into the fixative overnight at 4°C. The
samples were washed and stored in 0.1 M sodium cacodylate buffer at 4°C until
dissected. A 3.0-3.5 mm portion of the retina was dissected about 1-2 mm dorsal to the
optic nerve i.e. the central retina. The tissue samples were embedded in 1-2% agarose
in 0.1 M sodium cacodylate buffer to facilitate handling of the tissue samples without
detachment of the retina during processing. Tissue samples were post-fixed in 2%
osmium tetroxide for 15 mins before dehydration in acetone and infusion of Spurr resin
[12]. Samples were sectioned with an RMC MTX ultramicrotome (Boeckeler
Instruments, Tucson, AZ, USA). Thick sections (500 nm) were stained with epoxy tissue
stain (Electron Microscopy Sciences, Hatfield, PA, USA) and imaged with a light
microscope (Nikon Eclipse 80i, Nikon Instruments Inc., Melville NY). Thin sections (70-
100 nm) were captured on copper grids and stained for 20 min with 4% uranyl acetate

and 15 min with Reynolds lead citrate [13]. Thin sections were imaged on a JEOL
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100CX transmission electron microscope with a Gatan ORIUS camera (Gatan Inc.,

Pleasanton, CA, USA).
3.2.6 CNGBL1 transcript quantification and investigation of exon skipping

Retina from 8 week old CNGBL1 affected dogs (N=2), 8 week to 5 month CNGB1
heterozygous dogs (N=3) and 8 week old mixed breed control dogs (N=3) were
dissected from enucleated eyes, placed in an RNA stabilization buffer (RNAlater,
Qiagen Sciences, Germantown, MD) and stored in a -80°C freezer until RNA extraction.
RNA was extracted according to manufacturer’s protocol (RNeasy midi kit, Qiagen
Sciences, Germantown, MD). cDNA was made from mRNA using a 3’ RACE kit
according to manufacturer’s protocol (Invitrogen, Carlsbad, CA).

MRNA tissue expression was analyzed via real time quantitative PCR (RT-
gPCR) on cDNA templates. An Applied Biosystems StepOne Fast machine (Applied
Biosystems Inc., Foster City, CA) was used for the RT-qgPCR. The reactions were held
for 10 minutes at 95.0° C, then run for 40 cycles at 95.0° C for 15 seconds and 60.0° C
for one minute. Samples were run in duplicate and no-template controls were included
in each run. The CNGB1, CNGA1 and PDEG6A products were normalized to products
from the succinate dehydrogenase gene (SDHA) (Table 3.1). The ratios of the ddCt

values are calculated and compared.

Table 3.1. RT-gPCR primers for retinal tissue expression

Gene Forward Primer Reverse Primer Size?
CNGB1 GGACATCACCGTGTTCCAG TGTCCATCTTAAAGCGACGAG 113
CNGAl1l TCCCAATGTGATTGTTCCAG TCAAACATGGAGGCACTGTC 111
PDE6A CCACGTGAAGTGTGACAATG AGCTCTCCTTGCAGGATCTC 117
SDHA CGGTCCATGACTCTGGAAAT GCAACTGCAGGTACACATGG 73
1. Amplified cDNA size
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Primers were designed flanking CNGB1 exon 26 (F primer:
AGGGTTTTCCCAGTCACGACCGGCCTACCTGCTCTACAGT,; R primer:
ACCAGGTCTTGACACGGTTC) to investigate exon skipping due to the mutation.
Amplicons were purified and sent to Michigan State University’s Research Technology
Support Facility for Sanger dideoxy-sequencing on an ABI 3730 Genetic Analyzer

(Applied Biosystems, Inc., Foster City, CA).
3.2.7 Immunohistochemistry

Immunohistochemistry was performed on frozen retinal sections from CNGB1
affected dogs and phenotypically normal dogs. The primary and secondary antibodies
concentrations, details and protocols are listed in Table 3.2. Protocols 1, 2 and 3 are
described below.

Protocol 1: Frozen sections were blocked with 5% horse serum (Sigma-Aldrich,
St Louis, MO), 0.5% Triton™ X-100 (Sigma-Aldrich, St Louis, MO) for 1 hour at room
temperature. Follow the blocking step the primary antibody was placed on the sections
overnight at room temperature.

Protocol 2: Frozen sections were blocked with 5% horse serum, 0.5% Triton™ X-
100 for 2 hours at room temperature. Follow the blocking step the primary antibody was
placed on the sections overnight at 4°C.

Protocol 3: Frozen sections were blocked with 10% horse serum, 0.1% Triton™
X-100 for 2 hours at room temperature. Follow the blocking step the primary antibody
was placed on the sections overnight at 4°C.

Following the primary antibody incubation steps in Protocols 1, 2 and 3, a

secondary antibody was placed on the slides for 2 hours in the dark at room
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temperature. The nuclear stain DAPI was used as a counterstain for all labeled
sections.

Immunolabeled sections were imaged using a fluorescent microscope (Nikon
Eclipse 80i, Nikon Instruments Inc., Melville NY) using commercial image capture
software (MetaVue, Molecular Devices, Sunnyvale CA). Unless otherwise noted,
images were taken using the same exposure settings for both affected and control
samples.

Table 3.2. Antibody details and concentrations

Antigen
Target Antibody Details Source Secondary Antibody Protocol
CNGB1 mid" 1:2000 rabbit Dr. Frank Mdller 1:500 AlexaFluor 1
(574-763) polyclonal FPc21K anti-rabbit 488

1:10 mouse 1:500 AlexaFluor
CNGA1 monoclonal Dr. Bob Molday anti-rabbit 488 2
Human .

1:10,000 rabbit 1:500 AlexaFluor
cone polyclonal Dr. Cheryl Craft anti-rabbit 488 3
arrestin
Rhodoosin 1:2 mouse Thermo Scientific  1:500 AlexaFluor 3

P monoclonal MS-1233-R7 anti-mouse 488

3.2.8 Statistical analysis

P-values were calculated using the statistical software SigmaPlot v12. (Systsat
Software, Inc, San Jose, CA, USA). Data were analyzed for normality and equal
variance. If the data passed normality and variance tests, a Student t-test was.
Nonparametric data was analyzed using a nonparametric t-test (unequal variance) or a

Mann-Whitney Sum Test (not normally distributed).
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3.3 Results
3.3.1 RT-gPCR and exon skipping

To determine if the CNGB1 mutation identified in PRA affected dogs decreases
the expression of the CNGB1 transcript a real time quantitative PCR (RT-gPCR) assay
was used on samples from 8 week old CNGB1 affected dogs (N=2), young CNGB1
heterozygous dogs (N=3) and young control dogs (N=3) (Table 3.3). The level of
CNGBL1 transcript was normalized to the gene SDHA. The level of expression of mutant
CNGBL1 in CNGBL1 affected dogs was significantly lower (42% + 8.5, p=0.026) than of
the wild-type transcript in the control dogs. The mean expression level in the
heterozygous dogs was also lower than controls but this difference was not statistically
significant (81% * 22.5, p=0.299). CNGAL transcripts were also compared between
CNGBL1 affected and control dogs. CNGB1 affected and heterozygous dogs had lower
mean transcript levels of CNGAL than the control dogs but the difference was not
statistically significant (68.5% + 4.9; p=0.254 and 74.3% * 11.9, p=0.226 respectively).
PDESGA transcript levels were also assessed to see if other phototransduction
transcripts were decreased. Mean PDEGA transcript levels were lower in the CNGB1
affected samples than the controls but this difference was not statistically significant

(64.5% + 23.3 p= 0.185).
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Table 3.3. RT-q PCR results from retinal extracts

Sample1 CNGB12 CNGALl PDEGA
Aff 1 0.48 0.72 0.81
Aff 2 0.36 0.65 0.48
Het 1 1.04 0.78 1.63
Het 2 0.80 0.61 0.79
Het 3 0.59 0.84 1.39
Unaf 1 1.17 1.40 0.76
Unaf 2 1.05 0.94 1.06
Unaf 3 0.81 0.76 1.24

1. Biological replicates. Aff 1-2, Het 1 and Unaf 1-3: 8 weeks old; Het 2: 12 weeks;
Het 3: 5 months
2. Fold change from average of unaffected values.

PCR from retinal cDNA from dogs homozygous for the CNGB1 mutation using
primers in the exons flanking the CNGB1 mutation in exon 26 (i.e. exon 25 and exon
27) resulted in a product of smaller size (~270 bp) than that from wild-type retinal cDNA
(~410 bp) (Figure 3.1A). The heterozygous dog had PCR products of the expected
wild-type length and of the length seen in the homozygous CNGB1 affected dog.
Sequencing of the shorter PCR product showed that exon 26 is skipped in the
transcripts of CNGB1 affected dogs. The wild-type dog protein sequence near the
mutation site is shown in Figure 3.1B. The skipping of exon 26 alters the previously
predicted protein sequence (6 new amino acids before a premature stop codon)
(Figure 3.1C) to result in a predicted polypeptide with one altered amino acid before

the truncation of the protein in the first codon of exon 27 (Figure 3.1D).
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Figure 3.1. Exon 26 is skipped in CNGB1 affected dogs. (A) Agarose gel showing
size difference of PCR amplicon indicating exon skipping. The expected size of the PCR
amplicon is 403 base pairs (bps). Exon 26 is 142 bps in control dogs and 137 bps in
CNGB1 affected dogs. The aberrant amplicon is 266 bps as seen in the agarose gel.
(B) shows the control protein sequence with yellow dashes and red box indicating the
mutation site. (C,D) The evidence of exon skipping has changed the previously
predicted alterations of the amino acids and location of the premature stop codon (C) to
the protein sequence in panel D. The red dash in panel C is the location of the 1 base
pair deletion and the 6 base pair insertion is highlighted in yellow. The 100 bps ladder
sizes 300 and 500 bps are labeled.

3.3.2 Presence of truncated CNGB1 protein and low levels of CNGAL protein in

frozen retinal sections

Immunolabeling of frozen retinal sections with a CNGB1 antibody (‘(CNGB1mid’)
indicates the presence of truncated protein. The CNGB1mid antibody binds to residues
574-763 which are located upstream of the CNGB1 mutation site and would therefore
label a truncated protein [14]. The CNGB1mid antibody labels the inner segments of the
rod photoreceptors and not the outer segments. This suggested that the truncated
CNGBL1 subunit is not incorporated with CNGAL1 into channels in the outer segments
(Figure 3.2A,B). CNGA1 immunolabeling was not detectable in the rod outer segments

of CNGBL1 affected dogs when the same exposure was used as for the sections from
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control dogs. However, if the exposre was increased eight times immunolabeling was
detectable in the outer segments of the rod photoreceptors of CNGB1 affected dogs
(Figure 3.2B). This low level of CNGAL in the CNGB1 affected outer segments may
represent CNGA1 homomeric channels. In vitro studies have shown that CNGA1

protein can form homomeric CNG channels with functional but altered channel kinetics

Control Affected

>

CNGB1mid

oV

CNGA1

[15-17].

Figure 3.2. Truncated CNGB1 and low levels of CNGA1 are expressed in the retina
of CNGB1 affected dogs. (A) The CNGB1mid antibody (FPc21K) which labels full
length CNGB1 protein but does not label the smaller GARP proteins (i.e. located
upstream of the CNGB1 mutation site) indicates the presence of truncated CNGB1
protein in the inner segments of rods. (B) CNGAL is correctly localized to the rod outer
segments at low concentrations in the CNGB1 affected dog. The CNGB1 affected dog
image in panel B shows CNGA1 antibody labeling with equal exposure to the control
dog (left half) and 8x the exposure of the control dog (right half). Size bar 20 um. OS —
outer segments, IS — inner segments, ONL — outer nuclear layer, OPL — outer plexiform
layer, INL — inner nuclear layer.
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3.3.3 Residual rod function

With the histological evidence suggesting presence of homomeric CNGA1
channels in the rod outer segments, ERGs were carefully analyzed to determine
whether residual rod photoreceptor function could be detected in the CNGB1 affected
dogs. Seven week old CNGB1 affected dogs were compared to 8 week old PDEGA
affected dogs. At 8 weeks old, the PDEGA affected dogs do not have rod function [9]. A-
wave intensity-response (I-R) curves show that the CNGB1 affected dog a-waves are
larger than those of the PDEGA affected a-waves and are significantly different at 8/11

of the light intensities (Table 3.4, Figure 3.3).

Table 3.4. Scotopic a-wave amplitude comparisons between control, CNGB1
affected and PDEGA affected 7-8 week old dogs

Flash Intensity Control CNGBL1 affected PDEGA affected
Log cdS/m?>  a-wave! SD? a-wave! SD?* a-wave! SD? P-value®
-2.41 0.65 0.81 0.56 0.40 0.08 0.08 0.095
-2.00 2.18 1.06 0.49 0.60 0.34 0.17 0.690
-1.60 3.18 1.81 0.56 0.40 0.08 0.08 0.032
-1.19 7.80 1.95 1.34 0.52 0.50 0.22 0.008
-0.80 17.63 5.04 1.42 0.86 0.30 0.20 0.008
-0.40 35.24 6.29 2.03 0.91 1.02 0.21 0.151
0.00 57.29 14.87 5.80 1.41 2.06 0.97 0.008
0.39 80.41 1593 11.25 3.71 3.11 1.56 0.008
0.86 98.59 2252 17.52 5.29 5.35 1.90 0.008
1.36 120.42 30.11 22.77 8.47 3.36 2.43 0.008
1.90 141.80 31.60 28.84 12.42 5.60 2.43 0.008
1. Average a-wave from control (N=3), CNGB1 affected (N=5), PDE6A affected (N=5)
dogs

2. Standard deviation of a-wave means
3. P-value of CNGBL1 affected dogs compared to PDEGA affected dogs, calculated
using Mann-Whitman rank sum test
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Figure 3.3. Scotopic intensity-response a-wave curves of PDEGA and CNGB1
affected dogs. 7-8 week old CNGB1 and PDEGA affected dog scotopic amplitudes.
PDEGA dogs do not have rod function at this age. The inset graph shows the lowest
light intensities. The CNGB1 dogs have significantly larger scotopic a-waves at brighter

light intensities. * - p<0.05, ** - p<0.01.

Plotting mean ERG tracings from CNGB1 and PDEG6A affected dogs on the same

graph shows an abnormal second positive wave following the initial a- and b-waves

peaking around 170 msec (Figure 3.4). This wave occurs in scotopic ERGs at the lower

light intensities, where the ERG is primarily rod driven.
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Figure 3.4. CNGB1 affected dogs have an abnormal second slow positive
waveform that is present after the normal b-wave. The CNGB1 affected dogs (red
line) have a slow additional wave peaking at around 170 msec. The PDEG6A affected
dogs (blue line) do not have a similar peak nor do control dogs (data not shown).

3.3.4 Retinal morphology of CNGB1 affected dogs

To assess the morphological changes during the course of the retinal
degeneration we used OCT for in vivo analysis and measured the thickness of retinal
layers from a consistent region of the dorsal retina. The photoreceptor layers were
measured from images taken 5000 um dorsal to the optic nerve. Figure 3.5 shows the
photoreceptor thickness (“Rec+”; measured from the outer plexiform layer to the
photoreceptor outer segments) on a series of dogs over ~6 years of disease
progression (red squares) compared to control dog photoreceptor thickness (blue
diamonds, 6 months to 96 months of age). At 3 months of age the thickness of the
photoreceptor layer is normal. There is only a slight decrease in thickness by 7 months

of age. There is a significant difference in thickness of the photoreceptor layer starting
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at 1.5 years of age (p<0.001). By 4 years of age, there is a substantial decrease in
photoreceptor layer thickness. The photoreceptor layer continues to decline until the last
time point was measured ~6 years of age (66-69 months). Supplemental Table 3.S1

shows the data, p-values and statistical test used that correspond with Figure 3.5.
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Figure 3.5. OCT measurements show CNGB1 affected dog Rec+ thickness
decreases slowly. The blue diamonds indicate the photoreceptor thickness in control
dogs from 6 months to 8 years of age. The CNGB1 affected dog (red squares) Rec+
layer decreases as the disease progresses. There is a significant decrease (**) in
thickness of CNGBL1 affected dogs at 19 and 66 months of age compared to the control
dogs. There was no significant difference between young control dog (6 months) Rec+
thickness and old control dogs (18 — 96 months) * - p <0.05, ** - p <0.01. Control dogs:
6 months (N=4), 18 months (N=1), 39 months (N=1), 64 months (N=1), 96 months
(N=2). CNGBL1 affected dogs: 3 months (N=2), 5 months (N=2), 6-7 months (N=3), 12
months (N=1), 19 months (N=3), 66 months (N=2).

Semi-thin plastic embedded sections from CNGB1 affected dogs were compared
to control dog sections using light microscopy. Figure 3.6 shows representative images

from the central dorsal regions of a control dog and an age series of CNGB1 affected
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dogs. At 8 weeks of age the CNGBL1 affected dog retina looks relatively normal,
although the cone inner segments appear within the outer segments of the rods (as
shown by arrows in Figure 3.6) due to shortening of the rod inner segments. From 5
months to 1 year of age, the outer nuclear layer has thinned slightly and the outer
segments have shortened, thinned and are disorganized. The cone and rod inner
segments are still apparent. By 1.5 years of age the outer nuclear layer of the retina has
thinned considerably, being reduced from a normal of 10-12 nuclei thick to only 4-5
nuclei thick. There are still some remnants of rod outer segments and the cones have
started to lose their shape and begun to shorten. At 2.3 years, the outer nuclear layer
shows little further change in thickness but rod inner segments are very reduced in size
and the cone inner segments have a round and stunted shape.

Figure 3.7 shows representative transmission electron microscopy images from
the central dorsal regions of a control dog and the age series of CNGB1 affected dogs.
Control dogs show tightly packed rod outer segments and the disks of the rod outer
segments are organized. The 8 week CNGB1 affected dog shows disorganized outer
segments but the disks appear to be stacked relatively normally. At 5 months of age,
the rod outer segments are variable in size and the disks are not stacked uniformly. The
1 year CNGBL1 affected dog shows less tightly packed rod outer segments. The rod

outer segments are very disorganized, stunted and highly variable in appearance.
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Figure 3.6. Plastic embedded semi-thin sections of control and CNGB1 affected
retinal tissue show slow retinal thinning and changes in inner and outer segment
structure. Plastic embedded tissue samples from an 8 week old control dog compared
to 8 week, 5 month, 1 year, 1.5 year and 2.3 year CNGBL1 affected dogs. The black
arrow heads in the sections point to cone inner segments. The inner segments of cones
are located adjacent to the inner segments of rods in the control dogs. Shortening of the
rod inner segments in the CNGB1 affected dogs means that cone inner segments
extend to the level of the rod outer segments. Rod outer segments appear disorganized
and deteriorate over the course of the first 2 years of life. Initially, cone inner segments
appear grossly normal then, with rod loss, initially appear enlarged (1 year CNGB1
affected) but then become shortened and atrophied (see 2.3 years of age). 500 nm
sections were stained with epoxy tissue stain. Size bar 20 um. OS — outer segments, IS
— inner segments, ONL — outer nuclear layer.

Interestingly, as seen in the bottom panel of the 1 year old affected dog (Figure
3.7), some relatively normal looking rod outer segments are still present. By 2.3 years,
there are inner segments of rods and cones present and scattered remnants of outer

segments remain.
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Figure 3.7. Transmission electron microscopy shows disorganized rod outer
segments in CNGB1 affected retinal tissue. 8 week control dog retinal tissue shows
organized rod outer segments and organized, horizontally stacked disks. The rod outer
segments are tightly packed. 8 week old CNGBL1 affected retinal tissue shows
increasing levels of disorganization as the retina degenerates. Note that even at 2.3
years, there are still stubs of inner segments and remnants of outer segments (bottom).
Top — 5000X, size bar 2 um. Bottom — 10000X, size bar 1 pm.
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Frozen retinal sections were immunolabeled with rod photoreceptor (rhodopsin,
Figure 3.8) and cone photoreceptor markers (PNA, M/L opsin and cone arrestin Figure
3.9). Rhodopsin is correctly localized to the outer segments at 1 year of age (Figure 3.8)
but at 2.5 years old, there is mislocalization of rhodopsin with the protein appearing in
the remnants of the outer segments but also in the photoreceptor cell body. Co-labeling
with PNA and M/L opsin stains the cone extracellular matrix (peanut agglutinin, PNA)
and the outer segments of medium/long wavelength cones (M/L opsin) (Figure 3.9).
These antibodies are correctly localized confirming the preservation of cone morphology
seen in the plastic sections. Up to 1 year of age, the CNGB1 affected dogs show near
normal cone morphology and protein labeling. At 1.5 years of age the cone outer
segments appear shorter and less defined. By 2.5 years of age, the cone outer

segments are severely shortened (Car, Figure 3.9).

Control 1 yr Aff 2.5 yr Aff

Rhodopsin

Figure 3.8. Rhodopsin is mislocalized in older CNGB1 affected dogs. Rhodopsin is
correctly localized to the outer segments in control dogs and 1 year old CNGB1 affected
dogs. At 2.5 years of age, there is mislocalization of the rhodopsin protein.
DAPI/rhodopsin overlays are displayed in the left panels while the rhodopsin-only stain
is on the right panel, highlighting the mislocalization in the older dog. Size bar 20 um.
OS - outer segments, IS — inner segments, ONL — outer nuclear layer, OPL — outer
plexiform layer, INL — inner nuclear layer.
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Figure 3.9. Cones show near normal morphology until 1 year of age and are still
present at 2.5 years of age. Normal morphology of cones is shown until 1 year of age
in the CNGB1 affected dogs. (Top) PNA and M/L opsin shows correct localization
throughout the time span shown but the outer segments degenerate and are shortened
by 2.5 years. (Bottom) Human cone arrestin (Car) labels the cone sheath and shows the
shortening of the cone outer segments. In the older CNGBL1 affected dogs (1.5 and 2.5
years) the cones are still visible, albeit shortened. Size bar 20 um. OS — outer
segments, IS — inner segments, ONL — outer nuclear layer, OPL — outer plexiform layer,
INL — inner nuclear layer.

3.3.5 Preservation of cone function

Histological sections revealed that the cones have well preserved morphology
until 1 year of age in the CNGB1 affected dogs. ERG analysis of photopic ERGs
showed decreased but measurable function until at least 5.5 years of age. A-wave
amplitudes of the CNGB1 affected dogs were significantly lower than controls at 3.5 and

5.5 years of age (p=0.02 and 0.018, respectively).
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The CNGBL1 affected b- wave amplitudes were significantly lower than controls at 5.5
years of age (p=0.003) but there was not a significant difference at the other ages
(Figure 3.10, 3.11). These data support the observation that there was near normal
levels of cone function until between 3.5 and 5.5 years of age when the ERG cone b-
wave decreased from a~30 pV (b-wave mean at 4 years of age) to ~6 pV (b-wave mean
at 5.5 years of age) (Figure 3.11).

Vision testing using a four-choice device was conducted on CNGBL1 affected
dogs (4 months to 6 years of age) to assess visual function. There was no significant
difference of correct exit choice and time to exit between young CNGB1 affected dogs
(4 months - 1.5 years) and old CNGB1 affected dogs (2 - 5.5 years) (data not shown).
The young and old CNGB1 affected dog results were combined and compared to
controls dogs resulting in a significant difference at the dimmer light intensities (Figure
3.12). The time to exit increases as the CNGB1 affected dogs become unsure of which
exit to choose. The CNGB1 affected dogs have no significant differences in the time it
takes them to choose an exit compared to control dogs except at the dimmer light
intensities (Figure 3.12). Supplemental Table 3.S1 shows the data, p-values and

statistical test used that correspond with Figure 3.10 through 3.12.
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Figure 3.10. A-wave amplitudes in CNGB1 affected dogs are maintained until 5.5
years of age. Photopic a-wave amplitude difference between CNGB1 affected and
control dogs is significantly lower at 3.5 and 5.5 years at a flash intensity of 0.4 log
cdS/m?% * - p<0.05
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Figure 3.11. B-wave amplitudes in CNGB1 affected dogs are maintained until 5.5
years of age. There is no significant difference in b-wave amplitudes at photopic flash
intensity 0.4 log cdS/m? between CNGB1 affected dogs and control dogs until 5.5 years
of age by which time the b-wave amplitude was significantly decreased. This suggests
that CNGB1 affected dogs have near normal cone function until 5.5 years of age. * - p <
0.05,* -p<0.01
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Figure 3.12. Vision testing CNGB1 affected dogs shows functional cone vision
despite retinal degeneration. Light intensity: 1 — Full light (i.e. 35-45 cd/m?), 2 — 15.0
cd/m?, 3 -8.0 cd/m?, 4 — 1.0 cd/m?, 5 — 0.4 cd/m?, 6 — 0.2 cd/m?, 7 — 0.02 cd/m? (very
dim light). (A) CNGBL1 affected dogs (4 months to 6 years of age, N=7) show significant
signs of inability to choose the correct exit at the lower light intensities. (B) The time it
takes for a dog to exit the device is significantly increased at the lower light intensities.
These graphs show that affected dogs up to 5.5 years of age have enough cone
function despite advance retinal degeneration and very low a- and b-wave amplitudes
(at 5.5 years of age) to navigate the vision testing device at all intensities except at dim
light levels below cone threshold. * - p <0.05, ** - p <0.01.
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3.4 Discussion

In this study, we provide a description of the retinal phenotype of the CNGB1
affected dog. The CNGBL1 affected dogs have a slow retinal degeneration in which rods
initially have abnormal function and then slowly generate. The cone photoreceptors
retain their structure until about 2 years of age after which they develop morphological
changes. However, the CNGB1 affected dogs retain measurable photopic (cone-
mediated) ERGs and functional vision until at least 6 years of age.

An interesting finding of this study was the level of CNGBL1 transcript expression
observed in the CNGB1 affected retinal tissue. Nonsense-mediated mRNA decay
(NMD) typically reduces transcript levels that contain a premature stop codon to 5-25%
of normal wild-type levels although it has been shown that there can be tissue variability
of transcript expression in knockout animals that varies from the mean values of 16-
36% [18,19]. Premature stop codons typically initiate NMD when they are located more
than ~55 nucleotides before the last exon-exon junction of the transcript. The CNGB1
mutation occurs in exon 26 which is well before the last exon-exon junction of the gene
(33 exons in canine CNGB1). The CNGB1 transcript levels observed in the CNGB1
affected dogs (42%) are at the higher end of the reported NMD values but the reduced
levels may still be due to NMD related processes.

There are cellular mRNA quality control mechanisms that recognize premature
stop codons and degrade the transcript so that aberrant proteins are not produced
[18,20]. In translation, the ribosomes move along the transcript elongating the
polypeptide. In the first round or translation, the ribosome displaces exon-junction

complexes. If the ribosome successful reaches the end of the transcript, additional
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ribosomes can bind and begin translation and are not hindered by any remaining exon-
junction complexes. However, if the first ribosome encounters a premature stop codon it
will stop translation and any remaining exon-junction complexes will remain on the
transcript and interfere with the elongation of future ribosomes [21,22]. As a result the
MRNA will then be destabilized and degraded. Another mechanism that triggers NMD is
known as nonsense-associated alternative splicing (NAS). This mechanism is poorly
understood and there are many hypotheses of the function of NAS [22]. In this process
an exon containing a premature stop codon is skipped. The exon skipping could be due
to the mutation disrupting exon-splicing enhancing sites, a process to ensure that
mutant proteins are not produced or alternatively it can act as a mechanism to restore
the reading frame by skipping the exon with the premature stop codon (and allow the
production of a protein which may be semi-functional) [22]. Future studies will be
needed to elucidate the mechanism behind the alternative splicing but this is beyond the
scope of this chapter. The skipping of exon 26 in the CNGB1 affected dog results in
essentially the same mutation that was engineered in the CNGB1-X26 mouse model.
The presence of truncated CNGB1 protein observed in the inner segments of
rods shows that, no matter the mechanism responsible for the lower levels of CNGB1
transcript in affected dogs, some CNGBL1 transcript escapes NMD and an aberrant
truncated protein is produced. Based on the predicted protein sequence of the CNGB1
affected dog this protein would be missing the pore region and so would not be
functional as a channel. Immunolabeling of the CNGB1 affected retina with an antibody
that would label the truncated protein (and not the shorter alternatively spliced GARP

protein) revealed that the truncated protein remains localized to the inner segments and
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is not trafficked to the rod outer segment. Further work will be needed to investigate if
the truncated protein is produced at near normal levels or if it produced at lower levels.
In 1 year old CNGB1 affected dogs, the truncated protein is not detected by
immunolabeling (data not shown). This suggests that an abnormal accumulation of the
truncated CNGBL1 protein in the inner segments is not the cause of retinal degeneration.
We did not directly investigated the association of CNGAL1 and truncated CNGB1
in the inner segments of CNGB1 affected dogs but a comparison of the inner segments
from the retinal sections of the young CNGB1 affected dog in Figure 3.2 (anti-CNGA1)
to the sections in 3.8 (anti-rhodopsin), shows that the anti-rhodopsin antibody only
labels the outer segments and there is no rhodopsin labeling in the inner segments. The
anti-CNGAL1 antibody does have some labeling in the inner segments when viewed with
increased exposure. If heteromeric CNG channels are formed in the inner segment in
the CNGB1 affected dogs they would be at very low levels based on the low levels of
CNGAL1 observed. Additional support of the evidence of the truncated protein can be
observed in the N-terminal CNGB1 (GARP) IHC conducted in Chapter 2 (Figure 2.5).
There is no clear delineation of inner and outer segments (based on N-terminal CNGB1
antibody localization). This was originally attributed to disorganization of the inner and
outer segments of rod photoreceptors due to the disease but further investigation
(Figure 3.8; anti-rhodopin only labeling rod outer segments and having clear inner
segment - outer segment morphology) would suggest that in fact the inner segment
immunolabeling with the N-terminal CNGB1 antibody was due to the labeling of the

truncated CNGB1 protein retained in the inner segment.
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The significantly greater dark-adapted ERG a-wave amplitude in the pre-
degenerate retinas of CNGBL1 affected dogs compared to the PDEGA affected dogs
suggests that there is greater photoreceptor function in the CNGB1 affected dogs,
perhaps due to residual rod function. However, the very small amplitudes of the dark-
adapted a-waves in both of these models are difficult to measure and just above the
signal to noise ratio. The b-wave of the ERG is driven by the secondary neurons of the
retina. There is no significant difference in the b-waves of CNGB1 affected and PDEGA
dogs at the dim light intensities. The b-wave in the PDEG6A dog is led by cone bipolar
cells because the PDE6A dogs do not have functional rods. We interpret this to mean
that the first positive peak seen in the CNGB1 affected dog is the cone bipolar cell b-
wave. The second positive peak in the young CNGB1 affected dog ERG could be driven
by abnormal rod kinetics due to homomeric CNGAL1 channels in the rod outer
segments. Homomeric CNGA1 channels have decreased Ca®" permeability and cellular
current and abnormal single channel flickering behavior (specifically, the channels
remain open for longer when exposed to low levels of cGMP compared to native single
channel flickers which open and close transiently) [2,23]. Additional studies will be
needed to understand this peak and how, or if, CNGA1 homomeric channels are
involved. Specifically, tracking the implicit time and amplitude of the second positive
peak at increasing scotopic light flashes will help determine the origin of the wave.
Alternatively, rods are 1000 times more sensitive to blue light than cones so the use of
blue colored light flashes can help elicit rod-only responses [24]. This ERG study is

ongoing in young CNGB1 affected and PDEGA affected dogs.
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The slow retinal degeneration, as made evident by OCT measurements and the
semi-thin retinal sections (Figures 3.5 and 3.6), is comparable to that described in the
CNGB1-X26 mouse [4]. Transmission electron microscopy showed that at young ages
(in both the CNGB1 affected dog [8 weeks, Figure 3.7] and mouse [6 weeks, [4]]) there
is some degree of degeneration and disorganization (more so in the mouse) but the
outer segment disks were still normally stacked in many of the rods. This indicates that
the rods likely develop essentially normally and then degenerate over the course of the
disease. Semi-thin sections show that the rate of decline of the ONL is similar between
the dog and mouse model (at relative disease stages). At 4 months of age the CNGB1
mouse model has about 8 layers of nuclei in the outer segments (control mice have 10-
12 nuclei) with a decrease to 5-6 by 6 months of age. Between 6 months and 1 year of
age, the nuclear layer thickness decreases to only 1 nucleus thick. We see similar slow
progression in the CNGB1 affected dog and decrease of Rec+ thickness between 1 and
1.5 years of age. We do not have any histological samples from time points after 2.5
years of age so we do not have a clear indication of when the retina degenerates to the
equivalent of the 11 month old CNGB1-X26 mouse [4]. In the CNGB1-X26 mouse
model there was occasional rod function (3/35 rod photoreceptors responded to light in
single-cell recording studies) [4]. The investigators did not use the CNGB1mid antibody
to detect truncated protein and it is unclear from their N-terminal CNGB1 antibody
sections if there is inner segment labeling [4]. It is possible that this is a species
difference and the presence of CNGAL in the outer segments and the truncated CNGB1

protein is unique to the CNGB1 dog phenotype. Alternatively, the CNGA1 and
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CNGB1mid proteins might only be expressed in the rod outer segments for a short
period of time and were not observed in the mouse.

The CNGB1-X26 mouse model has normal cone function (as determined by
ERG) until 6 months of age; ERGs after this time point were not displayed [4]. The
CNGB1 dog model has near normal cone function until at least 4 years of age. There is
a significant drop in photopic b-wave amplitudes between 4 and 5.5 years of age.
However, the CNGBL1 affected dogs still have normal functional vision at the brighter
light intensities when tested with the vision testing device. In fact, anecdotal
observations indicate that a 9 year old CNGBL1 affected dog (the female that founded
the MSU research colony from Chapter 2) still has enough functional day light vision to
maneuver around furniture and locate toys. Future work will use OCT to focus on the
area centralis to assess the preservation of this photoreceptor dense region.

Descriptions of human RP45 patients have indicated an initial loss or lack of rod
vision and a slow disease progression leading to progressive constriction of visual
fields. The slow progression of the disease provides a window of opportunity for gene
supplementation therapy. This is important as often the patients are not diagnosed until
they already have a degree of retinal degeneration. Recently, the CNGB1-X26 mouse
phenotype was rescued in a gene supplementation therapy trial [25]. The similarities
between the RP45 patients, CNGB1-X26 mouse and the CNGB1 affected dog model

indicate that the dog will be an ideal model for pre-clinical large animal trials.
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3.5 Supplemental information

Table 3.S1. Comprehensive table of data, statistical analyses and p-values
corresponding to Figures 3.5, 3.10, 3.11 and 3.12

Figure 3.5 Photoreceptor thickness (Rec+)
CNGB1 affected age means compared to all control mean

Age, months Controls' CNGB1 Affected® Statistical Analysis®>  Pval

3 108.5 ST 0.088
5 101.7 ST 0.946
6t07 100.2 98.0 ST 0.662
11.00 87°
18 to 19 110° 64.1 ST <0.001
39 99.3% -
48 46° -
56 -
64 92.3% -
66 28.5 ST <0.001
96 97.5 -

Figure 3.10 Photopic a-wave amplitudes
CNGB1 affected age means compared to all control mean

Age, years Controls' CNGB1 Affected® Statistical Analysis> Pval

15 4.1 3.4 NT 0.284
3.0 4.2 3.3 NT 0.785
3.5 2.4 NT 0.020
4.0 2.5 ST 0.201
5.5 1.0 ST 0.018

Figure 3.11 Photopic b-wave amplitudes
CNGB1 affected age means compared to all control mean

Age, years Controls' CNGB1 Affected® Statistical Analysis> Pval

15 26.3 33.0 NT 0.494
3.0 22.4 23.5 NT 0.978
3.5 23.1 ST 0.882
4.0 30.5 NT 0.759
5.5 5.9 ST 0.003
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Table 3.S1 cont’d

Figure 3.12A Vision testing correct choice
Wild-type control mean compared to all affected mean

Light Intensity (cd/m?) Controls' CNGB1 Affected® Statistical Analysis®> Pval

35-45 93.0 95.8 M-W 0.478
15.0 97.7 98.4 M-W 0.842
8.0 97.7 95.3 M-W 0.539
1.0 88.2 98.6 M-W 0.023
0.4 100.0 88.6 M-W 0.027
0.2 93.0 84.3 M-W 0.514
0.02 97.7 41.7 M-W 0.002

Figure 3.12B Vision testing, time to exit
Wild-type control mean compared to all affected mean

Light Intensity (cd/m?) Controls' CNGB1 Affected® Statistical Analysis®> Pval

35-45 4.5 3.3 ST 0.168
15.0 5.3 3.7 ST 0.135
8.0 4.9 3.2 ST 0.060
1.0 4.6 4.1 ST 0.618
0.4 4.4 7.7 M-W 0.030
0.2 4.5 7.1 ST 0.194
0.02 4.6 28.3 M-W 0.001

1. Mean values unless otherwise noted. $ - N=1 values
2. Statistical analysis: ST — Student t-test; NT — nonparametric t-test; M-W — Mann-
Whitney Rank Sum Test
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CHAPTER 4

AAV5 GENE THERAPY RESCUE OF VISION IN A LARGE ANIMAL MODEL OF
AUTOSOMAL RECESSIVE RETINITIS PIGMENTOSA

182



4.1 Introduction

Retinitis pigmentosa (RP) is the leading cause of inherited blindness, affecting ~1
in 4000 people [1]. It is a genetically heterogeneous disease with mutations described in
over 60 genes [1]. Retinitis pigmentosa 45 (RP45) patients present with typical RP
symptoms; night blindness at school-age and loss of peripheral vision, RP diagnosis
around the age of 30 and blindness by the age of 60 [2,3]. RP45 is caused by mutations
in the CNGB1 gene. Currently, there is no cure for RP although gene therapy treating
similar retinal degenerations is showing promising results [4-7].

The CNGBL1 gene codes for the B subunit (CNGB1a) of the rod photoreceptor
cyclic nucleotide-gated (CNG) ion channel and additional splice variants that are
expressed in the retina (GARP1 and GARP2), olfactory sensory neurons (CNGB1b) and
other tissues. CNG channels in the photoreceptors are nonspecific cation channels the
closure of which are responsible for the hyperpolarization of the photoreceptor due to
exposure to light. Rod photoreceptor CNG channels consist of three CNGA1 subunits
and one CNGB1a subunit (encoded by CNGA1 and CNGB1, respectively) [8,9].

Two mouse models of RP45 have been generated for research. The CNGB1X-1
mouse model was engineered to remove the upstream promoter region and exon 1 and
2 from the CNGBL1 gene, effectively knocking out all CNGB1 products in the retina. The
CNGB1X-1 mouse has a severe retinal degeneration that is primarily the result of
structural deficits due to the lack of CNGB1 products [10]. The second mouse model,
CNGB1X-26, excised exon 26 from the CNGB1 gene resulting in loss of only the full
length CNGB1b protein. The CNGB1X-26 mouse shows a significant decrease of rod

function and a slow retinal degeneration, similar to RP45 human patients [11].
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CNGB1X-26 mice were used in a successful gene therapy study that not only restored
vision but also delayed the progression of the retinal degeneration [12].

Recently, a spontaneous canine model has been described [13]. The CNGB1
affected dogs show abnormal rod function and a slow retinal degeneration making them
ideal candidates for a gene therapy trial. Here we report the first results of a successful

gene therapy trial in 4 CNGB1 affected dogs.
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4.2 Materials and methods
4.2.1 Animal use

The dogs used in this study were maintained in a colony at the Michigan State

University Comparative Ophthalmology Laboratory as described in Chapter 3.
4.2.2 Gene therapy

Recombinant AAV5 vectors (modified AAV2 genomes pseudotyped with an
AAV5 capsid) were manufactured using previously published methods [14-16]. The
AAVS5 vectors were packaged with a construct containing the canine CNGB1 cDNA with
a G protein-coupled receptor kinase 1 (GRK1)-promoter (AAV5-cCNGB1)
(Supplemental Figure 4.S1). Eight eyes in 4 dogs were subretinally injected with the
construct as described in Petersen-Jones et al. [17]. Initially, one eye was injected with
AAV5-cCNGBL at a titer of 1x10* (“low titer”) in a pilot study. Subsequently a further 6
eyes were injected with a titer of 5x10* (“high titer). As an injection control one eye was
injected with an AAV5-GFP construct at a titer of 1.5x10*. The injection blebs were
targeted to dorsal regions of the retina. Ages of the dogs at the time of injection ranged

from 3 months to 6 months of age (Table 4.1).

Table 4.1. Treated dogs and injection details

Age Volume Volume
Dog Sex (months) OD* - titer (ul) 0S? - titer (ul)
1 M 3 cCNGB1 - 5x10% 300 GFP - 1.5x10" 250
2 F 5 cCNGB1 - 5x10% 300 cCNGB1 - 5x10*? 250
3 F 5 cCNGB1 - 5x10% 300 cCNGB1 - 5x10% 300
4 M 4 cCNGB1 - 1x10% 175 NA
4 M 6.5 NA cCNGB1 - 5x10% 200

1. OD -right eye, OS - left eye, NA — not injected at that time

185



4.2.3 Electroretinography

Electroretinograms (ERGs) were recorded as described in Chapter 3 of this
dissertation.

ERGs from CNGB1 affected AAV5-cCNGBL1 injected (low and high titer) treated
dogs were recorded 1, 2, 3, 4, 5, 6, 7 and 9 months post-injection (7 eyes) and
compared to AAV5-GFP injected (1 eye), age matched untreated CNGB1 affected dogs

(N=2 for each age) and phenotypically normal 14 month old dogs (N=3).

4.2.4 Vision testing

Vision testing was performed using the four-choice vision testing device
described previously in Chapter 3.

CNGBL1 affected dogs treated with AAV5-cCNGB1 (low and high titer) were
tested with the device. Each eye was tested individually by placing an opaque contact
lens on one eye, allowing only one eye to be used during each run. Vision testing was

performed 1, 2, 3, 4,5, 7 and 9 months post-treatment.

4.2.5 Sample collection and processing

Dogs were humanely euthanized at 3 months (Dog 3), 6 months (Dog 1) and 9
months (Dog 4) post-injection and the eyes were enucleated and processed following
the procedure described in Chapter 3. Dog 2 is being maintained for long term

assessment of therapeutic outcomes.
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4.2.6 Immunohistochemistry

Frozen tissue sections were labeled with C-terminal CNGB1, CNGA1 and peanut
agglutinin lectin (PNA). Protocol 2 or Protocol 3 (described in Chapter 3) was used to
label the sections (see Table 4.2 for the antibody information and protocol used).

Immunolabeling protocols and imaging of sections were as described in Chapter 3.

Table 4.2. Antibody details and concentrations

Antigen
Target Antibody Details  Source Secondary Antibody Protocol
t%l?lrr?iﬁil C- 1:500 rabbit Sigma-Aldrich  1:500 AlexaFluor 3
1144-1238 polyclonal HPA039159 anti-rabbit 488 or 596
1:10 mouse Dr. Bob 1:500 AlexaFluor
CNGAL monoclonal Molday anti-rabbit 488 2
Peanut agglutin
Cone lectin (PNA) Vector . 1:500 AlexaFluor
: o Laboratories . 3
matrix biotinylated B-1075 streptavadin 405

1:500

4.2.7 Statistical analysis

Statistical analysis was performed as described in Chapter 3. Paired t-tests and
paired nonparametric tests (Wilcoxon Signed Rank Test) were used when comparing

pre- to post-treatment values.
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4.3 Results

4.3.1 Gene therapy injections

Eight eyes from 4 CNGB1 affected dogs were injected with an AAV5 vector with
a GRK1 promoter (Table 4.1). One eye was injected with AAV5-GFP to serve as a
vehicle control. Subretinal injection blebs of the vector were targeted to the dorsal
regions of the eyes. Functional rescue was analyzed via ERGs and vision testing

collected 1, 2, 3, 4, 5, 6, 7 and 9 months post injection.

4.3.2 Full length CNGB1 protein is expressed in photoreceptors in treated

regions

Frozen retinal sections from Dog 3 and 4 (3 and 9 months post-injection,
respectively) were labeled with a C-terminal CNGB1 antibody, which labels full length
CNGBL1 protein but not the alternatively spliced retinal variants, nor the truncated
CNGB1 protein produced in CNGBL1 affected dogs. Full length CNGB1 protein was
detected in the outer segments of the rod photoreceptors in the injected region. Figure
4.1A shows an injected region of the eye highlighting the presence of full length CNGB1
which was correctly targeted to the photoreceptor outer segments. The untreated
regions of the 3 month post-injected dog (as well as previous IHC study of untreated
CNGBL1 affected dogs, Figure 2.5) showed that full length CNGB1 was not present in
the absence of treatment.

In the treated regions, there was detectable levels of CNGA1 expression in the

rod outer segments in both the 3 month and 9 month post-injected eyes while there was

188



no detectable CNGAL in the untreated region of the CNGB1 affected retina when the

sections were imaged using the same exposure as the control retina (Figure 4.1B).

Untreated Treated Treated
Control Region Affected Affected
A 3 mo 3 mo 9 mo

CNGB1

Figure 4.1. CNGB1 and CNGA1 are expressed in the AAV5-cCNGBL1 high titer
treated regions of CNGB1 affected retinas. (A) CNGB1 (green) is expressed in the
outer segments of the treated regions of the 3 and 9 month post-injected retinas. The
untreated region from the 3 month post-injected retina does not express full length
CNGBL1. (B) CNGAL1 (green) is expressed and correctly targeted to the photoreceptor
outer segments in the treated regions of the 3 month and 9 month post-treatment
retinas but is not detectable in the untreated region. Size bar 20 pm. OS — outer
segments, IS — inner segments, ONL — outer nuclear layer, OPL — outer plexiform layer,
INL — inner nuclear layer.

oy

CNGA1

The expression of the cCNGB1 cDNA was driven by a GRK1 promoter which has
previously been shown to function in both rod and cone photoreceptors [18]. To
investigate whether the vector led to CNGB1 expression in cone photoreceptors, C-

terminal CNGB1 and PNA (peanut agglutinin) were co-labeled on high titer AAV5-
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cCNGBL1 treated sections to check for CNGB1 expression in cones (Figure 4.2). The

control dog shows no apparent overlap of the CNGB1 and PNA, as expected. There did
not appear to be extensive co-labeling with PNA and CNGB1 in the 3 and 9 month post-
treated eyes. However, with the close proximity and the overlapping of rod and cone OS

it is difficult to definitively say that CNGB1 is not expressed in cones.

Treated Treated
Control Affected Affected
3 mo 9 mo

PNA
CNGB1

Figure 4.2. CNGB1 is not extensively expressed in cones in AAV5-cCNGB1 high
titer treated regions of CNGB1 affected retinas. CNGBL1 (red) and peanut agglutinin
(PNA, green) were co-labeled to detect if there was co-expression of CNGB1 and the
cone-specific PNA antibody. The majority of cones do not appear to be co-labeled. Size
bar 20 um. OS — outer segments, IS — inner segments, ONL — outer nuclear layer, OPL
— outer plexiform layer, INL — inner nuclear layer.

4.3.3 Gene therapy rescues vision in CNGB1 affected dogs

Subretinal injection of the AAV5-cCNGB1 vector successfully rescued vision in
all treated eyes. Phenotype values for all eyes injected with the higher titer of the AAV5-
cCNGBL1 (5x10%) were averaged for analyses. The lower AAV5-cCNGBL titer (1x10%?)

and the AAV5-GFP vector were analyzed separately.
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As a pilot study right and left eyes of CNGB1 affected dog #4 were injected with
low titer (1x10%?) and high titer (5x10'%) AAV5-cCNGBL1 respectively, although at
different times. Both eyes showed increased scotopic b-wave amplitudes compared to 6
month old non-treated CNGB1 affected dogs (Figure 4.3). Scotopic b-wave rescue in
the eye injected with the higher titer showed greater rescue than the eye injected with
the lower titer. Vision testing showed functional rescue in both high and low titer eyes;
the dog chose the correct exit 100% of the time with each eye, at all light intensities
(Figure 4.4A). The dog was able to exit the device quickly with using either the high or
low titer injected eye (Figure 4.4B). Dogs with normal vision are able to choose the

correct exit nearly 100% of the time and leave the vision testing device quickly.
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Figure 4.3. Scotopic b-wave amplitudes were increased in the eye injected with a
higher titer of AAV5-cCNGB1. Dog 4 had a low titer of AAV5-cCNGBL1 injected into
one eye (1x10%?) and a high titer injected into the other eye (5x10%?). There was an
increase in scotopic ERG b-waves for both eyes when compared to untreated CNGB1
affected dogs (N=4, 6 months old). The high titer eye had a much more dramatic
increase in amplitude compared to the low titer eye. The inset graph shows the lowest
flash intensities comparing the low titer and untreated CNGB1 affected scotopic b-

waves.
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Figure 4.4. Low and high titer injected eyes both showed improved functional
vision. (A) Dog 4 chose the correct exit 100% of the time with both eyes (each eye
tested separately) at all light intensities with both the AAV5-cCNGBL1 low titer (1x10%?)
and high titer (5x10%?) eyes. (B) The dog was able to exit the vision testing device
quickly with both eyes (each tested separately). Untreated CNGB1 affected dogs were
unable to choose the correct exit at dim light intensities and took longer to exit the
device. Light intensity: 1 — Full light (i.e. 35-45 cd/m?), 2 — 15.0 cd/m?, 3 — 8.0 cd/m?, 4 —

1.0 cd/m?, 5= 0.4 cd/m?, 6 — 0.2 cd/m?, 7 — 0.02 cd/m? (very dim light).
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In one dog (#1), one eye was treated with the high titer AAV5-cCNGB1 while the
other was treated with AAV5-GFP. The AAV5-GFP eye was injected as a control to
assess the procedural and vector related effects of injection. Scotopic ERG tracings
from the AAV5-cCNGBL1 treated eye 3 months post-injection showed increased
threshold and amplitudes compared to the AAV5-GFP eye (Figure 4.5A). The rod flicker
amplitude in the treated eye was ~4.5X larger than the AAV5-GFP treated eye (Figure
4.5B). At the 3 month post-injection time point there was rescue of rod function due to
treatment of AAV5-cCNGB1 and there was no apparent effect of the AAV5-GFP
treatment on the other eye.

Figure 4.6A shows the mean scotopic b-wave intensity-response (I-R) curves
(red line) of the eyes administered the high titer of AAV5-cCNGBL1. At 6 months post-
injection the b-wave amplitudes were significantly higher than pre-injection (black line).
The eye treated with AAV5-GFP had similar b-wave amplitudes at 6 months post-
injection to the b-waves prior to treatment (green line). Control dog mean scotopic b-
waves (14 months old, N=3) were significantly higher than the CNGB1 affected dogs
treated with the high titer of AAV5-cCNGBL1 (blue line). This was anticipated because
only a proportion of the retina was treated. The photopic b-wave I-R curve (Figure 4.6B)
was not significantly different between the CNGB1 affected dogs pre-injection ERGS,
the 6 month post AAV5-cCNGBL1 injection (except at one point: -1.6 Log cdS/m?, p=0.5)
and control dogs. The photopic ERGs are indicative of cone function and as expected
that remains normal in the CNGB1 affected dogs at this age. The fact that the subretinal
injections did not reduce the photopic b-wave indicates that there were no detrimental

effects of the subretinal injection or viral vector on cone photoreceptor function.
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There was a significant increase in the scotopic b-wave amplitude in response to
dim flashes (e.g. at -2 log cdS/m?) which is indicative of restored rod function (Figure
4.7A). At this flash stimulus the b-wave amplitudes were significantly increased
compared to pre-injection in the high titer AAV5-cCNGBL1 treated eyes at 1 month post-
injection. This improvement was maintained to the last time point measured at 9 months
post-injection (Figure 4.7A) showing that the rescue was sustained. Note that the 7 and
9 month measurements are not significant due to low number of dogs followed to these
time points but the trend of rescue remains evident. The AAV5-GFP injected eye b-
wave amplitudes remained comparable to pre-injection amplitudes and age matched
untreated CNGB1 affected dogs. The 5 Hz low intensity flicker (-1.6 log cdS/m?), which
predominantly represents rod responses was significantly increased in amplitude in the
high titer AAV5-cCNGBL1 treated eyes compared to the pre-injection ERGs and the
AAV5-GFP treated eye (Figure 4.5 and 4.7B).

At brighter light flashes in the scotopic ERG, in which the a- and b-waves are
driven by mixed rod and cone responses (e.g. 0.4 log cdS/m?) there were significant
increases of the a-wave at 4 and 6 months post injection. The b-wave was significantly
increased at 2 months post-injection in the AAV5-cCNGB1 treated dogs compared to
their pre-injection amplitudes. These increased amplitudes were maintained until the
last time point measured at 9 months (Figure 4.8A,B). Note that the 7 and 9 month
measurements are not significant due to the low number of dogs followed to these time
points but the trend of rescue remains evident.

Functional vision was also rescued in the high titer AAV5-cCNGBL1 treated eyes

as determined by the four-choice device (Figure 4.9). Untreated CNGB1 affected dogs
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and dog #1 when the AAV5-GFP injected eye was exposed (and the AAV5-cCNGB1
treated eye covered) had difficulty choosing the correct exit at the dimmest light
intensity whilst when using the AAV5-cCNGB1 treated eyes the injected dogs at 6
months post-treatment chose the correct exit nearly 100 percent of the time (Figure
4.9A, p=0.005). The untreated CNGB1 affected dogs also took longer to exit the device
at the lowest light intensity compared to the AAV5-cCNGB1 6 month post-treatment
dogs and the AAV5-GFP injected eye (Figure 4.9B, p=0.006). Supplemental Table 4.S1
shows the data, p-values and statistical test used that correspond to Figures 4.6

through 4.9.
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Figure 4.5. Representative scotopic ERG tracings from AAV5-cCNGB1 treated eye
and AAV5-GFP treated eye (dog #1). Three month scotopic post-injected ERG
tracings from the high titer AAV5-cCNGB1 eye (red tracings) and AAV5-GFP eye (green
tracings) shows decreased response threshold and increased amplitudes in the AAV5-
cCNGBL1 treated eye. (A) Scotopic single flash ERGs from intensity: -2.6, -2.4, -2.0, -

1.6, -1.2 log cdS/m? (from top to bottom); size bar 20 uV. (B) Scotopic flicker ERG
tracing: 5 Hz -1.6 log cdS/m?; size bar 4 pV, vertical gray bars indicate flash timing.
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Figure 4.6. Scotopic and photopic b-wave amplitude plotted against stimulus
intensity. Gene therapy rescues rod function resulting in increased scotopic ERG b-
wave amplitudes and has no detrimental effects on cone function as assessed by the
photopic ERG 6 months post-injection. (A) There is a significant increase in the mean
scotopic b-wave amplitude at 6 months post-treatment (AAV5-cCNGBL1, high titer)
compared to the pre-injection mean response. The increase in the scotopic b-wave
amplitude, specifically at the low light intensities (rod only responses), highlights the
rescue of rod function. However, the scotopic b-wave amplitude of treated CNGB1
affected dogs 6 months post-injection were significantly smaller than the mean control
b-waves. This is expected because only a portion of the retina was treated. (B) The pre-
injection, 6 month post-treated CNGBL1 affected dogs and control dogs were not
statistically different indicating that there was no detrimental effect from the treatment.
*-p<0.05, ** - p=<0.01, Pre-injection — 7 eyes, 6 month post-injection high titer AAV5-
cCNGBL1 - 4 eyes, 6 month post-injection AAV5-GFP — 1 eye., 14 month old control
dogs — 3 eyes.
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Figure 4.7. The improvement in rod-mediated ERG responses was maintained to 9
months post-injection. (A) Shows the scotopic b-wave amplitude in response to a dim-
light flash (-2 log cdS/m?) for up to 9 months after treatment with the high titer of AAV5-

cCNGBL1. (B) Similarly, rod flicker amplitudes are increased within 1 month of treatment
and are maintained for 9 months. * - p<0.05, ** - p <0.01, pre-injection — 7 eyes, age-

matched untreated CNGB1 affected — 2 eyes,1-3 month post-injection — 6 eyes, 4-6
month post-injection — 4 eyes, 7 and 9 months post-injection 3 eyes, AAV5-GFP — 1

eye.
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Figure 4.8. Scotopic mixed rod and cone ERG amplitudes were increased in
AAV5-cCNGB1 treated dogs. Scotopic ERGs with bright light flashes elicit mixed cone
and rod responses. (A) A-wave amplitudes were increased in the AAV5-cCNGB1
treated dogs and this was maintained up to 9 months post-injection. (B) B-wave
amplitudes are increased in the AAV5-cCNGBL1 treated dogs compared to the pre-
injection b-wave amplitudes. * - p < 0.05, ** - p < 0.01, pre-injection — 7 eyes, age-
matched untreated CNGB1 affected — 2 eyes,1-3 month post-injection — 6 eyes, 4-6
month post-injection — 4 eyes, 7 and 9 months post-injection 3 eyes, AAV5-GFP — 1
eye.
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Figure 4.9. Functional vision is restored in the treated CNGB1 affected eyes.

(A) The CNGBL1 affected dogs that were treated with AAV5-cCNGB1 have more correct
exit choices at the lowest light levels when compared to untreated CNGB1 affected
dogs. (B) The AAV5-cCNGBL treated dogs are faster to exit the device at dim light
intensities than the untreated CNGB1 affected dogs. Light intensity: 1 — Full light (i.e.
35-45 cd/m?), 2 — 15.0 cd/m?, 3 — 8.0 cd/m?, 4 — 1.0 cd/m?, 5 — 0.4 cd/m?, 6 — 0.2 cd/m?,
7 — 0.02 cd/m? (very dim light). * - p < 0.05, ** - p < 0.01. Untreated CNGB1 affected
dogs (4 months to 6 years of age) — N=7, 6 month AAV5-cCNGB1 post-injection — 4
eyes, 6 month AAV5-GFP — 1 eye.
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4.4 Discussion

We treated a total of 8 eyes (4 dogs) with an AAV5 vector; 6 eyes (4 dogs) with
high titer (5x10'%) AAV5-cCNGBL1, one eye with low titer (1x10*?) AAV5-cCNGB1 and
one eye was treated with AAV5-GFP as a vehicle control. All vectors held a
photoreceptor-specific GRK1 promoter (the encoded protein for GRK1 is also known as
rhodopsin kinase). All eyes treated with AAV5-cCNGB1 showed some degree of ERG
rescue and complete vision testing rescue.

Full length CNGB1 protein was expressed in the regions of the CNGB1 affected
retina treated with the AAV5-cCNGBL1 vector. The CNGBL1 protein was correctly
targeted to the outer segments where it, presumably, incorporated with CNGA1
subunits to form functional CNG channels (Figure 4.1). CNGAL1 levels are increased to
give normal appearing IHC within the treated regions. While CNGAL1 channels are
capable of forming homomeric CNG channels in vitro, we have shown that CNGA1
protein expression is reduced in the untreated retina of 8 week old CNGB1 affected
dogs (Chapter 3) [8,9,13,19]. However, in vitro studies have shown that CNGB1 does
not form channels without the presence of CNGAL [20,21]. The recovery of detectable
levels of the CNGAL subunits, and the incorporation of the CNGB1 subunit to form
functional channels, is integral to the rescue just reported. This same recovery of
detectable levels of CNGAL1 is seen in the CNGB1-X26 mouse model when treated with
AAV-mediated gene therapy [12].

The GRK1 promoter has been shown to function in both rods and cones and can
be transduced with the AAV5 vector [22]. To assess if CNGB1 was expressed in cones

in the treated regions we co-labeled with antibodies for cone-sheath protein (PNA) and

202



CNGB1. While we did not conduct any quantification analyses our results show that
there are at least some cones in the treated regions that do not have detectable levels
of CNGBL1 protein (Figure 4.2). Additionally, there did not appear to be any CNGB1
expression in the inner segments of the cones. More investigation of the CNGB1
expression in cones must be done before making more definitive remarks on the extent
of cone transduction. It is possible that the cones are transduced by the vector but the
protein is not utilized and/or degraded. The CNG channels expressed in cones contain
subunits from the CNGA3 and CNGB3 genes [23]. CNGB1 and CNGB3 proteins share
about 48% sequence identity but the CNGB3 subunit lacks the GARP domain of the full
length protein [9]. It is possible that the presence of the GARP domain or the difference
in protein sequence of the CNGBL1 protein inhibits the incorporation of the CNGB1
protein into the cone CNG channels.

We conducted a pilot study treating one eye with a low titer (1x10*?) and one eye
with a high titer (5x10%) of AAV5-cCNGBL1. Neither injected eye showed evidence of
inflammatory or immune responses to the treatment. Both eyes showed increased
scotopic b-wave amplitudes compared to untreated CNGB1 affected dogs. However,
the low titer treated eye showed only marginal scotopic ERG rescue compared to the
high titer treated eye. Functional vision was rescued in both eyes; the dog was able to
choose the correct exit 100% of the time with each eye, at all light intensities. This
preliminary study showed that there is a dose response to the ERG rescue and that
issuing an increased dose improved rescue and did not illicit any detrimental effects on

the dog.
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After the pilot study, three additional dogs were treated (6 eyes). Five eyes were
treated with high titer AAV5-cCNGB1 and one eye was treated with AAV5-GFP
(1.5x10™). The eye treated with AAV5-GFP was used as a vehicle/procedural control;
the titer of AAV5-GFP was chosen because it had been previously reported to not elicit
an inflammatory response in the dog [22]. The AAV5-GFP injected eye showed no
rescue of visual function and also did not have detrimental effects on the retina. The
scotopic intensity-response plots of b-wave amplitudes showed the AAV5-GFP treated
eye had similar responses to pre-injection values when measured at 6 months post-
treatment. Additionally, the photopic intensity-response curves of the AAV5-GFP eye
were comparable to pre-injection and control values. The five eyes treated with the high
titer (5x10*?) of AAV5-cCNGBL1 (5 eyes) showed significant scotopic ERG rescue. The
AAV5-cCNGBL1 treated dogs had a statistically significant increase in scotopic b-wave
amplitudes when compared to pre-injection ERGs. The increase in amplitudes did not
result in a- or b-waves comparable to control dogs but this was expected because only
a portion of the retina was treated. Increasing the surface area treated in an eye could
increase rescue but because the subretinal injection causes a retinal detachment one
must weigh the risks of increasing the size of the treated region [17]. There was no
significant difference in the photopic responses in the eyes treated with the vector
compared to control dogs, showing that there were no long lasting detrimental effects
on cone photoreceptor function due to the treatment. This is particularly important in
CNGBL1 retinopathies where the cones are preserved until late stages of the disease. It

would not be advantageous to harm the cones while delivering the vector.
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The slow retinal degeneration, seen in the CNGB1 affected dogs and RP45
patients, is ideal for gene supplementation therapy. In the CNGB1 dogs the rod outer
segments have started to degenerate and the outer nuclear layer has thinned slightly by
around 5 months of age. The CNGB1 affected eyes were treated with AAV5-cCNGB1
between 3 and 6 months of age and showed significant rescue. Future studies will
elucidate the extent of this treatment window and how it may impact human clinical
trials.

The long-term goal of retinal gene supplementation therapy is to permanently
rescue vision. For permanent rescue to be accomplished the therapy must rescue
functional vision (by ERG and by vision testing) and halt, or significantly slow, the loss
of retinal degeneration. We have shown that in the CNGB1 affected dog model that
functional vision was rescued and maintained for at least 9 months. Preliminary results
investigating photoreceptor layer thickness as measured in vivo with OCT, has shown
that the retina continues to degenerate but at a slower rate (data not shown). However,
the time course for this study was not long enough to appreciate the modification of the
rate of photoreceptor loss. Some continued loss of rods in the treated are is to be
expected because although the AAV5 transduction efficiency is good not every rod is
transduced. It remains to be determined if once the untreated rods in the injected area
have died that the progression of cell loss is halted. It is our hypothesis that the
photoreceptor layer will thin as the untreated cells die and then retinal thickness will
remain constant within the treated regions preserving functional vision and ERGs. Dog

2 was kept for future monitoring of retinal thickness and maintained rescue.
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This first report showed that gene supplementation therapy using AAV5-cCNGB1
restored functional vision in CNGB1 affected dogs. This rescue was statistically
significant by 2 months of age and was maintained over 9 months. The success of this
trial will pave the way for future clinical trials human patients with mutations in the

CNGBL1 gene.
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4.5 Supplemental information

CGRKT  SDISA polyA

4,684 bps

Figure 4.S1. AAV2/5 viral vector genome. The AAV2/5 vector is constructed using the
inverted terminal repeats (ITR) from an AAV2 virus and the capsid of the AAV5 virus.
The promoter is a portion of the human GRK1 promoter (292 bps). SD/SA is the splice
donor/acceptor signal from the SV40 virus. The canine CNGB1 cDNA is 3,360 bps in
size. The GFP cDNA is 717 bps in size. Total vector size is 4,684 bps for the AAV5-
cCNGBL1 vector and 2,041 bps for AAV5-GFP vector.
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Table 4.51. Comprehensive table of data, statistical analyses and p-values

corresponding to Figures 4.6 through 4.9

Figure 4.6A Scotopic b-wave amplitudes

Pre-injection mean compared to 6 month AAV5-cCNGB1 mean

Flash Intensity (Log AAV5- Statistical
cdS/m?) Pre-injection’ cCNGB1? Analysis? Pval
-2.41 14 20.1 PT 0.084
-2.00 1.6 31.2 PT 0.040
-1.60 1.8 40.4 PT 0.049
-1.19 2.7 45.3 PT 0.041
-0.80 4.6 48.9 PT 0.034
-0.40 20.4 62.7 PT 0.024
0.00 42.9 77.3 PT 0.004
0.39 49.7 76.3 PT 0.104
0.86 55.5 93.1 PT 0.241
1.36 55.5 93.1 PT 0.172
1.90 56.3 70.7 WSR 0.875
Figure 4.6A Scotopic b-wave amplitudes
Wild-type control mean compared to 6 month AAV5-cCNGB1 mean
Flash Intensity (Log Wild-type AAV5- Statistical
cdS/m?) Control* cCNGB1! Analysis? Pval
-2.41 93.3 20.1 M-W 0.036
-2.00 136.6 31.2 M-W 0.036
-1.60 158.8 40.4 M-W 0.036
-1.19 160.3 45.3 M-W 0.036
-0.80 1715 48.9 M-W 0.036
-0.40 184.9 62.7 M-W 0.036
0.00 185.8 77.3 M-W 0.036
0.39 176.2 76.3 M-W 0.036
0.86 191.1 93.1 M-W 0.250
1.36 183.3 93.1 M-W 0.143
1.90 175.1 70.7 M-W 0.036
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Table 4.S1 cont'd

Figure 4.6B Photopic b-wave amplitudes

Pre-injection mean compared to 6 month AAV5-cCNGB1 mean

Flash Intensity (Log AAV5- Statistical
cdS/m?) Pre-injection’ cCNGB1? Analysis? Pval
-2.41 2.2 3.3 PT 0.522
-2.00 15 15 PT 0.836
-1.60 2.2 1.2 PT 0.050
-1.19 2.7 3.4 PT 0.106
-0.80 4.3 4.3 PT 0.641
-0.40 6.8 8.1 PT 0.258
0.00 11.7 14.0 PT 0.297
0.39 17.1 21.4 WSR 0.125
0.86 18.8 22.3 PT 0.337
1.36 17.7 18.8 PT 0.471
1.90 15.3 15.9 PT 0.286
Figure 4.6B Photopic b-wave amplitudes
Wild-type control mean compared to 6 month AAV5-cCNGB1 mean
Flash Intensity (Log Wild-type AAV5- Statistical
cdS/m?) Control* cCNGB1! Analysis® Pval
-2.41 15 3.3 M-W 0.229
-2.00 2.0 15 M-W 0.400
-1.60 2.1 1.2 M-W 0.229
-1.19 4.1 3.4 M-W 0.400
-0.80 6.1 4.3 M-W 0.400
-0.40 10.5 8.1 M-W 0.400
0.00 16.6 14.0 M-W 0.400
0.39 22.4 21.4 M-W 0.629
0.86 24.3 22.3 M-W 0.400
1.36 19.8 18.8 M-W 0.400
1.90 18.5 15.9 M-W 0.400
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Table 4.S1 cont’d

Figure 4.7A Gene therapy rescue, scotopic b-wave

Pre-injection mean compared to AAV5-cCNGB1 mean

Months Post Pre- AAV5- Statistical

Injection injection® cCNGB1? Analysis? Pval
0 1.6 - - -
1 29.8 WSR 0.031
2 27.0 PT 0.002
3 35.5 PT 0.026
4 43.7 PT 0.044
5 23.8 PT 0.022
6 35.7 PT 0.022
7 47.5 PT 0.079
8 - - -
9 52.0 PT 0.071

Figure 4.7B Gene therapy rescue, scoptic rod flicker
Pre-injection mean compared to AAV5-cCNGB1 mean
Months Post Pre- AAV5- Statistical

Injection injection’ cCNGB1! Analysis® Pval
0 3.0 - - -
1 15.5 WSR 0.031
2 17.9 PT 0.020
3 24.0 PT 0.029
4 22.0 PT 0.033
5 23.4 PT 0.036
6 20.0 PT 0.011
7 27.9 PT 0.014
8 - - -
9 37.3 PT 0.026
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Table 4.S1 cont’d

Figure 4.8A Scotopic mixed rod and cone ERG a-wave amplitudes
Pre-injection mean vs AAV5-cCNGB1 mean

Months Post Pre- AAVS5- Statistical
Injection injection’ cCNGB1* Analysis® Pval
0 3.9 - -
1 27.7 WSR 1.000
2 19.9 PT 0.164
3 25.2 PT 0.156
4 33.6 PT 0.020
5 19.3 PT 0.583
6 23.7 PT 0.008
7 28.9 PT 0.308
8 - -
9 34.2 PT 0.136
Figure 4.8B Scotopic mixed rod and cone ERG b-wave amplitudes
Pre-injection mean vs AAV5-cCNGB1 mean
Months Post AAV5- Statistical
Injection Pre-injection® cCNGB1! Analysis® Pval
0 44 .4 - -
1 70.5 WSR 0.031
2 78.3 PT 0.014
3 71.6 PT 0.017
4 98.9 PT 0.024
5 64.1 PT 0.019
6 87.6 PT 0.025
7 89.1 PT 0.117
8 - -
9 108.6 PT 0.075
Figure 4.9A Vision testing, correct choice
Untreated CNGBL1 affected vs AAV5-cCNGB1
Light Intensity Untreated AAV5- Statistical
(cd/m?) Affected’ cCNGB1! Analysis® Pval
35-45 95.8 96.8 M-W 0.721
15.0 98.4 96.8 M-W 0.713
8.0 95.3 100.0 M-W 0.246
1.0 98.6 100.0 M-W 0.635
0.4 88.6 100.0 M-W 0.067
0.2 84.3 100.0 M-W 0.068
0.02 41.7 100.0 M-W 0.005
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Table 4.51 cont’d

Figure 4.9B Vision testing, time to exit
Untreated CNGB1 affected vs AAV5-cCNGB1

Light Intensity Untreated AAV5- Statistical
(cd/m?) Affected’ cCNGB1! Analysis® Pval
35-45 3.3 1.7 M-W 0.056
15.0 3.7 2.0 M-W 0.143
8.0 3.2 14 M-W 0.017
1.0 4.1 1.9 M-W 0.103
0.4 7.7 15 M-W 0.006
0.2 7.1 1.8 M-W 0.044
0.02 28.3 2.2 M-W 0.006

1. Mean values

2. Statistical analysis: PT — paired t-test; WSR — Wilcoxon Rank Sum Test; M-W —

Mann-Whitney Rank Sum Test
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CHAPTER 5

THE HISTOLOGICAL AND BEHAVIORAL OLFACTORY PHENOTYPES OF CNGB1
AFFECTED DOGS
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51 Introduction

Cyclic nucleotide-gated (CNG) ion channels are nonselective cation channels
that are gated by the cyclic nucleotides, cAMP and cGMP [1]. CNG channels have been
described in many tissues and are well understood for their role in the sensory
transduction in vision and the sense of smell. The CNG channels of the olfactory
epithelium are expressed in the olfactory sensory neurons (OSNs). The CNGB1 gene
has three splice variants expressed in rod photoreceptors (GARP1, GARP2 and
CNGB1a) and one expressed in the OSNs (CNGB1b) [2]. CNG channels play a key role
in olfaction, aiding in the initial depolarization of the OSNs in response to an odorant.

The CNG channels in the OSNs are heterotetrameric proteins consisting of a
2:1:1 ratio of CNGA2, CNGA4 and CNGB1b respectively [3]. The channels localize to
the OSN cilia where they are in close proximity to the odorant receptor and a Ca**-
dependent CI' channel. When an odorant binds to a receptor a G-protein (Gy) is
activated. G, then activates adenylate cyclase Il which converts ATP to cAMP. cAMP
binds to and opens the CNG channel which allows the influx of cations, most
importantly Ca®*, resulting in an initial depolarization of the cell. Ca®* plays two
additional roles; first it binds to and opens the Ca?*-dependent CI channel resulting in
an efflux of CI ions and a further depolarization of the cell. The CNG channel only
carries about 15% of the depolarization of the OSN, the rest is due to the Ca®*-
dependent CI" channel [2]. Second, the Ca®* binds to calmodulin which both
desensitizes the CNG channel to cAMP and initiates cAMP hydrolysis; this plays a key
role in odor adaptation. Depolarization of the cell results in the release of an action

potential which travels through the axons of the OSNs to the olfactory bulb where the
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OSNs synapse with mitral cells [2]. The signal is processed through multiple cell types
in the olfactory bulb and is further processed in the brain.

The CNGB1-X26 mouse has olfactory impairment due to its mutation in the
CNGBL1 gene. The mice have decreased olfactory responses as measured by electro-
olfactograms and behavioral testing but are not completely anosmic. The olfactory
epithelium (OE) and olfactory bulbs (OB) of CNGB1-X26 mice have normal morphology
although the OE is 15-20% thinner and the OBs are markedly reduced in size [4].

A mutation in CNGB1 has been described in a canine model of retinitis
pigmentosa [5]. This mutation is in an almost identical exonic location compared to the
CNGB1-X26 mouse. In this study, we investigated the effect of mutation in CNGB1

affected dogs on the olfactory system.
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5.2 Materials and methods

5.2.1 Animal use

The dogs used in this study were maintained in a colony at the Michigan State

University Comparative Ophthalmology Laboratory as described in Chapter 3.

5.2.2 Behavioral testing

We developed a method for assessing behavioral olfactory function which
included food being randomly placed in one of four boxes inside a large pen (modified
from a buried food test used for phenotyping mice) [6].

This method required little hands-on training and reduced the effect of handler
bias although there was a long conditioning period [7]. Each dog was placed in a 7 foot
by 7 foot square pen with four boxes. Dogs became comfortable with the room,
experiment pen and boxes by being placed alone in the pen for 20 minutes 3-5 days a
week for five weeks. Inside the experiment pen were four open boxes with food placed
in one box. The boxes were placed in a line in the middle of the pen with meat baby
food (ham or turkey; Gerber Inc., Florham Park, NJ) in one randomly selected box. The
boxes were recycled pipette tip boxes (Biohit, Bohemia, NY) that were opaque and any
contents could not easily be seen but the food could be smelled. Two different amounts
of food were tested; 2 grams and 20 grams. Dogs were allowed 2 minutes in the test
pen per test and the box containing the food was randomly assigned for each test. Dogs

were fasted overnight but had access to drinking water.

220



Figure 5.1. Olfaction behavior testing pen layout. The dogs are placed in a pen with
four covered boxes in a line. In one of the boxes there is food. The dogs are given 2
minutes to investigate the boxes.

Dogs did not observe the researcher placing the food into the box. The dogs were
alone in the room and recorded while the investigator waited quietly in another room, so
as not to distract the dog or give any clues as to which box contained the food. After
each test, the box was opened and the dog was shown that there was food in the box
and the dog was allowed a taste of the baby food. As a positive control, dogs were also
placed in the pen while all four boxes were open and food was placed in one box.

After the test, an observer blinded to which box contained the food watched the
recorded videos and did a quantitative and qualitative assessment. For the quantitative
assessment the observer used a timer to record the time the dog spent at each box. If
the dog obviously smelled a box but spent less than 1 second at the box, this was
counted as 1 second. After this assessment, videos in which the dog did not spend at
least 5 seconds investigating the boxes were removed from the analysis. For the

gualitative assessment, a blinded observer watched the video and recorded which box

221



they thought the food was in based on the dog’s behavior. Four CNGB1 affected

Papillons and two control Papillons were tested.

5.2.3 Sample collection and processing

Following humane euthanasia, the nasal cavities and olfactory bulbs from several
CNGB1 affected and controls dogs (see the following sections for numbers and ages)
were collected for further processing. First, the head was removed from the carcass.
The skin, musculature and lower jaw were removed from the head. The calvarium was
carefully removed. The olfactory bulbs (OB) were removed and fixed in 1%
paraformaldehyde and 0.1% glutaraldehyde (pH 7.4) for at least 24 hours at 4°C.

The nasal cavity was sagitally sectioned 1-2 mm to the right of the midline,
yielding an intact left nasal cavity and a right nasal lateral wall. The ethmoturbinate 4
(ET4) of the right nasal cavity was collected and flash frozen in liquid nitrogen and
stored at -80°C for later extraction of RNA. ET4 was specifically selected for RNA
isolation because it is known to be lined with an abundance of olfactory mucosa [8]. The
left side of the nasal cavity was fixed in 1% paraformaldehyde and 0.1% glutaraldehyde
(pH 7.4) for at least 24 hours at 4°C.

Each left nasal cavity specimen was decalcified in 10%
ethylenediaminetetraacetic acid (EDTA) in 0.1M sodium cacodylate buffer (pH 7.4) for
120 days and then rinsed with distilled water. Transverse sections of the nasal cavity
were cut using dental and palatine landmarks in a plane perpendicular to the hard
palate and nasal septum to obtain 8 (8-week old dogs) or 12 (5 month old dogs)
sections. These tissue sections (~5 mm thick) and the OBs were paraffin embedded

with the anterior face sectioned at 5 um. Paraffin embedded sections were stained with
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hematoxylin and eosin (H&E, nasal cavities and OBs) and Alcian blue/periodic acid
Schiff (AB/PAS, nasal cavities only) and evaluated for histopathology and morphometric
assessments. Additional sections were labeled for immunohistochemical analyses as

described in section 5.2.5 Immunohistochemistry.

5.2.4 CNGBL1 transcript quantification

Olfactory ET4 from 8 week old CNGBL1 affected dogs (N=2), 8 week old CNGB1
heterozygous dogs (N=1) and 8 week old mixed breed control dogs (N=3) were
dissected as described in the previous section (5.5.2 Sample Collection and
Processing). RNA was extracted and cDNA was made following the manufacturer’s
protocols (RNeasy midi kit Qiagen Sciences, Germantown, MD and 3’ RACE,
Invitrogen, Carlsbad, CA). Real time quantitative PCR (RT-gPCR) was conducted as

described in Chapter 3 using the primers listed in Table 5.1.

Table 5.1. RT-qgPCR primers for olfactory epithelium tissue expression

Gene Forward Primer Reverse Primer Sizel!

CNGB1 GGACATCACCGTGTTCCAG TGTCCATCTTAAAGCGACGAG 113
CNGA2 CCGCTGGCTATTTGTCATTG GTCACTGAAGCAGGCTCTGG 76
CNGA4 ACCCAAGGCCAGGAAGTTG TCGTGTTCAGCCACCAGTAG 71
OMP ACATGACCTTGCGGATCTTG GCCATGGATTGGAACGAG 79

1. Amplified cDNA size

5.2.5 Immunohistochemistry

Additional 5 um sections were obtained from all tissue blocks containing olfactory
mucosa. Unstained and hydrated paraffin embedded sections were blocked and
incubated with specific dilutions of primary polyclonal antibodies (Table 5.2). Paraffin

embedded sections were labeled with antibodies against CNGB1 C-terminal peptide,
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olfactory marker protein (OMP) to identify mature OSNSs, or the pan-neuronal marker
protein gene product 9.5 (PGP 9.5) to identify all OSNs. Immunohistochemistry on
paraffin embedded sections was conducted by Michigan State University Diagnostic
Center for Population and Animal Health Histology Laboratory (Lansing, Ml 48910) and
the Investigative Histopathology Laboratory in the Division of Human Pathology at
Michigan State University (East Lansing, MI 48824). Primary and secondary antibody

concentrations are listed in Table 5.2.

Table 5.2. Antibody details and concentrations

Antigen Target Antibody Details  Source Secondary Antibody

CNGB1 C-terminal* 1:200 rabbit Sigma-Aldrich  EnVision FLEX

(1144-1238) polyclonal HPA039159 K8000

OMP - olfactory marker ~ 1:2000 goat Wako \B/gc_torlLabds .
rotein polyclonal 544-10001 lotinylated anti-

b rabbit 1IgG

PGP 9.5 - neuronal 1:500 rabbit Abcam EnVision FLEX

marker polyclonal ab15503 K8000

1. Protein detected with this antibody is assumed to be full-length

5.2.6 Stereology

OE sections from the rostral and caudal aspects of the dorsal medial meatus of
the rostral and caudal nasal cavity were labeled with OMP and used for morphometry
measurements. The thickness of the OE and the volume density of OSNs (as
determined by volume fraction of OMP-positive staining within the OE) were calculated
using the following procedure (modified from [9]). Serial photomicrographs of the OE
lining the dorsal medial meatus were obtained at a final magnification of 1,710x using a

light microscope (Olympus BX-40, Olympus America, Melville, NY) coupled to a 3.3-
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megapixel digital color camera (Q-color 3, Quantitative Imaging Corporation, Burnaby,
British Columbia, CA) The images were loaded into a software package that
automatically overlays a 136-point cycloid grid (containing 136 points and 35 intercepts)
onto the image (Stereology Toolbox, Moprhometrix, Davis, CA). Each point represents 1
um? of olfactory tissue. The software is calibrated using a micrometer image taken using

the same microscope, camera and magnification as the tissue images. The length of the

cycloid (used in further calculations) is calculated by the equation: Cycloid arc = 1—10X

where X is the calibrated width of the grid; for example: Cycloid arc = 1—10 510.5 the

cycloid arc is 51.05 pum. Using the software, points that were touching OSNSs, cilia or OE
were counted as points and placed into a table organized by each category. The
number of cycloid arcs intersecting with the basal lamina were counted as intercepts.

A series of equations are used to calculate the percent of that total volume of

OSNs in the OE:

1. The length per points (I/P) is calculated with the equation:

__ #intercepts x cycloid arc

/P = : :
total points on grid
35x 51.05
For example: [/P = jT the [/P =13.14.

2. The total tissue thickness is calculated by the equation:

l
Lt = ; Ptissue

For example: Lt = (13.14)(Total # of points counted in an image)
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3. Finally, volume density for the object of interest (T) (for example the OSNSs) is

calculated with the equation: T = (ﬂ) ( o )
Ptis/ \2(Int)

Where Pop are the points touching your tissue of interest, P:is are the total points

counted in the tissue, and Int are the number of intercepts of the basal lamina

counted.

These calculations result in an estimate of volume per surface area of a tissue of
interest (Vs, p®/u?) (for example, volume of OSNs per unit of OE basal lamina). T was

calculated for all images taken for four dogs; one 8 week old CNGB1 affected, one 5

month old CNGBL1 affected and two age matched (8 week and 5 month) control dogs.
5.2.7 Statistical analysis

Statistics were calculated as described in Chapter 3.
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53 Results

5.3.1 CNGBL1 transcriptis reduced in CNGB1 affected dogs

CNGBL1 transcript levels were assessed in 8 week old CNGBL1 affected (N=2),
heterozygous (N=1) and control dogs (N=3) using RT-qPCR. The CNGB1 transcripts
were normalized to the mature OSN-specific gene OMP (olfactory marker protein). This
gene was used for normalizing (as opposed to a housekeeping gene) because CNGB1b
is only expressed in the mature OSNs of the OE tissue reducing the variability caused
by the inclusion of other tell types in the sample. Mean CNGB1 transcript levels were
significantly reduced in CNGB1 affected dogs compared to the age matched control
dogs (20.2% * 2.8, p< 0.001; Table 5.3). The transcript levels of CNGA2 and CNGA4 in
the CNGBL1 affected dogs were also assessed. CNGA2 and CNGA4 levels were not
significantly different between CNGB1 affected and control dogs (107% + 0.07,

p=0.634; 115% + 14.3, p=0.186).

Table 5.3. RT-gPCR results from olfactory epithelial extracts

Sample’ CNGB1? CNGA?2 CNGA4
Aff 1 0.22 1.07 1.25
Aff 2 0.18 1.07 1.04
Het 1 1.03 0.79 1.01
Unaf 1 1.00 1.04 0.99
Unaf 2 1.06 1.14 1.06
Unaf 3 0.95 0.84 0.96

1. Biological replicates. Aff 1-2, Het 1 and Unaf 1-3: 8 weeks old
2. Fold change from mean of unaffected CNGBL1 transcript levels.
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5.3.2 Full length CNGB1 protein is not expressed in the olfactory epithelium

To confirm that the reduced CNGB1b transcript expression due to the mutation
results in altered CNGB1b protein expression, we conducted IHC on caudal sections of
the OE in 8 week old CNGBL1 affected and control dogs. The sections labeled with the
C-terminal CNGB1 antibody showed that the full length CNGB1b protein is not
detectable in the CNGBL1 affected dogs while it is correctly localized to the cilia of the
OSNs in the control dog (Figure 5.2). Additional IHC will be needed to investigate the

presence of a truncated CNGBL1 protein, as seen in the retina.

Control

CNGB1

Figure 5.2. Full length CNGB1 protein is not detectable in the CNGB1 affected
dog. The full length CNGB1 protein (brown) is localized to the cilia of the OSNs in the 8
week old control dog but is not detectable in the CNGB1 affected dog. The counterstain
(blue) is hematoxylin. Size bar — 50 um.

5.3.3 Olfactory epithelium morphology in the CNGB1 affected dogs

The morphology of CNGBL1 affected dogs compared to age-matched control
dogs was assessed using stereological methods applied to serial images from rostral
and caudal sections. The 8 week old CNGB1 affected dog had thinner OE than the 8

week control dog (Table 5.4, Figure 5.3). However, the OE from a 5 month old CNGB1
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affected dog was thicker than the respective OE from a 5 month old control dog and
from both of the 8 week old dogs. The volume of OMP positive OSNs per surface area
of OE basal lamina was less in the 8 week old CNGB1 affected dog compared to the
control dogs while the 5 month old CNGB1 affected dog had less volume of OMP
positive OSNs per surface area of OE than the control dogs in the rostral section but

more in the caudal section.

Table 5.4. Morphometric description of CNGB1 affected and control dog OSNs in
the OE

Sample Location® OE? (n) OSNs® (u¥/p?)

8 week control Rostral 140.1 36.4

Caudal 174.0 37.4

Rostral 123.0 26.8

8 week affected Caudal 108.8 223
5 month control Rostral 131.6 37.1
Caudal 131.0 36.6

Rostral 221.7 19.8

5 month affected Caudal 1973 49.2

1. Two sections of the olfactory cavity were analyzed per dog, the rostral and caudal
sections of the dorsal medial meatus
2. The mean thickness of the OE in microns
3. The mean volume per surface area of OMP positive-stained OSNs
Mature OSNSs are labeled with the OMP antibody while PGP 9.5 is a pan OSN
marker. The CNGB1 affected dogs have very few OMP positive axons compared to the
control dogs (Figure 5.3A). However, there are PGP 9.5 positive axons in the CNGB1

affected dogs (as well as the control dogs) (Figure 5.3B, arrow heads). This indicates

that there are less mature OSNs in the CNGB1 affected dogs.
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8 week Control 8 week Affected 5 month Control 5 month Affected

i

Figure 5.3. OMP and PGP 9.5 labeling in CNGB1 affected dogs and age matched controls. Representative sections
of the OE in the sections showed differences in the OE thickness between the CNGB1 affected and age-matched control
dogs. The OE of the 8 week old CNGBL1 affected dog is thinner than that of the 8 week old control dog while the 5 month
CNGBL1 affected dog has thicker OE than both control dogs. (A) The sections are labeled with OMP which labels mature
OSNs. The CNGBL1 affected dogs have less OMP positive stained OSNs than the control dogs, as determined by
stereology. (B) The sections are labeled with PGP 9.5 which labels all OSNs. Note the increased number of OSN axons
labeled with PGP 9.5 in the CNGB1 affected dogs compared to the axons labeled with OMP (black arrow heads). The

counterstain (blue) is hematoxylin. Size bar — 50 pm.
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5.3.4 Olfactory bulbs in CNGB1 affected dogs are morphologically normal

The OBs in the CNGBL1 affected dogs have normal morphology compared to
control dogs (Figure 5.4). Labeling OB sections of the 8 week old CNGB1 affected dog
with OMP showed defined olfactory nerve, glomerular, external plexiform, mitral cell and
inner plexiform layers, similar to the control dog. This data indicates that the 8 week old

CNGB1 affected dogs have normal development of the OBs.

Control Affected

Figure 5.4. The olfactory bulb in the 8 week old CNGB1 affected dog has normal
morphology. The olfactory bulb has 5 layers which are visible in the control and
CNGB1 affected dog histological sections. The OSN axons are labeled with OMP
(brown). The CNGBL1 affected dog has normal morphology of the OB. The counterstain
(blue) is hematoxylin. Size bar 100 um. ONL — outer nerve layer; GL — glomerular layer,
EPL — external plexiform layer; MCL — mitral cell layer; IPL — inner plexiform layer.
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5.3.5 Functional olfaction is reduced in CNGB1 affected dogs

We developed a behavioral assay to test olfactory function in the CNGB1
affected dogs. Only purebred Papillon dogs were tested (9 months to 6 years of age).
The volume of food (2 g or 20 g) did not significantly impact the amount of time spent at
the correct box for the CNGB1 affected dogs and the controls dogs (p=0.685 and
p=0.667 respectively). CNGB1 affected dogs spent less time investigating the box
containing the food than control dogs (2 g: p=0.004; 20 g: p=0.009; Figure 5.5A). A
gualitative assessment was also conducted by a blinded observer. The observer would
infer which box held the food based on the dog’s behavior. For example, the control
dogs would often paw or lick at the correct box, making it clear to the observer which
box the food was in. The CNGB1 affected dog behavior was significantly less likely to
indicate which box the food was in (2 g: p=0.01; 20 g: p=0.002; Figure 5.5B). This
means that about 30% of the time the CNGB1 dogs indicated the correct box
(compared to the controls dogs ~87%). Supplemental Table 5.S1 shows the mean
values, p-values and statistical test used for the data presented in Figure 5.5. This data
supports that the hypothesis that CNGB1 affected dogs have decreased but not absent

olfactory function.
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Figure 5.5. CNGB1 affected dogs have decreased olfactory function. (A) The
CNGB1 affected dogs spend significantly less time investigating the correct box than
the control dogs at both amounts of food (2 g and 20 g). (B) The CNGB1 affected dog’s
behavior indicated the correct box significantly fewer times than control dog behavior at
both amounts of food. * - p<0.05, ** - p <0.01.
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5.4 Discussion

In this study we showed that there is a significant decrease in CNGB1 transcript
expression in the OE, lack of detectable full length CNGB1 protein in the OSN cilia and
decreased olfactory function as determined by a behavioral assay. Additionally, we
showed that there is normal morphology of OE and OB but there is a difference in
epithelial height and OSN volume.

The decrease in the CNGB1 transcript to ~20% of wild type levels is within
published values of nonsense-mediated mMRNA decay (NMD; 5-36%) [10,11]. The levels
of CNGBL1 transcript in the retina (42%, Chapter 3 Section 3.3.1) is about twice that of
the OE levels but NMD efficiency between tissues of mouse knockout models have
shown to be variable (16-36%) [11,12]. PCR amplification of OE cDNA showed the
same exon skipping as was seen in the CNGB1 affected retinal tissue (data not shown;
see the discussion in Chapter 3 for more details about NMD and nonsense-associated
alternative splicing). Future studies will be needed to understand the difference in NMD
efficiency between the retina and the OE but are beyond the scope of this chapter.

Full length CNGB1b was not detectable in the 8 week old CNGB1 affected OE
but was localized correctly in the age-matched control dog. The C-terminal CNGB1
antibody will not detect the presence of a truncated CNGB1b in CNGB1 affected dogs.
A CNGB1 antibody is available that is targeted to the N-terminal region of CNGB1b
(FPc21K, referred to as CNGB1 mid in Chapter 3) [3]. Initial attempts with this antibody
in the OE were not successful. We have shown that the antibody labels the canine
CNGBL1 protein (Chapter 3) but it remains to be optimized in the paraffin-embedded
fixed OE. In the CNGB1-X26 mouse model full length CNGB1b was not expressed in

OE but the CNGA2 and CNGA4 subunits were expressed. The OSNs in the CNGB1-
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X26 mouse showed characteristics of abnormal channel behavior similar to
heterologously expressed CNGA2 and CNGA4 channels [4]. Attempts to immunolabel
canine tissue with the CNGA2 and CNGA4 antibodies were not successful.
Comparisons of the canine CNGA2 and CNGA4 predicted protein sequences and the
immunogens for CNGA2 and CNGA4 indicated that the antibodies should probably

identify the canine proteins (>90% sequence similarity, http://blast.ncbi.nlm.nih.gov).

Future work to optimize immunohistochemistry using the N-terminal CNGB1b, CNGA2
and CNGA4 antibodies in the canine OE tissue is needed.

The OE is morphologically normal but OE thickness differs between the CNGB1
affected and control dogs. The OE is thinner in the 8 week old CNGB1 affected dog
compared to the control dog. The OE thickness is directly related to the volume of
OSNs present in the OE, therefore, the thinner OE in the CNGBL1 affected dog may be
due to the decreased volume of OMP positive OSNs in the OE [13]. However, the 5
month old CNGBL1 affected dog had a thicker OE than the age-matched control but the
number of OMP positive OSNSs in the rostral section was similar to the 8 week old
CNGBL1 affected dog. The thickness seen in the rostral section of the 5 month old
CNGBL1 affected dog is not explained by an increased number of OMP positive OSNSs.
The 5 month old CNGBL1 affected dog’s caudal section had a much higher volume of
OMP positive OSNs, which could explain the increased OE thickness in this section.
One dog at each time point was investigated for the descriptive analysis of OE
thickness and the OSN volume. Additional age-matched control and CNGB1 affected
dogs will be needed to do statistical assessments of these data. Figure 5.3B showed

the CNGBL1 affected dog OEs had very few OMP positive axons and there were more
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positive PGP 9.5 axons. This indicates that there are lower numbers of mature OSNSs in
the CNGBL1 affected dogs compared to the control dogs. OSNs need stimulation to
mature, so the decreased number of OMP positive OSNs and labeled axons could be
the result of decreased function in the OSNSs [14-16]. Further work using the same
stereological and morphological techniques used for the OMP positive volume
assessments can be used with PGP 9.5 (to assess if the OE thickness is a factor of
increased immature OSNSs in the caudal section of the 5 month old CNGBL1 affected
dog) and basal cell markers (to see if the 5 month old CNGB1 affected dog has
increased basal cells compared to control dogs).

Comparing the OBs of the 8 week old CNGB1 affected and control dogs showed
that the OBs have normal morphology at this age. Future work will be needed to assess
how or if the OB changes over time. Preliminary work assessing the volumes of OB in
CNGB1 affected and controls dogs indicated that there may be a difference in OB
volumes in older CNGB1 affected dogs, however, this data may have been confounded
by the physical characteristics of the control dogs used in the study (data not shown).
Additional work investigating the OB volumes in CNGB1 affected dogs will take into
account skull shape and body size to decrease variables that could alter the results.

The developed behavior test to assess olfaction showed that the CNGB1
affected dogs have decreased but not completely absent olfactory capabilities. The
behavior test required little hands on training but was time consuming during the
conditioning phase. The fact that the test did not require that the dogs were trained to
complete it was important under the assumption that a CNGB1 affected dogs were

anosmic because training an anosmic dog to signal if it was able to smell would not be
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possible. Additionally, handler bias in canine behavior can be a concern [7]. Previous
studies have indicated that if a dog can smell, it will find food hidden in its pen [17]. The
research Papillons were not as food oriented as one might anticipate. An assortment of
food options were offered to the dogs until we found that the meat baby food was
palatable to all of the Papillons in the study. We used 4 CNGBL1 affected dogs and 2
control dogs for the behavioral assessment and we did not use any Papillon crosses as
controls to decrease any across breed variability there might be on olfaction or food
motivation. Preliminary trials with a Beagle/Papillon cross showed that (at least with the
single dog tested) there was a behavioral difference between the purebred Papillons
and the Beagle/Papillon cross (data not shown). The assessment showed that the
CNGBL1 affected Papillons occasionally identified the box containing the food but were
not as successful as the control Papillons. We did not test for significance between the
CNGBL1 affected dogs and random chance so we cannot conclude from this data
whether the CNGB1 affected dogs are completely anosomic. However, anecdotal
evidence from CNGB1 affected dogs outside the testing procedure indicates that the
dogs are capable of smelling at least to some degree.

Recent studies have shown successful adenoviral vector gene therapy in mouse
OSNs as a model for ciliopathies [18]. With the characterization of the CNGB1 affected
dog olfactory phenotype and the development of a behavioral assessment the CNGB1

affected dog model is optimal for any future large animal OSN gene therapy trials.
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5.5 Supplemental information

Table 5.S1. Comprehensive table of data, statistical analyses and p-values
corresponding to Figure 5.3

Figure 5.3A Quantitative Olfaction Testing
Food Control' CNGB1 Affected’  Statistical Analysis*  Pval

29 56.3 29.2 ST 0.004
209 52.4 30.9 ST 0.009

Figure 5.3B Qualitative Olfaction Testing
Food Control' CNGB1 Affected’  Statistical Analysis*  Pval

29 80.0 31.4 M-W 0.018
209 95.0 35.5 M-W 0.011

1. Mean values of the percentage of time the dog spent (Figure 5.3A) or indicated
(Figure 5.3B) at the box containing the food
2. Statistical analysis: ST — Student t-test; M-W — Mann-Whitney Rank Sum Test

238



REFERENCES

239



REFERENCES

. Kaupp UB, Niidome T, Tanabe T, Terada S, Bonigk W, et al. (1989) Primary structure
and functional expression from complementary DNA of the rod photoreceptor
cyclic GMP-gated channel. Nature (London) 342: 762-766.

. Kaupp UB, Seifert R (2002) Cyclic nucleotide-gated ion channels. Physiological
Reviews 82: 769-824.

. Bonigk W, Bradley J, Muller F, Sesti F, Boekhoff I, et al. (1999) The native rat
olfactory cyclic nucleotide-gated channel is composed of three distinct subunits.
Journal of Neuroscience 19: 5332-5347.

. Michalakis S, Reisert J, Geiger H, Wetzel C, Zong XG, et al. (2006) Loss of CNGB1
protein leads to olfactory dysfunction and subciliary cyclic nucleotide-gated
channel trapping. Journal of Biological Chemistry 281: 35156-35166.

. Winkler PA, Ekenstedt KJ, Occelli LM, Frattaroli AV, Bartoe JT, et al. (2013) A large
animal model for CNGB1 autosomal recessive retinitis pigmentosa. PLoS One 8:
e72229.

. Yang M, Crawley JN (2009) Simple behavioral assessment of mouse olfaction.
Current Protocols in Neuroscience Chapter 8: Unit 8 24.

. Lit L, Schweitzer JB, Oberbauer AM (2011) Handler beliefs affect scent detection dog
outcomes. Animal Cognition 14: 387-394.

. Craven BA, Neuberger T, Paterson EG, Webb AG, Josephson EM, et al. (2007)
Reconstruction and morphometric analysis of the nasal airway of the dog (Canis
familiaris) and implications regarding olfactory airflow. The Anatatomical Record
(Hoboken) 290: 1325-1340.

. Carey SA, Plopper CG, Hyde DM, Islam Z, Pestka JJ, et al. (2012) Satratoxin-G from
the black mold Stachybotrys chartarum induces rhinitis and apoptosis of olfactory
sensory neurons in the nasal airways of rhesus monkeys. Toxicologic Pathology

40: 887-898.

10. Maquat LE (1995) When cells stop making sense: effects of nonsense codons on

RNA metabolism in vertebrate cells. RNA 1: 453-465.

11. Zetoune AB, Fontaniere S, Magnin D, Anczukow O, Buisson M, et al. (2008)

Comparison of nonsense-mediated mMRNA decay efficiency in various murine
tissues. BMC Genetics 9: 83.

240



12.

13.

14.

15.

16.

17.

18.

Isken O, Maquat LE (2007) Quality control of eukaryotic mRNA: safeguarding cells
from abnormal mMRNA function. Genes & Development 21: 1833-1856.

Graziadei PPC, Montigraziadei GA (1979) Neurogenesis and neuron regeneration in
the olfactory system of mammals. I. Morphological aspects of differentiation and
structural organization of the olfactory sensory neurons. Journal of Neurocytology
8:1-18.

Farbman Al, Brunjes PC, Rentfro L, Michas J, Ritz S (1988) The effect of unilateral
naris occlusion on cell dynamics in the developing rat olfactory epithelium.
Journal of Neuroscience 8: 3290-3295.

Suh KS, Kim SY, Bae YC, Ronnett GV, Moon C (2006) Effects of unilateral naris
occlusion on the olfactory eptihelium of adult mice. Neuroreport 17: 1139-1142.

Kikuta S, Sakamoto T, Nagayama S, Kanaya K, Kinoshita M, et al. (2015) Sensory
deprivation disrupts homeostatic regeneration of newly generated olfactory
sensory neurons after injury in adult mice. Journal of Neuroscience 35: 2657-
2673.

Houpt KA, Shepherd P, Hintz HF (1978) Two methods for producing peripheral
anosmia in dogs. Lab Anim Sci 28: 173-177.

Mclintyre JC, Davis EE, Joiner A, Williams CL, Tsai IC, et al. (2012) Gene therapy

rescues cilia defects and restores olfactory function in a mammalian ciliopathy
model. Nature Medicine 18: 1423-1429.

241



CHAPTER 6

DISCUSSION AND FUTURE DIRECTIONS
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While much of the work in this dissertation is basic research, it also has some
very practical applications. Both the basic research and the practical applications will be
described in a primarily historical context of this final chapter.

In 2009 the Papillon Club of America (PCA) located intact male and female
Papillons that were affected with PRA. The pair was bred and two members of the PCA
Health and Genetics Committee flew to Sweden to pick up the pregnant female
Papillon. The female and her two offspring were the foundation stock of the research
colony used for this dissertation. These three dogs were the small family group of cases
used to identify the region of homozygosity containing the CNGB1 gene. The CNGB1
gene had not been directly sequenced in the canine genome and many of the exons
were incorrectly predicted. Fortunately, the mutation was in a correctly predicted exon
and was identified early in the process of Sanger sequencing the gene. It took an
additional few months to piece together the intron/exon boundaries and the mRNA
sequence of the canine CNGB1 gene. The additional effort put into sequencing the
CNGBL1 transcript prepared us for an easy transition into the gene therapy trials, in
which the coding region that | pieced together was used to synthesize the AAV5-
cCNGBL1 vector genome. The early identification of the mutation enabled us to grow our
research colony. Papillons are small dogs and have litters of 1-3 very small puppies,
which is less than ideal for a research setting. We were able to cross the Papillons with
beagles and choose the larger and heartier offspring to expand our research colony. To
repay the PCA and the many breeders who helped us with sample collection, we
developed a genotyping assay for the breeders. Since the development of the

genotyping assay over 2,600 Papillons have been tested for the CNGB1 mutation
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(http://www.pcagenetics.com/). The use of this test for informed breeding decisions may

eradicate this form of PRA in Papillons dogs.

The CNGB1 mutation accounts for about 70% of Papillons affected with PRA.
The number of unaccounted PRA cases exceeds what would be expected from
phenocopies, misdiagnoses and sample mix-ups. It is likely that the ~30% of the non-
CNGB1 PRA-affected Papillons have a mutation in different gene causing their form of
PRA. It has been of great interest to the Comparative Ophthalmology (CO) lab and the
PCA to account for the other form(s) of PRA within the Papillon breed. On the original
SNP array (used to locate the region of homozygosity harboring the CNGB1 mutation,
Chapter 2) we had 4 PRA-affected dogs that did not have the CNGB1 mutation. With
the help of the PCA, our lab and the lab at Optigen, LLC (Ithaca, Ney York) we recruited
an additional 6 non-CNGBL1 affected DNA samples. These additional 6 samples were
genotyped using the same protocol as the original samples and the two data sets were
merged for analyses. A genome-wide association analyses and model testing was
conducted by the genome analysis toolset, PLINK. No regions reached genome-wide
significance. Any regions near genome-wide significance did not harbor any candidate
genes. We will continue to recruit samples from non-CNGB1 affected Papillons to add
to our current genotyped dogs. The PCA is actively searching for non-CNGB1 affected
Papillons which are intact to breed the CO lab a research litter. With the continued
support and dedication of the PCA, | am confident that the CO lab will be able to identify
the additional form(s) of PRA within the Papillon breed.

The establishment of the CNGB1 affected dog research colony allowed us to

characterize the phenotype of the mutation in the retina and olfactory system. The
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CNGBL1 transcript was significantly decreased in retinal and olfactory epithelial tissues.
Sequencing the CNGB1 transcript isolated from CNGB1 affected retinal tissue showed
that our initial prediction of the location of the premature stop codon was incorrect. The
identified mutation (a 6 bp insertion and a 1 bp deletion) results in skipping of the exon
harboring the mutation. This exon skipping created a premature stop codon creating a
shorter open reading frame, making the CNGB1 affected dog mutation and the CNGB1-
X26 mouse mutation nearly identical. Despite the premature stop codon, decreased
transcript levels and predicted loss of function of the CNGB1 protein there is presence
of truncated CNGBL1 protein in the retina. The CNGB1 affected dogs have decreased
and abnormal rod function at the earliest age tested although histological evidence
supports normal development of the rod photoreceptors. Immunohistochemistry on
retinal sections show presence of rod-associated proteins until 2.5 years. The retina
degenerates slowly over the 6 years we have followed the mutation, with functional day-
light vision being maintained in the CNGB1 affected dogs for at least 6 years.

Future work characterizing the retinal phenotype will involve detailed early rod
ERG analysis to understand the origin of the second positive peak in the scotopic ERG.
We hypothesize that this wave is residual rod function, possibly coming from homomeric
CNGAL1 channels. It would be interesting to carefully track the second peak amplitude
and collect retinal tissues at different stages of its development to see if it corresponds
with CNGAL1 levels in the rod outer segments. However, the number of CNGB1 affected
dogs that would be needed for this type of study outweighs the information that could be
gleaned from such a study. Currently, we are using intricate ERG protocols and

analyses to understand the residual rod function in the CNGB1 affected dogs.
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The olfactory phenotype of the CNGB1 affected dogs is more subtle than the
retinal phenotype. In the 8 week old CNGB1 affected dogs the olfactory epithelium (OE)
appears thinner while at 5 months the OE is much thicker than control dogs. These
observations were from one CNGB1 affected and control dog at each time point, future
work will be needed to confirm that these differences are due to the CNGB1 mutation
and not normal variation seen in dog OE. The olfactory bulb (OB) to brain ratio is
smaller in CNGB1 affected dogs than in control dogs, suggesting that the OBs are
affected by the CNGB1 mutation. Additional immunohistochemistal and morphological
studies on the OBs will be needed to investigate the effect of the CNGB1 mutation on
this tissue. A behavioral test was developed to investigate the functional olfactory
phenotype of the CNGBL1 affected dog. For this study, we only used purebred Papillons
which limited our sample size. However, we saw a significant decrease in olfaction in
the CNGBL1 affected dogs although the dogs were not anosmic.

CNGBL1 splice variants are also present in testes and the flagellum of sperm. The
CNGBL1 affected dogs and mice are able to produce offspring so little work has been
conducted on either of these models characterizing the effect of a CNGB1 mutation in
this tissue. Testicular tissue has been collected from all CNGB1 affected and
heterozygous male dogs that have been euthanized. Tissue has been flash frozen or
fixed in paraformaldehyde for future studies. In very limited observations, we have
noticed that the semen from a CNGB1 affected Papillon could not be frozen and stored,;
the sample was not usable after thawing. Our male breeding Papillon has decreased
sperm count (although he was obviously still able to produce offspring). Additionally,

many of the male CNGB1 affected dogs are cryptorchid. Whether these observations
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are unrelated or due to the CNGB1 mutation is purely speculative at this point but may
be of interest as the research colony expands.

One of the benefits of the detailed retinal phenotyping was to understand the
natural history of the disease so that when gene therapy was developed and utilized we
would know how the disease was altered due to the therapy. CNGB1 affected dogs
were treated with an adeno-associated viral (AAV) vector containing a wildtype copy of
the canine CNGB1 transcript (AAV5-cCNGB1). All dogs treated with AAV5-cCNGB1
showed vision rescue. Significant ERG rescue was seen and maintained in eyes
injected with a higher titer of AAV5-cCNGB1 (5x10%) and no detrimental effects of the
therapy was noted. Full length CNGB1 was expressed in the rod outer segments of the
treated regions. The slow retinal degeneration and the success of the first gene therapy
trial highlights the CNGB1 affected as a useful model in future optimization of gene
therapy for translation into human patients.

Recent collaborations with clinicians and patients (containing mutations in the
CNGBL1 gene) have shown that there is great interest in developing and optimizing gene
therapy for the treatment of retinitis pigmentosa 45 (RP45). These groups are working
together to form a foundation to locate and recruit additional RP45 patients for future
gene therapy clinical trials. The CNGB1 affected dog will be used to optimize the AAV

vector that will be utilized for the human gene therapy clinical trials.
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