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ABSTRACT
Light energy is converted into an electrical signal by a set of proteins in the
phototransduction cascade in photoreceptors. In this work, I focus on two critical
elements of the phototransduction cascade in canine, the opsin molecules and
CNG channels of cone photoreceptors. Canines are dichromats possessing two
types of cone photoreceptors with different opsin molecules that detect either
long and medium wavelengths (L/M) or short wavelengths (S). The L/M- and Sopsin genes were cloned from an Alaskan Malamute and used to investigate key
amino acids that are responsible for tuning the spectral properties of the 11-cis
retinal chromophore. Cone CNG channels are composed of CNGA3 and CNGB3
subunits. I characterized antibodies to detect cone CNG channel subunits to
investigate expression of mutations in CNGB3 subunit on two canine models for
achromatopsia. One model contains a mis-sense CNGB3 mutation D262N
(CNGB3m/m) and the other is a complete deletion of all exons of the CNGB3 gene
(CNGB3-/-). Studies presented in this thesis show CNGB3 is expressed later in
cone during retinal development compared to CNGA3. It also presents evidence
for the necessity of CNGB3 in cone outer segment targeting of CNGA3.

This doctoral dissertation is dedicated to my father.
Jose. F. Gonzalez
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CHAPTER 1
INTRODUCTION
1.1: An introduction to vision
Have you ever noticed how our perception of colors changes at dusk? As the sun
sets, and the lights dim, reds and greens begin to fade and blues become
sharper and clearer. The spectacle of colors and intensity of their contrast
focuses our attention to our visual perception reminding us of our ability to detect
light and perceive color. This effect was discovered in 1819 by a
polymathematician named Jan Evangelista Purkyne. He noticed that the
perception of the colors of flowers changed depending on illumination conditions
under altering illumination conditions. This led him to theorize that the visual
system adapted two systems for the perception of light and color and decided to
investigate the properties of light (Anstis, 2002). In his experiments, he observed
that the spectrum of light resulting after shining white light through a prism at
different stages of dark adaptation shifted brighter regions of the color spectrum
towards the shorter wavelength end. It appeared that one system was designed
to function in bright light and the other under dim conditions. This effect is now
known to be possible due to the two light detecting cell types in our eyes (Fig.
1.1), the rods and cones working simultaneously (Anstis, 2002). At night, our
vision is mostly mediated by rods, which are designed to work at low levels of
1

light intensity. During the day, our vision is mediated by cones operating at light
thresholds that saturate rods. The Purkinje effect, which occurs at dusk, reflects
a change in our visual system, where cone vision is gradually switched over to
rod vision during dark-adaptation.
Light detection is arguably one of the most important evolutionary adaptations for
all organisms that must survive in illuminated environments. The majority of
these animals have some type of photoreceptor system that allows for the
detection of food sources, mates, predator/prey, orientation or simply the
light/dark cycle dictated by the movement of the sun (Yau and Hardie, 2009). In
humans, eyes have allowed us to create imaginary visual worlds constructed
from the properties of light and darkness that allows us to function and survive
amongst the vast array of colorful objects and spaces we encounter. However,
sometimes nature introduces mistakes in the genetic instruction that makes
vision possible, which provides us a unique lens to unravel the myriad of
mechanisms underlying this important evolutionary adaptation.
The process that initiates the ability to reconstruct our outer environment
commences by light information entering the eye. The light is directed through
the cornea, pupil, and lens where it is then focused onto the back of the eye as
illustrated in Fig 1.2. Once light travels through the retinal layers and is absorbed
by chromophores present within the disk membranes of the photoreceptors or
the retinal pigment epithelium (RPE), it is converted into an electrical signal that
2

is relayed to the visual cortex via the optic nerve. The conversion of light into an
electrical signal is possible due to the amplification events of the
phototransduction cascade.

Fig. 1.1 Two types of photoreceptor cells responsible for detecting and
converting light into electrical signals. Rods mediate vision at low light
intensity and cones are responsible for day vision and discriminate different
wavelengths of light. Both rods and cones have inner and outer segments
connected by a cilium. The inner segments (IS) house the nucleus and
biosynthetic machinery, including the endoplasmic reticulum (ER) Golgi
apparatus. The outer segments (OS) contain the light-absorbing opsins. This is
where phototransduction begins. Image retrieved from: “Structure and function of
the eye, rods and cones” IGCSE Biology, accessed June 24, 2015, http://biologyigcse.weebly.com/the-eye-rods-and-cones.html

3

Fig. 1.2 Drawing of a section through an eye with a schematic enlargement
of the retina. Light perception occurs in two stages. First, light enters the
cornea, travels through the pupil and lens to the retina, the neural layer at the
back of the eye. Light travels through all layers of the retina before being
absorbed by photodetecting opsins concentrated in the OS disc membranes of
rod and cone photoreceptors. Image retrieved from: “Simple Anatomy of the
Retina” Webvision, accessed June 24, 2015,
http://webvision.med.utah.edu/book/part-i-foundations/simple-anatomy-of-theretina/

4

This biochemical amplification event is best understood in rods which have the
ability to detect a single photon of light in absolute darkness whereas cones
operate in ambient light and therefore do not possess the sensitivity of the rods
(Baylor et al. 1979). This difference in light sensitivity amongst the two
photoreceptor types contributes to the enormous dynamic range of human vision
from dim perception in darkness to sharp acuity and color discrimination in bright
light. Fig. 1.3 depicts the basic steps in the phototransduction pathway. In rods,
an activated rhodopsin (R*) molecule interacts with the G-protein transducin (Gt),
which activates the Gtα subunit of Gt. During the activated lifetime of a rhodopsin
molecule, ~20 Gtα molecules dissociate from the Gt (Krispel et al. 2006) and
successively stimulate the activity of phosphodiesterase (PDE). Activated PDE
catalyzes the hydrolysis of 3’-5’ cyclic guanosine monophosphate (cGMP) to
5’GMP subsequently decreasing cGMP activity and leading to closure of CNG
channels. Each subunit in the tetrameric CNG channel has a cyclic nucleotide
binding domain (CNBD) and the cooperative properties of channel activation
provide an exquisitely sensitive molecular switch for recovery of the dark state
(Pugh, Jr., 1996). The closure of the CNG channels subsequent from the
hydrolysis of cGMP pauses the influx of Ca2+ and Na+ into the photoreceptor OS.
The CNG channel is a critical player in the phototransduction Ca2+ feedback loop.
It is the only known source of Ca2+ influx in the OS (Kaupp and Seifert, 2002). In
rod OS, Ca2+ homeostasis is maintained by a balance between CNG channel
influx and a Na+/Ca2+K+ exchanger (Yau and Hardie, 2009). Upon light activation
5

of the cascade and closure of CNG channels, Ca2+ influx ceases, but the
Na+/Ca2+K+ exchanger continues to reduce [Ca2+]i. This phenomenon results in
three biochemical processes that aid in recovery of the dark current in a rods
resting state. First, as [Ca2+]i decreases, guanylate cyclase, an enzyme
responsible for synthesizing cGMP, activity increases. Second, the half-life of
activated PDE is shortened by rhodopsin kinase phosphorylation, which is
stimulated by the Ca2+-mediated protein recoverin. Lastly, the ligand sensitivity of
the CNG channels increases as [Ca2+]i decrease (Pugh, Jr. and Lamb, 1990;
Pugh, Jr. and Lamb, 1993).

6

Fig. 1.3 Phototransduction cascade in rods. Absorption of a photon by
rhodopsin causes an isomerization of the molecule from 11-cis-retinal to alltrans-retinal. The conformational change binds a heterotrimeric Gt, and allows
the α subunit Gtα to exchange GDP for GTP. This activates Gtα, which dissociates
and binds one of two inhibitory subunits of PDE. Relieved from inhibitions, PDE
hydrolyzes cGMP to 5’GMP and remains active for as long as Gtα is bound to the
inhibitory subunits of the PDE enzyme. Local concentrations of cGMP decrease,
leading to closure of CNG channels and a reduction of Ca2+ and Na+ influx into
the OS. Channel closure results in hyperpolarization, ultimately reducing
glutamate release at the synaptic terminals. Image source: Image retrieved from:
“Adaptation of rod photoreceptor to light and dark,” Cardiff Centre for Vision
Science, Cardiff University, accessed June 24, 2015,
http://www.photobiology.info/Rozanowska2.html
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The biochemistry of rod phototransduction is paralleled within the cone but with a
cone-specific repertoire of proteins that are less-well understood due to the
challenges of studying cone biochemistry. In most mammalian retinas, rods
greatly outnumber cones with the exception of the ground squirrel(Jacobs et al.
2002). A rod–dominant distribution featuring a mosaic pattern of rods and cones
with a ratio of 98:2 is observed in nocturnal species such as the mouse (Jeon et
al. 1998) in diurnal species such as humans, with the exception of the ground
squirrel (Mustafi et al. 2009), the rod–dominant retina feature a 92 million rods
and 4.6 million cones ratio with an interspersing distribution (Curcio et al. 1990;
Curcio et al. 1987) that has made it difficult to unravel cone biochemistry. Cones
mediate color vision by discriminating both the wavelength and amplitude of light.
In humans, cone photoreceptors form a mosaic composed of three different
classes: long (L), medium (M) and short (S) wavelength sensitive cones. The L
opsins absorb maximally at ~560nm (red), the M at ~530nm (green), and S at
~430nm(blue) (Solomon and Lennie, 2007). The cone types differ also in their
retinal distribution (Fig1.4). In an area of the retina, referred to as the macula, lies
the fovea, the cone-rich region of the retina. The concentration of L and M opsin
cones is most dense at the very center of the fovea, in a region called the
foveola, and whose concentration decreases rapidly with increasing eccentricity.
The S cones are not as numerous in the retina; they make up ~4% of cone
photoreceptors and are absent from the foveola (Solomon and Lennie, 2007).

8

Fig. 1.4 Relative distribution of rods and cones in human retina. Cones are
concentrated at the center of the retina, whereas the rods are located towards
the periphery. Note: Color indicates the opsin molecule associated with the
photoreceptor: red: L-opsin, green: M-opsin, blue: S-opsin and yellow:
Rhodopsin. The central cone dense region is the fovea. Image source: “Cause of
Color” Institute for Dynamic Educational Development, accessed June 25, 2015,
http://www.webexhibits.org/causesofcolor/1G.html

1.2 Mutations in cone phototransduction genes result in achromatopsia
(ACHM)
Ninety-three percent of hereditary cone disorders are caused by mutations within
five specific genes of the phototransduction cascade including CNGA3, CNGB3,
GNAT2, PDE6C, and PDE6H. (Aligianis et al. 2002; Chang et al. 2009; Kohl et
al. 2000; Kohl et al. 2012; Kohl et al. 2005; Wawrocka et al. 2014). CNGA3
and CNGB3- encode the cone cyclic nucleotide-gated (CNG) channel subunits,
GNAT2 encodes the α subunit of the G-protein activated by the cone opsins and
PDE6C and PDE6H- encode for two different subunits of the cone-specific
9

phosphodiesterase. Mutations in CNGA3 and CNGB3 account for the majority of
ACHM cases (Kohl et al. 2005; Sundin et al. 2000). These mutations result in a
spectrum of clinical phenotypes that range from incomplete to complete ACHM
though these are rare, autosomal recessive disorders that lead to reduced or
complete loss of color vision, photophobia and visual acuity (Kohl et al. 2000;
Kohl et al. 2002; Kohl et al. 2005). Full-field electroretinography (ERG) show
residual or absent cone function (Kohl et al. 2000). Spectral domain optical
coherence tomography studies, used to monitor the morphology of cone
photoreceptor cells in patients, show the loss of inner and outer segments with
the possibility of cone cell loss within the photoreceptor layer at disease onset
(Genead et al. 2011). The later stages are characterized by a complete loss of
photoreceptors and atrophy of the RPE.

1.3 Canine models for ACHM
Identification of naturally-occurring mutations in the CNGB3 gene in animal
models has allowed researchers to gather insights about the effects of the
mutations on cone health and disease progression. In 2002, Sidjanin and
colleagues identified two CNGB3 mutations in canine orthologous to human
ACHM (Sidjanin et al. 2002). This study identified a deletion of the CNGB3 gene,
eliminating all exons of canine CNGB3 in a colony of Alaskan Malamute-derived
dogs and the second, a missense mutation in exon 6 (D262N) of the CNGB3
gene detected in a colony of German Shorthaired Pointers. Studies using these
10

dogs provide a unique opportunity to learn about the physiological role of the
CNGB3 channel subunit within an in vivo system.

1.4 Cyclic Nucleotide-Gated Channels
1.4.1 CNG channel architecture
CNG channels belong to the Shaker K+ channel superfamily. CNG channels are
composed of CNGA-type and CNGB-type subunits. Fig. 1.5 illustrates the
membrane architecture of a CNG channel subunit with each subunit containing
six transmembrane-spanning helices S1-S6 and a pore-forming region formed by
the S5 and S6 (Yu et al., 2005). Both the N- and C-termini of the CNG channel
subunit are located intracellularly. The N-terminal regions have been implicated
in trafficking of the channel and further contain regulatory sites specific to
channel function (Bright et al. 2005; Dai et al. 2014; Dai and Varnum, 2013;
Varnum and Zagotta, 1997). The C-terminal regions include the C-linker, found
between the S6 and cGMP binding domain, and the C-terminal leucine zipper
(CLZ) domain, thought to regulate channel assembly (Zhong, Lai, and Yau, 2003;
Zhong et al. 2002). The CLZ domain is found exclusively on CNGA-type
subunits.

11

Fig. 1.5: A generalized diagram of a CNG channel subunit. CNG channels
are composed of 6 transmembrane domains, with a pore region (between S5-S6)
and an intracellular N- and C- terminus. On the C-terminus: the C-linker, the
nucleotide binding domain (NBD) and the CLZ domain. The CLZ domain is
exclusive to CNGA-type subunits only.
1.4.2 CNG channel composition and assembly
CNG channels are tetrameric membrane proteins composed of CNGA-type (A)
and CNGB-type (B) subunits (Fig. 1.6). In rods, CNG channels are composed of
CNGA1 and CNGB1 with a 3:1 stoichiometry. In olfactory sensory neurons
(OSN), CNG channels are composed of CNGA2, CNGA4 and CNGB1 with a
2:1:1 stoichiometry. In cones, the CNG channel is made up of CNGA3 and
CNGB3 with controversy as regards to the stoichiometry as some studies
propose a 2:2 while others deduce a 3:1 (Matveev et al. 2008; Peng et al. 2004;
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Zhong et al. 2002). The cone CNG channel subunit stoichiometry is still
unresolved. However, studies on the CLZ-domain have proposed tetramerization
to occur in two sequential steps (Fig.1.7). In the first step, through interactions
regulated by the CLZ domain on the C-terminus of the CNGA-type subunit, three
CNGA-type subunits oligomerize (Zhong, Lai, and Yau, 2003). In the second
step, the CNGB-type subunit is introduced to the trimeric CNGA3 oligomer by
way of some unknown preferential mechanism for the CNGB-type over the
CNGA-type subunit. Using heterologous expression systems, CNGA1, CNGA2
and CNGA3 can form functional homomeric channels, but not CNGA4, CNGB1
or CNGB3 as determined by electrophysiology (Finn et al. 1996). CNGA4,
CNGB1 and CNGB3 only form functional channels when co-expressed with
CNGA1, CNGA2 or CNGA3. Interestingly, co-expression of any combination of
CNGA-type with CNGB-type yields functional channels in heterologous systems.
The rules for subunit selectivity in tetramerization remain unknown. What we do
know is that homomeric and heteromeric channels have distinct K 0.5 efficacy
values for cGMP and cAMP, and that the B-type subunits modulate Ca2+
permeation (Haynes and Yau, 1985; Haynes and Yau, 1990; Tanaka and
Furman, 1993; Tanaka et al. 2011; Wells and Tanaka, 1997).
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Fig. 1.6 Schematic of CNG channel composition in rod, cone and olfactory
sensory neurons. CNG channels in the rod, cone and olfactory sensory neurons
have different CNGA-type and CNGB-type subunit compositions. Rod CNG
channels are composed of CNGA1 (A1) and CNGB1 (B1), cones; CNGA3 (A3)
and CNGB3 (B3) and olfactory sensory neurons (OSN); CNGA2 (A2), CNGA4
(A4) and CNGB1 (B1). Their respective stoichiometries are indicated; Rod 3:1,
Cone 2:2 or 3:1, and OSN 2:1:1.

Fig. 1.7 Proposed model for heteromeric channel assembly of CNG
channels. CNGA-type monomers (white circles)oligomerize quickly after
translation due to CLZ trimerization. In the last step, CNGA-type monomers are
depleted in the oligomerization process and since CNGB-type (black circles) are
higher in concentration, 3CNGA-type: 1CNGB-type heteromeric channels are
preferentially produced (Zhong, Lai, and Yau, 2003).
14

1.5 CNG channel mutations in ACHM models provide insight into CNGA3
and CNGB3 structure function
Dramatic advances in molecular biology over the last several decades have
made it possible to understand the underlying mechanisms of genetic disease at
the DNA, RNA, and protein level. The structure and function of a number of
animal genes are homologous to those in humans and animal models have been
used to develop genetic therapies that may correct retinal genetic defects (Wolfe,
2009) . More than 100 different missense mutations have been identified in the
human CNGA3 gene; while fewer than 10 mutations have been identified in
CNGB3 (Kohl et al. 2000; Kohl et al. 2005; Wawrocka et al. 2014; Wissinger et
al. 2001). Despite the large number of mutations identified in CNGA3, only 25%
of all ACHM patients have mutations in this gene, while 50% of patients have
mutations associated with CNGB3 (Kohl et al. 2005), which is largely due to the
founder effect of the Pingelapese people of the eastern Caroline Islands in the
Pacific (Sundin et al. 2000). However, the percentages presented here are
approximate and vary depending on the ethnic populations studied. In Middle
Eastern populations, mutations in CNGA3 have a higher prevalence, whereas
mutations in CNGB3 are most common in populations of Northern European
descent (Kohl et al. 2000; Kohl et al. 1998; Kohl et al. 2005; Wissinger et al.
2001). The remaining 25% of ACHM patients have mutations in GNAT, PDE6C,
PDE6H or other underlying genetic mutation that have not yet been identified
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(Aligianis et al. 2002; Chang et al. 2009; Kohl et al. 2002; Ouechtati et al.
2011).

Mutations associated with ACHM in CNG channel subunits provide an
opportunity for understanding subunit structure-function, channel assembly, and
channel biogenesis. For example, work published by Tanaka and collaborators
(Tanaka et al. 2011) investigated a D262N mutation in the S2 transmembrane
helix of the canine CNGB3 subunit. They examined this missense mutation in the
conserved CNGA3 homomeric channels to simplify analysis since the Asp is
highly conserved. The in vitro studies show mislocalization of a C-terminus YFP
tagged canine (c) CNGA3 D/N (cCNGA3 D/N-Y) consistent with a misfolded
subunit. The investigators proposed that the increase in Ca2+ permeability
conferred by the CNGB3 subunit might account for disruption of Ca2+
homeostasis, thereby playing a role in the pathophysiology.

1.6 Chapter overviews
1.6.1 Chapter 2: Cloning canine L/M- and S- opsins to determine amino
acids in the spectral tuning of cones
Previous work by Komaromy and collaborators showed that CNGA3 OS
expression is absent in both CNGB3m/m and CNGB3-/- canine retinal sections by
immunohistochemistry (IHC) (Komáromy et al. 2010). This finding led to
questions about whether the CNGB3 mutations may down-regulate mRNA levels
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of CNGA3. Preliminary attempts to show a positive mRNA signal using in-situ
hybridization (ISH) of CNGA3 in normal retinal sections were unsuccessful. Since
CNG channel subunits are only located on OS plasma membranes, whereas the
opsins are highly concentrated in the disk membranes, L/M and S opsins were
selected as positive controls for ISH. Therefore, I cloned the L/M and S opsin
genes to create riboprobes as a positive control in cone ISH. Although the ISH
studies were not completed, the full-length sequence of both canine L/M and S
opsins were obtained and will be submitted to NCBI. The cloned sequences will
be used to screen different canid species and subpopulations within the species
to investigate variations in the spectral tuning sites of the opsins at conserved
amino acid positions. In Chapter 2, I present the full-length sequences of L/Mand S-opsins and used genomic tools to analyze three spectral tuning sites in
both opsin genes.

1.6.2 Chapter 3: Characterization of antibodies to monitor OS expression of
CNG channel subunits in normal canine retina.
Cone OS have been investigated using excised patch-clamp recordings in model
systems, including bass and catfish (Haynes and Yau, 1985; Haynes et al. 1986;
Haynes and Sillman, 1986; Haynes and Yau, 1990; Paillart et al. 2006). These
studies, combined with heterologous expression analysis of homomeric and
heterometric channels, confirm the presence of CNGB3 in CNG channels in vivo.
The canine CNGB3-ACHM model previously described provides us a unique
17

opportunity to examine the expression of CNG channel subunits in normal canine
retinas. In Chapter 3, I describe the characterization of canine specific CNGA3
and CNGB3 antibodies employed in IHC and western blot (WB) to study their
localization and expression in cones.

1.6.3 Chapter 4: Expression of CNGB3 and other cone specific markers in
adult and developing retinas in two canine ACHM models.
Approximately 50% of human patients with ACHM have mutations in CNGB3
(Kohl et al. 2005). The most frequent mutation in human CNGB3-S435F is found
in Pingelapese people, with up to 10% whom are day blind from infancy (Sundin
et al. 2000). The canine CNGB3-ACHM dogs provide two naturally-occurring
disease models. Using cone specific antibodies, I monitored both CNGA3 and
CNGB3 expression in mature and developing retinas. I report for the first time,
asynchronous expression of CNG channel subunits during early development.

1.6.4 Chapter 5: CNTF stimulates expression of CNGA3 in cone OS
Successful gene therapy was demonstrated using human CNGB3 in young dogs
(Komáromy et al. 2010; Komáromy et al. 2013). However, one of the challenges
of this approach related to the age of the dogs as older dogs were shown to be
more refractory to successful gene therapy. Here I present studies on dogs
treated with ciliary neurotrophic factor (CNTF) known to promote cone
deconstruction, which restores OS expression of CNGA3 (Wen et al. 2012). All
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affected dogs treated with CNTF prior to gene therapy show restoration of cone
function.
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CHAPTER 2
CLONING CANINE L/M- AND S- OPSINS TO DETERMINE AMINO ACIDS IN
THE SPECTRAL TUNING OF CONES
2.1 Introduction: Can dogs see color?
The ability of dogs to perceive color has been the subject of many studies (Miller
and Murphy, 1995; Neitz, Geist, and Jacobs, 1989). Psychophysical tests similar
to those used to understand the photophysics of the trichromatic properties of
color vision in humans have served useful for discriminating canine color spectral
sensitivity. These studies concluded canines are dichromats with λmax values of
429nm and 555nm (Neitz, Geist, and Jacobs, 1989). Antibodies used to study
the morphology of cone OS confirmed the presences of two types of cones in
dogs (Miller and Murphy, 1995).
Humans are trichromats with three cone types distinguished by their absorbance
properties. Each cone has a distinct photopigment, L-opsin, M-opsin and Sopsin, respectively. The spectral sensitivity of the opsin photopigments are
determined by key amino acids at conserved sites within the primary sequence of
the protein. These amino acids are collectively referred to as “spectral tuning
sites.” The spectral tuning of visual pigments determines interactions between
the 11-cis retinal chromophore and the opsin molecule. Therefore, an essential
step towards understanding the molecular basis of variation in color vision is to
determine the variations among the opsins that govern the spectral absorption
properties of the visual pigment (Neitz and Jacobs, 1990; Neitz et al. 1991)
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In humans and old world primates the divergence of the L- and M-opsin evolved
through a duplication of an opsin gene on the X-chromosome. Polymorphisms in
these genes resulted in spectral shift of L-opsin to M-ospin at amino acid
positions 180, 277 and 285, which were identified in primates (Jacobs, Deegan,
Neitz et al. 1993; Jacobs, Neitz, and Neitz, 1993; Jacobs, Neitz, and Neitz,
1993; Neitz et al. 1991). The spectral tuning sites of S-opsins were elucidated in
the bovine system, where amino acids at positions 86, 90, and 93 are
responsible for its spectral sensitivity (Shi et al. 2001). A biophysical
understanding of the spectral properties of the canine opsins required
confirmation of the cone opsin gene sequences. I cloned the L/M- and S- opsin
genes from total retinal cDNA of an Alaskan Malamute. The confirmed
sequences allow us to analyze shifts in spectral sensitivities correlated to the
spectral tuning sites in other species. Further, we can investigate the
conservation of these sites within members of the Canis family.
2.2 Materials and Methods
2.2.1 Cloning strategy
First, total RNA retinal tissue from a male Alaskan Malamute (ID: M666) was
extracted using Trizol reagent (Invitrogen; Carlsbad, Ca) and reverse transcribed
using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems;
Foster City, Ca) according to respective manufacturer’s protocols. L/M and S
opsin sequences have GC-rich 3’ and 5’ ends and a two-step procedure was
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employed in order to achieve full-length cDNA amplification. The opsin genes
were amplified with forward and reverse primers indicated in the Table 2.2.1
using Pfu turbo DNA polymerase (Stratagene) in a Perkin Elmer DNA thermal
cycler using the following conditions: Initial denaturation at 94°C for 2 minutes
followed by 30s denaturation at 94°, 30s annealing at 60°C, 1 min extension at
72°C for 30 cycles and a final 10 minute extension at 72°C. DMSO was added to
the PCR reaction mixture to aid in annealing of primers. Then the full-length
genes were amplified from total cDNA in a second round of PCR to introduce
restriction sites at the 5’ (HindIII) and 3’ (AgeI) end of the genes in preparation to
ligate into the pEYFP-N1 vector (CLONTECH Cat. No. 6006-1) (Fig. 2.2.1 and
2.2.2). The PCR amplification was carried out using the same cycling conditions
as the initial PCR step described previously. Resulting gene products were
purified using GENECLEAN II kit (Qbiogene; Montreal, QC) according to the
manufacturer’s protocol. Products and pEYFP-N1 vector (Clontech; Mountain
View, Ca) were restricted with Hind III and AgeI sequentially. pEYFP-N1 was
treated with shrimp alkaline phosphatase to ensure the vector did not re-ligate
onto itself and to increase the probability of ligating genes of interest into the
vector. Restriction products were run on a 0.8% Low Melt Agarose II gel. Bands
of correct size where excised from the gel and incubated in water for 15 min for
dialysis of TAE buffer then incubated at 60oC for 10 minutes. Ligation reactions
were carried out in-gel. Subsequent products were then cloned using DH5-alpha
E. coli and sequenced using an ABI 3730XL or ABI 3100 (Applied Biosystems;
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Foster City, Ca) at the University of Pennsylvania DNA Sequencing Facility.
Sequences were analyzed using Bioedit, a biological sequence alignment editor
written for Windows 95/98/NT/2000/XP/7 and EMBOSS Needle
(http://www.ebi.ac.uk/Tools/psa/emboss_needle/).
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Fig. 2.1 Schematic of the L/M-opsin gene inserted in the pEYFP-N1 vector.
The L/M gene is 1.095 kb, and the vector is 4.7 kb, which makes the total length
~5.8 kb. The stop site on the C-terminus of the gene was changed via
mutagenesis to allow expression of the YFP on the 3’ end. YFP = yellow
fluorescent protein.

Table 2.1 Primer design for 2-step PCR amplification of L/M –opsin. The first
sets of primers were used to amplify the full-length sequence of L/M-opsin from
total retinal cDNA. The second sets of primers were engineered to add a HindIII
restriction site (at the 5’ end and an Age I restriction site at the 3’ end that
eliminates the stop codon.
L/M -opsin (STEP 1):
Forward Primer: CRO1
(Canine L/M-opsin 1):
Reverse Primer: CRO2
(Canine L/M-opsin 2):
L/M -opsin (STEP 2):
Forward Primer:
HindIII-CRO1
(Canine L/M-opsin 1):
Reverse Primer: Age1CRO2
(Canine L/M-opsin 2):

5’-GGATGACCCAGCGGTGGGG-3’
5’-GGTGACACTGAAGACACAGATGAGGCC-3’
5’CCCAAGCTTATGACCCAGCGGTGGGGCCCCC-3’
5’GACCGGTCATGAAGGTGACACTGAAGACACAG
3’
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Fig. 2.2 Schematic of the S-opsin gene inserted in the pEYFP-N1 vector.
The SWS Opsin gene is 1.047 kb, and the vector is 4.7 kb, which makes the total
length ~5.7 kb. The stop site on the C-terminus of the gene was changed via
mutagenesis to allow expression of the YFP on the 3’ end.

Table 2.2 Primer design for 2-step PCR amplification of S-opsin. The first
sets of primers were used to amplify the full-length sequence of S-opsin from
total retinal cDNA. The second set of primers were engineered to add a HindIII
restriction site at the 5’ end and an Age I restriction site at the 3’ end.
S-opsin (STEP1):
Forward Primer: CBO1
(Canine S- Opsin 1)
Reverse Primer:
CBO2(Canine S- Opsin
2):
SWS (STEP2):
Forward Primer:
HindIII-CBO1(Canine
S- Opsin 1)
Reverse Primer: Age1CBO2(Canine SOpsin 2):

5’- GGATGAGTAAGATGTCAGGGGAAGAGG-3’
5’-CCAACTTGACTGGGAGAGACAGTGG-3’

5’CCCAAGCTTATGAGTAAGATGTCAGGGGAAGAGG3’
5’-GACCGGTTAGTTGGGGCCAACTTGACTGGGAG3’
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2.3 Results and discussion
2.3.1 cDNA sequences for L/M- and S-opsins.

Fig. 2.3 cDNA sequence of canine S-opsin. S-opsin cloned from total retina
cDNA was identical to predicted sequence and is 1047kb (OPN1SW:NCBI
Reference Sequence: XM_539386.3)
.
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Fig. 2.4 cDNA sequence of canine L/M-opsin. L/M-opsin sequence obtained
from total retinal cDNA is identical to sequence verified using computational
analysis (OPN1LW:NCBI Reference Sequence: NM_001197072.1)
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2.3.2 Protein sequence alignment and comparison of canine L/M- and Sopsins to computationally aligned canine opsin sequences and the human
gene orthologs.

Fig. 2.5 Sequence alignment for canine and human S-opsins. Canine Sopsin sequences from computationally predicted Boxer GWS (Lindblad-Toh et al.
2005) and cDNA cloned from an Alaskan Malamute are identical. Canine S-opsin
is 92.6% identical to human S-opsin. Spectral tuning sites at positions 86, 90,
and 93 are highlighted in yellow. Sequences were compared using EMBOSS
Needle (http://www.ebi.ac.uk/Tools/psa/emboss_needle/) and alignments created
using Bioedit.
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Fig. 2.6 Sequence alignment for canine L/M-, human L- and human Mopsins. Canine L/M sequences from computationally predicted Boxer GWS
(Lindblad-Toh et al. 2005) and cDNA cloned from an Alaskan Malamute are
identical. Canine L/M-Opsin is 95.1% identical to human L-Opsin and human MOpsin. Spectral tuning sites are positions 180, 277, and 285 are highlighted in
yellow. Sequences analyzed the same as Fig. 2.5.
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Table 2.3 Comparison of the amino acid substitutions in L- and M- opsins
between human and dog.

Human
L-opsin
Human
Mopsin
Canine
L/Mopsin

AA

λmax

180

277

285

364

563

Ser (S) Tyr (Y)

Thr (T)

(Sharpe et al. 1998)

364

530

Ala
(A)

Phe
(F)

Ala
(A)

(Sharpe et al. 1998)

364

555

Ala
(A)

Tyr (Y)

Thr (T)

(Jacobs, Deegan,
Crognale et al. 1993;
Neitz, Geist, and
Jacobs, 1989;
Yokoyama, 2002;
Yokoyama and
Radlwimmer, 1998)

Table 2.4 : Comparison of the amino acid substitutions in S-opsins
between human and dog.
AA

λmax

86

90

93

Human
SOpsin

349

419426

Phe
(F)

Pro (P)

Val (V)

Canine
SOpsin

349

429

Ile (I)

Thr (T)

(Ile) (I)
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(Yokoyama,
2002;
Yokoyama et al.
1998)
(Jacobs,
Deegan,
Crognale et al.
1993; Neitz,
Geist, and
Jacobs, 1989)

The canine L/M- and S- opsin genes were predicted by computational analysis
after the full genome sequence of a boxer was published (Lindblad-Toh et al.
2005; Yokoyama, 2002) and the open reading frame of the L/M-opsin
computationally determined. In this work, I have cloned both L/M- and S- opsins
cDNA. Sequence alignment of the canine L/M- to human L- and M-opsins show a
high degree of conservation across the gene except in the spectral tuning sites
(Fig. 2.5 and 2.6). Table 2.3 list differences between human L-, M, and dog L/Mopsins. Table 2.4 lists the differences between human and dog S-opsins.
In the human population there is a high degree of variance in the spectral tuning
sites of the L- and M- opsin alleles (Sharpe et al. 1998; Sharpe et al. 1999).
Polymorphisms have been identified that contribute to the differences in
sensitivity among individuals with normal color vision (Neitz and Jacobs, 1990;
Neitz et al. 1999; Neitz et al. 1991). Human L-opsin and M-opsin have 15 codon
differences at sites 65, 180, 230, 233, 277, 285 and 309. These changes cause
spectral shifts, with T285A shifting 14 nm, Y277F: 7 nm, and S180A: 4 nm.
Polymorphisms in L-opsin a human populations at amino acid position 180 are
56% serine and 44% alanine, where as in human M-opsin 94% of the population
studied have an alanine at amino acid position 180. Serine pigments are
responsible for the red-shift in the absorptive properties of the pigment.
In contrast to the human variation found in the L-opsin and M-opsin, the cloned
L/M- and S-opsins from an Alaskan Malamute compared to that of the Boxer
showed no differences in any of the spectral tuning sites for L/M- or S-ospin.
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Color vision circuits that involve the S-opsin cones are thought to be
evolutionarily ancient, predating the emergence of mammals (Jacobs, 2009;
Yokoyama, 2002; Yokoyama et al. 1998). There are two ancestral families of the
S-opsins, SWS1 which is sensitive from near-ultraviolet light to violet and the
other, SWS2 which is sensitive from UV to blue light. Mammals have lost the
opsin classes sensitive to UV, retaining only the SWS1-type S-opsin and shifting
its spectral sensitivity from near-UV to violet and blue (Peichl, 2005). These shifts
vary from species to species and indicate that the spectral tuning sites for the Sopsins are under strong selective pressures (Amann et al. 2014). For example,
species who lose function of their short- wavelength cones are usually nocturnal
or, if they are not nocturnal, they at least feature retinal organizations that are
typically associated with that lifestyle, for example, having adaptations that allows
the photoreceptors in the retina to capture more light at night, such as the
tapetum lucidum (Jacobs, 2013). At the same time, however, there are many
nocturnal mammals that retain functional short-wavelength cones. A nocturnal
lifestyle, thus, appears to set the stage for loss of functional SWS1 opsin genes
in some mammals, but it cannot be the sole circumstance. Canines are an
example of nocturnal mammals that do not lose their short-wavelength cone
function, as shown by psychophysical tests that deduced dichromacy (Neitz,
Geist, and Jacobs, 1989). But comparison between the canine and human Sopsin sequences (Fig. 2.5) shows no conservation of any of the three amino acid
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positions interrogated. Structural analysis using molecular dynamics and the
solved crystal structure for rhodopsin to interrogate how the amino acids at these
positions are interacting with the 11-cis retinal chromophore could provide clues
about the implications of these changes as they might relate to the diurnal versus
nocturnal differences in the lifestyles of human and canine.

Genome comparisons of breeds could someday reveal the genes that underlie
such traits (Lindblad-Toh et al. 2005). There are over 350 distinct breeds of
domestic dog now recognized by the American Kennel Club association as a
result of artificial selection for traits desired by breeders. The evolutionarily short
time frame for the creation of so many different breeds from grey wolf suggests
that the variation exhibited in these breeds must be present in the wolfs genome
(Ostrander and Comstock, 2004; Ostrander and Wayne, 2005).
Spectral sensitivity varies significantly among mammals, and it is assumed that
color discrimination adapts to the environment and therefore niche of its
respective inhabitant. It is unknown if color discrimination has been subject to
selective pressures and while pyschophycial analysis has concluded that dogs
are dichromats, there are no studies as of yet investigating allelic variation in dog
vision.
In efforts to represent the breadth of the canine genomic diversity, I am working
with Dr. Komáromy and colleagues to investigate spectral tuning sites amongst
other canine breeds in the Canis genus.
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CHAPTER 3
TOOL DEVELOPMENT: ANTIBODIES FOR CONE-SPECIFIC CNG CHANNEL
SUBUNITS
3.1 Introduction: Why do we need CNGA3 and CNGB3 antibodies?
Antibodies are powerful tools for investigating protein expression. In order to
investigate the expression of the canine D262N mis-sense mutation, the
generation of an anti-CNGB3 polyclonal antibody was pursued. Initial studies by
the Komáromy group showed that CNGA3 expression was undetectable in adult
retinas of both CNGB3-/- and CNGB3m/m dogs (Komaromy et al. 2010) . This
finding is consistent with previous transgenic work on rod and olfactory CNG
channel mice models, where mutations in CNGB1 results in trace amounts of
CNGA1 expression in the rod outer segments (Huttl et al. 2005) and in the
olfactory system an absent CNGB1 results in the CNG channel failing to target to
the olfactory sensory cilia (Michalakis et al. 2006). A canine specific CNGB3
antibody was needed to gain a deeper understanding of retinal localization of
wild-type CNGA3 and CNGB3 and to determine if CNGB3 was expressed in
CNGB3m/m retinas.
The initial portion of this chapter will review my troubleshooting of the established
laboratory protocols to optimize both immunohistochemistry (IHC) and western
blotting (WB) techniques using the polyclonal anti-CNGB3 sera and peptide
purified antibody (pAb). The last section will be devoted to showing wild-type
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protein expression of both CNGA3 and CNGB3 in WB and IHC in the retinas
from adult dogs.
3.2 Material and Methods
3.2.1 Tissue fixation and embedding for histological studies
Achromatopsia-affected dogs were homozygous for either a CNGB3 genomic
deletion (CNGB3−/−) or a D262N missense mutation (CNGB3m/m), both of which
result in an identical phenotype (Komáromy et al. 2010; Sidjanin et al. 2002).
All the dogs were part of a research colony maintained at the Retinal Disease
Studies Facility (Kennett Square, PA) and supported by National Eye Institute,
NIH (EY-06855) and Foundation Fighting Blindness Center grants. The studies
were done in accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, and approved by the University of
Pennsylvania IACUC. Immediately after enucleation, canine retinas were for
3hrs in 4% paraformaldehyde (PFA) in 0.1M phosphate-buffered saline (PBS)
pH 7.2 at 4°C and then fixed in 2%PFA for 21hrs. After 24hr fixation in PFA, the
anterior segments and the vitreous humor were removed. The eyecup was
incubated in PBS buffered 2% PFA overnight at 4°C. Tissues were trimmed and
tissues sequentially placed in 15% and 30% sucrose for 24hrs each before
embedding in optimal cutting temperature (OCT) medium. Frozen OCT blocks
were kept in the -80°C until needed for immunohistochemistry.
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3.2.2 Immunohistochemistry (IHC)
Ten µm cryostat sections embedded in optimal cutting temperature compound
(OCT) were cut using a cryostat microtome. The sections were immediately
defrosted on a slide warmer for 3hrs at 33°C. Tissues were permeabilized with
0.5% TritonX-100 in 1xPBS for 10min, blocked in 10% Normal Goat Serum
(NGS) and 0.5% TritonX-100 in 1xPBS (blocking solution) for 3 hours and then
incubated in primary antibody overnight at 4°C. Dilutions used for each antibody
were used as follows (See Table 3.1): CNGA3 antibody, 1:500, CNGB3
antibody 1:500 or 1:500 CNGB3 antisera. For IHC double labeling with L/M
opsin antibody, tissues were incubated with CNGA3 antibody or 1:500, CNGB3
antibody 1:500 and 1:1000 goat L/M opsin antibody (Santa Cruz Biotechnology
Cat. No. Sc-22117 Lot# I1206).
Table 3.1: Antibodies used in IHC on retinal sections.
Antibody

Host

Target Cell

Working
Dilution

Source

L/Mopsin

Goat
polyclonal

Cone
photoreceptors

1 : 1000

Santa Cruz
Biotechnology

CNGA3

Rabbit
polyclonal

Cone
photoreceptors

1 : 500

Komáromy
Lab, UPenn

CNGB3

Rabbit
polyclonal

Cone
photoreceptors

1 : 500

Komáromy
Lab, UPenn

Following the overnight incubation, tissues were washed 4 times for 10min with
PBS containing 0.025% Tween-20 (PBST). Sections were blocked for an
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additional 3hr before incubation with donkey anti-rabbit IgG Alexa-Flour 594
(Invitrogen Cat. No.A-21207) or chicken anti-goat Alexa-Fluor 488 (Invitrogen
Cat. No.A-11039) conjugated secondary antibodies. After a second blocking
step, tissues were incubated in the dark with both Alexa-Fluor conjugates at
(1:1000) for 1hr. Tissues were washed 4 times for 10min with PBST and then
mounted using VECTASHIELD mounting media (Vector Laboratories Cat. No H1000) Imaging was done on fluorescent microscope (Nikon) at 40x or 100x and
images edited using ImageJ.
3.2.3 Heterologous expression
Human embryonic kidney (HEK) cell line tSA201 were used for all heterologous
expression studies. These cells have been used previously to study mutations in
CNG channels (Patel et al. 2005). Cell culture media used for heterologous
expression was made as follows: 6.69 g of Dulbecco's Modified Eagle's Medium
(DMEM) – high glucose (Sigma Cat. No. D 5648) and 1.85g of Sodium
Bicarbonate (NaHCO3) were dissolved in 500ml of H2O, and the pH was
adjusted to 7.2. Using sterile technique, 50ml of 10% of Fetal Bovine Serum
(FBS), Premium (Sigma Cat. No. F6178) was added to 450ml of DMEM and
NaHCO3 solution and then filtered. The remaining 50ml of the serum-free media
(SFM) was filtered under sterile conditions to be used separately for gene
transfection procedures.
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Table 3.2: Clones and vectors used for CNG subunit expression studies.
CNGA
subunit
clones
Human
CNGA1

Vector

Cloning
sites

Gene Estimated Original clone
size
MW
from*:

pEYFPN1

2.1
kb

79.6 kD

(Goulding et al.
1992)

Rat CNGA2

pEYFPN1

2.0
kb

76 kD

(Dhallan et al.
1992)

Human
CNGA3

pEYFPN1

2.2
kb

77 kD

(Yu et al. 1996)

Rat CNGA4

pEYFPC1

HindIII
AgeI (no
stop)
Nhe1
AgeI (no
stop)
Sac1I
AgeI (no
stop)
BspE1 & SalI

2.1
kb

66 kD

Canine
CNGA3

pEYFPN1

HindIII & AgeI 2.2
(no stop)
kb

81 kD

(Goulding et al.
1992; Liman
and Buck, 1994)
Komáromy &
Tanaka labs

pEYFPC1
pEYFPC1
pcDNA3.1

BglII & HindII

78.9 kD

(Yu et al. 1996)

155 kD

(Korschen et al.
1995)
(Kohl et al.
1998)

CNGB
subunit
clones
Human
CNGB1
Bovine
CNGB1b
Human
CNGB3

EcoRI
SacI & EcoRI

2.1
kb
4.1
kb
2.4
kb

92.2 kD

* The CNG channel subunit clones were obtained from the laboratories of the
investigators who did the original cloning as indicated in the references.

Human CNGB3, hCNGB3-Y, cCNGA3-Y, Y-bCNGA1, rCNGA2-Y, rCNGA4-Y or
Y-bCNGB1 (h=human, b=bovine, r=rat, c=canine Y=YFP) channel subunits
(clone descriptions for CNG channels subunits expressed are found in Table
38

3.2) were expressed tSA201 cells. Frozen cells were stored in 1ml FBS and
10% Dimethyl Sulfoxide (DMSO) at - 80 °C. A 1ml vial was raised in 10ml of
warm DMEM media with 10% FBS and grown at 37 °C for 24hrs. The grown
cells were washed with 10ml of sterile 1xPBS. To detach cells from culture
plates (Falcon Cat. No.353003), 2mls of 0.05% Trypsin-EDTA (Gibco Cat. No.
25300054). Cells were triturated in 7ml of the culture medium and centrifuged
for 3 minutes. The media was discarded, and the cells were raised in 1ml of
DMEM. The volume of cells in 1 ml was counted using a hemocytometer and ~
500,000 cells were added to plates (Falcon Cat. No.351008). Cells were allowed
to grow overnight for transfection. Cells were transfected using
LipofectamineTM 2000 (Invitrogen Cat No. 11668019) as published in (Patel et
al., 2005). In one 1.5ml Eppendorf tube, 10μl of Lipofectamine was added to
250ml of the serum free culture medium. In separate Eppendorf tubes 1μg of
cloned cDNA were added. After a 5min incubation, the two tubes were mixed
and allowed to incubate for 30min at room temperature. Fresh media was added
to the cells to be transfected. After changing the media, the lipofectamine-gene
mixture was added to the cells. Cells were grown at 37°C for 24hrs.
3.2.4 Western Blot (WB) analysis of protein expression in heterologous
expression system
Following the overnight transfection with 1µg of clone cDNA, tSA-201 cells were
rinsed three times with cold 1xPBS. The cells were lysed using cold 50ml of

39

RIPA buffer (50mM Tris pH 7.4, 1% NP-40, 0.25% sodium deoxycholate,
150mM NaCl and 1mM EDTA) containing protease inhibitor cocktail (Thermo
Scientific Cat. No. PI-78410) and detached using a rubber cell lifter. The
harvested cells were placed in an Eppendorf tube and incubated on ice for
30min, vortexed every 5min. Following incubation; cell lysates were centrifuged
for at 4oC for 10min. at 14,000 g. The supernatant was placed in an Eppendorf
tube and protein concentration was measured using the Bradford protein assay
(Bradford Reagent Cat No. B6916). Protein extracts were combined with 2X gel
loading buffer (100mM Tris-HCl pH 6.8, 200mM DTT, 4% SDS, 0.2%
bromophenol blue, and 20% glycerol) and incubated at 37°C (Kaur and
Bachhawat, 2009) for 10-min then immediately loaded onto a 7.5% standard
SDS-PAGE gel, using high-molecular weight standards (Sigma Cat. No.C19921VL) for size determination. The gel was run for 60-90min at 30mA and then
transferred to a 0.45 µm pore nitrocellulose membrane (Bio-Rad Cat. No. 1620115) using a transfer apparatus at 60V for 1hr and 15min. at 4°C in 1x transfer
buffer composed of 0.3M Tris base and 1M glycine (pH 8.3) and 20% methanol.
The membrane was blocked in 5% dry milk in washing buffer containing Tween
(0.05%)-Tris buffered saline (TTBS) for 1hr at room temperature. The blots were
cut at ~ 50kD to probe the CNGA3 or CNGB3 antibodies separately from the
actin antibody. After blocking and cutting the membranes, the cut blots were
incubated overnight with either primary rabbit CNGA3 (1:300) or CNGB3 (1:500)
antibody and mouse monoclonal actin antibody as a housekeeping protein
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(Millipore MAB1501) in TTBS blocking. Antibodies used outline in Table 3.3. The
membranes were washed and incubated with either a rabbit or mouse IgG
horseradish peroxidase (HRP)–labeled secondary antibody (1:5000) in TTBS
blocking solution for 2hr. The membranes were washed 3 times for 15mins in
1xTBST and then developed using the enhanced chemiluminescence kit (ECL)
(Amersham Life Sciences Cat. No. RPN2106).
Table 3.3 Antibodies used in WB on retinal tissues.
Antibody

Host

Working
Dilution

Source

CNGA3

Rabbit
polyclonal

1 : 300

Komáromy
Lab, UPenn

CNGB3

Rabbit
polyclonal

1 : 500

Komáromy
Lab, UPenn

Actin

Mouse
monoclonal

1:10,000

Millipore

3.2.5 WB analysis of protein expression in retina
Frozen retinal tissues collected by Dr. Komaromy in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research, and
approved by the University of Pennsylvania IACUC, were immediately snapfrozen after enucleation. For western blot experiments, frozen retinal tissues
were homogenized in cold RIPA buffer (50mM Tris pH 7.4, 1% NP-40, 0.25%
sodium deoxycholate, 150 mM NaCl and 1mM EDTA) containing protease
inhibitor cocktail (SIGMA) in a glass teflon homogenizer with 6-7 strokes on ice.
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After 30min incubation on ice retinal homgenates were centrifuged for at 4 oC for
10min. at 14,000 g. Protein concentration determination, SDS-page
electrophoresis and western blots were carried out as described in section 3.2.4.
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3.3 Characterization of CNG antibody using WB analysis and IHC
3.3.1: IHC troubleshooting for CNGB3 antibody
CNGB3 has been isolated from a number of species including bass, chicken,
human and mouse, (Bonigk et al. 1993; Gerstner et al. 2000; Kohl et al. 2000;
Matveev et al. 2008; Paillart et al. 2006), however, until this work, only mouse
studies have been successful at obtaining an antibody against the CNGB3
protein. It was necessary, therefore, to develop an antibody that reacts with the
canine CNGB3 subunits. Fig. 3.1 shows a sequence alignment at the C-terminus
for several related CNG channel subunits. The previously-developed canine
CNGA3 pAb designed to be canine and subunit specific. In contrast, the CNGB3
pAb was hoped to cross-react with canine and human CNGB3 in order to
investigate expression of CNGB3 in the gene therapy treatments that uses the
human CNGB3 gene(Komáromy et al. 2010). The peptide sequences for
CNGA3 and CNGB3 (1048Y) used for rabbit immunizations are underlined in Fig.
2.2. Obtaining CNGA3 and CNGB3 antibodies would allow us to study CNGA3
and CNGB3 subunit expression in normal and affected dogs as well as dogs
treated with the human CNGB3 gene.
The antibodies were designed with a goal of achieving: 1) strong affinity and
specificity for the target protein and 2) robust signal to noise (S/N) in both IHC
and WB. We encountered significant challenges with the canine CNGB3
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antibody. Fig. 3.1 outlines my strategy for troubleshooting canine CNGB3 pAb in
the IHC.

Fig. 3.1: Canine CNGB3 pAb IHC troubleshooting
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Previous western blots testing the antisera of six rabbits injected with the CNGB3
peptide identified three potential candidates for IHC : 2nd bleed from rabbit
numbers: Y1047, Y1048, and Y1050 (Table 3.3).
Table 3.3: CNGB3 peptides used for immunization of rabbits.
CNGB3
Rabbit ID
Y1047
Y1048
Y1050

Peptide sequence
NKQDPDPSNQPQQSTRQ
LKLKREQTIQKTSEN
SAEAGEEVLTIEVKEKAKQ

Fig 3.2. C-terminal sequence alignment for CNG channel subunits. The
sequences are: r (rat), b (bovine), h (human) and c (canine). The anti-CNGA3
antibody was designed against the C-terminal region for canine CNGA3
specificity and anti-CNGB3 was designed to be subunit specific but not species
specific.

45

Fig. 3.3 IHC of 2nd rabbit bleed (Y1048) on WT retinal sections. A: IHC with
pre-immune serum of Y1048 shows non-specific reactivity in the IS and OS. B:
IHC of anti-serum of Y1048 shows non-specific immunoreactivity in IS and OS,
but also potentially cones. C: IHC using peptide purified antibody shows no IS or
OS but intense background labeling of the GC, INL and IPL. Scale bar: 20μM
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Results in Figure 3.3 show immunoreactivity of the IS and OS in retinal sections
incubated with either the pre-sera or anti-sera but no immunoreactivity with the
purified pAb. The same experiments were conducted for antisera Y1047 and
Y1050 with similar results, however, I lost the original files recording the data,
therefore that data is not shown. Both pre-immune sera and anti-sera stained
cones and although we knew from previous WB that the antibodies recognized
heterologously expressed human CNGB3, there was no expected cone OS
signal with the purified pAb. The previous WB were conducted by Asli Kaya and I
was unable to get those WB, although I have recorded in my notebook the
rationale for proceeding with Y1048 as the best candidate for the CNGB3
antibody studies. I concluded that the pAb gave non-specific cone reactivity with
sera and based on these results, I modified blocking and permeabilization
protocols.
Initial modifications to the protocol addressed the detergent issue. Since the Cterminus of CNGB3 is on the cytosolic side of the membrane, accessibility might
be compromised due to over-fixation of the tissue. Excessive cross-linking by
the fixative could lead to false positives (Ramos-Vara, 2005). I suspected overfixation due to intense immunoreactivity of edges of the retina. Fig. 3.4 shows
IHC staining with antisera of Y1047, Y1048, and Y1050 after changing the
detergent and permeabilization conditions. The standard protocol in the
Komáromy lab, which worked extremely well with other antibodies, called for
2.5% TritonX-100 and 1.5% BSA. Results in Fig. 3.4 show OS immunoreactivity
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for Y1048 and OS/IS for Y1047 and Y1050 using 10% NP-40 and 5% NGS.
However, there was variable staining in other retinal layers. Is this signal nonspecific or is CNGB3 expressed in other retinal layers and highly reactive? This
question needed to be addressed because of reports of CNGB3 in ganglion and
bipolar cells in other studies (Ahmad et al. 1994; Henry et al. 2003; Kawai and
Sterling, 1999).
The variability of the staining and the need for increasing the percentage of the
detergent for epitope accessibility suggested that fixation was one potential
issue (Ramos-Vara, 2005). To address this issue, enucleation was conducted
on a wild-type dog. The retinas were trimmed and incubated in either 4% or 2%
paraformaldehyde at varied times as shown in Fig. 3.5.1. Each retinal section
was embedded in OCT, sectioned and then stained Y1048 CNGB3 Ab. I have
only chosen to use two images for Fig. 3.6 of IHC of sections fixed under
different conditions, as I was not able to gather most of the original data, which
was stored on the computer at Upenn where most of these studies were
conducted. However, to summarize my findings, fixing under 24hrs
compromised the tissue morphology, whereas, fixing over 24hrs increased
background noise and non-specific staining. The top panel of Fig. 3.6 shows OS
CNGB3 antibody immunoreacitivity on a retinal section fixed in 2% PFA for
24hrs. There is also staining in the RPE layer, but that could have been due to
vitreous humor that I had not been able to completely remove from the tissue
sample. The bottom panel shows CNGB3 antibody immunoreactivity in the OS
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but also in other layers, in particular the OPL and IPL on a retinal section fixed in
4% PFA for 24hrs. These experiments show a correlation between fixation
conditions and false-positive staining using the CNGB3 antibody.
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Fig. 3.4: IHC protocol modifications testing on WT retinal sections. Three
different 2nd bleed anti-sera were tested with peptides designed against CNGB3
epitope listed in Table 3.3 on sections cut from the same retina. A: Y1047 shows
bright IS staining with some OS cone staining. B: Y1048 shows moderate but
predominantly OS staining. C: Y1050 shows intense IS staining but little OS
staining. All anti-serum staining showed high background noise and staining in
other retinal layers: INL, IPL, and GC. Scale bar: 20µM
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Fig 3.5 Retina embedding schematic showing fixation procedure. The eyes
were sectioned as labeled in the schematic, T (temporal), A (anterior), B (basal)
and N (nasal) and fixed with different paraformaldehyde and sucrose
percentages (Yellow: 15% Sucrose; Blue: 30% sucrose). The OS (Left) eye was
embedded with 2% and OD (Right) eye with 4% paraformaldehyde (PFA).
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Fig 3.6 Effects of fixation time on S/N using 2nd cycle Y1048 CNGB3 purified
Ab on WT retinal sections. (Top) A section from OS N2 fixed with 2% PFA for
24 hrs before cryoprotection in 15% sucrose shows preservation of cone OS with
some staining in inner retinal layers and RPE. Staining of edges was absent.
(Bottom): Staining of WT retina using standard fixation protocol: fixation for 3hrs
in 4% PFA and additionally 21 hrs in 2% before cryoprotection in 30% sucrose.
OS reactivity and non-specific staining of ONL/IS interface, OPL, INL and IPL
layers. Scale bar: 20µM
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To ensure that the results were, in fact, an artifact of the fixation and not inner
retinal layer staining, I performed the experiment on retinal sections of a CNGB3/-

dog. Fig. 3.7 shows IHC staining on a wild-type (A) and a CNGB3-/- section (B).

WT shows staining in the OS and inner retinal layers. (B) shows staining in inner
retinal layers, but no staining in the OS or IS. From these data, we concluded
that retinal staining of all other layers was due to non-specific staining, but OS
staining in WT tissues was CNGB3 specific.
Excluding the possibility of other cell types expressing CNGB3, we were able to
further modify the IHC protocol to reduce background levels. I knew that I would
have to find a protocol that I could use with the established fixation method
since all of the tissues available had been fixed using that protocol. I attempted
to use signal amplifiers, antigen retrieval methods and other blocking solutions
to enhance the signal and reduce the noise. The final protocol developed for this
antibody is indicated in the in section 3.2 of this chapter. Figure 3.8 shows the
result of these modifications, showing clean OS expression and little nonspecific and background staining. This protocol was used for the rest of my
CNGB3 studies.
In conclusion, fixation conditions of the tissues can lead to false positive staining
of inner retinal layers and inhibit accessibility of the CNGB3 antibody to its target.
Although, I was not able to modify the fixation protocol for the tissues needed for
the studies explained in the next several chapters, I show in this section that the
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CNGB3 antibody selected can be used to detect CNGB3 in the OS. No
conclusion regarding localization in other retinal layers will be considered from
these IHC results.

Fig. 3.7: IHC with initial protocol modifications using 2nd cycle Y1048
CNGB3 peptide purified antibody on A: Wild-type and B: CNGB3-/- retinal
sections. A: OS cone staining in WT retinal section using CNGB3 antibody, also
intense labeling of INL, IPL, GCL. B: No staining in OS of -/- retinal section, but
non-specific staining of retinal section in several other layers. Scale bar: 20µM
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Fig. 3.8: IHC with optimized protocol modifications using CNGB3 antibody
on A: WT and CNGB3-/- mutants retinal sections. A: OS cone staining in WT
retinal section using CNGB3 antibody with little background noise. B: No staining
in OS of deletion mutant retinal section and reduced background noise in inner
retinal layers. The protocol was modified as follows: 10μm retinal sections were
heated for 3hrs at 37°C before IHC procedures. Tissues were permeabilized
using 0.5% Tritonx-100 for 10mins followed by blocking with 10% normal chicken
serum and 0.5% TritonX-100 for 3hrs. Scale bar: 20μM
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3.3.2 WB troubleshooting for CNGB3 antibody
As mentioned earlier, the CNGB3 antibody was by designed by professionals at
yenzym to detect CNGB3. Initially, heterologously expressed hCNGB3 was used
as a positive control for WB analysis of the antisera, since canine CNGB3 was
not available. All attempts to clone the canine CNGB3 gene were unsuccessful.
The initial WB experiments were done by another member of our laboratory, Asli
Kaya. She found that 3 anti-sera immunoreacted with hCNGB3 (Y1047, Y1048
and Y1050); according to her data (which was not accessible to me at the time of
writing this thesis) Y1048 gave the most robust signal. However, when I probed
homogenized canine retinal samples with the peptide purified CNGB3 Y1048
pAb, no immunoreactivity was observed. Fig. 3.10 shows reactivity with
heterologously expressed hCNGB3-Y as a positive control but no reactivity with
the canine retinal homogenate. These results led to questions regarding
optimization of the protocol and possible differences between the human and
canine CNGB3 protein properties. Fig. 3.9 outlines steps taken for
troubleshooting pAb Y1048 for WB.
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Figure 3.9: Strategy for WB troubleshooting

Membrane proteins often are difficult to detect in WB (Kaur and Bachhawat,
2009). Their hydrophobic nature and their interactions with membrane lipids often
require individual optimization. Membrane proteins aggregate if heated
excessively, blocking their ability to unfold and be coated in SDS and enter the
gel matrix in SDS-PAGE electrophoresis. It was important to optimize heating of
the samples to permit denaturation and interruptio of higher order tertiary and
quaternary proteins structures while avoiding aggregation with lipids. The current
protocol in the Tanaka laboratory at the time attempted to circumvent the issue
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by warming the loading buffer with the protein sample for 30 seconds at ~95 °C,
without boiling and then immediately placing on ice. This protocol worked well for
all our standard CNG channel subunits. However, when working with the canine
retinal samples, I noticed large bands towards the top of the immunoblots that
suggested that the protein sample did not enter the gel. I took steps to optimize
this step of the protocol. It was necessary to find optimal temperature and
incubation time for the retinal homogenates. Fig. 3.11 shows the first WB that
yielded reactivity with the CNGB3 pAb. The samples were heated at 37°C for 10
mins. Resulting bands visible on the WB were determined to be non-specific.
Lanes loaded with carrier and CNGB3m/m mutant retinal sample showed bands
that ran at the same MW of bands in the CNGB3-/- mutant lane. There were also
non-specific bands, running at the same MW as the retinal samples in the lane
containing the heterologously expressed hCNGB3-Y. For this troubleshooting
step, the CNGB3 pAb dilution was decreased in order to find a signal. Results
suggested that I had loaded too much protein, used too low of a dilution of the
pAb or the pAb used to probe the canine retinal samples did not immunoreact
with canine CNGB3. I decided to stain the polyacrylamide gel used for this
experiment with Coomassie blue. Results showed that the transfer was
incomplete for the retina samples (Fig 3.12).
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Fig. 3.10 Y1048 recognized heterologously expressed hCNGB3-Y but no
reactivity on carrier (+/m) retinal homogenate. Forty micrograms of carrier
retinal protein and 10ug of heterologously expressed hCNGB3-Y total cell lysates
were loaded in the lanes as indicated. Immunoblot was incubated with Y1048
purified anti-CNGB3 pAb, followed by HRP conjugated secondary antibody.
CNGB3 was detected in cell lysates (hCNGB3-Y), but not in carrier retinal
sample. Alpha-actin was used as a loading control. Blots were cut and separately
incubated in a mouse monoclonal anti-alpha actin antibody.
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Fig. 3.11 WB protocol modifications of loading buffer leads to non-specific
immunoreactivity of canine retinal proteins. Ten micrograms of
heterologously expressed hCNGB3-Y in total cell lysates and 40μg of carrier,
deletion and mis-sense –type retinal homogenates as indicated in lanes.
Samples were mixed with SDS-loading buffer/DTT, heated at 37C for 10mins.
Immunoblot was probed with 1:100 Anti-CNGB3 antibody dilution, followed by
1:500 anti-rabbit IgG HRP conjugated antibody. All retinal homogenates showed
reactivity, including CNGB3 deletion. No band corresponded to cCNGB3 band.
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Fig. 3.12 Commassie blue staining of polyacrylamide gels. (Left) Using the
standard transfer buffer protein transfer from retinal homogenates was
incomplete. Protein is detected in the stacking gel and in the resolving gel.
Bands in the resolving gel correspond to the MW predicted for canine CNGB3.
(Right) After changing temperature of loading buffer and transfer conditions, no
protein was detected in the stacking gel, or on the resolving gel.
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Fig. 3.13: pI comparison of human and canine CNGB3. (Left) Scatter plots
show pI calculations for amino acid sequence of human (top) and canine
(bottom) using different scales. Scales and pI calculations using the different
scales are indicated in the legend for each. Scatter plots were generated using
http://isoelectric.ovh.org. (Right) Table of charges on human: (Left) and
canine (Right) of CNGB3 under varying pH conditions. In red is the charge of the
protein in the tris-glycine buffer used before transfer buffer modifications.
Calculations were done using: http://protcalc.sourceforge.net
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I decided to look at the isoelectric point (pI) of both cCNGB3 and hCNGB3 to
ensure the transfer buffer was optimal for the two proteins. Fig 3.13 shows the
predicted pI of human and canine CNGB3 using different scales, which have
different predicted pKa values for relevant amino acids needed to make the
calculation. (The program used can be found at http://isoelectric.ovh.org). As
suspected, the pI’s of the proteins were vastly different, with hCNGB3 having a
pH of ~-2 and cB3 ~+9 in the transfer buffer pH of 8.3. One way to address this
issue was to add 0.1% SDS to the transfer buffer and reduce the methanol
percentage from 20% to 10% allowing the protein to move based on its mass-tocharge ratio; gel pore shrinking would be reduced to allow the protein to enter the
gel. Further, the transfer was conducted for extended time, 1 hour 15 minutes
versus the established 45-minute transfer time. Making these changes resulted in
both immunoreactivy of heterologously expressed hCNGB3 and cCNGB3 from
retinal samples and will be discussed in the results section.
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3.4 Results
3.4.1: Protein expression of cone CNG channel subunits in the canine
retina
Using antibodies against cone CNG channel subunits, CNGA3 and CNGB3
were detected in canine retinas by immunohistochemistry. A panel of CNG
channel subunits from different species described in Table 3.2 were
heterologously expressed and used to characterize the subunit and species
specificity using western blot. Fig. 3.16 shows WB expression of all CNG
channel subunits described in Table 3.2. Retinal homogenates were also used
to detect and identify canine CNGB3.
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Fig. 3.14 Characterization of Anti-CNGB3 pAb. Left: Immunoblot of tSA201
cells transfected with indicated CNG genes; Y indicates YFP tag fused on the Cterminus of the cDNA. One microgram of total cell lysate expressing hCNGB3-Y,
hCNGB3, cNGA3-Y, hCNGA3-Y and rCNGA4-Y and 20μg of bCNGA1-Y,
rCNGA2-Y, and bCNGB1-Y were loaded in the lanes as indicated. The anticanine CNGB3 pAb is subunit specific but cross-reacts with human CNGB3.
(h=human, b=bovine, r=rat, c=canine). Right: Forty μg of retinal homogenate
was loaded to a separate gel. Immunoreactivity of the cB3 pAb on retinal
homogenate of a carrier dog. Relative mobilities are 80 kD for cB3 and 92 kD for
hCNGB3.
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Fig. 3.15 The CNGA3 antibody is specific for the canine subunit. Immunoblot
of tSA201 cells transfected with indicated CNG genes. One microgram of total
cell lysate expressing hCNGB3-Y, hCNGB3, hCNGA3-Y and rCNGA4-Y and
20μg of bCNGA1-Y, rCNGA2-Y, bCNGB1-Y and cCNGA3-Y (h=human,
b=bovine, r=rat, c=canine) were loaded in the lanes as indicated. Relative
mobility for cA3-Y is147kD. Calculated mobility for cCNGA3 is 81kD.
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Fig. 3.16 Heterologously expressed CNG channel subunits expressing YFP.
Immunoblot of tSA201 cells transfected with indicated CNG genes. One
microgram of total cell lysate expressing hCNGB3-Y, hCNGA3-Y, cCNGA3-Y
and rCNGA4-Y, 20μg of bCNGA1-Y, bCNGB1-Y and 10μg of rCNGA2-Y, and
(h=human, b=bovine, r=rat, c=canine) were loaded in the lanes as indicated and
probed with anti-GFP antibody.
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Fig. 3.10 shows subunit and species specificity for the CNGB3 pAb. Left panel
establishes antibody recognition of hCNGB3-Y and hCNGB3. The predicted
molecular mass for hCNGB3 is 92kD and147kD with the YFP tag. Right panel
shows cCNGB3 has a relative mobility of 80kD. The predicted molecular mass
for cCNGB3 is 89.4kD. Fig. 3.15 shows subunit and species specificity for the
CNGA3 pAb. The antibody reacts with cCNGA3 but not with hCNGA3;
Heterologously expressed cCNGA3-Y runs with a relative mobility of ~147kD.
The expected molecular mass for cCNGA3 is 81kD. The canine CNGA3 pAb was
also tested via western blots on retinal homogenates. Initial results with CNGA3
antibody were published previously (Komaromy et al. 2010). My results from
heterologously expressed subunits show that the YFP tag does not interfere with
antibody recognition.
3.4.2: Retinal expression and cone localization of canine CNGA3 and
CNGB3
The CNGA3 and CNGB3 antibodies were developed as tools for retina studies of
normal, affected and gene therapy treated canines. However, previous work in
the Komáromy lab showed an absence of CNGA3 retinal expression in both
CNGB3-mutant canine models. Therefore, to validate our immunogenic tools
and confirm co-localization of the CNGA3 and CNGB3 with standard markers for
retina cell analysis, I double labeled carrier retinas with goat anti-LMSW opsin.
Here I show retinal expression and cone localization of cCNGA3 and cCNGB3
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co-localized with LMSW opsin pAb. Fig. 3.17 (A) shows OS reactivity with
cNGB3 using the protocol modifications outlined in section 3.2. Panel (B) shows
co-immunolabeling with L/M-opsin pAb and (C) shows merged antibody
fluorescence of CNGB3/L/M/DAPI where co-localization of CNGB3 and L/M are
evident. Figure 3.18 shows a retinal tissue from the same WT dog in Figure 3.16
double-labeled with CNGA3 pAb and anti- L/M using the modified IHC protocol.
The new IHC protocol shows exclusive OS co-localization of CNGA3 and L/Mopsin, similar to the results published (Figure 6 (F) of referenced study) using the
previous IHC protocol (Komaromy et al., 2010).
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Fig. 3.17 Retinal expression and localization of anti-CNGB3 pAb in carrier
canine tissue. Panel A shows cone OS immunolabeling with Y1048 peptide
purified anti-CNGB3 Ab merged with DAPI. Tissues were co-immunolabeled
with a goat anti-L/M opsin antibody. Panel B shows L/M opsin stain of cone OS
with merged DAPI. Panel C shows co-localization of cB3 with L/M opsin in cone
OS. No staining of CNGB3 or LMSW in other retinal layers. Scale bar: 1μm

70

Fig. 3.18 Retinal expression and localization of anti-CNGA3 pAb in carrier
canine tissue. Panel A shows cone OS immunolabeling with canine specific
anti-CNGA3 pAb merged with DAPI. Tissues were co-immunolabeled with a
goat anti-L/M opsin antibody. Panel B shows LMSW opsin stain of cone OS with
merged DAPI. Panel C shows co-localization of cB3 with LMSW opsin in cone
OS. No staining of CNGA3 or LMSW in other retinal layers. Scale bar: 1μm
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3.5 Discussion
The discovery of naturally-occurring mutations in the canine CNGB3 gene that
are phenotypically and genetically orthologous with mutations found in human
achromatopsia provides a model to understand the disease in a closely-related
species with an eye of similar size to human. In this study, I present the first
results of CNGB3 expression in canine retinas using a pAb.
Although my troubleshooting focused on the pursuit of one of several candidate
antisera for CNGB3, the additional antibodies mentioned in this chapter could
now be investigated with the modified protocols to compare their S/N. One
rationale for pursuing other antisera is that the Y1048 CNGB3 pAb weakly
detects cone OS in comparison to the intensity of the CNGA3 signal and initial
WB screening of the 3 different antisera did not count for pI differences of
cCNGB3 compared to hCNGB3. Future studies should investigate Y1047 and
Y1050 for canine retinal studies.
Previous work with the CNGA3 pAb was reported in an analysis of the gene
therapy work (Komaromy et al. 2010) . In this work, CNGA3 is expressed in the
OS of non-affected retinas, but not in the OS of CNGB3m/m or CNGB3-/- canine
retinas. These were puzzling since the cCNGA3 gene has no mutations. Further,
cCNGA3 homomeric channels are functional in heterologous expression (Patel et
al. 2005; Tanaka et al. 2014). Lastly, co-localization studies with L/M-opsin
shows that CNGA3 and CNGB3 target to cone OS. The focus of the following
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chapters will focus on questions concerning the effects of CNGB3 mutations on
CNGA3 expression.

73

CHAPTER 4
EXPRESSION OF CNGB3 IN CANINE ACHROMATOPSIA MODELS
4.1 INTRODUCTION
4.1.1 What can we learn about human achromatopsia from the canine
CNGB3-D262N (CNGB3m/m) and CNGB3deletion (CNGB3-/-) models?
Congenital achromatopsia is a rare autosomal recessive disorder with 1 in
30,000-50,000 people affected worldwide (Michaelides et al. 2006; Simunovic
and Moore, 1998). The effects of the disease range from complete
achromatopsia, in which patients suffer from total loss of visual acuity,
nystagmus, photophobia and the inability to discriminate color to milder forms of
incomplete achromatopsia that exhibit a broad spectra of clinical findings with
varying effects on visual acuity and color vision. These phenotypes have been
attributed to mutations in a number of retina genes; CNGA3 (Wissinger et al.
2001), CNGB3 (Kohl et al. 2000), GNAT2 (Kohl et al., 2002), PDE6C (Chang et
al. 2009), PDE6H (Kohl et al. 2012) and ATF6 (Kohl et al. 2015). CNGA3 and
CNGB3 encode for the cone CNG channel subunits; GNAT2 encodes for cone
transducing, a G-protein responsible for initiating the phototransduction cascade
by dissociating and activating phosphodiesterase (PDE). PDE6C and PDE6H
encodes for two different subunits of the cone phosophodiesterase enzyme.
PDE’s are responsible for hydrolyzing cGMP, resulting in channel closure and
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hyperpolarization of the cell. A review of the phototransduction cascade is
included in the introductory chapter.
And lastly, ATF6 encoding activating transcription factor 6A, a key regulator of
the unfolded protein response (UPR) and cellular endoplasmic reticulum (ER)
homeostasis (Kohl et al. 2015). Although there are multiple genes implicated in
human achromatopsia, more than 50% of the cases reported are caused by missense mutations, frameshift deletions, insertions, or splice-site mutations in the
CNGB3 gene (Kohl et al. 2000; Kohl et al. 2005; Wawrocka et al. 2014). Due to
the high prevalence of CNGB3 mutations in autosomal recessive achromatopsia,
the canine models with the two naturally-occurring mutations in CNGB3 are
useful for investigating the disease pathology (Sidjanin et al. 2002). The models
provide a rare opportunity to study CNGB3 mutations in a physiologically-similar
system to that of human (Komaromy et al. 2010; Thiadens et al. 2009). Early
work, conducted by Dr. Aguirre when the canine colonies were first established,
found that GNAT protein expression was absent in retinal sections of these dogs
(Gropp et al. 1997). GNAT expression therefore became a proxy for studying
the pathology of the disease. Also, in those early studies it was found that other
cone proteins including LMWS opsin and cone arrestin were unaffected. This
result was significant because it showed that the cones, although non-functional
as determined by ERG, were still viable allowing for the future gene therapy
studies (Komaromy et al. 2010).
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4.1.2 Development study
Examining genetic mutations in animal disease models is important for
developing treatments for the human disease analogs. Studying cone diseases
as well as cone development has presented many challenges due to the scarcity
of cones in the rod-rich retinas of most mammals. One group circumvented this
problem by developing a mouse transgenic line deleting a transcription factor,
neural retina-specific leucine zipper protein (NRL), necessary for rod
differentiation (Nikonov et al., 2005). These mice develop a cone-rich retina
useful for cone development studies. Double knockouts with mice deficient in
NRL and CNGA3 or NRL and CNGB3 have elucidated information about channel
subunit biosynthesis and localization (Matveev et al. 2008; Michalakis et al.
2005; Thapa et al. 2012).
Studies using double knockout mice showed that CNGA3 protein and mRNA
levels were significantly reduced in mice lacking CNGB3 (Ding et al. 2009).
Another striking finding was that NRL-/-/CNGA3-/- mice lose essentially all of the
photopic ERG b-wave response, whereas the NRL-/-/CNGB3-/- knockouts retain
~40% of the photopic ERG b-wave response (Thapa et al. 2012). This raises
questions about the possibility of CNGA3 homomeric channels expressed and
functioning in cones. It is well-established that CNGA3 form functional
homomeric channels in heterologous expression (Kaupp and Seifert, 2002; Patel
et al. 2005; Tanaka et al. 2014) as shown via electrophysiological studies.
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Recently it was suggested that CNGA3 homomeric channels are found in
Grueneberg ganglion neurons of mice (Mamasuew et al. 2010).
Our canine models provide additional insights about the effects of mutations in
the CNGB3 gene on channel expression. Gene therapy treatment shows
restoration of CNGA3 to the OS after treatment (Komáromy et al. 2010). Before I
started the studies presented in this chapter, the Komáromy group detected
CNGA3 expression in OS of affected 4-week-old pups via IHC and ERGs
showed cone function, both of which were lost after 6-weeks (Komáromy et al.
2013). This model presents us the opportunity to study the effects of the CNGB3
channel subunit on CNGA3 channel expression. Since this disease is known to
be a cone degenerate disease, we want to investigate CNG channel subunits at
different developmental time points in the retina.
4.1.3 Chapter Overview
In this chapter I will focus on CNGB3 expression in adult wild-type, CNGB3m/m
and CNGB3-/- retinas in tandem with expression of CNGA3, GNAT2, cone
arrestin and L/M-opsin. This work is intended supplement the data presented in
the gene therapy study (Komáromy et al. 2010), where CNGA3, GNAT and L/Mopsin OS fluorescence were investigated in CNGB3m/m and CNGB3-/- retinas
before and after therapy. Here, I want to confirm findings for affected dogs before
therapy as well as provide additional insights by probing for the CNGB3 mutated
protein. In this chapter I will also describe a developmental time course on
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naturally-occurring cCNGB3m/m and cCNGB3-/- mutant canine models with goal of
learning more about the effects of the mutations on expression and localization of
CNGA3 in OS of affected dogs.

78

4.2 Materials and Methods
4.2.1 Animal tissues used in IHC studies
For tissue fixation and embedding for histological studies and IHC see Chapter
3 Sections 3.2.2 and 3.2.3. Table 4.1 lists animals used.
Table 4.1 Tissues used in IHC experiments.
Dog
ID
M560
GS50

Sex Genotype
M
carrier
F
normal

GS243 M
GS244 M
GS163 M
GS164 M
GS162 M
GS166 F
GS100 F
M677

M

M682

M

M683

M

M523

F

M547

F

CNGB3
D262N
CNGB3
D262N
CNGB3
D262N
CNGB3
D262N
CNGB3
D262N
CNGB3
D262N
CNGB3
D262N
CNGB3
deletion
CNGB3
deletion
CNGB3
deletion
CNGB3
deletion
CNGB3
deletion

age
sire
dam DOB
euth
(wks)
M479 M498 11/14/2005 12/12/2005
4
GS4 GS36
10/5/2004 1/10/2005
14
GS75 GS85

6/1/2011

6/14/2011

2

GS75 GS85

6/1/2011

6/21/2011

3

GS97 GS74

7/17/2009

8/17/2009

4

GS97 GS74

7/17/2009

8/31/2009

6

GS97 GS74

7/17/2009

9/14/2009

8

GS97 GS74

7/17/2009 12/14/2009

21

GS75 GS80

9/3/2007

5/27/2008

38

M501 MB39

7/14/2009

8/17/2009

4

M501 MB39

7/14/2009

8/31/2009

6

M501 MB39

7/14/2009

9/14/2009

8

M501 M463

1/15/2005

5/16/2005

17

M479 M498

4/14/2005

5/22/2006

57
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Table 4.2 Antibodies used in IHC experiments.
Antibody

Host

Target Cell

Working
Dilution

Source

L/M-opsin

Goat
polyclonal

Cone
photoreceptors

1 : 1000

Santa Cruz
Biotechnology

Cone arrestin
(hCAR)

Rabbit
polyclonal

Cone
photoreceptors

1 : 10,000

Dr. Cheryl Craft

Cone alpha
transducin
(GNAT2)

Rabbit
polyclonal

Cone
photoreceptors

1 : 5,000

Santa Cruz
Biotechnology

CNGA3

Rabbit
polyclonal

Cone
photoreceptors

1 : 500

Komáromy Lab,
UPenn

CNGB3

Rabbit
polyclonal

Cone
photoreceptors

1 : 500

Komáromy Lab,
UPenn

4.2.2 Microscopy and imaging
Imaging was done on fluorescence microscope (Nikon) at 40x or 100x and
images edited using ImageJ. Tissues in development study were imaged by
laser scanning confocal microscopy (Olympus FluoView FV1000; Olympus
America, Center Valley, PA) using a 100X UPlanSApo (NA1.4) oil objective.
Images were captured in sequential mode: DAPI: 405nm Diode Laser (430470nm BP). Green: 488nm Argon Laser (505-525nm BP). Red: 543 Helium Neon
Laser 560 (long pass). Settings were set to prevent bleed through between
channels.
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4.2.3 Western blot analysis of protein expression
For WB procedures see Chapter 3 Section 3.2.4 and 3.2.5. Tables 4.2 and 4.3
lists the animals used.
Table 4.3 Tissues used for CNGA3 Antibody WB.
Dog
se
age
ID
x
Genotype
sire
dam DOB
euth
(wks)
N19
10/18/200 12/18/200
GS22 F
Carrier
7
GS6
1
6
270
GS10
CNGB3
GS8 GS8
12/12/200
7
F
D262N
9
0
7 4/22/2008
19
CNGB3
M51 M49
M664 M
deletion
0
8
3/17/2009 8/24/2009
23
Table 4.4 Tissues used for CNGB3 Antibody WB.
Dog
se
age
ID
x
Genotype
sire
dam DOB
euth
(wks)
M50
11/19/200
M653 F
Carrier
1
B21
9/27/2008
8
8
GS10
CNGB3
GS7 GS8
0
F
D262N
5
0
9/3/2007 5/27/2008
38
CNGB3
M47 M49
12/23/201
M689 M
deletion
9
8
1/17/2010
0
49

81

4.3 Results
4.3.1 CNG channel subunit expression in Adult ACHM
Previous work demonstrated loss of CNGA3 and GNAT 2 OS expression in
CNGB3m/m and CNGB3-/- canines (Komaromy et al. 2010). In this section, I
report findings using anti-CNGB3 antibody characterized in Chapter 2, on
normal, CNGB3m/m and CNGB3-/- canines.
Figure 4.1 shows results of IHC on retinal sections from normal, CNGB3m/m and
CNGB3-/- canines. As expected, the CNGB3-/- showed no reactivity. However,
CNGB3 expression could not be detected in any retinal layer of CNGB3m/m. From
qrtPCR results measuring CNGB3 mRNA levels in CNGB3m/m and CNGB3-/canines (see Fig 7) (Komaromy et al. 2010), the mRNA of the mis-sense
CNGB3 subunit is transcribed. Other antibodies were used including: L/M-opsin,
GNAT2, and hCarr. L/M-opsin and -hCarr are commonly used to demonstrate the
presence of cone photoreceptors in affected canines. A characteristic of human
achromatopsia is progressive loss of cone OSs, therefore to ensure that the
absence of CNGA3 and CNGB3 immunoreactivity was not due to cone
photoreceptor death, L/M-opsin and hCarr were used on serial sections of the
same retinal samples.
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Fig. 4.1 CNGB3 expression in normal (wt), CNGB3m/m and CNGB3-/- retina. CNGB3 is detectable in cone OSs
of wild-type canine retina but not in CNGB3m/m or CNGB3-/-retina (A1, B1, C1). Similarly, CNGA3 is only detectable
in normal (wt) (A2, B2, C2). Anti-hCarr fluorescence and anti-LMSW opsin is detected in OS (A3, B3, C3 and A5,
B5, C5). Anti-GNAT2 reactivity is affected in both affected canine retinas (A4, B4, C4). Scale bar= 10µm
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Fig. 4.2 WB expression of CNGA3. Retinal homogenates from carrier (+/-), missense (m/m) and deletion (-/-) retinas and total cell lysates of transfected tSA201
cells with 1µg of cCNGA3 (cA3) were subjected to SDS PAGE electrophoresis
followed by standard immunoblotting using affinity-purified rabbit polyclonal antiCNGA3 (1:500). Two bands were detected in all three retina homogenates. The
top band is similar in mobility to the cNGA3 protein isolated from tSA-201 cells
transfected with the canine gene. The MW for the top bad is 103kD, the bottom
bad is 98kD. No loading control was used for this WB.
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Fig. 4.3 WB expression of CNGB3 in retinal homogenates. Retinal
homogenates from carrier and affected dog and total cell lysates of transfected
tSA201 cells with hCNGB3 (hB3), hCNGB3-Y (hB3-Y) and hCNGB3 D262N-Y
(hB3-Y D/N) were subjected to SDS PAGE as described above. Immnoreactivity
of canine retinal homogenates show CNGB3 is present in carrier but in not
affected dogs. MW for cCNGB3 in retina: 80kD. hCNGB3: 92kD, hCNGB3-Y and
hCNGB3-Y D262N: 147kD .
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To investigate if CNGB3 mis-sense protein was present in canine retinas, WB
were conducted on CNGB3m/m and CNGB3-/- retinal homogenates. Fig. 4.2 and
Fig. 4.3 show WBs for both anti-CNGA3 and anti-CNGB3 on normal, CNGB3m/m
and CNGB3-/- retinal homogenates. CNGA3 is detected in normal, CNGB3m/m
and CNGB3-/- but CNGB3 is not detected in CNGB3m/m and CNGB3-/- retinas. The
hCNGB3 with the D262N mutation at the amino acid position corresponding to
the canine mutation was expressed in vitro; the mutant is expressed and
detected using the anti-CNGB3 antibody.
4.3.2 CNG channel subunit expression in development study of ACHM dogs
a) Expression of CNGA3 and CNGB3 on normal retinas
Normal retinas were probed for CNGA3 and CNGB3 expression at different
ages. Fig. 4.4 show expression of CNGA3 and CNGB3 in a 4-week-old canine
retinal section. In these retinal sections CNGA3 and L/M-opsin are detected in
the OS, but not CNGB3. After 8 weeks, the developmental time point at which
the retina is considered mature, CNGA3 and CNGB3 immunoreacts uniformly in
cone OS. Fig. 4.5 shows CNGA3 and CNGB3 expression of a 10-week-old
retina. CNGA3 and CNGB3 expression in older normal retinas does not change
from this result.
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Fig. 4.4: Expression of CNG channel subunits in a 4-week-old normal
canine retina. Left panel: double-labeled IHC using rabbitCNGA3 and goat L/Mopsin antibodies shows that CNGA3 (red) and L/M-opsin (green) are expressed
in cone OS. Right panel: L/M-opsin (green) is expressed in cone OS but not
CNGB3 (red). Inset indicates magnified region of the merged image to show
fluorescence for signal channel. Scale bar= 10µm. The following Figures 5.3.25.3.11 were labeled following the protocol described here and only the tissues
are different.

Fig. 4.5 Expression of CNGA3 and CNGB3 in 14-week-old normal canine
retina. Left panel: CNGA3 (red) and opsin (green) are expressed in cone OS.
Right panel: CNGB3 (red) and opsin (green) are expressed in cone OS. Inset
indicates magnified region of the merged image to show fluorescence for signal
channel. Scale bar= 10µm.
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b) Expression of CNGA3 and CNGB3 on CNGB3m/m retinas
Next we investigated the effects of the CNGB3m/m mutation on CNGB3 and
CNGA3 expression and cellular localization on the developing retina. Tissues for
more age time points were available for the CNGB3m/m canine than for normal
retinas and I was able to perform IHC on tissues whose ages ranged from 1week to 21-weeks. Fig. 4.6 shows CNGA3 and CNGB3 co-localization with L/Mopsin in a 2-week-old retina. CNGA3 antibody shows strong immunoreactivity in
OS, IS and photoreceptor cell bodies in the ONL and co-localized with L/M-opsin
in cone OS. Interestingly, CNGA3 is also detected in the OPL of the inner retina.
No CNGB3 expression is detected at this time point. There has been some
speculation about CNG channels found at cone synapses (Rieke and Schwartz,
1994) and that these channels could potentially be implicated in mediating a
synaptic feedback by nitric oxide (Savchenko et al., 1997), however not much is
known about CNGA3 expression in this retinal layer. This is the first time a CNG
channel has been detected in an inner retinal layer.
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Fig. 4.6 Expression of CNGA3 and CNGB3 in 2-week-old CNGB3m/m canine
retina. Left panel: CNGA3 (red) is expressed in cone OS, IS, ONL and OPL and
the opsin (green) is exclusively expressed in OS. Right panel: CNGB3 (red) is
not expressed but the opsin (green) is expressed in cone OS. Scale bar= 10µm.

Fig. 4.7 Expression of CNGA3 and CNGB3 in 3-week-old CNGB3m/m canine
retina. Left panel: CNGA3 (red) is expressed in cone OS, IS, but not the ONL or
OPL and the opsin (green) is exclusively expressed in OS. Right panel: CNGB3
(red) is not expressed but the opsin (green) is expressed in the cone OS. Scale
bar= 10µm.
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Fig. 4.7 shows 3-week-old the CNGB3m/m retina exposed to CNGA3 or -CNGB3
(and double labeled with L/M-opsin) antibodies. IHC of this time point in
development shows robust CNGA3 expression in the OS, but less IS, ONL and
almost no OPL fluorescence. After the second week CNGA3 is no longer
detected in the inner retinal layer. No CNGB3 expression is detected. L/M-opsin
is expressed robustly in OS. A wild-type control for tissues of the same age
needs to be done in order to confirm that CNGA3 expression is typical for cells in
the inner retinal layers and that it is not a byproduct of the CNGB3 D262N
mutation.
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Fig. 4.8 Expression of CNGA3 and CNGB3 in 4-week-old CNGB3m/m canine
retina. Left panel: CNGA3 (red) is no longer expressed in cone IS, ONL and IPL
and expression levels are not as robust as younger retinas. Opsin (green)
expression is retained in OS. Right panel: CNGB3 (red) is not expressed but the
opsin (green) is present in the cone OS. Scale bar= 10µm.\

Fig. 4.9 Expression of CNGA3 and CNGB3 in 8-week-old CNGB3m/m canine
retina. Left panel: CNGA3 (red) is weakly detected in OS, whereas the opsin
(green) expression is comparable to that of unaffected canine retina. Right
panel: CNGB3 (red) is weakly detected in OS and opsin (green) expression is
unaffected. Scale bar= 10µm
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Fig. 4.8 shows CNGA3 expression is detectable in the OS of CNGB3m/m retinal
tissues at 4-weeks, but not CNGB3. Interestingly, CNGB3 expression is weakly
detectable in OS at 8-weeks (Fig. 4.9). Importantly, not all cones show CNGB3
expression and the immunofluorescence is low. Anti-LMWS opsin shows cone
reactivity in OS as expected. Cone ERGs of canines at 4-weeks show that cones
are functional and taken together with these findings, it is possible that cone ERG
activity could be a result of homomeric CNGA3 CNG channels.
The most interesting results come from Fig. 4.10 where both CNGA3 and
CNGB3 are robustly detectable in the IS/OS. This is the first time CNGB3m/m has
been detected via IHC. The cone OS seem to be lost by this time point as
suggested by the cell’s morphology, but the subunits are still detectable. Cone
photoreceptors of canines with defects in the CNGB3 channel subunit were
shown to have this rare, round cell shape in early work done by Dr. Aguirre
(Gropp et al., 1996), which is thought to be the formation of ectopic cone nuclei
that are displaced into the inter-photoreceptor space.
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Fig. 4.10 Expression of CNGA3 and CNGB3 in 21-week-old CNGB3m/m
canine retina. Left panel: CNGA3 (red) and L/M opsin (green) expression are
both detected in OS Right panel: CNGB3 (red) and opsin (green) are
expressed in OS. Scale bar= 10µm
c) Expression of CNGA3 and CNGB3 on CNGB3-/- retinas
Finally, we decided to investigate the effects of the deletion mutation on CNGA3
expression. Figure 4.11-4.14 shows the effects of the naturally-occuring CNGB3
deletion on CNGA3 expression. Figure 4.11 shows CNGA3 faintly detectable in
the cone OS, but quickly lost after ~8 weeks. As expected CNGB3 antibody
shows no immunoreactivity. Anti-L/M opsin antibody shows expected OS
expression.
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Fig 4.11 Expression of CNGA3 and CNGB3 in 4-week-old CNGB3-/ - mutant
canine retina. Left panel: CNGA3 (red) and opsin (green) expression is
detected in OS. Right panel: the opsin (green) is expressed in OS but no
CNGB3 is detected. Scale bar= 10µm

Fig. 4.12 Expression of CNGA3 and CNGB3 in 6-week-old CNGB3 -/- mutant
canine retina. Left panel: CNGA3 (red) expression is lost in OS, but opsin
(green) expression is retained in OS. Right panel: Opsin (green) is expressed
in OS but not CNGB3. Scale bar= 10µm
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Fig. 4.13 Expression of CNGA3 and CNGB3 in 8-week-old CNGB3-/- mutant
canine retina. Left panel: CNGA3 (red) expression is lost in OS, but L/M opsin
(green) expression is detected in OS. Right panel: L/M opsin (green) is
expressed in OS but not CNGB3. Scale bar= 10µm

Fig 4.14 Expression of CNGA3 and CNGB3 in 17-week-old deletion mutant
canine retina. Left panel: CNGA3 (red) expression is lost in OS, but opsin
(green) expression is detected in OS. Right panel: L/M opsin (green) is
expressed in OS but not CNGB3. Scale bar= 10µm
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4.4 Discussion
4.4.1 CNGB3 expression in adult ACHM dogs
CNGB3 is not detected in CNGB3m/m retinas by either IHC or WB, although
mRNA levels were determined to be similar to levels in normal canines
previously (Komaromy et al. 2010). As expected CNGA3 expression is detected
by WB but not IHC. This result could be due to differences in the techniques, or
to failure of the CNGA3 protein to target to the OS in affected retina. One
possible explanation is the CNGA3 protein diffuses throughout the photoreceptor
cells, instead of targeting to the OS and is undetectable by IHC because its
fluorescence is below the threshold for detection.
4.4.2 Development Study
Expression of CNGA3 and CNGB3 varies depending on age and disease status
of the canine. CNGA3 is expressed much earlier in development than CNGB3. At
4-weeks, there is no CNGB3 detected by IHC in cone OS. The CNGB3 missense retinas show that CNGA3 is robustly expressed in the retina from 2-week
to 3-weeks of age and then gradually reduced in OS expression until the last age
time-point tested at 21-weeks. CNGB3-deletion retinas show a different pattern:
CNGA3 is weakly detected at 4 weeks but lost by 8 weeks. I summarize these
results in Table 4.5. This finding taken together with results of CNGB3 and
CNGA3 OS expression in cone OS of the mis-sense D262N retinal tissues
suggest the dependence of CNGB3 expression for CNGA3 OS targeting.
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Table 4.5 Summary of immunofluorescence of CNGA3/CNGB3/L/Mopsin at different ages.
STATUS

AGE

CNGA3

CNGB3

L/M-opsin

WT

4wks

++++

-

++++

CNGB3-/-

4wks

+

-

++++

CNGB3m/m

4wks

++

-

++++

CNGB3-/-

6wks

+

-

++++

CNGB3m/m

6wks

+

-

++++

CNGB3-/-

8wks

-

-

++++

CNGB3m/m

8wks

+

+

++++

WT

>17wks

++++

++

++++

>17wks

-

-

++++

>17wks

++

+

++++

WT

WT

CNGB3-/m/m

CNGB3

In this table (+) indicates relative S/N of antibody immunoreactivity (-) indicates
no immunoreactivity for antibody detected in OS.
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CHAPTER 5
CNTF STIMULATES EXPRESSION OF CNGA3 IN CONE OS
5.1 Introduction
The success of gene augmentation therapy has been variable for canines treated
with the hCNGB3 transgene after 1-year of age. Perhaps regenerating the OS of
older CNGB3-mutant canines limits the success of this treatment. Ciliary
neurotrophic factor (CNTF) is a promising primer for successful gene therapy
treatment as it has been found to reverse the effects of cone degeneration by
shortening the OS before stimulating regrowth and down- regulating
photoreceptor gene expression (Wen et al. 2006; Wen et al. 2012). Here I show
CNGA3. GNAT2 and L/M-opsin expression on a CNGB3-/- mutant CNTF treated
retina. CNGB3 antibody studies have been done on hCNGB3-treated retinas by
the Komáromy group and will be included in his next publication.
5.2 Materials and Methods:
5.2.1 Methods for IHC : As described in Chapter 3, Sections 3.1 and 3.2
5.2.2 Animal tissues for recombinant CNTF protein study : As described in
(Komáromy et al., 2013)
5.2.3 Confocal microscopy for CNTF study : As described in Chapter 4,
Section 4.2.1

97

5.3 Results

Fig. 5.1: Partial restoration of CNGA3 and LMWS opsin in a CNTF treated
CNGB3-/- canine retina. Normal (wt) retinal tissues sections show both CNGA3
(A2) and GNAT2 (A5) are present in the outer segments and co-localize with
LMWS opsin (A1, A3 and A4, A6). The cone OS of untreated, adult mutants
[ACHM (untreated)] contain no detectable CNGA3 (B2) and GNAT2 (B5). Opsin
localization appears unaffected by the mutation (B1, B3, and B4, B6). One week
following intravitreal CNTF in the mutant eye [ACHM (1 week post CNTF)] cone
outer segments are fewer in numbers and severely shortened (C1, C4), but some
of them weakly express CNGA3 (arrows in C2 and C3) and GNAT2 (arrows in
C5 and C6). Scale Bar = 10 μm. Figure from (Komáromy et al. 2013).
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5.4 Discussion
Gene therapy has been successful in canines treated at less than .5 years of
age, but older dogs treated (>1 year) do not retain cone function after therapy
(Komáromy et al. 2010; Komáromy et al. 2013). In cases of CNGB3-ACHM in
humans (Kohl et al. 2005; Sundin et al. 2000) and mice (Ding et al. 2009) gene
therapy treatment was also age and dependent on stage of photoreceptor
degeneration. The results could not be explained by lack of cones or transgene
expression (Komáromy et al. 2013). An explanation proposed was the improper
assembly of the components of the phototransduction machinery when retinas
were treated at later stages in the disease (Komaromy et al. 2010). The use of
CNTF in a human trial for rod degenerative diseases resulted in patients gaining
improved visual acuity, which is a cone mediated visual function (Wen et al.
2012). This finding led to studies using CNTF in cone degenerative disease.
Studies on CNTF show that, when administered intravitreally, the OS of the cone
photoreceptors shorten followed by regrowth and causes transient gene
expression downregulation in photoreceptors (Wen et al. 2006; Wen et al.
2012). Here, CNGB3-ACHM affected canines were first treated with CNTF. Fig.
5.1 shows OS expression of L/M-opsin, CNGA3, and GNAT2 in treated animals.
Untreated CNGB3-ACHM affected dogs do not show OS expression of L/Mopsin, CNGA3, and GNAT2. The mechanisms by which CNTF causes these
changes are still unknown, however when used in conjunction with gene therapy
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all animals treated show restoration of cone function in treated eyes (Komáromy
et al. 2013).
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CHAPTER 6
Summary
6.0 CHAPTER 1
In this thesis, I have examined two essential components of the cone
phototransduction cascade in dogs. This work provides an analysis of the
expression and development of opsins and CNG channel subunit components in
the retinas of normal and mutant dogs, and has generated reagents and
procedures that will be valuable for future studies
6.1 CHAPTER 2
The full cDNA sequence for L/M and S-opsin was determined and used to
investigate spectral properties of the opsin molecules. Three conserved amino
acid positions implicated in setting the spectral properties of the opsin molecule
were compared to those in the human sequence. I show that the canine L/Mopsin does not have the serine at amino acid position 180, which is known to
shift the λmax of human L-opsin 30nm to the red spectrum. Comparison of the Sopsin molecule shows little conservation between human and canine at the
positions investigated. The crystal structure for rhodopsin has been solved, and
future studies could use molecular dynamics to understand the differences found
in the three sites investigated between human and canine.
6.2 CHAPTER 3
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Cone CNG channel antibodies for both CNGA3 and CNGB3 were characterized
to investigate in vivo canine CNG channel subunit expression.
Immunofluorescence detection of cone CNG channel subunits is exclusive to the
OS as seen by co-labeling with an L/M-opsin antibody. The CNGB3 antibody is
subunit specific, but not species specific; the antibody cross-reacts with
heterologously expressed human CNGB3. The canine CNGA3 antibody is both
species and subunit specific.
6.3 CHAPTER 4
The cone CNG channel antibodies characterized in Chapter 3 were used to
investigate CNG channel subunit localization in CNGB3-ACHM dogs. In ACHMaffected adults, CNGA3 is not present in the OS, but detected via western blot.
On the contrary, CNGB3 in CNGB3m/m is not detected via IHC or WB. In the
development study, it was found that CNGA3 is expressed in all three genotypes
at 4wks and that CNGB3 in the WT is expressed later than CNGA3. CNGB3 was
detected in the CNGB3m/m starting at ~8wks up to 21wks. This finding
contradicted the work presented in the adult ACHM study. Inquiry into the lineage
of the dogs tested revealed that there was a sub-population of CNGB3m/m dogs
that still possessed residual vision as tested using an obstacle course under
varying illumination conditions. The dogs that show CNGB3 OS expression in the
CNGB3m/m group belonged to that lineage. A new model for ACHM is now being
established for incomplete ACHM (iACHM). That work is being conducted by
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other members of the Komáromy group. However, what we have learned from
my development study is the requirement of the CNGB3 subunit in OS for
CNGA3 OS expression. If CNGB3 is detectable in the OS, CNGA3 is also
detectable in the OS. Future work should conduct western blots on dogs from
this subgroup of CNGB3m/m to determine if CNGB3 is detectable.
6.4 CHAPTER 5
CNTF stimulates expression of CNGA3 in cone OS of older CNGB3-ACHM
canines.
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