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Leber congenital amaurosis (LCA) is a family of autosomal recessive retinopathies
that cause congenital blindness in infants and progressive retinal degeneration. The first
of several genes linked to this disease group was GUCY2D (LCA type 1), the gene
encoding retinal guanylate cyclase-1 (GC1). GC1 is localized in the photoreceptor cells
of the retina and is an important player in the phototransduction cascade. The GUCY1*B
chicken is an animal model for LCA-1 which also has a mutation in the gene encoding
GC1 (GUCY1). These animals are blind at hatch and their retinas are morphologically
intact at birth with retinal degeneration becoming evident after approximately two weeks
and progressing with age. The primary goal of this study was to use lentiviral-mediated
gene delivery of a transgene encoding normal functioning GC1 to restore
phototransduction and vision in these animals.
Lentiviral vectors were delivered to retinal progenitor cells of an embryonic
GUCY1*B chick. Several variables determine whether treated embryos survive and hatch
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as healthy chicks. Opening the egg for treatment increases the stringency of these
requirements. Our efforts to research and test these variables resulted in the first
successful series of hatches of treated embryos.
Lentiviral-delivery of the GC1 transgene and subsequent expression of functioning
GC1 in photoreceptor cells was sufficient to restore vision to treated animals as indicated
by photoreceptor cell response to light and robust sighted behavior. The treatment,
however, did not prevent retinal degeneration. For gene therapy treatment of this disease
model to be complete in its effectiveness, expression of the therapeutic gene must
produce protein which restores function to disabled cells and prevents retinal
degeneration. Current and future studies are focused on enhancing treatment to prevent
retinal degeneration.
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CHAPTER 1
INTRODUCTION
Vertebrate Phototransduction
Two types of photoreceptors in the vertebrate retina respond to light entering the
eye, rods and cones. Rods are important for vision in low lighting conditions and cones
are responsible for color vision in well-lit environments. Vertebrate phototransduction, a
signaling cascade that is triggered by light and leads to ion channel closure, occurs in the
outer segments of these cells (reviewed in Koutalos and Yau 1996). In the dark, cation
channels located in photoreceptor outer segment membranes are held open by second
messenger cGMP molecules allowing ions (primarily Na+ and Ca2+) to flow into the
cell. As a result of this influx, photoreceptors are maintained in a depolarized state in the
dark. In the light, photons trigger isomerization of the visual pigment chromophore, 11cis retinal, inducing a conformational change in the visual pigment protein, opsin. This
conformational change activates the pigment and triggers the phototransduction cascade.
Once activated, each visual pigment molecule binds and activates several hundred
photoreceptor specific G protein transducin molecules by catalyzing the exchange of
GDP for GTP. The GTP bound subunit of transducin then binds and activates cGMP
phosphodiesterase, which subsequently hydrolyzes cGMP to GMP. The decrease in
cGMP concentration leads to closure of the cation channels and hyperpolarization of the
cell (Koutalos and Yau, 1996; Polans et al., 1996; Arshavsky et al., 2002).
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Retinal GC1
Guanylate cyclases (GCs) are enzymes that catalyze the conversion of GTP to
cGMP and are present in many cell types. GCs are divided into soluble and membranebound forms (Shyjan et al., 1992; Pugh et al., 1997). Membrane-bound GCs are single
transmembrane proteins with the amino-terminus positioned within the extracellular
domain (Shyjan et al., 1992). Two membrane-bound GCs are expressed in retinal
photoreceptors, GC1 and GC2 (Shyjan et al., 1992; Lowe et al., 1995; Yang et al., 1995).
GC1 is present in photoreceptor outer segments (Dizhoor et al., 1994) and is important in
phototransduction. In order for photoreceptors to be restored to the pre-stimulus state
after being exposed to light, cGMP concentrations within the cell must be replenished. In
photoreceptor outer segments, GC1, modulated by guanylate cyclase activating protein
(GCAP), catalyzes the conversion of GTP to cGMP when calcium levels are low.
Increased amounts of cGMP lead to opening of the cation channels and, in conjunction
with inactivation of the phototransduction cascade, return the photoreceptor to a
depolarized dark state (Polans et al., 1996; Koutalos and Yau, 1996).
In the absence of retGC1, photoreceptor cell function is compromised. In GC1
knockout mice, rod function is abnormal and cone cells do not respond to light as
measured by electroretinography (ERG) (Yang et al., 1999). By 6 months of age, the
cone cells in the retinas of these mice have degenerated (Coleman et al., 2004). In
GUCY1*B chickens which carry a null mutation in retGC1 (Semple-Rowland et al.,
1998), both rod and cone cells do not respond to light as measured by ERG, and both cell
types degenerate by 6 months of age (Ulshafer et al., 1984; Ulshafer and Allen 1985).The
first signs of retinal degeneration are evident in the retinas of these animals 7-10 days
post hatch (Ulshafer et al., 1984; Ulshafer and Allen, 1985).
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Leber Congenital Amaurosis - Type 1
Leber congenital amaurosis (LCA) is a family of autosomal recessive retinopathies
that are responsible for approximately five percent of all cases of human congenital
blindness. LCA, first described in 1869 by Theodore Leber, presents early in infancy as
vision loss, absent or severely reduced ERG response, and a normal appearing fundus.
Mutations in several genes have been linked to LCA, including: RPE65, CRX, GUCY2D,
RPGRIP, CRB1 and AIPL1 (Hanein et al., 2004; Koenekoop et al., 2004). The first gene
linked to LCA was GUCY2D, the gene encoding GC1. GUCY2D maps to chromosome
17p13.1 and null mutations and mutations that disable protein function in this gene cause
LCA-1 (Perrault et al., 1996). Lack of GC1 function leads to severely decreased cGMP
levels in photoreceptor cells (Semple-Rowland et al., 1998; Rozet et al., 2001). Thus, the
LCA1 phenotype may be attributed to chronic closure of the cGMP gated cation channels
thereby trapping the photoreceptors in a hyperpolarized state (Perrault et al., 1996;
Semple-Rowland et al., 1998).
GUCY1*B Chicken: An Animal Model for LCA-1
The GUCY1*B chicken was first described by Cheng et al. (1980) as an autosomal
recessive disorder in Rhode Island Red chickens presenting with blindness upon
hatching. Since its discovery, the biochemistry, morphology and genetics underlying
retinal degeneration in this animal have been investigated and characterized (Ulshafer et
al., 1984; Ulshafer and Allen, 1985; Semple-Rowland et al., 1998; Semple-Rowland and
Cheng, 1999). These chickens have a deletion/insertion mutation in the gene encoding
GC1 (GUCY1). The deletion removes the region of the GUCY1 gene corresponding to
exons 4 through 7 and an 81bp DNA fragment is inserted in this region (Semple-Rowland
et al., 1998). This deletion/insertion does not affect the reading frame of the transcript;
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however, the translated protein is predicted to lack the transmembrane spanning region
and flanking regions. The destabilizing effects of this deletion are indicated by the
absence of GC1 protein in extracts from GUCY1*B retinas (Semple-Rowland et al.,
1998).
Retinal degeneration in this animal model is morphologically evident beginning
around two weeks of age and is marked by decreased numbers of rod and cone
photoreceptor outer segments and gaps innervating inner segments and cell bodies of the
outer nuclear layer. By three weeks of age, pycnotic nuclei are present in the outer
nuclear, inner nuclear and ganglion cell layers; pycnotic nuclei are evidenced by
chromatin condensation characteristic of cells undergoing apoptotic, or programmed, cell
death (Ulshafer et al., 1984). Degeneration is most evident in the central retina at early
stages of degeneration and spreads peripherally with very few photoreceptors remaining
intact across the retina by 6-8 months post-hatch (Ulshafer and Allen, 1985). In an
additional animal model of LCA-1, the GC1 knockout mouse, the pattern of
photoreceptor degeneration differs significantly from that of the GUCY1*B chicken. The
retinas of GC1 knockout mouse, like those of the chicken model, are morphologically
normal at birth with reduced ERG responses to light stimulation; however, photoreceptor
degeneration in the mouse model is marked by specific loss of cones while rod
photoreceptor cells remain intact (Coleman et al., 2004).
Many similarities exist between the GUCY1*B chicken and LCA1 patients making
it an excellent animal model for studying this disease. In both cases, the disease
phenotype is linked to a null mutation in the GC1 gene. Further, GUCY1*B chickens are
blind at hatch and LCA1 patients are blind at birth, both exhibit severely reduced or
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absent retinal activity as indicated by ERGs, and both exhibit delayed retinal
degeneration relative to vision loss (Ulshafer et al., 1984; Semple-Rowland et al., 1998;
Milam et al., 2003; Koenekoop, 2004). However, there is one report of prenatal retinal
degeneration in this genotype (Porto et al., 2003). Retinal degeneration in the GUCY1*B
chicken is morphologically evident beginning around two weeks of age and is marked by
decreased numbers of photoreceptor outer segments and gaps innervating inner segments
and cell bodies of the outer nuclear layer.
Lentiviral Vector Mediated Retinal Gene Therapy
The goal of gene therapy is to deliver therapeutic genetic material to target cells to
reverse or slow disease processes. There are multiple vectors, viral and non-viral, used to
achieve delivery of therapeutic genes including, but not limited to adenoviral vectors,
adeno-associated viral vectors (AAV), lentiviral vectors, and cationic lipids or polymers
(Chaum and Hatton, 2002; Goverdhana et al., 2005). Diseases that cause retinal
degeneration like LCA and retinitis pigmentosa (RP) have been the primary targets of
ocular gene therapy. In autosomal recessive diseases, like LCA, the goal of gene therapy
is to rescue the disease phenotype by introducing a normal copy of the mutated gene into
affected cells. Gene therapy has proven promising in many studies of autosomal recessive
retinal degeneration (Delyfer et al., 2004). For example, the rd mouse has presented with
improved photoreceptor viability and slowed degeneration after viral-mediated delivery
of the cGMP phosphodiesterase-beta gene (Bennett et al., 1996; Jomary et al., 1997;
Takahashi et al., 1999). A large animal model of LCA2, the RPE65 mutant dog (Acland
et al., 2001), and a rodent model, the RPE65 knockout mouse (Dejneka et al., 2004) have
shown improved visual function post AAV delivery of the wild type RPE65 gene.
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Lentiviral vectors, which offer a large transgene carrying capacity of up to 18 kb
(Kumar et al., 2001), are ideal for carrying bicistronic transgenes expressing both
therapeutic and reporter genes or two therapeutic genes. Lentivirus is a retrovirus which,
upon entry into cells, integrates its genetic material into the host cell genome. However,
unlike other retroviruses that primarily infect only dividing cells, lentivirus is capable of
crossing the intact nuclear membrane, enabling infection of, and long-term expression in,
dividing and non-dividing cells (Amado and Chen, 1999; Chaum and Hatton, 2002).
Lentiviral vectors are synthesized by transiently transfecting a cell line with three
plasmids. The HIV-1 based, self-inactivating lentiviral vector system consists of a pTYF
vector plasmid, which contains the transgene and cis-acting elements vital for integration
into the host genome and infection of the target cell, a packaging plasmid pNHP, which
contains necessary accessory proteins, and the pHEF-VSVG envelope plasmid (Amado
and Chen, 1999; Coleman et al., 2003). The envelope gene from vesicular stomatitis virus
(VSV) is used because the protein coat of HIV-1 binds to the cell membranes of only Tlymphocyte cells and VSV infects all cell types. Thus, using the VSV-G envelope protein
allows packaged lentivirus to infect a variety of cell types (Chaum and Hatton, 2002).
Injection of lentiviral vector into the neural tube of developing chick embryos has
resulted in transgene expression in photoreceptor cells (Coleman et al., 2002; Coleman et
al., 2003). Specifically, expression of reporter genes driven by both ubiquitous and
photoreceptor-specific promoters, human elongation factor-1a (EF1a) and
interphotoreceptor retinoid-binding protein (IRBP), respectively, was evident in whole
mount and cross sections of embryonic chick retina as early as 5 days post injection.
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The GUCY1*B chicken, which carries an autosomal recessive GC1 null mutation,
is an excellent candidate for gene therapy rescue of vision. Our current understanding of
this model has lead to the hypothesis that introduction of functional GC1 into
photoreceptors of this retina would restore phototransduction and vision in these animals.
In order to test this hypothesis, the initial portion of my thesis research focused on design
of successful methods for delivery of lentiviral therapeutic transgenes to the embryo and
incubation and hatching of treated embryos. Once the goal of successful hatch was
attained, GUCY1*B chickens treated with GC1 lentivirus were tested to determine if
phototransduction and vision were restored in these animals.

CHAPTER 2
DESIGN OF METHODS FOR SUCCESSFUL INJECTION AND HATCH OF
TREATED GUCY1*B CHICKENS
Introduction
Interest in hatching chicks with inserted genetic material is highest among
research groups interested in the production of transgenic chickens. Liposomes, DNA
microinjection, and retroviral infection have been used to introduce genes into developing
embryos. Two techniques have been used to breach the exterior shell and membrane of
the egg to deliver the genetic material to the embryos. One method that has grown in
popularity because of its ease of use it to create a small “window” either in the large end
of the egg or on the equatorial plane in the shell through which the genetic material is
delivered. The second method is an ex ovo technique involving transfer of the treated
embryos to surrogate egg shells during and post-treatment (Pettite and Mozdziak, 2002).
For our experiments, we chose to use the windowing technique to deliver our
therapeutic transgene expressing GC1 to photoreceptor cells of GUCY1*B chick. Vectors
were delivered to embryonic day 2 (E2), Hamburger-Hamilton (1951) stage 10-12
embryos. Lentiviral vectors were chosen for initial rescue studies because of their large
carrying capacity, allowing for a bicistronic transgene expressing both GC1 and a
reporter to be delivered to transduced cells. Embryos were injected at 33-49 hours of
development (Hamburger Hamilton stages 10-12) because during this time the three
primary brain vesicles and the optic vesicles are visible on the developing neural tube
(Figure 2-1) and the embryo has not yet undergone torsion and flexion (Hamburger and
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Hamilton, 1951). The windowing method was used because the surrogate method
requires the acquisition of turkey eggs and mechanical equipment in addition to the
standard incubator and hatching environments. However, if the windowing method had
proven unsuccessful, the surrogate method would have been considered.

Figure 2-1. Embryos are injected at Hamburger Hamilton stages 10-12. A.Stained chick
embryo at Hamburger Hamilton stage 11, 40-45 hours of age. B.Live chick
embryo injected with dye at Hamburger Hamilton stage 11. Positioning of the
injection needle is indicated by the blue pointer, injected dye fills ventricular
space in brain and optic vesicles.
Normally, chicken eggs, once laid, incubate for twenty-one days before hatching.
Within this twenty-one day period, multiple variables determine whether the embryos
survive and hatch as healthy chicks. These variables include egg cleanliness, humidity
and temperature of the incubating and hatching environments, and egg turning during
incubation (North, 1978). The windowing technique exacerbates the specificity and
stringency of these requirements and considerably reduces hatchability. The purpose of
this series of experiments was to design methods for injection, incubation and hatching of
virally-treated embryos that would increase the percent of treated chickens surviving to
hatch; at the onset of these experiments <<1% of treated embryos were hatching.

10
Methods
Analysis of Egg Orientation During Incubation
In the first experiments to hatch injected embryos, post injection eggs were set on
their sides with the window facing up and were incubated without movement. This
approach differed from the normal procedures used in commercial chicken production
wherein eggs are incubated with their large ends up and are rotated back and forth along
their vertical axes. This experiment was aimed at determining the most effective position
for incubation of treated eggs that would both allow movement and extend embryo
survival.
Prior to injection, on day 0, eggs were set on their side and incubated without
rotation at 37.5°C and 60% humidity. On embryonic day 2 (E2) (Hamburger-Hamilton
(1951) stage 10-12), the position of the embryo along the equatorial plane was
determined using an egg-candling light. A pinhole puncture was made at the large end of
the egg shell overlying the air sac facilitating settling of the albumen and yolk and a 5-7
mm opening was made in the eggshell and membrane overlying the embryo. Viral vector
was delivered to the neural tube using a pulled glass capillary needle held by a
micromanipulator and connected to a manual microinjector (Sutter Instrument Company,
Novato, CA). Approximately 0.5 µl vector containing 0.03% fast green dye was slowly
injected into the ventricular space of the developing neural tube with the aid of a
dissecting microscope (2.5 x mag) (Figure 2-1). The opening in the egg shell was then
sealed with Parafilm M (American National Can) using a warmed spatula to adhere the
film to the shell and small amount of hot glue served to close the pin hole in the large end
of the egg.
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Of fifteen injected eggs, five were set on their sides with the window facing up,
five were set on their sides with the window facing down and five were set upright, with
the large end up. All eggs were incubated at 37.5°C and 60% humidity and were slowly
turned three times per day (GFQ Sportsman Incubator). On E20 the fifteen incubating
eggs were candled and embryo survival was assessed.
Sanitizing Eggs and Controlling Relative Humidity in Hatching Environment
Washing eggs is not recommended under normal circumstances and in former
experiments we were not washing eggs prior to treatment because it removes some of the
protective cuticle coating the egg, increasing the likelihood of bacterial and microbial
entry into the egg (North, 1978). This experiment aimed, in part, at determining if
washing eggs prior to treatment would have a positive influence on the number of treated
embryos surviving to hatch.
Additionally, relative humidity levels are especially critical just before hatch, days
E18-E21. This experiment also set out to determine if more fine control of humidity
levels in the hatching environment would increase survivability of treated embryos.
Fifty-five eggs were injected and incubated under the following conditions over a
four week period. Prior to injection, on day 0, eggs were washed with a blend of
quaternary detergents (Biosentry RCL) in a water bath preheated to 43°C, if the
temperature of the water becomes cooler than the egg itself, the egg contents will contract
drawing microorganisms in the wash water through the pores of the shell (Cartwright,
2000), and allowed to dry at room temperature. Eggs were then set, injected and
incubated upright, large end up as described in the previous section. At E18, eggs
containing surviving embryos, as determined by candling, were moved to a separate
hatching environment. From E18 through hatch, eggs were placed on their sides, were
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stationary, and were maintained at 37.5ºC and 68-70% humidity. Humidity levels were
precisely maintained using an H22 Digital Humidity Management Module (Brinsea
Products Inc.).
New Method of Injection Leaving the Air Sac Intact
In previous experiments, our injection method involved creating a small pinpoint
hole into the egg shell at the large end of the egg that breached the air sac prior to
opening the shell above the embryo. This procedure produced a temporary displacement
of the position of the air sac in the egg, which is normally located at the large end, to a
position over the embryo. Benjamin Scott, a graduate student in the Department of
Biology at MIT, suggested a method of injection that does not require puncturing the air
sac. This experiment was designed to determine if a method of injection that eliminated
puncturing the shell overlying the air sac would increase embryo survivability and
subsequent hatch rate.
Fifty eggs were handled, treated and incubated over a four week period using
methods described in previous sections for washing, setting, incubating and hatching. The
following changes were made to the procedure of injection: On embryonic day 2 (E2)
(Hamburger-Hamilton (1951) stage 10-12), the position of the embryo was determined
using an egg-candling light and a 5-7 mm opening was made in the eggshell overlying
the embryo without disturbing the membrane adjacent to the shell (Figure 2-2). Sterile
PBS (50-100µL) was applied to the exposed membrane which was then removed prior to
injection.
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Figure 2-2. Egg, prior to injection, with a 5-7 mm opening made in the eggshell overlying
the embryo without disturbing the membrane adjacent to the shell. Sterile PBS
(50-100µL) is applied to the exposed membrane which will be removed to
reveal the developing embryo for injection. No puncture was made in the shell
overlying the air sac of this egg before the opening pictured here was made.
Results
Egg Orientation During Incubation
This experiment revealed that upright, with the large end up is the most effective
position for incubation of treated eggs allowing for movement and extending embryo
survival. Fifteen eggs incubated in three different orientations: five set on their side with
the window facing up, five set on their side with the window facing down and five set
upright, with the large end up, were candled at E20 to determine treated embryo survival.
Three of the five treated embryos developing in eggs incubated upright, with the large
end up survived to E20. None of the embryos incubated in eggs set on their sides with the
window facing up or down survived to E20 (Figure 2-3).
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Figure 2-3. The effect of egg orientation during incubation on embryo survival. This
graph shows the number of treated embryos surviving to E20 (Y-axis) in eggs
incubated in three different orientations (X-axis). Of five eggs in each group,
three treated embryos survived to E20 in eggs that were set upright, large end
up. No embryos survived in eggs incubated on their side with the window
facing up or down.
Egg Sanitation and Relative Humidity in Hatching Environment
Decreasing the risk of contamination by washing the eggs prior to injection and
generating a fine control of relative humidity in the hatching environment increased the
number of embryos surviving to hatch. Including egg washing and more stringent
humidity controls increased the percent hatch rate from <<1% to 5.45%. Of the fifty-five
embryos undergoing treatment under these conditions over the four week period, three
hatched.
Injection Leaving the Air Sac Intact
Application of a method of injection that eliminated puncturing the shell overlying
the air sac increased hatch percentage and embryo survivability. Six of the fifty embryos
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treated over the four week period utilizing the new method of injection survived to hatch.
This alteration in methodology further increased the percent hatch from 5.45% to 12%.
Discussion
Hatching manipulated chicken embryos requires careful control of several
variables. Critical variables include egg positioning and movement during incubation,
egg cleanliness, the viral injection procedure, and the temperature and humidity of the
incubator from day 18 to hatch. Movement of treated eggs during incubation is important
for survivability. If eggs are not rotated, the two layers of thick albumen within the egg,
usually separated by a layer of thin albumin, come in contact with each other,
significantly increasing embryo mortality (North, 1978). This is the likely explanation for
why we were able to decrease embryo mortality and increase chances for successful
hatch by changing egg positioning and introducing rocking into the incubation
environment.
The GUCY1*B chicken colony is housed in litter floor pens and the eggs become
very soiled posing a risk for increased embryo mortality. When these eggs are windowed
for injection, the interior of the egg is directly exposed to any debris on the exterior of the
egg greatly increasing the risk of contamination of the embryo. Introducing egg washing
using a safe and appropriate detergent at the recommended temperature, 43 ºC which is
higher than the temperature of the egg interior, reduced the amount of dirt and debris on
the egg exterior subsequently decreasing the chance for contamination and increasing
embryo survival rate and hatch percentage.
Improving humidity control in the hatching environment was perhaps the most
important procedural change affecting hatchability. If the humidity is too high, the space
taken by the egg air sac will decrease in size as water is absorbed into the egg. When this
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occurs, the full-term embryos can drown within the egg. If humidity levels are too low,
the air sac enlarges and the full-term embryos become sticky and unable to turn to
position for hatching (Cartwright, 2000).
Movement of the air sac simplified the procedure of positioning the injection
needle for delivery of the vector. However, we found that this method, while simplifying
injection, increased the likelihood that the membrane lining the egg shell, to which the
umbilical cord is attached, would detach from the eggshell compromising the process of
yolk sac internalization prior to hatching. Thus, implementing a new injection procedure
that eliminated this puncture had positive affects on embryo survival and hatch rate.
Through the series of experiments described above, carried out from midDecember 2004 to late-January 2005, improvements in egg positioning, humidity control
in the hatching environment, egg cleanliness and injection procedure significantly
improved hatchability (Figure 2-4).
An additional increase in the percent hatch rate was achieved when the
conventional incubator (ROLL-X incubator, Lyon Electric) and H22 Humidity Modulator
combination used as a hatching environment was upgraded to an AV-2 Precision Parrot
Incubator (Avey Incubator LLC) in April 2005 (Figure 2-4). The H22 Humidity
Modulator was accurate in measuring humidity but unable to maintain suitable levels in
the large hatching environment (this equipment was designed for smaller incubators)
without the researcher regularly adding water to the incubator reservoir. The AV-2 allows
for precise digital control of temperature and humidity, within 0.2°F and 1% relative
humidity, respectively, and is equipped with a built in humidifier unit for large scale and
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rapid maintenance of humidity levels. The decrease in percent hatch in March was likely
due to inaccurate maintenance of humidity levels in the hatching environment.
Variables related to animal husbandry also affect hatchability and survival of
treated embryos. We found that it is of vital importance for laying females to be on a
nutrient rich diet. In May, laying females and males began receiving a diet rich in
vitamins and nutrients appropriate for breeding colonies (Breeder 1 Diet, Hillandale
Farms, LLC) (Figure 2-4). When appropriate feed diets are provided, the health and
viability of hatched chicks increase significantly. Before laying hens began receiving the
nutrient rich diet, many chicks were hatching with curly toe paralysis and splayed legs,
deformities resulting in part from nutrient deficiencies.
Our efforts to research and test multiple variables resulted in the first successful
series of hatches of treated embryos. If these experimental parameters are followed it is
possible to obtain a 12-18% hatch rate of manipulated embryos.
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Figure 2-4. Increase in percent hatch of treated embryos over time. Percent hatch rate (Yaxis) of treated embryos injected each month increasing over time, November
2004 through July 2005 (X-axis). The accompanying timeline shows
improvements in variables related to injection, incubation and hatching
procedures as they correspond to changes in percent hatch of treated embryos.

CHAPTER 3
LENTIVIRAL EXPRESSION OF RETINAL GUANYLATE CYCLASE-1 (RETGC1)
IN RETINA RESTORES VISION IN AN AVIAN MODEL OF CHILDHOOD
BLINDNESS
Note
The work presented in this chapter was accepted for publication in PLoS Medicine
(Williams et al., in press). My significant contribution to these rescue experiments was to
refine the embryonic injection procedure and develop methods to successfully hatch
treated embryos; design scoring system for, conduct and analyze behavioral assessments;
and contribute to interpretation of all experimental results. Dr. Jason Coleman designed
and tested the therapeutic transgene and optimized the protocol for packaging it into
lentivirus. Shannon Haire assisted with injections. Drs. Samuel G. Jacobson, Tomas S.
Aleman, and Artur V. Cideciyan performed and analyzed ERG measures. Dr. Susan
Semple-Rowland, assisted by Kris Eccles and Amy Robinson, performed and analyzed
immunhistochemistry, light microscopy and genomic and reverse-transcription PCR
experiments. Amy Robinson also assisted with behavior testing.
Introduction
Leber congenital amaurosis (LCA) is a family of autosomal recessive retinopathies
that cause congenital blindness in infants. Mutations in several genes are associated with
LCA (Hanein et al., 2004; Koenekoop et al., 2004). The first gene linked to this disease
group was GUCY2D (LCA type 1), the gene encoding retGC1 (Perrault et al., 1996).
Lack of retGC1 function leads to severely decreased cGMP levels in photoreceptor cells
(Semple-Rowland et al., 1998; Rozet et al., 2001). Normally, cGMP molecules hold
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cation channels in photoreceptor outer segments open in the dark allowing ions to flow
into and depolarize the cell. Light triggers the phototransduction cascade which decreases
cGMP concentration and leads to closure of ion channels and hyperpolarization of the
cell (Koutalos and Yau, 1996; Polans et al., 1996; Arshavsky et al., 2002).
The GUCY1*B chicken, an animal model for LCA-1, has a deletion/insertion
mutation in the gene encoding GC1 (GUCY1) (Semple-Rowland et al., 1998). These
animals are blind at hatch with absent ERGs. Their retinas are morphologically intact at
birth with retinal degeneration becoming evident beginning around two weeks of age and
progressing with age (Ulshafer et al., 1984). Our current understanding of this model is
that in the absence of functional GC1, photoreceptors fail to synthesize sufficient cGMP
for normal function and, as a result, are trapped in a light adapted state (Semple-Rowland
et al., 1998), leading us to hypothesize that introduction of functional GC1 into the
photoreceptors of this retina would restore phototransduction and vision in these animals.
To address this hypothesis, we have chosen to use lentiviral vectors. These vectors
provide an attractive gene delivery system because they are capable of carrying large
transgenes, a feature that permits use of bicistronic transgenes that express both
therapeutic GC1 and a reporter gene. We chose to use EF1α, a ubiquitously expressed
promoter, to drive expression of our transgene in our initial experiments. We chose this
promoter because previous analyses of its expression characteristics showed that it would
produce sufficient GC1 protein to induce a change in photoreceptor function. The nonspecific targeting of expression of the transgene was deemed a potential drawback of the
EF1α; however, this characteristic of the promoter seemed less significant to the overall
goal of the experiment.
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Methods
Vector Design
The lentiviral transducing vector constructed for use in this study was pTYF-EF1aGC1-IRES-eGFP. This plasmid is the transducing vector plasmid backbone of the HIV-1
based, self inactivating lentiviral system (Coleman et al., 2003). The transgene itself is
bicistronic, encoding bovine retGC1 and enhanced green fluorescent protein (eGFP) both
of which are driven by an EF1α promoter (Figure 3-1 A). This transgene was packaged
into lentivirus using methods developed and previously described by Coleman et al.
(2003). Previous analyses of the viral vector showed that the GC1 enzyme encoded by
the transgene is active and its activity increases under low calcium conditions in the
presence of guanylate cyclase activating protein -1 (GCAP1) (Coleman, 2003) (Figure 31 C and D). Analyses of transduced DF 1 cells also showed that GC1 and eGFP proteins
are both translated from the viral transgene; this vector was further tested and shown to
be capable of transducing embryonic chicken retina (Coleman, 2003) (Figure 3-1 B).
Experimental Animals
A breeding colony of GUCY1*B Rhode Island Red (RIR) chickens is maintained
at the University of Florida Racing Lab and is cared for in accordance with National
Institutes of Health guidelines. Experimental groups included untreated GUCY1*B
chickens (n = 3), wild-type (wt), untreated RIR chickens (n = 5), and treated GUCY1*B
chickens (n = 7).
Embryonic Injections
Prior to injection, on day 0, eggs were washed with a blend of quaternary
detergents (Biosentry RCL) in a water bath preheated to 43°C. Dried eggs were then set
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on their sides and incubated without rotation at 37.5°C and 60% humidity. On embryonic
day 2 (E2) (Hamburger-Hamilton (1951) stage 10-12), the position of the embryo was

Figure 3-1. In vitro analyses of the function of the pTYF-EF1α-IRES-eGFP vector and
virus. A. Diagram of the bicistronic vector, designed by Jason Coleman,
indicating production of bovine GC1 and GFP proteins from a single
transcript. B. DF1 cells transiently transfected with the vector and
subsequently analyzed for expression of bovine GC1 and GFP. Cells
immunostained with antibody recognizing bovine GC1 also expressed GFP.
C. Comparison of GC1 activity measured in bovine rod outer segments,
TE671 cells transduced with EF1α-IRES-eGFP virus, and TE671 cells
transduced with the control virus, EF1α-eGFP. Activity was assayed in the
presence or absence of bovine GCAP1 under both high and low calcium
conditions and expressed as nmole cGMP produced/minute. D. Examination
of ability of chicken GCAP1 to activate bovine GC1 under physiological
conditions. GC1 activity was measured in preparations of bovine rod outer
segments in the presence and absence of either bovine GCAP1 or chicken
GCAP1 under high and low calcium conditions. All assays were conducted in
triplicate. Bars represent mean ± SEM.
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determined using an egg-candling light and a 5-7 mm opening was made in the eggshell
overlying the embryo without disturbing the membrane adjacent to the shell. Sterile PBS
(50-100µL) was applied to the exposed membrane which was then removed. Viral vector
was delivered to the neural tube using a pulled glass capillary needle held by a
micromanipulator and connected to a manual microinjector (Sutter Instrument Company,
Novato, CA). Approximately 0.5 µl vector containing 0.03% fast green dye was slowly
injected into the ventricular space of the developing neural tube with the aid of a
dissecting microscope (2.5 x mag). The opening in the egg shell was then sealed with
Parafilm M (American National Can) using a warmed spatula to adhere the film to the
shell.
Incubation and Hatching
Post-injection, eggs were incubated upright, large end up, at 37.5°C and 60%
humidity and were slowly rocked three times per day (GFQ Sportsman Incubator). At
E18, eggs containing surviving embryos, as determined by candling, were moved to a
second incubator for hatching that allowed precise control of temperature and humidity
(AV-2 Precision Parrot Incubator, Avey Incubator LLC). From E18 through hatch, eggs
were placed on their sides, were stationary, and were maintained at 37.5ºC and 68-70%
humidity. Post-hatch chicks were reared for three to five days in an Octagon TLC-4
brooder (Brinsea Products Inc.) and then transferred to small heated pens located at the
University of Florida Racing Lab.
Behavioral Analyses
Animals were tested for the presence of both reflexive and volitional visual
behaviors every 3 to 10 days for six weeks. Reflexive visual responses were assessed
using an optokinetic nystagmus (OKN) paradigm. The OKN reflex is driven primarily by
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visual stimuli processed by the peripheral regions of the retina. The reflex is manifest as a
compensatory head movement of the animal in an attempt to fixate a moving stimulus.
The stimuli were two high contrast vertical square wave gratings with spatial frequencies
of 0.065 or 0.26 cycles degree-1 (bar widths of either 5 cm or 1.25 cm, respectively).
Stimuli were presented in the form of a rotating drum (average speed 14.6 rpm) and the
animals were held stationary in the center of the drum while it was rotated in both
clockwise and counterclockwise directions. Movement during periods when the drum
was not rotating served as a reference point for evaluation of the behaviors elicited by the
moving stimuli. A positive OKN response was characterized by a smooth head
movement in the direction and at the speed of stimulus rotation followed by a rapid head
movement in the opposite direction. Behavior was recorded (Nikon Coolpix Digital
Camera and Video Recorder) and analyzed for the presence of OKN responses using a 0
to 3 scoring system: 0 – no OKN response; 1 –inconsistent or unidirectional responses to
the lower spatial frequency grating; 2 – consistent bidirectional responses to the lower
spatial frequency grating; 3 – consistent bidirectional responses to the higher spatial
frequency grating.
Volitional visual responses were assessed by placing animals in a testing
environment that contained novel visual stimuli including colored candies, aluminum
foil, and paper with printed black dots. Volitional visual behavior is driven primarily by
stimuli processed by the central/foveal regions of the retina. The behavior is driven by
interest in the environment. Animals were exposed to the testing environment for periods
of approximately three to five minutes and behavior was video recorded and analyzed
and using a 0 to 3 scoring system: 0 – no visual behavior with random head drift; 1 – no
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random head drift detected, evidence of orientation to surroundings; 2 – exhibits head
movements coordinated with the presence and/or movement of visual stimuli; 3 - exhibits
pecking of visual targets and stimuli.
Electroretinographic (ERG) Analyses
ERGs were recorded by Drs. SG Jacobson, TS Aleman and AV Cideciyan from the
University of Pennsylvania with the assistance of members of the Semple-Rowland
laboratory. The pupils of dark-adapted (>12 hr) animals were dilated (repeated topical
administration of vecuronium bromide, proparacaine HCl and benzalkonium chloride;
and tropicamide) over a 30 minute period prior to the recordings. The animals were then
anesthetized using a mixture of ketamine HCl (10 mg/kg) and xylazine (2.5 mg/kg)
delivered intramuscularly. A quarter of the initial dose was given as needed during the
recording session to maintain anesthesia. Anesthetized animals were placed in a supine
position with their heads resting on a head holder. Full field ERGs were recorded from
the right eye of each animal using custom made contact lens electrodes (Hansen
Ophthalmics, Iowa City, IA). An eyelid speculum was used and the electrode was held in
place by a stereotaxic apparatus. A platinum needle placed in the skin above the eye
served as reference. ERGs were recorded using a commercially available ganzfeld and
computer-based system (ColorDome and Espion Console, Diagnosys LLC, Littleton,
MA). Recordings began with dark-adapted ERG luminance-response functions elicited
with increasing intensities of white flashes (-3.2 to +0.8 log cd.s.m-2; 0.5 log unit steps; 2
sec interstimulus interval; digital filter disabled). For low intensity stimuli, 4-10
responses were recorded and averaged. For the highest intensity stimuli, 2-6 responses
(>15 sec interstimulus interval) were recorded. Upon completion of the dark-adapted
stimulus series, the animals were light-adapted to a 30 cd.m-2 white background and the
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ERGs elicited by 29Hz flicker stimulation (white; +0.8 log cd.s.m-2) were recorded and
averaged (20 responses). In some cases, 250-750 responses were recorded to detect
submicrovolt amplitude flicker ERGs. The amplitudes of the ERG waveforms were
measured conventionally: a-waves were measured from baseline to the trough; b-waves
were measured from baseline or from the a-wave trough to the positive peak; 29Hz
flicker amplitudes were measured from trough to peak.
Sacrifice and Tissue Collection
The animals were sacrificed within one week of the last behavioral testing period
and ERG recordings. Animals were anesthetized with an intramuscular injection of
ketamine (16 mg/kg) and euthanized using a protocol approved by the University of
Florida Institutional Animal Care and Use Committee. The eyes were then enucleated
and the anterior segment and vitreous body of each was removed. The posterior eye cup
of the right eye was fixed overnight in 4% paraformaldehyde (PFA) at 4 ºC. Once fixed,
the eye was bisected along the inferior / superior midline axis and one half was processed
for semi-thin plastic histology and the other half was processed for frozen sectioning and
genomic DNA extraction. The left eye cup was bisected in the same way and equal
portions of the retina, retinal pigment epithelium and choroids were removed, were
placed in sterile, sealed tubes, flash frozen in liquid nitrogen and stored at -70 ºC in
preparation for RNA analyses.
To permit use of the right and left retinas of treated animals in our analyses, we
determined if delivery of the virus via the neural tube produced similar transduction
percentages in both eyes. Three embryos were injected with 0.5 µl of pTYF-EF1α-PLAP
lentivirus (5x109 TU/ml) to compare the pattern and percent transduction of left and right
retinas. On embryonic day 10, the embryos were sacrificed and the retinas were
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processed for PLAP staining and analyzed as described previously (Coleman et al., 2002;
Coleman et al., 2003). The patterns and percent transduction values for the left and right
retinas of individual animals were similar (41%, 39%; 18%, 13%; 9%, 15%). The
variability observed in the percent transduction between animals was dependent on the
quality of the embryonic injection and decreased as percent transduction increased. No
striking interocular asymmetry was observed in the percent viral transduction within
individual animals.
Retinal Immunohistochemistry and Light Microscopy
Following fixation in 4% paraformaldehyde, the right eye of each animal was
bisected along the superior / inferior midline axis: the temporal portion of each eyecup
was processed for immunohistochemical analyses while the nasal portion was processed
for semi-thin plastic analyses. Tissues designated for immunohistochemical analyses
were cryoprotected by soaking overnight in a 30% sucrose (wt/vol)-PBS solution,
sectioned (14 µm), and stored at -30ºC until stained. Prior to immunostaining, the tissues
were dried overnight, rinsed in PBS, and permeabilized and blocked for 1 hour in PBS
containing 0.3% Triton X-100, 1% BSA, and 10% goat serum. GFP was detected using a
polyclonal antibody (generously provided by W. Clay Smith, University of Florida,
Gainesville, FL) diluted 1:500 in primary dilution buffer (PBS containing 1% BSA and
10% goat serum). Sections were incubated with the primary antibody overnight at
4ºC.The primary antibody was visualized by labeling with a goat anti-rabbit IgG
secondary antibody tagged with the Alexa-488 fluorophore (Molecular Probes) diluted
1:500 in primary dilution buffer. Sections were counterstained with DAPI, mounted in
Gel/Mount aqueous media (Biomeda Corp., Foster City, CA), coverslipped, and sealed
with Permount resin. Tissues designated for semi-thin plastic analyses were dehydrated
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through a graded series of ethanol solutions (50%, 70% and 80%) and embedded in JB-4
Plus (Electron Microscopy Sciences, Hatfield, PA) using the manufacturer’s protocol.
Plastic embedded tissues were sectioned (1.5 µm), stained with 1% toluidine blue in 1%
(wt/vol) sodium borate, and coverslipped using Permount resin. Immunohistochemical
and plastic sections were examined and photographed using a Zeiss Axioskop 2 plus
fitted with a Spot image acquisition system (Diagnostic Instruments, Inc., Sterling
Heights, MI).
The immunostained and semi-thin plastic sections were analyzed to obtain
information regarding the extent of viral transduction and the effects of the treatment on
retinal morphology, respectively. We were unable to estimate the percent viral
transduction of the retina by examining flat-mounted retinas because GFP expression was
too low to allow direct visualization of the transduced cells. Low protein expression is
frequently observed from the second cistron of IRES-based bicistronic expression
cassettes in vivo (Mizuguchi et al., 2000). Information about the distribution of
transduced cells was obtained by analyses of GFP immunofluorescence of serial sections
cut along the superior-to-inferior axis of the right eyes of the treated animals.
Immunostained serial retinal sections were each divided into four regions relative to the
optic nerve and were designated far superior (FAR SUP), superior (SUP), superior optic
nerve (SON) and inferior optic nerve (ION). Each region was assigned a percent
transduction score by an independent observer that was based on the number of GFP
positive cells within the region. These scores were plotted to yield 3-D graphic
representations of transduction across the 500 µm retinal expanse using SigmaPlot v8.0.
To assess the effects of treatment on retinal morphology, the total width of the retina
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extending from the outer limiting membrane to the ganglion cell layer was measured at
100 µm intervals within each of the four retinal regions. Measurements were made from
digital images of representative semi-thin retinal sections using Adobe Photoshop v7.0.
For each region, the retinal widths of the treated and wild-type retinas expressed as
percent change relative to the average width of the GUCY1*B untreated retina in the
corresponding region.
Genomic and Reverse Transcription PCR (RT-PCR)
Genomic DNA was extracted from 25 mg of retina / pigment epithelial tissue taken
from the right eye that had been fixed and cryoprotected but not sectioned. The tissues
were soaked in PBS to remove the sucrose and DNA was extracted from the tissue using
a DNAeasy kit (Qiagen, Valencia, CA). Total RNA was extracted from retina / pigment
epithelium tissue that had been removed from the left eye and stored at -70ºC. The frozen
tissue was pulverized under liquid nitrogen and RNA was extracted using an RNeasy kit
(Qiagen, Valencia, CA) according to the manufacturers recommended protocol that
included treatment of the RNA samples with RNA-free DNAse to remove trace quantities
of genomic DNA. Known copy numbers of pTYF-EF1a-GC1-IRES-eGFP plasmid DNA
ranging from 3,000 to 300,000 copies were prepared and amplified in parallel with the
genomic DNA samples.
The plasmid DNA standards, genomic DNA, and total RNA were amplified using
primers that spanned the IRES-eGFP elements present in the lentiviral transgene (sense:
5’-TTT CCC CGG TGA TGT CGT; antisense: 5’-GCC GGT GGT GCA GAT GAA).
The RT-PCR analyses included amplification of chicken β-actin mRNA (sense: 5’-TGC
TGC GCT CGT TGT TG; antisense: 5’-GTC ACG GCC AGC CAG AT) to control for
the quality and quantity of RNA in each sample and the efficiency of the RT reaction.
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PCR amplification of standard and genomic (0.5 µg DNA template) DNA was carried out
in 50 µl reactions. RT-PCR reactions were carried out in two steps. Total RNA (1 µg)
was reverse transcribed in a 50 µl reaction volume. Aliquots of the RT reaction were then
amplified for GC1 (15 µl) and β-actin (3 µl) transcripts in separate reactions (50 µl final
volume). Components for the genomic and RT-PCR reactions were obtained from an
AmpliTaq Gold RT-PCR kit (Applied Biosystems, Foster City, CA). The reaction
parameters used to amplify the GC1 transgene and its transcript were 95ºC – 2 min; 95ºC
– 1min, 61ºC – 1 min, 72ºC – 1 min (x35 cycles); 72ºC – 10 min; 4ºC soak. The reaction
parameters used to amplify the β-actin transcript were the same as above except that
amplification was carried out for 30 cycles. Aliquots (20 µl) of the PCR reactions were
separated on a 1% agarose gel containing 32 nM ethidium bromide and photographed
and analyzed using a Gel Doc 1000 system and Quantity One software (BioRad). The
RT-PCR analyses were repeated three times. For each RT-PCR trial, the quantity of
transgene mRNA in each sample was normalized to the average amount of β-actin
mRNA present in the samples.
The number of integrated vector transgenes in the genomic DNA extracted from the
treated tissues was estimated by comparing the amount of product obtained in these
reactions to that obtained from PCR amplification of known copy numbers of the
respective plasmid DNA. The genomic DNA and standard reactions were amplified and
analyzed under identical conditions and were repeated three times. When imaging the
PCR gels, care was taken to insure that the signals were below saturation. The intensity
values for the standards obtained from three independent trials were plotted and analyzed
using SigmaPlot 8.0 (SPSS, Inc.). The number of vector transgene copies present in the
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genomic DNA samples was calculated using the equation for the best-fit sigmoid curve.
These values were converted to vector transgene copies per genome copy
(transgenes/genome) using the value of 380,000 genome copies / 0.5 µg chicken DNA
(Gregory, 2005).
Statistical Analyses
The morphological data obtained from the semi-thin plastic sections was analyzed
using a one sample t-test to determine if the mean percent change in retinal thickness of
treated animals relative to untreated GUCY1*B controls was significant in the four
retinal regions examined.
Results
In vivo Lentiviral Treatment Restores Optokinetic and Volitional Visual Behaviors
Seven GUCY1*B embryos treated with EF1α-GC1-IRES-eGFP lentivirus survived
to hatch and were used in this study. Vision of treated animals was assessed behaviorally
through examination of optokinetic reflexes and volitional visual behaviors. These tests
allow assessment of visual function associated with different retinal regions: the OKN
test requires function of the peripheral retina while the volitional test measures function
of the central/foveal retina (Conley and Fite, 1980; Komenda and Fite, 1983; Schmid and
Wildsoet, 1998). Of 7 treated animals, 6 exhibited varying degrees of sighted behavior
over the course of the 4-5 week testing period. One treated animal failed to exhibit
optokinetic or volitional visual behaviors; electrophysiological tests were conducted on
this animal, but its retinas were not processed for molecular or morphological analysis.
The other six treated animals exhibited robust OKN responses to the two different spatial
frequencies tested with an overall group mean score of 2.23. Volitional, sight-directed
pecking behavior was observed in treated animals as early as 3 days post-hatching. They
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also exhibited high levels of exploratory behavior and were able to peck at a variety of
objects within their visual fields at later time points. The mean volitional behavior score
for the 6 treated animals exhibiting rescued sight over the entire study period was 2.05.
On the final day of testing, 5 of the 6 treated animals received OKN scores of 3 and
volitional behavior scores of either 2 or 3. Visual behavior scores of the remaining animal
dropped during the last week of the study. At the time of sacrifice, this animal did not
show any evidence of volitional sight. Wild-type and untreated GUCY1*B animals
received mean scores of 3.0 and 0, respectively, on both the OKN and volitional behavior
tests. A summary of the vision test results for the 6 treated animals exhibiting sight is
shown in Figure 3-2.
Retinal Electrophysiology also Indicates Treatment Restores Function
Electroretinography (ERG) conducted under both dark- and light-adapted
conditions was used to assess photoreceptor-mediated retinal function in wild-type, and
untreated and treated GUCY1*B chickens 3-4 days prior to sacrifice. All animals were
31-37 days of age at the time of testing. ERGs in wild-type and untreated GUCY1*B
chickens differed dramatically (Figure 3-3 A and B). Dark-adapted untreated GUCY1*B
chickens presented with no measurable ERG responses regardless of stimulus intensity.
Conversely, dark-adapted wild-type animals had normal ERG responses with a-wave
(photoreceptor origin) and b-wave (bipolar cell origin) components that increased in
amplitude with increasing stimulus intensity (Figure 3-3 A). Similarly, light-adapted,
untreated GUCY1*B animals had no detectable flicker ERG responses while lightadapted wild-type chickens had large amplitude cone-mediated ERG responses when
presented a 29 Hz flicker stimulus in the presence of rod-desensitizing background
illumination (Figure 3-3 B). Treatment of GUCY1*B animals with EF1-GC1-IRES-eGFP
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Figure 3-2. Optokinetic and volitional behavior tests indicate treatment efficacy. A.
Optokinetic reflex (OKN) exhibited by 21-day-old, wild-type RIR chicken.
Two frames of video (4.3 sec between frames) are shown illustrating the head
movement observed in birds in response to counterclockwise rotation of the
0.26 cycles degree-1 (bar width =1.25 cm) stimulus. B. Volitional visual
behavior exhibited by treated GUCY1*B animal 2 on day 7. Two frames of
video are shown illustrating the animal’s abilities to perceive and peck at
objects within its visual field. C and D.Graphic summaries of the behavioral
test results for the 6 treated animals that exhibited sighted behavior. The left
series of graphs show the optokinetic scores (0-3) for the 6 treated animals as
a function of age. The right series of graphs shows the corresponding scores
obtained by these animals for the volitional behavioral tests.

Figure 3-3. Retinal electrophysiology rescued in treated eyes. A. Comparison of darkadapted ERGs in response to increasing intensities of light in a
GUCY1*B/GUCY1*B animal injected with EF1α-bGC1-IRES-eGFP
(Treated) compared to a control (Untreated). ERGs in untreated animal are
non-detectable in contrast to the sizeable ERGs evoked in the treated animal.
Results from a wild-type animal are shown in the left column for comparison.
B. Light-adapted 29 Hz flicker ERGs in the same animals as shown in (A)
demonstrate restoration of responses after treatment. C. Overlapping
waveforms are ERGs elicited by 0.8 log cd.s.m-2 white flashes presented in
dark-adapted (DA 1Hz) and light-adapted (LA Flicker) states in all treated
animals compared to wild-type controls. Functional rescue was observed in
five (top waveforms) of the seven treated animals, whereas two (bottom
waveforms) showed responses indistinguishable from noise. D. Summary
parameters of dark-adapted photoreceptor (a-wave) and post-photoreceptor (bwave) function, as well as light-adapted flicker amplitude in treated animals as
compared to untreated and wild-type animals. Five of 7 treated animals
showed amplitudes substantially larger than untreated animals but smaller
than wild-type controls (gray symbols; mean ± SD).
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lentivirus restored retinal function (Figure 3-3 A and B right). Five of 7 treated animals
presented with ERG responses to single flashes under dark-adapted conditions and to
flickering stimuli under light-adapted conditions. The shapes of these responses were
similar to those generated by wild-type animals but with lower amplitudes. Two of the
treated animals had no detectable responses (Figure 3-3 C). The amplitudes of the ERG
a-waves in the five responding animals (6.6 ± 1.3 µV; mean ± SD) were 6% of the wildtype response (105.8 ± 36.0 µV; mean ± SD) suggesting that phototransduction had been
restored in a subset of photoreceptors. The two treated animals that did not exhibit visual
behavior failed to produce ERGs that were distinguishable from noise (Figure 3-3 D).
The Number of Integrated Transgenes per Genome Is Related to Treatment
Efficacy
Quantitative genomic PCR was carried out on DNA extracted from the right eyes
of the 6 treated animals that exhibited visual behavior to obtain a measure of the
efficiency of the viral treatment. The retinas of the seventh animal, that did not exhibit
evidence of sighted behavior following treatment, were not processed for molecular or
morphological analyses. The DNA samples were analyzed on 3 different days and each
reaction set included amplification of DNA standards containing known copy numbers of
the transducing vector. The primers were designed to amplify a 638 bp product that
spanned the IRES-eGFP elements within the transgene (Figure 3-4 A). The lentiviral
transgene was detected in all 6 samples obtained from the treated animals; no product
was amplified from untreated GUCY1*B, wild-type RIR, or water control reactions
(Figure 3-4 B). The amount of PCR product obtained in all experimental samples fell
within the linear portion of the standard amplification curve (Figure 3-4 C) used to
calculate the number of copies of the viral transgene within each sample. The estimated
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number of integrated viral transgenes per genome in the retinas of the 6 treated animals
ranged from 0.12 to 0.02 with a mean value of 0.07 ± 0.01(mean ± SEM). A noteworthy
finding is that the animal with the lowest transgene copy number was the animal that
scored poorly on the visual behavior tests toward the end of the study and had no
measurable ERG responses.

Figure 3-4. Quantitative genomic PCR estimate of integrated viral trangenes per genome.
A. Diagram of integrated viral transgene and location of PCR primers
spanning the IRES-eGFP junction that were used to amplify the transgene.
B. Ethidium bromide stained gel showing 638 bp product amplified from the
experimental and standard reactions. Lanes 1-6 contain samples amplified
from the six treated animals exhibiting restored sight. No product was
observed in untreated GUCY1*B (lanes 7, 8) or wild-type chickens (lane 9).
A blank water control is shown in lane 10. Lanes 11-14 contain product
amplified from 300000, 150000, 30000, 15000 copies of the transducing
vector. DNA size ladders, 1kb and 123bp, were run to the left of the samples
and standards. C. Plot of amount of product obtained from the standard PCR
reactions (black) best fit with a sigmoid curve (f=y0+a/(1+exp(-(x-x0)/b))^c
with r2=0.999 . The products obtained from each experimental sample (red) all
fell within the linear portion of the amplification curve and the number of
transgenes present in each sample was calculated using the equation for the
best-fit curve. Individual values plotted are mean ± SEM (n=3).
RT-PCR Analyses and GFP Immunostaining Confirm Transgene Expression
RT-PCR analyses were carried out to examine transgene expression in the retinas
of treated animals. Amplification of aliquots of reverse transcribed RNA revealed that the
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transcript derived from the viral transgene was present in all retinal samples from the six
treated animals with rescued vision. The 638 bp PCR product for the transgene was not
detected when the reverse transcription step was omitted from the procedure, nor was it
detected in GUCY1*B untreated or wild-type retina samples. All samples contained
approximately equal amounts of β-actin mRNA as determined by the staining intensity of
the 538 bp β-actin product. The amount of transgene and β-actin transcript in each sample
was quantified and the amount of transgene mRNA was normalized to the average
amount of β-actin mRNA detected across all samples run in that particular assay. The
relative number of transgene mRNA copies present in each of the experimental samples,
as determined from three independent assays, ranged from a high of 144 to a low of 19
with a mean value of 94 ± 12 (mean ± SEM). In general, transgene mRNA levels
correlated with estimates of the number of integrated transgenes per genome within
animals. Variations in these measures were likely due to sampling variability arising from
the random distribution of transduced cells and use of different tissue samples for these
analyses.
The distribution of transduced cells within treated retinas was determined by
examining serial sections of the right eyecup taken along the vertical meridian. Each
section was divided into four contiguous regions and the percent of retinal cells positive
for GFP was estimated for each region (Figure 3-5 A). In all retinas examined, greater

Figure 3-5. Immunohistochemical analyses of GFP expression in treated retinas.
A. Schematic of the right eye cup that shows how the retina was apportioned
for analyses. The right eye of each animal was bisected along the vertical
meridian. One half was processed for immunohistochemical analyses and the
other for detailed histological analyses. The retinal sections were divided into
four regions (FAR SUP, SUP, SON, ION) to simplify analyses. B. Flat-mount
retinas stained to reveal pattern of transduction obtained following neural tube
delivery of 0.5 µl EF1a-PLAP virus (109 TU/ml). The percent transduction for
the left (left panel) and right (right panel) eyes of 2 of the 3 animals analyzed
is shown. C. Far superior region of a treated retina immunostained for GFP.
Arrows indicate staining in photoreceptor cell bodies. GFP staining is also
visible in the IS and OS of these cells. D. Topographical distribution of GFP
expressing cells in treated right eyes from treated animals 2 (left) and 1
(right). The percent transduction of each of the four retinal regions was plotted
on the z-axis as a function of location along the superior-inferior axis of the
eye (x-axis) and distance from the midline (y-axis). These analyses represent
the results obtained from serial sections over 500 µm beginning at the midline
axis and moving laterally.
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than 90% of the GFP staining was localized to the photoreceptor cell layers (Figure 3-5
C). Occasionally, a complete cell column was stained. These cell columns, which were
observed more frequently in treated retinas analyzed prior to or just after hatching
(Coleman, 2003), reflect passage of integrated transgenes from transduced retinal
progenitor cells to their daughter cells during development (data not shown). The
estimates of percent GFP staining observed in each 14 µm section were used to create a
topographical map of the percent GFP staining observed within the 500 µm region for
each animal. The results obtained for 2 of the 6 treated animals (Figure 3-5 D, animals 1
and 2) illustrate the variation observed in the distribution of transduced cells in the 500µm region selected for these analyses. The estimates for the number of integrated
transgenes per genome for animals 1 and 2 were 0.08 and 0.07, respectively. The spatial
distribution of transduced cells observed in the retinas of these animals was variable over
the extent of the retinal area; similar to that observed in our analyses of flat-mounted
EF1α-PLAP treated retinas (Figure 3-5 B). Based on the percent transduction estimates
obtained for retinas treated with the EF1α-PLAP virus, a conservative estimate for the
percent transduction of the retinas treated with the EF1α-GC1-IRES-eGFP virus would
be 15-40%, the actual value depending on the quality of the embryonic injection.
Morphometric Analyses Suggest that Treatment Slows Retinal Degeneration
Retinal degeneration in this animal model is morphologically evident beginning
around two weeks of age and is marked by decreased numbers of rod and cone
photoreceptor outer segments and gaps innervating inner segments and cell bodies of the
outer nuclear layer. By three weeks of age, pycnotic nuclei are present in the outer
nuclear, inner nuclear and ganglion cell layers; pycnotic nuclei are evidenced by
chromatin condensation characteristic of cells undergoing apoptotic, or programmed, cell
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death (Ulshafer et al., 1984). Degeneration is most evident in the central retina at early
stages of degeneration and spreads peripherally with very few photoreceptors remaining
intact across the retina by 6-8 months post-hatch (Ulshafer and Allen, 1985). Sections of
retinas of the right eyes of treated animals were compared to those of age-matched wildtype and GUCY1*B untreated retinas to determine if the viral treatment altered the
histopathology. The results suggested that treatment may have slowed retinal
degeneration in some animals but it did not prevent degeneration (Figure 3-6 A). The best
preservation of the retina was observed in animal 1 as evidenced by increased numbers of
nuclei within the outer nuclear layer and increased thickness of the inner plexiform layer
relative to untreated GUCY1*B retina. In contrast, animal 6 had severe loss of cells from
the outer nuclear layer across all regions examined and the retinal pigment epithelium
had changes characteristic of the late-stage degeneration usually observed in untreated
animals (Ulshafer et al., 1984). The retinal changes were quantified by measuring the
distances between the outer limiting membrane and the ganglion cell layer within each of
the 4 regions sampled. These measures were expressed as percent change in retinal
thickness relative to that observed in untreated GUCY1*B retinas (Figure 3-6 B). The
results of these analyses revealed that the thickness of all of the treated retinas relative to
untreated retinas was significantly greater in the SON [t(5)=2.9, p<0.05] and ION
[t(5)=3.5, p<0.05], the two regions of the retina that normally undergo the most rapid
degeneration in untreated GUCY1*B retinas (Ulshafer et al., 1984) . The SUP region of
the retinas of four of the six treated animals also showed signs of slowed degeneration
but these changes were not found to be significant. Analyses of the FAR SUP region
revealed that one treated animal showed signs of unusually severe retinal degeneration in
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Figure 3-6. Comparison of retinal morphology of treated GUCY1*B, wild-type RIR, and
untreated GUCY1*B. A. The morphology of the retinas of treated animals
was examined to determine if the viral treatment had affected the course of
retinal degeneration. Regions were analyzed along the vertical meridian of the
right eyes of experimental and control animals; representative micrographs
from the locus superior to the optic nerve (SON) are shown from wild-type,
untreated GUCY1*B and 3 treated retinas (animals 1, 5 and 6). RPE – retinal
pigment epithelium; OS – outer segments; IS – inner segments; ONL – outer
nuclear layer; INL – inner nuclear layer; IPL – inner plexiform layer; GCL –
ganglion cell layer. B. Relative percent change in retinal thickness of treated
animals. Retinal width (µm) from the outer limiting membrane to the ganglion
cell layer was measured at 6 loci (100 µm apart) within the regions examined.
These widths were expressed as percent change relative to average widths of
the untreated GUCY1*B retinas in these regions which were set to zero for
graphing purposes. A simple one group t-test (null hypothesis that treatment
groups are not different from untreated GUCY1*B) was used to analyze the
results. The results of this test showed that retinal thickness of the treated
animals in the SON and ION regions were greater than those of untreated
animals (p<0.05). Four of 6 treated animals also showed evidence of slowing
of degeneration in the SUP region but this was not statistically significant.
The key for animal number is shown in the upper left of the graph.
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this region; this region in the remaining five treated animals was not significantly
different from untreated retinas.
Discussion
This study is the first to demonstrate restoration of sight in an animal model of
LCA1. We successfully used a lentiviral vector to deliver the therapeutic transgene EF1aGC1-eGFP to retinal progenitor cells. Expression of normal copies of GC1 in
photoreceptor cells was sufficient to restore cell function, measured by ERG, and, most
importantly, generate robust sighted behavior. Overall treatment efficacy was indicated
by a combination of sighted behavior, ERG measures, retinal morphology, estimate of
integrated viral transgenes per genome and transgene expression in photoreceptor cells.
High visual performance scores and ERG measures correlated with better preserved
retinal morphology and estimates of integrated transgenes. Similarly, low visual
performance scores and ERG measures correlated with more degenerated retinas and less
integrated transgenes.
For gene therapy treatment of an autosomal recessive retinal degenerative disease
to be complete in its effectiveness, expression of the therapeutic gene must produce
functional protein which restores function to disabled cells and prevents retinal
degeneration. Our treatment restored function at cellular and behavioral levels, but was
insufficient to prevent retinal degeneration, though in some cases degeneration was
slowed. Of particular interest is treated animal 6 which presented with a decline in open
field response coincident with complete loss of OKN reflex behavior during the last set of
behavior tests (Figure 3-2 C and D). This animal also had the most severely degenerated
retina of the six treated animals (Figure 3-6 A). A similar decline in visual behavior was
observed in four treated animals (data not shown) which were sacrificed at three to five
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months of age. Each of these four animals exhibited a decline in visual performance,
similar to that observed for animal 6, presenting as early as six to eight weeks of age. By
four to five months of age, both open field and OKN responses were absent in each of
these animals. Hence, it is vital to prevent or limit retinal degeneration in order to sustain
restored vision in treated animals.
The patchy transduction pattern generated by our treatment (Figure 3-5 B) leads to
an intermingling of non-treated dysfunctional photoreceptor cells with treated functioning
cells. Thus, a “bystander” effect or non-autonomous cell degeneration may be at play.
This “bystander” phenomenon suggests that cross talk between photoreceptor cells or
environmental cues play a significant role in the progressive nature of photoreceptor
degeneration (Travis, 1998; Ripps, 2002). This is evident in many inherited photoreceptor
diseases linked to genes whose expression is limited to rod cells
(http://www.sph.uth.tmc.edu/Retnet/) but leads to degeneration of both rod and cone
photoreceptor cells. Further, chimeric retinas of wild type and transgenic mice expressing
mutated rhodopsin exhibit uniform cell death, however retinas of chimeric animals
degenerated more slowly than those of transgenic mice (Huang, 1993; Travis, 1998)
suggesting a relationship between the number of cells expressing the mutated gene and
retinal morphology over time. Degeneration of photoreceptors expressing abnormal
proteins had a negative impact on the ability of otherwise healthy cells to survive, a trend
that was tempered in retinas containing higher percentages of normal cells. If the ratio of
non-treated to treated cells is high in our treated animals, then degeneration of the nontreated cells could be adversely affecting survival of the treated cells.
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The simplest approach to achieve long-term restoration of sight in our paradigm
may be to increase the total number and/or density of photoreceptor cells transduced by
the viral vector. By increasing the titer of the injected virus from 109 to 1010 TU/ml, for
example, we can effectively increase the percent transduction of the photoreceptors from
approximately 40% to 85% (Coleman et al., 2003). Another modification to our
therapeutic strategy that may improve treatment efficacy is use of photoreceptor-specific
promoters to drive transgene expression in our viral vector. Limiting expression of GC1
to photoreceptors could improve treatment effectiveness by eliminating any untoward
effects induced by ubiquitous GC1 expression. A future strategy might also include
bicistronic therapeutic transgenes that not only encode GC1 but also encode factors that
improve photoreceptor viability or prevent cell death. Several members of the fibroblast
growth factor family (Lau et al, 2000; Green et al, 2001), ciliary neurotrophic factor
(Liang et al, 2001) and the apoptotic inhibitor, bcl-2 (Chen et al, 1996; Bennet et al,
1998) have been shown to delay photoreceptor degeneration in models of inherited retinal
disease. Recently, a factor secreted by rod cells has been identified that appears to
support cone cell viability (Leveillard et al., 2004).
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CHAPTER 4
CURRENT AND FUTURE STUDIES
We have shown that lentiviral delivery of the therapeutic transgene EF1α-GC1IRES-eGFP is sufficient to rescue vision in the GUCY1*B chicken, an animal model for
LCA-1, but not effective in preventing photoreceptor degeneration. In order for delivery
of the GC1 transgene to ultimately rescue vision in the GUCY1*B chicken, the treatment
must preserve photoreceptors as well as restore function. Further, before attempting to
preserve these cells in treated animals, it is necessary to understand factors contributing
to cell death in both the untreated and treated retinas.
There are several possible explanations for the persistence of cell death in treated
retinas. First, the therapeutic protein, bovGC1, could be dimerizing with or otherwise
upregulating the mutated GC1 protein in GUCY1*B retinas, subsequently causing
photoreceptor cell death. However, this is an unlikely explanation. The mutated GC1
protein is degraded soon after translation and cannot be detected in a Western blot and
Rhode Island Red chickens heterozygous for the mutation present with a normal
phenotype (Semple-Rowland et al., 1998). Another possibility is that GC1
overexpression and expression in cells other than photoreceptors is contributing to retinal
degeneration. This possibility can be tested by treating retinas of wild type Rhode Island
Red chickens. If overexpression or non-targeted expression of GC1 contributes to retinal
degeneration, then degeneration would occur in otherwise normal retinas of these
animals.
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The most likely explanation for persistent degeneration in treated animals is the
non-autonomous nature of photoreceptor cell survival. It is now well documented that the
death of subsets of photoreceptor cells has a negative impact on the survival of
neighboring cells (Travis, 1998; Ripps, 2002). Our current treatment transduces a
subpopulation of the total number of photoreceptor cells, with less than half of the target
cell group expressing bovGC1, more of these cells remain non-functioning and die
having a negative impact on the entire photoreceptor cell population causing
degeneration. While the critical number of transduced cells required to overcome the
effects of neighboring cell death is not known, it is likely that our current treatment does
not reach this threshold.
The goals of current and future studies include an examination of variables
associated with retinal degeneration in both treated and untreated GUCY1*B chickens
and ultimately extension of cell survival in treated animals with rescued vision. Initial
studies have focused on delineating the mechanism of cell death and analyzing the effects
of factors associated with transgene delivery and expression in treated animals. Future
studies include examination of the relationship between the amount of viral transduction
in the retina and rescued vision and developing a treatment upon delivery of which retinal
degeneration in treated animals is delayed and rescued vision is extended.
Apoptotic Cell Death in the Degenerating Retina
There are two types of cell death: necrosis, which results from injury or physical
insult, and apoptosis, programmed cell death. Necrosis is characterized by cell membrane
damage, swelling of the cell and mitochondria and an inflammatory response (Alberts et
al., 2002). Apoptosis plays an important physiological role in tissue development and
maintenance of adult tissues. Morphologically, it is characterized by chromatin
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condensation, DNA fragmentation, plasma membrane blebbing and cell shrinkage
(Gavrieli et al., 1992; Reed, 2000). These morphological changes are induced by
activation of a protease signaling cascade. The primary proteases involved are members
of the cysteine aspartyl-specific protease family or caspases. Recently, caspase
involvement in apoptosis has come under scrutiny as examples of apoptosis have been
identified that do not require caspase activation (Doonan, 2003). It is likely that multiple
pathways are capable of initiating the apoptotic signaling cascade.
Apoptosis appears to be the cause of photoreceptor cell death in many forms of
congenital retinopathy (Chang et al., 1993; Lolley et al., 1994; Portera-Cailliau et al.,
1994; Tso et al., 1994). For example, retinas of multiple mouse models of retinitis
pigmentosa exhibit DNA fragmentation and positive TUNEL labeling indicating that
apoptosis is ultimately responsible for cell death in these models (Portera-Cailliau et al.,
1994).
The mechanism underlying photoreceptor cell death in the untreated GUCY1*B
chicken has not been examined using modern technologies that include TUNEL staining,
immunohistochemistry and the DNA ladder assay. However, the presence of pycnotic
nuclei in the degenerating retinas of this animal model are indicative of apoptotic cell
death (Ulshafer et al., 1984). We hypothesize, based on the results of studies of cell death
in several other animal models of inherited retinal disease (Chang et al., 1993; Lolley et
al., 1994; Portera-Cailliau et al., 1994; Tso et al., 1994) and the studies of Ulshafer et al.
(1984), that photoreceptor loss in the GUCY1*B chicken occurs via apoptotic
mechanisms. Many laboratories are examining the possible use of anti-apoptotic gene
therapy, or gene therapy delivering apoptotic blockers, in treating retinal degeneration.
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For example, adenoviral delivery of bcl-2, a known apoptotic blocker, was shown to slow
retinal degeneration in the rd mouse (Bennett et al., 1998). Preliminary studies of gene
transfer of neurotrophic factors such as, CNTF, GDNF and BDNF have also proven
promising in slowing retinal degeneration (Chaum and Hatton, 2002; Delyfer et al.,
2004).
In preliminary studies, we have used TUNEL assay, DNA ladder assay and an
antibody for activated caspase 3 to determine if these assays can detect apoptotic cells in
degenerating retinas of GUCY1*B chickens. Multiple stages of degeneration have been
examined in animals ranging in age from 3 to 84 days. To date, we have been unable to
detect apoptotic cells in these retinas. Nonetheless, we still suspect that apoptosis is the
mechanism of retinal cell death in the degenerating retinas of GUCY1*B chickens. The
retinas of these animals do not exhibit morphological signs of inflammation that include
cell and mitochondrial swelling, both of which are characteristic of necrotic cell death. A
possible explanation for our inability to detect apoptosis in preliminary studies is the
relatively slow rate of cell loss from these retinas over time. Without multiple cells
undergoing apoptosis concurrently it could be difficult to detect individual cells
undergoing apoptosis. If apoptosis is determined to be the mechanism of cell death in the
retinas of treated GUCY1*B chickens, lentiviral delivery of apoptotic blockers or
neurotrophic factors may extend cell survival in chickens with rescued vision
Effects of Transgene Expression On Photoreceptor Viablility
In addition to determining the mechanism of cell death in the untreated GUCY1*B
retina, it is also important to determine if expression of the lentiviral transgene, EF1αGC1-eGFP, has any negative effects on photoreceptor viability and retinal integrity.
Initial experiments are focused on wild-type Rhode Island Red chickens whose retinas do

51
not undergo degeneration. To date, two wild-type Rhode Island Reds, now eleven weeks
of age, treated with the lentiviral transgene, EF1α-GC1-eGFP, have retained vision as
evidenced by high scores on behavioral tests. One treated wild-type animal, which also
scored high on visual assessments, was sacrificed at six weeks of age. Retinal tissue is
being processed for this animal. Preliminary examination suggests that the retinas of this
animal are morphologically intact. Behavior testing of treated wild-type animals at later
time points, ERG measurements and further processing of retinal tissue will reveal any
negative effects that our treatment may have on retinal morphology and function.
It may also be desirable to replace the EF1α promoter that we used in our first
rescue study with one that limits expression of the transgene to photoreceptor cells. We
chose to use EF1α, a ubiquitously expressed promoter, to drive expression of GC1 and
the eGFP reporter in our initial experiments because previous analyses of its expression
characteristics showed that it would produce sufficient GC1 protein to induce a change in
photoreceptor function. The non-specific targeting of expression of the transgene was
deemed a potential drawback of EF1α at that time; however, this characteristic of the
promoter seemed an acceptable compromise relative to the overall goal of the
experiment. Changing the promoter driving transgene expression in treated animals from
EF1α to IRBP, a photoreceptor-specific promoter, will not only restrict expression of the
transgene to photoreceptors but will also bring levels of GC1 expression more in line
with those found in wild-type retina. Recently, two GUCY1*B chickens treated with the
lentiviral transgene, IRBP-GC1-eGFP, have presented with high behavioral vision scores.
Treating more GUCY1*B embryos with IRBP-GC1-eGFP and subsequent analysis of
behavior, ERG measures and retinal morphology will ultimately determine if expression
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of GC1 driven by a photoreceptor specific promoter is a viable and more attractive
treatment option.
Non-Autonomous Cell Death and Viral Titer
Apoptotic cell death in degenerating retinas does not appear to be cell autonomous.
This “bystander” phenomenon suggests that cross talk between photoreceptor cells or
environmental cues play a significant role in the progressive nature of photoreceptor
degeneration (Travis, 1998; Ripps, 2002). The percent of the total photoreceptor
population slated for death seems to influence non-autonomous retinal degeneration. For
example, in the GC1 knockout mouse, degeneration of the cones, which represent 3-5%
of the photoreceptor population and are distributed evenly across the retina, does not
adversely affect survival of the rod cells (Yang et al., 1999; Coleman et al., 2004).
Further, in humans with rod-specific retinal degeneration caused by rhodopsin gene
mutations, cone cell function and survival becomes compromised when greater than 75%
of the affected rod cells degenerate (Cideciyan et al., 1998).
In accordance with this idea that the density of normal functioning photoreceptor
cells is directly related to non-autonomous retinal degeneration, photoreceptor viability in
treated GUCY1*B chickens may be influenced by the number of transduced cells
expressing the GC1 transgene. By increasing the titer of the injected vector from 10e9 to
10e10 TU/ml, we will be able to increase the percent of cells transduced from
approximately 60% to 85% (Coleman et al., 2003). However, it is unclear what
percentage of the total photoreceptor cell population must be transduced to overcome the
phenomenon of non-autonomous, density-dependent photoreceptor degeneration. We are
currently focused on further optimizing our viral packaging method (Coleman et al.,
2003) to facilitate consistent generation of viral titers of 10e10 TU/ml or higher because
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although we were able to restore vision by transducing a relatively low percent of the
photoreceptor population, transduction of a larger percent of these cells may be the most
attractive modification leading to significant improvement in the long-term effectiveness
of our gene therapy.
Clinical Relevance to LCA1
Success in restoration of vision in the GUCY1*B chicken following our treatment
is promising. The ultimate goal would be to treat humans with LCA1. There are multiple
avenues for approaching clinical treatment including sub-retinal injections both post natal
and in utero and through targeting germ cells. An in utero treatment, viral gene delivery
to mouse fetuses with a different subtype of LCA, was successful in restoration of visual
function and did not cause any evident impairment of development and growth (Dejenka
et al., 2004). However post natal treatment may also be effective, postmortem studies of
retinal histopathology in an 11½-year-old patient with LCA1 revealed regions with
preserved retinal cells despite profound visual disturbance at this age (Milam et al.,
2003). This discovery paired with the observation that the photoreceptor transduction
efficiencies achieved in our study support near normal visual behavior in the treated
animals is encouraging and consistent with what is well known clinically about human
retinal degenerations: patients can display serviceable vision even if small islands of
functioning retina are retained (Geller and Sieving, 1993; Seiple et al., 1995; Carroll et
al., 2004). Early treatment of pediatric LCA1 patients, however, would seem worth
considering because of a report of prenatal retinal degeneration in this genotype (Porto et
al., 2003). The earliest possible treatment would occur at the level of germ cells. In vitro
fertilization provides the opportunity to use viral gene delivery to treat germ cells before
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fertilization eliminating any effects of the GUCY2D mutation on development and
prenatal retinal degeneration.
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