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Abstract

The goal of this research was to explore the strong antioxidant, n-acetylcarnosine, in its
capacity to ameliorate oxidative stress, specifically in the context of slowing disease
progression of retinal degeneration. Retinal degeneration affects one out of 1000 individuals
globally, with 95% of these retinal diseases sparked by a genetic origin. Since the large
majority of genetic-based retinal diseases lead to dysfunction and aberration of rod and cone
photoreceptor cells, with a byproduct of this disease progression resulting in oxidative stress
that further facilitates disease progression, a novel broad-spectrum therapy that targets this
common element, rather than specific genes, is necessary (Haider, 2020).

This study identified both topical as well as injection-based modalities as potential
routes of photoreceptor recovery in the rd1 disease model, with a near-doubling of the
surmised inner nuclear layer during the injection-based study, as evidenced by histology
images. While additional studies are needed to better identify the nature of the cells rescued,
these initial studies paint n-acetylcarnosine as a promising prodrug for photoreceptor rescue

and as a novel retinal disease therapeutic.
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Chapter |

Introduction

The Research Problem

Retinitis pigmentosa (RP) is the name of a group of inherited retinal dystrophies, the
most common form of which is a rod-cone dystrophy, wherein a genetic mutation causes
progressive loss of rod photoreceptors and subsequent degradation of cone
photoreceptors, eventually leading to blindness. The current working theory behind the
long-term progression of the disease is based on oxidative stress; once the genetic
mutation causes death of the rod photoreceptors and loss of peripheral vision, a resulting
build-up of oxygen levels causes oxidative damage which subsequently causes
degradation of the cone photoreceptors and leads to full blindness after several decades.
Currently, there is no therapy that is able to cure the disease or restore vision, so
therapeutic approaches are limited to attempting to slow down the degeneration (Hamel,
2006). Recent studies have shown promise in vitamin therapies, specifically focusing on
antioxidants, with heavy focus on the use of N-acetylcysteine.

N-acetylcysteine’s use is predicated on the role of oxidative stress in retinitis
pigmentosa disease development. The increased oxidant production caused by the sudden
reduction of oxygen-consuming rod photoreceptors leads to a release of free radicals and
subsequent cellular degeneration, which is a common feature of many ocular diseases

such as cataract development, glaucoma, and age-related macular degeneration



(Babizhayev et al., 2011). While N-acetylcysteine has been shown to be a strong
antioxidant in both oral and topical use, it has not shown the ability to halt degradation of
cone cell death to a point where the body’s natural repair mechanisms are able to prevent
further degeneration. Furthermore, N-acetylcysteine is a precursor to glutathione, a
master antioxidant in the body, which has been shown to be highly prone to oxidation in
the RP disease state (Lee et al., 2011).

These concerns have sparked the search for an alternative antioxidant therapy that can
bypass these issues. Carnosine is a naturally-occurring dipeptide of the amino acids
alanine and histidine which has shown similar antioxidant capabilities as N-
acetylcysteine in studies examining both of their protective effects against oxidation in a
mouse model. Therefore, we propose to introduce carnosine as a novel antioxidant
treatment in a mouse disease model of retinal degeneration, rd1, to examine its ability to
protect against further cone degradation and oxidative stress. However, it is important to
note that when administered topically, carnosine is not able to penetrate the ocular
surface. Therefore, we utilized the acetylated version, N-acetylcarnosine (NAC). NAC
has been shown to penetrate the cornea, and undergo metabolic conversion into L-
carnosine, its active form (Dubois & Bastawrous, 2017).

This research is important due to the lack of current treatment options for RP, and due
to the exciting prospect of presenting a novel treatment that could help protect against

future cone cell degradation, thus preventing against exacerbation of blindness in patients.



Definition of Terms

Cone cell: Photoreceptor cells located in the retina that are primarily responsible for color
vision

Histology: provides imaging of microscopic structure of tissues

Immunohistochemistry: immune staining process, in this case used to examine number
of oxidative stress markers

Oxidative stress: when production of reactive oxygen species (ROS) is greater than
natural endogenous elimination of those same species

Photoreceptor cell: a specialized neuroepithelial cell found in the retina that converts light
into neural signals

Post-natal: the stage of development after mouse pups are born, beginning at day zero

rdl: first mutant mouse model for retinal degeneration, which carries a rod-specific
cGMP phosphodiesterase-B-subunit (PDE) mutation, and exhibits very severe and early
degradation of cone cells

Retina: layer of tissue lining the back of the eye which converts light into neural signals

Retinal degeneration: retinopathy with multiple causes leading to deterioration of retina
and death of its associated cells

Retinitis pigmentosa: a group of hereditary retinal dystrophies defined by the primary
degeneration of rod photoreceptors, leading to secondary degeneration of cone
photoreceptors

RNA isolation: extraction of RNA from genes and tissues for use in assessing gene
expression levels

Rod cells: Photoreceptor cells located in the peripheral part of the retina and responsible
for night vision

Subretinal injection: injecting between the photoreceptor cells of the retina, and the retinal
epithelium, with more direct effects on the cells in the subretinal space as compared to
intravitreal injection



Background of the Problem

Retinitis Pigmentosa

Retinitis pigmentosa (RP) is a term used to group a variety of hereditary retinal
dystrophies defined by the primary degeneration of rod photoreceptors, leading to a
subsequent, secondary degeneration of cone photoreceptors (Hamel, 2006). RP has a
worldwide prevalence of close to one in 4000, and is a leading cause of visual disability,
with at least one million cases worldwide. Its inheritance patterns have been identified as
mostly autosomal-recessive (comprised of around 50-60% percent of cases), with
autosomal-dominant (30-40% of cases) and X-linked inheritance (5-15%) also identified
as the remaining modes of inheritance. Due to the variety of heritable routes of RP,
identifying specific mutations causing the disorder has proven difficult; however,
researchers have thus far detected at least 45 loci where these disease-causing mutations
occur. Current working knowledge traces at least half of all patient cases back to these
specific loci (Narayan et al., 2016).

Despite the varying forms of RP, all forms of the disease have mutations that are
expressed in the rod photoreceptors, the gradual degeneration of which typically first
manifests as night blindness in adolescence, followed by progressive loss of the
concentric visual field and peripheral vision (Verbakel et al., 2018). Later progression of
the disease causes dysfunction in and loss of the cone photoreceptors, leading to reduced
quality of high acuity central vision, and often leading to loss of this central vision and

often complete blindness by midlife (Narayan et al., 2016). Imaging conducted at this



stage of the disease, such as optical coherence tomography (OCT) and fundus
autofluorescence (FAF) depict a progressive loss of the outer retinal layers,
demonstrating the severe structural damage incurred (Verbakel et al., 2018).

The prevailing theory explaining the connection between rod and cone photoreceptor
degradation in RP revolves around oxidative stress. Rod photoreceptors are the major
consumers of oxygen in the retina; thus, in RP, the mutations leading to the death of rod
photoreceptors also cause a subsequent increase in tissue oxygen level in the outer retina
(Lee et al., 2011). This resulting surplus of oxygen activates the enzyme nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, which produces superoxide radicals
and nitric oxide (NO) and generates a highly-destructive free radical, peroxynitrite, which
attacks surrounding tissue and causes severe oxidative damage (Komeima et al., 2008).
During progression of RP, the natural reparative mechanisms and antioxidant defense
systems in cone photoreceptors become overwhelmed by this accrual of oxidative
damage, and apoptosis is activated, leading to death of the cone photoreceptors in the
central island and subsequent blindness. Therefore, the goal of therapeutic treatment
would be to lower the rate of oxidative damage below the rate of natural cellular repair;
this would allow time for endogenous repair pathways to utilize antioxidants such as
superoxide dismutases (SODs) to slow the rate of degradation of cones (Lee et al., 2011;

Narayan et al., 2016).



Oxidation & N-acetylcysteine

Since rod photoreceptor death is caused by a variety of genetic mutations, researchers
have explored the possibility of genetic modulation or targeted gene therapies; this has
proved to be an elusive effort, however, due to the multitude of mutations in various genes
leading to the death of rods in the RP disease state. Recent research efforts have centered
on the oxidative damage theory of RP, with major focus placed on identifying treatments
to instead preserve cone function, since cone photoreceptor degradation is the factor
which leads to complete blindness (Lee et al., 2011). The oxidative stress theory posits
that progressive death of cones in RP is caused by accumulated oxidative damage, which
has led researchers to investigate exogenous antioxidant therapies as possible therapeutic
treatments to stem the onslaught of oxidative damage in the hopes of allowing the body’s
natural defenses to preserve existing cone function, with the knowledge that any external
therapy of this nature would need to be administered as a lifelong treatment. In the past
decade, researchers have explored the use of one particular antioxidant, N-acetylcysteine,
which is the precursor to cysteine, which is itself the precursor to glutathione, a powerful
antioxidant and major component of the endogenous antioxidant defense system. N-
acetylcysteine’s efficacy and role as a precursor to glutathione has made it useful as a
life-saving antioxidant treatment, known for its ability to prevent severe oxidative
damage during acetaminophen overdose (Campochiaro et al., 2020).

The use of N-acetylcysteine in retinitis pigmentosa was broached when researchers
found that intraocular levels of the reduced, or active, form of glutathione were decreased

in the RP disease state, with the oxidized, or non-active, form, glutathione disulphide,



elevated in human patients (Narayan et al.,, 2016). Based on these findings, it was
theorized that use of N-acetylcysteine could replenish the active, reduced form of
glutathione and reduce oxidative damage and cone cell death while preserving cone
function. A study was conducted to explore both oral and topical administration of N-
acetylcysteine in two mouse models of retinal degeneration, rd/ and rd10 (more severe
and less severe disease states, respectively). It was found that both orally- and topically-
administered N-acetylcysteine significantly reduced oxidative damage by increasing the
amount of reduced glutathione available, thus preserving cone function in both rodent
models (Lee et al., 2011). However, these results come with two main caveats: First, the
study was conducted over the period of six months, and found that the cone rescue effect
was incomplete due to the continued cell death and exacerbation of disease. This points
to the fact that the strategy of increasing endogenous glutathione was not capable of
limiting the rate of oxidation in the RP disease state below the natural cellular repair state
in either rodent model (Lee et al., 2011). The second issue is that reduced glutathione is
highly prone to oxidation in the RP disease state, and its long-term administration may
simply exacerbate RP by increasing the presence of oxidized glutathione. However, the
study does illustrate the capability of a strong antioxidant in slowing oxidative damage;
finding a therapeutic option that is able to further slow the rate of accrual of oxidative

damage may allow natural endogenous repair functions to then prevent further cone cell

death (Campochiaro et al., 2020).



N-acetylcarnosine

The promising results shown by usage of N-acetylcysteine in RP models has initiated
the search for other antioxidants that could prove to be not only possibly more effective,
but also bypass the concerns broached above. A study was conducted to compare the
efficacy of orally-administered N-acetylcysteine and another antioxidant, carnosine,
against sodium nitrite-induced intestinal toxicity in a rodent model. Results of the study
showed both antioxidants to have similar protective effects against oxidative damage and
nitrite-induced metabolic alterations (Ansari et al., 2018). However, it is important to note
that the non-acetylated version of carnosine was used in the study, which may have
lessened the bioavailability of the carnosine and, thus, its efficacy.

Carnosine (B-alanyl-1-histidine) is a dipeptide naturally found in mammalian muscle
and lens tissue and involved in metabolic processes throughout the body. Its parent
compound, N-acetylcarnosine (NAC), is used as an ophthalmic prodrug to facilitate
delivery into tissues, since carnosine cannot penetrate the cornea. This particular modality
allows for the most effective uptake of carnosine in the aqueous humor, which helps to
protect carnosine from hydrolysis (Babizhayev et al., 2008).

Carnosine has been shown to delay aging and subsequently rejuvenate senescent
cultured human fibroblasts; its ability to provide protective and anti-glycosylating activity
against aging is theorized to be due to ‘carnosinylation’, that is, carnosine’s ability to
inhibit the cross-linking of glycoxidized proteins to healthy, normal macromolecules and
tissues (Hipkiss et al., 2001). Furthermore, a recent survey was done to assess whole

blood amino acids in patients with various subtypes of RP, showing that patients with the



disease showed reduced levels of whole blood histidine, one of the amino acids in
carnosine (Arshinoff et al., 1981), which has anti-inflammatory activity and the capability
to scavenge toxic oxidative species (Wade & Tucker, 1998).

Carnosine has been examined in the context of ocular disease, particular in the case of
cataract development; past studies have shown levels of carnosine naturally found in
human lenses to be depleted in mature cataracts. Utilization of 1% NAC drops on cataract
development has shown significant improvement, with reduction of opacity and increased
transmission of light via the lens (Babizhayev et al., 2009). Since oxidative stress and
subsequent oxidative damage to lens proteins is a key causative facet in cataract
formation, the ability of carnosine to facilitate a measure of improvement in the disease
pathology shows promise for its ability to be utilized as an antioxidant treatment in other

ocular oxidative diseases like RP (Braakhuis et al., 2019).



rdl Mouse Model

While there are a variety of animal models available for studying RP, one of the most
widely utilized animal models of retinal degeneration is the FVB-Pde6f; rd1/NJ (rdl)
mouse model. The »d/ mouse carries a nonsense mutation in the Pde6b gene, mapped on
chromosome 5. This mutant Pde6b gene has a murine leukemia provirus insertion in
intron 1, alongside a point mutation, which correlate to the creation of a stop codon
(Y347STOP) in exon 7. A second, independent mutation has also been identified in this
gene, where a murine leukemia virus is found in intron 1 (Li et al., 2020). Aberration of
this gene in this fashion results in rapid rod photoreceptor degradation, with early and
intermediate degeneration of the outer nuclear layer (ONL) taking place as early as post-
natal day 21 (Li et al., 2020) and leaving only one layer of cone photoreceptors as early
as 4 weeks of age, making the rd/ mouse one of the most severe models of retinal
degeneration currently identified (Nishiguchi et al., 2015).

The rd1 model’s mutation of cGMP phosphodiesterase-p-subunit leads to initial rod
destruction, and a subsequent cascade of cone cell destruction, mirroring the same pattern
of retinal disease development in humans; this makes it a valuable model in which to
study disease (Punzo & Cepko, 2007). The mutations in the human Pde6b gene are
associated with human clinical presentation of RP and autosomal dominant congenital

stationary night blindness (Li et al., 2020).
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Research Aims, Goals, and Hypothesis

The primary research purpose of this study was to determine whether we are able to
slow the progression of retinal degeneration, in the context of oxidative stress causing
cone photoreceptor degradation, with the treatment of the antioxidant N-acetylcarnosine
(NAC) in the rdI mouse model. Based on previous literature, it was hypothesized that the
targeted delivery of n-acetylcarnosine to the retina would result in its natural conversion
to carnosine, whose antioxidant properties could potentially slow the rate of rod-cell-
death-mediated oxidative damage and possibly allow natural repair functions to range
from preventing further photoreceptor damage to even facilitating increased cellular
repair and rescue. To assess this hypothesis, two specific aims were explored in order to
pursue this primary objective.

The first specific aim focuses on the capability of carnosine in ameliorating oxidation.
The second aim focuses on exploring a secondary question, specifically whether n-
acetylcarnosine administered topically can reach the retina. Previous literature has
explored n-acetylcarnosine’s ability to penetrate the cornea of the rabbit eye, and
subsequently penetrate into the aqueous humor (Babizhayev et al., 1996). These studies
posited the need for follow-up studies to explore the possibility of carnosine subsequently
penetrating the lens and entering the vitreous humor, to eventually travel to the retina
(Figure 4 (Aslan et al., 2013) illustrates this potential ocular pathway). Recent literature
elucidated specific routes of travel toward the retina for general topical agents after
penetrating the cornea, including horizontal diffusion and systemic circulation, illustrated

in Figure 5 (Tsai et al., 2018). Thus, our study has included our secondary aim to bridge

11



these two research elements to serve as an initial examination into the possibility of
viewing photoreceptor rescue via usage of carnosine in a mouse model of retinal

degeneration.

Details of the three-part study design are found in Table 1.

Primary objective: Show efficacy of carnosine as an antioxidant and potential broad-
spectrum therapy for retinal degeneration.
Specific Aim 1: Assess whether n-acetylcarnosine delivered directly to the retina (via
subretinal injection) ameliorates oxidation.
Methods: Perform subretinal injection of 1% NAC, utilize histological analysis to
visualize photoreceptor cell layers in the retina, and visually examine thickness of
cell layers.
Expected results: There will be a potential reduction in oxidation and/or rescue
represented by thickened cell layers.
Specific Aim 2: Assess whether n-acetylcarnosine administered topically can reach
the retina in a mouse model, and subsequently ameliorate oxidation.
Methods: Administer 1% NAC formulation via drops to mouse eyes, utilize
histological analysis to visualize photoreceptor cell layers in the retina, and
visually examine thickness of cell layers.
Expected results: There will be rescue represented by thickened cell layers,
suggesting both effective delivery of carnosine to the retina as well as reduction

in oxidation.
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Chapter 11

Materials and Methods

Animals

A total of 4 C57BL6/J (B6) mice (gender unknown), and 19 (11 females and 8
males) FVB-Pde66 rd1/NJ (rd1) mice were used during the course of this study. B6 is a
control strain, as well as the genetic background control for the mutant strain, rd1, used
in this study. The rd1 strain is homozygous for the Pde68 gene, and was selected due to
rd1 mice exhibiting severe and early-onset retinal degeneration (Haider, 2020). The B6
mice used in the study were euthanized with their tissue collected for histology at post-
natal day 30. Previous studies have outlined the aging alignment of a control B6 mouse
at a young (post-natal day 0 until 3 months) age (as corresponds in this study) to a

human individual from birth to 20 years of age (Iannaccone et al., 2021).

Animal Maintenance

All mice used during the course of this study were bred and housed in the vivarium
at the Schepens Eye Research Institute, under standard conditions. C57BL6/J (Jax stock
#000664) and FVB-Pde6f3 rd1/NJ (rd1; Jax stock #001800) mice were obtained from
Jackson Laboratories, Bar Harbor, ME (Li et al., 2020). Prior to the study, all mice-
users and technicians underwent full animal training through the Animal Facility office

to learn all associated animal husbandry procedures.
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So as to minimize animal usage, contralateral eyes were utilized for the subretinal
injections or mock injections/controls, rather than additional injection controls.

All mice were ear-punched as means of identification. After separation by sex and
coat color (if applicable), mice with identical coat color were punched as follows: 1 - no
ear punch; 2 - one right ear punch; 3 - one left ear punch; 4 - one R and one L ear
punch; 5 - 2 right ear punches; 6 - 2 left ear punches, 7 - 2 right ear punches and 1 left
punch; 8 - 1 right ear punch and 2 left ear punches; and 9 - 2 right ear punches and 2 left
ear punches. For the purposes of our study, no mice were administered ear punches past
“2 right ear punches and 1 left punch” as there were a maximum of seven mice used per
individual trial. Each mouse was assigned a specific identification number according to
its ear punch, specific strain, and cage number. Animals were monitored throughout the
study to confirm that the administered ear punches did not cause major structural
damage to the mouse ear (Haider, 2020).

Animals with premature unintended death, as well as samples (specifically, paraffin
blocks used for histology) which were manually damaged during the course of study
analyses, were excluded from the study. One (female) mouse which died during the
initial round of topical administration was excluded based on these criteria.
Additionally, one paraffin block was destroyed or damaged during the histology

analyses of both the second trial of topical drops as well as the injections.
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NAC 1% Solution Preparation

Although 1% NAC eye drops are commercially available, for the purposes of the
study NAC powder was reconstituted into the highest non-pharmaceutical grade of
Hank’s Balanced Salt Solution (HBSS) to create a 1% NAC solution for both topical
drops and injections. This was done in order to minimize variability in quality and
concentration in available N-acetylcarnosine drops, owing to usage of extraneous
constituents and additives. The NAC solution was freshly prepared by weighing 0.01 g
of pure NAC powder (which is stable for 2 years with proper storage, and has no
expiration date listed on the bottle) and was subsequently added to 1 mL of HBSS (pH
6-7). This solution was filtered via sterile syringe filtration, to create individual dosages

(Haider, 2020).

NAC 1% Topical Dosage Administration

Two drops of 1% NAC eye drops were administered twice a day (6 hours apart,
typically at 10 AM and 4 PM) continuously for two weeks after mice reached age P15
(post-natal day 15), which is when the mouse eye typically opens after birth. This total
dosage amounted to 0.1 ml, with one drop per eye per time point, and a total of two
drops per eye per day.

Two separate trials were performed: an initial pilot study, and a follow-up study.
During the pilot study, 1% NAC eye drops were administered twice a day to a group of

7 mice over a two-week period starting from post-natal day 15, after the eye opens.
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During the study, one female mouse died during the 15-day administration period, prior
to completion of the study, and thus was removed from subsequent analyses.

A second trial was performed, under the same parameters, and again to a group of 7
mice over a two-week period. All mice survived the second trial, though a paraffin
block was destroyed prior to H&E analyses, and its associated sample number was
removed from subsequent analyses. In total, 14 mice were involved in the topical trials,
with 12 mice analysed and imaged.

Animals were manually restrained during the administration of the drops, and all

topical administration was conducted in the Animal Facility Procedure Room 085C.

NAC 1% Injection Administration

Injections were performed on neonatal mice, at PO (day of birth). Prior to performing
subretinal injections, neonatal mice were anesthetized by being placed on ice for 2-3
minutes. The eye area was cleaned, with debris removed by using a sterile cotton swab
dipped in autoclaved sterile water. The neonate mice’s skin was protected by folded
paper towels prior to placing them on a bed of crushed ice. The eyelid of the neonate
was gently cut open with the bevel of a 30G-needle along their natural lid line. After
creating a hole in the sclera, adjacent to the cornea, with a 30G needle, 0.5 ul of the
NAC 1% solution was administered into the subretinal space of the eye with a blunt
Hamilton syringe. Experiencing a slight resistance to the needle indicated the Bruch’s

membrane had been reached (Li et al., 2020). Between injections, the syringe tip was

16



cleaned with 70% ethanol. Post-injection, mice were placed onto a heating pad/warming
blanket for recovery (approximately 20 minutes, with a maximum of 40 minutes), and
then subsequently placed in a new cage alongside their mother and littermates.

Throughout the procedure and recovery time, mice were monitored every 15 minutes
to ensure continuous breathing and a comfortable environment, with assessments
examining their position and demeanor. All findings were documented in the Cage
Clinical Record area, located on the back of their respective cage card (Haider, 2020).
All injections were administered in the Animal Facility Procedure Room 085E.

A total of 5 mice were utilized in the injection trial, with the left eye (OS) uninjected
and serving as a contralateral control, and the right eye (OD) injected with 0.5 ul of 1%

NAC. All mice were euthanized at P23.

Histology

Immediately following euthanasia of mice, left eyes (OS) were collected and
immersed in a 3:1 solution of methanol and acetic acid (for hematoxylin/eosin staining),
and right eyes (OD) in freshly-prepared 4% paraformaldehyde (PFA) in 1X phosphate
buffered solution (PBS) (for future immunohistochemical staining), and placed in a 4-
degree refrigerator overnight. The next day, the collected eyes were embedded in
paraffin blocks with dorsal/ventral orientation. These blocks were subsequently cut
down to size in a pyramid-shape for ease of further cutting, and were then cut on a
standard microtome, with 5 micrometer (um) sections collected over 100 pm of retinal

depth onto glass slides, with 2-3 slides collected per animal per procedure.
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The slides were subsequently processed for hematoxylin/eosin (H&E) staining.
Through this staining procedure, the retina sections were deparaffinated in xylene and
washed in ethanol, and then stained with hematoxylin and eosin Y. The slides were then
mounted with Permount mounting medium (Vector Laboratories) (Li et al., 2020).

Sections were then imaged with the Leica DM16000 microscope, with images taken
at 5x, 10x, and 20x magnification. The 20x images were then analyzed and compared to
the B6 control images (also imaged at 20x magnification), with 100um retinal area
examined per image for potential photoreceptor rescue. Due to the nature of disease
progression and presentation, most notably the oxidation-based destruction of the outer
nuclear layer (ONL), and subsequent progressed-disease state collapse of the outer
plexiform layer (OPL) it is difficult to discern a clear or defined boundary between
inner nuclear layer (INL), ONL, and OPL (Iannaccone et al., 2021), whose structures
are shown in Figure 3. Therefore, all histology images have the examined area,

designated by black arrows, labeled as INL (Figures 6, 7, and 8).

Use of Human Subjects

No human subjects or trials on human subjects were utilized or conducted during the

course of this study.
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Chapter III

Results

Topical Administration (Pilot Study)

Two representative histological images of 100 um central retina sections from
experimental identification numbers, 379 and 380, were chosen to illustrate
photoreceptor layer thickness after the pilot topical administration trial (Figure 6).
These images were selected from the larger pool of histological images of central retina
sections collected from the six subjects in this study (2-3 images per subject). Overall
cell layer thickness was comparable to the rd1 uninjected control, suggesting lack of
rescue. However, while the disease control (B) demonstrated a significant space above
the retinal pigment epithelium (RPE), correlated with the exacerbated disease
phenotype, the experimental images show a marked increase in photoreceptor cells just

above the RPE.

Topical Administration (Second Trial)

Two representative histological images of 100 um central retina sections from
experimental identification numbers, 434 and 432, were chosen to illustrate
photoreceptor layer thickness after the second topical administration trial (Figure 7).

These images were selected from the larger pool of histological images of central retina
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sections collected from the six subjects in this study (2-3 images per subject). The
results of the second topical trial are noticeably different from the images of the pilot
study (Figure 6). The cell layer is noticeably thicker, and comparable to cell thickness

demonstrated in the B6 control (A).

Subretinal Injections

Two representative histological images of 100 um central retina sections from
experimental identification numbers, 428 and 430, were chosen to illustrate
photoreceptor layer thickness after the subretinal injection trial (Figure 8). These images
were selected from the larger pool of histological images of central retina sections
collected from the five subjects in this study (2-3 images per subject). A marked near-

doubling of the cell layer is observed at the injection site in both images C and D.
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Chapter IV

Discussion

Significance of Results

Gauging potential rescue (and potentially correlated reduction in oxidation levels and
association photoreceptor degradation) was done through visual assessment of cell layer
thickness over 100 um retinal sections for each trial through representative images.

The non-disease (indicated here by the B6 control) mouse retina is structurally
comprised of 10-12 layers of rod and cone photoreceptor nuclei in the outer nuclear
layer and 5-6 inner retinal cells in the inner nuclear layer (Li et al., 2021). In each of the
three trials, the treated rd1 disease model had an attenuated ONL layer, in accordance
with the expected rd1 mouse model, wherein the INL does not change in nuclei number,
while the ONL typically presents with significantly reduced cell layers. However, each
of the trials presented with a visually different presentation of photoreceptor cells,
whether in location or cell layer thickness.

Because retinal degeneration and the procession of photoreceptor degeneration often
leads to morphological changes in retinal structure, it is difficult to discern specific
boundaries between the outer and inner nuclear layers (Li et al., 2021). Thus, the
difference in localization of photoreceptor cells demonstrated in the topical trials
(Figures 6 and 7) is difficult to extrapolate upon without further (immunohistochemical)

analyses to identify cell types. Specifically, late-stage retinitis pigmentosa not only
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affects the photoreceptor cells of the ONL, but also multiple individual cell classes and
their structural and functional connections to one another. This is because in retinitis
pigmentosa (as well as other diseases where photoreceptor degradation is present),
photoreceptor loss triggers subsequent retinal remodeling, where neural retina is
reconfigured and affects changes to the overall topology of the retina, further
complicating the picture of what we see when we see increased cell numbers, regardless
of the region in which they appear (Jones et al., 2016; Li et al., 2021).

Regardless, the significant increase (near-doubling) of the cell layer in the injection
trial holds promise for carnosine as a potential therapy for retinitis pigmentosa. Previous
studies have indicated that even partial rescue (i.e. even retaining a single layer of
photoreceptor cells) can facilitate maintenance of at least low-level visual function (Li
et al., 2021). Thus, injection-based carnosine administration in our recent trial

demonstrates strong possibility to ameliorate oxidation-based retinal cell degeneration.
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Research Limitations

There are a number of issues which may have presented during the course of this
experiment. The first experiment relies on delivery of the NAC topical drops to the retina;
while NAC drops have been shown in other studies to penetrate the cornea, there is no
guarantee they will reach the retina at the back of the eye.

Another issue is that the source of oxidation involved in the RP disease state may be
mitochondrially-based; prior studies have shown that mitochondria-targeted antioxidants
may be more effective in preventing oxidation of lipids and proteins in the inner
mitochondrial membrane in age-related ocular pathologies and retinopathies (Babizhayev
et al, 2016).

Furthermore, there is a marked difference in results and location of photoreceptor cells
between the first and second topically-treated trials. This may be due to improvement in

administration technique achieved in the time between the first and second trials.
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Future Research Directions

The difference in results between the two topical trials supports the need to repeat
the experiment through subsequent trials, with the same dosage (1%) as well as
increased dosages.

Two major areas of interest result from examination of the histological images: 1)
whether topically-administered carnosine does indeed reach the retina through the
ocular pathway (with specific focus on whether it is metabolized and broken down to its
constituents in the vitreous humor); and 2) identifying the specific cell types making up
the composition of the increased cell layers, specifically seen in the injection trial. A
useful follow-up experiment would be to perform immunohistochemistry with a
carnosine antibody, as well as cell-specific antibodies to identify the nature of the cells

which have been rescued.
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Conclusion

I hypothesized that the examination of the strong antioxidant carnosine, administered
through its precursor n-acetylcarnosine both topically and via injection, could serve as a
tandem force: a potential broad-spectrum therapy for genetically-based retinal
degeneration, as well as a new entry to contribute to the dearth of studies examining
carnosine as a method of ameliorating oxidative stress and its potential as an antioxidant
in disease therapy.

The topical administration of NAC suggests at least an interesting pilot study on which
to build future studies examining whether carnosine affects retinal remodeling.

The injection modality of NAC provides evidence for carnosine as a promoter of

photoreceptor rescue, and warrants further repeated trials and studies.
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Appendix

Trial Type + Number of Mice Gender Age at Age at Additional Study | Fixative + Eye | Additional Notes
Dosage Administration Sacrifice
B6 (Control) 4 unknown N/A P30 H&E 2 PFA, 2 Met N/A
1% Drops (Pilot | 6 (started with 7) 2F,5M P15-P30 P30 H&E Met (OS) 377 (F) died
Study) during study; no
collection or
imaging
1% Drops (2™ 6 (started with 7) 6F, IM P15-P30 P30 H&E Met (OS) 431 (F) block
trial) was destroyed
Uninjected 4 (started with 5) 3F, 2M N/A P23 H&E Met (OS) 430 (M) block
controls missing
Injected 1% NAC 5 3F,2M PO P23 H&E PFA (OD) N/A

Table 1. Study Design and Summary of Trials.
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Figure 1. A section of the human retina, displayed in fine detail via a hematoxylin and
eosin-stained (H&E) section. The processing pathway of light-to-visual signals follows
a transduction route from the ganglion cell layer (GCL), to the inner nuclear layer
(INL), to the outermost cell layer of the retina, known as the outer nuclear layer (ONL),
which houses the photoreceptors (rods and cone cells) (Montana & Corbo, 2008).
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Figure 2. An illustration of the oxidative stress theory, demonstrating how genetic-
based rod cell destruction leads to the increase in oxidative stress, and culminates in
cone cell degeneration, and subsequent disease exacerbation (Narayan, et al., 2016).
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Figure 3. Two H&E-stained retinal sections displayed side-by-side: on the left, a
depiction of a healthy human retina; on the right, the retinal section of a patient with
retinitis pigmentosa at the mid-stage of disease. Most notably, the outer nuclear layer of
the retinal image on the right is severely attenuated, correlating with the loss of rod and
cone photoreceptor cells housed in the layer. The loss of these cells is depicted in the
histological image as a large space between the retinal pigment epithelium (RPE), and
outer plexiform layer (OPL) (Hartong, et al., 2006).

29



Aqueous Flow

Anterior Chamber
Schlemm's Canal

Figure 4. The structures of the eye, illustrating passage of substances from cornea, to
aqueous humor, and potentially through the lens and into the vitreous humor (Aslan et
al., 2013)
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Figure 5. Theorized potential modalities of topical solutions in reaching the retina (Tsai

et al., 2018)
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18.01 rd1, Pilot 1% Drop 18.01 rd1, Pilot 1% Drop

NAC PO Uninjected control, rd

Figure 6. Two representative images of the topical administration pilot study, showing
comparable results between (C) and (D) (complete disappearance of outer nuclear layer),
and similar cell layer thickness as compared to the rd1 uninjected control. However, the
area above the retinal pigment epithelium (RPE) in the rd1 disease model (B) has a large
space (indicated by black arrow), whereas the space above the RPE (again indicated by
black arrows) in the experimental images (C and D) has noticeable potential rescue.



18.01 rd1, 2"d Trial 1% Drop 18.01 rd1, 2d Trial 1% Drop

, Met OS, 20X: 434, slide 3, retina 1

Figure 7. Two representative images of the second topical administration trial, showing
comparable results (complete disappearance of outer nuclear layer), but with a thicker
cell layer as compared to the pilot study results, as well as the disease control (B).
Similarly, the area above the retinal pigment epithelium (RPE) in the rd1 disease model
(B) has a large space (indicated by black arrow), whereas the space above the RPE (again
indicated by black arrows) in the experimental images (C and D) has noticeable (and
uniform) potential rescue.
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Figure 8. Two representative images of the injection study, showing comparable results
(complete disappearance of outer nuclear layer), but with a “staircase”-shaped mass,
indicative of photoreceptor rescue. The area above the retinal pigment epithelium (RPE)
in the rd1 disease model (B) has a large space (indicated by black arrow), whereas the
space above the RPE (again indicated by black arrows) in the experimental images (C
and D) has noticeable potential rescue, with a near-doubling of the entire cell layer.
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