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Abstract

Retinal degenerative diseases result from apoptotic photoreceptor cell death. As endogenously
produced gaseous molecules such as hydrogen sulfide (H,S) and nitric oxide (NO) play a key

role in apoptosis, we compared the expression levels of genes and proteins involved in the
production of these molecules in the retina of normal dogs and three canine models (rcdl,

crd2, and xIpra2) of human inherited retinal degeneration (IRD). Using gRT-PCR, western blot,
and immunohistochemistry (IHC), we showed that mMRNA and protein levels of cystathionine
B-synthase (CBS), an enzyme that produces H,S in neurons, are increased in retinal degeneration,
but those of cystathionine -y-lyase (CSE), an enzyme involved in the production of glutathione
(GSH), an antioxidant, are not. Such findings suggest that increased levels of H,S that are

not counterbalanced by increased antioxidant potential may contribute to disease in affected
retinas. We also studied the expression of neuronal and inducible nitric oxide synthase (nNOS
and iNOS), the enzymes responsible for NO production. Western blot and IHC results revealed
increased levels of NNOS and iNOS, resulting in increased NO levels in mutant retinas.

Finally, photoreceptors are rich in polyunsaturated fatty acids (PUFAS) that can make these

cells vulnerable to oxidative damage through reactive oxygen species (ROS). Our results showed
increased levels of acrolein and hydroxynonenal (4HNE), two main toxic products of PUFAs,
surrounding the membranes of photoreceptors in affected canines. Increased levels of these toxic
products, together with increased NO and ROS, likely render these cells susceptible to an intrinsic
apoptotic pathway involving mitochondrial membranes. To assess this possibility, we measured
the levels of BCL2, an anti-apoptotic protein in the mitochondrial membrane. Western blot results
showed decreased levels of BCL2 protein in affected retinas. Overall, the results of this study
identify alterations in the expression of enzymes directly involved in maintaining the normal redox
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status of the retina during retinal degeneration, thereby supporting future studies to investigate the
role of H,S and NO in retinal degeneration and apoptosis.
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Introduction

Mutations in many genes expressed in either the retina or retinal pigment epithelium (RPE)
can cause visual disorders, retinal degeneration, and eventually blindness (Aguirre, 2017).
The diseases are characterized by photoreceptor cell apoptosis, a type of programmed cell
death manifested by morphological and biochemical alterations (Portera-Cailliau et al.,
1994). RPE performs a number of functions critical for maintaining retinal homeostasis
(Fuhrmann et al., 2014). Impairment of RPE, a scavenger for ROS, will cause excessive
oxidative stress and mitochondrial disruption that contribute to retina degeneration (Ao

et al., 2018). Mutations in genes expressed in the RPE would bring about photoreceptor
degeneration in inherited diseases of the RPE (Donato et al., 2020). Photoreceptor cell
apoptosis plays a crucial role in inherited retinal degenerative diseases and light-induced
retinal degeneration models (Wenzel et al., 2005; Rajala and Rajala, 2013). Apoptosis
can be initiated by either extrinsic or intrinsic pathways (Locksley and Lenardo, 2001),
the latter of which is driven by changes in the mitochondria (Wang and Youle, 2009).
Mitochondria consume the majority of the total oxygen content in the cell for use in
oxidative phosphorylation and cellular ATP production (Brown, 1992) and are the main
source for generating reactive oxygen species (ROS). Antioxidant redox systems remove
physiological levels of ROS, but excess levels of ROS cause permanent oxidative damage
that leads to apoptosis.

The retina is a specialized tissue with a high metabolic rate and a consequently high level of
oxygen consumption. These conditions can result in the generation of ROS that renders the
retina vulnerable to oxidative damage. The retina is also susceptible to oxidative stress due
to a combination of high levels of polyunsaturated fatty acids (PUFAS) in the photoreceptor
membrane that is subject to peroxidation—Ileading to the production of toxic metabolites. In
addition, the retina is subject to chronic exposure to light, which leads to increased levels of
ROS (Fliesler and Anderson, 1983). Peroxidation of PUFAs and excess levels of ROS can
damage membrane proteins in mitochondria and trigger apoptosis through the mitochondria
pathway in both RPE and photoreceptors (Sharma et al., 2008; Jarrett et al. 2008). As
maintenance of the redox status in the retina is compromised by PUFA peroxidation and
excess ROS generation, defense mechanisms to ameliorate these detrimental effects are
essential. Glutathione (GSH) is one of the key antioxidant sources in the retina and its

level is critical for retinal cell survival; reduced levels of GSH can result in oxidative stress
and increased retinal cell death (Roh et al. 2007) while increased levels protect RPE cells
against oxidative stress (Liang et al., 2005). Excessive nitric oxide (NO) generation can
also promote lipid peroxidation (Siu and To, 2002) and oxidative damage. However, GSH
prevents lipid and protein damage induced by NO in the retina (Siu et al., 2015), suggesting
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a protective role for GSH against NO-induced retinal toxicity (Haq et al., 2007; Ganea and
Harding, 2006) and highlighting the crucial role of antioxidants in protection retinal cells
from oxidative damage.

The transsulfuration pathway (TSP) is a methionine metabolic pathway leading to

the biosynthesis of cysteine and eventually GSH. Cystathionine p-synthase (CBS) and
cystathionine -y-lyase (CSE) are the active enzymes in this pathway, which are also involved
in homocysteine (Hcy) homeostasis and H,S production (Stipanuk, 2004; Singh et al.,
2009). Hey condenses with serine to form cystathionine in a reaction catalyzed by CBS.
Then, CSE cleaves cystathionine and releases free cysteine for GSH synthesis (Finkelstein,
1990). CSE plays a key role in this process and the levels of GSH are reduced when the CSE
gene is downregulated (Parsanathan and Jain, 2018). Growing evidence suggests that H,S
contributes to a wide range of physiological and pathological functions, including oxidative
stress, the cellular stress response, inflammation, and apoptosis (Bhatia, 2012; Badiei et al.,
2013; Han et al., 2019; Badiei et al., 2016). Notably, H,S protects against oxidative damage
and apoptosis in the retina (Erisgin et al., 2019), potentially by regulating Ca?+ influx (Du
and Yang, 2017). However, at high concentrations, H»S inhibits cytochrome c oxidase in
mitochondrial complex IV (Szabo et al., 2014), highlighting its potential pathologic impact.
As any changes in mitochondria function can trigger apoptosis, the potential effects of

H>,S on mitochondrial function could have a significant impact on the retina. In this study,
we used three different canine models of IRD to investigate molecular alterations involved
in oxidative stress, apoptosis, and mitochondrial dysfunction. Specifically, we focused on
alterations in the expression levels of the main TSP enzymes, NO producing enzymes, levels
of lipid metabolites produced following lipid peroxidation as a readout of oxidative damage,
and assessment of mitochondria protein levels that reflect the functional integrity of the
mitochondria. This information will be important for further investigation of the role of
these enzymes in retinal degeneration.

Material and methods

Animals

Retinas from normal and diseased dogs were used for this study (Table 1). To study the TSP
and redox pathways at the onset and during the course of disease, samples were collected
from different age groups. For gPCR and western analyses, the ages selected correspond to
the time points following the early peak of cell death (Gardiner et al., 2016; Downs et al.,
2016). These time points, as well as an age when there is more advanced degeneration, were
also included in the immunohistochemistry (IHC) studies. Three different canine models of
IRD were used: xlpra2, an early onset and rapidly progressing model of x-linked retinitis
pigmentosa (XLRP) caused by a deletion in PRGR (Zhang et al., 2002), rcd1, an early onset
and rapidly progressing model of retinitis pigmentosa caused by a mutation in PDE6B, (Ray
etal., 1994), and crd2, a model of Leber congenital amaurosis (LCA) caused by a mutation
in NPHP5 (Goldstein et al., 2013). All dogs were housed under identical conditions (diet,
ambient illumination with cyclic 12 hrs ON-12 hrs OFF light) at the Retinal Disease Studies
(RDS) facility in Kennett Square, Pennsylvania. The study was approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Pennsylvania and strictly
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adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
To control expression with the time of day, the animals were euthanized, and tissues were
collected between 7:30-9:30 am.

RNA extraction, cDNA synthesis, and gRT-PCR

RNA was purified from neuroretina, and quantitative real-time PCR was performed as
described previously (Badiei et al., 2019). All PCR reactions were normalized to the Ct
value of GAPDH. Fold change was calculated as 2-(AACY), The sense and antisense primers
for CSE, CBS, NOS2, BCL2, and GAPDH were designed using the PrimerQuest Tool from
Integrated DNA Technologies (Table 2).

Protein extraction and western blot analysis

The neuroretina was homogenized, sonicated, and then centrifuged, and total protein
concentration in the supernatant was measured by BCA assay and western blot performed
as described previously (Badiei et al., 2019). The ultimate goal for this study was to
examine CSE, CBS, BCL2, NOS1 in degenerating retinas. Since the loss of actin and
tubulin, two proteins enriched in photoreceptors, may effect the interpretation of expression
changes occurring in inner retinal layers with degeneration, GAPDH was used instead as a
housekeeping gene. Normalization to GAPDH and analyses were done using Image Studio
Software provided by LI-COR (LI-COR, Lincoln, NE).

Immunodetection of target proteins in intact retinal tissue

Statistics

Results

Expression and localization of CBS, CSE, NOS1 (nNOS), NOS2 (iNOS), Hydroxynonenal
(4HNE), and acrolein were analyzed by immunohistochemistry (IHC) as described
previously (Badiei et al., 2019). Sections were stained with primary antibodies at 4 °C
overnight (Table 3), and antigen-antibody complexes were visualized with Alexa Fluor®
-conjugated secondary antibodies (Invitrogen, Thermo Fisher Scientific). For an illustration
of IHC findings, images were digitally captured approximately midpoint between the optic
disc and ora serrata using a Spot 4.0 camera with SPOT 4.0 software (SPOT Imaging,
Sterling, Heights, MI). For IHC fluorescence microscopy, the same exposures and the image
handling procedures were utilized for each set of sections representing control and mutant
retinas evaluating a specific antibody.

The fold change in MRNA expression of the target gene was calculated using the 2-AACt
method. Data are expressed as mean + standard deviation. The unpaired independent t-test,
One-way ANOVA, and Tukey’s multiple comparison tests were used for statistical analysis
using Graph Pad version 8. The experiments were performed in three samples with technical
triplicates for each sample, and the results are expressed as mean + SD. A p-value of <0.05
was considered statistically significant.

To assess the regulation of redox potential in retinal disease and its role in degeneration
mechanisms, we examined key genes and proteins belonging to the transsulfuration pathway
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and redox homeostasis interactome in three models of canine retinal degeneration (xlpra2,
rcdl, and crd2). Figure 1 provides a schematic overview of the pathways examined. Overall,
we found that CBS gene and protein levels increased during retinal degeneration while

CSE levels remained unchanged. Enhanced levels of toxic metabolites acrolein and 4AHNE
indicated increased lipid peroxidation of photoreceptors membranes, suggesting oxidative
damage to the retina. Finally, affected retinas also showed excessive NO levels and reduced
protein levels of BCL2, an anti-apoptotic protein in the mitochondrial membrane. These
results are detailed in the following sections.

CBS and CSE expression in retinal degenerative diseases

gRT-PCR analysis of retinal samples showed that CBS mRNA expression levels increased in
rcd1 and crd2 mutant retinas in the 9-14 weeks of age time period (Figure 2a). In contrast,
CSE mRNA expression in the diseased retina was comparable to that of normals (Figure
2b). The increased levels of CBS mRNA expression in rcd1 and crdr2 groups suggest
alterations in homocysteine homeostasis and the potential increase in H,S generation that
could contribute to the disease process. However, as CSE levels were comparable in normal
and diseased retinas, it suggests that the levels of GSH in normal and affected dogs would be
equivalent and would therefore not impact disease-induced alteration in redox potential.

CBS western blot analysis of the same retinal samples was evaluated to determine if diseases
impacted CBS protein expression. Results were consistent with the mMRNA expression
results and showed statistically significant increases in CBS protein expression in rcd1 and
crd2 (Figure 2c, ). A single protein band of approximately 63 kDa, corresponding to the
CBS protein, was found in normal and affected retinas (Figure 2c¢). Western blot analysis

of normal and diseased retinas for the expression of CSE protein confirmed a single-protein
band of approximately 43 kDa, but there was no disease-associated change in expression in
comparison with control samples (Figure 2d, ). These results further support the potential
that increased levels of CBS in affected retinas result in higher levels of H,S production
compared to normal retinas, while comparable levels of CSE protein expression suggest that
GSH levels are likely unchanged in mutant retinas.

To examine CBS expression during postnatal development of normal and mutant retinas,
IHC studies were performed (Table 1). In normal dogs, CBS expression was observed in the
outer segment of the photoreceptor cells, in horizontal cells, and in the ganglion cell layer
(GCL) in the fully developed retina. At the earliest time points, CBS staining was detected
only in the horizontal cells and GCL (Figure 3). These findings were consistent with our
previous study, which localized CBS using markers specific for different cell types in the
retina layers (Badiei et al., 2019). CBS expression in young normal and mutant retinas (aged
5 and 12-16 weeks) were comparable (Figure 3). In contrast, CBS expression increased in
older mutant retinas compared to normal (aged 24-48 weeks), revealing an age-dependent
increase in affected dogs. The increased CBS protein expression was most prominent in the
GCL and highest in crd2; as most photoreceptors had degenerated at this more advanced
time point, the more prominent outer segment immunolabeling characteristic of older control
retinas could not be evaluated in the mutant retinas (Figure 3).
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We next examined CSE protein expression changes in normal and mutant retinas by IHC at
the same time points (Table 1). CSE was predominantly expressed in inner retinal neurons,
especially at an older age, and there were no differences between normal and mutant retinas
at five weeks of age (Figure 4). IHC analysis showed that the intensity of CSE staining was
higher in the GCL layer in xlpra2 (age: 24-48 weeks) and rcd1 (12-16 weeks) (Figure 4).
The labeling intensity for CSE did not increase with aging in normal and affected retinas.

Alteration in the proteins and molecules involved in oxidative stress

Increased levels of NOS1 and NOS2 is an indication of increased production
of NO in retinal degenerative disease—At physiologic concentrations, NO is a
signaling molecule. However, excessive NO production under pathological conditions results
in the formation of reactive nitrogen species and neuronal cell death (Figure 1; Pathway

2). To examine the potential role of NO in these diseases, localization of neuronal NOS1
(nNOS) and inducible NOS2 (iNOS) was performed. At the earliest time points, mutant
retinas showed increased immunolabeling in the inner segment (IS) region adjacent to the
outer limiting membrane (OLM), as well as increased labeling in the GCL, particularly in
xlpra2 and rcdl1 dogs (Figure 5a). The increased NOS1 immunolabeling in the IS and OLM
region of mutants persisted at the later time points examined (Figure 5a).

IHC showed increased NOS1 expression in the outer limiting membrane (OLM) and GCL in
affected retinas compared to normal (Figure 5a). IHC results from 5-week old dogs showed
an increase in NOSL1 protein expression in the OLM of affected dogs compared to normal. In
addition, the 5 and 12-week-old xlpra2 retinas showed increased NOS1 labeling in the INL
and inner plexiform layers (Figure 5a D, E). As the immunolabeling intensity was greatest
in cells bordering the vitreal aspect of the INL, it is possible that Muller cells accounted for
the more diffuse overall labeling found in this model at the two time points. The increased
NOS1 suggests that NO production by neurons may be increased in the retinas of affected
dogs.

Western blot analysis to examine NOS1 (nNOS) protein expression in normal and mutant
retinas showed a significantly higher level of NOS1 in the xlpra2 and rcd1 retinas, with
levels of (4.4 £ 1.82) and (5.4 £ 1.53) than in the normal retina, respectively (one-way
ANOVA, p<0.0) (Figure 5b, c). Increased levels of NNOS expression in the xlpra2 and rcdl
mutant retinas again support enhanced NO production levels as a component of the disease
process.

IHC analysis of NOS2 (iNOS) in normal and mutant retinas confirmed the localization of
NOS2 to the GCL in normal retinas at the three time points examined (Figure 6a A-C). The
mutants also showed immunolabeling in the GCL but with greater intensity than controls
(Figure 6). As with NOS1, the xIpra2 and rcd1 retinas showed more intense and diffuse
labeling in the nuclear and plexiform layers (Figure 6a E, H, I); additionally, the inner
segments of the 12-16 weeks xlIpra2 retina showed enhanced labeling in the remaining inner
segments (Figure 6a E). Finally, results of gRT-PCR analysis on retina samples showed
increased levels of NOS2 mRNA expression in retinas from crd2 groups compared to
retinas from normal dogs (Figure 6b), further supporting the potential for increased NO
generation in affected animals. We were unable to show iNOS protein expression because of
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unsuccessful western blot analysis. The source of antibody used for IHC and western blot
experiments is mentioned in Table 3.

Increased levels of 4HNE in retinal degeneration—Peroxidation of PUFAs within
the cell membrane of photoreceptors results in the production of the toxic metabolite 4HNE
(Dalleau et al., 2013). This occurs downstream of NO production and generation of ROS
(Figure 1, Pathway 3). To determine if 4HNE is produced in photoreceptors, cryosections of
retinas from different age groups were labeled with an antibody against 4HNE. IHC showed
an age-related increase in 4HNE localization at the membrane of photoreceptors in the
affected dogs. In normal retinas, labeling changed from the outer segment at the age of five
weeks to the inner segment at later time points (Figure 7a and b). Specifically, the intensity
of signals was higher in the mutant photoreceptors at 12—16 weeks compared to normal
(Figure 7b B, E, H, K). IHC also showed that the intensity of 4HNE signals increased with
aging in xlpra2 and rcd1 retinas at the older time points, but not in crd2 (Figure 7b F, I, L),
likely the result of disease-associated photoreceptor loss in the latter disease.

Western blot analysis was then performed to assay for the presence of 4HNE in the retinas
of normal and diseased animals (Figure 7c). Densitometry analysis showed a significantly
higher level of 4HNE in xlpra2 and rcd1 retinas, with levels 2.55 and 2.53-fold higher than
in the normal retina, respectively (one-way ANOVA, p<0.01). Although 4HNE levels also
were increased in crd2, these were not statistically significant (Figure 7d). As indicated
above, increased levels of 4HNE in xlpra2 and rcd1 retinas suggest a high level of lipid
peroxidation and oxidative damage in these two models.

Levels of acrolein increase in affected retinas—Acrolein is another toxic metabolite
of lipid peroxidation (Figure 1, Pathway 3). To examine the localization of this molecule,
retinal cryosections were labeled with an antibody against acrolein. In normal retinas,
acrolein was mainly present in the GCL (Figure 8). At 5 weeks of age, there were no
immunolabeling differences between the normal and mutant retinas (Figure 8 D, G, J).
However, at the older time points, particularly 12-16 weeks when active degeneration was
ongoing, the intensity of the acrolein labeling increased in PR, INL, and GCL in retinas of
mutants Figure 8 E, H, K). We could not show increased levels of acrolein by western blot.
The source of antibody used for IHC and western blot experiments is mentioned in Table 3.

BCL2 expression in retinal degenerative diseases—BCL2 is an anti-apoptotic
protein in the mitochondrial membrane, and its reduced expression results in the initiation
of apoptosis. Quantitative PCR analysis of retina samples revealed increased levels of
BCL2 mRNA expression in rcdl retinas, but levels remained unchanged in crd2 and were
elevated but not significantly in xlpra2 (Figure 9a). However, western blot analysis (Figure
9b) revealed a lower level of BCL2 protein in the three retinal disease models, and these
were statistically significant for xlpra2 and crd2 (one-way ANOVA, p<0.01) (Figure 9b, c).
Decreased BcL2 expression in these retinas at an early age suggests that apoptosis initiation
in these diseases is associated with the intrinsic mitochondrial cell death pathway.
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Discussion

This study evaluated gene, and protein expression levels of TSP enzymes, NO producing
enzymes, BCL2, and as well as lipid metabolites levels as a marker for oxidative damage,
in retinas of dogs having 3 non-allelic, early-onset inherited retinal degenerations (Gardiner
et al., 2016; Goldstein et al., 2013). These proteins are key players in the TSP and redox
homeostasis interactome. Although we could not measure H,S or NO directly, we analyzed
the specific proteins involved in their production and downstream effectors.

CBS and CSE, the key enzymes of TSP, are responsible for H,S and GSH production.
Previously we showed that CBS and CSE are expressed in canine, human and non-human
primate (NHP) retinas (Badiei et al., 2019). We now report that gRT-PCR results showed
increased CBS mRNA levels in mutant retinas, and western analyses confirmed significant
increases of CBS in rcd1 and crd2 retinas, but not xlpra2. RNA-Seq data analyses of xlpra2
and rcd1 retinas published independently by our research group showed increased RNA
levels of CBS but not CSE (Sudharsan et al., 2017) in xlIpra2 and rcdl affected canine
retinas, and the current findings are consistent with this report. IHC results also showed an
increased intensity of CBS protein expression, mainly in the GCL of affected dogs compared
to normal.

CBS is one of the main enzymes that contribute to endogenous H,S production in the retina,
and its overexpression can result in increased levels of H,S. The higher concentration of HpS
is toxic and may contribute to the pathogenesis of retinal degeneration in mutant retinas.
Although H,S plays a protective role at physiological levels, it has cytotoxic impacts at
higher concentrations via inhibition of mitochondrial cytochrome C oxidase, DNA damage,
and pro-inflammatory effects (Han et al., 2019). H,S also contributes to ROS formation in

a concentration-dependent manner. H2S plays a neuroprotective role in lower concentrations
by preventing ROS generation and accumulation of lipid peroxidation products, while in
high concentrations, H,S causes ROS formation (Shefa et al., 2018). The increased levels
of CBS in this study can result in the generation of toxic levels of H,S, suggesting that the
defense systems against constitutive oxidative stress are not compatible. Increased levels of
H,S may also contribute to retinal degeneration via its role in apoptosis. It protects against
light-induced photoreceptor apoptosis by regulating Ca*2 homeostasis (Mikami et al., 2011)
but in its toxic levels, might exacerbate the progression of retinal degeneration by increasing
the cyclic nucleotide, adenosine 3°,5” cyclic monophosphate (CAMP) concentration in RPE
cells dose-dependently (Njie-Mbye et al., 2010). Increased cAMP levels can be toxic and
cause retina cell death and progression of retinal degenerative disease (Hall et al., 1993;
Traverso et al., 2002). Intracellular cyclic guanosine monophosphate (cGMP) can influence
the intracellular concentration of cAMP (Zaccolo and Movsesian, 2007). cCAMP increases
NO through activation of protein kinase A (Zhang and Hintze, 2001) and NO increase
cGMP levels while cGMP in return reduces the cAMP signals through phosphodiesterases
(Polito et al., 2013). H,S reduces cGMP levels and prevents NO-induced increase in cGMP
(Salomone et al, 2014). This activity of H,S might be related to its inhibitory effect on NO
production (Badiei et al., 2013).
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Western blot results showed increased levels of nNOS protein in the retinas of xlpra2 and
rcdl affected dogs. gRT-PCR results also showed increased NOS2 (iNOS) gene expression
levels in affected dogs aged 12-16 weeks. IHC results also confirmed increased iNOS
immunolabeling in affected retinas at the age of 12-16 weeks. iNOS-derived NO contributes
to neurodegeneration, diabetic retinopathy, and cell apoptosis, and NO overproduced by
nNOS is toxic for RGCs and mediates retina injury (Opatrilova et al., 2018; Mishra and
Newman, 2010; Sennlaub et al., 2002). As NO produced by iNOS can damage mitochondria
(Li et al., 2005; Snyder et al., 2009) and contribute to the apoptosis and sustained damage
to retina cells, the increased iINOS expression in affected retinas might play a role in retina
cell death. nNOS mediates light-induced photoreceptor apoptosis, and inhibition of nNOS
activity reduces photoreceptor apoptosis and retinal degeneration (Donovan et al., 2001).
Overproduced NO regulates BCL2 expression to trigger cell death (Snyder et al., 2009).
While gPCR results showed increased levels of BCL2 mRNA in rcd1 mutant dogs but not
in crd2 nor in xlpra2, there was a decrease of BCL2 protein levels in all three models in the
7.7-11.7-week time period. This age is immediately after the peak of cell death, at a time
when there are markedly elevated numbers of TUNEL positive cells (Genini et al.,2013;
Downs et al., 2016). The decrease in BCL2 protein suggests that increased permeability of
mitochondria membranes leads to mitochondrial dysfunction in these diseases. BCL2 plays
a key role in cell survival, and overexpression of this protein prevents neuronal cell death by
decreasing the ROS generation (Kane et al., 1993) and increasing GSH levels (Moehringer
and Meyn, 2000). GSH homeostasis is related to BCL2 expression in the retina (Park et al.,
2013), and decreased BCL2 levels in diseased retinas in this study can affect GSH redox
status.

Lipid damage and peroxidation play a key role in retinal cell death. Chronic light exposure
also promotes intense lipid peroxidation in the retina (Wiegand et al., 1983; Organisciak

et al., 1992) and induces death of photoreceptors cells via apoptosis (Hafezi et al., 1997).
4HNE, a toxic product of peroxidation of PUFAs, is considered an important marker of
oxidative stress that drives the pathology of retinal diseases (Tanito et al., 2005; Shoeb et al.,
2014). Western blot results showed increases in 4HNE production in the 3 models, and the
elevation was significant in xlpra2 and rcd1. Immunohistochemistry confirmed high 4HNE
immunofluorescence in photoreceptor cells at the 12—-16 weeks time point, but not earlier.
As high concentrations of 4HNE play a key role in inducing apoptosis (Cheng et al., 2001,
Yang et al., 2003), the increased levels of 4HNE in our study suggest that oxidative stress
and associated damage contribute to degeneration in mutant retinas.

Acrolein is another toxic product of lipid peroxidation that increases oxidative stress,
depletes GSH, and causes mitochondrial damages (Alfarhan et al., 2020). We also found
the increased intensity of acrolein immunolabeling in diseased retinas at the same time
period, 12-16 weeks, a possible indication that reduced levels of GSH and mitochondrial
dysfunction were occurring. This is consistent with previous in vitro studies showing that
acrolein treatment reduces GSH levels in RPE and Maller cells and damages mitochondria
(Murata et al., 2019; Feng et al., 2010). Both acrolein and 4HNE are detoxified in
conjunction with GSH (Zhang et al., 2010; Engle et al., 2004; Srivastava et al., 1998),
resulting in depletion of GSH (Feng et al., 2010; Jia et al., 2007), and the reduction of this
defense mechanism to protect against additional oxidative stress.
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In conclusion, our findings provide evidence that the upregulation of CBS, but not CSE, in
retinal degenerative diseases indicates a potential increase in levels of H,S and contribute
to the disease process. H,S exerts pharmacological effects on neuronal tissues and can
play a neuroprotective role in the retina through scavenging toxic products, anti-apoptotic,
antioxidant activity, and regulation of NO levels when present at low levels. However,
high levels of H,S in affected retinas can result in enhanced levels of ROS. Excessive NO
production due to increased nNOS and iNOS expression affects mitochondrial function by
reducing BCL2 and triggering apoptosis. Increased levels of 4HNE and acrolein, markers
for oxidative stress, also confirm ongoing lipid peroxidation of retinal cell membranes,
primarily photoreceptor outer segments. Further studies would inform our understanding of
the specific role of H,S in retinal degenerations and the mechanism by which H5S induces
these effects.
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. Alterations in the expression of enzymes directly involved in maintaining the
normal redox status of the retina during retinal degeneration.
. Increased levels of cystathionine B—synthase (CBS), an enzyme that produces
H,S in neurons, in retinal degeneration, but not those of cystathionine -y-
lyase (CSE), an enzyme involved in production of glutathione (GSH), an
antioxidant.
. Increased levels of H,S that are not counterbalanced by increased antioxidant

potential may contribute to disease in affected retinas.

. Decreased levels of BCL2, an anti-apoptotic protein in the mitochondrial
membrane in affected retinas with increased levels of toxic products such
as acrolein and hydroxynonenal (4HNE), together with increased levels of
NO, H,S, and ROS likely render photoreceptors susceptible to an intrinsic
apoptotic pathway involving mitochondrial membranes.
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Figure 1.
Lipid peroxidation, NO, and molecules produced by TSP enzymes affect the apoptosis

pathway in retinal degenerative diseases. Schematic representation of H,S and NO
molecules produced in retina and interaction with ROS products. Key molecules and
components of the pathway: (1) CBS and CSE are the main enzymes of TSP involved

in H,S and GSH production in the retina. Physiological level of H,S is shown to have
neuroprotective effects. (2) NO is a gaseous molecule that affects BCL2 and mitochondrial
function, and excessive NO produced in retinal degeneration is detrimental to retinal cells.
(3) The photoreceptor membrane is rich in PUFA and is vulnerable to peroxidation because
of chronic light exposure. High metabolic rate and high levels of oxygen levels result in
ROS production. Increased levels of ROS lead to the peroxidation of PUFAs. (4) Acrolein
and 4HNE are the metabolites of PUFAs peroxidation that, along with ROS, can affect
GSH and BCL2 and cause mitochondrial dysfunction. The schematic of the retina on

the top right was modified from Figure 9 of Badiei et al. Exp. Eye. Res. (2019) and

shows immunolocalization of CBS (red) and CSE (green) in retinal neurons and subcellular
compartments.
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43KDa

37KDa

gRT-PCR, western blot, densitometry analysis of CBS and CSE gene and protein expression
in normal canine control and, xlpra2, rcdl and crd2 diseases taken in 7.7-13.6 weeks of age
time window (see Table 1). CBS (a) and CSE (b) mRNA expression was normalized with
GAPDH gene and expressed as fold change. The results showed an increase in CBS but not
CSE expression in the 3 retinal disease models; CBS increase was significant in rcd1 and
crd2. CBS protein levels in the rcd1 and crd2 groups were significantly higher than normal
samples (c and e). CSE protein levels did not change in affected dogs compared to normal
dogs (d and f). The results are shown as the means + SD. The significance of difference
among groups was evaluated by a one-way ANOVA with a post hoc ‘Tukey’s test. (One-way
ANOVA, *P < 0.05).
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normal xlpra2 red1 crd2

Figure 3.
Immunohistochemistry of CBS (red fluorescence) in normal and mutant retinas of different

ages. With the progression of the disease, immunolabeling intensity increases in the GCL.
Labeling of the inner and outer plexiform layers also increases in the older rcd1 and crd2
mutant retinas. DAPI (blue) nuclear stain. Scale bar: 20 pm; PR: Photoreceptor cells, ONL:
outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer.
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-.

Figure 4.
Immunohistochemical analysis of CSE (green fluorescence) of normal and mutant retinas

of different ages. There is little change in CSE expression with age or disease. DAPI (blue)
nuclear stain. Scale bar: 20 um; PR: Photoreceptor cells, ONL: outer nuclear layer; INL:
inner nuclear layer; GCL: ganglion cell layer.
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Figure 5.

Immunohistochemical (a) western blot (b), and densitometry analysis (c) of NOS1
expression in normal and mutant retinas. (a) NOS1 expression was not detected in the
normal retina (A-C), while this protein (red fluorescence) was distinctly expressed in mutant
retinas (D-L). There is increased immunolabeling in the inner segment region adjacent to the
outer limiting membrane (OLM). There was more intense and widespread immunolabeling
of the retina in the xlpra2 retina (D, E) and rcd1 (1). DAPI (blue) nuclear stain. Scale bar:

20 um; PR: Photoreceptor cells, ONL: outer nuclear layer; INL: inner nuclear layer; GCL:
ganglion cell layer. (b) western blot analysis of retinal samples taken in 7.7-13.6 weeks

of age time window (see Table 1) with an antibody against NOS1. Equal sample loading
was determined with a GAPDH internal control. (c) Normalized NOS1 protein expression
as fold increase over normal samples. NOS1 protein levels in the xlpra2 and rcd1 retinas
were increased significantly. The results are shown as the means + SD. The significance of
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difference among groups was evaluated by a one-way ANOVA with a post hoc ‘Tukey’s test.
(One-way ANOVA, *P < 0.05).
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Figure 6.
Immunohistochemical (a) and mRNA (b) expression of NOS2 in normal and mutant retinas.

(a) At a young age, NOS2 is expressed (red fluorescence) mainly in the GCL in normal and
mutant retinas (A, D, G, J). At the time of active degeneration (E, H, K), immunolabeling
intensity increases and is more intense in the nuclear and plexiform layers. This decreases
after photoreceptor degeneration has progressed, and labeling is mainly restricted to the
GCL (F, I, L). DAPI (blue) nuclear stain. Scale bar: 20 um; PR: Photoreceptor cells, ONL:
outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer. (b) NOS2 mRNA
expression was normalized with GAPDH gene and expressed as fold change. The results
showed that there was a significant increase in NOS2 expression in crd2 groups.
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Immunohistochemical (a and b), western blot (c), and densitometry analysis (d) of 4AHNE
expression in normal and mutant retinas. Figure (a) is the full image of the retina and figure
(b) shows the higher magnification images that focus on the photoreceptors. HNE labeling
(red fluorescence) is present in the photoreceptor layer in normal and mutant retinas. Inner
segment labeling increases in intensity at the time of active degeneration (E, H, K) and
remains elevated until photoreceptor inner and outer segments are lost (L). DAPI (blue)
nuclear stain. Scale bar: 20 pm; PR: Photoreceptor cells, ONL: outer nuclear layer; INL:
inner nuclear layer. (b) western blot analysis of retinal samples taken in 7.7-13.6 weeks

of age time window (see Table 1) with an antibody against 4HNE. Equal sample loading
was determined with a GAPDH internal control. (c) Normalized 4HNE protein expression
as fold increase over normal samples. 4HNE protein levels were increased in the 3 mutant
groups and were significant in the xlpra2 and rcd1 retinas. The results are shown as the
means + SD. The significance of difference among groups was evaluated by a one-way
ANOVA with a post hoc Tukey’s test. (One-way ANOVA, *P < 0.05).
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Figure 8.
Immunohistochemical analysis of acrolein expression (red fluorescence) in normal and

mutant retinas. At the time of active degeneration, there was a retina-wide increase in
acrolein expression (E, H, K). After photoreceptor degeneration is almost completed,
intensity decreases but remains elevated in rcdl and crd2 retinas (I, L). DAPI (blue) nuclear
stain. Scale bar: 20 um; PR: Photoreceptor cells, ONL: outer nuclear layer; INL: inner
nuclear layer; GCL: ganglion cell layer.
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Figure 9.
gRT-PCR (a), western blot (b), and densitometry analysis (c) of BCL2 expression in normal

and mutant canine retinal samples taken in 7.7-13.6 weeks of age time window (see Table
1). (a) mRNA expression, normalized to GAPDH, showed increased expression in xlpra2
and rcdl, and the increase was significant in rcdl. (b, ¢) western analysis with an anti BCL2
antibody. (c) Normalized BCL2 protein expression as fold increase over normal samples
normalized with a GAPDH internal control. BCL2 protein levels are decreased in the 3
different mutant retina groups, significant in xlpra2 and crd2. The significance of difference
among groups was evaluated by a one-way ANOVA with a post hoc Tukey’s test. (One-way
ANOVA, *P < 0.05).
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Table 1.

The number, age in weeks, and the gender (Male or Female) of the animals used for this study.

Animals gPCR WB IHC

Normal 7.7-11.7 7.7-11.7 5,12 and 48
(n=3; 2F, 1IM)  (n=3; 2F, 1M) (n=3; 1F, 2M)

Xlpra2 12-12.4 12-124 5,12 and 24
(n=3; 3F) (n=3; 3F) (n=3; 3F)

red1 8.6-13.6 8.6-13.6 5, 16 and 40
(n=3; 3M) (n=3; 3M) (n=3; 1M, 2F)

crd2 8.7 8.7 6, 14 and 42

(n=3; 3M) (n=3; 3M) (n=3; 3M)

*
The retina samples used for gRT-PCR (qPCR) and western blot (WB) analysis were collected from the same dogs.
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PCR primer sequences, optimal amplification cycles, optimal annealing temperature, and product size

Table 2.

Gene
CSE

CBS

NOS2

BCL2

GAPDH

Accession num
XM_537115

ber  Primer sequence

F: 5-GCAATGGAATTCTCGTGCCG-3’
R: 5-ATGCAAAGGCCAAACTGTGC-3’

XM_014109845 F: 5-GGCTGGAAAGGTGCGGCCAT-3’

NM_001313848.1

NM_001002949.1

NM-001003142

R:5-CTTGCTGGACATGCCATTGCTG

5-ACTTCTCCTGGCTGTCTCT-3’
GGCCTACTGACTTCACTTATG-3’

F:
R: 5-
F: 5-ACTTCTCCTGGCTGTCTCT-3’

R: 5-GGCCTACTGACTTCACTTATGG-3’
F: 5

R: 5

-CTGTCGAGTCGCGTCCACCC-3
-ACATGCCGGAGCCGTTGTCG-3’

Optimal condition

40 cycles Annealing 60°C

40 cycles Annealing 60°C

40 cycles Annealing 60°

40 cycles Annealing 60°

40 cycles Annealing 60°C
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Table 3.

Antibodies used for western blot and immunohistochemistry.

Page 28

Antigen

CBS
CSE
NOS1
NOS2

4HNE

Acrolein
GAPDH
GAPDH

Antibody

Proteintech, 14787-1-AP
Proteintech, 60234-1 -1g
Proteintech, 18984-1-AP
Novus NB300-605SS

ALPHA DIAGNOSTIC
INTERNATIONAL HNE11-S

Novus NBP2-59359
Proteintech, 10494-1-AP
Proteintech, 60004-1-lg

Host

Rabbit
Mouse
Rabbit
Rabbit

Rabbit

Mouse
Rabbit

Mouse

Type

1gG Polyclonal
1gG1 Monoclonal
1gG Polyclonal
1gG Polyclonal

1gG Polyclonal

1gG1 Monoclonal
1gG Polyclonal
1gG2b Monoclonal

Immunogen species

Human
Human
Human
Mouse

Free HNE coupled
with Keyhole limpet
hemocyanin

Synthetic
Human

Human

Dilution for

1:1000
1:1000
1:1000

1:1000

1:10000
1:10000

Dilution for
IHC

1:500
1:500
1:200
1:200

1:200

1:200
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