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Purpose: Like motor neurons, retinal ganglion cells (RGCs) have long axons and high metabolic demands, making them vulnerable
to disruption of axonal transport. Unlike motor neurons, the RGC axons are accessible to high-resolution non-invasive optical imaging
in their intraocular portion. A non-invasive in vivo retinal imaging biomarker can be valuable for amyotrophic lateral sclerosis (ALS)
diagnosis and monitoring. We aim to assess the presence of inner retinal pathology in a mouse model of ALS and its possible
progression with age.

Methods: Transgenic SOD1G93A mice (n=8, 4M/4F) and age-matched controls (n=8, 4M/4F) underwent in vivo retinal imaging with
confocal scanning laser ophthalmoscopy (cSLO) coupled with optical coherence tomography (OCT) at 20 weeks of age. Another
group of SOD1G93A mice (n=20, 6M/14F) and age-matched controls (n=20, 6M/14F) underwent longitudinal in vivo retinal imaging
with the same device. Each retinal imaging session included infrared reflectance (IR) and blue reflectance (BR) cSLO coupled with
OCT. Hyperreflective puncta located in the retinal nerve fiber layer (RNFL) were counted in a blinded fashion in ALS and control
mice. The number of puncta at 20 weeks of age in ALS mice was compared with controls using Wilcoxon test. The rates of increase of
puncta number were analyzed using a Generalized Linear Mixed-Effect Model (GLMM) for genotype, time, and sex.

Results: IR-cSLO coupled with OCT revealed hyperreflective puncta located in the RNFL of ALS mice. IR-cSLO fundus imaging at
the age of 20 weeks showed ALS mice had significantly higher number of puncta compared to controls (2.142.3 vs 0.5+0.8; (mean
+SD), respectively, p=0.036). GLMM analysis showed both ALS mutation and age were significantly associated with the rate of
increase of puncta number (p=0.000232 and p=0.000366, respectively). In addition, female ALS mice had a steeper increase of puncta
compared to male ALS mice (0.21£0.04 log number puncta/week vs 0.16+0.04, respectively; p=0.037).

Conclusion: Our findings demonstrate distinct inner retinal nerve fiber layer pathology, detected using ¢cSLO coupled with OCT,
which worsens over time. These findings support the potential of retinal imaging as a translationally relevant, non-invasive biomarker
for ALS diagnosis or disease monitoring in humans.

Keywords: amyotrophic lateral sclerosis, retinal nerve fiber layer, superoxide dismutase, mouse, eye imaging, optical coherence
tomography, sex, spheroids, pathology, hyperreflective, puncta

Introduction
Amyotrophic lateral sclerosis (ALS) is an incurable and rapidly progressive neurodegenerative disease that primarily
affects the motor neurons.' ALS shows heterogeneity in its clinical features and heredity.” Clinical phenotypes with
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motor deficits vary depending on the site of onset and rate of progression.> Cognitive phenotypes and various degrees of
frontotemporal dementia are also present in up to half of ALS patients.* ALS shows marked sex-dependent differences,
with male patients having higher prevalence,” earlier onset,’ and faster progression’ than female patients.®
Approximately 10% of ALS cases have a family history; the rest occur sporadically.” Several genetic mutations have
been linked to ALS, with approximately 20% of patients with familial ALS having superoxide dismutase 1 (SODI)
mutations. '’

The heterogeneity of ALS makes diagnosis and patient management challenging and poses difficulties for clinical
trials. Therefore, the use of biomarkers is critical for both patient care and clinical trials. The current ALS biomarkers are
based on clinical examination, neuroimaging, biochemical assays of blood and cerebrospinal fluid, and
electrophysiology.'' '* There is an urgent need for additional non-invasive, repeatable, and biologically plausible
biomarkers to detect and monitor ALS phenotypes over time, to stratify patients, and to assess therapeutic responses
in clinical trials."> A promising avenue for the development of novel biomarkers is targeting the mechanisms implicated
in ALS pathogenesis and progression.

ALS involves complex pathobiological mechanisms, with disruption of axonal transport being a major
mechanism.'®!'” Axonal transport is an active process; cargoes are moved by motor proteins along microtubules between
the cell body and the axon terminal.'®'® Neurons with long axons, such as motor neurons, are particularly susceptible to
disruption of axonal transport, leading to degeneration and accumulations of cargoes in the axons.*® Axonal spheroids in
the motor neurons represent a neuropathological hallmark of ALS; they are composed of proteins such as neurofilaments
(NFs), and organelles.”' > Axonal spheroids are a potential target for developing imaging biomarkers for ALS.
However, current neuroimaging techniques, such as MRI, do not have the spatial resolution to detect the microscopic
axonal spheroids in motor neurons in the brain and spinal cord.

Clinical optical imaging modalities of the retina with higher spatial resolution enable the imaging of retinal
ganglion cell (RGC) axons that convey the visual information from the eye to the central visual centers.”* Similar
to motor neurons, RGCs have long axons® and high metabolic demands, making them susceptible to disruption of
axonal transport.”® Clinical retinal imaging modalities, such as optical coherence tomography (OCT), have been used
to assess retinal layers and blood vessels. The innermost layer, the retinal nerve fiber layer (RNFL), contains the RGC
axons and its thickness is measured to assess retinal changes in glaucoma and some neurodegenerative diseases.”’
Previous OCT studies of RNFL in ALS patients showed discordant results.”® In some cross-sectional studies,
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30 while in other studies, no differences

peripapillary RNFL was thinner in ALS group compared to control group
were detected between ALS and control groups.>'*? A follow-up study showed a correlation between peripapillary
RNFL thinning with ALS clinical severity.>® Furthermore, OCT studies of retinal vasculature described significant
vascular changes in ALS,** and some of the ocular vascular changes correlated with ALS aggressiveness.>> We have
previously identified axonal spheroids in RGC axons within the RNFL in post-mortem retina sections from sporadic
ALS patients.>® However, it is not yet known whether clinical eye imaging modalities can detect in vivo retinal
phenotypes in ALS.

In this paper, we aim to demonstrate that retinal phenotypes in ALS can be detected in vivo using clinical eye imaging
devices. Although retinal imaging findings in a mouse model of ALS may point to a potential biomarker for human ALS
diagnostics and monitoring, careful consideration of which retinal features are similar between mice and humans, and
which are different, is needed. Both mouse and human share a multilayered organization of retinas, consisting of three
cellular layers, two synaptic layers, and an axonal layer. Notably, mice have a smaller retina, fewer RGCs, and a lower
RGC density than humans.*’

We imaged the retina of ALS mice and controls with confocal scanning laser ophthalmoscope (¢SLO) coupled with
OCT. The retinal phenotyping study targeted on the RNFL containing of axons of RGCs in a widely used mouse model
of ALS, transgenic mice with a mutated human SOD/ gene (SODI1G93A4). This mouse model exhibits axonal spheroids
in motor neurons and has motor deficits similar to ALS patients.*® We hypothesize that the SOD1 ALS mouse model
exhibits a progressive retinal phenotype, marked by an increase in hyperreflective puncta over time, and that this
progression differs by sex.
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Materials and Methods

Animal Subjects and Clinical Monitoring

The study was designed in accordance with guidelines from the Association for Research in Vision and Ophthalmology
(ARVO) and was approved by the Unity Health Toronto Animal Care Committee. Transgenic mice with a mutated
human SODI gene (SOD1G934) associated with ALS*® (strain number: 004435, 2 months old, n = 28, 10M/18F), and
age-matched controls (C57BL/6J, n = 28, 10M/18F) were used (Jackson Laboratories, Bar Harbor, ME, USA). Mice
were group-housed (4 of the same sex per cage) in the Animal Care Facility of the Keenan Research Centre for
Biomedical Science, St. Michael’s Hospital, Unity Health Toronto, on a 12-hour light-dark cycle, with unrestricted access
to food and water. Body weight measurement and motor assessment were performed once a week. Motor assessment
monitoring included hindlimb extension reflex and tremor using a scoring system on a scale from 1 to 4 (1 being the
lowest and 4 being the highest rating) modified from previous studies.>**® The data collection and analysis were
performed in a blinded fashion.

In vivo Retinal Imaging

In vivo retinal imaging was performed using a ¢cSLO combined with optical coherence tomography (OCT) (Spectralis
HRA + OCT, Heidelberg Engineering Inc., Heidelberg, Germany) as previously described.*' To prevent corneal
dehydration during the imaging session performed under general anesthesia with 2% isoflurane inhalation, 1 mL of
saline (0.9% NaCl Injection, USP, Baxter Corporation, Mississauga, Canada) was injected subcutaneously (25G x 5/8”
BD Eclipse needle and BD Slip Tip Sterile Syringe) and a custom-made contact lens (BOZR 1.70, DIAM 3.20, and PWR
PLANO, Cantor and Nissel Ltd, Northamptonshire, United Kingdom) was placed on the cornea.** ¢SLO fundus imaging
modalities included Infrared Reflectance (IR, 815 nm), Blue Reflectance (BR, 486 nm), Green Reflectance (GR, 514 nm),
and autofluorescence (AF, 486 nm and 786 nm). Hyperreflective profiles were detected in ALS mice using the IR-cSLO
modality. B-scans of the OCT image of IR-hyperreflective profiles were used to determine their location within the
RNFL. Hyperreflective IR-puncta (IR-puncta), defined as IR-hyperreflective profiles localized to the RNFL, were
counted in a blinded fashion, and profiles that were not localized to the RNFL were excluded. For the first set of
experiments, the results of the retinal imaging performed at 20 weeks were used to determine if there are any differences
in retinal phenotypes between ALS (n = 8, 4M/4F) and control (n = 8, 4M/4F) mice at the later stage of the disease. For
the second set of experiments, longitudinal eye imaging of ALS (n=20, 6M/14F) and control mice (n=20, 6M/14F) was
conducted once every two weeks from 9 weeks of age to 20 weeks. The retinal imaging started in mice after 9 weeks of
age because the eye parameters relevant for eye imaging, such as axial length, lens thickness, anterior chamber depth and
corneal thickness that are important for the optics of the eye during imaging, are stable after 8 weeks.**** The last
imaging session was performed at 20 weeks of age, before advanced clinical signs. Motor signs were monitored by
tremor and hindlimb extension reflex scores for the endpoint as established by the Unity Health Toronto Animal Care
Committee for humane treatment of animal subjects. Mice were euthanized by intracardiac injection of T61 (Merck
Animal Health, Kirkland, QC, Canada) under general anesthesia as previously described.*’

Wholemount Retina Preparation and Immunofluorescence Staining

At the age of 20 weeks, ALS (n = 18, 18F) and control mice (n = 18, 18F) were euthanized by intracardiac injection of
T61 (Merck Animal Health, Kirkland, QC, Canada) under general anesthesia as previously described.*’ The eyes were
harvested and immersion-fixed in 2% PFA (Electron Microscopy Sciences, Hatfield, PA) at 4 °C for 4 hours. After
removal of the cornea, iris, and lens, the retina was detached from the eyecup.46 The retina was divided into four
quadrants with radial cuts and the quadrants were flattened.*’

Retinas underwent five washes with PBS and then permeabilized by incubation in blocking solution (10% goat serum,
0.3% Triton-X, in 1X PBS) with AffiniPure mouse Fab fragment (30 pg/mL) for 1 hour at room temperature.*® The
retinas were incubated with a primary antibody against phosphorylated neurofilaments (SMI 31, monoclonal mouse
IgGl, 1:500; BioLegend, San Diego, CA) for 48 hours at 4 °C. SMI 31 is an axonal marker that is used to identify axonal
spheroids in motor neurons®® and RGC axons in ALS patients.*® After washes with PBS, the retinas were incubated in
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secondary antibodies with Alexa-Fluor 647 goat anti-mouse IgG (H+L) (1:1000; Thermo Fisher Scientific, Waltham,
MA) for 2 hours at room temperature. After the final rinse in PBS, the retinas were mounted on slides with the inner
surface of the retina facing up using a fluorescent mounting medium (Dako, North America, Inc., Carpinteria, CA).
Negative controls were obtained by omitting the primary antibody. The wholemount retinas were imaged using
a confocal microscope (LSM900, Zeiss Canada Inc., Toronto, Ontario) with a 63X objective lens (0.5% laser power,
880 gain, z-stacks at 0.2 pum intervals).

Statistical Analysis

The number of puncta at 20 weeks of age in ALS mice was compared with controls using Wilcoxon test. Power analysis
of the Wilcoxon Rank Sum Test, used to compare ALS and control mice of the first set of experiments at the age of
20 weeks, was performed using the pwrss package in RStudio (Version 2022.07.1),*° yielding an 83.9% power (95%
Confidence Interval (CI): 80.2%- 87.6%).

The number of IR-puncta in both eyes for each mouse over time was analyzed using a Generalized Linear Mixed-
Effect Model (GLMM) using RStudio (Version 2022.07.1).>° The rate of change between the groups was compared on
the log scale using the model. The model incorporated the IR-puncta as the dependent variable and time, genotype, sex,
and clinical motor scoring adapted from Hatzipetros et al* as independent variables. Power analysis of the GLMM used
for the second set of longitudinal experiments was performed using the SIMR package to evaluate the model’s ability to
detect the main effects,’’ showing an 88% power (95% Confidence Interval (CI): 83.69-93.47) for genotype, 86% power
(CI: 82.36-90.28) for time, and 83% power (CI: 78.25-87.58) for sex.

Results

Pathology in the Retinal Nerve Fiber Layer (RNFL)

IR-cSLO was used to image in vivo the fundus of 9-week-old age-matched controls (Figure 1A) and ALS (Figure 1B).
IR-cSLO showed hyperreflective profiles in the fundus of ALS mice (Figure 1B). OCT B-scan revealed these profiles
were localized to the RNFL (Figure 1C). Henceforth, hyperreflective profiles localized to the RNFL are referred to as IR-
puncta. Hyperreflective puncta could not be visualized using BR-cSLO and GR-cSLO AF fundus imaging. In vivo retinal
imaging of the first set of experiment at the age of 20 weeks, revealed significantly higher number of IR-puncta in ALS
mice (n=8, 4M/4F) compared to controls (n=8, 4M/4F) (2.1 £ 2.3 vs 0.5 £ 0.8, respectively, mean + SD, p = 0.036,
Wilcoxon Rank Sum Test) (Figure 2).

Pathology by Age and Sex

Longitudinal in vivo eye imaging was performed at multiple ages, from 9 to 20 weeks, to determine retinal changes over
time. Fundus imaging showed that additional ALS IR-puncta appeared over time (Figure 3A). In both control and ALS
mice, IR-puncta could be detected in 1 or both eyes. By monitoring the IR-puncta over time, we determined that they
were stationary and could be tracked throughout the imaging sessions (Figure 3A and B). In the second set of
experiments, at the age of 20 weeks, fundus imaging detected IR-puncta in 15 out of 20 ALS mice and 6 out of 20
control mice. Out of the 20 ALS mice, 14 had a higher count of IR-puncta at 20 weeks compared to 8 weeks of age. In
contrast, an increase in the IR-puncta count over the same period was observed in 4 of the 20 control mice. Statistical
analysis with GLMM showed that the ALS mutation was significantly associated with IR-puncta development (p =
0.000232). Moreover, the increase in the number of IR-puncta in ALS was significantly associated with age (p =
0.000366). Slope analysis with GLMM showed that the rate of increase of puncta was significantly different between
ALS and control mice (0.17 + 0.02 vs 0.08 £ 0.03 log number puncta/week, respectively, p = 0.028). Furthermore, slope
analysis of the longitudinal in vivo retinal imaging showed significant increases in rate of IR-puncta increase in both
sexes, when comparing ALS females to control females (0.21 + 0.04 vs 0.08 + 0.04 log number puncta/week,
respectively, p = 0.006) (Figure 4 left panel) and ALS males to control males (0.16 + 0.04 vs 0.09 + 0.05 log number
puncta/week, respectively, p = 0.039) (Figure 4 right panel). In addition, slope analysis with GLMM showed that the
increase in IR-puncta over time was significantly steeper in ALS females compared to ALS males (0.21 + 0.04 vs 0.16 £
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Figure | Retinal Pathology in ALS. IR-cSLO imaging of the right fundus of a female mouse at 9 weeks (A) showed hyperreflective puncta (B). OCT B-scan (green arrow)
localized puncta (white arrows) to the retinal nerve fiber layer. Puncta were distinguishable from blood vessels by being more hyperreflective (C) Calibration bars, 200 pm.
Abbreviations: IR, infrared reflectance; cSLO, confocal scanning laser ophthalmoscopy; OCT, optical coherence tomography.
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Figure 2 Number of IR-Puncta at 20 weeks. Boxplot of number of puncta at 20 weeks. In the first set of experiments, ALS mice (n = 8, 4M/4F, red) showed significantly
more puncta compared to controls (n=8, 4M/4F, green) at 20 weeks (2.1 * 2.3 vs 0.5 + 0.8 puncta, respectively, mean * SD, p = 0.036, Wilcoxon Rank Sum Test). *p < 0.05.
The horizontal line within each box represents the median; the box shows the interquartile range (IQR); whiskers indicate the range excluding outliers.
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Figure 3 Retinal Pathology with Age. (A) Longitudinal IR-cSLO imaging of the left fundus of a female control and ALS mouse at 9, 13, and |7 weeks showed hyperreflective
puncta increase in number. (B) Plot showing the puncta number of an ALS (red) and control mouse (blue) over time. Calibration bars, 200 pm.
Abbreviations: IR, infrared reflectance; cSLO, confocal scanning laser ophthalmoscopy; RNFL, retinal nerve fiber layer.
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Figure 4 Retinal Pathology by Sex. In the second set of experiments, the rate of puncta increase over time was significant in female ALS (0.21 + 0.04 vs 0.08 + 0.04 log
number puncta/week, respectively, p = 0.006, left panel) and male ALS mice (0.16 + 0.04 vs 0.09 £ 0.05 log number puncta/week, respectively, p = 0.039, right panel). Analysis
with GLMM revealed that the interaction between genotype and sex over time was significant (p = 0.029). **p < 0.0/, *p < 0.05.

0.04 log number puncta/week, respectively, p = 0.037). Control females and males showed slopes of 0.08 + 0.04 and 0.09
+ 0.05, respectively (p = 0.88). The rate of increase of IR-puncta did not correlate with progression of motor signs based
on tremor or hindlimb extension reflex assessment (p = 0.071 and p = 0.367, respectively, GLMM).

ALS Axonal Spheroids in RGC Axons
Wholemount retinas of 20-week-old ALS (n = 18, 18F) and control mice (n = 18, 18F) were dissected and immunos-
tained for P-NF, an axonal marker (Figure 5). P-NF immunofluorescence staining revealed RGC axons with a relatively
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Control ALS

Figure 5 Axonal spheroids in ALS retinal ganglion axons. Immunofluorescence staining for phosphorylated neurofilament (P-NF) of the wholemount retina of a female
control mouse at the age of 20 weeks (A) showed retinal ganglion cell axons. Wholemount retina of a female ALS mouse at 20 weeks (B) showed P-NF+ axonal spheroids
(white arrows) in retinal ganglion cell axons in RNFL. P-NF, phosphorylated neurofilament; Calibration bars, 20 ym.

constant thickness along their length in the RNFL (Figure 5A). RGC axons of ALS retinas showed focal thickenings that
were positive for P-NF (Figure 5B). In addition, these axons exhibited multiple P-NF-positive axonal spheroids along the
same axon (Figure 5B). Accumulation of phosphorylated neurofilament in axonal spheroids, pointed to alteration of
axonal transport in the RGCs and axonal pathology.

Discussion
The present study is the first to determine the presence of an in vivo retinal phenotype in the RNFL in a mouse model of
ALS. While previous studies have provided insights into changes in thickness of RNFL and retinal vessels in ALS, our
identification of discrete hyperreflective puncta within the RNFL represents a novel retinal feature that can be detected
and tracked longitudinally in vivo using cSLO coupled with OCT. This finding adds a new dimension to characterize
retinal changes in ALS and may offer complementary value to existing structural measures.?® This longitudinal in vivo
eye imaging study showed inner retinal pathology increased with age in ALS mice. Furthermore, females were found to
progress faster. We were also able to demonstrate the presence of axonal spheroids in the RGC axons of ALS mice,
indicative of axonal transport pathology, as seen in post-mortem retinas of patients with ALS.*

Most previous OCT studies in ALS have focused on assessing retinal layer thickness, particularly the RNFL, with

2830 with one study

mixed findings. Some reported thinning of the macular and peripapillary RNFL in ALS patients,
noting a correlation between RNFL thinning and clinical severity.>> However, other studies found no significant
differences in RNFL thickness between ALS and control groups.*'*? Additionally, a small number of studies have
described alterations in retinal vasculature, such as increased outer wall thickness of retinal vessels, suggesting broader
retinal involvement beyond neural structures.>* The results of these cross-sectional studies may differ due to ALS
phenotypes and disease severity, age, sex, and ethnicityas variations in RNFL thickness among individuals based on age,
sex, and race has been described.>* Measurements of the thickness of retinal layers and retinal vessels require manual
or computer-based segmentation, which may also be challenging. Furthermore, the number of OCT studies investigating
RNFL changes over time is limited. Building upon this body of work, our study identifies discrete hyperreflective puncta
in the RNFL—detectable longitudinally in vivo using ¢SLO combined with OCT—as a novel and progressive retinal
feature in ALS. The hyperreflective puncta observed in this study are relatively easier to count and may offer a more
accessible and repeatable approach for monitoring retinal phenotypes over time in ALS.

Our study benefits from evaluating IR-puncta longitudinally and demonstrating the progressive nature of this ALS
retinal phenotype. The progression of IR-puncta may be a relevant biomarker for assessing retinal phenotype and
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monitoring the progression of ALS patients. This novel approach offers complementary insights beyond layer thickness
or vascular morphology and may enhance the resolution at which subtle retinal pathology can be monitored over time.

Although IR-puncta are located in the RNFL that contains the RGC axons, molecular and cellular components forming the
ALS IR-puncta are not yet known. Previously, we detected RNFL pathology and presence of neurofilament-positive axonal
spheroids in the post-mortem retina of ALS patients.*® This finding demonstrates that axonal transport pathology in ALS is not
limited to motor neurons. In the SOD1 model used in this study, neurofilament-positive axonal spheroids were described in spinal
motor neurons.' >* Future studies with molecular markers are needed to determine the exact nature of these lesions detectable by
imaging.

The sex-dependent progression noted in this study is not inconsistent with reports in which ALS patients showed sex-
dependent differences in susceptibility, progression, and motor neuron pathology. For instance, men show higher
prevalence, earlier age of onset, and higher white matter tract integrity in the brainstem and cerebellum.’> Male
SOD1G93A mice have elevated aggregation of SODI in spinal cord, higher excitotoxicity, and earlier onset of motor
symptoms compared to female ALS mice.’® >’ Moreover, female and male mice show different antioxidant response to
lipid peroxidation, which is observed in ALS, as they age.®” In addition, sex hormones seem to have divergent roles in
males (detrimental)®' versus females (protective) as suggested by studies in mouse models of the disease.®%*"%° Studying
the role of sex hormones and other mechanisms underlying sex-dependent differences in the retinal phenotype, along
with other phenotypes in ALS mice,’® may be helpful in understanding the pathobiology of ALS.

The hyperphosphorylation of NFs in ALS is associated with slowed NF transport and leads to axonal transport alteration.®’
Therefore, the presence of P-NF-positive axonal spheroids in the RGC axons suggests that axonal transport alteration in an ALS
mouse model can also occur in the long RGC axons in the RNFL. The presence of P-NF-positive axonal spheroids in the retina of
SODI1 transgenic mice described in the present study is in keeping with the presence of similar axonal spheroids in the RNFL in
post-mortem retina sections from ALS patients.*® Furthermore, it suggests some of the hyperreflective puncta detected in vivo in
the RFNL with cSLO-coupled OCT may correspond to axonal spheroids observed in wholemount ALS retinas.

Other histological changes in the retina of ALS mice have been previously described. A study in the same ALS model
described a significant decrease in the total density of Brn3a+ RGCs in 4-month-old SOD1G93A B6.Cg.-Tg(SOD1*G93A)
1Gur/J mice compared to controls.®® In another ALS mouse model with an ALS-associated mutation of UBQLN2P497H gene,
ubiquilin2-positive aggregates were detected in the ganglion cell layer, inner plexiform layer, and outer nuclear layer.>° As
specific constituents of IR-puncta are currently unknown, future 3-D correlative histopathological validation studies using

16.22 511 serial sections

other molecular markers for lysosomes and mitochondria, established components of axonal spheroids,
of the retina, are needed to determine the constituents of these hyperreflective puncta in ALS mice.

The limitations of this study include the lack of direct histological validation of the hyperreflective puncta, absence of
comprehensive visual and motor assessments, and reliance on a single animal model. While the retinas of mouse models
are valuable for studying the retinal changes in ALS, limitations in translatability include thinner retina, and lower
number of RGCs compared to human retina.’”-*” Furthermore, SODI, the gene mutated in the mouse model used in this
study, represents approximately 2% of the ALS population, warranting additional studies with other common ALS
mutations, such as C90rf72 and TDP-43.%7%"" Finally, pilot clinical studies in ALS patients with SOD/ mutations may
be initiated to assess the potential clinical translation.

Another limitation of this work is the absence of functional visual and comprehensive motor assessments. Future
studies may incorporate optomotor response’” and electroretinogram’> to correlate an increase in puncta with potential
visual function changes. Additionally, longitudinal comprehensive motor ® and cognitive’* assessments may inform how
this progressive retinal phenotype correlates with progression of the disease.'''® Inclusion of measures of disease
severity may provide additional insight into the relationship between IR-puncta and disease progression, enhancing
their potential applicability for clinical studies and trials.

Our findings support the primary objective of identifying a non-invasive biomarker that is progressive and sex-dependent for
ALS in a mouse model. Longitudinal eye imaging using cSLO coupled with OCT can supplement existing ocular imaging studies
to monitor a retinal phenotype. The ability to detect and monitor this retinal phenotype using FDA-approved, widely available
ophthalmic imaging technologies (such as cSLO and OCT) highlights its strong potential for clinical translation. These findings
lay the groundwork for future clinical studies aimed at validating retinal hyperreflective puncta as non-invasive biomarkers for
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ALS diagnosis, patient stratification, and longitudinal monitoring of disease progression. Moreover, retinal imaging could offer
a practical tool for evaluating therapeutic response in ALS clinical trials, complementing existing biomarkers and neurological
assessments.

Conclusion

Longitudinal in vivo imaging in ALS mice revealed a discrete retinal biomarker, IR-hyperreflective puncta in the RNFL,
that is progressive, and its progression was sex-dependent. Histological evaluation of retina in the ALS mice at the age of
20 weeks also showed P-NF-positive axonal spheroids, similar to those seen in ALS patients®® suggesting the axonal
transport pathology in RGCs in ALS. Despite anatomical differences between species, RGCs are similarly vulnerable to
neurodegeneration in both mice and humans, suggesting that these findings could point to shared mechanisms of axonal
dysfunction in ALS. Although these results are promising for the development of retinal imaging biomarkers in ALS,
their validation in clinical studies in ALS patients is necessary.
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