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Abstract

Our objective was to present clinicopathologic evidence of anterior visual pathway involvement in
patients with amyotrophic lateral sclerosis (ALS) secondary to a C9orf72 mutation. Two related
patients from an extended pedigree with ALS and GGGGCC hexanucleotide repeat expansion in
the C9orf72 gene (C9-ALS) underwent neuro-ophthalmologic examination. Following death and
tissue donation of the younger ALS patient, histopathologic examination of the retina, optic nerve
and central nervous system (CNS) was performed. Ophthalmologic examination revealed contrast
sensitivity impairment in the younger C9-ALS patient. Immunohistochemistry performed on this
patient’s donor tissue demonstrated p62-positive, pTDP43-negative perinuclear inclusions in the
inner nuclear layer of the retina and CNS. Further colocalization with GLT-1 and recoverin
suggested that the majority of retinal p62-positive inclusions are found within cone bipolar cells as
well as some amacrine and horizontal cells. In conclusion, this is the first report that identifies
disease-specific pathologic inclusions in the anterior visual pathway of a patient with a C9orf72
mutation. Cone bipolar cell involvement within the inner nuclear layer of the retina may explain
the observed subtle visual function deficiencies in this patient. Further clinical and histopathologic
studies are needed to fully characterize a larger population of C9-ALS patients and explore these
findings in other forms of ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized clinically
by progressive muscle weakness, muscle wasting and paralysis that is ultimately fatal, most
often as the result of respiratory failure (1). ALS is primarily motor neuron degeneration;
however, cognitive, extrapyramidal and neuropathic manifestations have been recognized in
a minority of cases. Most of such cases have a family history of ALS with Parkinsonism
and/or dementia and the causative mutations identified are in FUS, UBQLNZ2, TDP43 and
most recently, in C9orf72 (2,3). In ALS, there may be overlapping pathology with certain
forms of frontotemporal lobar degeneration (FTD), which has led to the appreciation that
ALS and some forms of FTD are traits of a disease spectrum (4). The ALS/FTD patient
usually has intracellular deposits positive for ubiquitin/p62, ubiquilin-2 and p-TDP43 (5,6).

Oculomotor changes that have been described in ALS patients include supranuclear gaze
palsy, gaze fixation instability (7), increased saccadic latency (8-11), smooth pursuit
impairment (11,12), diminished Bell’s phenomenon (13) and eyelid apraxia (14,15). These
abnormalities have been attributed to involvement of supranuclear ocular motor pathways.
In patients with advanced disease, clinical and pathologic involvement of oculomotor,
abducens and trochlear nuclei has been described (16). Recently, binocular high and low
contrast vision deficits were also demonstrated in a representative ALS cohort (15). The
pathophysiological basis for these visual deficits has not been elucidated. Decreased event-
related cortical potentials and decreased functional MRI activity in secondary vision areas in
response to visual stimuli suggest higher order processing deficits, but do not account for
decreased visual acuity (17-19). A cross-sectional study of retinal ganglion cell layer
thickness in subjects with spinal-onset ALS did not show abnormalities (20). To date, there
have been no reports of structural abnormalities of the retina or anterior visual pathway in
association with ALS, whether in post mortem studies or in vivo.

An autosomal dominant form of ALS and FTD linked to chromosome 9p 13-22 (21) related
to GGGGCC hexanucleotide repeat expansion in intron 1 of the C9orf72 gene has recently
been identified as the most common pathologic mutation in familial and sporadic ALS/FTD
as well as in familial ALS and familial FTD (22,23). On autopsy, multiple unique pathologic
features have been identified in C9-ALS/FTD (24-27). Star and dot-shaped p62 and
ubiquilin-2-positive, pTDP43-negative neuronal cytoplasmic and intranuclear inclusions in
the hippocampus and neocortex are abundant in C9orf72 mutation carriers (C9-ALS/FTD)
but absent in ALS/FTD without this mutation (24-26). In addition, a unique feature is dot-
like inclusions in the cerebellum that are immunoreactive to p62. These characteristic
inclusions also contain poly-(Gly-Ala), poly-(Gly-Pro), and poly-(Gly-Arg) dipeptide repeat
proteins, likely formed from non-conventional, non-ATG initiated translation of the
expanded hexanucleotide repeat (26,28). The potential contribution of dipeptide repeat
protein inclusions to disease pathogenesis remains controversial. While these inclusions are
considered by some to be pathological (28), a recent study by Mackenzie et al. has suggested
they may be protective, as these aggregates could sequester the more toxic soluble dipeptide
proteins (29).
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In this study, we describe detailed clinicopathologic studies of the eye and brain in a patient
diagnosed with familial ALS carrying a C9orf72 mutation, as well as functional and clinical
ocular examination of the patient’s first cousin, also diagnosed with C9-ALS.

This research was approved by the institutional review boards of Northwestern University
and University of Illinois at Chicago; informed consent was obtained from patients prior to
enrollment in this study.

Clinical neurologic exam of lllI-1 and IlI-5: Pedigree Figure 1

The patient (111-1) was the ninth member of a four-generation family to become affected
with ALS, FTD or both. I11-1 presented at age 49 years with bilateral hand weakness and
atrophy, hyperreflexia in all limbs, and EMG changes consistent with probable ALS by the
El Escorial criteria, and died of respiratory failure 42 months after symptom onset.

The patient’s first cousin, 111-5, presented at age 54 years with bilateral upper extremity
weakness, hand atrophy, right leg weakness, hand and thigh cramping, brisk reflexes in the
upper extremities, decreased right ankle jerk, and easy fatigability, consistent with probable
ALS by the EI Escorial criteria. A diaphragm pacer was placed 26 months after symptom
onset, and now, 36 months after onset, the patient requires non-invasive ventilation and total
care.

Neither patient demonstrated any clinical evidence of cognitive or behavioral impairment,
although other members of the extended family (IV-1 and I11-8) were cognitively impaired.

Genetic analysis of llI-1 and IlI-5

As previously described (22,25,30), repeat-primed PCR was used to qualitatively identify
C90rf72 (G4C») repeat expansion mutations. Genomic DNA (40 ng) was used as a template
and was mixed with 10% PCR buffer supplemented with 15 MM MgCl, (Qiagen), 20% Q-
solution (Qiagen), 0.2 mM dNTP3 mix, 0.2 mM 7-deaza dGTP (Affymetrix), 0.7 uM D4-
flourescent labeled forward primer, 0.07 uM reverse primer consisting of three (G4C»)
repeats and an anchor tail, 0.07 uM anchor primer corresponding to the anchor tail of the
reverse primer, and 0.01 U/ul Tag DNA polymerase (Qiagen). The final PCR reaction
volume was adjusted to 10 pl with deionized H,O. Using DNA Engine Dyad™ Peltier
Thermal Cycler, a touchdown PCR cycling program was set where the annealing
temperature was incrementally lowered from 70°C to 56°C with an 8-min extension time for
each cycle. The resulting PCR product was then precipitated using ice-cold 100% ethanol,
washed twice with 70% ethanol, and the resulting DNA pellet was air-dried, re-suspended in
40 ul foramide solution (Beckman Coulter) and mixed with 0.2 ul GenomeLabs Size
Standard-600 (Beckman Coulter). Fragment length analysis was performed on a Beckman
Coulter CEQ8000 Genetic Analysis System.
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Primer Sequences:

Primer  Sequence (5 — 3)

Forward D4-CAACCGCAGCCTGTAGCAAGCTCTGGAAC
Reverse CAGGAAACAGCTCTGACCCCCCGGCCCCGGCCCCGG
Anchor CAGGAAACAGCTATGACC

The patient’s and the cousin’s samples contained well over 30 repeats (Figure 2).

Clinical and functional ophthalmologic exam llI-1 and 11I-5: Table |

I11-1 underwent a complete neuro-ophthalmologic exam including best-corrected visual
acuity, contrast sensitivity, color vision testing, pupil exam and ocular motility exam.

The visual function questionnaire-25 (VFQ-25) (31), a 25-item validated questionnaire that
assesses vision specific quality of life was self-administered by the subject. This exam was
performed approximately 30 months after onset of ALS symptoms.

I11-5 underwent similar examination, except for color vision testing using L’anthony
Desaturated-15 color vision test. Color confusion index (C-index) was determined for each
eye by inputting participant responses into a web-based application available at http://
www.univie.ac.at/\VVergl-Physiologie/colortest/colortestF-en.html. A C-index value of 1.78
or higher was considered abnormal, as described by Vingrys and King-Smith (32).

Ocular tissue processing

The right globe and retrobulbar optic nerve were obtained at autopsy from I11-1. An age-
matched 55-years-old control donor eye was obtained from the Illinois Eye Bank. Globes
were fixed in 10% neutral buffered formalin for at least 24 h. The optic nerves were
sectioned 2 mm behind the globe. Eyes were sectioned along the nasal-temporal plane, with
the macular region embedded separately. Blocks were embedded into paraffin wax and
cross-sections obtained at a thickness of 7 pm.

Hematoxylin and eosin (H + E) was used for general morphometric studies of retinal and
optic nerve cross-sections.

Immunohistochemistry

Following rehydration and antigen retrieval as described in detail in a previous study (33),
sections were blocked in TBS solution containing 1% BSA and 10% donkey serum for 2 h.
Retinal and nerve tissue was then incubated in various primary antibodies at appropriate
dilutions overnight at 4°C followed by 1-h incubation at room temperature in various
secondary antibodies or 30-s incubation in SIGMAFAST 3,3’-diaminobenzadine (DAB)
solution (Sigma-Aldrich, St. Louis, MO, USA).

Retinal antibodies included mouse monoclonal anti-ubiquilin2 C-terminus antibody (1:1000,
Novus Biologicals, Littleton, CO, USA), mouse monoclonal anti-p62 antibody (1:250,
Abnova Coporation, Taipei, Taiwan), rabbit polyclonal anti- phosphorylated TDP-43

Amyotroph Lateral Scler Frontotemporal Degener. Author manuscript; available in PMC 2015 December 01.


http://www.univie.ac.at/Vergl-Physiologie/colortest/colortestF-en.html
http://www.univie.ac.at/Vergl-Physiologie/colortest/colortestF-en.html

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

FAWZI et al.

Page 5

antibody (1:2000, Cosmo Bio Co, LTD, Tokyo, Japan), rabbit polyclonal anti-ubiquitin
antibody (1:200, Proteintech, Chicago, IL, USA), rabbit polyclonal anti-GLT-1 n-terminal
(1:10, Novus Biologicals, Littleton, CO, USA), rabbit polyclonal anti-recoverin (1:500.
AB5585, Millipore, Billerica, MA, USA). Optic nerve antibodies included HSP-conjugated
anti-Myelin Basic Protein (MBP), p62, and phosphorylated TDP-43. The rabbit anti-
C9orf72 (poly-GA)n antibody (1:500) was prepared as follows: a polypeptide of 18 amino
acids with Gly-Ala repeats (NH2-GAGAGAGAGAGAGA-GAGA-COOH) was synthesized
and was used as an antigen. The antibody was raised in two rabbits. The antiserum was
affinity-purified for our studies. Secondary antibodies included Alexa Fluor 488 donkey
polyclonal anti-mouse 19gG H&L antibody (1:500, Abcam, Cambridge, MA, USA), and
Alexa Fluor 594 donkey polyclonal anti-rabbit IgG H&L antibody (1:500, Abcam,
Cambridge, MA, USA). Antibodies used for brain and spinal cord included rabbit polyclonal
phosphoTDP-43 (pS409/410-2) (1:5000, CosmoBio Co., Ltd. Carlshbad, CA, USA) and
monoclonal p62 (anti-SQSTM1 MO01, clone 2C11) (1:750, Abnova, Walnut, CA, USA).

Stained tissues were then treated for autofluorescence for 20 min in 0.1% Sudan Black
solution (34) and coverslipped with ProLong-DAPI mounting medium (Life Technologies,
Carlsbad, CA, USA).

Microscopy and retinal morphometric analysis

Results

For morphometric cross-sectional comparisons of the macula, we measured total retinal
thickness from the anterior side of the retinal nerve fiber layer to the posterior side of the
retinal pigment epithelium, and inner nuclear layer (INL) thicknesses using the distance
distance_hetween_ polylines.java plug-in for imageJ software (NIH, Bethesda, MD) to
calculate an INL/total retina ratio. Using H&E stained macular sections, two reviewers
independently measured INL thickness at three sites in the macula, about 1.5 mm temporal
to the optic nerve, in order to generate the ratio of average INL to total retina thickness.

Single plane fluorescence and brightfield images were taken using a Nikon Eclipse 80
inverted microscope (Nikon Instruments Inc, Melville, NY, USA). Differential interference
contrast (DIC) and confocal images were captured and analyzed using a Zeiss LSM 510
META laser scanning confocal microscope (Carl Zeiss Meditec, GmbH, Hamburg,
Germany).

Clinical ophthalmologic examination and imaging findings

[lI-1 (Table I)—At the time of the exam, the patient was 51 years of age and had an
ALSFRS score of 44, with signs of motor neuron disease restricted to the limbs. The patient
had normal high contrast best-corrected vision and evidence of binocular summation with
more letters identified during binocular than during monocular testing (35). Pelli-Robson
contrast sensitivity was impaired more than 2 SDs below published normative data (36).
Examination of color vision, ocular motility and pupils was normal. Vision-specific quality
of life was not impaired.
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I1I-5 ophthalmologic exam was grossly normal (Table 1)—The patient had normal
high-contrast and normal binocular low-contrast best-corrected vision. Interestingly, this
subject had one or less transformation of adjacent hues in the L’anthony Desaturated 15
color vision test, consistent with borderline normal change OD, and normal color vision OS.

Retinal and optic nerve morphometry and immunohistochemistry (IlI-1)

Immunofluorescent labeling demonstrated abundant dot and semi-lunar shaped p62-positive
cytoplasmic inclusions that were almost exclusively localized to the inner nuclear layer
(INL) in the macula and peripheral retina (Figure 3A-F). On DIC imaging, most p62-
positive inclusions were found in a perinuclear location and were seen at all levels of the
INL, with rare inclusions seen in the inner plexiform and ganglion cell layer (Figure 3J-K).
No p62 + inclusions were seen in the control retina (Figure 3G-I).

The (poly-GA), dipeptide repeat colocalized with p62 to a high degree (Figure 4A-C).
Additionally, these p62-positive inclusions were also immunoreactive for ubiquitin (Figure
4G-I), with a relative preponderance of p62 + compared to ubiquitin immunostaining.

We found no evidence of C-terminal ubiquilin-2 immunostaining in the retina, specifically
none of the cells with p62 + inclusions had any staining (Figure 5A-C). Further, we did not
find any p-TDP-43 immunostaining in the C9 retina (Figure 5G-I).

In order to explore the cellular identity of p62-positive cells in the INL, we used GLT-1
antibody (n-terminal), which labels flat midget and DB2 bipolar cells as well as a
subpopulation of retinal amacrine and cone photoreceptor cells (37). We found that p62-
positive inclusions were mostly found in GLT-1 positive cells. Based on their morphology
and localization within INL, these GLT-1+, p62 + cells included bipolar cells as well as
other GLT-1 positive neurons within the INL (data not shown). In order to quantify the
percentage of GLT-1 cells that are P62+, we used ImageJ software cell-counter plug in to
analyze the number of P62 + deposits, GLT1 + cells, and their colocalization in five retinal
cross-sections (three macular and two peripheral sections). We found that an average of 40%
of GLTL1 + cells contained P62 + inclusions. Since these were confocal imaging slices (not
z-stacks), 50% of P62 + inclusions were not in the imaging plane, and could not be verified
to be within GLT1 + cells. We performed further immunostaining using recoverin, an
antibody against calcium-binding protein, which is specific to photoreceptors and cone
midget bipolar cells. Our goal was to confirm the colocalization of p62 deposits within these
cells. Figure 6A—F shows colocalization of p62 within cell bodies of recoverin
immunostained cells within the INL of the macula, further confirming the nature of these
cells as cone midget bipolars.

H&E staining of the retina revealed normal architecture compared to control eye (Figure 7).
The average macular INL to total retinal thickness ratio at this site was 0.163 in the affected
retina and 0.177 in the control retina.

MBP staining of the optic nerve showed normal morphology and no focal myelin loss
compared to control (Figure 8). We found neither p62 + nor pTDP deposits of the optic
nerve on immunostaining (data not shown).
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Brain and spinal cord pathology (IlI-1)

The unfixed brain weighed 1380 g. Gross examination revealed no cortical, hippocampal, or
caudate atrophy, mild spinal cord atrophy, moderate pallor of the substantia nigra, and no
atrophy of the cerebellum. Microscopic examination of H&E sections revealed minimal to
mild rarefaction of corticospinal tracts (CSTs) in motor subcortical white matter, internal
capsule, cerebral peduncle, basis pontis, medullary pyramids, and ventral and lateral spinal
CSTs. There was no appreciable neuronal loss in motor cortex, but in brainstem and spinal
cord, neuronal loss and gliosis was moderate in the hypoglossal nucleus and severe in
cervical, thoracic, and lumbar anterior horns. There was severe atrophy and degeneration of
the ventral nerve roots but not the dorsal nerve roots. Bunina bodies were moderate in the
hypoglossal nucleus and mild in cervical and lumbar anterior horn neurons.

TDP-43-positive skein-like inclusions were frequent in the hypoglossal nucleus, moderate in
lumbar anterior horn neurons, and sparse in cervical and thoracic anterior horns. TDP-43-
positive Lewy-like bodies were sparse in hypoglossal nucleus and lumbar anterior horn
neurons (Figure 9). There were no TDP-43-positive inclusions in the neocortex or
hippocampal dentate gyrus to suggest concomitant FTLD-TDP. Immunostaining with p62
highlighted dot-like perinuclear cytoplasmic inclusions in the cerebellar granular layer
(Figure 10A), ‘star-shaped’ inclusions in the hippocampal pyramidal layer in the CA2-4
region (Figure 10B) and frontal cortex pyramidal neurons, as well as dot-like cytoplasmic
inclusion in the hippocampal dentate gyrus (Figure 10C) that are specific to brains from
patients with C9orf72 hexanucleotide repeat expansion. Histologic sections of optic chiasm
(including pre-chiasmatic optic nerve), lateral geniculate body, superior colliculus, optic
radiations, and visual cortex revealed no microscopic abnormality on H&E sections and
there were no TDP-43 immunolabeled inclusions in any of these sections. p62 immunostains
of visual cortex showed small cytoplasmic inclusions in granular neurons and larger
inclusions, including star-shaped inclusions, in pyramidal neurons, as has been reported
(29). There were no p62 immunolabeled inclusions in any other visual-related regions. In
summary, the pathology was consistent with ALS, LMN predominant, without FTLD-TDP,
and with p62-positive/TDP-43-negative inclusions consistent with C9orf72 hexanucleotide
repeat expansion.

Discussion

This is the first report that identifies disease-specific inclusions associated with ALS/FTD in
the retinal tissue of a patient with a C9orf72 mutation. Furthermore, we report the
corresponding ocular functional deficits in the patient prior to her death. Together, our
findings shed light on this complex disease. While previous reports identified subtle visual
defects in patients with ALS, the location of the afferent visual pathway changes remained
elusive. Our findings suggest that the retina represents a previously unrecognized neuro-
anatomical area where this entity can manifest and lead to sensory functional defects.

In an attempt to identify the exact cellular target of the p62-positive aggregates within the
inner nuclear layer, we used a specific glutamate transporter antibody, GLT-1, which labels
two types of cone off-bipolar cells, the flat-midget bipolar and the diffuse bipolar type 2
(37,38), cone photoreceptors as well as some amacrine and horizontal cells (38,39). We

Amyotroph Lateral Scler Frontotemporal Degener. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

FAWZI et al.

Page 8

further confirmed this finding by demonstrating colocalization of p62 deposits within cells
immunostained with recoverin, a specific antibody against calcium-binding protein
expressed in retinal photo-receptors and midget cone bipolar cells (Figure 6). We found that
the majority of these p62 + deposits were located within the cytoplasm of GLT-1-positive
cells. More specifically, we found that, on average, 40% of GLT1 + cells contain P62 +
deposits. Based on their morphology, abundance in the macular region and localization at
multiple levels in the INL, we believe these deposits are located within cone bipolar cells as
well as some amacrine and horizontal cells. While the exact pathophysiology for this
specific cellular target remains unclear, our findings help expand the spectrum of systemic
involvement in C9-ALS/FTD to include retinal deposits at the level of the INL, within the
cytoplasm of specific neuronal cell types in the anterior visual pathway. The findings of
more abundant P62 deposits than ubiquitin or p-TDP-43 deposits in the INL is well in line
with similar pathology in the dentate gyrus of this patient, a finding that is thought to be
characteristic of C9-ALS.

In parallel with intracellular deposits within retinal neuronal cells, patient 111-1 had visual
deficits including decreased contrast sensitivity, which is well in line with the localization of
the p62 + and DPR pathology in the inner nuclear layer. The inner nuclear layer harbors cell
bodies of the second order neuron in the visual pathway, the bipolar cells (10-12 different
types in humans). In addition, this layer also harbors cell bodies of two classes of
interneuron that modulate signal transmission at the first and second visual synapse, namely
the horizontal and amacrine cells (around 22 types, mostly inhibitory, GABA or glycine),
respectively (40,41). An important function of the flat-midget bipolar cell is transmission of
color vision to midget ganglion cells, to which they are connected through ‘private lines’,
with one-one connections from a single cone in the macula (42). Given that GLT-1 flat-
midget bipolars represent two-thirds of GLT-1-positive bipolar cells (43) and are hence
potentially the majority of P62 + bipolar cells, as further confirmed by colocalization with
recoverin, this would suggest the predominant involvement of the midget-parvocellular
pathway, which is responsible for visual acuity and color perception in this patient, as
opposed to the magnocellular pathway, responsible for low contrast, motion and flicker
detection. While the nature of GLT1 + amacrine cells has not been adequately studied and
could not be clarified from our paraffin-embedded sections, a potentially relevant amacrine
cell type could be small-field diffuse calretinin-immunoreactive cells, which are found in
high numbers in the foveal, rod-free area of the retina, and in lesser numbers in the
peripheral retina. These cells have been suggested to participate in the reciprocal color
opponency (in addition to the horizontal cells, working at the cone photoreceptor synapse)
through modulating synaptic transmission between midget bipolar and midget ganglion cells
(44).

While central visual pathway involvement has been better characterized using
electrophysiologic (17) and imaging (18) approaches, our findings suggest the anterior
visual pathway may also be involved. A recent cross-sectional clinical neuro-
ophthalmologic evaluation of ALS patients (sporadic and familial) revealed supranuclear
ocular motility findings in this population (15). Reduced high and low contrast acuity was a
surprising finding of this study, which was interpreted cautiously given the small difference
between patients and controls. Further, the findings did not allow a specific localization
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within the afferent visual pathway. While patient I11-5 with confirmed C9-ALS did not show
significant visual or ocular findings, it is difficult to predict the earliest functional deficit. It
will be important to study the correlation between the onset of ocular and neurologic
findings, since this will carry important implications for the potential to include ocular
imaging and visual testing as an additional tool in ALS/FTD work-up, especially if retinal
involvement is present in other ALS/FTD types.

In vivo high resolution optical retinal imaging, using optical coherence tomography, can
achieve 5-10 micron axial resolution and presents an attractive tool to consider for disease
detection; however, one needs to keep in mind that the INL is a 30-micron layer as seen on
OCT retinal imaging. In this regard, in I11-1, despite confirmed functional deficits, we were
not able to detect significant thinning of the INL layer histologically (16% of total retinal
thickness vs. 17% in control). Similarly, a recent OCT study of a diverse group of sporadic
ALS patients found no significant thinning on various OCT parameters, including optic
nerve and macular sublayer analysis (20). In contrast to our study, the authors did not obtain
visual function testing on their patients, and included only sporadic ALS patients with spinal
symptom onset. On this point, it is possible that ocular involvement may be specific to
patients with the C9orf72 mutation, where INL thinning can be very subtle and, perhaps, a
late finding.

The involvement of a single retinal layer, if confirmed in other studies, may limit the
potential of OCT imaging as a potential screening tool, and predicts that functional visual
tests will be more sensitive for studying this disease entity. While the effect of these deposits
on neural function of the bipolar cells cannot be confirmed from our findings, it is possible
that these deposits, once they reach a certain load, become functionally deleterious,
impeding signal transmission within bipolar cells (as evidenced by abnormal contrast
sensitivity), without cell death and structural axonal loss. It is possible that such structural
changes occur at later stages of the disease. Ultimately, we believe that continued
improvements in OCT technology and software analysis tools may greatly aid our
understanding of ALS and other neurodegenerative diseases. To emphasize this point,
Schneider et al. recently analyzed single retinal sublayer thicknesses in patient with
Parkinsonian syndromes and found significant differences between patients with multiple
system atrophy and progressive supranuclear palsy (45). It is therefore possible that with
improved technology and larger series, including a carefully matched control population,
subtle changes in the macular sublayers can be discerned.

This study highlights the importance of including a battery of functional visual testing rather
than relying on screening color vision (Ishihara charts) or high contrast visual acuity tests
alone (Snellen vision charts), as these only capture one aspect of visual function. The
relative subtlety of visual functional defects in this specific patient suggests that future
studies should use tests designed to elicit acquired color vision defects, including the
Farnsworth Munsell-100 or D-15 panel, or as explored in the current study, the desaturated
version of the 15 panel, L’anthony D15. The low contrast and color vision tests used in this
study would be able to identify subtle functional defects affecting a select subset of retinal
neural cells, such as in this patient who demonstrated p62 + deposits localized within a
subset of retinal second order neurons and their interneurons in the INL. Further research is
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needed to explore the potential involvement of retinal midget-parvocellular pathway in
patients with a C9orf72 mutation. Our findings suggest a need for larger cohort studies to
further explore the prevalence, severity and course of these visual deficits in other patients
with a C9orf72 mutation, as well as explore anterior visual pathway involvement in larger
cohorts of ALS/FTD patients.
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Pedigree of C9orf72 family. 111-1 underwent complete ophthalmologic clinical exam 12

months prior to their demise, when autopsy was performed. I11-5 underwent complete

ophthalmologic clinical exam.
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Figure2.
C90rf72 (G4C») repeat expansion detection using repeat-primed PCR. Genomic DNA was

amplified using a three-primer system and touchdown PCR cycling program as detailed in
the methods and previously described (22,23). In brief, the forward primer contains a 5/
fluorescently labeled tag that hybridizes upstream of the (G4C,) repeat expansion, the
reverse primer consists of a non-complementary 5’ tail sequence and three (G4C>) repeat
units, and the anchor primer corresponds to the anchor sequence of the reverse primer. As
shown in the representative electropherogram, the initial peak corresponds to the shortest
fragment containing a minimum of three (G4C,) repeats, with each successive peak
corresponding to fragments expanding by one repeat unit. A characteristic saw-tooth pattern
is generated as signal intensity decreases as fragment size increases. Electropherograms
displaying =30 repeats is commonly used as the pathological cut-off value (23).
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Figure 3.
p62 + immunofluorescence in C9orf72 retina and absence of inclusions in control eye.

Abundant p62+ (green) inclusions are seen in the inner nuclear layer of C9-macula (A-C)
and peripheral retina (D—F). No p62 + inclusions are seen in control eye (G-I). Sections are
counterstained with DAPI (blue). Perinuclear location and crescent morphology of p62 +
inclusions in C9orf72 macula are demonstrated on DIC imaging (J, K — inset, arrow). Scale
bars = 100 pm.
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Figure4.
Colocalization of Poly-(GA), dipeptide repeat and p62 as well as ubiquitin and p62 in inner

nuclear layer of C9orf72 retina. Colocalization of (GA), dipeptide repeat (red) and p62
(green) is seen in C9orf72 macula INL (A—C). Only background level staining in control
macula (D-F). Colocalization of ubiquitin, UB (red) and p62 (green) is seen in C9orf72
macula indicated by the arrow (G-I). In contrast, no colocalization is seen in control macula,
only background staining (J-L). Sections were counterstained with DAPI (blue). Scale bars
=100 pm (A-F) and 10 pm (G-L).
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Figureb5.
Lack of ubiquilin-2 or pTDP-43 immunostaining in p62 + inclusions in C9orf72 macula. No

inclusions seen in control macula. No specific ubiquilin-2 (green) staining was seen in
C9orf72 (A-C) or control macula (D-F). There was lack of p-TDP-43 (red) colocalization
with p62 + inclusions (green) in C9orf72 (G-I). There was no immunostaining in control

macula (J-L). Sections were counterstained with DAPI (blue). Scale bars = 100 pm.
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Figure®6.
Colocalization of p62 (green) and recoverin (Red), in the inner nuclear layer of the macula

in a patient with C9orf72 mutation. Figure 6A-C, scale bar = 100 micrometer. Figures 6D—
F, correspond to the boxed inset in Figure C, scale bar = 20 micrometers. This figure
highlights the fact that around 50% of recoverin + cells (cone midget bipolars) contain
intracellular p62 deposits. This figure also illustrates that additional cell types in the INL,
not immunostained with recoverin, also harbor these p62 + deposits..
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C9 Macula

Figure7.
H&E staining of control (A) and C9orf72 (B) macula. No apparent morphologic differences

are seen between control and C9orf72 macula. Scale bars = 100 um.
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C9 Nerve

x

Figure 8.
Control and C90rf72 optic nerve histology. MBP (A,B) and H&E (C,D) staining in control

and C9orf72 optic nerve sections. Scale bars =1 mm (A and B) and 100 pm (C and D).
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Figure9.
Lower motor neuron skein-like inclusions and Lewy-like bodies. Phosphorylated TDP-43

positive skein-like inclusions (arrowhead) and Lewy-like body (arrow) in lumbar spinal cord
anterior horn neurons. Scale bar = 50 um.
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Figure 10.
C9orf72-specific brain pathology. p62-positive small dot-like cytoplasmic inclusions in

cerebellar granular neurons (A), ‘star-shaped’ cytoplasmic inclusions in hippocampal
pyramidal neurons in (B), and small dot-like cytoplasmic inclusions in hippocampal dentate
gyrus (C). Scale bar =50 um.
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