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PURPOSE. To determine whether patients with amyotrophic lateral sclerosis (ALS) show
retinal axon pathology.

METHODS. Postmortem eyes from 10 patients with ALS were sectioned and compared with
10 age-matched controls. Retinal sections were evaluated with periodic acid Schiff and
phosphorylated (P-NF) and nonphosphorylated (NP-NF) forms of neurofilament with SMI
31 and 32 antibodies. Spheroids identified in the retinal nerve fiber layer were counted
and their overall density was calculated in central, peripheral, and peripapillary regions.
P-NF intensity was quantified. Morphometric features of ALS cases were compared with
age-matched controls using the exact Wilcoxon matched-pairs signed-rank test.

RESULTS. Distinct periodic acid Schiff–positive round profiles were identified in the retinal
nerve fiber layer of patients with ALS and were most commonly observed in the peri-
papillary and peripheral retina. The density of periodic acid Schiff–positive spheroids
was significantly greater in patients with ALS compared with controls (P = 0.027), with
increased density in the peripapillary region (P = 0.047). Spheroids positive for P-NF
and NP-NF were detected. P-NF–positive spheroid density was significantly increased
in patients with ALS (P = 0.004), while the density of NP-NF spheroids did not differ
significantly between ALS and control groups (P > 0.05). P-NF immunoreactivity in the
retinal nerve fiber layer was significantly greater in patients with ALS than in controls
(P = 0.002).

CONCLUSIONS. Retinal spheroids and axon pathology discovered in patients with ALS, simi-
lar to hallmark findings in spinal cord motor neurons, point to disrupted axon transport as
a shared pathogenesis. Retinal manifestations detected in ALS suggest a novel biomarker
detectable by noninvasive retinal imaging to help to diagnose and monitor ALS disease.

Keywords: retinal nerve fiber layer, retinal ganglion cell, neurofilament, axonal transport,
cytoskeleton, retina, immunofluorescence, confocal microscopy, retinal imaging

Amyotrophic lateral sclerosis (ALS) is a rapidly progres-
sive disorder of upper and lower motor neurons.1,2 It

begins insidiously with focal weakness but spreads relent-
lessly to involve most muscles, including the diaphragm.
Typically, death owing to respiratory paralysis occurs within
3 to 5 years of clinical onset. It is the most common form
of adult human motor neuron disease, with an estimated
global incidence rate of 2.08 per 100,000 population per

year.3,4 With a mean age of onset of 55 to 65 years, it is
the most frequent neurodegenerative disorder of midlife.1

In the United States alone, 800,000 persons who are now
alive are expected to die from ALS.5 Currently, only two
approved drugs, riluzole6 and edaravone, are available for
the treatment of ALS, and both provide limited improvement
in survival.7,8
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ALS can be categorized according to its mode of onset,
designated as lower spinal (lower somatic motoneurons) in
70% of cases, corticospinal (bulbar/upper motoneurons) in
25% of cases, and respiratory in 5% of cases. The bulbar and
respiratory onset forms typically have the worst prognosis.9

Compelling clinical, imaging and neuropathologic data have
shown heterogeneity in the central nervous system (CNS)
features of ALS.2 Up to 50% of patients with ALS develop
cognitive and behavioral impairment, and about 13% of
patients have concomitant behavioral-variant frontotempo-
ral dementia.10–12

The clinical heterogeneity of ALS complicates diagnosis
and assessment of disease progression, which currently rely
on indirect, invasive, and/or expensive techniques such as
electromyography, nerve conduction study, magnetic reso-
nance imaging, lumbar puncture, and muscle biopsy.13 The
search for sensitive and noninvasive biomarkers for the
disease is thus an important one, as clinicians require tools
for rapid diagnosis, prognosis, and assessment of patient
response to pharmacological interventions in clinical trials.14

Approximately 90% of ALS cases are sporadic and 10%
are familial, with clear inheritance patterns.15 Function-
ally, the 30 genes associated with familial ALS can be
grouped into three main pathophysiologic processes: RNA
biology, protein turnover, and axonal transport, suggesting
that deficits in these pathways are causal.1 In about 60%
to 80% of patients with familial ALS, a mutation of large
effect (presumably pathogenic) can be identified, of which
C9orf72 (40%), SOD1 (20%), FUS (1%–5%), and TARBDP
(1%–5%) are the most common.16

The causes of neurodegeneration in ALS are multifac-
torial and include oxidative stress, mitochondrial dysfunc-
tion,misfolded protein toxicity/autophagy defects, RNA toxi-
city, excitotoxicity, and defective axonal transport.17 Motor
neurons have very long axons compared with other neurons
and are particularly dependent on efficient axonal transport
to maintain their structure and function. Axonal transport
defects may be an important factor underlying their selec-
tive vulnerability in ALS.18

Axonal transport, an adenosine triphosphate–dependent
and tightly regulated process, involves the trafficking of
proteins and organelles along microtubules by motor
proteins, such as kinesin and dynein, and adaptor proteins,
such as dynactin. Several lines of evidence suggest that
alterations in axonal transport contribute to motor neuron
degeneration in ALS. First, genetic studies of patients
with ALS found mutations of genes encoding key compo-
nents of the transport machinery, including neurofila-
ment heavy chain,19,20 kinesin family member 5A, kinesin-
associated protein 3,21,22 dynactin-1,23,24 tubulin alpha-4A,25

and profilin-1.26,27 Second, the frequency of axonal trans-
port perturbation in ALS mouse models—for example,
mutant TDP43-linked ALS28,29 and SOD1-linked ALS30,31—
suggests that trafficking alterations contribute to neuronal
dysfunction in ALS. Third, early neuropathologic evidence
of axonal transport defects in motor neurons in ALS came
from postmortem studies of patients with ALS that showed
abnormal spheroids composed of phosphorylated neuro-
filaments, mitochondria, and lysosomes in the axons of
large motor neurons.32–35 Axonal spheroids and transport
defects were also observed in several SOD1-mutant mouse
models.30,36,37 Their early occurrence in disease progression,
before symptom onset, suggests a role in the pathogenesis of
ALS.38

Neurofilaments are a principal cargo of axonal transport
machinery, comprised of three subunit proteins: neurofila-

ment light, neurofilament middle, and neurofilament heavy
(NF-H) chains. Neurofilament middle and NF-H are phos-
phorylated in axons, with NF-H being particularly heavily
phosphorylated.39 Phosphorylated NF-H prevail in axons,
whereas nonphosphorylated NF-H are preferentially local-
ized to the cell body. Specific antibodies such as SMI 31
and SMI 32 detect phosphorylated and nonphosphorylated
forms of NF-H, respectively.40,41 Axonal pathology in ALS
is evidenced by the accumulation of phosphorylated and
nonphosphorylated neurofilaments in axonal spheroids in
motor neurons.42–47

ALS can no longer be considered simply a degenerative
disorder of motor neurons, but rather a progressive neurode-
generative disorder in which motor neurons manifest by
virtue of their susceptibility.2 The disease processes lead-
ing to axonal transport alterations in motor neurons in ALS
may also affect neurons in other systems, such as the visual
system. Retinal ganglion cells (RGCs) have long axons that
convey visual information from the retinal nerve fiber layer
(RNFL) to the lateral geniculate nucleus in the thalamus,48

making them particularly vulnerable to disruptions in axonal
transport.48,49

We hypothesize that axonal transport alteration occurs in
RGC axons in ALS and retinal manifestations include axonal
spheroids and the abnormal neurofilament accumulation in
the RNFL, as has been reported in motor neurons. In this
study, we assess markers of axonal transport alteration in
postmortem eye specimens from patients with ALS. We then
seek to correlate our findings with aspects of the patients’
clinical profile. A retinal manifestation of ALS may form the
basis of a novel biomarker for the disease that may be eval-
uated using noninvasive ocular imaging techniques, such as
optical coherence tomography (OCT) and confocal scanning
laser ophthalmoscopy.50

METHODS

Following institutional research ethics board approval, post-
mortem human eye specimens were obtained from the
Human Eye Biobank for Research at St. Michael’s Hospital.
Nineteen eyes from 10 patients with confirmed ALS (age
64.6 ± 9.0 years) and 17 eyes from 10 control patients
(70.2 ± 10.7 years) were included in this study. The age
difference between the two cohorts was not statistically
significant (P = 0.22). All 10 patients with ALS had sporadic
ALS and were tested for C9orf72, which was negative. Table 1
gives demographic and clinical information for each ALS
patient: gender, age at death, disease duration, mode of
disease onset (bulbar or nonbulbar), average bulbar score on
the revised ALS functional rating scale,51 and rate of disease
progression (slow, moderate, or fast); and for each control
patient: gender, age at death, and cause of death. Exclusion
criteria for controls were neurological diseases and blind-
ing eye diseases including glaucoma, age-related macular
degeneration, and advanced diabetic retinopathy. All eyes
were removed within 24 hours of the patient’s death and
stored at 4˚C until they were immersion fixed in 10% forma-
lin within 22 hours of enucleation.

Histopathology and Immunofluorescence

Eyes were processed and embedded in paraffin and cut into
8 μm sections. Sections from each case were deparaffinized
and stained with periodic acid Schiff (PAS) and imaged with
an Aperio AT Turbo scanner (Leica Biosystems, Nussloch,
Germany).
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TABLE 1. Demographic and Clinical Information for Patients With and Without ALS

Gender Age (Years)
Disease Duration

(Years)
Bulbar vs.
Nonbulbar

Average Bulbar
ALSFRS-R Score*

Disease
Progression

ALS case
1 Female 46 15.5 Nonbulbar Unknown Unknown
2 Female 57 3 Bulbar 0 Moderate
3 Female 58 2.8 Nonbulbar 1 Fast
4 Male 62 6 Nonbulbar 2.7 Slow
5 Female 66 5 Bulbar 1 Moderate
6 Female 67 2.8 Bulbar 0.3 Moderate
7 Male 70 18 Nonbulbar 2 Slow
8 Female 71 23 Nonbulbar 3.7 Slow
9 Male 74 1.1 Bulbar 0.7 Fast
10 Male 75 4 Bulbar 0 Moderate

Control case Gender Age (Years) Cause of Death

1 Female 50 Asthma
2 Female 65 Pneumonia
3 Male 65 Myocardial infarction
4 Female 67 Liver failure
5 Male 69 Respiratory failure
6 Male 69 Subdural hemorrhage
7 Female 73 Chronic obstructive pulmonary disease
8 Male 75 Cancer
9 Female 77 Myocardial infarction
10 Male 92 Myelodysplastic syndrome

* Each patient received a score from 0 (complete disability) to 4 (normal function) for speech, salivation, and swallowing. The average of
these three scores is reported here.

For immunofluorescence, sections were deparaffinized
and rehydrated using a Leica Autostainer XL (Leica Biosys-
tems). Sections were heated at 65˚C for 10 minutes, then
underwent one 3-minute wash in xylene, two 2-minute
washes in xylene, two 1-minute washes in 100% alcohol,
and one 1-minute wash in 95% alcohol. Formalin-fixed
paraffin-embedded sections underwent heat-induced anti-
gen retrieval to improve the immunostaining.52,53 Sections
were placed in a staining dish filled with 10 mM citric
acid, pH 6, and the dish was immersed in 500 mL distilled
water in a Biocare Medical Decloaking Chamber (Biocare
Medical, LLC, Concord, CA). Sections were heated at 95˚C
for 20 minutes, followed by 90˚C for 10 seconds. Sections
were then allowed to cool on the benchtop for 20 minutes
immersed in PBS. Sections were rinsed twice in PBS, for
5 minutes each, and then incubated in blocking solution
(2% goat serum, 0.3% TritonX-100 in PBS) for 40 minutes
at room temperature. Incubations in primary antibodies
(diluted in blocking solution) were carried out overnight
at 4˚C. Sections were stained with either SMI 31 (mono-
clonal mouse IgG1, 1:500; BioLegend, San Diego, CA) or
SMI 32 (monoclonal mouse IgG1, 1:2500; BioLegend). SMI
31 reacts with phosphorylated high molecular weight NF (P-
NF);54 SMI 32 reacts with nonphosphorylated high molecu-
lar weight NF (NP-NF).55 Negative controls without primary
antibody were processed in parallel. SMI 31 antibody can
detect axonal spheroids in motor neurons of patients with
ALS45,56 and mouse models.33,34 Sections were then rinsed
three times in PBS for 5 minutes each. Sections were incu-
bated in Alexa-Fluor 555 goat anti-mouse IgG (H+L) (1:1000;
Thermo Fisher Scientific, Waltham, MA) and 4’,6’-diamino-2-
phenylindole (DAPI, 1:1000; Thermo Fisher Scientific) for
1 hour at room temperature, protected from light. Sections
were then rinsed three times in PBS for 5 minutes each and

coverslips were mounted using Dako Fluorescent Mount-
ing Medium (Dako, North America, Inc., Carpinteria, CA).
Slides were allowed to dry for two hours in the fume hood,
protected from light, and were then stored at 4˚C overnight.
Slides were imaged using a Zeiss LSM 700 confocal scan-
ning laser microscope (Carl Zeiss MicroImaging, Göttingen,
Germany). Images were captured in the central, peripheral,
and peripapillary retina. The AlexaFluor 555 channel was
used to visualize P-NF (laser power: 2.0%; gain: 600) and
NP-NF (laser power: 5.0%; gain: 750). The DAPI channel was
used to visualize cell nuclei (laser power: 2.0%; gain: 600).
Images were analyzed in a masked manner.

Quantification and Statistical Analysis

One entire PAS-stained retina section from each eye was
visualized using the Aperio scanner under 20× magnifica-
tion. All round PAS-positive profiles in the RNFL with a solid
pink–purple color were counted in the central, peripheral,
and peripapillary regions of the retina, and their diameter
was measured using the Aperio scanner software’s measure-
ment tool. The dot sampling method of the scanner software
was used to estimate the square area of the RNFL in the
peripapillary, central, and peripheral regions of the retina,
as well as the total RNFL area in each section. A grid with
squares measuring 100 × 100 μm was superimposed on the
image; any square corner falling on the RNFL was counted
and the total count was multiplied by one square area to
estimate the total area. The central retina was defined as the
region temporal to the optic nerve head extending from the
border of the peripapillary retina to a distance of 10 mm,
including the macula. The peripheral retina was defined as
the region extending anteriorly from the anterior border of
the central retina on the temporal side, and from the border
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FIGURE 1. Spheroids identified in the peripheral retina of patients with ALS. PAS-stained sections of the peripheral retina from (A) control
(case 8) and (B) ALS (case 4). Several spheroids stained in deep purple are visible in the peripheral RNFL of the ALS patient (B, arrows).
Abbreviations: RNFL = retinal nerve fiber layer; GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL =
outer plexiform layer; ONL = outer nuclear layer. Scale bar = 100 μm.

of the peripapillary retina on the nasal side. The peripap-
illary retina was defined as the region extending from the
peripapillary border of the choroid to a radius of 1.5 mm
from the center of the optic nerve head. The diameter of each
PAS-positive profile was measured using the measurement
tool of the scanner software (Aperio). Quantile regression
was used to examine the difference in profile size between
patients with ALS and controls at different locations (10th,
25th, 50th, 75th, 90th, 95th, and 99th percentiles) in the size
distribution of profiles. At the 95th percentile, after adjust-
ing for age and gender, profiles detected in patients with
ALS had significantly larger diameters than profiles detected
in control patients (P < 0.01). The adjusted median and
the 95% confidence interval for controls were derived at
the 95th percentile: 10.63 μm (9.07 μm, 12.19 μm). The
lower confidence limit (9.07 μm) was used as the cut-point
to define PAS-positive pathologic spheroids thereafter. All
available eyes were used to determine the cut-off point. The
number of PAS-positive spheroids larger than 9.07 μm in
diameter was divided by the square area of the RNFL to
determine the density of PAS-positive spheroids in the total
retina, and the central, peripheral, and peripapillary retina
individually.

Immunofluorescence-stained sections from patients with
ALS and controls were visualized using confocal microscopy
under 20× magnification. One section per eye was analyzed
for each primary antibody. The total number of P-NF–
positive spheroids and NP-NF–positive spheroids in each
section was counted and divided by the square area of the
RNFL to determine the density. P-NF immunoreactivity in the
RNFL was quantified using ImageJ (version 2.00-rc-69/1.52p;
NIH, Bethesda, MD). In each image, a region of interest was
constructed around the RNFL, and the mean pixel intensity
of P-NF immunoreactivity within this region was calculated.
The maximum pixel intensity in a corresponding negative
control image was used as the lower threshold for mean
pixel intensity measurements. For each eye, the mean pixel
intensity was measured in the central, peripapillary, and
peripheral RNFL, and an average value in arbitrary units
(AU) was calculated (weighted according to the surface area
of RNFL in each image). There was no difference in MPI
between left eyes and right eyes. Age-adjusted analysis of the
median difference between left eyes and right eyes assessed

using quantile regression at the median showed no signifi-
cant differences (P = 0.957).

For all statistical analyses, one eye was randomly selected
from each patient. Owing to the small sample sizes and the
non-normality of the data to be analyzed (as assessed by
the Shapiro–Wilk test), nonparametric statistical tests were
performed.

The exact Wilcoxon matched-pairs signed-rank test was
used to assess whether there was a statistically signifi-
cant difference in the density of PAS-positive spheroids,
P-NF–positive spheroids, and NP-NF–positive spheroids in
patients with ALS compared with age-matched controls,
and to assess differences in the mean pixel intensity of
P-NF immunoreactivity between groups. The Spearman
rank-order correlation coefficient was used to measure the
extent of the association between the clinical characteris-
tics of patients with ALS and the density of PAS-positive
spheroids, P-NF–positive spheroids, and NP-NF–positive
spheroids, and the mean pixel intensity of P-NF immunore-
activity. P values were considered statistically significant at
a value of less than 0.05.

RESULTS

Spheroids in ALS

PAS-stained sections exhibited distinct PAS-positive
spheroids greater than 9.07 μm in diameter in the RNFL
in 9 of 10 patients with ALS and 5 of 10 age-matched
controls. Spheroids were most commonly observed in the
peripheral RNFL (Fig. 1B) and peripapillary RNFL (Figs. 2B
and 2C) and, rarely, in the central RNFL in patients with
ALS, compared with corresponding areas in controls (Figs.
1A and 2A). The density of PAS-positive spheroids was
significantly greater in patients with ALS than in controls
(median, 2.6 spheroids per mm2 [interquartile range (IQR),
1.8 spheroids per mm2] vs. median, 0.3 spheroids per mm2

[IQR, 1.8 spheroids per mm2]; P = 0.027) (Fig. 3A, Table 2).
The density of PAS-positive spheroids in the peripapillary
RNFL was significantly greater in patients with ALS than in
controls (median, 4.6 spheroids per mm2 [IQR, 7.1 spheroids
per mm2] vs. 0.0 spheroids per mm2 [IQR, 0.0 spheroids
per mm2]; P = 0.047) (Fig. 3B, Table 2). The PAS-positive
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FIGURE 2. Spheroids identified in the peripapillary retina of patients with ALS. PAS-stained sections of the peripapillary retina from (A)
control (case 7) and (B) ALS (case 2). The boxed region in (B) is expanded in (C). Spheroids stained in deep purple were observed in the
peripapillary RNFL of the ALS patient (C; arrow). Abbreviations: RNFL = retinal nerve fiber layer; LC = lamina cribrosa. (A, B) Scale bar =
100 μm; (C) scale bar = 50 μm.

FIGURE 3. Increased spheroid density in the retinas of patients with ALS. Boxplots show the distribution of the density of PAS-positive
spheroids in the RNFL, overall (A), and in peripapillary (B), peripheral (C), and central (D) regions. The density of spheroids is significantly
greater in patients with ALS than in controls across the retina (A) and in the peripapillary region (B). No significant difference in spheroid
density was observed in the peripheral (C) or central retina (D). For each boxplot, the center line represents the median. The upper and
lower limits of each box represent the 75th and 25th percentiles, respectively. Individual data points are displayed as open circles for controls
and open diamonds for patients with ALS.

spheroid density in the peripheral and central RNFL did not
differ significantly between patients with ALS and controls
(median, 2.1 spheroids per mm2 [IQR, 4.4 spheroids per
mm2] vs. median, 0.0 spheroids per mm2 [IQR, 2.9 spheroids
per mm2]; P > 0.05 and median, 0.0 spheroids per mm2

[IQR, 0.0 spheroids per mm2] vs. median, 0.0 spheroids per
mm2 [IQR, 0.0 spheroids per mm2]; P > 0.05, respectively)
(Figs. 3C and 3D, Table 2).

P-NF in ALS

P-NF immunofluorescence revealed P-NF–positive spheroids
ranging from 8 to 15 μm in diameter in the RNFL in 9 of 10
patients with ALS and none of 10 controls. These spheroids
were observed in the peripheral (Fig. 4B) and peripapil-
lary RNFL (Figs. 5B and 5C) in patients with ALS, compared
with corresponding controls (Figs. 4A and 5A, respectively).
P-NF–positive spheroids were not observed in the central
RNFL in patients with ALS (Fig. 4D) nor in controls (Fig.
4C). The density of P-NF–positive spheroids was significantly
greater in patients with ALS than in controls (median, 1.3
spheroids per mm2 [IQR, 0.8 spheroids per mm2] vs. median,

0.0 spheroids per mm2 [IQR, 0.0 spheroids per mm2]; P =
0.004) (Fig. 6, Table 2).

Patients with ALS showed stronger P-NF signal in the
RNFL in the peripheral (Fig. 4B), central (Fig. 4D), and peri-
papillary regions (Fig. 5B) than in corresponding regions in
controls (Figs. 4A, 4C, and 5A, respectively). The P-NF signal
intensity in the RNFL was significantly greater in patients
with ALS than in controls (median, 22364.4 AU [IQR, 5154.7
AU] vs. median, 7328.9 AU [IQR, 2711.5 AU]; P = 0.002) (Fig.
7, Table 2).

NP-NF in ALS

NP-NF immunofluorescence revealed distinct spheroids
ranging from 7 to 10 μm in diameter in the RNFL in 2 of
10 patients with ALS (Fig. 8B) and none of 10 controls (Fig.
8A). The density of NP-NF spheroids did not differ signifi-
cantly between patients with ALS and controls (median, 0.0
spheroids per mm2 [IQR, 0.0 spheroids per mm2] vs. median,
0.0 spheroids per mm2 [IQR, 0.0 spheroids per mm2]; P >

0.05) (Table 2). In 8 of 10 patients with ALS, the NP-NF signal
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TABLE 2. Retinal Spheroids and Axon Pathology in Patients With ALS Compared With Controls

Exact Wilcoxon Matched-Pairs
Signed-Rank Test

Median IQR S P Value

PAS-positive spheroids per mm2: Total RNFL
Control 0.3 1.8
ALS 2.6 1.8 21.5 .0273

PAS-positive spheroids per mm2: Peripapillary RNFL
Control 0.0 0.0
ALS 4.6 7.1 12.0 .0469

PAS-positive spheroids per mm2: Peripheral RNFL
Control 0.0 2.9
ALS 2.1 4.4 6.5 >0.05

PAS-positive spheroids per mm2: Central RNFL
Control 0.0 0.0
ALS 0.0 0.0 0.5 >0.05

P-NF–positive spheroids per mm2

Control 0.0 0.0
ALS 1.3 0.8 22.5 .0039

NP-NF–positive spheroids per mm2

Control 0.0 0.0
ALS 0.0 0.0 1.5 >0.05

Mean pixel intensity of P-NF (AU)
Control 7328.9 2711.5
ALS 22365.4 5154.7 27.5 .0020

FIGURE 4. Increased phosphorylated neurofilament in the periph-
eral and central retina of patients with ALS. Phosphorylated neuro-
filament is shown in red using SMI 31, with nuclei counterstained
with DAPI in blue. P-NF–positive spheroids ranging from 8 to
15 μm in diameter were observed in the peripheral retina (B, arrow)
but not in the central retina in patients with ALS (D). Compared with
controls (A, C), a stronger P-NF signal was observed in patients with
ALS (B,D) in both peripheral (B) and central (D) retinal regions. (A)
Control (case 9); (B) ALS (case 7); (C) control (case 3); (D) ALS (case
5). Abbreviations: RNFL = retinal nerve fiber layer; GCL = ganglion
cell layer; IPL = inner plexiform layer; INL = inner nuclear layer;
OPL = outer plexiform layer; ONL = outer nuclear layer. Scale bar
= 50 μm.

was increased in the RNFL and inner plexiform layer (Fig.
8B) compared with controls (Fig. 8A).

ALS Clinical Profile and Correlation of Retinal
Spheroids and Neurofilament

The clinical characteristics of patients with ALS were
assessed in relation to retinal spheroids and neurofila-
ment findings. There was no significant association between
densities of PAS-positive spheroids (overall, peripapillary,
peripheral, and central retina), the density of P-NF–positive
or of NP-NF–positive spheroids, and clinical characteristics
of age at death, gender, disease duration, mode of disease
onset (bulbar vs. nonbulbar), average bulbar score on the
revised ALS functional rating scale, and rate of disease
progression (slow, moderate, or fast) (P > 0.05). No signifi-
cant correlation was observed between P-NF signal intensity
in the RNFL and any of the clinical characteristics discussed
in this article (P > 0.05).

DISCUSSION

In this study of a rare collection of retinas collected from
patients with ALS shortly after death, we identified spheroids
and axon pathology in the RNFL. The phenotypic find-
ings of PAS-positive spheroids and P-NF–positive spheroids
located in the RNFL are consistent with reported find-
ings in motor neurons of patients with ALS.42–47 Trans-
genic mice with dysfunctional microtubule-associated motor
proteins also display such findings.57–59 The axons of RGCs
in patients with ALS also showed significantly increased P-
NF immunoreactivity compared with controls. In our study,
8 of 10 patients with ALS showed P-NF–positive spheroids,
although only two patients with ALS showed rare NP-NF–
positive spheroids. Because NF-H phosphorylation is a regu-
lator of neurofilament transport,60 and increased phospho-
rylation of NF-H has been associated with slower axonal
transport rates,61 the increased frequency of P-NF–positive
spheroids and increased P-NF immunoreactivity in the RNFL
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FIGURE 5. Increased phosphorylated neurofilament in the peripapillary retina of patients with ALS. Phosphorylated neurofilament is shown
in red using SMI 31,with nuclei counterstained with DAPI in blue. Compared with controls (A), a significant increase in P-NF immunoreactivity
in the peripapillary region of the RNFL was observed in patients with ALS (B). The boxed region in (B) is expanded in (C). P-NF–positive
spheroids ranging from 8 to 15 μm in diameter were observed in all 10 ALS cases (n = 10) (C; arrows), and in none of the 10 control cases.
(A) Control (case 8); (B, C) ALS (case 4). Abbreviations: RNFL = retinal nerve fiber layer; LC = lamina cribrosa. (A, B) Scale bar = 100 μm;
(C) Scale bar = 25 μm.

FIGURE 6. Increased density of P-NF–positive spheroids in the reti-
nas of patients with ALS. Boxplots show the density distribution
of P-NF–positive spheroids in the RNFL. Spheroid density is signifi-
cantly increased in patients with ALS (right) compared with controls
(P = 0.004). For each boxplot, the center line represents the median.
The upper and lower limits of each box represent the 75th and
25th percentiles, respectively. Individual data points are displayed
as open circles for controls and open diamonds for patients with
ALS.

in patients with ALS may be a biomarker of axon pathology
in ALS.

The presence of NP-NF in the RNFL of patients with
ALS suggests axonal transport alteration, because NP-NF is
not typically detected in healthy axons.41 However, only 2
of 10 patients with ALS showed NP-NF–positive spheroids.
Furthermore, the pattern of increased NP-NF in the inner
plexiform layer in ALS cases is indicative of increased NP-
NF in RGC dendrites. This finding suggests that, in ALS,
altered transport in RGCs may not be limited to axons.
Further investigation is warranted to assess the distribu-
tion of other cellular components within RGCs of patients
with ALS, such as mitochondria and autophagosomes, which
have been shown to accumulate in affected motor neurons
owing to dysfunctional transport.62,63 Retinal immunostain-
ing for other known molecular markers of ALS, such as TDP-
43,64 FUS,65 OPTN,66 UBQLN2,67 and p62,68 may shed further
insights.

FIGURE 7. Increased phosphorylated neurofilament in the retina of
patients with ALS. Boxplots show the intensity distribution of P-NF
immunofluorescence in the RNFL in all retinal regions. P-NF inten-
sity is significantly increased in patients with ALS (right) compared
with controls (P = 0.002). For each boxplot, the center line repre-
sents the median. The upper and lower limits of each box represent
the 75th and 25th percentiles, AU = arbitrary units. Individual data
points are displayed as open circles for controls and open diamonds
for patients with ALS.

FIGURE 8. NP-NF in the peripheral retina of patients with ALS. NP-
NF is shown in red using SMI 32, with nuclei counterstained in blue
with DAPI. NP-NF-positive spheroids ranging from 7 to 10 μm were
observed in the RNFL in the ALS group (B) but not in controls,
where the NP-NF signal was confined to the RGC cell body (A). (A)
Control (case 3); (B) ALS (case 5). Abbreviations: RNFL = retinal
nerve fiber layer; GCL = ganglion cell layer; IPL = inner plexiform
layer; INL = inner nuclear layer; OPL = outer plexiform layer. Scale
bar = 50 μm.
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The pathologic phenotypes reported in this article did
not correlate significantly with the patients’ clinical char-
acteristics (age at death, gender, disease duration, mode of
disease onset, clinical severity of disease, or rate of disease
progression). Although it is known that most nonbulbar
onset cases have better prognosis compared with those with
bulbar onset,9 it is of note that ALS (case 3) with nonbulbar
onset had a fast rate of disease progression. Studies with
larger sample sizes with various disease stages in addition
to end-stage ALS are needed to determine whether retinal
findings and clinical aspects of the disease are correlated.

Because the retina and optic nerve are considered part
of the CNS, knowledge obtained from studying and visual-
izing the eye has in many cases been used as a means to
gain insight into CNS processes, as well as to assist in the
diagnosis and monitoring of CNS pathologies. Conventional
retinal imaging techniques, such as OCT and confocal scan-
ning laser ophthalmoscopy, have uncovered ocular manifes-
tations of various CNS disorders, including stroke,69 multiple
sclerosis,70 Alzheimer’s disease,71 and Parkinson’s disease.72

Moreover, ocular manifestations often precede symptoms
in the brain; thus, investigations of the eye may serve as
a means for early diagnosis.73 OCT has previously been
used to assess retinal pathology in ALS, and marked thin-
ning of the RNFL has been reported in patients with ALS
compared with controls.74–77 A recent study by Rojas et al.78

reported macular thickening in patients with ALS compared
with controls, and, on follow-up 6 months later, reported
significant peripapillary RNFL thinning in patients with ALS
compared with baseline, indicating possible progression
of disease. The authors also reported a moderate correla-
tion between OCT RNFL parameters and revised ALS func-
tional rating scale score.78 In our study, retinal spheroids
were increased in the peripapillary RNFL of patients with
ALS. These preliminary observations suggest that prospec-
tive studies with a large sample size and detailed sectoral
analysis may be helpful.

Patients with ALS show elevated neurofilament levels
in the cerebrospinal fluid and serum at early symptom
onset relative to healthy subjects.79 Thus, detection of
neurofilament has been proposed as a sensitive marker of
axon damage and neurodegeneration, tightly linked to the
symptomatic phase of ALS. Here we present evidence for
spheroids in the RNFL—distinct retinal lesions associated
with ALS. These lesions, representing axon pathology in ALS,
may be a promising new biomarker for ALS detectable in
vivo. We propose these newly identified spheroids and axon
pathology in ALS as a novel retinal phenotype. Future clin-
ical studies are needed to determine whether these retinal
findings can be used as a biomarker to detect and monitor
ALS disease progression by noninvasive retinal imaging.
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