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Abstract: Parkinson’s disease (PD) is a neurodegenerative condition characterized by the progressive
deterioration of dopaminergic neurons in the central and peripheral autonomous system and the
intraneuronal cytoplasmic accumulation of misfolded «-synuclein. The clinical features are the
classic triad of tremor, rigidity, and bradykinesia and a set of non-motor symptoms, including visual
deficits. The latter seems to arise years before the onset of motor symptoms and reflects the course
of brain disease. The retina, by virtue of its similarity to brain tissue, is an excellent site for the
analysis of the known histopathological changes of PD that occur in the brain. Numerous studies
conducted on animal and human models of PD have shown the presence of a-synuclein in retinal
tissue. Spectral-domain optical coherence tomography (SD-OCT) could be a technique that enables
the study of these retinal alterations in vivo. The objective of this review is to describe recent evidence
on the accumulation of native or modified «-synuclein in the human retina of patients with PD and
its effects on the retinal tissue evaluated through SD-OCT.

Keywords: Parkinson’s disease; spectral domain optical coherence tomography; retina; x-synuclein;
Lewy bodies; retinal imaging; dopamine; retinal amacrine cells

1. Introduction

Parkinson’s disease (PD) is a widespread neurodegenerative condition affecting be-
tween 7 and 10 million people worldwide [1]. Classic neuropathological PD hallmarks
are the progressive degeneration of dopaminergic neurons of the substantia nigra in the
midbrain that cause reduced levels of striatal dopamine levels, accumulation of improp-
erly folded cytoplasmatic x-synuclein (x-syn)—an intraneuronal protein present in Lewy
bodies (LBs), and Lewy neuritis (LNs) [2].

a-syn is a neuronal protein of 140 amino acids expressed in large quantities in the
presynaptic terminals of midbrain dopaminergic neurons, where it regulates nigrostriatal
neurotransmission and tyrosine hydroxylase (TH) activity. Its physiological functions
remain unclear, but it has been hypothesized that it plays a role in synaptic function,
maintenance, and plasticity of the central nervous system [3]. PD can be considered a
multifactorial disease, where environmental and genetic factors determine the development
of the condition. Among the environmental risk factors there are age, ethnicity (Hispanics
have a higher risk of developing the disease), and exposure to pesticides. The contribution
of genetics to PD is suggested by the increased risk of disease associated with a family
history of PD or tremors. Monogenic forms of PD have been identified, including mutations
in LRRK2 and Parkin, the most common causes of dominantly and recessively inherited
forms, respectively. From a molecular point of view, the genetic and environmental factors
trigger the hyperexpression of a-sin, leading to monomer accumulation, misfolding, and
the absence of efficient clearance. The alteration of the metabolism of o-syn, observed both
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in the acquired forms and familiar forms of PD is believed to be due to the alteration of
the genes involved in its correct transcription (such as PARK1) and in its elimination (such
as PARK?2 and PARKS3, encoding for ubiquitin). Indeed, in affected patients the loss of
molecular mechanisms that regulate protein homeostasis (chaperone inefficiency, mito-
chondrial dysfunction, presence of ROS, intracellular protein, and membrane trafficking
impairment, etc.) has been observed. For example there is an abnormal expression of
a-syn, with single amino acid replacement, such as Ala53Thr, Ala30Pro, leading to its
major aggregation propensity, or its phosphorylation, such as that observed at Serine 129
(Ser 129), leading to misfolding of the protein [4]. This last modification is one of the most
frequent alterations of «-syn and results in the formation of protofibrils that accumulate
in the intracellular cytoplasm, causing the formation of LBs. These accumulations affect
the proper metabolism of dopamine (DA) and its storage within vesicles resulting in the
intracellular production of reactive oxygen species and neuronal death [5].

The histopathologic alterations are not confined to the substantia nigra but can be
observed in the cortex, amygdala, locus coeruleus, vagal nucleus, and the peripheral
autonomic nervous system leading to the appearance of the typical symptoms [6,7]. PD,
from a clinical point of view, is characterized by the classic triad of tremor, rigidity, and
bradykinesia as well as a set of non-motor symptoms and systemic autonomic dysfunctions
linked to peripheral dopaminergic depletion [8,9]. The latter include pain, incontinence,
constipation, sleep disorders, fatigue, anxiety, depression, and visual symptoms, that may
emerge years or even decades before motor symptoms, the study of which could be of
crucial importance for making an early diagnosis of disease [10,11].

Visual symptoms are present in almost 80% of PD patients and include deficits of
visual acuity, spatial contrast sensitivity, and color vision, reported to correlate with disease
progression [12-14]. Nevertheless, the biological mechanisms resulting in vision impair-
ment in PD are not clear and the consequences of misfolded «-syn in the retina are not
completely understood.

It is now known that the clinical signs of PD are evident when about 80% of striatal
dopamine and 50% of nigral neurons are lost [15]. The importance of an early diagnosis
is, therefore, fundamental in order to identify the disease in the pre-clinical phase and
set up therapy as soon as possible. The retina may be the answer to this need as it can
be considered “a window on the brain” for its similarities with brain tissue and its easy
accessibility [16].

-amyloid accumulation and macro- and microscopic vascular changes are local-
ized also to the retina, similar to the brain, in other neurodegenerative diseases such as
Alzheimer’s disease, and stroke. This also applies to PD. Visual symptoms are usually
present before the onset of motor symptoms and reflect the course of brain disease. Whether
visual symptoms depend on retinal or central alterations, has yet to be clarified [17].

Physiologically, DA in the retina modulates light adaptation. Light activates DA
release from amacrine cells, within the nuclear layer, and extracellular dopamine acts on
D1-like dopaminergic receptors on amacrine, horizontal, and bipolar cells, and on D4-
receptors on rod and cone cells. This induces amplification of the cone pathway producing
a shift from rod-dominant to cone-dominant vision during daylight and implementing
color vision. These visual functions are frequently compromised in Parkinsonian patients,
although they respond positively to DA replacement therapy with levodopa [18,19].

Microscopic changes in the retinal tissue could result in structural/morphologic
changes visible through modern retinal imaging techniques. Among these, spectral domain
optical coherence tomography (SD-OCT) is certainly the most common method. SD-OCT
is a non-invasive imaging technique that provides high-resolution retinal and choroidal
scans, enabling an accurate study of the qualitative and quantitative features of the inner
and external retinal layers and the choroid. This method is routinely used in the field
of ophthalmology in pathologies such as age-related macular degeneration and diabetic
retinopathy [20,21] and in rare retinal diseases with a neurological component [22-24]. If
a-syn accumulates in the retina from the early stages of PD and is possibly detected with
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imaging techniques, then SD-OCT could be used to identify potential biomarkers for the
early diagnosis of PD.

The objective of this review is to describe recent evidence on the accumulation of
native or modified a-syn in the retina of patients with PD and its effects on retinal structure,
evaluated through SDOCT. For this purpose, the literature, accessed through September
2022, was analyzed using the following keywords: “((c-synuclein) OR (alfa-synuclein) OR
(synuclein) OR (Lewy bodies)) AND (retina) AND (Parkinson)” and “(Parkinson’s disease)
AND (spectral domain optical coherence tomography)”. Regarding SD-OCT, articles from
2018 onwards were selected.

2. Alpha-Synuclein in Human Retina

Numerous studies have been conducted on the retinas of animal models and PD
patients. Research has focused on the retinal regions of x-syn accumulation, the shape of the
protein, if native or phosphorylated, and, where possible, the resulting physiopathological
consequences. One of the earliest pieces of evidence is that of Martinez-Navarrete et al.,
who studied the expression of x-syn and its distribution pattern in vertebrates. The authors
analyzed retinal sections using specific anti-a-syn antibodies in their native form. They
observed accumulation of «-syn predominantly localized in the outer segments of the
photoreceptors and axonal terminals in the outer plexiform layer (OPL), and in amacrine
and bipolar cells in the inner plexiform layer (IPL). These results are partially in contrast to
the report by Surguchov et al., who had previously described the accumulation of «-syn in
the IPL but not in the OPL [25]. Martinez-Navarrete et al. hypothesized the involvement of
a-syn in the neurotransmission between photoreceptors and bipolar and amacrine cells,
and in the synaptic-vesicular cycle (storage of the neurotransmitter, its release, and reuse),
similar to what happens in the brain [3].

Based on these observations, Leger et al., conducted a study on protein accumulation
in the aging retina. The accumulation of x-syn was found in the intracytoplasmic spaces of
the inner nuclear layer (INL) and the more advanced the age, the more the inclusions were
numerous. Interestingly, the authors found a positive correlation between intracytoplasmic
oa-syn inclusions and ubiquitin inclusions. Ubiquitin is a regulatory protein responsible for
“ubiquitinating” other proteins and thus determining their degradation at cellular level,
and it is already known that this is one of the most represented biochemical components
of LBs together with x-syn [26]. In aging, as well as in PD, there is an accumulation of
intraretinal x-syn and ubiquitin, with a mechanism probably very similar to what occurs in
the brain [3].

These findings opened the way to more in-depth studies on the retinal pathogenetic
aspects that take place during PD. Beach et al. conducted research on the Serin-129 phos-
phorylated form of x-syn (p-syn) on human subjects with PD. In particular, the authors
enrolled nine patients with a neuropathological diagnosis of PD, four with Lewy Body
dementia, and 4 elderly healthy subjects. After preparing retinal whole-mounts, they
immunohistochemically stained these with an antibody against x-syn phosphorylated at
serine 129. In the patients with PD and three out of four with Lewy Body dementia, the -
synuclein-immunoreactive phosphorylated nerve fibers (p-syn IR) were located within the
nerve fiber layer (NFL), the ganglion cell layer (GCL), and the inner layers of the IPL [27].
This is in contrast with the report of Ho et al., who did not find a pathological form of
neuritis of x-syn in patients with PD, but only a diffuse intracytoplasmic immunoreactivity
in the context of the GCL and the INL [28]. Beach et al. justified this different outcome
to the methodological differences adopted in the two studies. Indeed, Beach et al. used
larger retinal samples than those used by Ho et al. (whole-mount retinal versus retinal
cross-sections) and used the anti-phosphorylated form of «-syn antibodies against the
anti-unmodified form of x-syn antibodies. The p-syn nerve fibers detected in the study of
Beach et al. were scattered in the retinal field [27]. The results of Beach et al. were later
confirmed in a study by Mammadova et al. where retinal damage from the accumulation
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of the phosphorylated form of p-syn on mouse models of A53T-mutation PD form was
detected [29].

Bodis-Wollner et al., in a study of 4 post-mortem eyes of PD patients and 12 healthy
controls, described aggregates of a-syn within neurons in the GCL, INL, and IPL for the first
time in 2014. In particular, the authors observed intraneuronal globular LBs in the INL, LN,
and diffuse a-syn in the IPL, and intra- and extra-cellular inclusions of «-syn in the GCL.
Moreover, the cells in which intracellular accumulates of x-syn were evident presented
straddling between the INL and IPL, had the morphological and distribution characteristics
of the retinal dopaminergic amacrine cells. Based on this observation, the authors tried to
double-stain these cells for tyrosine hydroxylase but without success. This result is in line
with the literature where the more advanced the damage with greater reactivity for «-syn,
the lower the immunoreactivity for tyrosine-hydroxylase [30]. Another very interesting
point underlined by the authors was the presence of inclusions of «-syn at GCL level. This
could be linked either to an overexpression of the x-syn gene or to the propagation of
a-syn from neurons of the INL and IPL to GCL cells. However, there are no conventional
synapses between these two cell populations, and the connection probably takes place
through a vesicular mechanism of endosomes and exosomes, as already observed in cell
and rat models [31-33].

Ortuno-Lizaran et al. successively carried out an investigation, similar to the research
by Beach et al., with the specific objective of characterizing the cells and structures where
the modified p-syn proteins accumulate and to assess a possible correlation between the
amount of p-syn in the retina and the brain. They found an accumulation of p-syn in the
form of axonal fibers, dendrites, and /or neuronal perikaryal structures in the retinas of
patients with PD and in 3 subjects with incidental Lewy Body disease. All cells involved
had morphological changes and had their cell bodies in the GCL and most of their dendrites
in the IPL. In addition, the authors observed a positive correlation between the density of
p-syn in the retina and in the brain of subjects with PD and a correlation with motor scores
and the stage of the disease. Ortuno-Lizaran et al. pointed out that these findings suggested
that the progression of the disease is correlated in both tissues and that the retina can act as
a biomarker of PD brain disease [34]. Figure 1 graphically summarizes the reported studies.
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Figure 1. Schematic representation of the main localization of a-syn and p-syn in retinal tissue
described in several studies. «-syn: a-synuclein; p-syn: phosphorylated o-synuclein; ILM: internal
limiting membrane; NFL: nerve fiber layer; GCL: ganglion cell layer; IPL: inner plexiform layer; INL:
inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; ELM: external limiting

membrane; RPE: retinal pigment epithelium.

3. SD-OCT Findings

SD-OCT is an imaging technology that enables the evaluation of the retina in vivo,
providing information on retinal morphology and thickness values of individual retinal
layers with high-resolution. SD-OCT uses a near-infrared wavelength with a broad-band
width light source to illuminate the retina and assess the light reflected from retinal tissue
interfaces with a spectrometer and Fourier transformation. The device analyzes the reflected
light creating two- and three-dimensional images with near cellular resolution (<10 pm),
in which different retinal layers can be differentiated by signal intensity. The SD-OCT
data-analysis program generates numerical values for retinal layer thicknesses and entire
macular and foveal volumes. Furthermore, it is a non-invasive imaging technique with
good sensitivity and reproducibility that is an ideal tool for the longitudinal assessment
of degenerative change in the retina [35]. In PD patients there is retinal accumulation of
alpha-synuclein, in its native or modified form, particularly in the inner retina. SD-OCT
allows the accurate study of these layers enabling evaluation of changes in structure or
thickness related to the pathology [36]. Figure 2 illustrates the individual retinal layers on a
SD-OCT cross-sectional scan.
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Figure 2. Horizontal spectral domain optical coherence tomography (SD-OCT) cross-sectional scan

passing through the fovea. The various retinal layers are shown with added color overlayers on the

left side as follows: blue: retinal nerve fiber layer; green: ganglion cell layer; orange: inner plexiform

layer; yellow: inner nuclear layer; pink: outer plexiform layer; red: outer nuclear layer. The right side

shows original SD-OCT output in scales of grey.

The studies in the literature that describe SD-OCT alterations in PD are numerous and
have produced inconsistent results (Table 1).

Table 1. Clinical characteristics included spectral-domain optical coherence tomography studies.

Study Number of Eyes Parameters Measured SD-OCT Model Results on PD Patients Other Findings
Aydinetal. Cases: 25 PD RNFL and retinal Heidelberg Spectralis ~ Nasal retinal thickness
2018 [37] Controls: 29 thickness SD-OCT (software and mean RNFL
version 5.3; Heidelberg  thickness
Correlation between Engineering, reduced in PD
RNFL thickness and Heidelberg,
severity of disease Germany)
Sengupta Cases: 34 PD RNFL thickness, Heidelberg Spectralis ~ Reduction of RNFL No differences
etal. 2018 Controls: 50 macular volume HRA + OCT thickness in PD. in central
[38] (Heidelberg Macular volumes foveal volume
Engineering, diminished in both
Heidelberg, perifoveal and outer
Germany) macular regions in
all sectors in PD
Moschos Cases: 31 PD GCC, RNFL and Heidelberg Spectralis Reduced GCC and
etal. 2018 Controls: 25 choroidal thickness HRA + OCT RNFL thickness in PD
[39] (Heidelberg
Engineering,
Heidelberg,

Germany)




Int. J. Mol. Sci. 2023, 24, 4391

7 of 14

Table 1. Cont.

Study Number of Eyes Parameters Measured SD-OCT Model Results on PD Patients Other Findings
Verghesee Cases: 15 PD Macular GCC and Heidelberg Spectralis ~ Reduced macular
et al. 2022 Controls: 11 RNFL, peripapillary HRA + OCT thickness, macular
[40] RNFL thickness (Heidelberg GCC and RNFL, and
Engineering, peripapillary RNFL in
Heidelberg, PD
Germany)
Huang etal. Cases: 53 PD RNFL, central and Zeiss Cirrus HD-4000 Macular retinal
2018 [41] Controls: 41 mean macular SD-OCT (Carl Zeiss thickness, macular
thickness, and macular Meditec, Inc., Dublin, volume, and average
volumes CA,USA) RNFL thickness
thinner in PD
Huangetal. Cases: 53 PD MRT, TMV and Zeiss Cirrus HD-4000 Reduction of MRT,
2020 [42] Controls: 41 peripapillary RNFL SD-OCT (Carl Zeiss TMYV and peripapillary
thickness Meditec, Inc., Dublin, RNFL in patients with
CA, USA) advanced stage of PD
versus controls
Lee et al. Cases: 36 PD Retinal, RNFL, GCL Heidelberg Spectralis Reduction of retinal,
2019 [43] Controls: 57 and IPL thickness SD-OCT (Heidelberg GCL and IPL thickness
Engineering, in temporal and
Heidelberg, inferior sectors.
Germany) reduction of RNFL in
inferior sector in PD
Rascuna Cases: 21 PD Peripapillary and Zeiss Cirrus HD-5000  Peripapillary and
et al. 2020 Controls: 17 macular RNFL, GCL SD-OCT (Carl Zeiss macular RNFL, GCL,
[44] thickness, IPL Meditec, Inc., Dublin, IPL, and INL thinner
thickness, and INL CA, USA) in PD versus HCs.
thickness
Rascuna Cases: 21 PD, 19 RNFL, GCL, IPL, INL, Zeiss Cirrus HD-5000 RNFL, GCL, IPL, INL,
et al. 2021 MSA OPL and SD-OCT (Carl Zeiss OPL and ONL thinner
[45] Controls: 33 ONLthickness (both Meditec, Inc., Dublin, in PD and iRBD versus
PD and iRBD patients) CA, USA) controls
Wangetal. Cases: 397 PD Peripapillary RNFL Zeiss Cirrus HD-5000 Peripapillary RNFL GCL, IPL and
2022 [46] Controls: 427 thickness, MRT, and SD-OCT (Carl Zeiss thickness, MRT and ONL thinner in
TMV Meditec, Inc., Dublin, TMYV reduced in PD patients with
CA, USA) advanced stage
of disease
Zou et al. Cases: 35 PD CMT, MRT, TMV, Zeiss Cirrus HD-5000 Temporal RNFL No difference
2020 [47] Controls: 35 GCL-IPL thickness, SD-OCT (Carl Zeiss thinner in PD of mean RNFL
RNFL thickness Meditec, Inc., Dublin, thickness
CA,USA) and CMT.
Unlu et al. Cases: 58 PD Peripapillary and Heidelberg Spectralis Peripapillary and
2018 [48] Controls: 30 macular RNFL, GCL SD-OCT (Heidelberg macular RNFL, GCL
thickness, IPL Engineering, thickness, IPL
thickness, INL, ONL, Heidelberg, thickness, INL, ONL,
OPL, PR, RPE Germany) PR, and RPE thickness
thickness volumes lower in PD.
OPL volumes
increased in PD
Cesareo Cases: 41 PD Peripapillary RNFL Heidelberg Spectralis No differences in
et al. 2021 Controls: 41 and retinal thickness SD-OCT (Heidelberg peripapillary RNFL
[49] Engineering, thickness. ONL
Heidelberg, thinner whereas OPL

Germany)

and RPE thicker in PD
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Table 1. Cont.

Study Number of Eyes Parameters Measured SD-OCT Model Results on PD Patients Other Findings
Giines etal. Cases: 22 PD RNFL and GCC RTVue-XR Avanti No differences in
2019 [50] Controls: 22 thickness (Optovue Inc., RNFL and GCC
Fremont, CA, USA) thickness
Alkabie Cases: 12 PD, 11 RNFL thickness and Heidelberg Spectralis ~ RNFL thickness and
et al. 2020 PSP Controls: 12 macular volume SD-OCT (software macular volume not
[51] version 5.1.2; significantly different
Heidelberg between eyes of PD
Engineering, patients and controls
Heidelberg,
Germany)
Robbins Cases: 69 PD RNFL, GCL-IPL Zeiss Cirrus HD-5000 No difference in CST, Increased total
etal. 2021 Controls: 137 thickness, CST, SFCT, SD-OCT (Carl Zeiss RNFL, and GCIPL choroidal and
[52] Angio-OCT Meditec, Inc., Dublin, thickness between PD  choroidal
parameters, and CVI CA, USA) and controls. luminal area;
decreased CVI
in PD
Bayram Cases: 15 PD, 15 RNFL, macular, foveal =~ Rtvue OCT (Optivue Superior RNFL and Temporal,
etal. 2019 AD Controls: 15 and parafoveal INC, Toredo, OH, superior retinal inferior and
[53] thickness USA) thickness higher in PD  inferior retinal
and RNFL
thinner in
PD (not
statistically
significant).
Matlach Cases: 30 PD GCC and peripapillary ~ Zeiss Cirrus HD-4000 No differences in Superior RNFL
etal. 2018 Controls: 40 RNFL thickness SD-OCT (Carl Zeiss RNFL and GCC significantly
[54] Meditec, Inc., Dublin, thickness thinner in
CA, USA) ipsilateral eye
RTVue-100® (Optovue (not contralateral
Inc., Fremont, CA, eye) to the
USA; software most-affected
version 6.3) body si.de V.Vith
bradykinesia of
PD patients
compared to
controls
Batum etal. Cases: 50 PD, 15 GCC and peripapillary ~ Stratus OCT (Carl Retinal thickness and
2022 [55] MSA Controls: 50 RNFL thickness Zeiss Meditec Inc., GCC thinner in PD
Dublin, CA, USA) versus HCs. No

significant difference
in peripapillary RNFL
thickness in all
quadrants between PD
and controls

PD: Parkinson’s disease; PSP: progressive supranuclear palsy; OCT: optical coherence tomography; RNFL: retinal
nerve fiber layer; GCL-IPL: ganglion cell-inner plexiform layer; CSF: central subfield thickness; SFCT: subfoveal
choroidal thickness; CVI: choroidal vascularity index; CMT: central macular thickness; MRT: macular retinal
thickness; TMV: total macular volume; GCC: ganglion cell complex ; IPL: inner plexiform layer; ONL: outer
nuclear layer; OPL: outer plexiform layer; MSA: multi systemic atrophy; iRBD: idiopathic rapid-eye-movement
sleep behavior disorder; ET: essential tremor; RPE: retinal pigment epithelium.

Aydin et al. using SD-OCT found a reduction of the mean RNFL and retinal thickness
in the nasal sector in patients with PD [37]. Similar results were found by Segupta et al,,
who found that peripapillary RNFL was thinner in PD patients and macular volumes were
diminished in both para- and perifoveal regions but not in the central foveal area. The
authors suggested that this could be due to the anatomical constitution of the fovea, which
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is characterized almost exclusively by the presence of photoreceptors in the center and by a
more complex cellular network including ganglion cells in the periphery. Ganglion cells
are the most affected cell population in early forms of PD in relation to the dopaminergic
depletion of amacrine cells. This would cause a loss of retinal ganglion cells and their
axons, leading to the thinning of the RNFL layer [38]. Similar results were provided
by several other studies [39-43,56]. Rascuna et al. found a significant reduction of the
macular and peripapillary RNFL and GCL, and also significantly lower IPL, INL, OPL,
and ONL thickness in PD patients with respect to healthy controls [44]. These results were
subsequently confirmed by these authors in another study where patients with an early
form of PD and patients with idiopathic rapid eye movement sleep behavior disorder
(iRBD), considered a prodromic form of PD, were included. A thinning of the different
retinal layers was shown in both PD and iRBD patients compared to healthy controls, with
iRBD group values that were intermediate between PD patients and controls. The authors
hypothesized that retinal impairment already occurs in the prodromic phase of PD which
represents an early sign of neurodegeneration. Retinal thinning may then worsen with
the progression of neurodegeneration, reflecting a continuum of neuronal damage that
already begins in iRBD patients and continues with the onset of PD [45]. This continuum
of damage was also observed in a later study by Wang et al. in a larger cohort of patients in
different stages of disease. Peripapillary RNFL, GCL, IPL and ONL, as well as total macular
retinal thickness and macular volume were measured. The authors found that patients
with PD had a significantly lower thickness of all parameters examined with respect to
healthy controls. Interestingly, the GCL, IPL, and ONL were thinner in patients with PD
with Hoehn-Yahr I (H-Y I) stage and significantly decreased as the H-Y stage increased [46].
These findings suggest that the structural damage to the retina can be contemporaneous
and proportional to the progression of the disease.

Zou et al. found a reduction of the RNFL thickness only in the temporal sector in
PD patients with respect to controls. Moreover, the authors found that the total macular
volume, macular retinal thickness, and GCL-IPL thicknesses were reduced in eyes with
PD. In line with previous authors, Zou et al. hypothesized that GCL-IPL thinning is
derived from ganglion cell apoptosis secondary to dopaminergic deprivation and that the
temporal reduction of RNFL thickness is related to the anatomical distribution of nerve
fibers, physiologically more abundant in that area. In addition, nerve fibers and ganglion
cells are absent in the fovea, thus the central macular thickness was similar between PD
patients and controls, while the total macular volume and macular retinal thickness, that
analyze a wider region, were clearly thinner [47].

Unlu et al. similar to the studies described, found significant thinning of the macular
RNFL, GCL, IPL, ONL, and RPE in PD demonstrating the involvement of both the inner
and the outer retina, consistent with the loss of retinal dopaminergic amacrine cells. Never-
theless, surprisingly, they found an increase of OPL thickness in PD patients. In reference
to a previous study by Chorostecki et al. the authors hypothesized that this finding could
be explained by the accumulation of «-syn within the OPL [48,57]. In a more recent study,
Cesareo et al. also found an increase in OPL thickness and thinning of the ONL. However,
unlike the previous results, these authors found RPE thickening in patients with PD and
suggested that this was due to the accumulation of x-syn in retinal tissue. In fact, as already
explained, the intraretinal accumulation of a-syn, in addition to its steric encumbrance,
causes alteration of the physiological intra- and extra-cellular metabolic pathways, causing
an increase in the number of oxidized proteins and toxic intracellular aggregates. Among
these, ferritinophagy is one of the most affected pathways, with deleterious consequences
on photoreceptors, rich in ferritinoportine and iron. Indeed, in physiological conditions,
ferritinophagy induces the release of iron from ferritin in the RPE cells. The alteration
of ferritinophagy due to «-syn results in an intracellular accumulation of iron [58]. This
would lead to thickening of the RPE and to the reduction of ONL thickness, which contains
the nuclei of photoreceptors in involution due to the direct and indirect cytotoxic effect of

a-syn [49].
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Several studies found no differences in SD-OCT parameters in PD patients with respect
to healthy controls [50-52]. Gunes et al. and Robbins et al. did not find differences in
RNFL and GCC thickness. Robbins et al. suggested that although «-syn is present in
the retina in individuals with PD, the changes caused may be too limited to be observed
with currently available instrumentation [50,52]. Bayram et al., in a study conducted on
early-stage patients with AD (8 patients) and PD (13 patients) did not find significant
changes in RNFL thickness, except for higher values in the superior RNFL thickness in PD
patients. However, the diagnosis of patients was not confirmed by any laboratory tests
or post-mortem examinations [53]. Similarly, Matlach et al., found no differences in inner
retinal and average RNFL thickness between patients with PD compared to age-matched
subjects, but there was a statistically significant thinning of the superior RNFL in the
ipsilateral eye to the most affected side of the body with bradykinesia, suggesting laterality
between brain damage and retinal damage [54]. Batum et al. in a recent study confirmed
that RNFL thickness was similar in PD patients with respect to controls; however, they
found a thinning of retinal thicknesses and GCC thickness in all areas. and speculated that
this may be due to the short disease duration in the PD patients they studied [55].

4. Discussion

There is evidence in the literature that the accumulation of x-syn and, more specifi-
cally, post-translationally modified forms of x-syn, occurs in the retina as well as in the
brain tissue. What remains to be understood is whether these alterations are linked to the
typical visual changes in PD patients. A recent report by Marrocco et al., performed on
transgenic mice, showed how overexpression of «-syn leads to neurodegeneration of tyro-
sine hydroxylase amacrine cells followed by a degeneration of ganglion cells with a direct
consequence on visual functions such as adaptation to light and visual acuity [19]. Clearly,
further in vivo studies in humans are needed to better characterize and understand the
mechanisms by which these pathological accumulations of «-syn affect the dopaminergic
function of visual impulse transmission.

There is a need to find a non-invasive biomarker that would facilitate diagnosis of PD,
possibly years before the onset of the classic symptoms. As in other neurodegenerative
diseases, the eye and in particular the retina, due to its easy accessibility and the direct
derivation from neuronal tissue, could offer an early diagnosis of PD. However, there are
still criticisms. The totality of available studies in the literature does not allow to define the
prevalence and specificity of retinal x-syn inclusions in PD owing to the the low numbers
of patients and differences in study protocols. Furthermore, future research would benefit
by studies with patients in different stages of PD, possibly correlating the amount of x-syn
with the occurrence of PD symptoms.

A critical point is the current possibility of observing the retina in vivo with imaging
techniques in ophthalmology; research could be aimed to detect a-syn deposits in vivo,
possibly differentiating modified and unmodified protein forms. Widely available imaging
techniques used in PD patients are SD-OCT and confocal scanning laser ophthalmoscopy
(cSLO); similar but improved technologies are needed to visualize retinal «-syn and/or
p-syn and/or LBs in vivo. SD-OCT alterations in PD patients are controversial. Huang
et al., in a recent meta-analysis of 27 SD-OCT studies analyzing changes in retinal thickness
in PD patients versus healthy controls concluded that there is a thinning of NFL, GCL, and
IPL that may be due to the dopaminergic depletion that occurs during PD, which leads
to a reduced interaction between dopaminergic amacrine cells and retinal ganglion cells
leading to atrophy of the ganglion cells and their nerve fibers [42]. The studies reported in
this review on SD-OCT parameters in PD patients also had conflicting results. The reasons
for these inconsistencies are possibly due to the methodological differences adopted such
as variability in SD-OCT devices used, sample size, stage of disease of enrolled patients,
and the presence of visual and systemic symptoms. Most of the studies in the literature
were conducted on patients with an already advanced stage of the disease. However, few
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research groups detected early-stage aggregates (oligomers) or monomer accumulation
before the advanced clinical manifestations [34,49,53].

Further studies are warranted in order to better characterize the retinal architectural
changes in PD evidenced by SD-OCT and to possibly correlate these with the histological
aspects (presence of x-syn), and with neuro-functional features (visual acuity, contrast
sensitivity, intraretinal pulse transmission). For now, what we see are the indirect effects
of what happens at the microscopic level; the next frontier will be to directly visualize
intraretinal accumulations in vivo even before they begin to induce retinal damage. In
this regard, several technologies are developing, but are unfortunately still at a level of
experimentation [59,60]. One hypothesis could be the use of cSLO, a non-invasive imaging
technique that allows to obtain high resolution en face images of the retina and can be
used to detect fluorescence signals. This technique could be supplemented by the use of
fluorescent probes capable of binding to the aggregating «-syn monomers and oligomers.
Unfortunately, this new experimental technology has not yet been translated to the retina
and is still a long way from clinical development [61,62].

In conclusion, numerous studies, conducted ex vivo, have shown the accumulation
of a-syn and p-syn in different retinal localizations in ageing and in PD with different
distribution patterns. These observations have a huge potential to lay the foundations for a
better understanding of the mechanisms through which visual impairment occurs in PD
and to develop an easily accessible and non-invasive biomarker for the early detection of
PD, even years before the onset of symptoms. For this to happen, however, retinal imaging
techniques that allow to directly observe the effects of x-syn intraretinal accumulation
in vivo are required. Current available SD-OCT data is still not enough for this purpose.
However, the early diagnosis and follow-up of PD may be possible with multicentric,
prospective and longitudinal clinical studies on imaging techniques to better clarify the
actual extent and temporal course of retinal damage in PD.

Author Contributions: Conceptualization M.D.P. and S.A.; methodology, M.D.P,, S.F. and L.S;;
resources, M.D.P. and ED.S; data curation, S.E, ED.S. and S.A.; writing—original draft preparation,
M.D.P, S.F. and ED.S.; writing—review and editing, L.S. and S.A.; visualization, M.D.P. and L.S.;
supervision, M.D.P. and S.A. All authors have read and agreed to the published version of the
manuscript wrote and revised the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Surguchov, A. Biomarkers in Parkinson’s Disease. In Neurodegenerative Diseases Biomarkers; Neuromethods; Peplow, P.V,,
Martinez, B., Gennarelli, T.A., Eds.; Humana: New York, NYY, USA, 2021; Volume 173. [CrossRef]

2. Samii, A.; Nutt, ].G.; Ransom, B.R. Parkinson’s disease. Lancet 2004, 363, 1783-1793. [CrossRef] [PubMed]

3. Martinez-Navarrete, G.C.; Martin-Nieto, J.; Esteve-Rudd, J.; Angulo, A.; Cuenca, N. Alpha synuclein gene expression profile in
the retina of vertebrates. Mol. Vis. 2007, 13, 949-961. [PubMed]

4. Kawahata, I.; Finkelstein, D.I.; Fukunaga, K. Pathogenic Impact of a-Synuclein Phosphorylation and Its Kinases in o-
Synucleinopathies. Int. . Mol. Sci. 2022, 23, 6216. [CrossRef] [PubMed]

5. Lotharius, J.; Brundin, P. Pathogenesis of Parkinson’s disease: Dopamine, vesicles and alpha-synuclein. Nat. Rev. Neurosci. 2002,
3,932-942. [CrossRef] [PubMed]

6. Beach, T.G,; Adler, C.H.; Lue, L.; Sue, L.I.; Bachalakuri, J.; Henry-Watson, J.; Sasse, J.; Boyer, S.; Shirohi, S.; Brooks, R.; et al.
Unified staging system for Lewy body disorders: Correlation with nigrostriatal degeneration, cognitive impairment and motor
dysfunction. Acta Neuropathol. 2009, 117, 613-634. [CrossRef]

7. Lee, ]M.; Derkinderen, P.; Kordower, J.H.; Freeman, R.; Munoz, D.G.; Kremer, T.; Zago, W.; Hutten, S.J.; Adler, C.H,;
Serrano, G.E.; et al. The Search for a Peripheral Biopsy Indicator of x-Synuclein Pathology for Parkinson Disease. ]. Neu-
ropathol. Exp. Neurol. 2017, 76, 2-15. [CrossRef]


http://doi.org/10.1007/978-1-0716-1712-0_7
http://doi.org/10.1016/S0140-6736(04)16305-8
http://www.ncbi.nlm.nih.gov/pubmed/15172778
http://www.ncbi.nlm.nih.gov/pubmed/17653035
http://doi.org/10.3390/ijms23116216
http://www.ncbi.nlm.nih.gov/pubmed/35682892
http://doi.org/10.1038/nrn983
http://www.ncbi.nlm.nih.gov/pubmed/12461550
http://doi.org/10.1007/s00401-009-0538-8
http://doi.org/10.1093/jnen/nlw103

Int. . Mol. Sci. 2023, 24, 4391 12 of 14

10.

11.
12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Jankovic, J. Parkinson’s disease: Clinical features and diagnosis. J. Neurol. Neurosurg. Psychiatry 2008, 79, 368-376. [CrossRef]
Braak, H.; Ghebremedhin, E.; Riib, U.; Bratzke, H.; Del Tredici, K. Stages in the development of Parkinson’s disease-related
pathology. Cell Tissue Res. 2004, 318, 121-134. [CrossRef]

Pellicano, C.; Benincasa, D.; Pisani, V.; Buttarelli, ER.; Giovannelli, M.; Pontieri, FE. Prodromal non-motor symptoms of
Parkinson’s disease. Neuropsychiatr. Dis. Treat. 2007, 3, 145-152. [CrossRef]

Mahlknecht, P.; Seppi, K.; Poewe, W. The Concept of Prodromal Parkinson’s Disease. J. Park. Dis. 2015, 5, 681-697. [CrossRef]
Sartucci, F,; Porciatti, V. Visual-evoked potentials to onset of chromatic red-green and blue-yellow gratings in Parkinson’s disease
never treated with L-dopa. J. Clin. Neurophysiol. 2006, 23, 431-435. [CrossRef] [PubMed]

Archibald, N.K.; Clarke, M.P.; Mosimann, U.P,; Burn, D.J. Visual symptoms in Parkinson’s disease and Parkinson’s disease
dementia. Mov. Disord. 2011, 26, 2387-2395. [CrossRef] [PubMed]

Bodis-Wollner, I. Foveal vision is impaired in Parkinson’s disease. Park. Relat. Disord. 2013, 19, 1-14. [CrossRef] [PubMed]
Fearnley, ].M.; Lees, A.]. Ageing and Parkinson’s disease: Substantia nigra regional selectivity. Brain 1991, 114, 2283-2301.
[CrossRef]

De Groef, L.; Cordeiro, M.F. Is the Eye an Extension of the Brain in Central Nervous System Disease? J. Ocul. Pharmacol. Ther.
2018, 34, 129-133. [CrossRef]

Guo, L.; Normando, E.M.; Shah, P.A.; De Groef, L.; Cordeiro, M.E. Oculo-visual abnormalities in Parkinson’s disease: Possible
value as biomarkers. Mov. Disord. 2018, 33, 1390-1406. [CrossRef]

Armstrong, R.A. Oculo-Visual Dysfunction in Parkinson.s Disease. ]. Park. Dis. 2015, 5, 715-726. [CrossRef]

Marrocco, E.; Indrieri, A.; Esposito, F; Tarallo, V.; Carboncino, A.; Alvino, F.G.; De Falco, S.; Franco, B.; De Risi, M.; De Leonibus,
E. a-synuclein overexpression in the retina leads to vision impairment and degeneration of dopaminergic amacrine cells. Sci. Rep.
2020, 10, 9619. [CrossRef]

Abdolrahimzadeh, S.; Di Pippo, M.; Sordi, E.; Zweifel, S.A. Inner Retinal Layer Thickness Alterations in Early Age Related
Macular Degeneration in Eyes with Subretinal Drusenoid Deposits or Conventional Drusen. |. Clin. Med. 2021, 10, 5136.
[CrossRef]

Mackenzie, S.; Schmermer, C.; Charnley, A.; Sim, D.; Tah, V.; Dumskyj, M.; Nussey, S.; Egan, C. SDOCT imaging to identify
macular pathology in patients diagnosed with diabetic maculopathy by a digital photographic retinal screening programme.
PLoS ONE 2011, 6, €14811. [CrossRef]

Formisano, M.; Di Pippo, M.; Scuderi, L.; Abdolrahimzadeh, S. Current concepts on diffuse choroidal hemangioma in Sturge
Weber syndrome. Ophthalmic Genet. 2021, 42, 375-382. [CrossRef] [PubMed]

Chan, VTI.T.; Sun, Z,; Tang, S.; Chen, L.J.; Wong, A.; Tham, C.C.; Wong, T.Y.,; Chen, C.; Ikram, M.K.; Whitson, H.E.; et al.
Spectral-Domain OCT Measurements in Alzheimer’s Disease: A Systematic Review and Meta-analysis. Ophthalmology 2019, 126,
497-510. [CrossRef]

Shields, C.L.; Benevides, R.; Materin, M.A.; Shields, J.A. Optical coherence tomography of retinal astrocytic hamartoma in 15
cases. Ophthalmology 2006, 113, 1553-1557. [CrossRef] [PubMed]

Surguchov, A.; McMahan, B.; Masliah, E.; Surgucheva, I. Synucleins in ocular tissues. J. Neurosci. Res. 2001, 65, 68-77. [CrossRef]
[PubMed]

Rocha Cabrero, F.; Morrison, E.H. Lewy Bodies; StatPearls: Tampa, FL, USA, 2022.

Beach, T.G.; Carew, ].; Serrano, G.; Adler, C.H.; Shill, H.A ; Sue, L.L; Sabbagh, M.N.; Akiyama, H.; Cuenca, N. Phosphorylated
a-synuclein-immunoreactive retinal neuronal elements in Parkinson’s disease subjects. Neurosci. Lett. 2014, 571, 34-38. [CrossRef]
[PubMed]

Ho, C.Y;; Troncoso, J.C.; Knox, D.; Stark, W.; Eberhart, C.G. Beta-amyloid, phospho-tau and alpha-synuclein deposits similar to
those in the brain are not identified in the eyes of Alzheimer’s and Parkinson’s disease patients. Brain Pathol. 2014, 24, 25-32.
[CrossRef] [PubMed]

Mammadova, N.; Summers, C.M.; Kokemuller, R.D.; He, Q.; Ding, S.; Baron, T.; Yu, C.; Valentine, R.J.; Sakaguchi, D.S,;
Kanthasamy, A.G.; et al. Accelerated accumulation of retinal o-synuclein (pSer129) and tau, neuroinflammation, and autophagic
dysregulation in a seeded mouse model of Parkinson’s disease. Neurobiol. Dis. 2019, 121, 1-16. [CrossRef]

Peng, X.; Tehranian, R.; Dietrich, P.; Stefanis, L.; Perez, R.G. Alpha-synuclein activation of protein phosphatase 2A reduces
tyrosine hydroxylase phosphorylation in dopaminergic cells. J. Cell Sci. 2005, 118 Pt 15, 3523-3530. [CrossRef]

Freundt, E.C.; Maynard, N.; Clancy, E.K; Roy, S.; Bousset, L.; Sourigues, Y.; Covert, M.; Melki, R.; Kirkegaard, K.; Brahic, M.
Neuron-to-neuron transmission of x-synuclein fibrils through axonal transport. Ann. Neurol. 2012, 72, 517-524. [CrossRef]
George, S.; Rey, N.L.; Reichenbach, N.; Steiner, ].A.; Brundin, P. x-Synuclein: The long distance runner. Brain Pathol. 2013, 23,
350-357. [CrossRef]

Bodis-Wollner, I.; Kozlowski, P.B.; Glazman, S.; Miri, S. a-synuclein in the inner retina in Parkinson disease. Ann. Neurol. 2014, 75,
964-966. [CrossRef] [PubMed]

Ortufio-Lizaran, I.; Beach, T.G.; Serrano, G.E.; Walker, D.G.; Adler, C.H.; Cuenca, N. Phosphorylated «-synuclein in the retina is a
biomarker of Parkinson’s disease pathology severity. Mov. Disord. 2018, 33, 1315-1324. [CrossRef] [PubMed]

Staurenghi, G.; Sadda, S.; Chakravarthy, U.; Spaide, R.E. International Nomenclature for Optical Coherence Tomography (IN-OCT)
Panel. Proposed lexicon for anatomic landmarks in normal posterior segment spectral-domain optical coherence tomography:
The IN-OCT consensus. Ophthalmology 2014, 121, 1572-1578. [CrossRef] [PubMed]


http://doi.org/10.1136/jnnp.2007.131045
http://doi.org/10.1007/s00441-004-0956-9
http://doi.org/10.2147/nedt.2007.3.1.145
http://doi.org/10.3233/JPD-150685
http://doi.org/10.1097/01.wnp.0000216127.53517.4d
http://www.ncbi.nlm.nih.gov/pubmed/17016154
http://doi.org/10.1002/mds.23891
http://www.ncbi.nlm.nih.gov/pubmed/21953737
http://doi.org/10.1016/j.parkreldis.2012.07.012
http://www.ncbi.nlm.nih.gov/pubmed/22998939
http://doi.org/10.1093/brain/114.5.2283
http://doi.org/10.1089/jop.2016.0180
http://doi.org/10.1002/mds.27454
http://doi.org/10.3233/JPD-150686
http://doi.org/10.1038/s41598-020-66497-6
http://doi.org/10.3390/jcm10215136
http://doi.org/10.1371/journal.pone.0014811
http://doi.org/10.1080/13816810.2021.1910963
http://www.ncbi.nlm.nih.gov/pubmed/33843430
http://doi.org/10.1016/j.ophtha.2018.08.009
http://doi.org/10.1016/j.ophtha.2006.03.032
http://www.ncbi.nlm.nih.gov/pubmed/16949441
http://doi.org/10.1002/jnr.1129
http://www.ncbi.nlm.nih.gov/pubmed/11433431
http://doi.org/10.1016/j.neulet.2014.04.027
http://www.ncbi.nlm.nih.gov/pubmed/24785101
http://doi.org/10.1111/bpa.12070
http://www.ncbi.nlm.nih.gov/pubmed/23714377
http://doi.org/10.1016/j.nbd.2018.09.013
http://doi.org/10.1242/jcs.02481
http://doi.org/10.1002/ana.23747
http://doi.org/10.1111/bpa.12046
http://doi.org/10.1002/ana.24182
http://www.ncbi.nlm.nih.gov/pubmed/24816946
http://doi.org/10.1002/mds.27392
http://www.ncbi.nlm.nih.gov/pubmed/29737566
http://doi.org/10.1016/j.ophtha.2014.02.023
http://www.ncbi.nlm.nih.gov/pubmed/24755005

Int. . Mol. Sci. 2023, 24, 4391 13 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Tian, T.; Zhu, X.H.; Liu, Y.H. Potential role of retina as a biomarker for progression of Parkinson’s disease. Int. |. Ophthalmol. 2011,
4,433-438. [CrossRef] [PubMed]

Aydin, T.S.; Umit, D.; Nur, O.M,; Fatih, U.; Asena, K.; Nefise, O.Y.; Serpil, Y. Optical coherence tomography findings in Parkinson’s
disease. Kaohsiung J. Med. Sci. 2018, 34, 166-171. [CrossRef]

Sengupta, P.; Dutta, K.; Ghosh, S.; Mukherjee, A.; Pal, S.; Basu, D. Optical Coherence Tomography Findings in Patients of
Parkinson’s Disease: An Indian Perspective. Ann. Indian Acad. Neurol. 2018, 21, 150-155. [CrossRef]

Moschos, M.M.; Chatziralli, I.P. Evaluation of Choroidal and Retinal Thickness Changes in Parkinson’s Disease Using Spectral
Domain Optical Coherence Tomography. Semin. Ophthalmol. 2018, 33, 494—497. [CrossRef]

Verghese, S.; Berkowitz, S.T.; Shah, V.M.; Shah, P,; Priya, S.; Saravanan, V.R.; Narendran, V.; Selvan, V.A. Assessment of retinal
manifestations of Parkinson’s disease using spectral domain optical coherence tomography: A study in Indian eyes. Indian J.
Ophthalmol. 2022, 70, 448-452. [CrossRef]

Huang, J.; Li, Y;; Xiao, J.; Zhang, Q.; Xu, G.; Wu, G.; Liu, T.; Luo, W. Combination of Multifocal Electroretinogram and
Spectral-Domain OCT Can Increase Diagnostic Efficacy of Parkinson’s Disease. Park. Dis. 2018, 2018, 4163239. [CrossRef]
Huang, L.; Zhang, D.; Ji, J.; Wang, Y.; Zhang, R. Central retina changes in Parkinson’s disease: A systematic review and
meta-analysis. J. Neurol. 2021, 268, 4646—4654. [CrossRef]

Lee, ].Y.; Ahn, J.; Yoon, EJ.; Oh, S.; Kim, Y.K,; Jeon, B. Macular ganglion-cell-complex layer thinning and optic nerve integrity in
drug-naive Parkinson’s disease. J. Neural Transm. 2019, 126, 1695-1699. [CrossRef] [PubMed]

Rascuna, C.; Russo, A.; Terravecchia, C.; Castellino, N.; Avitabile, T.; Bonfiglio, V.; Fallico, M.; Chisari, C.G.; Cicero, C.E.; Grillo,
M.; et al. Retinal Thickness and Microvascular Pattern in Early Parkinson’s Disease. Front. Neurol. 2020, 11, 533375. [CrossRef]
[PubMed]

Rascuna, C.; Cicero, C.E.; Chisari, C.G.; Russo, A.; Giuliano, L.; Castellino, N.; Terravecchia, C.; Grillo, M.; Longo, A.; Avitabile, T.;
et al. Retinal thickness and microvascular pathway in Idiopathic Rapid eye movement sleep behaviour disorder and Parkinson’s
disease. Park. Relat. Disord. 2021, 88, 40—45. [CrossRef] [PubMed]

Wang, X.; Jiao, B; Jia, X.; Wang, Y.; Liu, H.; Zhu, X; Hao, X.; Zhu, Y.; Xu, B.; Zhang, S.; et al. The macular inner plexiform layer
thickness as an early diagnostic indicator for Parkinson’s disease. NP] Park. Dis. 2022, 8, 63. [CrossRef] [PubMed]

Zou, J.; Liu, K; Li, F; Xu, Y.; Shen, L.; Xu, H. Combination of optical coherence tomography (OCT) and OCT angiography
increases diagnostic efficacy of Parkinson’s disease. Quant. Imaging Med. Surg. 2020, 10, 1930-1939. [CrossRef]

Unlu, M.; Gulmez Sevim, D.; Gultekin, M.; Karaca, C. Correlations among multifocal electroretinography and optical coherence
tomography findings in patients with Parkinson’s disease. Neurol. Sci. 2018, 39, 533-541. [CrossRef]

Cesareo, M.; Di Marco, E.; Giannini, C.; Di Marino, M.; Aiello, E; Pisani, A.; Pierantozzi, M.; Mercuri, N.B.; Nucci, C.; Mancino, R.
The Retinal Posterior Pole in Early Parkinson’s Disease: A Fundus Perimetry and SD-OCT Study. Clin. Ophthalmol. 2021, 15,
4005-4014. [CrossRef]

Giines, A.; Sigirli, D. Assessment of Neurodegeneration by Optical Coherence Tomography and Mini-Mental Test in Parkinson’s
Disease. Ann. Indian Acad. Neurol. 2019, 22, 212-216. [CrossRef]

Alkabie, S.; Lange, A.; Manogaran, P,; Stoessl, A.].; Costello, E.; Barton, ].J.S. Optical coherence tomography of patients with
Parkinson’s disease and progressive supranuclear palsy. Clin. Neurol. Neurosurg. 2020, 189, 105635. [CrossRef]

Robbins, C.B.; Thompson, A.C.; Bhullar, PK.; Koo, H.Y.; Agrawal, R.; Soundararajan, S.; Yoon, S.P,; Polascik, B.W.; Scott, B.L.;
Grewal, D.S,; et al. Characterization of Retinal Microvascular and Choroidal Structural Changes in Parkinson Disease. JAMA
Ophthalmol. 2021, 139, 256. [CrossRef]

Bayram, D.; Yiiksel, G.; Bayram, T.; Tireli, H. Optical Coherence Tomography Findings in Parkinson’s and Alzheimer’s Disease
-Retinal Changes in Neurodegenerative Disease. Noro Psikiyatr Ars. 2019, 58, 103—107. [CrossRef] [PubMed]

Matlach, J.; Wagner, M.; Malzahn, U.; Schmidtmann, I.; Steigerwald, F.; Musacchio, T.; Volkmann, J.; Grehn, E; Gobel, W.; Klebe, S.
Retinal changes in Parkinson’s disease and glaucoma. Park. Relat. Disord. 2018, 56, 41-46. [CrossRef] [PubMed]

Batum, M.; Ak, AK.; Ar;, M.S.; Mayali, H.; Kurt, E.; Selguki, D. Evaluation of the visual system with visual evoked potential and
optical coherence tomography in patients with idiopathic Parkinson’s disease and with multiple system atrophy. Doc. Ophthalmol.
2022, 145, 99-112. [CrossRef] [PubMed]

Satue, M.; Obis, J.; Alarcia, R.; Orduna, E.; Rodrigo, M.].; Vilades, E.; Gracia, H.; Otin, S.; Fuertes, M.1; Polo, V.; et al. Retinal and
Choroidal Changes in Patients with Parkinson’s Disease Detected by Swept-Source Optical Coherence Tomography. Curr. Eye
Res. 2018, 43, 109-115. [CrossRef] [PubMed]

Chorostecki, J.; Seraji-Bozorgzad, N.; Shah, A.; Bao, F; Bao, G.; George, E.; Gorden, V.; Caon, C.; Frohman, E.; Bhatti, M.T; et al.
Characterization of retinal architecture in Parkinson’s disease. . Neurol. Sci. 2015, 355, 44-48. [CrossRef] [PubMed]

Baksi, S.; Singh, N. Alpha-Synuclein impairs ferritinophagy in the retinal pigment epithelium: Implications for retinal iron
dyshomeostasis in Parkinson’s disease. Sci. Rep. 2017, 7, 12843. [CrossRef] [PubMed]

Deeg, A.A.; Reiner, A.M.; Schmidt, F; Schueder, F,; Ryazanov, S.; Ruf, V.C.; Giller, K.; Becker, S.; Leonov, A.; Griesinger, C.; et al.
Anle138b and related compounds are aggregation specific fluorescence markers and reveal high affinity binding to «-synuclein
aggregates. Biochim. Biophys. Acta 2015, 1850, 1884-1890. [CrossRef]

Cai, W.; Feng, D.; Schwarzschild, M.A.; McLean, PJ.; Chen, X. Bimolecular Fluorescence Complementation of Alpha-synuclein
Demonstrates its Oligomerization with Dopaminergic Phenotype in Mice. EBioMedicine 2018, 29, 13-22. [CrossRef]


http://doi.org/10.3980/j.issn.2222-3959.2011.04.21
http://www.ncbi.nlm.nih.gov/pubmed/22553695
http://doi.org/10.1016/j.kjms.2017.11.006
http://doi.org/10.4103/aian.AIAN_152_18
http://doi.org/10.1080/08820538.2017.1307423
http://doi.org/10.4103/ijo.IJO_1409_21
http://doi.org/10.1155/2018/4163239
http://doi.org/10.1007/s00415-020-10304-9
http://doi.org/10.1007/s00702-019-02097-7
http://www.ncbi.nlm.nih.gov/pubmed/31630254
http://doi.org/10.3389/fneur.2020.533375
http://www.ncbi.nlm.nih.gov/pubmed/33117254
http://doi.org/10.1016/j.parkreldis.2021.05.031
http://www.ncbi.nlm.nih.gov/pubmed/34118642
http://doi.org/10.1038/s41531-022-00325-8
http://www.ncbi.nlm.nih.gov/pubmed/35614125
http://doi.org/10.21037/qims-20-460
http://doi.org/10.1007/s10072-018-3244-2
http://doi.org/10.2147/OPTH.S323944
http://doi.org/10.4103/aian.AIAN_424_17
http://doi.org/10.1016/j.clineuro.2019.105635
http://doi.org/10.1001/jamaophthalmol.2020.5730
http://doi.org/10.29399/npa.23640
http://www.ncbi.nlm.nih.gov/pubmed/34188591
http://doi.org/10.1016/j.parkreldis.2018.06.016
http://www.ncbi.nlm.nih.gov/pubmed/29937099
http://doi.org/10.1007/s10633-022-09887-7
http://www.ncbi.nlm.nih.gov/pubmed/35881261
http://doi.org/10.1080/02713683.2017.1370116
http://www.ncbi.nlm.nih.gov/pubmed/29111842
http://doi.org/10.1016/j.jns.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26071887
http://doi.org/10.1038/s41598-017-12862-x
http://www.ncbi.nlm.nih.gov/pubmed/28993630
http://doi.org/10.1016/j.bbagen.2015.05.021
http://doi.org/10.1016/j.ebiom.2018.01.035

Int. . Mol. Sci. 2023, 24, 4391 14 of 14

61. Veys, L.; Vandenabeele, M.; Ortufio-Lizaran, I.; Baekelandt, V.; Cuenca, N.; Moons, L.; De Groef, L. Retinal x-synuclein deposits
in Parkinson’s disease patients and animal models. Acta Neuropathol. 2019, 137, 379-395. [CrossRef]

62. Giampa, M.; Amundarain, M.].; Herrera, M.G.; Tonali, N.; Dodero, V.I. Implementing Complementary Approaches to Shape the
Mechanism of x-Synuclein Oligomerization as a Model of Amyloid Aggregation. Molecules 2021, 27, 88. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s00401-018-01956-z
http://doi.org/10.3390/molecules27010088

	Introduction 
	Alpha-Synuclein in Human Retina 
	SD-OCT Findings 
	Discussion 
	References

