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Abstract

Aggregation of a-synuclein (a-syn) in neurons of the substantia nigra is diagnostic of Parkinson’s
disease (PD), a neuro-motor disorder with prominent visual symptoms. Here, we demonstrate that
a-syn, the principal protein involved in the pathogenesis of PD, is expressed widely in the
neuroretina, and facilitates the uptake of transferrin-bound iron (Tf-Fe) by retinal pigment
epithelial (RPE) cells that form the outer blood-retinal barrier. Absence of a-syn in knock-out
mice (a-syn~'") resulted in down-regulation of ferritin in the neuroretina, indicating depletion of
cellular iron stores. A similar phenotype of iron deficiency was observed in the spleen, femur, and
brain tissue of a-syn~'~ mice, organs that utilize mainly Tf-Fe for their metabolic needs. The liver
and kidney, organs that take up significant amounts of non-Tf-bound iron (NTBI), showed
minimal change. Evaluation of the underlying mechanism in the human RPE47 cell line suggested
a prominent role of a-syn in the uptake of Tf-Fe by modulating the endocytosis and recycling of
transferrin (Tf)/transferrin-receptor (TfR) complex. Down-regulation of a-syn in RPE cells by
RNAI resulted in the accumulation of Tf/TfR complex in common recycling endosomes (CRES),
indicating disruption of recycling to the plasma membrane. Over-expression of exogenous a-syn
in RPE cells, on the other hand, up-regulated ferritin and TfR expression. Interestingly, exposure
to exogenous iron increased membrane association and co-localization of a-syn with TfR,
supporting its role in iron uptake by the Tf/TfR complex. Together with our observations
indicating basolateral expression of a-syn and TfR on RPE cells in vivo, this study reveals a novel
function of a-syn in the uptake of Tf-Fe by the neuroretina. It is likely that retinal iron
dyshomeostasis due to impaired or altered function of a-syn contributes to the visual symptoms
associated with PD.
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Introduction

Parkinson’s disease (PD) is a neuro-motor disorder resulting from the progressive loss of
dopaminergic (DA) neurons in the substantia nigra pars compacta (SN). Surviving neurons
accumulate Lewy bodies, cytoplasmic inclusions comprised mainly of a-synuclein (a-syn)
[1, 2]. The majority of PD cases are sporadic, though a small percentage is linked to
mutations in genes designated PARK 1-18[3]. PARKI encodes for a-syn, a ubiquitously
expressed protein responsible for most cases of sporadic PD and certain genetic forms linked
to mutations in the a-syn gene [4]. Over-expression of a-syn due to gene duplication is
sufficient to induce early onset autosomal dominant form of PD, supporting its central role
in PD pathogenesis [5]. Although the underlying mechanism is not clear, a-syn is partly
responsible for the loss of dopaminergic neurons in the SN, resulting in the motor and non-
motor symptoms of PD [2, 6]. Among the non-motor symptoms, impairment of visual
acuity, contrast sensitivity, color vision, and motion perception are believed to result from
changes in retinal morphology and physiology [7, 8], prompting the use of non-invasive
techniques such as optical coherence tomography (OCT) and visual-evoked potentials as
diagnostic and prognostic tests for PD. [9-13]. The accuracy of these methods, however, is
debatable [14, 15]. A better understanding of the physiological role of a-syn in the
neuroretina is necessary to improve the clinical accuracy of these procedures.

One of the causes of PD-associated visual symptoms is reduced levels of dopamine in the
neuroretina [16-18]. Since a-syn is expressed widely in the vertebrate retina including
humans [19], it is likely that loss or dysfunction of a-syn at this site is responsible for this
change. Two possible pathways of a-syn-mediated reduction of dopamine in the SN of PD
cases have been proposed: 1) loss or alteration of physiological activity of a-syn, and 2)
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gain of toxic function by its aggregated form [20]. A complete understanding of either
pathway is lacking. It is likely that both processes contribute to varying degrees as the
disease progresses. Possibilities in the former category include loss or impaired activity of
a-syn in chaperoning the SNARE (soluble N-ethylmaleimide-sensitive factor attachment
protein receptor) complex assembly required for the fusion of exocytic vesicles with the
plasma membrane [21-24], interaction with clathrin and recycling of clathrin-coated
vesicles [25, 26], synthesis, release, and re-uptake of dopamine [4, 27], and impairment of
the autophagy pathway [28]. However, deletion of a-syn in transgenic mice (a-syn™") fails
to produce an overt phenotype except for minor abnormalities in dopamine metabolism and
late stages of hematopoiesis and lymphopoiesis [29, 30], leading to the belief that toxic gain
of function by aggregated a-syn is the principal cause of PD-associated pathology and
symptomatology. This concept is further supported by genetic forms of PD where over-
expression or aggregation of a-syn is sufficient to induce PD [5]. Though plausible in the
SN, this is an unlikely cause of ocular pathology because aggregation of a-syn is relatively
rare in the neuroretina [9, 31, 32]. Loss of a-syn function, therefore, is a more likely cause
of dopamine deficiency in the neuroretina and associated visual symptoms.

How might a-syn influence dopamine metabolism in the neuroretina? The principal cells
that synthesize dopamine in the neuroretina are amacrine cells, inter-plexiform cells, and
RPE cells [18]. The latter are of particular interest because transplanted RPE cells in the SN
produce sufficient amounts of dopamine to replace degenerated dopaminergic neurons, a
procedure under trial as a viable therapeutic option for PD [33-35]. Likewise,
supplementation with L-DOPA, a precursor of dopamine, improves the clinical outcome of
age-related macular degeneration (AMD), a condition associated with dysfunction of RPE
cells and apparently unrelated to PD [36]. Although a-syn has not been implicated in the
pathogenesis of AMD per sg, it is expressed in RPE cells, where it is likely to modulate
dopamine synthesis and/or metabolism [28, 29, 37].

Another feature shared by PD and AMD is accumulation of iron in the affected regions; SN
in PD, and RPE cells in AMD [38-41]. This observation is of particular interest because a-
syn influences cellular iron levels, and is itself regulated by iron. In support of the former,
the C-terminus of a-syn has specific binding sites for iron [42, 43], a property that is likely
to influence cellular iron levels. Secondly, a-syn is believed to function as a ferrireductase,
facilitating the transport of ferric iron across membranes through metal transporters [44]. In
support of the latter, iron is believed to modulate the synthesis of a-syn at the translational
level through a putative iron responsive element in the 5’-UTR of its mMRNA [45, 46]. Excess
iron, on the other hand, aggregates a-syn [47] and converts dopamine to a toxic oxidation
product [48, 49], resulting in the loss of functional activity of both a-syn and dopamine.
Interestingly, a-syn is known to interact with clathrin and modulate the trafficking of
transferrin/ transferrin receptor (Tf/TfR) complex, raising the possibility that it could
mediate the uptake Tf-iron (Tf-Fe) through this pathway [25, 50]. Dysfunction of a-syn is
therefore likely to alter cellular iron homeostasis, and secondarily, dopamine metabolism. It
is interesting to note that iron deficiency is associated with reduced expression of dopamine
receptors and dopamine transporter on synaptic membranes, reducing the overall content of
dopamine [51, 52], and iron dyshomeostasis is believed to cause degeneration of
dopaminergic neurons [53]. An important example is restless-leg-syndrome (RLS), a
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disorder associated with brain iron deficiency with a secondary defect in the uptake and
utilization of dopamine [52, 54]. L-DOPA is an effective therapeutic option for RLS,
supporting the intimate relationship between iron and dopamine metabolism. Iron is also
essential for the conversion of all-trans-retinyl ester to 11-cis-retinol in the visual cycle,
where it is necessary for the isomerohydrolase activity of RPE65 [55]. Thus, dysfunction of
a-syn is likely to set in motion a series of events culminating in the dysregulation of cellular
iron and dopamine metabolism, with iron as the critical component that influences the
expression and function of a-syn, and is itself modulated by a-syn (Schematic 1).

Here, we investigated the role of a-syn in iron uptake by RPE cells, the site of dopamine
synthesis and an integral component of the outer blood-retinal barrier that separates the
neuroretina from fenestrated choroidal capillaries [50, 56, 57]. The polarized nature of these
cells confers distinct structural and functional properties to each domain necessary for their
specialized function. The AP membrane interdigitates with the light-sensitive photoreceptor
outer segments and regenerates visual pigments by phagocytosing and degrading shed tips of
outer segments [58]. This process releases significant amounts of iron which, unless
exported, binds RPE cell melanin and can reach toxic concentrations. The BL membrane is
separated from choroidal capillaries by the Bruch’s membrane, and regulates the transport of
iron and other nutrients through specific transporters and receptors [50, 59]. Uptake of iron
is mediated by the well-known Tf/TfR pathway, and export is accomplished by the iron
export protein ferroportin (Fpn) coupled with the ferroxidase activity of ceruloplasmin (Cp)
and hephaestin (Hp). Clear evidence for the expression of divalent metal transporters on the
plasma membrane of RPE cells is lacking, though transcripts of several members of the ZIP
family of proteins have been detected in RPE19 cells [60]. Thus, Tf-Fe is likely the main
source of iron for the neuroretina and other ocular tissues [61].

We report that a-syn modulates the trafficking of Tf/TfR complex, thereby facilitating the
uptake of Tf-Fe by the neuroretina and other visceral organs. Absence or down-regulation of
a-syn disrupts this pathway, resulting in iron deficiency in the retina and other organs where
Tf-Fe is the principal source of iron for metabolic purposes. These observations reveal a
novel function of a-syn in retinal iron homeostasis, and provide insight into the mechanism
underlying PD-associated retinal pathology and visual symptoms.

Materials and Methods

Animals and ethics statement

a-Syn knockout mice (cat # 003692) mice were procured from the Jackson laboratory and
bred with wild-type mice with the C57BL/6NJ background. Animals from the F2 generation
were used to generate homogenous wild type (a-syn*/*) and knockout (a.-syn—/-) mice. Up
to three generations were used for experiments. Animals were housed in AAALAC-
accredited facilities of the CWRU School of Medicine (SOM) under a 12-h day-night cycle
and had ad /ibitum access to food and water. Standard Operating Procedures for animal use
available from the IACUC office were followed. The animal health program was directed by
Dr. Durfee, DVM, Diplomate ACLAM, and provided by two full-time veterinarians.
Animals were observed daily for signs of iliness by the animal technician responsible for
providing husbandry. Medical records and documentation of experimental use were
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maintained by cage group. The experiments listed in this study were approved as per
protocol # 2015-0027 by the CWRU IACUC committee.

Antibodies and Chemicals

The following primary antibodies were used for this study: ferritin-H (sc-25617) and -
globin (sc-21757) from Santa Cruz Biotechnology Inc, USA, TfR from Invitrogen, USA
(13-6800), a.-syn from BD transduction, USA (#610786), ZIP8 (SAB3500598), ZIP14
(HPA016508), and ferritin (F5012) from Sigma, USA, p-actin (MAB1501) and RPE65
(MAB5428) from Millipore, USA, and LAMP1 (ab24170) and a-globin (ab102758) from
Abcam, USA. HRP-conjugated secondary antibodies were purchased from GE healthcare,
(NA 931V, NA 934V) UK, FITC (4010-02, 1010-02) and Alexa fluor 546 (A11071,
A11018) tagged secondary antibodies were from Southern Biotech, USA and Molecular
Probes, Invitrogen, USA respectively, and rhodamine tagged transferrin (T-2872) was from
Thermo scientific, USA. Ferric ammonium citrate (FAC) (F5879), ferrous ascorbate
(A0207) and desferrioxamine (D9533) and all other general chemicals were purchased from
Sigma Aldrich, USA.

Cell lines and culture conditions

The immortalized human retinal pigment epithelial cell line RPE47 was a kind gift of Dr.
Feng Lin, Cleveland Clinic Foundation, OH,USA [62]. Cells were cultured in DMEM
supplemented with 10% heat inactivated FBS at 37°C and 5% CO, in a humidified
atmosphere, and passaged every third day. Transfection was performed using lipofectamine
3000 (Invitrogen) according to manufacturer’s protocol.

Plasmid constructs

The plasmid construct encoding human a-syn was purchased from origene, USA
(SC119919), and sub-cloned into piggybac (#748) and piggybac EGFP (#740) vectors
(Systems Biosciences, CA, USA) using 5’-GTCGACATGGATGTATTCATGAAAGGA
CTTTC -3’ forward and 5’-TCTAGATTAGGCTTCAGGTTCGTAGTCTTG -3’ reverse
primers. All constructs were sequenced before transfection. Transfected cells were selected
in the presence of blasticidin S and stable cells were used for all experiments. Plasmid
encoding a-syn A53T-EGFP was purchased from Addgene (#40823).

RNAI knockdown

SiRNA against a-syn (sc-29619) and control siRNA (sc-37007) were purchased from Santa
Cruz Biotechnology Inc, USA. RPE47 cells were transfected with siRNA using
Lipofectamine RNAI max from Invitrogen, and knock-down of a-syn was confirmed by
Western blotting.

SDS-PAGE, Western blotting, and native gel electrophoresis

Samples prepared in RIPA lysis buffer (50mM Tris-Cl pH7.4, 100mM NaCl, 1% NP-40,
0.5% deoxycholate) were clarified by centrifugation, boiled in reducing gel-loading buffer,
and fractionated by SDS-PAGE. Proteins transferred to PVDF membrane were probed with
specific antibodies. For fractionating 59Fe-labeled proteins, samples were homogenized in
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native lysis buffer (0.14M Nacl, 1.5% Triton-X-100, 0.1 M HEPES, 1mM PMSF),
fractionated by native PAGE, and visualized by autoradiography. Quantification of protein
bands was performed by densitometry using UN-SCAN-IT gels (version6.1) software (Silk
Scientific) and represented graphically using GraphPad Prism (Version 5.0) software
(GraphPad Software Inc.). Dilutions of antibodies used for immunaoblotting were Ferritin
(1:1000), a.-syn (1:2000), p-actin (1:10,000), RPE65 (1:1000), TfR (1:2000), a-globin
(1:1000), p-globin (1:1000), HRP-mouse (1:15,000), HRP-rabbit (1:15,000).

Immunostaining

Enucleated eyes were fixed in 4% paraformaldehyde in PBS overnight followed by 95%
ethanol for a minimum of 24 h at room temperature. Fixed eyes were embedded in paraffin,
and 4 pm sections were immuno-stained using the standard protocol. For DAB staining,
sections were treated with 3% H,0, in PBS (pH 11.95) for 60 min to bleach melanin.
Subsequently, antigen retrieval was performed by heating in the presence of 10mM citric
buffer (pH 6) in a pressure cooker set in a microwave oven for 10min. Subsequently, the
sections were incubated with primary and HRP tagged secondary antibodies (Dako, USA),
washed with 1X TBS, and developed using the DAB substrate (Vector Labs, USA).
Following counterstaining with hematoxylin, the sections were mounted in permount and
observed. For immunostaining with fluorescent secondary antibodies, deparaffinized and
rehydrated sections were subjected to antigen retrieval by heating to 97°C in the presence of
25mM tris-1mM EDTA (pH 8.5) for 40 min [63]. Subsequently, sections were blocked in
1% BSA, washed, and incubated with the desired primary and secondary antibodies. The
nuclei were stained with Hoechst (# 33342, Invitrogen, USA) and the sections mounted in
Fluoromount-G (Southern Biotech, USA). Images were captured using a Leica inverted
microscope (DMi8). A similar procedure was used for immunostaining cells cultured on
cover-slips except that the antigen-retrieval step was omitted.

Uptake of rhodamine-Tf

RPE cells cultured on coverslips were incubated with rhodamine-tagged transferrin (20uM)
in PBS for 5 min, rinsed 3—-4 times with PBS, and chased in complete DMEM for 30 min
before fixing in 4% paraformaldehyde. Coverslips were mounted and imaged as above.

Exposure to iron

RPE cells cultured on cover-slips in complete DMEM were exposed to 10uM ferrous
ascorbate (Fe2*), 10uM ferric ammonium citrate (FAC) (Fe3*), or 100uM desferrioxamine
(DFO) for 18h at 37°C. Control cells received an equal volume of vehicle. Subsequently, the
cells were rinsed in PBS and immunostained with antibodies specific for a-syn and TfR.

In-vivo iron uptake

Equal counts of 59Fe-citrate diluted in normal saline were introduced in the venous
circulation of age and sex-matched a-syn*/* and a-syn™~ mice. Retro-orbital route that
provides access to the nasal sinus was used instead of the customary tail vein to ensure equal
introduction of 59Fe in all animals. This was confirmed by counting 3°Fe in equal volume of
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blood, and by fractionating equal volume of plasma on a native gel followed by
autoradiography.

The animals were euthanized at indicated time points, blood was collected by cardiac
puncture, organs were flushed with isotonic PBS in situ, and harvested. After rinsing in cold
PBS, incorporation of 9Fe was measured in a -y-counter (Beckman Gamma 5500). To
evaluate uptake of 5°Fe by the eye, only the contra-lateral eye (10t used for injection) was
used. Uptake of 29Fe by each organ was represented as per unit weight. Under these
experimental conditions, uptake of >°Fe by each mouse (carcass + blood + organs) was
similar.

Isolation of the neuroretina

Freshly enucleated eyes from euthanized mice were incubated with 1% dispase at 37°C for
45min, and the neuroretina was scraped off under a light dissecting microscope. Isolated
tissue was immediately processed for Western blotting.

Statistical analysis

Results

Data were analyzed using GraphPad Prism5 software (GraphPad Software, Inc., La Jolla,
CA) and presented as Mean + SEM. Level of significance was calculated by unpaired t-test
between the control and experimental.

The neuroretina of a-syn™~ mice shows a phenotype of iron deficiency

To evaluate whether a-syn influences retinal iron homeostasis (Schematic 1), expression of
TfR and ferritin, proteins necessary for the uptake and storage of iron respectively, was
assessed in the neuroretina of a-syn™~ mice relative to a-syn*/* controls. Retinal sections
were immunostained with specific antibodies to evaluate their distribution in situ, and
neuroretinal lysates prepared from freshly harvested eyes were subjected to Western blotting
to quantify the expression level. Immunoreaction for a-syn revealed prominent reaction in
a-syn** samples in all layers of the neuroretina, including the RPE cell monolayer [19]. In
the latter, expression of a-syn was more prominent on the BL membrane with minor
punctate staining in intracellular compartments (Fig. 1A, panels 1 & 5). Retinal sections
from a-syn™~ mice processed in parallel revealed no reaction for a.-syn as expected (Fig.
1A, panels 2 & 6).

Immunoreaction for TfR showed a positive reaction in all layers of the neuroretina as
reported previously [50]. In RPE cells, the reaction was more prominent on the BL
membrane (Fig. 1B, panels 3 & 7). Surprisingly, the reaction for TfR was significantly lower
in a-syn~'~ samples in all layers of the neuroretina and the RPE cell monolayer relative to
a-syn** controls (Fig. 1B, panels 3 & 7 vs 4 & 8). A similar evaluation for ferritin revealed
prominent reactivity in all layers of the neuroretina including the RPE cell monolayer (Fig 2
A, panels 1 & 2). However, as observed for TfR, the reaction for ferritin was significantly
reduced in the neuroretina and RPE cell monolayer of a-syn™~ samples relative to a-syn*/*
controls (Fig. 2 A, panel 1 vs 2).
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Further confirmation of downregulation of TfR and ferritin in a-syn™'~ samples was
obtained by fractionating neuroretinal lysates isolated from the eyes of a-syn**and a-
syn™~ mice by SDS-PAGE followed by Western blotting. Probing of transferred proteins for
TfR and ferritin showed 5-fold downregulation of TfR and 3-fold downregulation of ferritin
in a-syn~/~ samples relative to a-syn*/* controls (Fig 2 B, lanes 1-3 vs 4-6, Fig. 2 C). Re-
probing of the same membrane for RPEG5, a retinal protein, and a.-syn confirmed that the
samples are representative of the neuroretina from a.-syn*/* and a-syn™'~ mice (Fig 2 B,
lanes 1-3 vs 4-6).

Downregulation of ferritin in the neuroretina of a.-syn™~ mice suggests depletion of iron
stores and a phenotype of relative iron deficiency in the absence of a-syn. However,
concomitant down-regulation of TfR was puzzling because iron deficiency normally up-
regulates the expression of iron uptake proteins including the TfR. Subsequent experiments
were therefore directed at resolving this dichotomy.

a-syn™~ mice show a phenotype of iron deficiency in the brain and hematopoietic organs

To evaluate whether the iron deficiency in a-syn™~ mice is limited to the neuroretina or
more generalized, uptake of intravenously introduced radiolabeled iron (*°FeCls) by
different organs of a-syn™'~ mice was compared with a-syn*/* controls after 1 and 24 hours.
Since almost all of 5%Fe introduced by this method is associated with plasma transferrin (Tf)
(Supplemental Fig. 1), incorporation of °Fe provides an accurate estimate of the uptake of
Tf-Fe by each organ during a specific time-period. Both mouse lines showed significantly
higher 39Fe counts in the spleen and femur at both time-points, organs that utilize significant
amounts of Tf-Fe for hematopoiesis, relative to the liver and kidney that store excess
circulating iron and re-absorb iron from the glomerular filtrate respectively [64, 65] (Fig 3 A
& 3 B). Notably, uptake of 5%Fe by a-syn™~ spleen was significantly higher after 1 hour and
fell to less than 50% of a-syn*/* controls after 24 hours (Fig 3 A & 3 B). Likewise, uptake
of 9Fe-Tf by the eyeball of a-syn™~ mice was significantly higher than controls after 1
hour, though the 24 hour counts were close to background because of the relatively less
incorporation of %°Fe by the eye (Fig. 3 C).

Increased uptake of 5%Fe-Tf by the spleen, femur, and eyeball of a.-syn~~ mice after 1 hour
suggests a phenotype of relative iron deficiency in these organs. A significant fall in >°Fe
counts after 24 hours relative to controls reflects inefficient incorporation of 5%Fe in ferritin,
a possibility that was explored further by analyzing the expression of ferritin in tissue
homogenates of brain, spleen, and liver of age and sex-matched a-syn*/* and a-syn™'~ mice
by Western blotting. Probing for ferritin revealed a significant decrease in the brain and
spleen of a-syn™'~ mice relative to controls (Fig. 3 D & 3 F, lanes 1-3 vs 4-6; Fig 3E & 3
G). Expression of TfR was also decreased in the brain tissue of a.-syn™'~ mice relative to
controls as observed in the neuroretina (Fig. 3 D, lanes 1- vs 4-6). Liver samples, however,
showed minimal change in ferritin expression (Fig. 3 H, lanes 1-3 vs 4-6, Fig. 3 1),
reflecting the 59Fe uptake results in Figures 3 A and 3 B above.

The above observations indicate that a-syn plays an important role in the uptake and
utilization of Tf-Fe, the principal source of iron for hematopoiesis [66]. To verify this
assumption further, incorporation of 59Fe-Tf in red blood cell (RBC) hemoglobin (Hb) of a-

Free Radic Biol Med. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Baksi et al.

Page 9

syn~/~ was compared with a.-syn*/* controls. Thus, lysates of washed RBCs were
fractionated by native gel electrophoresis, and incorporation of 5°Fe in Hb was visualized by
autoradiography. The signal for >Fe-Hb from a-syn™/~ RBCs was significantly less than
matched controls despite similar levels of >Fe-Tf in the plasma, indicating impaired
incorporation in the absence of a-syn (Fig. 4 A, lanes 1-3 vs 4 & 5; Fig. 4 B). Western
blotting of RBC lysates and spleen homogenates revealed 3-fold and 2.5-fold reduction in a-
and B-globin levels in a-syn™~ samples relative to a-syn** controls (Fig. 4 C & 4 E, lanes
1-3 vs 4-6; Fig. 4 D & 4 F), indicating reduced synthesis of Hb in a-syn™~ mice probably
due to limited availability of Tf-Fe.

a-syn modulates the expression of ferritin and TfR in RPE cells

As noted in Figures 1 and 2 above, levels of TfR and ferritin were significantly reduced in
the neuroretina of a-syn™'~ mice, including the RPE cell monolayer. To evaluate whether
this change is directly related to a-syn expression, RPE cells were transfected with sSiRNA
specific for a-syn or scrambled control, and lysates were analyzed by Western blotting.
Probing for a-syn confirmed efficient down-regulation of a-syn under these experimental
conditions (Fig. 5 A, lane 3). Re-probing for TfR and ferritin showed 4-fold reduction in the
expression of TfR and 2-fold reduction in ferritin (Fig. 5 A, lanes 3vs 1 & 2; Fig. 5 B).
Over-expression of a-syn in RPE cells, on the other hand, resulted in 3.5-fold upregulation
of TfR and 3.8-fold increase in ferritin expression relative to controls (Fig. 5 C, lanes 3 vs 1
& 2; Fig. 5 D).

Together, these observations leave little doubt that ferritin, an indicator of intracellular iron
stores, is directly related to a-syn expression in RPE cells. When combined with the /in vivo
data indicating generalized down-regulation of ferritin in the neuroretina and hematopoietic
organs of a-syn™~ mice, it is likely that a-syn regulates the uptake of Tf-Fe, perhaps by
modulating the endocytosis of Tf-TfR complex as indicated in a previous report [25]. Since
RPE cells regulate transport of iron from choroidal capillaries to the neuroretina, such an
activity would explain the phenotype of iron-deficiency in the neuroretina of a-syn™~ mice.
Subsequent studies were directed at understanding the role of a-syn in endocytosis and
recycling of Tf/TfR complex, and possible cause of down-regulation of TfR despite the iron
deficiency.

Exogenous iron increases membrane association and co-localization of a-syn with the TfR

To stimulate the endocytosis of Tf/TfR complex, RPE cells were exposed to ferric
ammonium citrate (FAC) or vehicle for 18h, rinsed with PBS, and fixed. Immunostaining of
untreated control cells for a-syn revealed membrane association and co-localization with
TR especially at the tips of neurite-like processes (Fig. 6 A, panels 1-3). Exposure to FAC
increased membrane association of a-syn and co-localization with the TfR (Fig. 6 B, panels
1-3, arrow-heads), while culture in the presence of the iron chelator desferrioxamine (DFO)
resulted in down-regulation of a-syn and almost no co-localization with the TfR (Fig 6 C,
panels 1-3).

Surprisingly, knock-down of a-syn with siRNA resulted in the accumulation of TfR in peri-
nuclear vesicles, indicating disruption of its normal recycling to the plasma membrane
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(Figure 7 A, panels 1 & 2). TfR-rich vesicles did not co-localize with the lysosomal marker
LAMP1 (data not shown), suggesting accumulation in common recycling endosomes
(CREs), not lysosomes.

To confirm these observations further, RPE cells expressing a-syn or its disease-associated
mutant a-syn A53T were exposed to rhodamine-tagged Tf (Tf-Rh) for30 min, washed to
remove free Tf-Rh, and fixed before capturing images. In cells expressing a-syn,
immunoreactivity for TfR was mostly detected in vesicles near the plasma membrane as
expected (Fig. 7B, panel 1). In cells expressing mutant a-syn A53T, on the other hand, TfR-
containing vesicles were clustered in the peri-nuclear region (Fig. 7 B, panel 2). This
observation provides further evidence that functional a-syn is necessary for the recycling of
TfR from CREs to the plasma membrane.

Together, these observations indicate that a-syn responds to changes in extracellular iron
and facilitates endocytosis of Tf/TfR complex from the plasma membrane. Down-regulation
of a-syn or mutant a-syn-A53T disrupts this function, resulting in the accumulation of TfR
in CREs. Such a scenario would also interfere with the release of Fe from Tf and
incorporation in ferritin, explaining the down-regulation of ferritin and TfR in the
neuroretina and brain tissue of a-syn~~"mice observed above.

a-syn does not influence the uptake of non-transferrin bound iron by RPE cells

Since a-syn has been reported to function as a ferrireductase in neuroblastoma cells [44], its
role in the uptake of non-Tf-bound iron (NTBI) by RPE cells was checked by exposing a-
syn-over-expressing cells to a source of ferrous (Fe2*) (ferrous ascorbate) or ferric (Fe3*)
(FAC) iron, the latter requiring reduction by a membrane-bound FR before transport through
divalent metal transporters ZIP14, ZIP8, or DMT1 [67, 68]. As expected, exposure to Fe2*
and Fe3* up-regulated ferritin and down-regulated TfR to limit further uptake of iron (Fig. 8
A & 8 B). However, over-expression of a-syn did not facilitate the uptake of Fe3* (Fig. 8 A
& 8 B, lanes 3 vs 6) [44]. Untreated a.-syn-expressing cells, however, showed upregulation
of ferritin and TfR relative to vector-expressing controls as demonstrated in Figure 5 above
(Fig. 8, lanes 1vs 4). Thus, a-syn promotes the uptake of Tf-Fe, not NTBI in RPE cells.

Discussion

We describe a novel function of a-syn in modulating the transport and recycling of Tf/TfR
complex, thereby influencing the uptake of Tf-Fe by RPE cells and other cell types. Absence
of a-syn in transgenic mouse models resulted in a phenotype of relative iron deficiency in
the neuroretina, spleen, and Hb, sites that utilize Tf-Fe as their primary source of iron.
Down-regulation of a-syn in human RPE47 cells resulted in the re-distribution of Tf/TfR
complex to peri-nuclear CREs and multi vesicular bodies (MVBs), underscoring the
significance of a-syn in facilitating the transport of Tf/TfR-containing vesicles to the plasma
membrane [25]. These observations link the well-described function of a-syn in vesicular
transport [28] to retinal iron homeostasis and possible implications for PD-associated ocular
pathology.
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Although ocular manifestations are a significant cause of morbidity in people suffering from
PD, the underlying cause has remained elusive. Until recently, visual symptoms were
attributed to side-effects of drugs used for the management of PD [8]. However, advances in
our understanding of the physiological function(s) of a-syn and its wide-spread expression
in the neuroretina warrant a re-evaluation of this concept. Our observations on a.-syn*/* mice
confirmed expression of a-syn in all layers of the neuroretina, including the RPE cell
monolayer where it was more prominent on the BL membrane (Figure 1A). The liver,
spleen, brain, and RBCs also showed significant expression, confirming the ubiquitous
presence of a-syn in most organs. Deletion of a-syn resulted in down-regulated ferritin and
TR in the brain, spleen, and neuroretina, organs that utilize mainly the Tf/TfR pathway of
iron uptake. Organs that incorporate significant amounts of NTBI v/7a divalent metal
transporters such as the liver showed minimal change (Figures 2 & 3). Our data on the
uptake of 59Fe-Tf by the spleen of a-syn™'~ mice provided additional insight on the
underlying mechanism. Thus, a spike in °°Fe counts after 1 hour followed by a significant
decline in 24 hours suggested impaired release and/or transport of Tf-iron to the cytosol for
incorporation in ferritin (Figure 3). Reduced availability of cytosolic iron explains the
reduction in %9Fe-Hb and total Hb in a-syn™~ RBCs and spleen tissue observed in this study
(Figure 4) [69], and impaired hematopoiesis in a-syn™~ mice described earlier [30]. The
hemoglobin deficit mouse model is another example where defective recycling of the Tf/TfR
complex from CREs results in reduced incorporation of iron in reticulocytes carrying the
hbd mutation [70]. It is unlikely that a-syn influences the uptake of NTBI as indicated by
our in vitro data where over-expression of a-syn did not promote the uptake of ferric iron
(Figure 8).

Interestingly, downregulation of ferritin despite increased presence of iron has been
described in the SN of PD cases [71, 72], suggesting that aggregation of a-syn reproduces
some of the down-stream effects of its absence in a.-syn™~ mice.

How might a-syn influence the uptake of iron by the Tf/TfR pathway? In polarized cells,
TfR is sorted to the BL domain through well-defined sorting signals in its cytoplasmic
domain [73]. In polarized RPE cells, however, TfR has been detected on the AP membrane
as well [74]. Uptake of Tf-Fe is initiated by the binding of iron-loaded Tf to the TfR,
followed by internalization of the complex in clathrin-coated vesicles. These join the AP or
BL pool of early or sorting endosomes where the low pH favors release of iron from Tf,
which is reduced by membrane-bound ferrireductase proteins and transported to the cytosol
through divalent metal transporters such as DMTL1. Recycling of iron-depleted Tf/TfR
complex to the respective plasma membrane domain occurs directly from sorting endosomes
(fast recycling loop), or after translocation to perinuclear CREs that are accessible to both
AP and BL recycling plasma membrane proteins (slow recycling loop). CREs therefore
function as endosomal hubs that connect endocytic and exocytic membrane trafficking.
Recycling of the Tf/TfR from early endosomes and CREs is facilitated by the adapter
protein AP-1B that, through its interaction with clathrin, sorts and directs Tf/TfR carrying
vesicles to the BL domain [73, 75, 76]. Since RPE cells lack AP-1B, basolaterally
internalized TfR is transported randomly from CREs to AP and BL recycling and sorting
endosomes before final delivery to the plasma membrane, a process regulated by
SNAP23/25, VAMP2, and Rab11 [77-80]. Interestingly, a-syn exists as an unfolded and
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monomeric cytosolic form and a multimeric membrane-bound form that chaperones the
SNARE complex assembly by interacting with VAMP2 [21-23]. a-Syn also interacts with
clathrin and members of the Rab family of proteins, thus modulating several steps in the
endocytic and exocytic vesicular pathways including vesicular export, docking, and fusion
with the plasma membrane [24, 81-84]. A specific role of a-syn in modulating the
trafficking of clathrin-coated vesicles carrying the NMDR and Tf/TfR complex as cargo has
been described recently [25, 26], providing further insight into its role in vesicular
trafficking (Figure 9, left panel shaded in blue). Other proteins such as HFE also influence
iron uptake by the Tf/TfR pathway, but unlike a-syn that modulates vesicular trafficking,
HFE regulates the binding of Tf-Fe to the TfR at the plasma membrane [85]. Their role in
iron uptake by the Tf/TfR pathway is therefore distinct.

In light of the above information, our observations clarify the mechanism by which a-syn
modulates the uptake of Tf-Fe by RPE cells. Down-regulation of a-syn in RPE cells caused
2-fold reduction in ferritin and 4-fold reduction in TfR expression (Figure 5), supporting our
in vivo observations on a-syn~/~ mice. Exogenous expression of a-syn, on the other hand,
enhanced ferritin and TfR expression above steady state levels, suggesting a direct role of a-
syn in modulating ferritin and TfR expression (Figure 5). This observation was surprising
since depletion of ferritin is expected to up-regulate TfR expression to replenish cellular iron
stores. Lack of such a response suggests degradation of TfR rather than down-regulation in
the absence of a-syn. Increased membrane association and co-localization of a-syn with
TR in response to extracellular iron suggests an active role of a-syn in the endocytosis of
Tf-Fe/TfR complex (Figure 6 B & C), perhaps by interacting with clathrin as described [25].
Depletion or lack of a-syn is therefore likely to reduce the endocytosis of such vesicles,
resulting in the depletion of cellular iron stores. However, the surprising accumulation of
TfR in peri-nuclear CREs and LAMP1-negative MVBs by down-regulating a.-syn suggests
disruption of the recycling of Tf/TfR complex to the plasma membrane. Although ad oc AP
sorting signals such as glycans are expected to sort the TfR to AP or BL vesicles destined
for the plasma membrane in the absence of AP-1B, accumulation of TfR in CREs in cells
where a-syn is down-regulated suggests that a-syn plays a dominant role in the sorting and
exocytosis of Tf/TfR complex to the plasma membrane (Figure 7 A). Externally added
rhodamine-conjugated Tf (Rh-Tf) accumulated in similar peri-nuclear CREs in cells
expressing mutant a-syn A53T as opposed to its normal distribution in a-syn-expressing
controls (Figure 7 B), supporting the above conclusion. The accumulation of TfR in LAMP1
negative MVBs suggests that a-syn mediates the fusion of MVBs with lysosomes and/or the
plasma membrane for exosomal release [86], processes that are disrupted in its absence
(Figure 9, right panel, white). The sequestration of Tf/TfR complex in CREs and MVBs
therefore explains the phenotype of iron deficiency and the unexpected down-regulation of
both ferritin and TR in a-syn deficient cells. Partial redistribution of TfR from its BL
localization to the cytosol of RPE cells in a-syn™" retinal sections (Figure 1 B) provides
confidence that these observations are not an artifact of the cell line. A similar phenotype of
iron deficiency in the hematopoietic organs of a-syn™~ mice suggests that this role of a-syn
is not limited to the RPE cells. The response of other iron regulatory proteins such as IRP1
and IRP2 to the iron deficiency in a-syn™~ mice is an interesting question that remains
unanswered by our data.
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In conclusion, we propose that cytosolic localization of a-syn in RPE cells provides the
necessary flexibility to facilitate the endocytosis of Tf/TfR complex from the AP or BL
domain, and recycle the complex from CREs back to the plasma membrane based on iron
concentration in the extracellular milieu. A facilitative role of a-syn in the uptake of Tf-Fe is
evident from the phenotype of iron deficiency in all organs that utilize Tf-Fe. This
phenotype is more prominent in RPE cells that lack AP-1B, and a-syn takes over its
function in sorting and recycling Tf/TfR containing vesicles to the plasma membrane. Our
observations that both a-syn and TfR are expressed on the BL domain of RPE cells /n vivo
supports active transport of iron from the choroidal blood through this pathway. Reduced
incorporation of 5°Fe-Tf in enucleated eyes and down-regulation of ferritin in the
neuroretina of a.-syn ~/~ mice support this conclusion. On the other hand, perinuclear
accumulation of TfR in CREs by knocking-down a-syn suggests a role in the exocytosis of
this complex to the plasma membrane. It is therefore likely that a-syn influences both the
endocytic and exocytic arm of Tf/TfR recycling, thereby normalizing iron concentration on
either domain of RPE cells. Since iron is critical for the synthesis of dopamine and critical
components of the visual cycle, dysfunction of a-syn may explain the ocular pathology and
visual symptoms associated with PD.
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Abbreviations

a-syn alpha synuclein

Tf transferrin

TR transferrin receptor

DA dopamine

PD Parkinson’s disease

Tf-Fe transferrin bound iron

NTBI non transferrin bound iron

SN substantia nigra

RPE retinal pigment epithelium
OCT optical coherence tomography
AMD age related macular degeneration
Fpn ferroportin
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Highlights
1. a-Synuclein promotes transferrin-mediated iron uptake.
Absence of a-synuclein disrupts the recycling of Tf/TfR complex.

a-Synuclein maintains retinal iron homeostasis.

& w N

Dysfunction of a-synuclein could contribute to the visual symptoms of
PD.
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Figure 1. a-syn and TfR are localized to the BL domain of RPE cells in retinal sections
(A) Retinal sections from a.-syn*/* mice show positive immunoreaction for a-syn in all

retinal cell layers. In RPE cell monolayer the reaction is more prominent on the BL domain
(panels 1 & 5). Sections from a-syn™~ mice show no reactivity for a-syn as expected
(panels 2 & 6). (B) A positive immunoreactivity for TfR is detected in all layers of the retina
from a-syn*/* and a-syn~"mice (panels 3, 4, 7, 8). Notably, the reaction is more prominent
on the BL membrane of RPE cells (panel 7) and is significantly lower in a-syn™~ samples
relative to a-syn*/* controls (panels 3 & 7 vs 4 & 8). RPE: retinal pigment epithelium; OS:
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outer segment of photoreceptor layer; IS: inner segment of photoreceptor layer; ONL: outer
nuclear layer; OPL.: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform
layer; GCL: ganglion cell layer. Scale bar 10um.
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Figure 2. Ferritin and TfR are downregulated in the neuroretina of a-syn'/' mice
(A)Immunoreaction for ferritin is significantly reduced in all layers of the retina from a.-

syn™~ mice relative to a-syn*/* controls, including the RPE cell monolayer (panels 2 vs 1).
Scale bar 10pm. (B) Probing of neuroretinal lysates harvested from a.-syn™~ mice with
specific antibodies shows significant down-regulation of ferritin and TfR relative to a-syn*/*
controls (lanes 1-3 vs 4-6). Reactivity for the retinal marker RPEG5 is positive in all
samples and reactivity for a-syn is limited to a-syn*/* samples as expected (lanes 1-6). (C)
Quantification by densitometry shows 5-fold decrease in TfR and 3-fold decrease in ferritin
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in a-syn~'~ samples relative to controls. (n=3; ***p<0.001). Values are mean + SEM of the
indicated 7. All values were normalized to B-actin that served as an internal control.
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Figure 3. a-Syn'/‘ mice are iron deficient

(A-C) Age and sex-matched a-syn™'~ and a-syn*’* mice were injected with >°FeCl3
intravenously and sacrificed after 1 or 24 hours. Tf->°Fe counts in the spleen and femur of
a-syn™~ mice are significantly higher than a-syn*/* controls after 1 hour, and 2-fold
reduced compared to the control value after 24 hours especially in the spleen. Likewise,
Tf-59Fe counts in the enucleated eyeball of a.-syn™'~ mice are significantly higher than a-
syn*/* controls after 1 hour. (°°Fe counts in each organ were normalized to plasma counts in
the respective mice). (n=3; **p<0.01, *p<0.05). (D & E) Probing of brain lysates from a-
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syn™~ mice with specific antibodies shows 2-fold decrease in ferritin and 4-fold decrease in
TR levels relative to a-syn*’* controls. Reactivity for a-syn is as expected (lanes 1-3 vs 4—
6). (F=1) A similar evaluation of spleen and liver tissue lysates from a-syn™~ mice shows
2.5-fold reduction in spleen ferritin and no change in liver ferritin relative to a-syn*/*
controls (lanes 1-3 vs 4-6). B-actin served as an internal control for quantification by
densitometry. (n=3; values are mean + SEM of the indicated 7. *p<0.05, **p<0.01, ***
p<0.001. Note: lysates in panel H were fractionated on the same gel and rearranged using
Adobe Photoshop.

Free Radic Biol Med. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Baksi et al. Page 27
A RBCs Plasma
a-syntt  o-syn”- a-synt/* q-syn-
aa® ¥ ppore

aam W® TSR

- = -0 octin Free-*°Fe
Lane:1 2 3 4 5 Lane: 1 2 3 4 5
5%FeCl, 4h 59FeCl, 4h
Crecs . o’ D
a-syn o-Syn
kDa 1.2 na—syn+/ i
25 SRR R == v " < Blo-syn™"
(0]
-globin §0.8
14- %% e - 5
o * %
17- —— — R 0.4
PR .0 0.0
42-7 - - B-actin . a-globin
Lane: 1 2 3 4 5 6
E Spleen ., - F
kDa _2-SYN a-syn 1.21 go-syn*/*
W
25- < Eo-syn
(0]
-globi o)
a-globin 20 81
14— - S
e}
17- = a-syn ©°
% 0.4
4.2 - S ——— v . 3-actin
[ B-globin n=3 a-globin f-globin
17- - a-syn
4 2- e o s v v v 3-aCtin

Lane: 1 2 3 4 5 6

Figure 4. a-Syn‘/‘ mice show impaired hematopoiesis

(A & B) Age and sex-matched a-syn~~and a-syn*/* mice were injected with 59FeCl3
intravenously and sacrificed after 4 hours. RBCs and plasma separated from harvested blood
were fractionated by native gel electrophoresis, and incorporation of %9Fe in Hb and Tf was
quantified by autoradiography. Equal volume of each sample was analyzed by Western
blotting and probed for -actin. The signal for 5°Fe-Hb in a-syn™'~ samples is significantly
lower than matched a-syn*/* controls (A, lanes 1-3 vs 4,5). The signal for 5%Fe-Tf,

however, is slightly higher in a-syn™~ samples relative to controls (B, lanes 1-3 vs 4,5). (C-
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F) Lysates prepared from washed RBCs and spleen tissue from age- and sex-matched a.-
syn*’* and a-syn~'~ mice were analyzed by Western blotting. Probing for a.-globin and -
globin on separate gels reveals 3-fold reduction in a-globin expression in a-syn~~ RBCs
(C, lanes 1-3 vs 4-6; D) and 2.5-fold reduction in a-globin and B-globin in a-syn™~ spleen
tissue relative to controls (E, lanes 1-3 vs 4-6, F). Reaction for p-actin served as an internal
control for quantification by densitometry. (n=3; **p<0.01). Values are mean £ SEM of the
indicated .
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Figure 5. a-Syn modulates the expression of TfR and ferritin in cultured RPE cells
(A & B) Lysates prepared from RPE cells transfected with siRNA for a-syn, control siRNA,

and non-transfected controls were analyzed by Western blotting. Probing with specific
antibodies shows 90% reduction in a-syn in cells transfected with a-syn siRNA as expected
(A, lane 3 vs 1, 2). Notably, knock-down of a.-syn results in 4-fold reduction in TfR and 2-
fold reduction in ferritin relative to controls (lane 3 vs 1, 2; B). (C & D) Over-expression of

a-syn in RPE cells results in 3.5-fold increase in TfR and 3.8-fold increase in ferritin

expression relative to non-transfected and vector-transfected controls (C, lane 3 vs 1, 2; D).
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(n=3; ***p<0.001). Reaction for p-actin served as an internal control for protein loading in
panels A and C. Values are mean £ SEM of the indicated 7.
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Figure 6. Exposure of RPE cells to iron increases membrane association and co-localization of a-
syn with the TfR

(A) Endogenous a-syn (green) in RPE cells is distributed between the membrane and
intracellular compartments (panel 1), and co-localizes with the TfR (red) at the membrane
(panels 2 & 3). (B) Exposure to iron increases membrane association and co-localization of
a-syn with the TfR (panels 1-3). FAC: ferric ammonium citrate. (C) Exposure of RPE cells
to DFO results in down-regulation of a-syn (panel 1), re-distribution of TfR from the plasma
membrane (panel 2), and minimal co-localization of a-syn with the TfR (panel 3). Scale bar
10um.
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Figure 7. Knockdown of a-syn in RPE cells impairs recycling of TfR to the plasma membrane
(A) Knock-down of a-syn with siRNA results in the accumulation of TfR (red) in

perinuclear CREs (panel 2) as opposed to its normal distribution in cells transfected with
control siRNA (panel 1). (B) Immunoreactivity for TfR (red) is localized to peri-nuclear
endosomes in RPE cells expressing mutant a-syn A53T (panel 2) as opposed to its normal
distribution in cells expressing a-syn (panel 1). Scale bar 10um.
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Figure 8. a-Syn does not facilitate the uptake of non-transferrin bound iron
(A & B) RPE cells over-expressing a.-syn or vector were exposed to a source of ferric (Fe3*)

or ferrous (FeZ*) iron, and lysates were processed by Western blotting. Over-expression of
a-syn does not upregulate the expression of ferritin in cells exposed to Fe3* as reported (A,
lane 6 vs 3; B) [44]. However, untreated cells over-expressing a.-syn show increased
expression of ferritin and TfR as noted in Figure 5 C above. Transfected cells show robust
reactivity for a-syn as expected (A, lanes 4-6). Reaction for p-actin served as an internal
control for protein loading. (n=3). Values are mean + SEM of the indicated 7.
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Figure 9. Schematic representation of Tf/TfR trafficking in RPE cells in the presence (left, blue)
and absence (right, white) of a-syn

Left panel (blue), based on published results (1) The BL domain of polarized RPE cells
abuts the Bruch’s membrane that separates the RPE cell monolayer from fenestrated
choroidal capillaries. Iron released from plasma Tf is captured by locally synthesized Tf [50]
and endocytosed by the Tf/TfR pathway through clathrin-coated pits. (2) Tf-bound iron is
released in acidic sorting endosomes and transported to cytosolic ferritin across DMT1.
Vesicles containing iron depleted Tf/TfR complex are recycled back to the respective plasma
membrane domain. This constitutes the fast recycling pathway, and a-syn facilitates
different steps of vesicular trafficking by interacting with clathrin, SNARES, and the Rab
family of proteins [73, 75, 76]. (3) Some vesicles are transported to CREs that are accessible
to AP and BL recycling vesicles. Iron depleted Tf/TfR complex is recycled to the AP or BL
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plasma membrane domain from this pool by the slow recycling pathway [59, 73, 76]. (4) Tf
binds ferric iron, and the Tf/TfR complex starts another cycle of endocytosis and recycling
[78]). Note: The fast and slow recycling pathways are not restricted to a specific plasma
membrane domain; such a depiction in this figure is only for the sake of clarity.

Right panel (white), hypothetical model based on our data. Absence or knock-down of
a-syn or the presence of mutant a-syn-A53T impairs several steps in the trafficking of
T/TTR pathway, resulting in the accumulation of Tf/TfR complex in CREs and/or MVBs.
This interferes with the release of iron from Tf and recycling of the Tf/TfR complex back to
the plasma membrane. Consequently, levels of total iron, ferritin, and TfR fall significantly,
creating a phenotype of iron deficiency.

RPE: retinal pigment epithelium, AP: apical, BL: basolateral, TJ: tight junction, Tf:
transferrin, TfR: transferrin receptor, Ft: ferritin, SE: sorting endosome, CRE: common
recycling endosome, TGN: trans-Golgi network, Lys: lysosome, MVB: multi-vesicular
bodies, Fpn: ferroportin, Hp: hephaestin, Cp: ceruloplasmin, a-syn: alpha-synuclein, BM:
Bruch’s membrane, DMTL1: divalent metal transporter 1.
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Schematic 1. The central role of iron in retinal physiology and pathology
(1) Iron is necessary for the synthesis of DA and critical components of the visual cycle. (2)

Excess iron oxidizes DA, a common feature of PD and AMD associated with reduced levels

of DA. (3) a-Syn mediates the synthesis, release, and re-uptake of DA, and its aggregation
due to over-expression or mutation is sufficient to cause PD. (4) a-Syn also modulates
cellular iron levels, and is itself regulated by iron.
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