Journal of Neural Transmission (2022) 129:505-520
https://doi.org/10.1007/500702-022-02505-5

NEUROLOGY AND PRECLINICAL NEUROLOGICAL STUDIES - REVIEW ARTICLE q

Check for
updates

A brief history of brain iron accumulation in Parkinson disease

and related disorders

Paul B. Foley' - Dominic J. Hare? - Kay L. Double®

Received: 13 February 2022 / Accepted: 22 April 2022 / Published online: 9 May 2022

© The Author(s) 2022

Abstract

Iron has a long and storied history in Parkinson disease and related disorders. This essential micronutrient is critical for
normal brain function, but abnormal brain iron accumulation has been associated with extrapyramidal disease for a century.
Precisely why, how, and when iron is implicated in neuronal death remains the subject of investigation. In this article, we
review the history of iron in movement disorders, from the first observations in the early twentieth century to recent efforts
that view extrapyramidal iron as a novel therapeutic target and diagnostic indicator.
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Introduction

Satisfying the high energy demands of the brain requires
adequate access to iron because of its essential role in elec-
tron transport and ATP production (Lill et al. 2012). Iron is
also needed for numerous biochemical processes specific
to the central nervous system; for example, as a cofactor in
myelin synthesis by oligodendrocytes (Todorich et al. 2009).
Iron deficiency during critical developmental windows con-
sequently impairs the elaboration of neural networks and cell
signaling pathways, resulting in neurodevelopmental deficits
(Gerlach et al. 1994; Beard and Connor 2003; Lozoff and
Georgieff 2006; Hare et al. 2013a).

The key feature of iron in many chemical reactions is
its propensity to donate electrons under physiological con-
ditions. Redox cycling—whereby ferrous iron (Fe*") is
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oxidized to ferric iron (Fe**), which in turn is reduced to the
ferrous state—allows the catalysis of hundreds of repeated
reactions by relatively low concentrations of iron (micro-
grams per gram tissue). But the reactivity of iron can also be
detrimental: in the Fenton reaction (first described in 1894
Fenton 1894), part of the Haber—Weiss reaction (Haber
and Weiss 1934), Fe?* catalyzes the generation of cytotoxic
hydroxyl radicals from hydrogen peroxide produced during
mitochondrial respiration (Meneghini 1997). To maintain
iron homeostasis in the brain, a complex network of regula-
tory proteins and signaling pathways constrain the impact
of these deleterious reactions, and antioxidant proteins (e.g.,
superoxide dismutase 1, glutathione peroxidases) and other
antioxidant species (e.g., a-tocopherol, coenzyme Q10)
mitigate cellular damage (Hare et al. 2013a). A variety of
transporter, chaperone, and storage proteins transport iron
into and around the brain, ensuring delivery to where it is
needed, while levels of unbound intracellular iron (primarily
as Fe**), the “labile iron pool”, are kept low by minimizing
iron import, shunting iron excess to storage proteins (e.g.,
ferritins), and promoting its export (Kakhlon and Cabantchik
2002; Moos et al. 2007).

In this article, we outline the history of iron in Parkinson
disease and other neurodegenerative disorders. Oxidative
stress caused by iron dyshomeostasis is a driving factor in
many neurodegenerative diseases (Ward et al. 2014; Valko
et al. 2016), and it is also invoked as a major component of
the free radical theory of aging (Schipper 2004). A role for
iron metabolism in the pathophysiology of parkinsonism has
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Fig. 1 Timeline of some of the major developments in iron and Parkinson disease (PD) research

an even longer history (Fig. 1), stretching back a century
to the time of another pandemic that captured international
attention. Whether a change in iron metabolism is a cause or
consequence of parkinsonism, however, remains unresolved;
the answer to this question is critical to how iron biochem-
istry is viewed in the context of developing novel therapies
for Parkinson disease and related movement disorders.

1880-1950: Initial observations

The presence of non-hemoglobin iron in the brain (i.e., iron
other than that bound in erythrocytes), albeit at much lower
levels than in other organs, had been recognized since the
late nineteenth century. In 1887, Polish chemist Stanistaw
Szczepan Zaleski (1858—1923; Dorpat) found that iron
reactions in the brain (using ammonium sulfide or potas-
sium ferrocyanide) were much stronger in gray than white
matter (Zaleski 1887). More specifically, Romanian neuro-
anatomist Gheorghe Marinescu (1863—1938) noted in 1909
that hemosiderin (degraded ferritin—iron complexes) and
melanin coexisted in some substantia nigra cells, but that
melanin itself was iron-free (Marinesco 1909). In 1914, Ital-
ian pathologist Giosu¢ Biondi (1885-1959) described iron
particles in neuronal nuclei and neuroglia of the substantia
nigra and other tegmental mesencephalic regions in arterio-
sclerotic dementia, as well as in the cytoplasm of neurons,
glia, and adventitial cells of the pallidum (Biondi 1914).
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In 1915, Italian pathologist Pietro Guizzetti
(1862-1937) visualized granules of ‘masked iron’—tis-
sue-bound ferric iron, released by treatment with acid
alcohol—in unfixed brain slices, using Max Perls’ 1867
Berlin (Prussian) blue method. In higher mammals, the
reaction was strongest in the globus pallidus, substantia
nigra, nucleus dentatus, and (in humans only) the nucleus
ruber. He described a diffuse iron reaction in vascular
walls, the neuronal cytoplasm, and the nucleus and cyto-
plasm of glia in these regions, and fine cytoplasmic gran-
ules around but never within the nuclei. Guizzetti further
noted that brain iron was not present in younger animals;
in humans, the reaction was first evident in the pallidum at
about six months and peaked at eight years of age, while
in the nigra the response commenced at 9—12 months,
and peaked at 16 years of age (Guizzetti 1915). German
pathologist Otto Lubarsch (1866—1933) reported that iron
deposits in the neuroglia of the striatum, substantia nigra
(but not co-located with melanin), and pituitary reflected
local processes for removing erythrocytes that had leaked
through the particularly thin walls of the vasculature in
these regions (Lubarsch 1917).

In Germany, the Munich-based neuroanatomist Hugo
Spatz (1888—1969) interpreted these deposits quite differ-
ently. Spatz examined brain iron with the ammonium sulfide
method for his macroscopic (Fig. 2) and the Turnbull Berlin
blue method for his microscopic analysis, culminating in
1922 in a 130-page article accompanied by colored plates
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Abb. 2

Fig.2 Depiction by Spatz (1922a, b) of macroscopic distribution of iron
staining in coronal sections of unfixed human brain, visualized with the
ammonium sulfide method. Abb. 1. 42-year-old woman, section through
rear left frontal lobe; concentrated ammonium sulfide for one minute:
supra- and infra-commissural pallidum gray, otherwise no reaction. Abb.
2. 16-year-old boy, slightly caudal to plane of Abb. 1; ¥2 hour in 2% fer-
rocyanide solution, 15 h in dilute hydrochloric acid. Abb. 3. 62-year-
old man, section through medial mammillary body; % hour in 2% fer-
rocyanide solution, % hour in hydrochloric acid. The blue coloration of
the white matter is more intensive in the image than in reality. Abb. 5.
37-year-old woman, section through the caudal basal ganglia; several days
in ammonium sulfide in alcohol. The strongest reaction is in the substantia
nigra, then the nucleus ruber, the nucleus caudatus, and the caudal part
of the putamen (the pallidum is not included in this section). Cl.=claus-
trum; C. L.=corpus Luysi; C. m.=corpus mamillare; C. a.=commis-
sura anterior; C. i.=capsula interna; G. p.=globus pallidus (infrac.=pars
infracommissuralis; p. suprac. =pars supracommissuralis); G. g. l. =gan-
glion geniculatum laterale; J.=Insula; N. c.=nucleus caudatus; N.
am.=nucleus amygdalae; N. r.=nucleus ruber; N. II.=nervus opticus;
N. s. i.=nucleus substantiae innominatae; P.=putamen; S. n. =substantia
nigra; Th.=thalamus; S. p. a.=substantia perforata anterior; V. A.=Vicq
d’Azyr tract

that garnered broader attention than Guizzetti’s report, over-
shadowed by the Great War. He could only assess the ephem-
eral iron reaction qualitatively, but two brain region groups
were distinguished by particularly strong iron reactions:

1. The pallidum and the substantia nigra reticulata (but not
the melanin-containing pars compacta): the reaction was
stronger in glia than in neurons.

2. The red nucleus, striatum, dentate nucleus, and subtha-
lamic nucleus: a primarily diffuse reaction, although the
striatum also included iron granules.

In contrast to Lubarsch, Spatz distinguished the ‘endog-
enous’ or ‘functional iron’ in these regions from the ‘meta-
bolic iron’ derived from erythrocyte decay; it was not
transported by the accumulating cells, but was required for
local metabolic processes, including the recently elucidated
cellular respiration pathways. The iron-containing centers
were structurally quite diverse in location and structure,
but connected by pathways implicated in the regulation of
muscle tone. Spatz therefore proposed “uniting these cent-
ers and their connective tracts as an extrapyramidal motor
system” (Spatz 1922b). This was the first systems model
based on biochemical relationships in the brain, and the ear-
liest attempt to realize the concept recently proposed by the
prominent neuroanatomists Cécile and Oskar Vogt (Berlin)
that a regional chemical or metabolic characteristic might be
critical to the function of that region, or could predispose it
to dysfunction (“pathoclisis”) (Vogt and Vogt 1922).

Spatz conceived his model during the height of the
encephalitis lethargica pandemic in Europe, an infection
that elicited a variety of motor symptoms, including acute
and chronic parkinsonism. Shortly after he submitted his
synthesis for publication (August 1921), the Frankfurt-based
neurologist Kurt Goldstein (1878-1965) reported his pre-
liminary findings on the nigral lesion in chronic encepha-
litis lethargica (Goldstein 1921), unaware that Konstantin
Trétiakoff (Paris) had described similar findings two years
earlier (Trétiakoff 1919). Spatz recognized the significance
of both reports for his contentious inclusion of the substan-
tia nigra in the extrapyramidal motor system and his view
that the nigral lesion underlay the parkinsonism of chronic
encephalitis lethargica (Spatz 1922a,b).

Shortly thereafter, neuropathologist Julius Hallervorden
(1882-1965) consulted Spatz regarding a woman who had
had severe motor symptoms before her death at the age of
24 years. The only macroscopic change in the brain was the
rust-brown coloration of the substantia nigra reticularis and
pallidum, which they attributed to disturbed iron metabolism
in glial cells, consistent with “the assumption of increased
demand as well as stagnation in the operation of oxidative
processes” (Hallervorden and Spatz 1922). The first bio-
chemical change identified in an extrapyramidal disorder
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was thus localized increases in reactive iron levels. The
genetic disorder suffered by the woman and several other
members of her family was known as “Hallervorden—Spatz
disease” from the late 1930s, and more recently as pantoth-
enate kinase-associated neurodegeneration (PKAN). It is one
type of “neurodegeneration with brain iron accumulation”, a
group of at least a dozen inherited metabolic disorders char-
acterized by iron deposits in the basal ganglia, with a variety
of neurologic and psychiatric symptoms, including progres-
sive dementia, that generally emerge during late childhood
and early adolescence (D'Mello and Kindy 2020).

Spatz found that iron levels were increased in encephalitis
lethargica in the glia (but not the neurons) of the substantia
nigra reticulata and the medial pallidum; in more advanced
disease, iron clumps also appeared in the oligodendroglia
of the reticulata. Similar changes were seen in Huntington
disease (mainly in the striatum) and schizophrenia (dementia
praecox) (Metz and Spatz 1924). Spatz’ colleague August
Metz (1878-1945) observed that the increased iron content
was initially accumulated by oligodendroglia, as fine gran-
ules; only later were the microglia recruited, accumulating
iron as coarse granules, and still later the astrocytes near
blood vessels (Metz and Spatz 1926). Spatz interpreted this
distribution as reflecting a local “disparity between supply
and demand”: microglia ( an only recently recognized cell
type) were forced to accept the overflow that resulted from
neuronal loss and their consequent loss of activity.

Spatz’ macroscopic findings on brain iron were particu-
larly positively received. In 1923, they were quantitatively
confirmed by Otto Wuth (1885-1946) (Wuth 1923), and
Dutch pathologist Abraham Gans (1885-1971) commented
that a “reaction that demonstrates specific chemical proper-
ties of certain centers of the brain cannot fail to be of interest
to the pathologist. The iron reaction does that with wonder-
ful clarity” (Gans 1923).

Increased nigral iron levels were also sometimes reported
in non-extrapyramidal system disease (e.g., in neurosyphi-
lis: Struwe 1928) or outside the extrapyramidal system in
people with extrapyramidal disease (e.g., in the frontal cor-
tex in post-encephalitic parkinsonism, although much more
marked in the substantia nigra: Kingo 1934).

In 1923, German pathologist Friedrich Lewy (1885-1950)
confirmed Spatz’ findings regarding iron localization, but
particularly noted the perivascular iron deposits in the pal-
lidum and striatum of brains from people with Parkinson
disease (paralysis agitans) (Lewy 1923). Vascular wall iron
deposits, particularly in the pallidum, had been described in
a number of toxic and other pathologic conditions during the
previous quarter century, but the Romanian neuroanatomists
Marinesco and Draganesco emphasized that “active, atomic”
iron could be identified in most neurons if appropriate meth-
ods were used (Marinesco and Draganesco 1923).
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Using Perls staining, Jean Lhermitte (Paris), Walter Kraus
(New York) and Douglas McAlpine (London) reported in
1924 that intracellular iron levels were diminished in the
pallidum (but normal in the substantia nigra) in post-enceph-
alitic parkinsonism, replaced by abnormal vascular wall
deposits and siderophilic globules (Fig. 3). Although con-
sistent with earlier findings in parkinsonism, the authors cau-
tiously concluded that they had "no proof that these deposits
play any part in the symptomatology of the disease” (Lher-
mitte et al. 1924).

Iron-related pathology was also reported in individual
cases of other parkinsonian disorders. In 1932, abnormal
deposits in the pallidum were described in a 24-year-old
man with “progressive pallidal degeneration”, characterized
by parkinsonism and rigidity (Winkelman 1932); the dis-
order was perhaps akin to progressive supranuclear palsy,
also marked by iron deposits in the basal ganglia and nigra
(Dexter et al. 1991; Boelmans et al. 2012). Prominent Bos-
ton neurologist Stanley Cobb (1887—1968) wrote in 1932
that “in ... any degeneration or inflammation of the basal
ganglia, [pallidal siderosis] is enhanced and iron rings may
be found about the vessels of young people” (Cobb 1932). In
1935, two Indiana physicians described a 60-year-old laborer
who developed severe parkinsonian symptoms after falling
eight feet from a pile of rubber; autopsy two and a half years
later found marked neural loss and glial and microglial iron
accumulation in the nigra (Turnbull blue staining) (Bruetsch
and DeArmond 1935). On the other hand, another study
found normal levels of detectable iron in two cases of post-
encephalitic parkinsonism (Bahr 1935), and a comprehen-
sive summary of parkinsonism case studies to 1942 included
only one (post-encephalitic) in which (pallidal) iron deposits
were described (Benda and Cobb 1942).

Wiirzburg pathologist Martin Benno Schmidt
(1863—1949) concluded in 1940 that “Spatz’ interpretation
that [iron] was connected with the activities and metabo-
lism of the centers in which it is located—namely, those of
the extrapyramidal motor system—is completely justified”
(Schmidt 1940). Nevertheless, interest in whether iron was
involved in the pathophysiology of parkinsonism had largely
lapsed by this point for want of a conceptual framework,
and attention gradually shifted to the Lewy bodies (first
described by Friedrich Lewy in 1912, and so designated in
1919 by Trétiakoff), with which changes iron levels were not
associated (Greenfield and Bosanquet 1953).

1950-1980: Revival of interest
in extrapyramidal system iron

As late as the 1980s, Spatz’ macroscopic findings were cited
as the major publication on the subject, and confirmed by
investigators using improved versions of the Perls reaction
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Fig.3 An early histopathological assessment of iron in the Parkin-
son disease brain using Perls Prussian blue staining described by
Lhermitte et al. (1924). a, b Deposition of non-heme iron was found
in globules lining the vessel walls of the globus pallidus (arrows;
both with hematoxylin and Van Giesen stain; X60 magnification for
(a); x180 for (b). ¢ These deposits were also observed as extracellular

(Meguro et al. 2007). The Swedish investigators Hallgren
and Sourander confirmed in 1958 that iron levels in the
human brain were highest in extrapyramidal system struc-
tures; levels increased during the first two decades of life, but
plateaued by 30 years of age. About one-third of non-heme
iron was bound to a ferritin-like protein that the authors
assumed was an iron store reserved for the specific needs
of the brain (Hallgren and Sourander 1958). The marked
concentration of iron in some regions of the extrapyramidal
basal ganglia circuit vulnerable to Parkinson disease, includ-
ing the substantia nigra, is now recognized (Davies et al.
2013), and is a feature of the human brain absent in other
species such as the mouse (Hare et al. 2012a, b).

Alfonso Asenjo (1906—1980) and colleagues at the Neu-
rosurgical Institute in Chile undertook a series of light and
electron microscopy studies of brain iron during the second
half of the 1960s. They identified abnormal iron deposits in
neurons and glia in ventrolateral thalamic tissue from four
patients with various types of parkinsonism; siderosis was
also evident in post mortem samples from various peripheral
organs, but not in the cerebral cortex (Rojas et al. 1965).
However, blood, urine and cerebrospinal fluid iron levels
were similar in people without and without parkinsonism
(Asenjo 1968). The authors subsequently found that chronic
administration of large doses of iron to rabbits and monkeys
(100 mg/week i.v., for up to 50 weeks) increased iron levels

globules with a high fat content (arrows; Scharlach R and hematoxy-
lin stain; X200 magnification) in globus pallidus tissue. d The sub-
stantia nigra showed no abnormal iron deposition, though pigmented
cells were noted to be shrunken (Nissl stain; X140 magnification).
Figures reproduced with permission from BMJ Publishing.

in the basal ganglia (Oberhauser et al. 1970) and elicited
“parkinsonian” symptoms (primarily tremor) (Aranda and
Asenjo 1969). Charles Still (South Carolina) similarly pro-
posed in 1977 that a porous blood-brain barrier and “posi-
tive body iron balance” could lead to parkinsonism resulting
from “brain iron overload” (Still 1977).

American neuropathologist Kenneth Earle (1919-1996;
Washington), using X-ray fluorescence spectroscopy (which
detects iron in biological tissue with very high sensitivity
and spatial resolution (Pushie et al. 2014), found that that
iron levels in brains from eleven people with parkinsonism
were twice those in controls, and that the difference was
greater in gray than white matter (Earle 1968). The spatial
distribution of iron-rich granules in the putamen in ‘striato-
nigral degeneration’ (now: multiple system atrophy) was
visualized by Arnulf Koeppen and colleagues (New York)
with electron probe X-ray microscopy and Perls staining in
1971 (Koeppen et al. 1971). Each of these studies used tissue
fixed with formalin, a process long known to leach iron from
biological tissue (Gomori 1936).

Only scattered reports of iron status in people with
parkinsonism were otherwise published before 1980; for
instance, slightly elevated CSF level in one of two patients
with parkinsonism (Kjellin 1967), but normal serum and
urinary levels of iron, transferrin, and ferritin (Campanella
et al. 1973). However, major advances in knowledge about
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iron metabolism during this period would later have sig-
nificant implications for Parkinson disease research, includ-
ing studies of the iron storage protein ferritin (Dognin and
Crichton 1975) and ferroxidase proteins such as ceruloplas-
min (Curzon and O'Reilly 1960), although ceruloplasmin
was not linked with parkinsonism until several decades later
(Ayton et al. 2013). It was also during this period that the
role of iron in monoamine oxidase activity was first exam-
ined by Ted Sourkes, Moussa Youdim and colleagues in
Montreal (Symes et al. 1969), with later implications for
dopamine metabolism.

Further, neurotoxins which cause relatively specific
lesions of the nigrostriatal pathway became available that
later served in laboratory models of parkinsonism, including
6-hydroxydopamine (6-OHDA) in 1968 (Ungerstedt 1968)
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
in 1976 (Langston and Palfreman 2014). It would later prove
that their neurotoxicity involve iron-mediated oxidative
stress (reviewed: Blum et al. 2001; Hare et al. 2013b; Hare
and Double 2016); 6-OHDA itself has also been character-
ized as a neurotoxic metabolite of dopamine formed by iron-
catalyzed autoxidation (Kienzl et al. 1999). In 1985, Judes
Poirier, John Donaldson, and André Barbeau (Montreal) pro-
posed that high levels of transition metals, including iron,
in the substantia nigra could explain the specificity of the
damage wreaked by MPTP (Poirier et al. 1985).

The exact role of iron in MPTP toxicity is still unclear,
as is its relevance to the natural pathogenesis of idiopathic
Parkinson disease. MPTP is metabolized by iron-containing
monoamine oxidase B (MAO-B) in astrocytes to 1-methyl-
4-phenylpyridinium (MPP*), and elevated brain iron levels
may exacerbate this process; increasing brain iron levels by
dietary means during periods of brain development indeed
potentiates MPTP toxicity (Kaur et al. 2007). Nevertheless,
the link between MPTP and MAQO-B activity spurred the
initial use of MAO-B inhibitors (e.g., selegiline, rasagiline)
as therapy for people with Parkinson disease (Jenner and
Olanow 1996), although the basis of their clinical utility is
now thought to be much more complex.

1980-2000: Part 1. Building a case for iron
and neurodegeneration

New quantitative measures of total iron, as well as separate
assessment of the two redox states of iron provided new
insights into the role of iron in parkinsonism. It had long
been recognized that quantifying tissue iron using traditional
staining techniques was subject to several limitations; not
only was it specific for ferric iron, including that bound
by ferritin and hemosiderin, but the technique inevitably
leached iron from the assayed tissue samples (Gomori 1936).
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In 1988, Peter Riederer and colleagues, including Emin
Sofi¢, Wolf-Dieter Rausch, Paul Kruzik (Vienna) and
Moussa Youdim (Haifa), reported that total substantia nigra
iron levels quantified by spectrophotometry were increased
by 176% and iron(III) levels by 255% in fresh frozen tissue
samples from eight people with parkinsonism, while levels
in the cortex, hippocampus, putamen, and globus pallidus
were similar to those in age-matched controls; the authors
suspected that the specificity of the change compared with
earlier reports might be explained by age differences in the
source patients (Sofic et al. 1988). Further, they identified
an inversion of the iron (IT)/iron (III) ratio in the substantia
nigra (from 2:1 to 1:2) (Riederer et al. 1989). Riederer and
his colleagues interpreted their findings as possibly provid-
ing “an indirect indication of enhanced oxidative processes”
(Sofic et al. 1988). They later specified the pars compacta
as the site of greatest change (Sofic et al. 1991). Riederer
and colleagues also reported that nigral ferritin levels were
increased in parkinsonism (Riederer et al. 1989; Jellinger
et al. 1990), but both unchanged and reduced levels were
also documented (reviewed: Mochizuki et al. 2020).

At about the same time, David Dexter, Peter Jenner and
colleagues (London), using inductively coupled plasma
spectroscopy, reported a more modest 31—35% increase
in nigral iron and 29% decrease in the pallidum (in fro-
zen tissue) (Dexter et al. 1987, 1989). Further, Jenner and
colleagues found a generalized reduction in ferritin levels
throughout the brain, including in the substantia nigra, in
parkinsonism, but not progressive supranuclear palsy or
multiple system atrophy, which also feature increased total
iron levels (a response to neurodegeneration in affected basal
ganglia regions) and nigral cell death (Dexter et al. 1991).

The Riederer and Jenner groups were both cautious about
the implications of their findings for the pathophysiology
of parkinsonism. The increase in brain iron levels with nor-
mal aging (Markesbery et al. 1984), however, was consist-
ent with abnormal accumulation being involved in diseases
such as parkinsonism, in which age is the major risk factor,
and the significance of increased ferric iron levels for local
oxidative stress were clear (Gotz et al. 1990).

On the other hand, Ali Rajput and colleagues in Canada,
for instance, found that levels of iron (and most other met-
als) assessed with atomic absorption and emission were near
normal in fixed substantia nigra tissue from parkinsonian
patients (Uitti et al. 1989); Loeffler and colleagues (Detroit)
concurred, but found increased levels in the pallidum (Loef-
fler et al. 1995). In particular, investigators who employed
Maossbauer spectroscopy generally did not find significant
increases in total iron levels in parkinsonism (Friedman and
Galazka-Friedman 2012), a pattern that may be explained
by the relatively low accuracy of Mdssbauer spectroscopy
(Gerlach et al. 1995; Hare et al. 2012a, b).
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Discordance regarding substantia nigra iron levels in
parkinsonism (and, indeed, differing estimates of the nor-
mal levels) may have been related to the tissue assessed
(fixed or unfixed), sample treatment, the detection methods
applied, and the age and disease state of the source patients.
In general, however, both semi-quantitative and quantitative
analyses have concluded that total iron levels in the nigra are
increased in parkinsonism; changes in other regions in post
mortem tissue have been less consistent (reviewed: Sian-
Hiilsmann et al. 2011; Hare et al. 2012a, b; Ayton and Lei
2014).

Early findings regarding the association of iron with neu-
romelanin were also discordant. Electron microscopy with
X-ray microprobe analysis indicated that iron levels were
increased in neuromelanin-free areas of fixed substantia
nigra (that is, sites of neurodegeneration) and reduced in
melanin clumps; they were particularly high in Lewy bodies,
which also included aluminum, and the authors concluded
that the high iron levels, not found in progressive supranu-
clear palsy, were not attributable solely neurodegeneration
(Hirsch et al. 1991). However, Daniel Perl and colleagues,
using a laser microprobe mass analyzer to assess fixed tis-
sue, found that iron levels of intra-neuronal neuromelanin
granules were higher than in the non-melanized neuronal
cytoplasm or adjacent neuropil, and higher in parkinsonism
than control tissue (Good et al. 1992).

In 1989, Youdim, Dorit Ben-Shachar, and Riederer pro-
posed that Parkinson disease results from a “progressive
siderosis” of the substantia nigra involving oxidative stress
driven by an iron—neuromelanin interaction (Youdim et al.
1989). Direct imaging of metal association with neuromela-
nin later confirmed that this pigment avidly binds ferric iron
(as well as other metals) and that increased levels of iron are
present on neuromelanin in the substantia nigra in Parkinson
disease (Jellinger et al. 1992; Gerlach et al. 2003; Bohic et al.
2008). In a healthy cellular environment, neuromelanin, by
binding iron at high- and low-affinity binding sites (Double
et al. 2003), appears to effectively sequester excessive iron
in vulnerable neurons (Li et al. 2005), but when its buffer-
ing capacity is exhausted by the abnormal accumulation of
cellular iron it may actively contribute to the redox-active
iron pool and thereby to oxidative stress-induced neurode-
generation (reviewed: Hare and Double 2016; Mochizuki
et al. 2020; Sian-Hulsmann and Riederer 2021).

In 2001, Zecca and colleagues reported that nigral
total iron levels (in contrast to those of the locus ceruleus)
increased during the first four decades of life and then
remained stable into old age (90 years); ferritin (light and
heavy chain) levels also increased across life (also different
to the locus ceruleus), but were lower than those of neu-
romelanin, which increases and matures with age (Zecca
et al. 2001a; Fedorow et al. 2006). Mossbauer spectros-
copy indicated that the major iron(III) storage in nigral

neurons was neuromelanin (Zecca et al. 2001b; Friedman
and Galazka-Friedman 2012). Werner and colleagues found
in 2008 that nigral ferritin levels were increased (light and
heavy chain ferritins, but statistically significant only for
heavy chain ferritin (Werner et al. 2008), while Koziorowski
reported in 2007 that nigral levels of light chain ferritin were
lower and those of heavy chain ferritin higher in Parkinson
disease (Koziorowski et al. 2007). Friedman and Galazka-
Friedman have interpreted such findings as indicating that
altered ferritin shell structure and the consequent leakage
of free iron are more important for the pathophysiology of
parkinsonism than total iron levels (Friedman and Galazka-
Friedman 2012).

In 2000, reactive iron was identified in Lewy bodies (Cas-
tellani et al. 2000), the inclusion bodies, composed largely
of a-synuclein, that are typical of idiopathic Parkinson dis-
ease. Both iron(Il) and iron(IIl) can bind to a-synuclein,
but iron(IIl) particularly favors a-synuclein aggregation
and fibril formation, and reactive oxygen species genera-
tion (reviewed: Zecca et al. 2001b).

Mutations in several iron-related proteins have been
associated with risk of Parkinson disease, including fer-
ritin, transferrin, iron-regulatory protein 2, and divalent
metal transporter 1 (reviewed: Hare et al. 2013a; Fig. 4).
Peripheral iron metabolism, on the other hand, was gener-
ally found to be unrelated to the risk of parkinsonism. A
meta-analysis of all quantitative reports of iron in the sub-
stantia nigra and biofluids in Parkinson disease concluded
that cerebrospinal iron levels were non-significantly higher
and serum/plasma levels somewhat lower in parkinsonism,
while CSF and serum/plasma ferritin and transferrin and
serum/plasma lactoferrin and haptoglobin concentrations
are similar in people with Parkinson disease and controls
(reviewed: Jiménez-Jiménez et al. 2021).

1980-2000: Part 2. New technologies, new
discoveries: the in vivo imaging revolution

Interest in the role of iron in the pathophysiology of parkin-
sonism was boosted by recognition of the ability of mag-
netic resonance imaging (MRI), developed during the 1970s
and introduced into the clinic in the 1980s, to detect and
quantitate iron in the brains of living patients, particularly
the substantia nigra. The paramagnetic properties of brain
non-heme iron cause local areas of magnetic field inhomo-
geneity that reduce transverse relaxation times (T,) (Drayer
et al. 1986b). In early studies, however, MRI findings were
only incompletely correlated with post mortem reports based
on Perls staining for iron. Initial imaging studies of living
patients, some investigators found that nigral iron levels
were reduced in parkinsonism (Rutledge et al. 1987), while
others found iron deposits in the putamen, caudate, and
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Fig.4 Iron metabolism in
Parkinson disease. Proposed
mechanism of iron accumula-
tion in dopaminergic neurons
and sources of oxidative stress.
Reproduced with permission
from Hare and Double, 2016

Fig.5 Early T2-weighted magnetic resonance imaging using a 1.5 T
field strength of iron in a multiple system atrophy. White arrows in
a, b denote decreased signal intensity, indicating iron deposits, in the
putamen and caudate nucleus compared to the globus pallidus (open
arrows, (b)). Hypointensity marked with the white arrowhead (c) was
interpreted as indicative of specific iron accumulation in the substan-
tia nigra pars compacta. Reproduced from Drayer et al. 1986a with
permission from the Radiological Society of North America (copy-
right 1986)

substantia nigra compacta (Fig. 5) in patients with multisys-
tem atrophy or progressive supranuclear palsy (Drayer et al.
1986b). Subsequent studies with larger numbers of patients
(Antonini et al. 1993) and stronger magnetic fields (Gorell
et al. 1995) confirmed that areas of T,-weighted hypoin-
tensity were typical in the nigra, caudate, and putamen in
parkinsonism, but "shortening of T, values in the substantia
nigra did not correlate with disease duration nor with clinical
severity” (Antonini et al. 1993). That is, nigral iron deposits
were an early feature of parkinsonism, consistent with their
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playing a causative role in its pathogenesis, but also with
their being unrelated to the disease process altogether.

The accuracy and specificity of in vivo brain iron meas-
urements increased as MRI technology improved during
the 1990s, allowing the two alternatives to be more closely
examined. For instance, George Bartzokis (1956-2014)
employed two MRI systems with different magnetic field
strengths (0.5 and 1.5 T) to measure the field-dependent
increase in R, (the inverse of T,), a specific measure of total
iron in the mineral core of ferritin molecules (Bartzokis
et al. 1993). Bartzokis and his colleagues found evidence for
increased ferritin-bound iron in people with early onset dis-
ease in the nigra compacta and reticulata, putamen and pal-
lidum, but reduced ferritin capacity in the nigra reticulata in
people with later onset Parkinson disease. The authors con-
cluded that their results “suggest that dysregulation of iron
metabolism occurs in Parkinson disease and that this dys-
regulation may differ in earlier- versus later-onset Parkinson
disease” (Bartzokis et al. 1999). Substantia nigra compacta
R, values have subsequently been found to be significantly
higher in recently diagnosed parkinsonism and to gradually
increase with disease progression (reviewed: Feraco et al.
2021). The importance of the development of technologies
capable of quantifying iron in the living central nervous
system was underlined by the accruing data indicating that
iron levels, and the status of iron-regulatory proteins, in the
periphery do not reflect brain iron levels in Parkinson dis-
ease (Genoud et al. 2020; Jiménez-Jiménez et al. 2021).
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Transcranial ultrasonography was also applied to assess-
ing brain iron in the mid-1990s. Hyperechogenicity of the
substantia nigra, viewed through the temporal bone window,
is increased in Parkinson disease. First reported in 1995 by
Georg Becker and colleagues (Wiirzburg), it was initially
attributed to nigral gliosis and regarded as being correlated
with disease severity and duration (Becker et al. 1995).
Daniela Berg, who had detected nigral iron accumulation
and increased echogenicity in 6-OHDA-treated rats (Berg
et al. 1999b), confirmed that hyperechogenicity was a cost-
effective means for screening for the iron accumulation in
the basal ganglia (Berg et al. 1999a, 2002; Berg 2009). She
and her colleagues also found that nigral hyperechogenic-
ity developed early—indeed, before the emergence of any
symptoms (Berg et al. 2011)—and did not change in the
course of the disease (Berg et al. 2005; Fig. 6), leading to
transcranial ultrasonography being included in the Move-
ment Disorders Society research criteria for identifying peo-
ple at increased risk of Parkinson disease (Berg et al. 2015).

Magnetic resonance imaging of brain iron is now an
integral tool in Parkinson disease research (Pyatigorskaya
et al. 2014). It may also be of clinical value in the future: for
instance, one study found that iron changes were restricted
to the ventral nigra over a period of three years, the regions
that degenerates earliest and most completely in Parkinson
disease (Bergsland et al. 2019). Further, nigral iron load in
people with Parkinson disease may be correlated with motor
disability, as measured by UPDRS rigidity and freezing of
gait scores (reviewed: Heim et al. 2017; Mochizuki et al.

Fig.6 Transcranial ultrasonogram showing progressive hyperecho-
genicity of the substantia nigra pars compacta in Parkinson disease.
a Initial examination revealed an area of 0.23 cm? hyperechogenic-
ity in the substantia nigra pars compacta (white arrows). b Follow-up
examination at five years showed hyperechogenicity had not changed.
¢ Schematic representation of the ipsilateral mesencephalon, with the
substantia nigra pars compacta marked with white arrows. Repro-
duced from (Berg et al. 2005) with permission from John Wiley and
Sons (copyright 2005)

2020; Feraco et al. 2021). The degree of nigral iron elevation
generally reflects the severity of motor symptoms, but not
the duration of disease (Wallis et al. 2008).

New imaging protocols, including susceptibility-weighted
imaging and quantitative susceptibility mapping (QSM),
have significantly improved image resolution, allowing even
more specific regional measurements. A meta-analysis of
brain iron levels in Parkinson patients, assessed by MRI and
post mortem histochemical analysis, confirmed the substan-
tia nigra compacta as the site of most marked iron accu-
mulation, with significant but less marked accumulation in
the putamen, red nucleus, caudate nucleus, and pallidum
in later stages of the disease (Wang et al. 2016). QSM iron
findings, in particular, have been found to reflect both dis-
ease condition and duration, including lateral asymmetry
of iron deposition in the compacta and the spread of iron
pathology in later disease; further, it distinguishes between
the patterns of this pathology in different types of parkinson-
ism (reviewed: Mochizuki et al. 2020; Ryman and Poston
2020; Feraco et al. 2021). Both the R, and QSM modalities
produce nigral iron data that are correlated with post mor-
tem assessment, but a-synuclein aggregation could also be
assessed with the R, approach (Lewis et al. 2018). More
recently, a technique for simultaneously imaging iron and
neuromelanin as complementary imaging biomarkers has
offered a tantalizing opportunity to investigate their inter-
acting roles in the physiopathology of Parkinson disease,
particularly during its early stages (He et al. 2021).

2001-2010: The transgenic toolbox opens

In the first decade of the new century, discussions of the
role of iron in the etiology of Parkinson disease, particularly
its role in stimulating oxidative stress and its potential as a
target for treatment, continued (for instance:Berg et al. 2001;
Ke and Ming Qian 2003; Go6tz et al. 2004; He et al. 2021).
Further reports of changes in iron-associated pathways in
brain tissues in Parkinson disease advanced knowledge in
this field, but captured only a single time point in the course
of the disease, usually late stage disease, and were possibly
also subject by post mortem changes. Other studies of iron
systems in biofluids from living Parkinson patients could
be collected from early stage patients, but their relevance
to changes in the central nervous system remains unclear
(Genoud et al. 2020). Chemically induced animal models
of Parkinson disease are still valuable, but the possibility
of new murine models have excited interest as technolo-
gies for targeted genetic modifications have advanced. The
first insertion of transgenic material into mice embryos was
achieved in 1974, and the passage of implanted genes to
offspring in 1981. In 1987, the first method for genetically
ablating genes was reported (reviewed: Saunders 2020),
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completing a suite of tools required for further probing the
roles of iron-regulatory proteins suspected of playing impor-
tant roles in the pathogenesis of Parkinson disease (Gerlach
et al. 1994).

Initial studies focused more on the broad effects of
response factors to increased oxidative stress, such as the
overexpression of human superoxide dismutase-1 (SOD1)
or deletion of mitochondrial superoxide dismutase-2
(SOD2) (Chan et al. 1995). Mice that overexpress SOD1
were resistant to MPTP toxicity (Przedborski et al. 1992),
echoing earlier studies that indicated MPTP intoxication was
linked with increased oxidative stress. The oxidative stress
hypothesis of Parkinson disease was investigated using a
range of interventions thought to reduce cellular oxidative
load, including the antiparkinsonian drug apomorphine, to
investigate their effects on MPTP-induced dopamine neuron
death (Griinblatt et al. 1999). The development of sophisti-
cated strains of genetically modified mice later allowed the
expression or knockout of genes involved in iron regulation,
such as ferritin, ceruloplasmin, and tau protein, in specific
neuron populations, including tyrosine hydroxylase-posi-
tive neurons, facilitating the investigation of their effects on
iron-associated neuron damage (Kaur et al. 2003; Thompson
et al. 2003; Zhu et al. 2010; Lei et al. 2012; Ayton et al.
2013). The production of mice expressing human wildtype
of mutant forms of a-synuclein also provided new ways to
study the role of this important protein in the etiology of
the synucleinopathies (Kahle et al. 2001; Hashimoto et al.
2003). In 2011, it was reported that a-synuclein acts as a
cellular ferrireductase (Davies et al. 2011), a function later
shown to be impaired in Parkinson disease (McDowall et al.
2017), adding another iron-associated pathway to the Par-
kinson story. Two years later, a deficiency of the soluble
form of the microtubule-associated protein tau, linked with
the pathology of Alzheimer disease but also commonly
deposited in the parkinsonian brain, was found in a trans-
genic mouse study to result in toxic iron accumulation in the
brain, suggesting that the toxic properties of this protein may
involve its interaction with iron (Lei et al. 2012).

2011-2021:The translation of discovery
science

The wealth of information linking iron and Parkinson disease,
carefully collected and analyzed over more than 120 years,
led to the idea that therapies which maintain brain iron levels
within the normal range might have a practical neuroprotec-
tive effect (Lange et al. 1994). The hypothesis was tested in
vitro as early as 1990 (Tanaka et al. 1990), and later in mouse
models of Parkinson disease; for example, following chemi-
cal lesions that produce parkinsonism-relevant dopamine neu-
ron loss (e.g., Gal et al. 2010). By the turn of the twenty-first
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century, promising findings stimulated discussion in major
international journals of whether modulating brain iron might
be the next direction in anti-parkinsonian therapy, possibly
for the first time modifying the course of the disease (Kaur
et al. 2003). The discovery of a new iron-dependent cell death
pathway, ferroptosis (Dixon et al. 2012), and the identification
of this pathway in Parkinson disease-relevant models (Zhang
et al. 2020) further stimulated interest in this area. In the early
2000s, the ability of clioquinol, an antifungal hydroxyquino-
line with metal-chelating properties, to modify central iron
levels in Parkinson disease was investigated (Kaur et al. 2003).
But while preclinical findings were promising, links between
clioquinol and a sensory neuropathy disorder (Egashira and
Matsuyama 1982) undermined interest in its potential. It was
later reported that the moderate iron chelator deferiprone, used
to treat people with the iron overload disorder thalassemia,
was neuroprotective for catecholaminergic neuroblastoma cells
exposed to MPTP (Molina-Holgado et al. 2008) and in the
6-OHDA model of Parkinson disease (Dexter et al 2011), and
it also improved motor function in a mouse model of synucle-
inopathy (Carboni et al. 2017). Deferiprone was also reported
to reverse abnormal iron deposition in Friedrich ataxia (Abbru-
zzese et al. 2011) and possibly also in PKAN (Klopstock et al.
2019).

In 2014, David Devos in Lille reported the results of a
pilot double-blind, placebo-controlled clinical trial of defer-
iprone in patients with early stage Parkinson disease: after
six months’ treatment, their motor performance improved
and the frequency of adverse events was reduced. Further,
the R2* MRI parameter in the substantia nigra (thought to
reflect iron load) was significantly reduced, and it increased
after treatment stopped (Devos et al. 2014; Grolez et al.
2015). The success of this pilot study prompted more
advanced trials of deferiprone (FAIRPARKI and FAIR-
PARKII), the results of which are not yet available (Uni-
versity Hospital Lille 2016). Meanwhile, David Dexter,
continuing at Imperial College London his long term work
on iron in Parkinson disease, found in a small clinical trial
that deferiprone reduced brain iron levels in people in Par-
kinson disease (Martin-Bastida et al. 2017). The success of
these trials has led to interest in applying this approach to
other degenerative disorders in which iron accumulation is
a feature; for example, a pilot trial of deferiprone for treat-
ing amyotrophic lateral sclerosis found that it reduced iron
levels in the brain and spinal cord, with modest but positive
clinical benefits (Moreau et al. 2018).

Conclusion

That the iron economy of the extrapyramidal system is
abnormal in parkinsonism has been established. How
the described changes arise, and how they relate to the
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pathophysiology of parkinsonism, however, remain mat-
ters of debate (Fig. 5). Possible reasons for local elevations
in iron level include age- or disease-dependent loss of iron
storage protein capacity, increased importation (increased
expression of transferrin receptor 1 and divalent metal trans-
porter 1) or reduced export (reduced expression of ferro-
portin-1) in Parkinson disease, and microglial activation in
response to neurodegeneration. Whether the increased levels
are the cause or a consequence of neuronal loss, iron-asso-
ciated degenerative pathways may play roles in driving pro-
gressive neurodegeneration (reviewed: Gerlach et al. 2006;
Hare et al. 2013a; Ma et al. 2021; Riederer et al. 2021).

Plausible mechanisms of harm include iron-dependent
programmed cell death (ferroptosis) and increased misfold-
ing and aggregation of a-synuclein. a-Synuclein oligom-
ers can activate both apoptosis via calcium ion influx and
ferroptosis by iron-dependent reactive oxygen species pro-
duction and lipid peroxidation reduce iron(III) to iron(Il)
using copper as a cofactor and NADH as electron donor;
and activate microglia with all its consequences. Further,
a-synuclein mRNA has a structured iron-responsive element
that controls translation that is activated at higher iron con-
centrations (reviewed: Sian-Hulsmann and Riederer 2021).

More than 120 years after iron was first identified in the
brain, its importance for the etiology of Parkinson disease is
recognized. Information on the nature of this phenomenon,
carefully collected over many years by laboratory research-
ers, and enabled by a series of technical developments that
have underpinned their studies, are now being harnessed
by researcher—clinicians testing the thesis that modifying
central iron levels may offer hope for that most elusive of
treatments: a disease-modifying therapy for people with Par-
kinson disease.

Acknowledgements We thank Professor Colin Masters and Ms Megan
Iminitoff for assistance with accessing historical articles. This work
was conducted by ForeFront, a large collaborative research group dedi-
cated to the study of neurodegenerative diseases and funded by the
National Health and Medical Research Council (NHMRC Ideas Grant
1181864 to K.L.D).

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abbruzzese G, Cossu G, Balocco M, Marchese R, Murgia D, Melis M,
Galanello R, Barella S, Matta G, Ruffinengo U, Bonuccelli U,
Forni GL (2011) A pilot trial of deferiprone for neurodegenera-
tion with brain iron accumulation. Haematologica 96:1708-1711.
https://doi.org/10.3324/haematol.2011.043018

Antonini A, Leenders KL, Meier D, Oertel WH, Boesiger P, Anliker M
(1993) T2 relaxation time in patients with Parkinson’s disease.
Neurology 43:697-700. https://doi.org/10.1212/wnl.43.4.697

Aranda LC, Asenjo A (1969) Tremor induced by iron overloading. J
Neurosurg 30:35-37. https://doi.org/10.3171/jns.1969.30.1.0035

Asenjo A (1968) Cytosiderosis and iron deposits in ventrolateral
nucleus of the thalamus in Parkinson’s disease. Clinical and
experimental study. Johns Hopkins Med J 122:284-294

Ayton S, Lei P (2014) Nigral iron elevation is an invariable feature
of Parkinson’s disease and is a sufficient cause of neurodegen-
eration. Biomed Res Int 2014:581256. https://doi.org/10.1155/
2014/581256

Ayton S, Lei P, Duce JA, Wong BX, Sedjahtera A, Adlard PA, Bush Al,
Finkelstein DI (2013) Ceruloplasmin dysfunction and therapeutic
potential for Parkinson disease. Ann Neurol 73:554-559. https://
doi.org/10.1002/ana.23817

Bahr MA (1935) The parkinsonian syndrome due to chronic epidemic
encephalitis (Von Economo type). J Nerv Ment Dis 82:514-524

Bartzokis G, Aravagiri M, Oldendorf WH, Mintz J, Marder SR (1993)
Field dependent transverse relaxation rate increase may be a spe-
cific measure of tissue iron stores. Magn Reson Med 29:459-464.
https://doi.org/10.1002/mrm.1910290406

Bartzokis G, Cummings JL, Markham CH, Marmarelis PZ, Treciokas
LJ, Tishler TA, Marder SR, Mintz J (1999) MRI evaluation of
brain iron in earlier- and later-onset Parkinson’s disease and nor-
mal subjects. Magn Reson Imaging 17:213-222. https://doi.org/
10.1016/s0730-725x(98)00155-6

Beard JL, Connor JR (2003) Iron status and neural functioning. Annu
Rev Nutr 23:41-58. https://doi.org/10.1146/annurev.nutr.23.
020102.075739

Becker G, Seufert J, Bogdahn U, Reichmann H, Reiners K (1995)
Degeneration of substantia nigra in chronic Parkinson’s disease
visualized by transcranial color-coded real-time sonography.
Neurology 45:182-184. https://doi.org/10.1212/wnl.45.1.182

Benda CE, Cobb S (1942) On the pathogenesis of paralysis agitans
(Parkinson’s disease). Medicine (Baltimore) 21:95-142

Berg D (2009) Transcranial ultrasound as a risk marker for Parkinson’s
disease. Mov Disord 24(Suppl 2):S677-683. https://doi.org/10.
1002/mds.22540

Berg D, Becker G, Zeiler B, Tucha O, Hofmann E, Preier M, Benz
P, Jost W, Reiners K, Lange KW (1999a) Vulnerability of the
nigrostriatal system as detected by transcranial ultrasound. Neu-
rology 53:51026-51031. https://doi.org/10.1212/wnl.53.5.1026

Berg D, Grote C, Rausch WD, Maurer M, Wesemann W, Riederer P,
Becker G (1999b) Iron accumulation in the substantia nigra in
rats visualized by ultrasound. Ultrasound Med Biol 25:901-904.
https://doi.org/10.1016/s0301-5629(99)00046-0

Berg D, Gerlach M, Youdim MB, Double KL, Zecca L, Riederer P,
Becker G (2001) Brain iron pathways and their relevance to Par-
kinson’s disease. J] Neurochem 79:225-236. https://doi.org/10.
1046/j.1471-4159.2001.00608.x

Berg D, Roggendorf W, Schroder U, Klein R, Tatschner T, Benz P,
Tucha O, Preier M, Lange KW, Reiners K, Gerlach M, Becker
G (2002) Echogenicity of the substantia nigra: association with
increased iron content and marker for susceptibility to nigrostri-
atal injury. Arch Neurol 59:999-1005. https://doi.org/10.1001/
archneur.59.6.999

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3324/haematol.2011.043018
https://doi.org/10.1212/wnl.43.4.697
https://doi.org/10.3171/jns.1969.30.1.0035
https://doi.org/10.1155/2014/581256
https://doi.org/10.1155/2014/581256
https://doi.org/10.1002/ana.23817
https://doi.org/10.1002/ana.23817
https://doi.org/10.1002/mrm.1910290406
https://doi.org/10.1016/s0730-725x(98)00155-6
https://doi.org/10.1016/s0730-725x(98)00155-6
https://doi.org/10.1146/annurev.nutr.23.020102.075739
https://doi.org/10.1146/annurev.nutr.23.020102.075739
https://doi.org/10.1212/wnl.45.1.182
https://doi.org/10.1002/mds.22540
https://doi.org/10.1002/mds.22540
https://doi.org/10.1212/wnl.53.5.1026
https://doi.org/10.1016/s0301-5629(99)00046-0
https://doi.org/10.1046/j.1471-4159.2001.00608.x
https://doi.org/10.1046/j.1471-4159.2001.00608.x
https://doi.org/10.1001/archneur.59.6.999
https://doi.org/10.1001/archneur.59.6.999

516

P.B. Foley et al.

Berg D, Merz B, Reiners K, Naumann M, Becker G (2005) Five-year
follow-up study of hyperechogenicity of the substantia nigra in
Parkinson’s disease. Mov Disord 20:383-385. https://doi.org/10.
1002/mds.20311

Berg D, Seppi K, Behnke S, Liepelt I, Schweitzer K, Stockner H,
Wollenweber F, Gaenslen A, Mahlknecht P, Spiegel J, Godau J,
Huber H, Srulijes K, Kiechl S, Bentele M, Gasperi A, Schubert
T, Hiry T, Probst M, Schneider V, Klenk J, Sawires M, Willeit J,
Maetzler W, Fassbender K, Gasser T, Poewe W (2011) Enlarged
substantia nigra hyperechogenicity and risk for Parkinson dis-
ease: a 37-month 3-center study of 1847 older persons. Arch
Neurol 68:932-937. https://doi.org/10.1001/archneurol.2011.141

Berg D, Postuma RB, Adler CH, Bloem BR, Chan P, Dubois B, Gasser
T, Goetz CG, Halliday G, Joseph L, Lang AE, Liepelt-Scarfone
I, Litvan I, Marek K, Obeso J, Oertel W, Olanow CW, Poewe W,
Stern M, Deuschl G (2015) MDS research criteria for prodromal
Parkinson’s disease. Mov Disord 30:1600-1611. https://doi.org/
10.1002/mds.26431

Bergsland N, Zivadinov R, Schweser F, Hagemeier J, Lichter D, Gut-
tuso T Jr (2019) Ventral posterior substantia nigra iron increases
over 3 years in Parkinson’s disease. Mov Disord 34:1006-1013.
https://doi.org/10.1002/mds.27730

Biondi G (1914) Sulla presenza di sostanze avente le reazioni
istochimiche del ferro nei centri nervosi degli ammalati di menti.
Riv Ital Neuropatol Psichiatr Elettroter 7:439-456

Blum D, Torch S, Lambeng N, Nissou M, Benabid AL, Sadoul R,
Verna JM (2001) Molecular pathways involved in the neurotoxic-
ity of 6-OHDA, dopamine and MPTP: contribution to the apop-
totic theory in Parkinson’s disease. Prog Neurobiol 65:135-172.
https://doi.org/10.1016/s0301-0082(01)00003-x

Boelmans K, Holst B, Hackius M, Finsterbusch J, Gerloff C, Fiehler J,
Miinchau A (2012) Brain iron deposition fingerprints in Parkin-
son’s disease and progressive supranuclear palsy. Mov Disord
27:421-427. https://doi.org/10.1002/mds.24926

Bohic S, Murphy K, Paulus W, Cloetens P, Salomé M, Susini J, Double
K (2008) Intracellular chemical imaging of the developmental
phases of human neuromelanin using synchrotron X-ray micro-
spectroscopy. Anal Chem 80:9557-9566. https://doi.org/10.
1021/ac801817k

Bruetsch WL, DeArmond M (1935) The parkinsonian syndrome due
to trauma: a clinico-anatomical study of a case. J Nerv Ment Dis
81:531-543

Campanella G, Carrieri P, Romito D, Pasqual-Marsettin E (1973)
Ferro, transferrina, rame e ceruloplasmina del siero e del liquor
nelle malattie extrapiramidali e nelle miopatie primitive. Acta
Neurol (Napoli) 28:1-34

Carboni E, Tatenhorst L, Tonges L, Barski E, Dambeck V, Bihr M,
Lingor P (2017) Deferiprone rescues behavioral deficits induced
by mild iron exposure in a mouse model of alpha-synuclein
aggregation. Neuromol Med 19:309-321. https://doi.org/10.
1007/s12017-017-8447-9

Castellani RJ, Siedlak SL, Perry G, Smith MA (2000) Sequestration of
iron by Lewy bodies in Parkinson’s disease. Acta Neuropathol
100:111-114. https://doi.org/10.1007/s004010050001

Chan PH, Epstein CJ, Li Y, Huang TT, Carlson E, Kinouchi H, Yang
G, Kamii H, Mikawa S, Kondo T, Copin JC, Chen SF, Chan T,
Gafni J, Gobbel G, Reola E (1995) Transgenic mice and knock-
out mutants in the study of oxidative stress in brain injury. J Neu-
rotrauma 12:815-824. https://doi.org/10.1089/neu.1995.12.815

Cobb S (1932) The cerebrospinal blood vessels. In: Penfield W (ed)
Cytology and cellular pathology of the nervous system, vol 2.
Paul B. Hoeber, New York, pp 577-610

Curzon G, O’Reilly S (1960) A coupled iron-caeruloplasmin oxidation
system. Biochem Biophys Res Commun 2:284-286. https://doi.
org/10.1042/bj0790656

@ Springer

Davies P, Moualla D, Brown DR (2011) Alpha-synuclein is a cellu-
lar ferrireductase. PLoS One 6:e15814. https://doi.org/10.1371/
journal.pone.0015814

Davies KM, Hare DJ, Cottam V, Chen N, Hilgers L, Halliday G, Mer-
cer JF, Double KL (2013) Localization of copper and copper
transporters in the human brain. Metallomics 5:43-51. https://
doi.org/10.1039/c2mt20151h

Devos D, Moreau C, Devedjian JC, Kluza J, Petrault M, Laloux C,
Jonneaux A, Ryckewaert G, Gar¢on G, Rouaix N, Duhamel A,
Jissendi P, Dujardin K, Auger F, Ravasi L, Hopes L, Grolez G,
Firdaus W, Sablonniére B, Strubi-Vuillaume I, Zahr N, Destée
A, Corvol JC, Poltl D, Leist M, Rose C, Defebvre L, Marchetti
P, Cabantchik ZI, Bordet R (2014) Targeting chelatable iron as
a therapeutic modality in Parkinson’s disease. Antioxid Redox
Signal 21:195-210. https://doi.org/10.1089/ars.2013.5593

Dexter DT, Wells FR, Agid F, Agid Y, Lees AJ, Jenner P, Marsden
CD (1987) Increased nigral iron content in postmortem par-
kinsonian brain. Lancet 2:1219-1220. https://doi.org/10.1016/
s0140-6736(87)91361-4

Dexter DT, Wells FR, Lees AJ, Agid F, Agid Y, Jenner P, Mars-
den CD (1989) Increased nigral iron content and alterations
in other metal ions occurring in brain in Parkinson’s disease.
J Neurochem 52:1830-1836. https://doi.org/10.1111/j.1471-
4159.1989.tb07264.x

Dexter DT, Carayon A, Javoy-Agid F, Agid Y, Wells FR, Daniel
SE, Lees AJ, Jenner P, Marsden CD (1991) Alterations in the
levels of iron, ferritin and other trace metals in Parkinson’s dis-
ease and other neurodegenerative diseases affecting the basal
ganglia. Brain 114:1953-1975. https://doi.org/10.1093/brain/
114.4.1953

Dexter DT, Statton SA, Whitmore C, Freinbichler W, Weinberger
P, Tipton KF, Della Corte L, Ward RJ, Crichton RR (2011)
Clinically available iron chelators induce neuroprotection in the
6-OHDA model of Parkinson’s disease after peripheral adminis-
tration. J Neural Transm 118:223-231. https://doi.org/10.1007/
s00702-010-0531-3

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Glea-
son CE, Patel DN, Bauer AJ, Cantley AM, Yang WS, Morrison
B 3rd, Stockwell BR (2012) Ferroptosis: an iron-dependent form
of nonapoptotic cell death. Cell 149:1060-1072. https://doi.org/
10.1016/j.cell.2012.03.042

D’Mello SR, Kindy MC (2020) Overdosing on iron: elevated iron
and degenerative brain disorders. Exp Biol Med (Maywood)
245:1444-1473. https://doi.org/10.1177/1535370220953065

Dognin J, Crichton RR (1975) Mobilisation of iron from ferritin frac-
tions of defined iron content by biological reductants. FEBS Lett
54:234-236. https://doi.org/10.1016/0014-5793(75)80081-0

Double KL, Gerlach M, Schiinemann V, Trautwein AX, Zecca L, Gal-
lorini M, Youdim MB, Riederer P, Ben-Shachar D (2003) Iron-
binding characteristics of neuromelanin of the human substantia
nigra. Biochem Pharmacol 66:489-494. https://doi.org/10.1016/
s0006-2952(03)00293-4

Drayer B, Burger P, Darwin R, Riederer S, Herfkens R, Johnson GA
(1986a) Magnetic resonance imaging of brain iron. Am J Neu-
roradiol 7:373-380

Drayer BP, Olanow W, Burger P, Johnson GA, Herfkens R, Riederer
S (1986b) Parkinson plus syndrome: diagnosis using high field
MR imaging of brain iron. Radiology 159:493-498. https://doi.
org/10.1148/radiology.159.2.3961182

Earle KM (1968) Studies on Parkinson’s disease including x-ray fluo-
rescent spectroscopy of formalin fixed brain tissue. ] Neuropathol
Exp Neurol 27:1-14. https://doi.org/10.1097/00005072-19680
1000-00001

Egashira Y, Matsuyama H (1982) Subacute myelo-optico-neuropathy
(SMON) in Japan. With special reference to the autopsy cases.
Acta Pathol Jpn 32(Suppl 1):101-116


https://doi.org/10.1002/mds.20311
https://doi.org/10.1002/mds.20311
https://doi.org/10.1001/archneurol.2011.141
https://doi.org/10.1002/mds.26431
https://doi.org/10.1002/mds.26431
https://doi.org/10.1002/mds.27730
https://doi.org/10.1016/s0301-0082(01)00003-x
https://doi.org/10.1002/mds.24926
https://doi.org/10.1021/ac801817k
https://doi.org/10.1021/ac801817k
https://doi.org/10.1007/s12017-017-8447-9
https://doi.org/10.1007/s12017-017-8447-9
https://doi.org/10.1007/s004010050001
https://doi.org/10.1089/neu.1995.12.815
https://doi.org/10.1042/bj0790656
https://doi.org/10.1042/bj0790656
https://doi.org/10.1371/journal.pone.0015814
https://doi.org/10.1371/journal.pone.0015814
https://doi.org/10.1039/c2mt20151h
https://doi.org/10.1039/c2mt20151h
https://doi.org/10.1089/ars.2013.5593
https://doi.org/10.1016/s0140-6736(87)91361-4
https://doi.org/10.1016/s0140-6736(87)91361-4
https://doi.org/10.1111/j.1471-4159.1989.tb07264.x
https://doi.org/10.1111/j.1471-4159.1989.tb07264.x
https://doi.org/10.1093/brain/114.4.1953
https://doi.org/10.1093/brain/114.4.1953
https://doi.org/10.1007/s00702-010-0531-3
https://doi.org/10.1007/s00702-010-0531-3
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1177/1535370220953065
https://doi.org/10.1016/0014-5793(75)80081-0
https://doi.org/10.1016/s0006-2952(03)00293-4
https://doi.org/10.1016/s0006-2952(03)00293-4
https://doi.org/10.1148/radiology.159.2.3961182
https://doi.org/10.1148/radiology.159.2.3961182
https://doi.org/10.1097/00005072-196801000-00001
https://doi.org/10.1097/00005072-196801000-00001

A brief history of brain iron accumulation in Parkinson disease and related disorders 517

Fedorow H, Halliday GM, Rickert CH, Gerlach M, Riederer P, Double
KL (2006) Evidence for specific phases in the development of
human neuromelanin. Neurobiol Aging 27:506-512. https://doi.
org/10.1016/j.neurobiolaging.2005.02.015

Fenton HJH (1894) Oxidation of tartaric acid in presence of iron. J
Chem Soc Trans 65:899-910. https://doi.org/10.1039/CT894
6500899

Feraco P, Gagliardo C, La Tona G, Bruno E, D’Angelo C, Marrale M,
Del Poggio A, Malaguti MC, Geraci L, Baschi R, Petralia B,
Midiri M, Monastero R (2021) Imaging of substantia nigra in
Parkinson’s disease: a narrative review. Brain Sci. https://doi.
org/10.3390/brainscil 1060769

Friedman A, Galazka-Friedman J (2012) The history of the research of
iron in parkinsonian substantia nigra. J Neural Transm 119:1507—
1510. https://doi.org/10.1007/s00702-012-0894-8

Gal S, Zheng H, Fridkin M, Youdim MB (2010) Restoration of
nigrostriatal dopamine neurons in post-MPTP treatment by
the novel multifunctional brain-permeable iron chelator-mon-
oamine oxidase inhibitor drug, M30. Neurotox Res 17:15-27.
https://doi.org/10.1007/s12640-009-9070-9

Gans A (1923) Iron in the brain. Brain 46:128-136. https://doi.org/
10.1093/brain/46.1.128

Genoud S, Senior AM, Hare DJ, Double KL (2020) Meta-analysis
of copper and iron in Parkinson’s disease brain and biofluids.
Mov Disord 35:662-671. https://doi.org/10.1002/mds.27947

Gerlach M, Ben-Shachar D, Riederer P, Youdim MB (1994) Altered
brain metabolism of iron as a cause of neurodegenerative dis-
eases? J Neurochem 63:793-807. https://doi.org/10.1046/].
1471-4159.1994.63030793.x

Gerlach M, Trautwein AX, Zecca L, Youdim MB, Riederer P (1995)
Mossbauer spectroscopic studies of purified human neuromela-
nin isolated from the substantia nigra. J] Neurochem 65:923—
926. https://doi.org/10.1046/j.1471-4159.1995.65020923.x

Gerlach M, Double KL, Ben-Shachar D, Zecca L, Youdim MB,
Riederer P (2003) Neuromelanin and its interaction with iron
as a potential risk factor for dopaminergic neurodegeneration
underlying Parkinson’s disease. Neurotox Res 5:35-44. https://
doi.org/10.1007/bf03033371

Gerlach M, Double KL, Youdim MB, Riederer P (2006) Potential
sources of increased iron in the substantia nigra of parkinso-
nian patients. J Neural Transm Suppl 70:133-142. https://doi.
org/10.1007/978-3-211-45295-0_21

Goldstein K (1921) Parkinsondhnliche Erkrankung bei Encephalitis
epidemica [abstract]. Zbl ges Neurol Psychiat 26:487

Gomori G (1936) Microtechnical demonstration of iron: a criticism
of its methods. Am J Pathol 12:655-664

Good PF, Olanow CW, Perl DP (1992) Neuromelanin-containing
neurons of the substantia nigra accumulate iron and aluminum
in Parkinson’s disease: a LAMMA study. Brain Res 593:343—
346. https://doi.org/10.1016/0006-8993(92)91334-b

Gorell JM, Ordidge RJ, Brown GG, Deniau JC, Buderer NM, Help-
ern JA (1995) Increased iron-related MRI contrast in the sub-
stantia nigra in Parkinson’s disease. Neurology 45:1138-1143.
https://doi.org/10.1212/wnl.45.6.1138

Gotz ME, Freyberger A, Riederer P (1990) Oxidative stress: a role in
the pathogenesis of Parkinson’s disease. J Neural Transm Suppl
29:241-249. https://doi.org/10.1007/978-3-7091-9050-0_23

Gotz ME, Double K, Gerlach M, Youdim MB, Riederer P (2004) The
relevance of iron in the pathogenesis of Parkinson’s disease.
Ann N Y Acad Sci 1012:193-208. https://doi.org/10.1196/
annals.1306.017

Greenfield JG, Bosanquet FD (1953) The brain-stem lesions in Par-
kinsonism. J Neurol Neurosurg Psychiatry 16:213-226. https://
doi.org/10.1136/jnnp.16.4.213

Grolez G, Moreau C, Sablonniére B, Gar¢on G, Devedjian JC,
Meguig S, Gelé P, Delmaire C, Bordet R, Defebvre L,

Cabantchik IZ, Devos D (2015) Ceruloplasmin activ-
ity and iron chelation treatment of patients with Parkin-
son’s disease. BMC Neurol 15:74. https://doi.org/10.1186/
s12883-015-0331-3

Griinblatt E, Mandel S, Berkuzki T, Youdim MB (1999) Apomor-
phine protects against MPTP-induced neurotoxicity in mice.
Mov Disord 14:612-618. https://doi.org/10.1002/1531-
8257(199907)14:4%3c612::aid-mds1010%3¢3.0.c0;2-6

Guizzetti P (1915) Principali risultati dell’ applicazione grossolana a
fresco delle reazioni istochimiche del ferro sul sistema nervoso
centrale dell’uomo e di alcuni mammiferi domestici. Riv Patol
Nerv Ment 20:103-117

Haber F, Weiss J (1934) The catalytic decomposition of hydrogen
peroxide by iron salts. Proc R Soc A (Lond) 147:332-351.
https://doi.org/10.1098/rspa.1934.0221

Hallervorden J, Spatz H (1922) Eigenartige Erkrankung im extrapy-
ramidalen System mit besonderer Beteiligung des Globus pal-
lidus und der Substantia nigra. Ein Beitrag zu den Beziehungen
zwischen diesen beiden Zentren. Zschr ges Neurol Psychiat
79:254-302. https://doi.org/10.1007/BF02878455

Hallgren B, Sourander P (1958) The effect of age on the non-haemin
iron in the human brain. J Neurochem 3:41-51. https://doi.org/
10.1111/5.1471-4159.1958.tb12607.x

Hare DJ, Double KL (2016) Iron and dopamine: a toxic couple. Brain
139:1026-1035. https://doi.org/10.1093/brain/aww022

Hare DJ, Gerlach M, Riederer P (2012a) Considerations for measur-
ing iron in post-mortem tissue of Parkinson’s disease patients.
J Neural Transm 119:1515-1521. https://doi.org/10.1007/
s00702-012-0898-4

Hare DJ, Lee JK, Beavis AD, van Gramberg A, George J, Adlard PA,
Finkelstein DI, Doble PA (2012b) Three-dimensional atlas of
iron, copper, and zinc in the mouse cerebrum and brainstem.
Anal Chem 84:3990-3997. https://doi.org/10.1021/ac300374x

Hare D, Ayton S, Bush A, Lei P (2013a) A delicate balance: iron
metabolism and diseases of the brain. Front Aging Neurosci 5:34.
https://doi.org/10.3389/fnagi.2013.00034

Hare DJ, Adlard PA, Doble PA, Finkelstein DI (2013b) Metallobiology
of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine neurotoxicity.
Metallomics 5:91-109. https://doi.org/10.1039/c2mt20164;]

Hashimoto M, Rockenstein E, Masliah E (2003) Transgenic models
of alpha-synuclein pathology: past, present, and future. Ann N
Y Acad Sci 991:171-188. https://doi.org/10.1111/j.1749-6632.
2003.tb07475.x

He N, Ghassaban K, Huang P, Jokar M, Wang Y, Cheng Z,JinZ, Li Y,
Sethi SK, He Y, Chen Y, Gharabaghi S, Chen S, Yan F, Haacke
EM (2021) Imaging iron and neuromelanin simultaneously using
a single 3D gradient echo magnetization transfer sequence: com-
bining neuromelanin, iron and the nigrosome-1 sign as comple-
mentary imaging biomarkers in early stage Parkinson’s disease.
Neuroimage 230:117810. https://doi.org/10.1016/j.neuroimage.
2021.117810

Heim B, Krismer F, De Marzi R, Seppi K (2017) Magnetic resonance
imaging for the diagnosis of Parkinson’s disease. J Neural Transm
124:915-964. https://doi.org/10.1007/s00702-017-1717-8

Hirsch EC, Brandel JP, Galle P, Javoy-Agid F, Agid Y (1991) Iron and
aluminum increase in the substantia nigra of patients with Par-
kinson’s disease: an X-ray microanalysis. J Neurochem 56:446—
451. https://doi.org/10.1111/j.1471-4159.1991.tb08170.x

Jellinger K, Paulus W, Grundke-Igbal I, Riederer P, Youdim MB (1990)
Brain iron and ferritin in Parkinson’s and Alzheimer’s diseases.
J Neural Transm Park Dis Dement Sect 2:327-340. https://doi.
org/10.1007/bf02252926

Jellinger K, Kienzl E, Rumpelmair G, Riederer P, Stachelberger H,
Ben-Shachar D, Youdim MB (1992) Iron-melanin complex in
substantia nigra of parkinsonian brains: an x-ray microanalysis. J

@ Springer


https://doi.org/10.1016/j.neurobiolaging.2005.02.015
https://doi.org/10.1016/j.neurobiolaging.2005.02.015
https://doi.org/10.1039/CT8946500899
https://doi.org/10.1039/CT8946500899
https://doi.org/10.3390/brainsci11060769
https://doi.org/10.3390/brainsci11060769
https://doi.org/10.1007/s00702-012-0894-8
https://doi.org/10.1007/s12640-009-9070-9
https://doi.org/10.1093/brain/46.1.128
https://doi.org/10.1093/brain/46.1.128
https://doi.org/10.1002/mds.27947
https://doi.org/10.1046/j.1471-4159.1994.63030793.x
https://doi.org/10.1046/j.1471-4159.1994.63030793.x
https://doi.org/10.1046/j.1471-4159.1995.65020923.x
https://doi.org/10.1007/bf03033371
https://doi.org/10.1007/bf03033371
https://doi.org/10.1007/978-3-211-45295-0_21
https://doi.org/10.1007/978-3-211-45295-0_21
https://doi.org/10.1016/0006-8993(92)91334-b
https://doi.org/10.1212/wnl.45.6.1138
https://doi.org/10.1007/978-3-7091-9050-0_23
https://doi.org/10.1196/annals.1306.017
https://doi.org/10.1196/annals.1306.017
https://doi.org/10.1136/jnnp.16.4.213
https://doi.org/10.1136/jnnp.16.4.213
https://doi.org/10.1186/s12883-015-0331-3
https://doi.org/10.1186/s12883-015-0331-3
https://doi.org/10.1002/1531-8257(199907)14:4%3c612::aid-mds1010%3e3.0.co;2-6
https://doi.org/10.1002/1531-8257(199907)14:4%3c612::aid-mds1010%3e3.0.co;2-6
https://doi.org/10.1098/rspa.1934.0221
https://doi.org/10.1007/BF02878455
https://doi.org/10.1111/j.1471-4159.1958.tb12607.x
https://doi.org/10.1111/j.1471-4159.1958.tb12607.x
https://doi.org/10.1093/brain/aww022
https://doi.org/10.1007/s00702-012-0898-4
https://doi.org/10.1007/s00702-012-0898-4
https://doi.org/10.1021/ac300374x
https://doi.org/10.3389/fnagi.2013.00034
https://doi.org/10.1039/c2mt20164j
https://doi.org/10.1111/j.1749-6632.2003.tb07475.x
https://doi.org/10.1111/j.1749-6632.2003.tb07475.x
https://doi.org/10.1016/j.neuroimage.2021.117810
https://doi.org/10.1016/j.neuroimage.2021.117810
https://doi.org/10.1007/s00702-017-1717-8
https://doi.org/10.1111/j.1471-4159.1991.tb08170.x
https://doi.org/10.1007/bf02252926
https://doi.org/10.1007/bf02252926

518

P.B. Foley et al.

Neurochem 59:1168—-1171. https://doi.org/10.1111/j.1471-4159.
1992.tb08362.x

Jenner P, Olanow CW (1996) Oxidative stress and the pathogenesis of
Parkinson’s disease. Neurology 47(6 Suppl 3):S161-170. https://
doi.org/10.1212/wnl.47.6_suppl_3.161s

Jiménez-Jiménez FJ, Alonso-Navarro H, Garcia-Martin E, Agtindez
JAG (2021) Biological fluid levels of iron and iron-related pro-
teins in Parkinson’s disease: review and meta-analysis. Eur J
Neurol 28:1041-1055. https://doi.org/10.1111/ene.14607

Kahle PJ, Neumann M, Ozmen L, Miiller V, Odoy S, Okamoto N,
Jacobsen H, Iwatsubo T, Trojanowski JQ, Takahashi H, Waka-
bayashi K, Bogdanovic N, Riederer P, Kretzschmar HA, Haass C
(2001) Selective insolubility of alpha-synuclein in human Lewy
body diseases is recapitulated in a transgenic mouse model. Am
J Pathol 159:2215-2225. https://doi.org/10.1016/s0002-9440(10)
63072-6

Kakhlon O, Cabantchik ZI (2002) The labile iron pool: characteriza-
tion, measurement, and participation in cellular processes. Free
Radic Biol Med 33:1037-1046. https://doi.org/10.1016/s0891-
5849(02)01006-7

Kaur D, Yantiri F, Rajagopalan S, Kumar J, Mo JQ, Boonplueang R,
Viswanath V, Jacobs R, Yang L, Beal MF, DiMonte D, Volitaskis
I, Ellerby L, Cherny RA, Bush Al, Andersen JK (2003) Genetic
or pharmacological iron chelation prevents MPTP-induced neu-
rotoxicity in vivo: a novel therapy for Parkinson’s disease. Neu-
ron 37:899-909. https://doi.org/10.1016/50896-6273(03)00126-0

Kaur D, Peng J, Chinta SJ, Rajagopalan S, Di Monte DA, Cherny
RA, Andersen JK (2007) Increased murine neonatal iron intake
results in Parkinson-like neurodegeneration with age. Neurobiol
Aging 28:907-913. https://doi.org/10.1016/j.neurobiolaging.
2006.04.003

Ke Y, Ming Qian Z (2003) Iron misregulation in the brain: a primary
cause of neurodegenerative disorders. Lancet Neurol 2:246-253.
https://doi.org/10.1016/s1474-4422(03)00353-3

Kienzl E, Jellinger K, Stachelberger H, Linert W (1999) Iron as catalyst
for oxidative stress in the pathogenesis of Parkinson’s disease?
Life Sci 65:1973-1976. https://doi.org/10.1016/s0024-3205(99)
00458-0

Kingo S (1934) [On the iron reaction in the brain in post-encephalitic
parkinsonism]. Fukuoka-lkwadaigaku-Zasshi 27:142

Kjellin KG (1967) The CSF iron in patients with neurological diseases.
Acta Neurol Scand 43:299-313. https://doi.org/10.1111/j.1600-
0404.1967.tb05735.x

Klopstock T, Tricta F, Neumayr L, Karin I, Zorzi G, Fradette C, Kmie¢
T, Biichner B, Steele HE, Horvath R, Chinnery PF, Basu A, Kiip-
per C, Neuhofer C, Kalman B, Dusek P, Yapici Z, Wilson I,
Zhao F, Zibordi F, Nardocci N, Aguilar C, Hayflick SJ, Spino M,
Blamire AM, Hogarth P, Vichinsky E (2019) Safety and efficacy
of deferiprone for pantothenate kinase-associated neurodegenera-
tion: a randomised, double-blind, controlled trial and an open-
label extension study. Lancet Neurol 18:631-642. https://doi.org/
10.1016/s1474-4422(19)30142-5

Koeppen AH, Barron KD, Cox JF (1971) Striatonigral degeneration.
Acta Neuropathol 19:10-19. https://doi.org/10.1007/BF006
90949

Koziorowski D, Friedman A, Arosio P, Santambrogio P, Dziewulska D
(2007) ELISA reveals a difference in the structure of substantia
nigra ferritin in Parkinson’s disease and incidental Lewy body
compared to control. Parkinsonism Relat Disord 13:214-218.
https://doi.org/10.1016/j.parkreldis.2006.10.002

Lange KW, Rausch WD, Gsell W, Naumann M, Oestreicher E, Riederer
P (1994) Neuroprotection by dopamine agonists. J Neural Transm
Suppl 43:183-201. https://doi.org/10.5283/epub.25419

Langston JW, Palfreman J (2014) The case of the frozen addicts. How
the solution of a medical mystery revolutionized the understand-
ing of Parkinson’s disease. IOS Press, Amsterdam

@ Springer

Lei P, Ayton S, Finkelstein DI, Spoerri L, Ciccotosto GD, Wright DK,
Wong BX, Adlard PA, Cherny RA, Lam LQ, Roberts BR, Volita-
kis I, Egan GF, McLean CA, Cappai R, Duce JA, Bush AI (2012)
Tau deficiency induces parkinsonism with dementia by impairing
APP-mediated iron export. Nat Med 18:291-295. https://doi.org/
10.1038/nm.2613

Lewis MM, Du G, Baccon J, Snyder AM, Murie B, Cooper F, Stetter
C, Kong L, Sica C, Mailman RB, Connor JR, Huang X (2018)
Susceptibility MRI captures nigral pathology in patients with
parkinsonian syndromes. Mov Disord 33:1432-1439. https://doi.
org/10.1002/mds.27381

Lewy FH (1923) Die Lehre vom Tonus und der Bewegung. Zugleich
systematische Untersuchungen zur Klinik, Physiologie, Patholo-
gie und Pathogenese der Paralysis agitans. Julius Springer, Berlin

Lhermitte J, Kraus WM, McAlpine D (1924) On the occurrence of
abnormal deposits of iron in the brain in parkinsonism with spe-
cial reference to its localisation. J Neurol Psychopathol 5:195—
208. https://doi.org/10.1136/jnnp.s1-5.19.195

LiJ, Scheller C, Koutsilieri E, Griffiths F, Beart PM, Mercer LD, Hal-
liday G, Kettle E, Rowe D, Riederer P, Gerlach M, Rodriguez M,
Double KL (2005) Differential effects of human neuromelanin
and synthetic dopamine melanin on neuronal and glial cells. J
Neurochem 95:599-608. https://doi.org/10.1111/j.1471-4159.
2005.03404.x

Lill R, Hoffmann B, Molik S, Pierik AJ, Rietzschel N, Stehling O,
Uzarska MA, Webert H, Wilbrecht C, Miihlenhoff U (2012) The
role of mitochondria in cellular iron-sulfur protein biogenesis
and iron metabolism. Biochim Biophys Acta 1823:1491-1508.
https://doi.org/10.1016/j.bbamcr.2012.05.009

Loeffler DA, Connor JR, Juneau PL, Snyder BS, Kanaley L, DeMaggio
AJ, Nguyen H, Brickman CM, LeWitt PA (1995) Transferrin
and iron in normal, Alzheimer’s disease, and Parkinson’s dis-
ease brain regions. J Neurochem 65:710-724. https://doi.org/10.
1046/j.1471-4159.1995.65020710.x

Lozoff B, Georgieff MK (2006) Iron deficiency and brain development.
Semin Pediatr Neurol 13:158-165. https://doi.org/10.1016/j.
spen.2006.08.004

Lubarsch O (1917) Zur Kenntnis der im Gehirnanhang vorkommenden
Farbstoffablagerungen. Berliner Klinische Wochenschrift
54:65-69

Ma L, Gholam Azad M, Dharmasivam M, Richardson V, Quinn RJ,
Feng Y, Pountney DL, Tonissen KF, Mellick GD, Yanatori I,
Richardson DR (2021) Parkinson’s disease: alterations in iron
and redox biology as a key to unlock therapeutic strategies.
Redox Biol 41:101896. https://doi.org/10.1016/j.redox.2021.
101896

Marinesco G (1909) La cellule nerveuse. Tome premier. Encyclopédie
scientifique: Bibliothéque de physiologie. Octave Doin et Fils,
Paris

Marinesco G, Draganesco S (1923) Recherches sur le métabolisme
du fer dans les centres nerveux. Rev Neurol (Paris) 20:385-398

Markesbery WR, Ehmann WD, Alauddin M, Hossain TI (1984) Brain
trace element concentrations in aging. Neurobiol Aging 5:19-28.
https://doi.org/10.1016/0197-4580(84)90081-2

Martin-Bastida A, Ward RJ, Newbould R, Piccini P, Sharp D, Kabba
C, Patel MC, Spino M, Connelly J, Tricta F, Crichton RR, Dex-
ter DT (2017) Brain iron chelation by deferiprone in a phase 2
randomised double-blinded placebo controlled clinical trial in
Parkinson’s disease. Sci Rep 7:1398. https://doi.org/10.1038/
s41598-017-01402-2

McDowall JS, Ntai I, Honeychurch KC, Hart JP, Colin P, Schneider
BL, Brown DR (2017) Alpha-synuclein ferrireductase activity is
detectible in vivo, is altered in Parkinson’s disease and increases
the neurotoxicity of DOPAL. Mol Cell Neurosci 85:1-11. https://
doi.org/10.1016/j.mcn.2017.08.001


https://doi.org/10.1111/j.1471-4159.1992.tb08362.x
https://doi.org/10.1111/j.1471-4159.1992.tb08362.x
https://doi.org/10.1212/wnl.47.6_suppl_3.161s
https://doi.org/10.1212/wnl.47.6_suppl_3.161s
https://doi.org/10.1111/ene.14607
https://doi.org/10.1016/s0002-9440(10)63072-6
https://doi.org/10.1016/s0002-9440(10)63072-6
https://doi.org/10.1016/s0891-5849(02)01006-7
https://doi.org/10.1016/s0891-5849(02)01006-7
https://doi.org/10.1016/s0896-6273(03)00126-0
https://doi.org/10.1016/j.neurobiolaging.2006.04.003
https://doi.org/10.1016/j.neurobiolaging.2006.04.003
https://doi.org/10.1016/s1474-4422(03)00353-3
https://doi.org/10.1016/s0024-3205(99)00458-0
https://doi.org/10.1016/s0024-3205(99)00458-0
https://doi.org/10.1111/j.1600-0404.1967.tb05735.x
https://doi.org/10.1111/j.1600-0404.1967.tb05735.x
https://doi.org/10.1016/s1474-4422(19)30142-5
https://doi.org/10.1016/s1474-4422(19)30142-5
https://doi.org/10.1007/BF00690949
https://doi.org/10.1007/BF00690949
https://doi.org/10.1016/j.parkreldis.2006.10.002
https://doi.org/10.5283/epub.25419
https://doi.org/10.1038/nm.2613
https://doi.org/10.1038/nm.2613
https://doi.org/10.1002/mds.27381
https://doi.org/10.1002/mds.27381
https://doi.org/10.1136/jnnp.s1-5.19.195
https://doi.org/10.1111/j.1471-4159.2005.03404.x
https://doi.org/10.1111/j.1471-4159.2005.03404.x
https://doi.org/10.1016/j.bbamcr.2012.05.009
https://doi.org/10.1046/j.1471-4159.1995.65020710.x
https://doi.org/10.1046/j.1471-4159.1995.65020710.x
https://doi.org/10.1016/j.spen.2006.08.004
https://doi.org/10.1016/j.spen.2006.08.004
https://doi.org/10.1016/j.redox.2021.101896
https://doi.org/10.1016/j.redox.2021.101896
https://doi.org/10.1016/0197-4580(84)90081-2
https://doi.org/10.1038/s41598-017-01402-2
https://doi.org/10.1038/s41598-017-01402-2
https://doi.org/10.1016/j.mcn.2017.08.001
https://doi.org/10.1016/j.mcn.2017.08.001

A brief history of brain iron accumulation in Parkinson disease and related disorders 519

Meguro R, Asano Y, Odagiri S, Li C, Iwatsuki H, Shoumura K (2007)
Nonheme-iron histochemistry for light and electron microscopy:
a historical, theoretical and technical review. Arch Histol Cytol
70:1-19. https://doi.org/10.1679/aohc.70.1

Meneghini R (1997) Iron homeostasis, oxidative stress, and DNA dam-
age. Free Radic Biol Med 23:783-792. https://doi.org/10.1016/
s0891-5849(97)00016-6

Metz A, Spatz H (1924) Die Hortegaschen Zellen (= das sogenannte
,.dritte Element”) und iiber ihre funktionelle Bedeutung. Zschr
ges Neurol Psychiatr 89:138-170. https://doi.org/10.1007/bf028
85808

Metz A, Spatz H (1926) Untersuchungen iiber Stoffspeicherung und
Stofftransport im Nervensystem. II. Die drei Gliazellarten und
der Eisenstoffwechsel. Zschr ges Neurol Psychiatr 100:428-449

Mochizuki H, Choong CJ, Baba K (2020) Parkinson’s disease and
iron. J Neural Transm 127:181-187. https://doi.org/10.1007/
s00702-020-02149-3

Molina-Holgado F, Gaeta A, Francis PT, Williams RJ, Hider RC
(2008) Neuroprotective actions of deferiprone in cultured cor-
tical neurones and SHSY-5Y cells. J Neurochem 105:2466—
2476. https://doi.org/10.1111/j.1471-4159.2008.05332.x

Moos T, Rosengren Nielsen T, Skjgrringe T, Morgan EH (2007)
Iron trafficking inside the brain. J] Neurochem 103:1730-1740.
https://doi.org/10.1111/j.1471-4159.2007.04976.x

Moreau C, Danel V, Devedjian JC, Grolez G, Timmerman K, Laloux
C, Petrault M, Gouel F, Jonneaux A, Dutheil M, Lachaud C,
Lopes R, Kuchcinski G, Auger F, Kyheng M, Duhamel A,
Pérez T, Pradat PF, Blasco H, Veyrat-Durebex C, Corcia P,
Oeckl P, Otto M, Dupuis L, Gar¢on G, Defebvre L, Cabantchik
Z1, Duce J, Bordet R, Devos D (2018) Could conservative iron
chelation lead to neuroprotection in amyotrophic lateral scle-
rosis? Antioxid Redox Signal 29:742-748. https://doi.org/10.
1089/ars.2017.7493

Oberhauser E, Weinstein V, Asenjo A (1970) Iron concentratio n bal
ganglia and cerebral cortex obtained by overloading rabbits and
monkeys with iron dextran. J Neurosurg 32:677-679. https://doi.
org/10.3171/jns.1970.32.6.0677

Poirier J, Donaldson J, Barbeau A (1985) The specific vulnerability of
the substantia nigra to MPTP is related to the presence of transi-
tion metals. Biochem Biophys Res Commun 128:25-33. https:/
doi.org/10.1016/0006-291x(85)91639-0

Przedborski S, Kostic V, Jackson-Lewis V, Naini AB, Simonetti S,
Fahn S, Carlson E, Epstein CJ, Cadet JL (1992) Transgenic mice
with increased Cu/Zn-superoxide dismutase activity are resistant
to N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced neuro-
toxicity. J Neurosci 12:1658-1667. https://doi.org/10.1523/jneur
0sci.12-05-01658.1992

Pushie MJ, Pickering 1J, Korbas M, Hackett MJ, George GN (2014)
Elemental and chemically specific X-ray fluorescence imaging
of biological systems. Chem Rev 114:8499-8541. https://doi.
org/10.1021/cr4007297

Pyatigorskaya N, Gallea C, Garcia-Lorenzo D, Vidailhet M, Lehericy
S (2014) A review of the use of magnetic resonance imaging in
Parkinson’s disease. Ther Adv Neurol Disord 7:206-220. https://
doi.org/10.1177/1756285613511507

Riederer P, Sofic E, Rausch WD, Schmidt B, Reynolds GP, Jellinger K,
Youdim MB (1989) Transition metals, ferritin, glutathione, and
ascorbic acid in parkinsonian brains. J Neurochem 52:515-520.
https://doi.org/10.1111/j.1471-4159.1989.tb09150.x

Riederer P, Monoranu C, Strobel S, Iordache T, Sian-Hiilsmann
J (2021) Iron as the concert master in the pathogenic orches-
tra playing in sporadic Parkinson’s disease. J] Neural Transm
128:1577-1598. https://doi.org/10.1007/s00702-021-02414-z

Rojas G, Asenjo A, Chiorino R, Aranda L, Rocamora R, Donoso P
(1965) Cellular and subcellular structure of the ventrolateral

nucleus of the thalamus in Parkinson disease. Deposits of iron.
Confin Neurol 26:362-376. https://doi.org/10.1159/000104083

Rutledge JN, Hilal SK, Silver AJ, Defendini R, Fahn S (1987) Study
of movement disorders and brain iron by MR. AJR Am J Roent-
genol 149:365-379. https://doi.org/10.2214/ajr.149.2.365

Ryman SG, Poston KL (2020) MRI biomarkers of motor and non-
motor symptoms in Parkinson’s disease. Parkinsonism Relat Dis-
ord 73:85-93. https://doi.org/10.1016/j.parkreldis.2019.10.002

Saunders TL (2020) The history of transgenesis. In: Larson MA (ed)
Transgenic mouse: methods and protocols. Springer, New York,
pp 1-26

Schipper HM (2004) Brain iron deposition and the free radical-mito-
chondrial theory of ageing. Ageing Res Rev 3:265-301. https://
doi.org/10.1016/j.arr.2004.02.001

Schmidt MB (1940) Storungen des Eisenstoffwechsels und ihre Folgen.
Ergebn Allg Path Path Anat 35:105-208

Sian-Hiilsmann J, Mandel S, Youdim MB, Riederer P (2011) The
relevance of iron in the pathogenesis of Parkinson’s disease. J
Neurochem 118:939-957. https://doi.org/10.1111/j.1471-4159.
2010.07132.x

Sian-Hulsmann J, Riederer P (2021) The nigral coup in Parkinson’s
disease by a-synuclein and its associated rebels. Cells 10:598.
https://doi.org/10.3390/cells 10030598

Sofic E, Riederer P, Heinsen H, Beckmann H, Reynolds GP, Heben-
streit G, Youdim MB (1988) Increased iron (III) and total iron
content in post mortem substantia nigra of parkinsonian brain. J
Neural Transm 74:199-205. https://doi.org/10.1007/bf01244786

Sofic E, Paulus W, Jellinger K, Riederer P, Youdim MB (1991) Selec-
tive increase of iron in substantia nigra zona compacta of par-
kinsonian brains. J Neurochem 56:978-982. https://doi.org/10.
1111/5.1471-4159.1991.tb02017.x

Spatz H (1922a) Die Substantia nigra und das extrapyramidale System.
Dtsch Z Nervenheilkd 77:275-296

Spatz H (1922b) Uber den Eisennachweis im Gehirn, besonders in Zen-
tren des extrapyramidal-motorischen Systems. Zschr ges Neurol
Psychiatr 77:261-390

Still CN (1977) Postmenopausal Parkinsonism: brain iron overload? In:
Messiha FS, Kenny AD (eds) Parkinson’s disease: neurophysi-
ological, clinical, and related aspects. Adv Exp Med Biol, vol 90.
Plenum Press, New York, pp 291-296

Struwe F (1928) Eisenbefunde im Gehirn und ihre diagnostische Verw-
ertung. Dtsch Z Nervenheilk 103:10—41. https://doi.org/10.1007/
BF01653043

Symes AL, Sourkes TL, Youdim MB, Gregoriadis G, Birnbaum H
(1969) Decreased monoamine oxidase activity in liver of iron-
deficient rats. Can J Biochem 47:999-1002. https://doi.org/10.
1139/069-160

Tanaka M, Sotomatsu A, Kanai H, Hirai S (1990) [Iron-dependent
cytotoxic effects of dopa on cultured neurons of the dorsal root
ganglia]. Rinsho Shinkeigaku 30:379-383

Thompson K, Menzies S, Muckenthaler M, Torti FM, Wood T, Torti
SV, Hentze MW, Beard J, Connor J (2003) Mouse brains defi-
cient in H-ferritin have normal iron concentration but a protein
profile of iron deficiency and increased evidence of oxidative
stress. J Neurosci Res 71:46-63. https://doi.org/10.1002/jnr.
10463

Todorich B, Pasquini JM, Garcia CI, Paez PM, Connor JR (2009) Oli-
godendrocytes and myelination: the role of iron. Glia 57:467—
478. https://doi.org/10.1002/glia.20784

Trétiakoff C (1919) Contribution a 1'étude de I'anatomie pathologique
du locus niger de Soemmering avec quelques déductions relatives
a la pathogénie des troubles du tonus musculaire et de la maladie
de Parkinson. Thesis: Paris

Uitti RJ, Rajput AH, Rozdilsky B, Bickis M, Wollin T, Yuen WK
(1989) Regional metal concentrations in Parkinson’s disease,
other chronic neurological diseases, and control brains. Can J

@ Springer


https://doi.org/10.1679/aohc.70.1
https://doi.org/10.1016/s0891-5849(97)00016-6
https://doi.org/10.1016/s0891-5849(97)00016-6
https://doi.org/10.1007/bf02885808
https://doi.org/10.1007/bf02885808
https://doi.org/10.1007/s00702-020-02149-3
https://doi.org/10.1007/s00702-020-02149-3
https://doi.org/10.1111/j.1471-4159.2008.05332.x
https://doi.org/10.1111/j.1471-4159.2007.04976.x
https://doi.org/10.1089/ars.2017.7493
https://doi.org/10.1089/ars.2017.7493
https://doi.org/10.3171/jns.1970.32.6.0677
https://doi.org/10.3171/jns.1970.32.6.0677
https://doi.org/10.1016/0006-291x(85)91639-0
https://doi.org/10.1016/0006-291x(85)91639-0
https://doi.org/10.1523/jneurosci.12-05-01658.1992
https://doi.org/10.1523/jneurosci.12-05-01658.1992
https://doi.org/10.1021/cr4007297
https://doi.org/10.1021/cr4007297
https://doi.org/10.1177/1756285613511507
https://doi.org/10.1177/1756285613511507
https://doi.org/10.1111/j.1471-4159.1989.tb09150.x
https://doi.org/10.1007/s00702-021-02414-z
https://doi.org/10.1159/000104083
https://doi.org/10.2214/ajr.149.2.365
https://doi.org/10.1016/j.parkreldis.2019.10.002
https://doi.org/10.1016/j.arr.2004.02.001
https://doi.org/10.1016/j.arr.2004.02.001
https://doi.org/10.1111/j.1471-4159.2010.07132.x
https://doi.org/10.1111/j.1471-4159.2010.07132.x
https://doi.org/10.3390/cells10030598
https://doi.org/10.1007/bf01244786
https://doi.org/10.1111/j.1471-4159.1991.tb02017.x
https://doi.org/10.1111/j.1471-4159.1991.tb02017.x
https://doi.org/10.1007/BF01653043
https://doi.org/10.1007/BF01653043
https://doi.org/10.1139/o69-160
https://doi.org/10.1139/o69-160
https://doi.org/10.1002/jnr.10463
https://doi.org/10.1002/jnr.10463
https://doi.org/10.1002/glia.20784

520

P.B. Foley et al.

Neurol Sci 16:310-314. https://doi.org/10.1017/s031716710
0029140

Ungerstedt U (1968) 6-Hydroxy-dopamine induced degeneration of
central monoamine neurons. Eur J Pharmacol 5:107-110. https://
doi.org/10.1016/0014-2999(68)90164-7

University Hospital Lille (2016) Conservative iron chelation as a dis-
ease-modifying strategy in Parkinson's disease (FAIRPARKII).
ClinicalTrials.gov identifier: NCT02655315. https://clinicaltrials.
gov/ct2/show/NCT02655315. Accessed 1 February 2022

Valko M, Jomova K, Rhodes CJ, Kuca K, Musilek K (2016) Redox-
and non-redox-metal-induced formation of free radicals and their
role in human disease. Arch Toxicol 90:1-37. https://doi.org/10.
1007/s00204-015-1579-5

Vogt C, Vogt O (1922) Erkrankungen der GroBhirnrinde im Lichte der
Topistik, Pathoklise, und Pathoarchitektonik; und einem Atlas
von 112 Tafeln. Johann Ambrosius Barth, Leipzig

Wallis LI, Paley MN, Graham JM, Griinewald RA, Wignall EL, Joy
HM, Griffiths PD (2008) MRI assessment of basal ganglia
iron deposition in Parkinson’s disease. ] Magn Reson Imaging
28:1061-1067. https://doi.org/10.1002/jmri.21563

Wang JY, Zhuang QQ, Zhu LB, Zhu H, Li T, Li R, Chen SF, Huang
CP, Zhang X, Zhu JH (2016) Meta-analysis of brain iron levels
of Parkinson’s disease patients determined by postmortem and
MRI measurements. Sci Rep 6:36669. https://doi.org/10.1038/
srep36669

Ward RJ, Zucca FA, Duyn JH, Crichton RR, Zecca L (2014) The role
of iron in brain ageing and neurodegenerative disorders. Lancet
Neurol 13:1045-1060. https://doi.org/10.1016/s1474-4422(14)
70117-6

Werner CJ, Heyny-von Haussen R, Mall G, Wolf S (2008) Proteome
analysis of human substantia nigra in Parkinson’s disease. Pro-
teome Sci 6:8. https://doi.org/10.1186/1477-5956-6-8

Winkelman NW (1932) Progressive pallidal degeneration: a new
clinicopathologic syndrome. Arch Neurol Psychiatry 27:1-21.
https://doi.org/10.1001/archneurpsyc.1932.02230130007001

@ Springer

Wuth O (1923) Uber den Eisengehalt des Gehirns. Zu der Arbeit von
H. Spatz in Nr. 77 dieser Zeitschrift. Zschr ges Neurol Psychiat
84:474-477. https://doi.org/10.1007/bf02896058

Youdim MB, Ben-Shachar D, Riederer P (1989) Is Parkinson’s disease
a progressive siderosis of substantia nigra resulting in iron and
melanin induced neurodegeneration? Acta Neurol Scand Suppl
126:47-54. https://doi.org/10.1111/j.1600-0404.1989.tb01782.x

Zaleski SS (1887) Das Eisen der Organe bei Morbus maculosus Werl-
hofii. Arch Experiment Pathol Pharmakol 23:77-90. https://doi.
org/10.1007/BF01837929

Zecca L, Gallorini M, Schiinemann V, Trautwein AX, Gerlach M,
Riederer P, Vezzoni P, Tampellini D (2001a) Iron, neuromelanin
and ferritin content in the substantia nigra of normal subjects at
different ages: consequences for iron storage and neurodegenera-
tive processes. J Neurochem 76:1766—1773. https://doi.org/10.
1046/j.1471-4159.2001.00186.x

Zecca L, Tampellini D, Gerlach M, Riederer P, Fariello RG, Sulzer D
(2001b) Substantia nigra neuromelanin: structure, synthesis, and
molecular behaviour. Mol Pathol 54:414-418. https://doi.org/10.
1136/mp.54.6.414

Zhang P, Chen L, Zhao Q, Du X, Bi M, Li Y, Jiao Q, Jiang H (2020)
Ferroptosis was more initial in cell death caused by iron overload
and its underlying mechanism in Parkinson’s disease. Free Radic
Biol Med 152:227-234. https://doi.org/10.1016/j.freeradbiomed.
2020.03.015

Zhu W, Li X, Xie W, Luo F, Kaur D, Andersen JK, Jankovic J, Le W
(2010) Genetic iron chelation protects against proteasome inhi-
bition-induced dopamine neuron degeneration. Neurobiol Dis
37:307-313. https://doi.org/10.1016/j.nbd.2009.09.024

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1017/s0317167100029140
https://doi.org/10.1017/s0317167100029140
https://doi.org/10.1016/0014-2999(68)90164-7
https://doi.org/10.1016/0014-2999(68)90164-7
https://clinicaltrials.gov/ct2/show/NCT02655315
https://clinicaltrials.gov/ct2/show/NCT02655315
https://doi.org/10.1007/s00204-015-1579-5
https://doi.org/10.1007/s00204-015-1579-5
https://doi.org/10.1002/jmri.21563
https://doi.org/10.1038/srep36669
https://doi.org/10.1038/srep36669
https://doi.org/10.1016/s1474-4422(14)70117-6
https://doi.org/10.1016/s1474-4422(14)70117-6
https://doi.org/10.1186/1477-5956-6-8
https://doi.org/10.1001/archneurpsyc.1932.02230130007001
https://doi.org/10.1007/bf02896058
https://doi.org/10.1111/j.1600-0404.1989.tb01782.x
https://doi.org/10.1007/BF01837929
https://doi.org/10.1007/BF01837929
https://doi.org/10.1046/j.1471-4159.2001.00186.x
https://doi.org/10.1046/j.1471-4159.2001.00186.x
https://doi.org/10.1136/mp.54.6.414
https://doi.org/10.1136/mp.54.6.414
https://doi.org/10.1016/j.freeradbiomed.2020.03.015
https://doi.org/10.1016/j.freeradbiomed.2020.03.015
https://doi.org/10.1016/j.nbd.2009.09.024

	A brief history of brain iron accumulation in Parkinson disease and related disorders
	Abstract
	Introduction
	1880‒1950: Initial observations
	1950‒1980: Revival of interest in extrapyramidal system iron
	1980‒2000: Part 1. Building a case for iron and neurodegeneration
	1980‒2000: Part 2. New technologies, new discoveries: the in vivo imaging revolution
	2001–2010: The transgenic toolbox opens
	2011–2021: The translation of discovery science
	Conclusion
	Acknowledgements 
	References




