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Abstract

There are several interrelated mechanisms involving iron, dopamine, and neuromelanin in neurons.
Neuromelanin accumulates during aging and is the catecholamine-derived pigment of the
dopamine neurons of the substantia nigra and norepinephrine neurons of the locus coeruleus, the
two neuronal populations most targeted in Parkinson’s disease. Many cellular redox reactions rely
on iron, however an altered distribution of reactive iron is cytotoxic. In fact, increased levels of
iron in the brain of Parkinson’s disease patients are present. Dopamine accumulation can induce
neuronal death; however, excess dopamine can be removed by converting it into a stable
compound like neuromelanin, and this process rescues the cell. Interestingly, the main iron
compound in dopamine and norepinephrine neurons is the neuromelanin-iron complex, since
neuromelanin is an effective metal chelator. Neuromelanin serves to trap iron and provide neuronal
protection from oxidative stress. This equilibrium between iron, dopamine, and neuromelanin is
crucial for cell homeostasis and in some cellular circumstances can be disrupted. Indeed, when
neuromelanin-containing organelles accumulate high load of toxins and iron during aging a
neurodegenerative process can be triggered. In addition, neuromelanin released by degenerating
neurons activates microglia and the latter cause neurons death with further release of
neuromelanin, then starting a self-propelling mechanism of neuroinflammation and
neurodegeneration. Considering the above issues, age-related accumulation of neuromelanin in
dopamine neurons shows an interesting link between aging and neurodegeneration.
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1. Introduction

Roles for neuromelanin (NM), iron and dopamine (DA) in brain aging and Parkinson's
disease (PD) have been reported in multiple studies. In particular, iron deposition and
accumulation in reactive forms has been associated with brain aging and neurodegenerative
diseases including PD. The dual protective and toxic roles that NM can play in DA neurons
of the substantia nigra (SN) have also been detailed, as have toxic roles of DA itself in the
degeneration of neurons in PD.

These three factors interact with each other in multiple ways and influence neuronal survival
in human SN. Indeed, NM binds iron and can play a protective or damaging role depending
on the level of bound iron. DA can be oxidized by iron to form DA-o-quinone, which can
enter into toxic pathways forming adducts with amino acid residues (mainly cysteine
residues) of different proteins. Alternatively cytosolic DA-o-quinone can react with cysteine
to form cysteinyl-DA compounds, precursors of NM synthesis. NM accumulates in DA
neurons of the SN during aging as a physiological process, and in some circumstances can
play a neurodegenerative role through the activation of microglia. Another potential toxic
process involving NM is based on the high expression of major histocompatibility complex
class I (MHC-I) in NM-containing organelles which suggests the presentation of antigenic
peptides by MHC-I on neuronal membrane of catecholaminergic neurons containing NM.

It thus appears that iron, DA and NM interact by multiple pathways. In this review we
describe these pathways and the conditions that maintain them in health or drive them
toward neurodegeneration.

2. Iron cellular role: a critical balance between physiological and harmful
effects

2.1. Iron biochemistry

Iron is a transition metal with an ubiquitous distribution in the biosphere, and, due to its
ability to participate in electron-transfer reactions, is essential for normal cellular function.
Reversible redox cycling between the oxidation states of iron, ferrous and ferric iron, is
utilized in a variety of reactions essential to life (Aisen et al., 2001; Dlouhy and Outten,
2013). In contrast, excess iron can be harmful generating toxic reactive oxygen species
(ROS): thus, organisms, organs and cells which are strictly dependent on iron chemistry
need to manage a delicate balance between the physiologically beneficial effects of iron and
serious consequences deriving from iron deficiency or iron overload. Iron in biological
systems is mostly present in a complex that consists of ferrous and ferric iron in equilibrium,
which are associated with chelating ligands, including small (i.e., citrate, ATP, etc.) or large
biomolecules (i.e., carrier proteins, storage proteins and complexes, enzymes, etc.).
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Biological complexes of iron display a great variety of stability constants, depending on the
oxidation state and ligand to which iron species is bound (Crichton 2009).

Major roles of iron in cell biology include oxygen transport/storage/delivery as a heme
cofactor in hemoglobin and myoglobin, as well as heme cofactor in many oxidase and
oxygenase enzymes, and in electron transfer proteins (the cytochromes) for mitochondrial
respiration. The iron also forms Fe-S clusters, the prosthetic groups of many important
proteins of the mitochondrial respiratory chain (Crichton 2009; Dlouhy and Outten, 2013):
since the brain has a high energy demand, iron is essential for generating ATP by electron
transport in brain mitochondria. These Fe-S clusters are also enclosed in many enzymes,
with functions ranging from general cell metabolism to DNA repair (Rouault 2012). Iron is
also involved in DNA synthesis, since ribonucleotide reductase is iron-dependent (Kolberg
et al., 2004; Tomter et al., 2013), and under anaerobic condition a particular class of this
enzyme contains a Fe-S cluster (Tamarit et al., 2000).

Notably, in the brain iron is essential in the synthesis and metabolism of neurotransmitters
including DA, norepinephrine, epinephrine and serotonin. Each of these monoamine
neurotransmitters are synthesized by iron-dependent enzymes: phenylalanine hydroxylase,
tyrosine hydroxylase, tryptophan hydroxylase (Beard 2003; Flydal et al., 2013; Windahl et
al., 2008). Iron also affects other steps of neurotransmitters metabolism, such as uptake,
extracellular concentration, interaction with receptors (Beard et al., 1994; Bianco et al.,
2008; Burhans et al., 2005; Youdim et al., 1989), and catabolism. Last but not least,
myelination requires adequate levels of iron (Todorich et al., 2009), and the
oligodendrocytes that produce myelin maintain the highest iron concentrations of the brain
(Connor et al., 1990; Connor and Menzies, 1995). Iron is a required co-factor for the
synthesis of lipid components of myelin, and is further required for oligodendrocyte
development (Badaracco et al., 2010; Todorich et al., 2009).

In contrast to these roles in healthy brain function, when iron levels exceed the cellular iron
sequestration capacity of storage proteins or other molecules, iron in the labile iron pool
(defined as a pool of chelatable and redox-active iron in complexes of low stability) may
increase, becoming harmful and leading to oxidative damage and cell death (Kakhlon and
Cabantchik, 2002; Kruszewski 2003; Zecca et al., 2008a). Iron can induce oxidative stress
due to its central role in generating hydroxyl radical, the most harmful cellular ROS
(Crichton and Ward, 2014; Dlouhy and Outten, 2013). ROS can directly damage DNA and
mitochondrial DNA, causing a variety of DNA lesions (Melis et al., 2013), and affect DNA
expression by epigenetic events (Kwok 2010). In addition, ROS may cause several direct
oxidative modifications of amino acid residues, leading to the formation of protein carbonyl
derivatives, an important ROS-induced post translational modification of proteins often used
as a general marker of oxidative protein damage (Dalle-Donne et al., 20033, b). Protein
carbonylation has been associated with functional alterations in a variety of structural and
enzymatic proteins, leading to their elimination or accumulation with final cell injury (Dalle-
Donne et al., 2003a). Furthermore, ROS can promote the peroxidation of polyunsaturated
fatty acids in membrane lipids, leading to alterations and functional loss of membranes
(Catala 2009). Secondary by-products of lipid peroxidation are highly reactive aldehydes
such as 4-hydroxy-2-nonenal, malondialdehyde, and acrolein (Esterbauer et al., 1991),
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which can cause irreversible modification of different biomolecules like phospholipids,
proteins, and DNA, resulting in impaired function: notably, proteins are particularly
susceptible to reactions with 4-hydroxy-2-nonenal by carbonylation (Dalle-Donne et al.,
2003a; Perluigi et al., 2012). Introduction of carbonyl groups into proteins can also occur by
secondary reactions of amino acid residues with other reactive carbonyl compounds derived
from oxidation of carbohydrates (glycoxidation products) (Dalle-Donne et al., 20033, b).
Finally, excessive ROS can also cause the release of reactive iron from Fe-S cluster proteins
of the mitochondrial respiratory chain, as well as from other iron storage proteins in other
cell compartments, to further feed ROS production via the Fenton reaction.

The hypothesis of metal-based neurodegeneration is strongly suggested by multiple /n vitro
studies showing that the aggregation of some proteins linked to neurodegenerative disorders,
including a-synuclein and hyper-phosphorylated tau, can be triggered by elevated iron levels
as a consequence of disrupted iron homeostasis (Hashimoto et al., 1999; Li et. al., 2010;
Yamamoto et al., 2002). Iron can directly promote amyloid-p aggregation (House et al.,
2004; Schubert and Chevion, 1995) and iron levels can modulate amyloid precursor protein
pathways (Exley et al., 2012; Silvestri and Camaschella, 2008). Iron excess can also
facilitate neurotoxic processes through mechanisms apart from Fenton chemistry. In
particular, catecholamines such as DA may be oxidized to highly reactive/toxic quinones via
oxidation by ferric iron (Paris et al., 2005a; Sulzer and Zecca, 2000).

Neurodegenerative mechanisms originated from iron toxicity can eventually lead to classical
apoptosis signaled by oxidative stress (Ott et al., 2007) or to the more recently identified
ferroptosis, which is a non-apoptotic, iron dependent, and oxidative cell death (Dixon et al.,
2012).

2.2. A brief overview on iron metabolism

The total amount of iron in human adult body is about 3.5-4.0 g (approximately 50 mg/Kg),
most of which is found in hemoglobin of erythrocytes and their precursors. The iron pool is
derived also from damaged red blood cells after their destruction by macrophages for iron
recycling. Additional iron may be obtained through mobilization of cellular iron stores in
proteins, particularly from hepatocytes or other cell types (Mufioz et al., 2009; Theil and Le
Brun, 2013). In addition to hemoglobin, iron is distributed among myoglobin, iron
containing proteins (enzymes that catalyze a wide array of reactions, cytochromes, etc.), and
a variety of binding, transport and storage proteins (i.e., transferrin, lactoferrin, ferritin, etc.)
in multiple cell types (Andrews 2005; Mufioz et al., 2009).

Systemic iron homeostasis is a semi-closed system, since there appears to be no controlled
mechanism for iron excretion. Thus, the maintenance of body iron balance mainly depends
on intestinal iron uptake, which is strictly controlled. Iron management in the body begins
with absorption through enterocytes but also involves its utilization in erythroid cells,
storage/mobilization in hepatocytes, recycling from macrophages, and redistribution among
multiple cell types. All of these mechanism are critically regulated by factors balancing
between iron deficiency and iron overload (Andrews 2008; Crichton 2009). After the liver,
brain contains one of the highest iron concentrations among the organs in the body (Bush et
al., 1995; Hallgren and Sourander, 1958; Zecca et al., 2004a).
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Normal cellular iron homeostasis provides for optimal cell function, allowing cells to benefit
from iron use while avoiding toxicity derived from its altered concentration and distribution,
by maintaining an equilibrium of available iron concentrations between cellular
compartments and buffering molecules (Hentze et al., 2010). The regulation of iron
homeostasis at the cellular level is to a large degree controlled at the level of translation of
mRNA of proteins directly involved in cellular iron absorption, transport, storage, and
mobilization (Muckenthaler et al., 2008).

The brain represents a “privileged” compartment which under normal conditions does not
strictly respond to alterations of peripheral iron (Ward et al., 2014). This is probably because
the brain is protected by barriers (Abbott et al., 2010), most prominently the blood-brain
barrier (BBB), composed of endothelial cells clamped together by tight junctions, a basal
lamina, pericytes, and astrocytic perivascular end-feet (Abbott et al., 2006). The BBB is an
efficient physical barrier that regulates entry of nutrients, e.g., iron in different molecular
forms essential for brain development and functions. Another barrier separating the brain
from systemic circulation is the blood-cerebrospinal fluid-barrier, formed by the epithelial
cells of the choroid plexus facing the cerebrospinal fluid (Abbott et al., 2010).

Mechanisms by which iron is transported into the brain from blood and how iron is then
redistributed/stored from the interstitial fluid and cerebrospinal fluid between neurons,
oligodendrocytes, astrocytes and microglia are only partially understood. Recent findings on
brain iron metabolism have been summarized and critically discussed (Crichton et al., 2011;
Ke and Qian, 2007; Mills et al., 2010; Moos et al., 2007; Rouault 2013; Rouault and
Cooperman, 2006; Ward et al., 2014; Zecca et al., 2004a; Zucca et al., 2011).

Iron may cross the endothelial cells of the BBB either as a low molecular weight complex or
by endocytosis of the iron-transferrin complex via its specific receptor (Moos et al., 2007).
While most iron transport across the BBB is mediated by transferrin and its receptor, non-
transferrin-bound iron (in complexes with low molecular weight molecules, such as citrate,
ascorbate and ATP, or chelated by other proteins such lactoferrin, melanotransferrin, etc.)
can independently cross the BBB (Ke and Qian, 2007). Additionally, iron may enter the
brain via the epithelial cells of the choroid plexus using proteins involved in iron transport/
homeostasis that have been identified in other polarized cells (Rouault et al., 2009). Even if
iron levels are efficiently maintained in the brain, some iron must be exported in
physiological condition, although little is known about this mechanism. It is possible that
multiple iron molecular forms exit the brain via cerebrospinal fluid circulation, which drains
interstitial fluid, and its successive reabsorption into the venous drainage system through the
epithelium of the arachnoid villi, which allows cerebrospinal fluid movement from the brain
to blood (Bradbury 1997).

A common crossroads in multiple mechanisms of neurodegeneration is an impairment of
iron homeostasis, a condition affected by several factors including aging, mitochondrial
dysfunction, oxidative stress, protein aggregation, etc. The increased accumulation of iron in
specific brain regions observed in normal aging is enhanced in many neurodegenerative
diseases (Rouault 2013; Ward et al., 2014), and is often associated with oxidative stress and
cellular damage. It remains unclear whether the iron accumulation observed in some
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neurodegenerative disorders is a primary event or a secondary effect, in particular for
diseases specifically affecting iron-rich areas, such as the SN in PD. The age-related
accumulation of iron in some brain regions may thus provide an important contributing
factor to neurodegenerative processes, for which aging constitutes the major risk factor.

3. Iron in DA oxidation

DA oxidation to o-quinones has been proposed to play a role in the degeneration of
dopaminergic neurons containing NM, since these o-quinones can participate in neurotoxic
reactions (Segura-Aguilar et al., 2014). It is important to remember that DA oxidation to ¢-
quinones is an essential event required for NM synthesis, and that the SN dopaminergic
neurons of the nigrostriatal system that are lost during PD contain NM. DA oxidation to o-
quinones proceeds in a sequential manner, since DA is first oxidized to DA-o-quinone,
which is stable only at pH below 2.0 (Segura-Aguilar and Lind, 1989). DA-o-quinone at
physiological pH undergoes cyclization to leukoaminochrome, which is subsequently
oxidized to aminochrome reducing oxygen to superoxide radical (Segura-Aguilar et al.,
2014), with a rate constant for the intramolecular cyclization of DA-o-quinone to
aminochrome of 0.15 s™1 (Tse et al., 1976). While it is more stable than DA-o-quinone at
physiological pH, aminochrome is unstable as well, and rearranges to 5,6-dihydroxyindole,
with a rate constant of 0.06 min~1, and can further auto-oxidize to 5,6-indolequinone
reducing oxygen to superoxide radical (Bisaglia et al., 2007; Napolitano et al., 2011).
Nuclear magnetic resonance studies performed during DA oxidation with tyrosinase
revealed that aminochrome is the only o-quinone detected until 40 min, when 5,6-
indolequinone can also be detected (Bisaglia et al., 2007). The 5,6-indolequinone is also
unstable since it can polymerize, and after further steps can generate the final NM pigment
(Fig. 1, 2), that accumulates with aging in the cell bodies of human SN DA neurons (Zecca
et al., 2002).

Additionally, DA-o-quinone, aminochrome and 5,6-indolequinone can participate in
neurotoxic reactions. DA-o-quinone forms adducts with several rat mitochondrial proteins
including those of complexes I, 11 and V of the electron transport chain and oxidative
phosphorylation, inducing mitochondria dysfunction (Van Laar et al., 2009). In
dopaminergic cell lines and in human SN tissues, DA-o-quinone is able to form adducts with
parkin, which is an E3 ubiquitin-protein ligase, probably causing an impairment of the
proteasome system (LaVoie et al., 2005). DA-o-quinone forms adducts also with other
proteins involved in different cellular pathways (ranging from mitochondrial metabolism,
protein degradation and processing, neurotransmitter synthesis, etc.), e.g., protein deglycase
DJ-1 and ubiquitin carboxyl-terminal hydrolase isozyme L1 in rat and SH-SY5Y cells,
tyrosine hydroxylase from rat cells, rat mitochondrial glutathione peroxidase 4, human DA
transporter, etc. (Hauser et al., 2013; Van Laar et al., 2009; Whitehead et al., 2001; Xu et al.,
1998).

DA-o-quinone has been proposed to be the most reactive o-quinone species responsible for
the oxidative stress induced by DA oxidation (Bisaglia et al., 2010). The depletion of
glutathione in dopaminergic neurons would be the consequence of the rapid nucleophilic
addition of glutathione to DA-o-quinone with a rate constant of 200 s~1, generating 5-S-
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glutathionyl-DA (Tse et al., 1976). The latter compound undergoes enzymatic degradation to
yield 5-S-cysteinyl-DA (Shen et al., 1996). However, the question is whether DA-o-quinone-
dependent depletion of glutathione leading to oxidative stress is a neurotoxic reaction or
contributes to generate NM, which appears to be neuroprotective in certain conditions (see
section 9.1.). Reductive hydrolysis of human NM pigment showed that cysteinyl-DA is one
of the main components of this pigment (Wakamatsu et al., 2003).

Aminochrome interacts with human a-synuclein, inducing and stabilizing the formation of
neurotoxic oligomers (Mufioz et al., 2015; Norris et al., 2005). Recently, by using a rat cell
line with stable over-expression of wild type a-synuclein and a siRNA against the DT-
diaphorase enzyme, it has been demonstrated that the neurotoxicity of a-synuclein
oligomers depends on the silencing of DT-diaphorase enzyme (Mufioz et al., 2015). This
enzyme is a flavoenzyme that catalyzes the two-electron reduction of aminochrome to
leukoaminochrome, thus preventing the formation of neurotoxic a-synuclein oligomers
induced by aminochrome. Interestingly, DT-diaphorase prevents a-synuclein fibrillation,
probably because leukoaminochrome can stabilize a-synuclein in the monomer state
(Mufioz et al., 2015).

In addition, aminochrome forms adducts with complex | of electron transport chain in SH-
SY5Y cells differentiated into a DA phenotype, inducing mitochondria dysfunction and
inhibiting ATP production (Aguirre et al., 2012). Aminochrome also induces protein
degradation dysfunction by: i) impairing the proteasomal system in different /in vitro models
(Xiong et al., 2014; Zafar et al., 2006; Zhou and Lim, 2009); ii) inhibiting autophagy by
preventing the adequate formation of microtubules required for the fusion of autophagic
vacuoles and lysosomes in rat and human cell lines (Huenchuguala et al., 2014; Mufioz et
al., 2012a; Paris et al., 2010); iii) inducing lysosomal dysfunction in human cell lines by
affecting lysosomal acidification required for protein degradation inside these organelles
(Huenchuguala et al., 2014). Aminochrome can induce oxidative stress when it is one-
electron reduced by flavoenzymes to leukoaminochrome-o-semiquinone radical, which is
extremely reactive with oxygen and auto-oxidizes immediately to aminochrome generating a
redox cycling between aminochrome and leukoaminochrome-o-semiquinone radical,
depleting both NADH or NADPH and oxygen, the latter being reduced to superoxide radical
with consequent formation of hydroxyl radical, as demonstrated in rat cell lines experiments
(Arriagada et al., 2004). The 5,6-indolequinone, which is derived from aminochrome
rearrangement, interacts with proteins such as a-synuclein, inducing the formation of
neurotoxic oligomers /n vitro (Bisaglia et al., 2007).

Several enzymes have been reported to be able to catalyze DA oxidation to o-quinone /n
vitro, such as prostaglandin H synthase (Hastings 1995; Mattamal et al., 1995), cytochrome
P450 (Segura-Aguilar 1996; Segura-Aguilar et al., 1998; Thompson et al., 2000), tyrosinase
(Jimenez et al., 1984; Segura-Aguilar et al., 1998), xanthine oxidase (Foppoli et al., 1997),
lactoperoxidase (Galzigna et al., 1999; Segura-Aguilar et al., 1998), DA B-monooxygenase
(Terland et al., 1997), and brain peroxidases (Galzigna et al., 2000). Oxygen also catalyzes
DA oxidation to o-quinone in the absence of metal ions at pH 7.4 (Linert et al., 1996).
Inorganic reagents are also able to oxidize DA to o-quinone, for instance sodium periodate
(Jimenez et al., 1984) or manganese(l11), both under aerobic and anaerobic conditions
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(Segura-Aguilar and Lind, 1989). Interestingly, high exposure to manganese both during the
welding and in the mining industry can induce parkinsonian syndromes (Park 2013). Copper
sulfate catalyzes DA oxidation to aminochrome by forming the complex of copper-DA that
is neurotoxic only in rat SN cell lines expressing DA transporters (Paris et al., 2001). The
high selectivity of copper-DA complex for DA transporters may explain the existence of
parkinsonian syndromes in young workers highly exposed to copper (Caviedes and Segura-
Aguilar, 2001), and the high prevalence of parkinsonian symptoms in Wilson’s disease
patients (Taly et al., 2007). Aerobic DA oxidation to o-quinone can also be catalyzed by
iron, as demonstrated /n vitro by both free iron ions (trivalent or bivalent) and iron
complexes with cyanide ions, such as potassium ferrous cyanide and potassium ferric
cyanide (Zhou et al., 2010).

The formation of iron-DA complex, in the form of iron(111)-DA, has also been proposed as a
selective mechanism of neurotoxicity in dopaminergic neurons or cells expressing
monoaminergic transporters such as DA, norepinephrine, and serotonin transporters (Paris et
al., 20053, b). The selectivity of iron-DA complex neurotoxicity depends on the ability of
cells to take up such neurotoxic complex. It was reported that PC-12 cells exposed to iron
showed an increase of intracellular iron that was blocked when the cells were treated with an
inhibitor of DA synthesis. It was also shown that iron was accumulated in dopaminergic
vesicles, thus supporting the idea that iron-DA complex is required for iron uptake (Ortega et
al., 2007).

In vitro experiments confirmed the formation of iron-DA complex and its stability (Arreguin
et al., 2009). Thus, the neurotoxic effects of iron-DA complex in rat cell lines depend on: i)
uptake into the cells via monoaminergic transporters; ii) oxidation of DA to aminochrome
and reduction of ferric to ferrous iron; iii) DT-diaphorase inhibition (Paris et al., 2005a, b).
Iron(l11) is also able to form similar complexes with norepinephrine and serotonin (Siraki et
al., 2000). Interestingly, the iron-norepinephrine complex prevents iron-DA complex
neurotoxic effects in cells derived from rat SN, probably because of a competition between
norepinephrine and DA in complex formation with ferric iron (Paris et al., 2005b). The
oxidation of DA to aminochrome with concomitant reduction of ferric iron to ferrous iron
finally results in the release of aminochrome and ferrous iron from the iron-DA complex
(Fig. 1). This idea is also supported by the formation of a dark pigment in the test tube after
3-4 h incubation as a consequence of aminochrome polymerization. As discussed above,
free aminochrome can be one-electron reduced by flavoenzymes that use NADH or
NADPH, generating leukoaminochrome-o-semiquinone radical that immediately auto-
oxidizes to aminochrome by reducing dioxygen to superoxide radical. The dismutation of
two superoxide radicals generates hydrogen peroxide, which in the presence of ferrous iron
forms the hydroxyl radical producing high oxidative stress (Fig. 1, 2). Additionally,
aminochrome can perturb general cellular iron homeostasis: in SH-SY5Y cells differentiated
into a dopaminergic phenotype, aminochrome decreased expression of the iron export
transporter ferroportin 1, and increased expression of the iron import transporter divalent
metal transporter 1, thus leading to iron accumulation (Aguirre et al., 2012).
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4. Role of DA oxidation in neurodegenerative processes of PD

The degenerative process in PD initiates long before the appearance of motor symptoms.
Pre-motor symptoms include sleep fragmentation, olfactory disturbances, and depression
(Wolters and Braak, 2006). Different stages of PD have been proposed in the development of
the disease (Braak et al., 2003, 2004), based on the appearance of a-synuclein aggregates in
pathology, in which the disease initiates in the enteric plexus, olfactory bulb and motor
component of cranial nerve X (stage 1) and continues to the locus coeruleus (LC), caudal
raphe nuclei, and magnocellular reticular formation (stage 2). Five years before the onset of
motor symptoms, the disease progresses to the SN, amygdala central subnucleus,
pedunculopontine tegmental nucleus, and Meynert's nucleus (stage 3). At stage 4 lesions
principally extend to temporal mesocortex. After 10 years of the motor symptoms the
disease progresses to tertiary sensory association areas and prefrontal cortex (stage 5). In
stage 6, the secondary and then the primary motor and sensory areas are affected (Braak et
al., 2003, 2004; Hawkes et al., 2010).

The appearance of a-synuclein aggregates, while clearly indicating a problem in the
handling of a protein by particular cells, is not necessarily identical to the pattern of
neuronal death: it is possible that some of the aggregation provide a successful protective
response. As recently reviewed (Sulzer and Surmeier, 2013), the neuronal populations that
most clearly show loss in pathological studies are the following. i) In the peripheral nervous
system, the most clearly documented neuronal loss is of noradrenergic neurons innervating
the heart and skin. Loss of catecholaminergic neurons of the enteric nervous system is
widely suspected but not \ clearly confirmed. ii) There is a loss of neurons of the dorsal
motor nucleus of the vagus in PD. This region has many pigmented neurons, but there are
differences in the literature regarding if and when these are lost. A potentially important
factor is that cholinergic dorsal motor nucleus of the vagus neurons also express tyrosine
hydroxylase and aromatic acid decarboxylase, and thus might synthesize catecholamines. iii)
The death of the NM-containing dopaminergic neurons of the SN pars compacta, is by far
the most noted and confirmed instance of neuronal loss, as reported for nearly a century. The
loss of SN NM is seen in all PD patients. Some Lewy pathology has been reported in the
neighboring ventral tegmental area and retrorubral field neurons as well, but neuronal loss in
those two regions is variable. iv) Virtually all PD patients exhibit substantial loss of NM-
containing noradrenergic LC neurons. v) Additional regions of the central nervous system
show less clear loss. The serotonergic raphe nuclei neurons are lost in PD, particularly in the
median raphe less so in the raphe obscurus. The pedunculopontine nucleus, which includes a
mixture of cholinergic, glutamatergic and gamma-aminobutyric acid-ergic neurons, has been
reported to show neuron loss in PD, although this may not be specific to PD and is seen in
progressive supranuclear palsy and Alzheimer's disease. The existence and targeting of
neuronal loss in the olfactory system is controversial. Several other regions have been
reported to have neuronal loss in PD, many in single studies. These include for example the
hypothalamus, the intralaminar nuclei of the thalamus and possibly the nucleus basalis of
Meynert, and DA neurons of the retina (Surmeier and Sulzer, 2013).

Nearly five decades after the introduction of L-3,4-dihydroxyphenylalanine (L-DOPA) in the
treatment of PD, the molecular mechanism involved in the loss of NM-containing
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dopaminergic neurons remains unknown. The discovery of several alterations in proteins
linked to the genetic form of PD resulted in an enormous input in basic research: i.e.,
leucine-rich repeat serine/threonine-kinase 2, a-synuclein, E3 ubiquitin-protein ligase
parkin, probable cation-transporting ATPase 13Az2, protein deglycase DJ-1, serine/threonine-
protein kinase PINK1 mitochondrial, etc. (Abbas et al., 1999; Bonifati et al., 2003; Hattori et
al., 1998; Kachergus et al., 2005; Polymeropoulos et al., 1997; Ramirez et al., 2006; Trinh
and Farrer, 2013; Valente et al., 2004).

In general, the present scientific consensus is that multiple factors are involved in the
degenerative process resulting in the loss of NM-containing dopaminergic neurons during
PD, including neuroinflammation, oxidative stress, protein degradation dysfunction,
aggregation of a-synuclein to neurotoxic oligomers, endoplasmic reticulum stress, and
mitochondrial dysfunction (Ebrahimi-Fakhari et al., 2012a, b; Exner et al., 2012; Hauser and
Hastings, 2013; Kalia et al., 2013; Martinez-Vicente and Vila, 2013; Mercado et al., 2013;
Mullin and Schapira, 2013; Rohn 2012; Taylor et al., 2013).

A central issue is to identify the neurotoxin (if any) responsible for the degeneration of
dopaminergic neurons in the nigrostriatal system during PD. The fact that the exogenous
neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine induces in humans a severe
parkinsonism in a very short period together with a rapid and severe depletion of
dopaminergic neurons (Ballard et al., 1985; Williams 1984), strongly suggests that such a
neurotoxin must be of endogenous origin, since the neurodegenerative process in PD
initiates years before the motor symptoms and the progression of the disease is also very
slow. Interestingly, the products of DA oxidation (DA-o-quinone, aminochrome and 5,6-
indolequinone) are directly involved in mitochondria dysfunction, protein degradation
alteration, a-synuclein aggregation to neurotoxic oligomers and oxidative stress in
dopaminergic neurons (Fig. 1, 2), suggesting that these o-quinones can play an important
role in the degenerative process, resulting in the loss of SN dopaminergic neurons containing
NM (Aguirre et al., 2012; Arriagada et al., 2004; Bisaglia et al., 2007; Dibenedetto et al.,
2013; Hauser and Hastings, 2013; Huenchuguala et al., 2014; LaVoie et al., 2005; Martinez-
Vicente et al., 2008; Mufioz et al., 2012a, 2015; Norris et al., 2005; Paris et al., 2010; Van
Laar et al., 2009; Whitehead et al., 2001; Xiong et al., 2014; Xu et al., 1998; Zafar et al.,
2006; Zhou and Lim, 2009).

It is important to remark that the formation of o-quinones by DA oxidation occurs inside the
neurons that are lost in the disease, and probably the cell death induced by these o-quinones
during DA oxidation is a focal event that explains why the neurodegeneration is very slow in
PD. Aminochrome is the most stable and studied of these o-quinones and can participate in
both neurotoxic and neuroprotective reactions (Fig. 1, 2). The neurotoxic reactions in which
aminochrome is involved are: i) a-synuclein aggregation to neurotoxic oligomers both /in
vitroand in cell line experiments (Dibenedetto et al., 2013; Mufioz et al., 2015; Norris et al.,
2005); ii) protein degradation dysfunction that includes proteasome system impairment in
different /n vitro models (Xiong et al., 2014; Zafar et al., 2006; Zhou and Lim, 2009),
inhibition of the fusion of autophagic vacuoles with lysosomes (Huenchuguala et al., 2014;
Mufioz et al., 2012a; Paris et al., 2010), and lysosomal dysfunction (Huenchuguala et al.,
2014) in rat and human cell lines; iii) oxidative stress with the formation of hydroxyl

Prog Neurobiol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zuccaet al.

Page 11

radicals during one-electron reduction of aminochrome to leukoaminochrome-o-
semiquinone radical, which is extremely unstable in the presence of oxygen in a rat cell line
(Arriagada et al., 2004); iv) mitochondrial dysfunction by inhibiting complex | of electron
transport chain with a significant decrease in ATP in SH-SY5Y cells (Aguirre et al., 2012).

The o-quinones formed during DA oxidation seem to play an important role in the loss of
dopaminergic neurons containing NM of the nigrostriatal system during PD. However, DA
oxidation to o-quinones finally resulting in the formation of NM seems to be a normal event
since this pigment is present in SN of healthy individuals. A possible reason why DA
oxidation forms NM pigment and does not induce neurotoxicity is the presence of enzymes
in SN that prevent aminochrome neurotoxicity, such as DT-diaphorase in dopaminergic
neurons of SN (Lozano et al., 2010; Schultzberg et al., 1988) and glutathione S-transferase
M2-2 in astrocytes (Huenchuguala et al., 2014) in both rat and human cells.

As discussed above, DT-diaphorase, also called NQO1 or NAD(P)H:quinone oxidoreductase
1, catalyzes the two-electron reduction of aminochrome to leukoaminochrome (Segura-
Aguilar and Lind, 1989). This enzyme is the unique flavoenzyme that reduces quinones with
two electrons to hydroquinones. It is reasonable to suppose that leukoaminochrome can then
undergo rearrangement to 5,6-dihydroxyindole, the precursor of 5,6-indolequinone: the latter
compound can polymerize leading to the formation of NM pigment, resulting in
neuroprotection, or can interact with proteins like a-synuclein, inducing neurotoxicity (Fig.
1, 2). Two-electron reduction of aminochrome catalyzed by DT-diaphorase prevents the
formation of a-synuclein neurotoxic oligomers and fibrils: this enzyme can stabilize the
monomer form of a-synuclein in rat cell lines (Mufioz et al., 2015), inhibiting the neurotoxic
effects of the a-synuclein oligomers generated when aminochrome (Mufioz et al., 2015) and
5,6-indolequinone (Bisaglia et al., 2007) interact with a-synuclein. DT-diaphorase prevents
protein degradation dysfunction by inhibiting aminochrome-induced proteasome impairment
in rat and rabbit cells (Xiong et al., 2014; Zafar et al., 2006) and aminochrome-induced
autophagy impairment in a rat cell line (Mufioz et al., 2012b). Moreover, DT-diaphorase can
block aminochrome-induced mitochondria dysfunction, decrease of mitochondrial
membrane potential, and decrease of ATP production in rat cell cultures (Arriagada et al.,
2004; Fuentes et al., 2007; Mufioz et al., 2012b; Paris et al., 2011). DT-diaphorase could act
as a neuroprotective enzyme preventing one-electron reduction of aminochrome to
leukoaminochrome-o-semiquinone radical, with formation of hydroxyl radicals and
oxidative stress (Arriagada et al., 2004). Finally, as demonstrated in rat cell lines, DT-
diaphorase can also prevent aminochrome-induced cell death (Arriagada et al., 2004;
Fuentes et al., 2007; Lozano et al., 2010; Mufioz et al., 2012b; Paris et al., 2010, 2011).

Glutathione S-transferase M2-2 catalyzes glutathione conjugation of DA-o-quinone leading
to 5-S-glutathionyl-DA (Dagnino-Subiabre et al., 2000), which is then degraded to 5-S-
cysteinyl-DA, and the latter compound has been detected in SN and other human brain
regions rich in DA (Rosengren et al., 1985), in NM pigment from healthy human SN
(Carstam et al., 1991; Wakamatsu et al., 2003), and interestingly in the cerebrospinal fluid of
PD patients (Cheng et al., 1996; Rosengren et al., 1985). Glutathione S-transferase M2-2
also conjugates aminochrome with glutathione to form 4-S-glutathionyl-5,6-
dihydroxyindoline, which is stable in the presence of superoxide radicals, oxygen, and
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hydrogen peroxide (Baez et al., 1997; Segura-Aguilar et al., 1997). Therefore, glutathione S-
transferase M2-2 prevents aminochrome-induced toxicity in astrocytes by conjugating
aminochrome with glutathione. Indeed, the silencing of glutathione S-transferase M2-2
expression with a siRNA in a human cell line model of astrocytes induced autophagic and
lysosomal dysfunction (Huenchuguala et al., 2014). Interestingly, although glutathione S-
transferase M2-2 is only expressed in astrocytes, the enzyme may also protect dopaminergic
neurons against aminochrome toxicity. This may be because dopaminergic neurons
internalize glutathione S-transferase M2-2 secreted by astrocytes, thus acquiring this
protective enzyme against aminochrome neurotoxicity, as suggested in human-derived cell
cultures experiments (Cuevas et al., 2015).

The recently emerged role of 3,4-dihydroxyphenylacetaldehyde (DOPAL), the primary DA
metabolite, in neuronal degeneration must be included among the reactive species containing
carbonyl groups (Goldstein et al., 2014). DOPAL results from DA oxidation by monoamine
oxidase, particularly isoform A in the catecholaminergic neurons (Westlund et al., 1985;
Youdim et al., 2006), and under normal conditions DOPAL is rapidly converted to the
corresponding acid by the action of aldehyde dehydrogenase (Eisenhofer et al., 2004). As
the activity of aldehyde dehydrogenase is apparently reduced in patients with sporadic PD
(Goldstein et al., 2013), the possibility of build-up of reactive DOPAL is therefore to be
taken into account. DOPAL contains two reactive functional groups, the aldehyde and the
catechol, which can be involved in protein modification or contribute to the complex DA
oxidative oligomerization process (Goldstein et al., 2014). DOPAL could also auto-oxidize
to semi-quinone radical and o-quinone /n vitro, with possible formation of toxic ROS
(Anderson et al., 2011), as reported for aminochrome or DA. However, the most intriguing
effect appears to be related to the capacity of DOPAL to induce oligomerization of a-
synuclein in a cell-free system, in SH-SY5Y dopaminergic cell cultures and /in vivo (Burke
et al., 2008). DOPAL is far more active in this oligomerization process than DA itself, and
this may explain its connection with DA cytotoxXicity, since proto-fibrillar a-synuclein
permeabilizes vesicles in vitro forming pores in the membrane, thereby enhancing leakage
of endogenous DA in the cytosol (Volles and Lansbury, 2002).

5. Definition, classification and basic physicochemical properties of natural

melanins

According to a recent review on melanins and melanogenesis by an international group of
experts, melanins are ubiquitous pigments of diverse structure and origin derived by the
oxidation and polymerization of tyrosine, or related compounds, in animals or phenolic
compounds in lower organisms (d’Ischia et al., 2013; Wakamatsu and Ito, 2002). From a
biological and chemical point of view, at least four distinct types of melanin pigments can be
distinguished: eumelanins, pheomelanins, NMs and pyomelanins. The first three types of
melanins are present, to a varying degree, in humans. The most studied eumelanins are
black-to-brown insoluble pigments derived at least in part from the oxidative polymerization
of L-DOPA via 5,6-dihydroxyindole intermediates (Prota 2000; Wakamatsu and Ito, 2002).
Pheomelanins are yellow-to-reddish brown, alkali-soluble, sulfur-containing pigments
derived from the oxidation of cysteinyldopa precursors via benzothiazine and benzothiazole
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intermediates (Ito and Wakamatsu, 2006). NM pigments are extensively discussed in the
following chapters of this review and will not be addressed in this chapter. The least studied
melanins, the pyomelanins, are dark pigments produced mainly by microorganisms from
homogentisate (d’Ischia et al., 2013).

In pigmented human and animal tissues, melanins are typically synthesized by specialized
cells, known as melanocytes, in the form of discernible membrane bound pigment granules
named melanosomes (Boissy and Hornyak, 2006; Quevedo and Holstein, 2006). A number
of structural proteins and enzymes are involved in the biogenesis of melanin (Brilliant 2006;
Hearing 2006; Solano and Garcia-Borron, 2006; Takeda and Shibahara, 2006).

The mature pigment granules vary in size and shape depending on the type of pigment cells
responsible for biogenesis of the melanosomes. Thus melanosomes from the ink sac of Sepia
officinalis are spherical in shape and about 150 nm in diameter (Kollias et al., 1991; Liu and
Simon, 2003), while melanosomes in the human retinal pigment epithelium (RPE) are
typically elongated and much larger, having dimension of 2-3 pm long and 1 pm wide
(Boulton 1998; Sarna 1992; Simon et al., 2008). In normal human skin, the ultrastructure of
melanosomes is related to the type of melanin they produce (Sarna and Swartz, 2006).
Typical eumelanosomes have ellipsoidal lamellar structure with melanin deposited in a
uniform pattern. Pheomelanosomes in contrast are round and granular with an uneven
deposition of pigment within the melanosomes (Liu et al., 2005).

Although melanocytes are also found in hair follicles and occasionally in the dermis,
heritable, i.e., constitutive, human skin color is predominantly determined by the amount
and type of melanin in the epidermis (Quevedo and Holstein, 2006). Pigmentation of the
human skin is regulated by environmental factors, among which ultraviolet radiation plays a
key role, and by a variety of endocrine, paracrine and autocrine factors (Abdel-Malek and
Kadekaro, 2006). Distinct changes in the location and morphology of melanin granules
occur during their turnover in the human epidermis. Thus, mature melanosomes formed in
the basal melanocyte are transferred via its dendrites to adjacent keratinocytes (Scott 2006).
On incorporation into keratinocytes, melanosomes fuse with lysosomes forming secondary
lysosomes (Byers 2006). Lysosomal hydrolase degrades melanosomes as the keratinocytes
move to the epidermal surface. Larger melanosomes, characteristic for heavily pigmented
human skin, appear to be less susceptible to lysosomal degradation than smaller
melanosomes formed in lightly pigmented skin (Jimbow et al., 1999; Quevedo and Holstein,
2006). Thus, in lightly pigmented human skin the degraded melanosomes only persists as
so-called “melanin dust” in the suprabasal layer of the epidermis (Brenner and Hearing,
2008). It must be stressed that such an enzymatic degradation of melanosomes only reduces
the size of the granules to finer particles without actually degrading their melanin
component. In fact, there are no known enzymes that can actually decompose melanin. The
physicochemical properties of melanosomes degraded in secondary lysosomes of the
keratinocytes have not been systematically studied, and it is questionable if such “melanin
dust” is indeed more effective in shielding the epidermis from penetration and damage of
ultraviolet light than non-degraded melanosomes (Jimbow et al., 1999). Equally important is
the issue of whether melanin in the human skin undergoes significant chemical modification
during the relatively short lifetime of the pigment granules (Halprin 1972).

Prog Neurobiol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zuccaet al. Page 14

Interestingly, such changes were recently determined in melanin from human RPE.
Employing electron paramagnetic resonance (EPR) spectroscopy for specific detection of
melanin in isolated RPE cells, the content of melanin in a number of samples, obtained
postmortem from donors of different age, has been determined (Sarna et al., 2003). It has
been demonstrated that aging is accompanied by gradual loss of RPE melanin (Sarna et al.,
2003) and its oxidative modifications (Ito et al., 2013). The authors postulated that these
phenomena result from chronic photochemical reactions leading to irreversible oxidative
cleavage and cross-linking of the melanin. It should be emphasized that human RPE,
consisting of postmitotic cells, is a unique pigmentary system, in which melanin is
synthesized early during fetal development and shows little or no metabolic turnover
afterward. Although biological consequences of such an /in vivo photoaging of RPE
melanosomes are not yet fully understood, it could be argued that the reduction in the
content of melanin and its oxidative modification lower the ability of melanin to protect
human RPE cells, as well as other cells of the outer retina, against oxidative stress (Ito et al.,
2013; Sarna et al., 2003). Human RPE, regardless skin and eye colors, contains mainly
eumelanin (Ito et al., 2013), while human uveal melanocytes contain both eumelanin and
pheomelanin and their relative content depends on skin and iris colors (Prota et al., 1998;
Wakamatsu et al., 2008; Wielgus and Sarna, 2005).

Another distinct extracutaneous location of melanin in humans is the inner ear, where
biological functions of the pigment remain speculative (Boissy and Hornyak, 2006).
Extensively dendritic, heavily pigmented melanocytes residing beneath the epithelial layer
of each respective area are found in stria vascularis and modiolus of the cochlea (Meyer zum
Gottesberge 1988). Both eumelanin and pheomelanin are synthesized by the otic
melanocytes, and the otic pigments appear to be similar to those from eyes and hair (Inoue et
al., 1984).

In spite of significant research, the precise molecular structure of melanin pigments has not
been determined. To a large extent, this is due to intractable character of the pigments, which
are mostly insoluble in the majority of solvents and naturally present as complex pigment
granules containing not only melanin but also protein matrix and lipid membrane bilayer.
Results of numerous studies, carried out on synthetic and natural eumelanins, in which
atomic force microscopy, EPR spectroscopy, nuclear magnetic resonance spectroscopy, X-
ray diffraction, mass spectrometry and advanced quantum chemical calculations were used,
seem to support a stacked-aggregate model of the eumelanin structure (d’Ischia et al., 2013;
Meredith and Sarna, 2006; Zajac et al., 1994). In eumelanin from sepia ink, at least three
distinct levels of structural organization are identified. Relatively small planar oligomers
stacked along the z-axis with the stacking spacing of about 3.4 A are responsible for the first
level of aggregation, forming the fundamental nanoaggregates (protomolecules). The second
level of aggregation, involving protomolecules, leads to formation of filaments which are
small aggregated substructures. The third level of aggregation results in formation of large
particles of the size 100-200 nm (Clancy et al., 2000; Zajac et al., 1994). It has been
postulated that the high molecular heterogeneity of eumelanin, determined by heterogeneous
character of its monomeric units and oligomers, is responsible for unusual physicochemical
properties including absorption of light (Meredith and Sarna, 2006).
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Eumelanins are commonly viewed as efficient antioxidants and photoprotective agents
(Brenner and Hearing, 2008; Sarna 1992; Sarna and Swartz, 2006; Zareba et al., 2014).
Indeed, synthetic eumelanins have been shown to efficiently scavenge reactive free radicals
(Rozanowska et al., 1999) and quench excited electronic states of certain molecules (Sarna
et al., 1985; Ye et al., 2003). The ability of eumelanin to sequester redox active metal ions
has been demonstrated /n vitro, in case of synthetic L-DOPA-melanin (Pilas et al., 1988),
bovine eye melanin (Sarna et al., 1976), porcine RPE melanosomes, both extracellularly and
intracellularly (Kaczara et al., 2012), and sepia melanin (Liu et al., 2004; Liu and Simon,
2005). Synthetic and human NM, as well as bovine RPE melanosomes prevented the
peroxidation of unsaturated lipids in model systems consisting of liposomes made of
unsaturated lipids (Korytowski et al., 1995; Zadlo et al., 2007, 2009).

Another intriguing property of melanin with unknown biological implications is its electrical
conductivity, seemingly typical for amorphous semiconductors (McGinness 1972;
McGinness et al., 1974). However, a recent study employing muon spin relaxation, EPR and
electrical conductivity measurements, demonstrated that synthetic eumelanin is actually a
hybrid semiconductor, in which both electrons and ions participated in electrical
conductivity (Mostert et al., 2012). The study underscored the role of comproportionation
reaction, which drives the production of extrinsic free radicals and hydronium ions in
synthetic and natural eumelanins from different sources (Felix et al., 1978; Sarna and
Swartz, 2006).

6. NM synthesis and structure

NM is a pigment present in different neurons of the human central nervous system and is
particularly abundant in DA neurons of the SN and in the noradrenergic neurons of LC
(Zecca et al., 2004b, 2008b). NM pigment appears as a black and insoluble molecule
composed of different components: melanin, proteins, lipids and metal ions. NM pigment is
located within cytoplasmic organelles, with variable sizes ranging from 0.5 to 3.0 um,
surrounded by a double membrane, together with lipid bodies and proteins (Sulzer et al.,
2008; Zecca et al., 2008b). NM pigment concentration increases with aging, beginning its
formation and accumulation early in the life (Zecca et al., 2002, 2004b).

Although the origin of NM-containing organelles is not completely clear, it has been
proposed that NM synthesis is driven by an excess of cytosolic catecholamines not
accumulated into synaptic vesicles, since NM synthesis was inhibited in rat neuronal
cultures by the over-expression of synaptic vesicular monoamine transporter 2 (Sulzer et al.,
2000), the transporter which sequesters monoamines from the cytosol into synaptic vesicles
for subsequent neurotransmission (Liu and Edwards, 1997). The regulatory role of this
transporter on NM biosynthesis in human SN was also supported by immunohistochemical
studies on post-mortem human brains which have correlated the presence of high levels of
vesicular monoamine transporter 2 with relatively low levels of NM pigment, and vice-versa,
indicating an inverse relationship between vesicular monoamine transporter 2 expression and
NM content (Liang et al., 2004). In rats exposed to bright light for up to 90 days an
accumulation of NM pigment in neurons was found with a simultaneous decrease of tyrosine
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hydroxylase-positive neurons in the SN, thus probably showing a neurodegenerative effect
of NM (Romeo et al., 2013).

The biosynthetic pathway leading to NM formation is complex and only partly understood
(Zucca et al., 2014). It appears to differ from that leading to peripheral melanins, explaining
the notable differences in the structural organization of the two pigments. The synthesis of
natural melanins present in skin, hair, and eye is controlled enzymatically by tyrosinase,
which is essential in the initial energy demanding step of the process, in which tyrosine is
oxidized to dopaquinone (Solomon et al., 2014). This reactive intermediate undergoes a
series of redox and condensation reactions, collectively known as the Raper-Mason scheme,
leading to eumelanin and pheomelanin (Agrup et al., 1982; Simon and Peles, 2010;
Wakamatsu and Ito, 2002). The biosynthesis of eumelanin precursors requires the
participation of two additional enzymes, known as the tyrosinase-related proteins, namely
5,6-dihydroxyindole-2-carboxylic acid oxidase and L-dopachrome tautomerase (Garcia-
Borron and Solano, 2002; Wakamatsu and Ito, 2002), whereas the precursors of
pheomelanin are generated starting from the addition of cysteine to dopaquinone (Di Donato
and Napolitano, 2003; Napolitano et al., 2008). To explain the structural organization of the
two components in the final melanin pigment, it is important to note that the kinetics of the
initial steps of eumelanin and pheomelanin formation are different, and in particular that the
reaction of cysteine with dopaquinone is faster than the steps involved in eumelanin
synthesis (Ito and Wakamatsu, 2008). Thus, pheomelanin is formed earlier, until most
cysteine and cysteine-containing peptides are consumed, and only after that eumelanin
accumulates from residual dopaquinone (Simon and Peles, 2010). This is the basis for the
formulation of the “casing model” of organization of the pigment granules within the
melanosome (Greco et al., 2011; Ito 2006; Simon et al., 2008), with an inner pheomelanic
core surrounded by the photoprotective, antioxidant eumelanic coat (Liu et al., 2005; Peles
et al., 2009). It is currently unknown whether the two components are covalently linked or
simply associated through non-covalent interactions.

In the case of NM, there is no evidence for enzymatic control of the oxidative process
leading to the formation of the pigment, since tyrosinase was not found in human SN where
NM is most abundant (Ikemoto et al., 1998; Tribl et al., 2007). Other enzymes than
tyrosinase might be involved in NM biosynthesis (as discussed in chapter 3), but to date a
specific enzymatic synthesis pathway for NM has not been unequivocally proven;
additionally, the existence of an auto-oxidation process of catecholamines must be also taken
into account for NM biosynthesis (Zucca et al., 2014). The substrate principally involved in
the oxidative polymerization is either DA, in the SN and most other brain areas, or
norepinephrine in the LC, although different catecholamines seem to be involved in the
synthesis of human NM pigment (Wakamatsu et al., 2014; Zecca et al., 2008b). In this NM
pigment, the melanic groups are covalently bound to aliphatic chains and peptides moieties
(Engelen et al., 2012); dolichols and dolichoic acid were identified as the major components
of NM lipids (Fedorow et al., 2005; Ward et al., 2007; Zecca et al., 2000, 2008b). The initial
events of the NM biosynthesis are the most difficult to trace, but the emerging view is that
three actors appear to be involved: the cytosolic catecholamines, iron(l11) ions, and "seeds"
of aggregated oligomers of peptides/proteins (Fig. 3). The presence of iron(I11) strongly
promotes the auto-oxidation of catecholamine into a reactive quinone (Sulzer and Zecca,
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2000). This, in turn, is trapped by the peptide/protein seeds present in the cytoplasm,
particularly those containing cysteine residues, initiating a conjugation process that is
formally similar to that occurring in the formation of pheomelanin and eumelanin pigment,
but with two important differences. The first one is that the process occurs on a preformed
core of peptide/protein, and the second one is that iron remains trapped into the melanic
component. As the resulting material accumulates in the cytosol, it is transferred to
autophagic vacuoles that fuse with lysosomes and other autophagic vacuoles, forming the
NM-containing organelles (Zucca et al., 2014). Lipids bodies are likely formed by the fusion
with other organelles and by transportation of dolichols inside the NM-containing organelles

(Fig. 3).

Determination of the relative amounts of the three components in human NM pigment is a
difficult task, in view of the limited amount of biological material available. Previous
estimates based on chemical degradative, mass spectrometry and spectrophotometric
methods (Dzierzega-Lecznar et al., 2006; Wakamatsu and Ito, 2002; Wakamatsu et al., 2003,
2012; Zecca et al., 1992) have been recently updated by using elemental analysis, nuclear
magnetic resonance spectroscopy, infrared spectroscopy and amino acid analyses, and show
some significant variability depending also on the brain area from which NM pigment is
extracted (Engelen et al., 2012). Melanin, with an approximate ratio of 1:3 between
pheomelanic and eumelanic components, is most abundant in NM pigment isolated from SN
(~56 %), with lower amounts of lipid (~18 %) and protein (~12 %). By contrast, NM
pigments isolated from most other human brain areas contain lipids as the major component
(>40 %), with protein at similar level (~12 %), and variable amounts of melanin, but always
lower than in SN (Engelen et al., 2012).

NM pigments of different brain areas consist of granular aggregates that are 200-400 nm in
size, or varying shapes, composed of smaller spherical substructures of about 30 nm in
diameter (Bush et al., 2006, 2009; Zecca et al., 2008b). The structure proposed for the
melanic portion of human NM pigments resembles that of other natural melanins: the NM
pigment architecture is that of a pheomelanin core surrounded by eumelanin surface,
forming spherical electron-dense aggregates according to the "casing model" of mixed
melanogenesis (Ito 2006).

The difference in the biosynthetic processes leading to pigment melanins and NM is
reflected in the overall structure and morphology of the resulting particles. The size of these
roughly spherical particles of NM pigment, with a diameter of about 30 nm, is similar to that
observed for melanins (Simon et al., 2008), but the inner structural organization is different.
In the case of melanins, the only ordered structural element appears to be the stacked
arrangement of planar indole oligomeric units (or "protomolecules™) of eumelanin, which
are separated by about 3.4 A, as deduced on the basis of early X-ray scattering and scanning
tunnelling microscopy (Cheng et al.,1994a, b; Gallas et al., 1999; Meredith and Sarna, 2006;
Zajac et al., 1994). The updated model of stacked organization of eumelanin protomolecules
derives from a wealth of recent studies on poly-DA synthesis and properties (d'Ischia et al.,
2014). In contrast, the melanic component of NM pigment does not grow as an ordered
phase as in natural melanins, but rather as a "tree", the branches of which initiate at the
peptide/protein seed attachment points. Analysis of NM pigment isolated from several
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human brain areas by X-ray powder diffraction shows a complete lack of the typical pattern
of w-stacking arrangement between extended aromatic molecules, but a different motif
characterized by ordered systems separated by about 4.7 A (Zecca et al., 2008b). This
separation is far too large to be associated with stable, noncovalent r-stacking interactions
between aromatic rings, particularly for polycyclic systems, which typically arrange in
parallel displaced disposition at distances of 3.4-3.8 A (Bissantz et al., 2010; Salonen et al.,
2011; Tiekink and Zukerman-Schpector, 2012), and must be attributed to a different type of
ordered structure. Indeed, the 4.7 A metric parameter corresponds to the separation between
hydrogen-bonded backbones of peptide chains arranged in B-sheets, and is strikingly similar
to the X-ray diffraction pattern observed for amyloid cross-p structures (Greenwald and
Riek, 2010; Makin and Serpell, 2005). This supports the view that NM biosynthesis starts
from a seed of oligomeric peptide or protein material accumulated in the cytosol to which
oxidized DA, norepinephrine, or other catecholamines bind initiating the melanization
process (Fig. 3). Recent work on synthetic melanin-protein conjugates complies with this
model and supports the proposed biosynthetic pathway (Ferrari et al., 2013).

7. Synthetic models of NM

Studying the structure and function of human NM is a difficult task because of the small
amounts that can be extracted from human brain tissues. Therefore, the preparation of
synthetic melanins as models of NM provides a useful means to elucidate its synthesis,
structure, and reactivity. Good models of NM are appealing as they could be used to induce
and study neurodegenerative and neuroinflammatory processes in cell culture lines and /in
vivo models. Synthetic melanins able to induce chronic neuroinflammation, through
microglia activation, and neuronal degeneration could reproduce what really occurs in a PD
brain, replacing the exogenous toxins that have been used so far that cause an acute insult
disrupting dopaminergic neurons, i.e. rotenone, paraquat, 6-hydroxydopamine or 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (Hattori and Sato, 2007).

An intriguing application of synthetic melanins has been recently presented by Viceconte
and coworkers (2015): /in vivoand in vitro experiments showed that synthetic melanins are
able to induce microglia activation, as previously reported using human NM (Wilms et al.,
2003; Zhang et al., 2011), through a caspase-dependent mechanism (Viceconte et al., 2015).
In addition to significant up-regulation of a variety of pro-inflammatory mediators upon
microglia activation, significant increase of caspase-8 and caspase-3 expression was
observed in response to melanin treatment, in absence of cell death (Viceconte et al., 2015).
Although this study uses a synthetic melanin that represents only the melanic portion of
human NM, it provides a new and interesting approach to the study of molecular
mechanisms of inflammation during PD.

The synthesis of suitable models of NM is not straightforward due to the many components
present in the pigment: melanin, peptides, lipids, and metal ions. To date, the synthetic
counterparts of human NM have been mainly represented by melanins produced by
oxidation of phenolic precursors (Aime et al., 1997; Bridelli et al., 1999; Crippa et al., 2010;
Double et al., 2000; Wakamatsu et al., 2003), in some cases with addition of iron ions. These
models are insoluble in water and in most organic solvents. In general, synthetic models of
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NM can be divided in two types corresponding to the components of natural melanins:
eumelanins and pheomelanins. Pheomelanins differ from eumelanins by the presence of a
sulfur source which is provided by L-cysteine or glutathione. A variety of phenolic
precursors can be used for the preparation of pheomelanins and eumelanins: L-tyrosine, L-
DOPA, DA or norepinephrine (d’Ischia et al., 2013; Manini et al., 2007). To resemble NM
from human SN, the precursor of choice is DA, since chemical degradative analyses
demonstrated that NM from human SN mainly consists of DA-derived and cysteinyl-DA-
derived units (Wakamatsu et al., 2003), although other catecholamines may participate in its
synthesis (Wakamatsu et al., 2014). Notably, /in vitro experiments confirmed that DA
(derived from L-DOPA) is likely the most important precursor in NM biosynthesis (Sulzer et
al., 2000).

Oxidation of DA to form the melanin can be carried out with two methods: a fast enzymatic
oxidation by tyrosinase or the slower auto-oxidation in air. In some cases, also hydrogen
peroxide has been used, but an excess of peroxide could degrade the forming melanin
(d’Ischia et al., 2013). Although, as discussed above, it seems that the melanic portion of
NM is not synthesized enzymatically, both this method and simple auto-oxidation process
can be used to prepare NM models, though it is still unclear which preparation leads to
better models of human NM (Bridelli et al., 1999; Crippa et al., 2010).

In addition to the melanic portion, the protein portion can be also incorporated in advanced
NM models. To date, only bovine serum albumin has been employed in synthetic studies,
although it is neither a human nor a neuronal protein. However, the advantage of using this
protein is its availability and extensive knowledge of its structure and binding properties
(Anand and Mukherjee, 2013). A first model was prepared by tyrosinase-mediated oxidation
of DA in the presence of albumin, but the resulting adduct was not well characterized (Aime
et al., 2000). A series of better characterized albumin-melanins were more recently prepared
by auto-oxidation of DA in the presence of albumin and iron ions (Ferrari et al., 2013). Here,
using suitable ratios of protein to DA, it was possible to obtain water soluble albumin-
melanin conjugates. These soluble models have the advantage of allowing more detailed
analysis by various techniques including nuclear magnetic resonance spectroscopy, UV
spectroscopy, and circular dichroism; notably, the concentration of soluble NM models can
be straightforwardly controlled in cell culture and /n vivo studies.

Multiple studies have compared synthetic melanins with natural NM extracted from human
brain tissues, in particular from SN. Since NM has a typical EPR spectrum, with a signal at
g = 4.3 assigned to iron(l11) and a signal at g = 2.0 due to the organic radical of melanin
(Zecca and Swartz, 1993), this technique is useful for determining if the synthetic melanins
can be related to the natural pigment. Furthermore, EPR spectra give useful information on
the interaction between melanin and iron(l11) ions. Interestingly, iron-containing synthetic
melanins show very similar EPR spectra (Aime et al., 1997; Ferrari et al., 2013; Shima et al.,
1997), regardless of the methods used for their preparation, and comparable to those of
natural NM pigment. However, only a careful quantitative analysis enables to show that two
different iron sites are present in the synthetic melanins (Ferrari et al., 2013), as well as in
natural NM pigment: small iron oxy-hydroxy aggregates similar to those present in ferritin
iron core, which are not EPR-detectable but detectable by Mdssbauer spectroscopy (Zecca et
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al., 2001a), and mononuclear iron(l11) ions (EPR-detectable), as observed in natural NM
(Fig. 4). A difference in the amount of iron in the two sites was observed between
eumelanins and pheomelanins, since pheomelanic moieties seem to favor the formation of
mononuclear iron centers (Ferrari et al., 2013). The presence of two different sites has been
also confirmed by magnetic susceptibility experiments, in which it was observed that the
amount of mononuclear iron is higher in synthetic models in comparison with human NM
(Bolzoni et al., 2002). The preparation of NM models has been very useful also to identify
infrared peaks of the pigment due to the melanic component when using DA-melanins alone
(Bridelli et al., 1999; Double et al., 2000), and the peaks due to peptides using albumin-
melanins (Engelen et al., 2012). The comparison of these spectra with those of human NM
led to the identification of several peaks assigned to lipids bound to NM.

Another structural comparison between human NM and its models was performed by 13C-
nuclear magnetic resonance spectroscopy (Aime et al., 2000). In this work an albumin-
melanin was compared with NM pigments isolated from SN of healthy subjects and PD
patients. The spectrum of the albumin-melanin was more similar to that of NM pigment
from the PD patients, suggesting the presence of a more extended protein portion in the
pigment in the disease state.

In addition to the employment for investigating the NM structure and its physical properties,
the synthetic analogues can help elucidate its reactivity and role. In particular, NM models
provide insight into the reactivity of the iron ions bound to NM pigment. For instance,
synthetic melanins, like human NM, lower the production of hydroxyl radicals by iron(I11)
(Zecca et al., 2008a). Furthermore, iron bound to synthetic melanins is not able to oxidize
DA, suggesting that melanin can protect from oxidative stress by chelating metal ions
present in solution (Zecca et al., 2008a). This occurs when iron is present in low amounts,
but when the synthetic melanins are saturated with ferric ions, they promote the formation of
hydroxyl radicals (Zareba et al., 1995). This is probably due to the presence of two iron sites
with different redox activity or different accessibility to substrates, as discussed in the
following chapter.

Additional studies are needed to obtain better NM models. Proteins other than albumin
should be employed in the synthesis of NM models, possibly using neuronal proteins that
could be present into natural NM. The availability of realistic models of NM with known
composition and structure will provide the ability to conduct structure/activity experiments
that establish which components of NM structure interact with receptors of microglia, and
with neurons and cellular organelles to identify processes involved in brain aging and
neurodegeneration.

8. Iron-NM complex as major iron compound in DA neurons

Human NM pigment has the ability to chelate various transition metal ions, in particular
iron, copper and zinc (Bohic et al., 2008; Zecca and Swartz, 1993; Zecca et al., 1994, 1996,
2001b, ¢, 2008b). Iron is the most abundant of these metal ions, and of particular interest
since NM is the main iron storage molecule in DA neurons of human SN (Fig. 5) (Zecca et
al., 2001a, b, 2004b). Iron binding to the pigment prevents Fenton's reaction and ascorbate
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oxidation, as observed in /n vitro experiments by using both human and synthetic NM
(Zecca et al., 2008a). In the pigment isolated from SN of healthy subjects, the concentration
of iron is about 10 pg/mg of NM pigment (Zecca et al., 2004b, 2008b; Zucca et al., 2006),
although NM can bind even higher quantities of iron (Shima et al., 1997; Zecca et al., 1996,
2004b).

Two distinct iron-binding sites are present in the human NM pigment with different affinity
for the metal; these have been classified as high and low affinity sites (Double et al., 2003;
Fasano et al., 2006; Zecca et al., 2008a). The presence of two sites in the pigment from
human SN was confirmed by means of EPR (Aime et al., 1997; Lopiano et al., 2000; Zecca
and Swartz, 1993), magnetic susceptibility (Bolzoni et al., 2002), and Mdssbauer
spectroscopy (Double et al., 2003; Zecca et al., 2001a). Both sites bind iron(l11), to a large
extent as chelates with the oxygen donor atoms of the catechol groups present in the melanic
portion of NM pigment (Enochs et al., 1993; Kropf et al., 1998). The identification and
characterization of the high affinity and low affinity iron binding sites was also performed
using synthetic models of NM pigment (Ben-Shachar et al., 1991; Bolzoni et al., 2002;
Double et al., 2003; Ferrari et al., 2013). Nevertheless, the structural differences between
high and low affinity sites are still unclear.

Data collected by Mdssbauer spectroscopy on the pigment isolated from human SN indicate
that one of the sites is similar to that of ferritin core (Galazka-Friedman et al., 1996; Gerlach
et al., 1995, Zecca et al., 2001a), and the presence of this structure was confirmed by
magnetic susceptibility measurements (Bolzoni et al., 2002). In this site, iron ions are
coupled by oxy-hydroxy bridges in multinuclear complexes similar to that observed with
ferritin. However, in the NM pigment iron(lI11) ions are bound to the catechols of eumelanin
rather than amino acid residues, thus providing a different environment than ferritin. In
addition, the iron domain inside NM seems to be significantly smaller than that of ferritin
core (Aime et al., 1997; Bolzoni et al., 2002). Moreover, it seems that most of the NM-
bound iron is in a ferritin-like cluster (Aime et al., 1997; Gerlach et al., 1995), although the
techniques used cannot give accurate quantitative data. Thus, a reliable quantification is
needed.

The other iron binding site was characterized by means of EPR. The EPR spectra of NM
from human SN typically show a signal at g = 4.3 assigned to high spin iron(l11), which is
coordinated by oxygen atoms in mononuclear, rhombic, six-coordinated centers (Aime et al.,
1997; Lopiano et al., 2000; Shima et al., 1997; Zecca and Swartz, 1993). A signal at g = 2.0
is also detected, indicating the presence of an organic radical delocalized on melanin (Aime
etal., 1997; Enochs et al., 1993; Zecca and Swartz, 1993; Zecca et al., 1996, 2008b).
Temperature-dependent measurements demonstrated an interaction between these two
signals, indicating that, also in this case, iron is bound to the melanic portion of NM
pigment. Interestingly, EPR spectra of human NM pigments treated with iron chelators
showed a reduction in the intensity of the signal at g = 4.3 and/or an increase in the signal at
g =2.0 (Aime et al., 1997; Lopiano et al., 2000; Shima et al., 1997; Zecca et al., 1996).
These results suggest that the iron bound in mononuclear centers can be extracted from NM
pigment. The presence of an exchangeable iron inside NM pigment was also confirmed by
infrared spectroscopy (Bridelli et al., 1999). Indeed, an increase of the amplitude in the
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absorption band of phenolic groups was detected after iron depletion by chelating agent
ethylenediaminetetraacetic acid (Bridelli et al., 1999), indicating that the iron was bound to
the oxygen atoms of the catechols of melanin. Nevertheless, this technique does not indicate
whether the exchangeable iron was in the ferritin-like core or in the mononuclear iron
cluster.

From EPR analyses on NM pigment after iron removal by a chelating agent, it appears that
the iron stored in ferritin-like centers is likely bound with high affinity to the NM pigment,
where it is not redox reactive (Aime et al., 1997; Lopiano et al., 2000; Shima et al., 1997;
Zecca et al., 1996). This domain could therefore provide a safe storage system for iron
within the neurons. Nevertheless, it may be that when the high affinity sites are saturated, as
in case of iron overload observed in PD (as described in sections 9.1. and 10.2.), the iron
ions also bind to the low affinity sites of the pigment by catechol residues in mononuclear
centers, from where it can be easily released, causing iron-mediated toxicity.

In summary, iron is bound by the NM pigment in two types of sites: the first site is an oxy-
hydroxy bridged iron(l11) cluster surrounded by catechols groups of the melanic portion of
NM pigment, while the second site is a mononuclear iron, directly coordinated by oxygen
atoms of catechols moieties (Fig. 4). However, it is not completely clear which one of these
sites coordinates iron with high or low affinity. In addition to the chemical structure of the
iron centers, the accessibility of iron ions should also be considered. Future experiments
aiming to characterize the NM iron-binding sites should take into account not only the
structure of these centers but also their accessibility and reactivity towards small binding
ligands and biological substrates.

9. NM and iron: neuroprotective and neurodegenerative effects

9.1. Neuroprotective roles of human NM

The synthesis of NM is itself a protective process, which is sustained by excess DA in the
cytosol not accumulated by synaptic vesicles, as demonstrated in cell cultures experiments
(Sulzer et al., 2000). DA in the cytosol can be oxidized to form DA-o-quinone via iron
mediated catalysis and then can follow two different pathways: eumelanin or pheomelanin
(Wakamatsu et al., 2003, 2012). Both these pathways concur to NM formation (Fig. 3), as
discussed above in chapters 3 and 6. Without NM synthesis, the accumulation of cytosolic
DA would induce the neurotoxic effects described in chapter 4. Analysis by photoelectron
emission microscopy shows that the oxidation potential of human NM pigment corresponds
to that of eumelanin, thus demonstrating that NM structure is composed of a pheomelanic
core surrounded by eumelanin surface (Bush et al., 2006). This oxidation potential is low
and not sufficiently reductive to generate a high level of oxidative processes and consequent
neurodegenerative effects.

Human NM pigment can bind different metals forming stable complexes, blocking
neurotoxic effects that could take place through redox reactions or other processes (Zecca
and Swartz, 1993; Zecca et al., 1994, 1996, 2001b, ¢, 2008b). This functional property of
NM pigment is due to the presence of dihydroxyindole groups within its structure, as
discussed above. Iron is the most abundant metal contained in NM isolated from human SN
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and other brain areas, and this is of special interest due to its contribution to oxidative stress
within neurons. It is interesting that NM in SN tissue is not completely saturated with iron,
and is able to chelate higher quantities of this metal (Shima et al., 1997; Zecca et al., 1996,
2004b). Indeed, NM from SN can accumulate high amounts of iron, up to 55-fold higher
than tissue concentrations (Zecca et al., 2008b).

As discussed above, NM appears to possess two types of iron binding sites. In conditions of
iron overload, as in PD (Dexter et al., 1987, 1989; Earle 1968; Sofic et al., 1988), the high
affinity sites of NM would be saturated, and iron could bind to the low affinity sites as well.
In the latter sites, iron is bound into a low stability complex and could be easily released,
playing a toxic role by participating to redox processes (Double et al., 2003) and oxidizing
ascorbate, a major antioxidant system in brain cells (Rice 2000). The overload of iron on
NM can also catalyze DA oxidation with formation of further DA-o-quinone, inducing
oxidative modification of proteins with a consequent cascade of neurotoxic processes
(Segura-Aguilar et al., 2014; Zecca et al., 2008a).

Under conditions of iron overload onto NM, the rate of NM degradation by hydrogen
peroxide could increase as well (Zecca et al., 2008a). This process is likely to occur in
microglia when NM released by dying neurons is phagocytosed and degraded, so that
reactive iron (Zecca et al., 2008a; Zhang et al., 2011) and other toxins previously
accumulated by NM (D'Amato et al., 1986; Karlsson and Lindquist, 2013; Lindquist et al.,
1988; Oestergren et al., 2004; Salazar et al., 1978) are suddenly released and can cause cell
death. An increased level of redox-active iron has been described in NM of SN from PD
patients (Faucheux et al., 2003; Good et al., 1992; Jellinger et al., 1992). Thus, a protective
role of NM may be hypothesized when iron is bound under physiological conditions, but a
toxic effect of the NM-iron complex occurs when iron overload is present in the brain.

9.2. Neurodegenerative role of human NM

NM has long been suggested as a critical factor underlying neuronal vulnerability in PD
(Hirsch et al., 1988; Marsden 1983). In the SN, the DA neurons containing NM appear to
have different vulnerability in PD depending on their NM content. Some studies suggested
that neurons with the highest NM content are more susceptible to death, while other studies
reported that lightly pigmented neurons are more vulnerable in PD (Gibb 1992; Hirsch et al.,
1988; Kastner et al., 1992; Mann and Yates, 1983; Pakkenberg et al., 1991). In any case, PD
patients have a severe decrease of NM concentration in SN of about 60 % compared to the
age matched controls (Zecca et al., 2002).

The intraneuronal role of NM in increasing neuronal vulnerability may be also related to the
high content of MHC-1 in NM-containing organelles of neurons in human SN and LC; these
neurons that specifically degenerate in PD express MHC-I, while other neurons not targeted
by PD have low or absent MHC-I expression. In SN and LC of PD subjects, CD8* cells
were sometimes observed in close proximity to neurons containing NM and expressing
MHC-I, suggesting that they may trigger neuronal death. In cultured DA murine neurons,
the expression of MHC-I can be induced by factors released from microglia activated by NM
or by a-synuclein (both found extracellularly in PD brains), or alternatively induced by high
cytosolic DA and its increase of oxidative stress. Then, MHC-I can bind antigenic peptides
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derived by cleavage of foreign or native proteins and present them on neuronal membrane,
so that cytotoxic CD8* lymphocytes target the neuron inducing degeneration (Cebrian et al.,
2014). The presence of high number of infiltrating cells, in brains of both PD patients and
mouse models of the disease, is likely to be due in part to increased BBB leakage, a
conditions that occurs in aging and PD (Brochard et al., 2009; Farrall and Wardlaw, 2009;
Kortekaas et al., 2005). Since NM also accumulates during aging, such a neuroinflammatory
mechanism could provide a link between aging, NM, and PD. An in vitro study has reported
that murine dendritic cells can develop a mature phenotype after the exposure to human NM
(Oberlander et al., 2011). Dendritic cells phagocytized NM pigment and secreted
interleukine-6 and tumor necrosis factor a,, while triggering T cell proliferation. However,
the density of dendritic cells in the SN is much lower than microglia, and their response to
NM activation is slower than microglia: therefore, the role of dendritic cells in
neuroinflammatory and neurodegenerative mechanisms of PD may be scarce compared to
microglia.

NM likely contributes to the progression of neurodegenerative mechanisms by fueling a
neuroinflammatory process that involves the activation of microglia (Block et al., 2007).
Indeed, a typical feature in the parkinsonian SN is the occurrence of NM released from
dying neurons in the extracellular space, together with intense microglial activation (Banati
et al., 1998; Langston et al., 1999; McGeer et al., 1988). /n vitro and in vivo experiments
showed that activated microglia can induce neuronal death by releasing various
proinflammatory molecules, ROS and reactive nitrogen species and by directly attacking
neuronal bodies and processes (Zecca et al., 2008c; Zhang et al., 2011). Due to its
insolubility, the released NM granules could remain for long periods in the extracellular
space of the human SN, and provide a source of chronic inflammation: this extraneuronal
NM moreover slowly releases to the extracellular milieu the toxic compounds adsorbed into
the NM structure. In addition, the extracellular NM particles can be phagocytosed and
degraded by activated microglia cells, with the consequence that the toxic compounds and
redox active metals previously immobilized into NM can be released, which could further
exacerbate microglial activation and neuronal damage, as demonstrated by several /n vitro
and /n vivo models of PD (Zecca et al., 2008c; Zhang et al., 2011, 2013). Consistent with
studies reporting an age-related loss of SN pigmented neurons, extraneuronal granules of
NM have been reported in the SN of non-diseased elderly subjects in association with
microglial activation (Beach et al., 2007).

In cell culture studies, the treatment of microglia cultures with human NM pigment produces
chemotaxis: microglia cells move toward NM granules, actively phagocytose NM granules,
and release neurotoxic molecules including tumor-necrosis factor a, interleukin 6, nitric
oxide (Wilms et al., 2003) and reactive molecules such as superoxide and hydrogen peroxide
(Zhang et al., 2011, 2013). Interestingly, the injection of NM into rat SN causes intense
microglia activation and degeneration of DA neurons with a moderate astrocytosis (Zecca et
al. 2008c; Zhang et al., 2011, 2013).

Mice-derived cell cultures studies clearly demonstrated that the neurodegeneration induced
by NM-activated microglia likely involves macrophage antigen complex-1 and phagocytic
oxidase of microglia (Zhang et al., 2011, 2013), although other factors could play a key role.
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The inflammatory molecules released from microglia activated by NM can diffuse through
brain tissue, and induce vascular reaction with the consequent efflux of blood leukocytes
including macrophages into the brain parenchyma, where these inflammatory molecules and
leukocytes further extend the brain inflammation.

Then, it seems that human NM has a dual role: protective and/or toxic, depending mostly on
the cellular context and conditions (Zecca et al., 2003; Zucca et al., 2014).

10. Iron in brain aging and PD

10.1. Iron changes in brain aging

The concentration of total iron increases during aging in human SN, putamen, globus
pallidus, caudate nucleus, and cortices. However, it is not known why iron increases only in
these regions (Hallgren and Sourander, 1958; Hebbrecht et al., 1999; Ramos et al., 2014;
Zecca et al., 2004b). The distribution of total iron in normal adult human brain is
inhomogeneous and the highest content is found in putamen, globus pallidus, and caudate
nucleus, with lower concentrations in the cortical grey matter, white matter, midbrain (i.e.,
SN), and cerebellum, and the lowest iron concentrations are found in the pons, LC, and
medulla (House et al., 2012; Ramos et al., 2014; Zecca et al., 1996, 2001b, ¢, 2004b). In
aging, changes are observed in iron’s various molecular forms (ferritin, NM, transferrin,
hemosiderin, and others) and in the distribution of iron molecules between neurons and glial
cells (Connor et al., 1990; Zecca et al., 2001a, 2004b).

Several factors contribute to the increase of total iron concentration with aging, including
BBB permeability, inflammatory state, redistribution of iron within the brain, and changes in
iron homoeostasis (Conde and Streit, 2006; Farrall and Wardlaw, 2009). The accumulation
of iron in neurons can directly induce cellular damage with the mechanisms reported in
section 2.1. Glial iron accumulation in aging can damage neurons by inducing an
inflammatory state through increased release of pro-inflammatory cytokines (Williams et al.,
2012) and establishing neuroinflammation and neurodegeneration (Xu et al., 2012).

The changes in iron, NM and ferritins concentration in human SN and LC during aging have
been carefully investigated (Zecca et al., 2001a, 2004b). These studies provide important
reference values and mechanisms to understand the role of iron in PD neurodegeneration,
which mainly targets catecholamine neurons of SN and LC. In healthy subjects, a linear
increase in the total concentration of iron in the SN is found throughout life, and this is
higher than that measured in the LC, where total iron concentration remains stable
throughout life (Zecca et al., 2004b; Zucca et al., 2006). In the SN, the concentrations of
ferritin heavy chain and ferritin light chain (the two isoforms of the iron-storage protein
ferritin) increase in aging, while these are lower and remain constant in the LC; thus, iron
may contribute to neurodegeneration more in the SN than the LC (Zecca et al., 2001a,
2004b; Zucca et al., 2006).

NM pigment is present in all types of neurons as NM-iron complexes, and the amount of
iron bound to NM varies depending on the neurons in each human brain area (Zecca et al.,
1996, 2001c, 2004b, 2008b). The NM-iron complex is the main iron compound in

Prog Neurobiol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zuccaet al.

Page 26

catecholaminergic neurons (as discussed in chapter 8) and its concentration, measured by
accurate method for NM quantitation, increases during aging in the SN and LC, although the
iron content in NM pigment from LC remains much lower than that found in NM from SN,
consistently with the hypothesis that LC neurons are less vulnerable than SN neurons to
iron-mediated damage (Zecca et al., 2004b; Zucca et al., 2006).

In healthy aged SN, histochemical investigations showed many deposits of reactive ferric
iron by Perls’ staining in glial cells and in NM-free neurons, indicating that ferritin is not
sufficiently expressed to chelate these amounts of iron (Zecca et al., 2004a, b; Zucca et al.,
2006). In contrast, in NM-containing neurons, reactive ferric iron deposits were not
detectable by Perls’ staining (Fig. 5), because iron is efficiently sequestered by NM into a
stable complex, as shown by EPR and Mdssbauer spectroscopy. Moreover, these
spectroscopic methods have shown that NM in catecholamine neurons is not saturated with
iron, even in elderly subjects where the highest accumulation of iron occurs in glial cells.
This indicates that NM is an effective buffer of intraneuronal iron (Zecca et al., 1996, 20014,
2004b). The content of NM-iron complexes increases with age also in neurons of the
premotor cortex, putamen, and cerebellum; this is likely a consequence of increased iron
content and mobilization taking place in these neurons during normal aging (Zecca et al.,
2008b).

In the aged human brain, as discussed above, the putamen and globus pallidus have a high
iron content and Perls’ staining shows many deposits of iron in fibers, glial cells and neurons
without visible NM pigment, while neurons containing NM do not have detectable iron
deposits. In cerebellum and premotor cortex, histochemically detected iron levels are lower
than in putamen and globus pallidus. Both neurons and glia of cerebellum and premotor
cortex are relatively free of iron deposits. In the cerebellum, numerous deposits of iron can
be found by Perls’ staining in the white matter, in contrast with the relative sparsity observed
in granular and molecular layers of the cerebellar cortex (Fig. 6). Thus, regions with high
iron content have more histochemically detectable iron deposits in neurons and glia. This is
consistent with previous reports of low total iron concentrations in LC tissue, where Perls'
staining did not show any evident iron deposit in neurons and glial cells (Zecca et al., 2004a,
b; Zucca et al., 2006, 2011).

An increased pro-inflammatory situation is present in the brains of the elderly (Conde and
Streit, 2006). The number of glial cells increase during normal aging of the human brain,
and there is an elevated immunoreactivity of astrocytic and microglial markers (Conde and
Streit, 2006). Infiltration of lymphocytes could be also present at the same time, representing
an important risk factor for neurodegeneration (Brochard et al., 2009). There is also an
augmented permeability of the BBB that increases with aging, and all these aging-related
changes can lead to region-specific increases in brain iron (Block et al., 2007; Conde and
Streit, 2006; Farrall and Wardlaw, 2009).

Iron deposits and ferritin content generally increase with age in microglia and astrocytes of
the human cortex, cerebellum, hippocampus, basal ganglia, and amygdala. The largest
amounts of iron and iron-binding proteins, such as ferritin and transferrin, are contained in
oligodendrocytes (Connor et al., 1990). A group of ferritin-positive microglia cells with
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aberrant dystrophic-type morphology is found in aged human brain. The iron phagocytosed
by the subpopulations of ferritin-positive microglia cells could be a source of toxic species
inducing cellular degeneration. Dystrophic and ferritin-positive microglia might therefore
contribute to the pathogenesis of neurodegenerative disorders due to altered microglial
function (Lopes et al., 2008).

A range of aging processes can impair iron homeostasis mechanisms, so that significant
amounts of iron are not sufficiently chelated by storage proteins or other molecules. A
general phenomenon observed in brain aging is the chemical conversion of iron from the
physiological molecular iron molecules, which are mainly soluble, into insoluble molecular
forms of iron such as NM and hemosiderin.

10.2. Iron and PD

As discussed above, the basal ganglia are iron-enriched regions of the aged human brain and
represent a privileged site of excessive iron accumulation in several neurodegenerative
disorders, particularly PD (Rouault 2013; Ward et al., 2014). Interestingly, one of the first
studies dealing with the occurrence of abnormal iron deposits in the brain of PD patients was
performed at the beginning of the last century (Lhermitte et al., 1924). After that pioneering
study, the literature on the connection between iron and PD has become immense, but with
still open questions.

PD specifically affects the SN, and several studies have strongly demonstrated an increase of
total iron concentration in the SN of PD patients, with peak iron levels apparently
correlating with disease severity (Dexter et al., 1987, 1989, 1991; Earle 1968; Riederer et al.,
1989; Sofic et al., 1988). The majority of studies have observed a consistent increase in total
iron in SN of PD patients, using a variety of semi-quantitative and quantitative analytical
techniques (Sian-Hulsmann et al., 2011). However some studies, especially those mainly
using Mdssbauer spectroscopy, did not report a significant increase in total iron levels in PD
patients compared to healthy subjects (Galazka-Friedman 1996; Wypijewska et al., 2010):
this discrepancy could be related to low accuracy of Mdssbauer spectroscopy, or to
inadequate procedures in sample preparation (Hare et al., 2012; Zecca et al., 1996). Similar
discrepancies in iron contents have been reported in brain areas involved in disease
progression other than SN, such as putamen and globus pallidus (Sian-Hulsmann et al.,
2011).

Reasons for the high accumulation of iron in the SN of PD patients and increasing
vulnerability of DA neurons have been debated for a long time, and various factors occurring
in the disease have been suggested: i) increased permeability or dysfunction of BBB during
the disease (Faucheux et al., 1999; Kortekaas et al., 2005); ii) increased pro-inflammatory
state (Block et al., 2007; Conde and Streit, 2006; Gao and Hong, 2008), since
neuroinflammation can perturb iron homeostasis on different brain cells as demonstrated in
in vitro studies that used both mouse and rat cell cultures (Rathore et al., 2012; Urrutia et al.,
2013); iii) increased expression of lactoferrin receptors (involved in iron uptake through
lactoferrin) in neurons and microvessels of the mesencephalon, with higher lactoferrin
receptor immunoreactivity in SN of PD patients with higher dopaminergic nigral loss
(Faucheux et al., 1995); iv) increased expression of a specific isoform of the divalent metal
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ion transporter 1 in the SN neurons of PD patients (Salazar et al., 2008); v) decreased
ferroxidase activity of ceruloplasmin (Ayton et al., 2013, Olivieri et al., 2011), an iron-export
ferroxidase essential for brain iron metabolism, in both the SN and cerebrospinal fluid form
PD patients; vi) dysregulation of transferrin/transferrin receptor type 2 mediated iron
transport in dopaminergic SN neurons of PD patients, particularly in their mitochondria
(Mastroberardino et al., 2009); vii) mutations in genes coding for proteins involved in iron
transport, binding, and metabolism (Borie et al., 2002; Guerreiro et al., 2006; Hochstrasser
et al., 2004). Some of these alterations occurring in PD patients have been also observed in
animal models of PD (Mastroberardino et al., 2009; Salazar et al., 2008).

Redox-active iron was demonstrated to accumulate in human SN neurons Lewy bodies
(Castellani et al., 2000), the pathological inclusions typical of PD which are mainly
composed of a-synuclein (Goedert 2001). Moreover, /n vitro studies showed that iron
induces a conformational change of a-synuclein to the B-sheet conformation, forming fibrils
that are present in Lewy bodies (el-Agnaf et al., 2002; Uversky et al., 2001). The
accumulation of both a-synuclein and iron in the SN could in principle establish local
conditions required for a-synuclein-mediated reactive species formation, as demonstrated /n
vitro by Turnbull and colleagues (2001): the formation of hydrogen peroxide from a.-
synuclein followed by its conversion to hydroxyl radicals via Fenton's reaction can establish
the conditions for a-synuclein aggregation (Hashimoto et al., 1999).

The cellular distribution of iron has been also deeply investigated. It should be noted that
iron content in cells may change when an iron-rich area, like SN, begins to degenerate. After
neuronal degeneration, activated microglia and perivascular macrophages phagocytose
debris and other cellular components (e.g., NM, iron, iron-containing proteins, etc.) released
by degenerating cells (Andersen et al., 2014; Block et al., 2007; Zhang et al., 2011). As a
consequence, these scavenger cells become iron rich and additionally in activated microglia
iron homeostasis is perturbed as well as ferritin expression, as demonstrated in cell cultures
(Cheepsunthorn et al., 2001; Rathore et al., 2012; Urrutia et al., 2013). Furthermore, dying
microglia and macrophages can in turn release their iron thus enhancing iron-mediated
oxidative stress of adjacent cells (Andersen et al., 2014). Semiquantitative histochemical
methods showed that iron deposits were particularly increased in astrocytes, macrophages,
reactive microglia cells associated with extracellular NM, and non-pigmented neurons of the
SN of PD patients (Morris and Edwardson, 1994; Jellinger et al., 1990), together with an
increase of ferritin reactivity in proliferating microglia (Jellinger et al., 1990).

The reported changes in ferritin immunoreactivity in the SN of PD patients are not
consistent, likely due to differences in specificity of antibodies used. Up-regulation of
ferritin expression was reported by a group of studies (Jellinger et al., 1990; Riederer et al.,
1989), and this event could be a normal physiological response in case of high iron levels
(Muckenthaler et al., 2008) like those occurring in PD. In contrast, several studies reported
unchanged levels (Mann et al., 1994) or a decrease of SN ferritin levels in PD patients
(Connor et al., 1995; Dexter et al., 1990, 1991). Increases of iron and decreases of ferritin
levels are indicative of higher iron loading in SN ferritins of PD patients (Griffiths et al.,
1999). Moreover, the decreased ferritin synthesis in PD may be due to the sustained activity
of iron regulatory protein 1 observed in post-mortem PD brain (Faucheux et al., 2002).
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The high levels of iron detected in SN of PD patients might exceed iron buffering capacity
of complexes, such as NM and ferritins, thus leading to neurotoxicity. Interestingly, studies
by means of different methodologies have reported that more iron accumulates within NM
granules in SN pigmented neurons of patients with PD than in controls (Good et al., 1992;
Jellinger et al., 1992). This NM-associated iron is redox-active, and was most increased in
patients with the most severe neuronal loss (Faucheux et al., 2003). These findings suggest
that an overload of redox-active iron in NM occurs during PD, thus enhancing oxidative
stress and significantly contributing to the selective degeneration of NM-containing neurons
of the SN.

11. Conclusions

A multitude of studies have attempted to determine the pathogenic steps involved in PD.
However, an important series of neuroprotective pathways that serve to effectively block PD
pathogenesis are frequently ignored. Over the past three decades, there has been increasing
evidence that the dysregulation of cytosolic DA and reactive metals, most prominently iron,
plays an important role in pathogenesis. If so, NM synthesis may provide such a protective
pathway. Moreover, NM blocks reactive iron forming stable complex then preventing iron
toxicity. Under conditions in which these steps are no longer sufficient or are disturbed, iron
and NM may initiate a series of toxic and neuroinflammatory steps that build up a “vicious
cycle” which sustains the progression of disease. Of these steps, the activation of
neuroinflammation by iron and NM could be of particular importance, and is under
investigation in many studies. An optimistic scenario suggested by the complex interplay of
these multiple steps is that there are multiple possible points at which disease progression
may be blocked, and so elucidating these pathways promises a range of future clinical
directions to halt or modify the disease.
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Highlights

In this review the multiways interactions/modulations between iron,
dopamine oxidation, neuromelanin and their role in brain are discussed.

Each of these components is discussed in details before describing the
interactions among them.

The relationship between iron and dopamine oxidation with consequences on
cells is presented.

An overview of synthesis and properties of peripheral melanins is given.

Neuromelanin synthesis, structure and interaction with iron are reviewed,
considering their protective/toxic pathways in neurons.

The role of iron and neuromelanin and their possible detrimental effects in
brain aging and Parkinson’s disease are appraised.
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Fig. 1. The neurotoxicity of iron-DA complex
DA forms complex with ferric iron (Fe3*) that is taken up into the cell by DA transporters.

Iron-DA complex undergoes a redox reaction where ferric iron is reduced to ferrous iron
(Fe2*) and DA oxidizes to aminochrome. Then aminochrome can polymerize to NM via 5,6-
indolequinone affording neuroprotection, or can be two-electron reduced by DT-diaphorase
to leukoaminochrome, preventing aminochrome-induced neurotoxic reactions such as: i) a-
synuclein aggregation to neurotoxic oligomers; ii) protein degradation dysfunction; iii)
mitochondria dysfunction; iv) oxidative stress caused by one-electron reduction of
aminochrome to leukoaminochrome-o-semiquinone radical catalyzed by flavoenzymes (Fp).
Leukoaminochrome-o-semiquinone radical can auto-oxidize to aminochrome by reducing
dioxygen (O,) to superoxide radical anion (O,""): then the dismutation of two superoxide
radicals regenerates O, and yields hydrogen peroxide (H205), which in presence of ferrous
iron forms the hydroxyl radical ("OH) by Fenton's reaction, leading to high oxidative stress.
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Fig. 2. DA oxidation to o-quinones
DA oxidizes to DA-o-quinone that can form adducts with parkin, resulting in the inactivation

of the proteasomal system. DA-o-quinone can form adducts also with mitochondrial
complex I, Il and V inducing mitochondrial dysfunction. DA-o-quinone can undergo
intramolecular cyclization to aminochrome, which can: i) inactivate the proteasome; ii)
inactivate mitochondria complex | inducing mitochondrial dysfunction; iii) be one-electron
reduced by flavoenzymes to leukoaminochrome-g-semiquinone radical, which auto-oxidizes
immediately to aminochrome generating oxidative stress; iv) inactivate the vacuolar ATPase
proton pump of lysosomes inducing lysosomal dysfunction; v) induce aggregation of a- and
B-tubulin preventing the formation of microtubules required for the fusion of autophagic
vacuoles with lysosomes, thus generating autophagic dysfunction; vi) induce a.-synuclein
aggregation to neurotoxic oligomers. The neurotoxic reactions of aminochrome can be
prevented by aminochrome polymerization to NM (via rearrangement to 5,6-dihydroxindole
and then to 5,6-indolequinone) or two-electron reduction, catalyzed by DT-diaphorase, of
aminochrome to leukoaminochrome that probably can undergo rearrangement to 5,6-
dihydroxyindole, the precursor of 5,6-indolequinone, which can be involved as well in NM
synthesis.
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Fig. 3. Possible mechanisms for the synthesis of NM pigment and for the formation of NM-
containing organelles

Excess of DA present in the cytosol can be oxidized to DA-¢o-quinone by ferric iron in a
catalytic reaction. In the formation of NM pigment, DA-o-quinone can undergo three
different pathways: i) cyclization, further oxidation and polymerization to give eumelanin;
ii) reaction with L-cysteine or glutathione to give cysteinyl-DA compounds then oxidized to
pheomelanin; and iii) conjugation with protein residues to give DA-protein adducts. The
latter two reactions seem to be faster and lead to the formation of a protein-pheomelanin
core, which is then coated by eumelanin, according to the mixed melanogenesis model.
Iron(I11) is incorporated into the melanic portion of the forming NM pigment. The resulting
undegradable and insoluble pigment is taken into autophagic vacuoles that fuse with
lysosomes and other autophagic vacuoles containing lipids, proteins, etc., leading to the
formation of NM-containing organelles. These double membrane bounded organelles
contain NM pigment along with its components, abundant lipid bodies, and protein matrix.
This process continues during the entire neuron life and results in the accumulation of NM-
containing organelles with aging. This scheme is modified from Zucca and colleagues
(2014) by permission of Springer Publishing.
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Fig. 4. Iron centers in NM pigment
The figure shows the two types of iron centers present in the NM pigment. The multinuclear

iron cluster, similarly to ferritin, contains iron(l11) ions (blue colored in the figure) coupled
by oxy-hydroxy bridges and surrounded by catechol groups of NM. In this site, iron is
probably stored with high affinity and maintained in a redox inactive state, and is principally
detected by Mdssbauer spectroscopy. The other iron site consists of mononuclear centers,
where iron (red colored) is coordinated by oxygen atoms of catechols moieties, and possibly
by hydroxo groups. This could be a low affinity binding site occupied only in case of iron
overload, when the high affinity centers are saturated; in iron overload condition as
occurring in PD, the mononuclear iron could be still redox reactive and catalyze the
production of toxic species, for example via the Fenton’s reaction. Iron in this site is
principally detected by EPR spectroscopy.

Prog Neurobiol. Author manuscript; available in PMC 2018 August 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Zuccaet al. Page 53

Fig. 5. Iron deposits in healthy aged SN
(A, B, C) Histochemistry with modified Perls’ staining for detection of reactive ferric iron

deposits (for details see Zecca et al., 2004b) in normal human SN tissue sections (88 years
old). Many iron deposits are present in glial cells and are stained in blue: the overview (A,
scale bar = 100 um) shows that blue iron deposits are abundant in the whole SN
parenchyma, while are absent in NM-containing neurons (brown-colored for the presence of
NM pigment in the cytoplasm), as confirmed at higher magnification showing a group of
NM-containing neurons (B). However NM-free neurons of the SN contain large amounts of
iron deposits (arrowhead in C). Panels A, B, C are modified from Zucca and colleagues
(2011) by permission of Royal Society of Chemistry Publishing. (D, E) NM-containing
organelles of normal human SN (89 years old) observed using electron imaging. In the left

Prog Neurobiol. Author manuscript; available in PMC 2018 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zuccaet al.

Page 54

panel (D), transmission electron microscopy shows the classical structure of NM-containing
organelles present in SN neurons: these organelles contain large amount of dark NM
pigment (arrow) closely associated with lipid bodies (arrowhead) as previously reported
(Sulzer et al., 2008; Zecca et al., 2008b). The elemental iron distribution map obtained by
electron spectroscopic imaging (E, scale bar = 500 nm) clearly reveals that large amounts of
iron deposits are localized inside the NM pigment of the organelle (iron element is shown in
red color). This unpublished finding strongly confirms the ability of NM pigment to
scavenge iron forming stable NM-iron complexes. Electron spectroscopic imaging were
performed by using a LEO 912AB electron microscope as described by Pezzati and
colleagues (1997). For tissue treatments and ethics policies refer to: Zecca et al., 2008b;
Engelen et al., 2012.
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Fig. 6. Iron deposits in different regions of healthy aged brain
(A, B, C) Putamen of 71 years old subject. (A, scale bar = 100 um). Reactive ferric iron

deposits visualized by Perls’ histochemistry (for details see Zecca et al., 2004b) are clearly
abundant in the whole parenchyma and principally localized in glial cells (diffuse blue
staining) and fibers (asterisk in C). Iron deposits are clearly present in the cytoplasm of two
neurons not containing NM (arrowhead in A), as confirmed at higher magnification
(arrowhead in B). NM-containing neurons of putamen (brown-colored for the presence of
NM pigment) do not show blue staining in their cytoplasm (arrowheads in C). (D, E, F)
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Globus pallidus of 71 years old subject. (D, scale bar = 100 um). The iron distribution in the
globus pallidus is similar to that observed in the putamen. Iron deposits are abundant and
mainly present in glial cells (diffuse blue staining) and in fibers (asterisks in D and E).
Cytoplasm of neurons not containing NM (arrowhead in E) is clearly positive for iron
staining, while NM-containing neuron (slightly brown-colored for the presence of NM
pigment) apparently does not contain iron deposits (arrowhead in F). (G, H, I) Premotor
cortex of 72 years old subject. Iron deposits in the premotor cortex are fewer if compared to
other previous brain areas (G, scale bar = 100 um). Scarce iron deposits are mainly present
in glial cells (arrows indicate some deposits in G) and are completely absent in both neurons
without visible NM (arrowheads in H) and in NM-containing neurons (arrowhead in |,
indicating a neuron with weak brown-colored pigmentation due to the presence of NM). (J,
K, L) Cerebellum of 80 years old subject. (J, scale bar = 100 pm). Iron deposits are scattered
in the different layers of the cerebellar architecture (J): the arrow indicates iron in the
molecular layer, arrowhead in the granular layer and asterisk in the white matter. However
the most intense staining is localized in the white matter of the cerebellum. Panels K and L
show at higher magnification the Purkinje cells layer: iron staining is sometimes observed in
the middle layer between molecular and granular layers (arrow in K), while Purkinje cells
apparently do not contain iron deposits in their cytoplasm (arrowhead in L). The presence of
NM pigments has been recently established by means of different techniques in neurons of
putamen, globus pallidus, premotor cortex, cerebellum, and other human brain areas
(Engelen et al., 2012; Zecca et al., 2008b). However, the concentration of NM pigment in
these areas is lower than that observed in SN and LC (Zecca et al., 2004b, 2008b). For tissue
treatments and ethics policies refer to: Zecca et al., 2008b; Engelen et al., 2012.
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