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ABSTRACT

Neuromelanin isolated from the premotor cortex, cerebellum,

putamen, globus pallidus and corpus callosum of the human brain

is studied by scanning probe and photoelectron emission micro-

scopies and the results are compared with previously published

work on neuromelanin from the substantia nigra. Scanning

electron microscopy reveals common structure for all neuro-

melanins. All exhibit spherical entities of diameters between 200

and 400 nm, composed of smaller spherical substructures,

�30 nm in diameter. These features are similar to that observed

for many melanin systems including Sepia cuttlefish, bovine eye,

and human eye and hair melanosomes. Photoelectron microscopy

images were collected for all neuromelanins at specific wave-

lengths of ultraviolet light between 248 and 413 nm, using the

spontaneous emission output from the Duke free electron laser.

Analysis of the data establishes a common threshold photo-

ionization potential for neuromelanins of 4.7 ± 0.2 eV, corre-

sponding to an oxidation potential of )0.3 ± 0.2 V vs the

normal hydrogen electrode (NHE). These results are consistent

with previously reported potentials for neuromelanin from the

substantia nigra of 4.5 ± 0.2 eV ()0.1 ± 0.2 V vs NHE). All

neuromelanins exhibit a common low surface oxidation poten-

tial, reflecting their eumelanic component and their inability to

trigger redox processes with neurotoxic effect.

INTRODUCTION

Neuromelanin is a naturally occurring pigment deposit
found in the human central nervous system (1). Detectable
levels of neuromelanin are observed in children approxi-

mately 3–5 years after birth, and the concentration of
neuromelanin increases with age (2,3). There has been great
emphasis on the study of neuromelanin isolated from the
dopamine-producing neurons of the substantia nigra region

in the human midbrain (4–6) because it is in this region that
pigmented dopaminergic neurons are selectively degraded
with the onset and progression of Parkinson’s disease. As a

result, pathological analysis reveals reduced concentration of

neuromelanin in the substantia nigra of Parkinson’s patients,
relative to normal subjects (2,7). Although several hypoth-

eses have been proposed, a direct link between the presence
of neuromelanin and the pathophysiology of Parkinson’s
disease has been only partially clarified (8–10). Studies of

neuromelanin reveal both neurotoxic and neuroprotective
roles. Neuromelanin chelates redox-active metal ions thereby
preventing their potential neurotoxic effect. Neuromelanin
synthesis in the substantia nigra is a protective mechanism

for neurons as it removes neurotoxic quinones, lending
support to neuromelanin being a cellular defense mechanism
against high oxidative stress (11–13). Neuromelanin could

also be a source of toxic free radicals and redox-active
compounds as pigmented neurons are degraded, which
would, in contrast, serve to perpetuate oxidative stress and

cytotoxicity in a cyclical fashion (12,14). This balance
between mitigating and enhancing oxidative stress, and the
factors that determine this balance are at the core of

understanding the contribution(s) of neuromelanin to the
neurodegenerative processes involved in the onset and
progression of Parkinson’s disease.

We recently reported the surface photoionization threshold

for human neuromelanin from the substantia nigra to be
4.5 eV (15). This corresponds to an oxidation potential of
)0.1 V vs the normal hydrogen electrode (NHE) (16). Herein,

we extend this approach to determine the thresholds, and
hence surface oxidation potentials for neuromelanin present in
other regions of the human brain. Specifically, the neuromel-

anins isolated from the premotor cortex, cerebellum, putamen,
corpus callosum and globus pallidus are examined.

With the exception of the corpus callosum these brain
regions taken together are predominantly responsible for

control over the coordinated movement of the human body
and have different types of neurons. Corpus callosum has
only glial cells and no neurons and is responsible for inter-

hemispheric communications. The primary symptoms of
Parkinson’s disease are related to dopamine decrease in the
putamen and caudatum and loss of synapsis formed by

cortical and nigral projections in these regions (17). Addi-
tionally, the neural circuitry of motor control links the
cerebellum with the motor cortex and, ultimately, with the

basal ganglia. Therefore, each of the brain regions from
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which neuromelanin is studied herein, with the exception of
the corpus callosum as a control region, has been selected
for its integral role in movement control, which is known to
deteriorate in Parkinson’s patients. The present study

determines the relationship between the surface oxidation
potential of neuromelanin from the substantia nigra and
neuromelanin found in other regions of the human brain,

especially those also involved in motor control but not
selectively targeted in the pathology of Parkinson’s disease.

MATERIALS AND METHODS

Sample preparation. Neuromelanins were isolated as reported previ-
ously (2). Samples were stored in a dessicator and protected from light.
Samples for photoelectron emission microscopy (PEEM) analysis were
prepared as follows. Sections of (100)-oriented silicon wafers (n-type,
P-doped, low resistivity 0.005–0.01 W-cm; Virginia Semiconductor,
Fredericksburg, VA) were cleaved into 9 · 9 mm squares after scribing
with a diamond-tipped scribe and were cleaned by the standard (RCA)
wet chemical procedure prior to deposition of neuromelanin on the
surface. The hydrofluoric acid step was not included in our preparation
as we desire a thin oxide layer for optimal sample deposition, therefore
this procedure results in a surface terminated with a �1 nm thick
silicon oxide layer. All chemicals for the Si wafer RCA cleaning
procedure (1 MM HCl, 30% H2O2, 30% NH4OH, 18 MM H2SO4) were
purchased from Fisher Chemical (Fairlawn, NJ) of the highest purity
available. The wafers were dried over lens paper in a sterile petri dish
while flowing argon gas over them. Neuromelanin samples were
subsequently deposited onto the hydrophilic surface of the freshly
RCA-cleaned Si wafer by micropipetting 0.5 lL of a neuromelanin
suspension in doubly-distilled water (>18.2 MW) obtained from a
SimplicityTM system (Millipore, Billerica, MA). Samples were dried in
air at room temperature while being protected from light for less than
1 h prior to experimentation. This preparatory process was repeated
immediately prior to each new experiment.

Scanning electron microscopy (SEM). Samples were prepared for
SEM by using the same procedure as the one used for PEEM samples
(as described above). Once prepared, the Si wafers containing a dried
neuromelanin film were mounted on stainless steel pegs by double stick
copper tape prior to being transferred to the SEM chamber. The
mounted samples were coated with Au ⁄Pd mist under argon plasma
for 4 min at 10 mA using a Hummer V sputter coater (Anatech,
Springfield, VA). A Philips FEI XL30 SEM-FEG (FEI Company,
Portland, OR) equipped with a back-scattering secondary electron
detector and a resolution of �3 nm was used to examine the samples in
ultrahigh resolution mode. The typical electron beam conditions were
3–5 kV, with a spot size of 3.0 mm, and a working distance of 4.0–
6.0 mm. SEM images were captured and analyzed using analySISTM

XL DOCU software (Soft Imaging Systems, Lakewood, CO). All
images were saved as .TIFF files.

Photoelectron emission microscopy. The Duke free electron laser
and PEEM apparatus have been described in detail previously (18). We
detected the photoelectron emission intensity of our neuromelanin
samples within the spectral range of 248–413 nm (5.0–3.0 eV), using
the spontaneous emission mode of the free electron laser with an
energy full width at half maximum of ±0.1 eV. All PEEM images were
acquired using a DVC 1312 M digital camera from DVC Company,
Inc. (Austin, TX). The resolution of the digital camera is 1300 · 1030
pixels · 12 bits. The DVC View program was used to view ⁄ save
images. After sample preparation (as described above), samples were
always immediately transferred under ultrahigh vacuum into the
PEEM chamber for the collection of data, with minimal exposure to
ultraviolet radiation. We typically imaged large neuromelanin aggre-
gates at fields of view in the PEEM of 150 lm, and smaller
neuromelanin assemblies at fields of view of 5 or 1.5 lm. The focusing
of the laser was optimized for each wavelength used, and the laser spot
size on the sample was �30 · 100 lm. The details of the methods of
PEEM image analysis have been published elsewhere. The photo-
ionization threshold, v, is determined from a fit of the wavelength-
dependent integrated brightness, S(k), of the image to the Fowler
equation (19):

SðkÞ ¼ AT2f
hm� v
kBT

� �
ð1Þ

In the above expression, A is a proportionality constant, T is
the temperature at which the experiments are conducted, kB is the
Boltzmann constant and

fðlÞ ¼ el � e2l
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þ e3l

32
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RESULTS AND DISCUSSION

Scanning electron microscopy

Figure 1 shows SEM images of neuromelanins isolated from
the premotor cortex, cerebellum, globus pallidus, putamen and

corpus callosum. These samples reveal similar morphological
characteristics, and are similar to our previously reported
results on neuromelanin from the substantia nigra (15). Two

types of structures are revealed by the imaging studies. For all
the neuromelanins studied, spherical granules are observed,
with diameters of 200–400 nm. Second, smaller spherical

substructures, �30 nm in diameter, are observed in all cases.
The small particles could be found in aggregates of varying
dimensions and also seen on the surfaces of the larger granules.

Figure 1. SEM images of neuromelanin pigments extracted from
different regions of the human brain: (A) Premotor cortex; (B)
cerebellum; (C) globus pallidus; (D) putamen; (E) corpus callosum.
White scale bars in each image represent 200 nm.
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Such small-scale substructure for melanin pigments has been
previously reported for many natural melanins, including
Sepia (20), human hair melanosomes (21), bovine ocular

melanosomes (22) and human ocular melanosomes (23).

Threshold photoionization potentials

Wavelength-dependent PEEM has been successfully used to
determine the threshold potentials of melanosomes from

human hair (24,25), sepia melanosomes containing various
concentrations of Fe(III) (26), and human ocular pig-
ments—retinal pigment epithelium melanosomes and lipofus-

cin (23), and neuromelanin from the substantia nigra (15).
Figure 2 shows PEEM images of neuromelanin from the
premotor cortex, cerebellum and putamen. From the wave-

length-dependent integrated intensity of images of these
neuromelanins, their threshold potentials can be determined.
Figure 3 shows such a plot. The data were analyzed as
described in Materials and Methods section above, and the

resulting potentials are presented in Table 1. All neuromela-
nins examined exhibit a threshold photoionization potential of

�4.7 ± 0.2 eV, corresponding to an electrochemical oxidation
potential of )0.3 ± 0.2 V vs NHE. Previously we reported

that neuromelanin isolated from the substantia nigra had an
ionization threshold of 4.5 ± 0.2 eV (15), which is within the
error of the values determined for the neuromelanins from

these other regions of the brain. We therefore conclude that all
neuromelanin in the human brain has the same surface
oxidation potential.

These observations are important in the broader context of

the potential link of neuromelanins in Parkinson’s disease,
where the pigmented neurons of the substantia nigra are
preferentially lost in the brains of Parkinson’s patients. As

stated above, the neuromelanins derived from the substantia
nigra, basal ganglia, cerebellum and motor cortex brain
regions come from regions containing a large number of

neurons. These exhibit the same surface properties and also
share common features with neuromelanin from the corpus
callosum, a brain region containing only glial cells. This shows

the presence of neuromelanin also in glial cells and not only in
neurons, thus contrasting that claimed to date. From the
standpoint of an understanding of the surface oxidation
properties of neuromelanins, the intact, healthy neuromelanin

contained within neurons cannot be responsible for the
increased vulnerability of pigmented substantia nigra neurons.
However, with degradation of neuromelanin granules, reactive

cores can be exposed that can lead to substantial oxidative
stress. It would be of great interest to elucidate the oxidation
potential of neuromelanin isolated from affected and unaf-

fected regions of the brain of Parkinson’s patients.

Figure 3. The spatially integrated intensity of the PEEM image of
neuromelanin samples is plotted as a function of the excitation
wavelength, and the data are fit according to Eq. (1). The determined
photoionization threshold for the best fit curve to each experimental
data set is presented in Table 1.

Table 1. Threshold photoionization potentials for neuromelanins
isolated from different regions of the human brain.

Brain region Threshold potential (eV)

Premotor cortex 4.7 ± 0.2
Cerebellum 4.7 ± 0.2
Globus pallidus 4.6 ± 0.2
Putamen 4.6 ± 0.2
Corpus callosum 4.6 ± 0.2
Substantia nigra (15) 4.5 ± 0.2

Figure 2. Examples of PEEM images of neuromelanin pigments used to determine photoionization thresholds. (A) Premotor cortex
(500 nm · 500 nm); (B) cerebellum (1.25 lm · 1.25 lm); (C) putamen (1.25 lm · 1.25 lm). These images show that the thresholds are
determined from an aggregate of neuromelanin granules, not from the analysis of individual granules.
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