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Changes in cytoplasmic and extracellular neuromelanin in human substantia nigra
with normal aging
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Igor P. Grigorev
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Federation

Neuromelanin (NM) is a dark polymer pigment produced in certain populations of catecholaminergic neurons
in the brain. It is present in various areas of the human brain, most often in the substantia nigra (SN) pars com-
pacta and the locus coeruleus, the main centers of dopaminergic and noradrenergic innervation, respectively.
Interest in NM has revived in recent years due to the alleged link between NM and the particular vulnerability
of NM-containing neurons to neurodegeneration. The aim of this work was to study the structural, cytochemi-
cal, and localization features of cytoplasmic and extracellular NM (eNM) in the human SN pars compacta dur-
ing normal aging. Sections of human SN from young/middle-aged adults (25 to 51 years old, n=7) and older
adults (60 to 78 years old, n=5), all of which had no neurological disorders, were stained histochemically for
metals (Perls’ reaction, Mayer's hematoxylin) and immunohistochemically for tyrosine hydroxylase (TH), Iba-
1, and CD68. It was shown that dopaminergic neurons in SN pars compacta differ in the amount of NM and
the intensity of TH-immunoreactivity. The number of NM-containing neurons with decreased TH-immunore-
activity positively correlates with age. eNM is present in SN pars compacta in both young/middle-aged and
older adults. The number of eNM accumulations increases with aging. Cytoplasmic and eNM are predominant-
ly not stained using histochemical methods for detecting metals in people of all ages. We did not detect the
appearance of amoeboid microglia in human SN pars compacta with aging, but we found an age-related
increase in microglial phagocytic activity. The absence of pronounced microgliosis, as well as a pronounced
loss of NM-containing neurons, indicate the absence of neuroinflammation in human SN pars compacta during
normal aging.
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Introduction

Melanins are the natural dark pigments that include different
types of melanin found in bacteria, fungi, invertebrate and verte-
brate animals. In mammals, three types of melanin are known;
these are eumelanin, pheomelanin and neuromelanin (NM).
Pheomelanin and eumelanin are peripheral pigments implicated in
coloration of hair, skin and iris. NM is found in the central nervous
system, primarily in primates including humans. It is located in
various brain areas, most abundantly in the substantia nigra (SN)
pars compacta and locus coeruleus, the major brain centers of
dopaminergic and noradrenergic innervation, respectively.! In nor-
mal adult human SN pars compacta, NM is densely packed in the
cytoplasm of most neurons.

The structure and synthesis of NM remains partly understood.
The problem is, at a great extent, because the pigment is an amor-
phous insoluble complex substance with inconsistent composition.
Since NM is most often seen in catecholaminergic (dopamine- or
noradrenaline-containing) cells, it is logical to assume that cate-
cholamines are involved in the synthesis of the pigment. This view
is supported by the finding that tyrosine (amino acid, the precursor
of both dopamine and norepinephrine) and enzyme tyrosinase are
involved in the synthesis of peripheral melanins, the eumelanin
and pheomelanin.? However, tyrosinase has not been found in the
human brain (particularly, the substantia nigra) or found in negli-
gible amounts.>* Therefore, NM synthesis via spontaneous nonen-
zymatic dopamine auto-oxidation has been supposed,’ although
involvement of tyrosinase or any other enzyme in production of
NM cannot be excluded.® Derivatives of catecholamines copoly-
merize with cysteine, some proteins, lipids and aliphatic com-
pounds producing a complex macromolecule with varying set of
components.”!® Moreover, NM can absorb metals, such as iron,
copper, manganese, lead and mercury, some drugs and chemicals
including toxic compounds.'"'® These data suggest that NM may
serve a neuroprotective function as a chelator for toxic metals and
chemicals.

The other side of the coin is that accumulation of potentially
toxic compounds in NM granules is a risk factor. Indeed, if NM-
containing neurons degenerate (whatever the cause), the NM gran-
ules leaks into the intercellular space, and dangerous metals and
substances can injure other nerve cells. Particularly, iron released
from NM can contribute to formation of cytotoxic free radicals
originating from elevated levels of H,O, via Fenton reaction.!”
Furthermore, eNM can activate the CNS resident immune cells,
microglia and, in this way, induces neuroinflammation that can
result in neurodegeneration.?->> Considering this properties of NM,
its direct or indirect implication in degeneration of dopaminergic
neurons in the SN and, consequently, it is possible role in the eti-
ology and pathogenesis of Parkinson’s disease has been
suggested.?>?>-3% The present study aims to analyze the structural,
cytochemical and localization features of intra- and eNM in human
SN pars compacta during normal aging.

Materials and Methods

Human brain specimens

Midbrain fragments of neurologically normal individuals
(n=12, males and females, ages 25 to 78 years) were used in this
work. Individuals were categorized by age into young/middle-aged
adults (25-51 years, n=7) and older adults (60-78 years, n=5).
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Paraffin blocks of 1-1,5 cm?® (10x10x10-mm) were obtained from
the archive of Department of General and Special Morphology,
Institute of Experimental Medicine (St. Petersburg, Russia).
Initially the autopsy tissue was fixed in the zinc-ethanol-formalin®!
in a ratio of 1:50 (material:fixative). For morphological analysis, 5
um thick sections were cut using rotary (RM 2125RT, Leica,
Germany) or sliding (Leica SM 2000R, Leica, Germany) micro-
tome and mounted on poly-L-lysine-coated (Polysine™, Menzel-
Gliser, Germany) glass slides.

Histochemistry

Mallory’s staining with hematoxylin®? and Perls’ reaction®?
were used to reveal metal compounds.

Immunohistochemistry

Before immunohistochemistry study the sections were
deparaffinized and rehydrated routinely. For better antigen detec-
tion, the heat-induced antigen retrieval in modified citrate buffer,
pH 6.1 (S1700, Agilent-Dako, Santa Clara, CA, USA) was per-
formed in a conventional steamer for 25 min. Endogenous peroxi-
dase was blocked in a 3% aqueous solution of hydrogen peroxide
for 10 min. The preparations were pretreated with the blocking
solution (Protein Block, Spring Bioscience, Pleasanton, CA, USA)
for 10 min at room temperature. After that anti-tyrosine hydroxy-
lase rabbit polyclonal (Abcam, Cambridge, UK; ab112; 1:1000),
anti-Iba-1 protein (AIF1) goat polyclonal (1:200, ab5076, Abcam,
UK), and anti-CD68 mouse monoclonal (clone PG-M1, ready-to-
use, N1576, Dako, Glostrup, Denmark) primary antibodies were
applied. To visualize the applied primary antibodies the following
reagents were used: for rabbit antibodies, Reveal Polyvalent HRP
DAB (Spring Bioscience); for goat antibodies, biotinylated anti-
goat antibody (Agilent-Dako) and streptavidin conjugated with
HRP (streptavidin/horse radish peroxidase; Spring Bioscience); for
mouse antibodies, MACH 2 Mouse HRP-Polymer (BioCare
Medical, Pacheco, CA, USA). The peroxidase label was detected
using diaminobenzidine chromogen (DAB+; Agilent-Dako). After
immunocytochemical reactions, some sections were post-stained
with hematoxylin. For all immunohistochemical reactions, the
control reactions recommended by the antibody manufacturer were
performed.

Microscopy

The sections were examined in transmitted light under a Leica
DM?750 (Leica, Wetzlar, Germany) microscope and photographed
using ICC50 camera (Leica). Images were processed using ImageJ
(NIH, USA) software. Neurons and extracellular melanin were
counted in 12 fields of view with an area of 0.08 mm?.

To detect autofluorescence of NM and lipofuscin in brain tis-
sue, unstained sections enclosed in a permanent medium were
used. The sections were examined under LSM710 confocal laser
microscope (Carl Zeiss, Jena, Germany) using lasers with wave-
lengths 0of 405 nm and 561 nm and Zen-2012 (Carl Zeiss) software.

Statistical analysis

Statistical analysis was conducted using RStudio v1.2 software
(http://www.rstudio.com/). Age groups and morphometric data
were analyzed. Continuous variables are presented as means and
standard deviations (SD). Differences between age groups were
assessed using the unpaired Mann-Whitney test. Correlation
between morphometric data and age was analyzed with the
Spearman rank correlation test. The p<0.05 was considered statis-
tically significant.

OPEN aACCESS



immunoreactive (IR) dopaminergic neurons (Figures 1A and 2
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Tyrosine hydroxylase and NM distribution in neurons filled with NM granules. The neurons of SN pars compacta dif-
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immunoreactivity. Most neurons have numerous densely packed
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The light microscopic analysis revealed that the SN pars com-
pacta contains densely-packed tyrosine hydroxylase (TH)-
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Figure 1. NM-containing neurons and eNM in human SN pars compacta. A) Tyrosine hydroxylase immunostaining counterstained with
hematoxylin. B,C) Mallory’s hematoxylin staining. D,E) Perls’ staining. A) Most neurons in human SN pars compacta have NM in the
cytoplasm and are either intensely TH-immunoreactive (arrow 1) or moderate/weak TH-immunoreactive (arrow 2); some of neurons
in SN pars compacta are NM-containing and TH-immunonegative (arrow 3); single SN pars compacta neurons are TH-immunonegative
and do not contain NM (arrow 4). The majority of human SN pars compacta samples analyzed contain accumulations of eNM (arrow-
head). B,C) Intracellular NM does not react with Mallory's hematoxylin, remaining golden brown; dark blue are small, fine-grained
clusters in the neuropil (double arrow), destroyed neurons (extracellular neuromelanin,- eNM), and macrophages (arrow); in 2 cases
excluded from the initial samples due to prolonged illness of subjects, we found intense blue staining of the nucleus and intranuclear
structures in some of the dopaminergic neurons in SN pars compacta (C, line). D,E) After Pearls' reaction for iron, no staining of intra-
cellular NM and eNM (arrowhead) was observed; some parenchymal macrophages contained golden brown granules in the cytoplasm
(arrow); some perivascular macrophages expressed dark blue staining of the cytoplasm due to tﬁe presence of the pigment hemosiderin,
which contains iron oxide; the asterisk is the lumen of the blood vessel; as with the use of Mallory's hematoxylin, in 2 cases, the nucle-
olus of some SN pars compacta neurons was stained blue (line), which indicates the accumulation of non-heme iron in the nucleoli of

these cells. Scale bar: 20 pm.
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(Figure 1A, arrow 2). Quantitative analysis showed that the pro-
portion of neurons with reduced TH-immunoreactivity increases
with age (Figure 2A). In young/middle-aged adults, the percentage
of such neurons averages 15.6% (SD 10.6), while in older adults it
is 40.2% (SD 19.5), which do not reach statistical significance
(W=29, p=0.07). Correlation analysis revealed a positive relation-
ship between age and the number of NM-containing neurons with
decreased TH-immunoreactivity (r = 0.6, p=0.04).

In addition to NM-containing TH-IR neurons, SN pars com-
pacta contains NM-filled TH-immunonegative neurons (Figure
1A, arrow 3). Their number in young/middle-aged people ranges
from 3% to 29% (mean 5.6, SD 10.5), in old people — from 3% to
16% (mean 7, SD 6.4), which is statistically insignificant differ-
ence (W=11.5, p=0.36) (Figure 2B). Finally, few TH-immunoneg-
ative neurons that do not contain NM were found in the SN pars
compacta (Figure 1A, arrow 4). They were rare in all studied sam-
ples and had no signs of degeneration.

eNM in the human SN pars compacta

In 10 out of 12 analyzed cases, accumulations of eNM were
detected in human SN pars compacta (Figures 1A and 2F, arrow-
head). Quantification has shown that eNM accumulations are rare
in young/middle-aged people. Their average quantity is 6 per mm?
tissue (SD 6). On the contrary, in old people, accumulations of
eNM are often detected. Their average number is 29 per mm? tis-
sue (SD 35), which was statistically insignificant in comparison to
people of young/middle age (W=28, p=0.1) (Figure 2C). However,
correlation analysis showed a positive relationship between the age
and the number of eNM accumulations (r=0.63, p=0.03).

Staining with Mallory’s hematoxylin

In sections stained with Mallory’s hematoxylin, eNM was
never bound the stain, retaining its golden-brown color (Figure 1
B,C, NM). We also did not find the appearance of intracellular NM
staining with age. We observed medium-sized fine-grained clusters
stained in a dark color in the SN pars compacta parenchyma
(Figure 1B, double arrow), but it is not possible to determine
whether they are eNM aggregations or cytoplasmic inclusions of
some cells. In one of the investigated cases (woman, 74-year-old),
degenerating neurons with destructive NM stained darkly were
identified (Figure 1B, eNM). In the area of the destructive NM, a
dark-colored cell was present, which is probably a macrophage
phagocytizing eNM. We also noted intense dark staining of the
cytoplasm of perivascular macrophages in the SN pars compacta
of most of the samples studied (Figure 1B, arrow).

Interestingly, in 2 cases excluded from the initial samples due
to prolonged illness of subjects (man, 27 years old, pneumonia;
woman, 87 years old, oncology), we found intense blue staining of
the nucleus and intranuclear structures in some of the dopaminer-
gic neurons in SN pars compacta (Figure 1C). The nucleolus was
stained especially intensely in these neurons, with the formation of
an unstained region of the giant fibrillar center (Figure 1C, line). In
some neurons, numerous stained microstructures were also present
in the nucleoplasm.

Pearls’ reaction for iron

NM accumulates iron and, thus, inactivates this redox-active
metal.'' Therefore, we carried out the Pearls’ reaction for ferric
iron. Pearls’ reaction for ferric iron failed to reveal staining of both
intracellular NM (Figure 1 D,E, NM) and eNM (Figure 1D, arrow-
head). All NM remained golden brown in both young/middle aged
and older subjects. Cytoplasm of some perivascular macrophages
was stained dark blue (Figure 1E, dark blue stain). This is probably
due to the accumulation of the hemosiderin pigment, which con-
tains iron oxide, in the cytoplasm of macrophages. As with the use
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of Mallory’s hematoxylin, we found blue staining of the nucleolus
of some SN pars compacta neurons in 2 cases (Figure 1D, line)
excluded from the initial samples due to prolonged illness of sub-
jects.

Separate imaging of NM and lipofuscin pigments

Interestingly, in some cases, small cells were found in the
parenchyma, the cytoplasm of which was filled with golden brown
granules similar to NM (Figure 1D, arrow). These are probably
macrophages that phagocytosed eNM or accumulated lipofuscin
pigment in the cytoplasm, which is morphologically similar to
NM. Lipofuscin can be distinguished from NM using fluorescence
or confocal laser microscopy. A characteristic feature of lipofuscin
is autofluorescence. We suggest using 561 nm laser to excite lipo-
fuscin autofluorescence (Figure 3, L). The maximum emission is
between 580 and 680 nm. Using a 405 nm laser to excite autoflu-
orescence in neural tissue can enhance contrast. Unlike lipofuscin,
NM is not autofluorescent (Figure 3, NM).

The state of microglia in the human SN during normal
aging

Next, we studied the response of microglia to the presence of
eNM in SN pars compacta (Figure 4). Using Iba-1 immunostain-
ing, we did not detect the activation of microglia in SN pars com-
pacta with age. In both young/middle-aged people and older
adults, Iba-1-immunopositive microglia were evenly distributed
over the entire SN pars compacta area and did not form clusters in
any of the studied samples. Microglia had a ramified phenotype in
both young/middle-aged and older adults (Figure 4A). The
processes of microglia often approached the bodies of NM-con-
taining neurons, contacting and surrounding them (Figure 4B).
There were rare microgliocytes with an enlarged body and/or less
branched processes in all cases. We did not find amoeboid
microglia in SN pars compacta. In both age groups, the presence
of Iba-1-immunoreactive perivascular macrophages localized near
blood vessels was noted (Figure 4C). We did not observe the pres-
ence of activated microglia around clumps of eNM. Iba-1-
immunoreactive microglia near such clusters always had a normal
ramified morphology (Figure 4D).

Interestingly, age-dependent differences in CD6§ staining in
human SN pars compacta were found (Fig. 4E-F). There were only
CD68-immunopositive perivascular macrophages in the SN pars
compacta of young/middle-aged people (Figure 4E, black arrow-
head) and no CD68-immunostaining in the brain parenchyma
(Figure 4E). In contrast, SN pars compacta of older adults con-
tained a large amount of discrete CD68-immunopositive granules
(Figure 4F, red arrowhead). Sometimes CD68-immunopositive
aggregates formed profiles of ramified cells (Figure 4F, red arrow).
Similar to Iba-1 staining, we did not detect microglia with amoe-
boid morphology when immunostained for CD68.

Discussion

NM is a byproduct of the metabolism of dopamine or norepi-
nephrine and is formed during the synthesis of these neurotrans-
mitters in catecholaminergic neurons. In this context, our detection
of NM-free neurons in human SN pars compacta may result from
the presence of nondopaminergic neurons in this region. For exam-
ple, these can be cholinergic neurons.?*

In humans, NM is first detected in early childhood and gradu-
ally accumulates with age until it occupies most of the cytoplasm
of neurons, since neurons do not appear to have mechanisms to
destroy or remove this pigment.®** NM synthesis is believed to be
neuroprotective, as it removes excess cytosolic catechins and their
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derivatives, and chelates toxic metals.>*3” The recent development
of a murine model producing human NM allowed for the first time
the experimental evaluation of the effects of age-related accumula-
tion of NM to levels achieved in the elderly in vivo. The use of this
model has shown that the progressive intracellular accumulation of
NM that occurs with age ultimately induces PD-like neuronal dys-
function and neurodegeneration once a certain threshold of NM
accumulation is reached. Therefore, while NM synthesis itself may
be neuroprotective, its long-term accumulation has detrimental
effects.® This is in good agreement with our data on a decrease in
the TH-immunoreactivity of dopaminergic neurons in SN pars
compacta with age. Probably, the found presence of neurons with
different degrees of TH-immunoreactivity reflects the difference in
the functional state of dopaminergic neurons in human SN pars
compacta. The results obtained indicate a gradual decrease in the

A

functional activity of dopaminergic neurons with aging.

After the death of NM-containing neurons, NM is released into
the extracellular space. Large amounts of eNM are observed in the
brains of older adults when compared to the brains of younger
adults.?’ In agreement with these data, we found a positive correla-
tion between age and the amount of eNM in the human SN pars
compacta. Increased amount of eNM is thought to stimulate dys-
function and degeneration of the remaining NM-containing neu-
rons.*® In our study, we noted an age-dependent decrease in TH-
immunoreactivity of dopaminergic neurons, which may indicate
the development of dysfunction. But we did not find a pronounced
loss of NM-containing neurons in SN pars compacta with aging.

One of the difficulties in studying eNM by light microscopy is
its morphological similarity with intracellular accumulations of
lipofuscin. Lipofuscin is a protein- and lipid-based pigment whose
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Figure 2. Distribution of morphometric characters in SN pars compacta depending on age. A) Proportion of neurons with decreased
TH-immunoreactivity. B) Proportion of TH-immunonegative neurons. C) Amount of eNM per sq mm; continuous variables are pre-
sented as means and standard deviations (SD); differences between age groups were assessed using the unpaired Mann-Whitney test;
black dots are outliers. D-F) Tyrosine hydroxylase immunostaining counterstained with hematoxylin. D) 25-year-old men; most neu-
rons in human SN pars compacta are intensely TH-immunoreactive, intracellular NM accumulations are absent. E) 62-year-old women;
most neurons in human SN pars compacta are moderate/weak TH-immunoreactive; some of neurons are TH-immunonegative F) 74-
year-old women; eNM (arrowhead) is found in large amount. Scale bar: 20 pm.
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accumulation in neurons is associated with post-mitotic cellular
aging. Its amount increases with age. Lipofuscin granules accumu-
late mainly in the perinuclear region, but can be present throughout
the perikaryon, in dendrites, axons, and even in presynapses.’
Lipofuscin is also produced by glial cells, but since these cells,
unlike neurons, continue to divide, the amount of lipofuscin is
diluted via division. The high concentration of lipofuscin in glial
cells is the result of their uptake of neuronal lipofuscin.®*#° In pres-
ent study, we propose the use of confocal microscopy to distin-
guish between NM and lipofuscin in human SN pars compacta.
Unlike lipofuscin, NM is not autofluorescent when excited with a
561 nm laser. This approach can be applied to more accurately
identify the two pigments.

According to modern concepts, NM is an insoluble and degra-
dation resistant complex polymeric compound. It consists of a
mixture of derivatives of oxidized catecholamines, lipids, peptides
and metals that accumulate in autophagosomes and/or lysosomes
of catecholaminergic neurons. Based on data on the accumulation
of metals in NM,*” we estimated the presence of metals in human
SN pars compacta using staining with Mallory’s hematoxylin. The
essence of the technique is that a hematoxylin solution is prepared
without the addition of metal salts. When sections are treated with
such hematoxylin, it reacts with structures containing copper
and/or iron, staining them blue or black.*? Unfortunately, we did
not detect dark staining of intracellular and/or eNM when using
Mallory’s hematoxylin, which may be due to insufficient sensitiv-
ity of the method.

Iron is a most typical metal for NM, which accumulates in
large quantities. Iron and other redox-active metals are inactivated
by interaction with NM, and it has been suggested that the chelat-
ing potential of NM allows the cell to inactivate potentially toxic
metal ions."! We did not detect NM staining using the Perls’ reac-
tion. Similar results were obtained earlier in the study of SN pars
compacta of patients with Parkinson’s disease.*! Classical Perls’
staining in this case showed that in Parkinson’s disease patients,
Fe’* accumulates mainly in macrophages. Its presence has also
been noted in astrocytes, reactive microglia, unpigmented neurons,
and damaged areas devoid of pigmented neurons. NM in neuronal
cytoplasm and eNM were not stained by Perls’ reaction.
However, other methods have repeatedly shown the presence of
large amounts of iron in NM-containing SN neurons in norm and

Figure 3. NM-containing neuron and lipofuscin-containing neu-
ron in SN pars compacta of 73-year-old men. The lipofuscin pig-
ment (L) appears fluorescent. Excitation with the yellow (561
nm) laser. Neuromelanin (NM) within a neuron is non-fluores-
cent. Autofluorescence of nerve tissue upon excitation with 405
nm laser. Laser scanning microscopy. Scale bar: 20 pm.

[European Journal of Histochemistry 2021; 65(s1):3283]

_\epress

Parkinson’s disease. Thus, Zecca et al. showed that NM is the main
storage of iron in SN neurons in normal humans, and its content
increases 100-fold during aging.’’#* Several precise methods with
a subcellular resolution such as laser microprobe mass analysis and
energy dispersive X-ray microanalysis have demonstrated an accu-
mulation of iron in NM granules in the SN pars compacta of PD
patients.*# Application of Mdssbauer spectroscopy showed that
SN contains high-spin ferric iron, which is in a ferritin-like iron-
oxyhydroxide cluster form.* Negative results of NM staining with
Perls’ reaction may be associated with insufficient sensitivity of
the method. Probably, the iron content in NM is insufficient for
detection by histochemical method. Iron can be detected using the
classical Perls’ method only at a significant concentration, as in the
case of hemosiderin in macrophages.

When using either of both, Mallory’s hematoxylin and Perls’
reaction, we found blue staining of the nucleolus of some SN pars
compacta neurons in 2 cases excluded from the initial samples due
to prolonged illness of subjects. This indicates the pathologic accu-
mulation of non-heme iron in the nucleoli of dopaminergic neurons
of human SN pars compacta. The presence of iron in the nucleoli
of NM-containing neurons of human SN pars compacta was
described in this Laboratory earlier.*#¢ Similar data were recently
obtained for nerve cells in the rat brain. Using a nuclear micro-
probe and scanning proton induced X-ray emission spectrometry
Reinert ef al. conducted a quantitative analysis of the concentration
of'iron in neurons and glial cells of different brain areas in rats, and
showed that the nucleolus has a higher concentration of iron than
the nucleus and cytoplasm of neurons.*’ It is known that the nucle-
olus is the site of synthesis of ribosomal RNA (rRNA) and the site
of assembly of ribosomal subunits. Iron can also be a cofactor in
some nucleolar proteins. Roschzttardtz et al. suggested that iron
may be involved in rRNA metabolism.*® Moreover, ferritin binds
to DNA% and can concentrate iron in the nucleolus. Another
source may be iron, which is directly bound to RNA. The iron-
binding capacity of rRNA is higher than that of mRNA or tRNA,>
which leads to higher iron concentrations in the nucleolus. For
Alzheimer’s disease, it has been shown that rRNA is oxidized
under the influence of bound iron,* that is, the nucleolus may be
especially vulnerable to oxidative activity.

According to the literature, the extraneuronal NM is associated
with microglial activation.'*?> The contribution of eNM to the
development of neuroinflammation and death of dopaminergic
neurons in SN is widely discussed in the context of PD. eNM is
insoluble, contains a large amount of reactive iron, and in PD it can
exist in the extracellular spaces in large quantities and for a long
time.37>! Therefore, NM released from dying neurons is a strong
candidate for an agent that induces chronic inflammation in SN.
By itself, eNM is not toxic to neurons. However, in vitro and in
vivo studies have shown the ability of eNM to activate
microglia.?>?*25 Thus, the addition of human NM to microglia cul-
tures was noted to activate positive chemotaxis, the production of
superoxide, nitric oxide, hydrogen peroxide, as well as the release
of tumor necrosis factor-a, interleukin-6 and NO. The release of
inflammatory molecules and cytotoxic agents by NM-activated
microglia promotes damage and degeneration of dopaminergic
neurons. /n vivo NM injected into rat SN induces microgliosis and
death of dopaminergic neurons.?>?} Given that there is a continuous
release of NM by dying neurons in SN in PD, it has been suggested
that eNM can cause sustained activation of microglia and, as a con-
sequence, neurodegeneration in PD.>*

The question remains open whether similar processes develop
in human SN during normal aging. Since the amount of eNM in the
SN increases with aging, it seems logical to expect a significant
activation of microglia in the SN in the elderly. Previously, Beach
et al. reported a pronounced microglial response in SN of elderly
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people without neurological disease.?’ They described the presence
of hypertrophied MHC Class II — immunoreactive cells in the SN
of the elderly. These cells were especially numerous around the
extracellular deposits of NM. Sometimes the processes of
microglia, as well as rounded amoeboid cells, contained phagocy-
tosed NM.20

In our study, we found no morphological signs of microglia
activation against the background of an increase in the amount of
eNM in SN in older adults. Similar to our findings, another study
also stated no significant correlation between normal aging and
microglial activation in human SN pars compacta.® Jyothi et al.
found that the number of microglia does not significantly increase
with age in any of the human SN pars compacta regions.

B

Young/Middle-age

i

Morphologically activated microglia are rare.>? A study in primates
also did not show a significant correlation between normal aging
and the amount of microglia in the SN pars compacta.>® Probably,
eNM is not the main factor in the activation of microglia, and in
the case of PD, the pronounced microglial response is not directly
associated with an increase in the amount of eNM.

Importantly, we observed an increase in CD68 immunoreactiv-
ity with age in human SN pars compacta. CD68 is a lysosomal
marker of phagocytic activity, mainly localized in microglia and
perivascular macrophages. Although there is some CD68 expres-
sion on resting microglia, it is commonly considered a marker of
activated phagocytic microglia.’*>> However, we did not detect
CD68-immunopositive microglia with amoeboid morphology in

Figure 4. Microglia and macrophages in human SN pars coml{mcta. A-D) Immunohistochemistry for Iba-1 and counterstained with

hematoxylin. A) Microglia have a ramified morphology in bot

young/middle and older adults. No activation of microglia in SN pars

compacta with age was observed. B) Iba-1-positive processes of microglia often approached the bodies of NM-containing neurons (NM
- intracellular NM), contacting and surrounding them. C) In people of both age groups, the Iba-1-immunoreactive perivascular
macrophages (black arrow) localized near blood vessels (asterisk - vessel lumen) were observed. D) Microglia near clusters of eNM
(black arrowhead) always had ramified morphology and showed no signs of activation. E-F) Immunohistochemistry for CD68 and
counterstained with hematoxylin. E) In the young/middle aged group, CD68-immunostaining were absent in the brain parenchyma.
F) In the older group, discrete CD68-immunopositive granules were visualized in the parenchyma (red arrowhead); single CD68-
immunopositive ramified cells were detected (red arrow); in both age groups, the CD68-immunoreactive perivascular macrophages
(black arrow) localized near blood vessels (asterisk - vessel lumen) were observed. Scale bar: A) 50 pm; B-F) 20 pm.
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aged human SN pars compacta, suggesting that ramified microglia
can perform active phagocytosis. The absence of pronounced
microgliosis, as well as a pronounced loss of NM-containing neu-
rons, may indicate the absence of neuroinflammation in human SN
pars compacta during normal aging.

In conclusion, this study examined the structural, cytochemical
and localization features of NM in human SN pars compacta. It
was shown that dopaminergic neurons differ in the amount of cyto-
plasmic NM and the intensity of TH-immunoreactivity in an age-
dependent manner. Intra- and extracellular NM predominantly
does not stain when using histochemical methods for detecting
metals (Perl’s method, Mallory’s hematoxylin). The amount of
extracellular NM in human SN pars compacta is positively corre-
lated with age. No signs of neuroinflammation were found in
human SN pars compacta during normal aging. We have demon-
strated vast distribution of ramified microglia in SN of both,
young/middle aged and older adults. An increase in the phagocytic
activity of ramified microglia was observed with aging.
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