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Abstract. Neurons of the substantia nigra are most prone to degeneration in Parkinson’s disease. The cause of their
vulnerability remains unclear and knowledge of the molecular and microstructural features of the substantia nigra pars
compacta will help understanding why nigral neurons are vulnerable to damaging factors.
The present study was aimed to investigate the intranuclear inclusions of the nigral neurons, the Marinesco bodies
and the Roncoroni rodlets, which origin and function are uncertain, using ubiquitin-, tyrosine hydroxylase-, nitric
oxide synthase-, calbindin-, NeuN-, glutamic acid decarboxylase-, and α-tubulin-immunohistochemistry and iron
histochemistry with DAB enhancement.
Of the tested substances, tyrosine hydroxylase and nitric oxide synthase were revealed for the first time in the
Marinesco bodies. Non-heme iron was found for the first time in both the Marinesco bodies and the Roncoroni rodlets.
In accordance with previous studies, ubiquitin-immunoreactivity was demonstrated in the Marinesco bodies. Moreover,
we describe some smaller round and dot-like ubiquitin-immunoreactive structures in the nucleus of melanized neurons.
The found small ubiquitin-immunopositive structures within the nucleus are proposed to be the developmental stages
of growing Marinesco bodies, whereas Marinesco bodies themselves seem to label the neurons with impaired function
of proteasome.
Keywords: substantia nigra, human, iron, ubiquitin, tyrosine hydroxylase, nitric oxide synthase, Marinesco bodies,
Roncoroni rodlets.
The substantia nigra is the midbrain area consisting of
two parts: the pars compacta and the pars reticulata. The
neurons of the pars compacta are mostly dopaminergic
with a small portion of glutamatergic cells, whereas those
of the pars reticulata are predominantly GABAergic
(Nair-Roberts et al., 2008). The dopaminergic nigral
neurons are most prone to degeneration in Parkinson’s
disease and very vulnerable to various neurotoxins. The
cause of their increased vulnerability remains unclear
and knowledge of the molecular and microstructural
features of the substantia nigra pars compacta will help
understanding why these nigral neurons are vulnerable
to damaging factors.
Characteristic for the substantia nigra is high level of
non-heme iron and iron-containing peptides (Beard et al.,
1993; Benkovic & Connor, 1993; Connor et al., 2001; Qian
& Wang, 1998; Wang et al., 2007). Iron is an essential trace
element required for synthesis and metabolism of some
neurotransmitters (including dopamine), formation of
myelin, transport of oxygen, and oxidative metabolism in
mitochondria (Glinka et al., 1997; Youdim et al., 1991). A
number of studies demonstrated that Parkinson’s disease
is associated with elevated iron levels in the substantia
nigra pars compacta (Andersen, 2004; Jin et al., 2012;
Lan & Jiang, 1997; Lv et al., 2011; Sofic et al., 1991) and,
moreover, in individual nigral dopaminergic neurons
(Oakley et al., 2007). These observations gave rise to the
proposal that iron and iron-induced oxidative stress
have a causative role in progressive neurodegeneration
of the substantia nigra neurons in Parkinson’s disease
(Andersen, 2004; Benarroch, 2009; Berg et al., 2008; Götz
et al., 2004; Kaur & Andersen, 2004; Ke & Ming Qian,

2003; Medeiros et al., 2016; Sian-Hülsmann et al., 2011).
Another known distinctive feature of the human
substantia nigra is a pigment neuromelanin in the
cytoplasm of the dopaminergic nerve cells (In fact,
not all dopaminergic neurons have melanin and not
all melanin-containing neurons are dopaminergic
(Grigoriev et al., 2013; Sukhorukova et al., 2014)). Origin,
composition and function(s) of neuromelanin are
not fully understood despite intensive investigations
for decades (D’Ischia & Prota, 1997; Engelen et al.,
2012; Zecca et al., 1996; Zucca et al., 2015). Of interest
is that neuromelanin in nigral neurons was shown to
contain iron (Double et al., 2003; Jellinger et al., 1992)
and it seems just this iron is responsible for induction
of the oxidative stress resulting in neurodegeneration
of nigral neurons in Parkinson’s disease (Ben-Shachar
et al., 1991; Faucheux et al., 2003; Shamoto-Nagai et al.,
2006).
A unique property of the melanin-containing
neurons of the human substantia nigra is occurrence of
the so-called Marinesco bodies in their nucleus. These
eosinophilic spherical intranuclear inclusions have been
described for the first time in 1902 by G. Marinesco.
More than a hundred years later, the origin and
molecular composition of this intranuclear structure
are not clearly understood, while its function(s) is
enigmatic. Structure of the Marinesco bodies has been
studied using light microscopy (Anraku et al., 1970;
Yuen & Baxter, 1963), histochemistry (Yuen & Baxter,
1963), electron microscopy (Leestma & Andrews,
1969; Okamoto & Hirai, 1981), and, more recently,
with immunohistochemistry. Immunohistochemical
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investigations of the Marinesco bodies revealed
ubiquitin and some other proteins implicated in the
ubiquitin–proteasome system and autophagy (Dickson
et al., 1990; Woulfe et al., 2004; Odagiri et al., 2012;
Mori et al., 2012) as well as some other polypeptides
(Mori et al., 2012b; Mizuno et al., 2003). Although
Marinesco bodies were found in the substantia nigra in
some neurodegenerative diseases (Anraku et al., 1970;
Mizuno et al., 2003; Mori et al., 2012a,b; TakahashiFujigasaki & Fujigasaki, 2006) no interdependence
has been established between the presence of the
Marinesco bodies in nucleus of the nigral neurons and
any neuropathological state. The only correlation was
found between the frequency of the Marinesco bodies
and the age of the human: the older the human, the
more Marinesco bodies can be found in the nucleus of
the nigral neurons (Dickson et al., 1990; Alladi et al.,
2010).
Another intranuclear inclusion, the Roncoroni
rodlet can also be observed in the nigral neurons. The
intranuclear rod-like inclusions have been discovered in
nerve cells in 1890s (Mann, 1894; Roncoroni, 1895) and
Ramon y Cajal referred to it as the rodlet of Roncoroni
(Ramon y Cajal, 1909, 1911). Recently, Roncoroni rodlets
were shown to express tubulin, glucocorticoid receptorlike, and promyelocytic leukaemia immunoreactivity
(Woulfe & Munoz, 2000; Woulfe et al., 2002, 2007). A
marked reduction of Roncoroni rodlets in Alzheimer's
disease brain was the only correlation reported between
these intranuclear inclusions and the brain pathology
(Woulfe et al., 2002). However, composition of these
microstructures has not yet been completely clarified.
Similarly to the Marinesco bodies, exact function(s) of
Roncoroni rodlets remains unknown.
The above mentioned facts show some unique
features of the substantia nigra each of which
can contribute to high vulnerability of the nigral
dopaminergic melanin-containing neurons. The
present study was aimed to investigate the subcellular
distribution of non-heme iron and some proteins in the
neurons of the human substantia nigra pars compacta
using immunohistochemistry and iron histochemistry
with emphasis on the intranuclear inclusions.
Immunohistochemical visualization of tyrosine
hydroxylase, the key enzyme of dopamine synthesis,
was used to check the preservation of the nigral tissue
as a whole and, particularly, nigral dopaminergic
neurons, and to define the boundaries of the substantia
nigra pars compacta.

Materials and Methods
Tissue preparation
Adult human brain samples were collected from
neurologically normal individuals submitted to autopsy
(see Table 1 for description of cases). Brain tissue blocks
(approx. 10x10x10-mm) containing the substantia nigra
were fixed in the zinc-ethanol-formalin fixative (ZEF)
prepared according to previously published protocol
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*PMI - post-mortem interval

(Korzhevskii et al., 2014; Korzhevskii et al., 2015): 1 g
ZnCl2 was dissolved in mixture of 90 ml 96 % ethanol
and 10 ml concentrated (35-39 %) formaldehyde (all
purchased from Vekton, St. Petersburg, Russia). The
tissue blocks were allowed to stay in the fixative for 24
hours at room temperature, dehydrated, and embedded
in paraffin routinely. Sections 7 µm thick were cut using
sliding microtome (Leica SM 2000R, Leica, Germany)
and mounted on silane coated glass slides (HistoBondR,
Marienfeld, Germany).
The study project was positively approved by the
local Ethics Committee of the Institute of Experimental
Medicine, (St. Petersburg, Russia).
A part of the sections were Nissl stained with either
cresyl violet (cresyl violet for microscopy, Merck,
Darmstadt, Germany), or toluidine blue O (Acros
Organics, Geel, Belgium).
Immunohistochemistry
Ubiquitin, tyrosine hydroxylase, calbindin, glutamic
acid decarboxylase, NeuN, α-tubulin, and nitric oxide
synthase immunohistochemistry was performed
according to previously used protocols (Korzhevskii et
al., 2015, 2017; Grigoriev et al., 2012).
For immunohistochemistry the sections were
deparaffinized and rehydrated routinely. The
heat-induced antigen retrieval was performed
immunohistochemistry as follows: the sections were
incubated in modified citrate buffer, pH 6.1 (S1700, Dako,
Glostrup, Denmark) in a conventional steamer for 25
min. The preparations were pretreated with the blocking
solution (Protein Block, Spring Bioscience, Pleasanton,
CA, USA) and then, a primary antibody was applied (for
details see Table 2).
For visualization of the primary antibodies, the
HRP-conjugate from the Reveal Polyvalent HRP DAB
Detection System (Spring Bioscience, Pleasanton, CA,
USA) was applied for rabbit polyclonal antibodies and
EnVision+ System-HRP Labelled Polymer Anti-Mouse
(Dako, Denmark) or MACH2 Mouse HRP-Polymer
(Biocare Medical, USA) – for mouse monoclonal
antibodies. Immunostained sections were counterstained
with either cresyl violet (cresyl violet for microscopy,
Merck, Darmstadt, Germany) or alum hematoxylin.
Control of the immunohistochemical reaction was
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performed according to the recommendation of the
reagent manufacturers.
Iron histochemistry (Perls’ reaction).
After deparaffinization and rehydration, the sections
were treated with 3 % hydrogen peroxide for 10 min,
then, washed in distilled water for 3-5 min, and incubated
in freshly prepared mixture of 2 % aqueous solution of
potassium ferrocyanide (K4[Fe(CN)6] · 3H2O) and 0.2 N
hydrochloric acid (1 : 1) for 30 min at room temperature.
This protocol is consistent with the standard Perls’
reaction and gives blue-coloration of the non-heme iron
accumulations.
Some of the preparations were examined after the
standard Perls’ reaction, while others were subjected to
intensification of the Perls’ reaction according to NguyenLegros et al. (Nguyen-Legros et al., 1980) in Meguro
modification [Meguro et al., 2007) as described in details
elsewhere (Sukhorukova et al., 2013). Briefly, after the
standard Perls’ reaction, the sections were thoroughly
washed in distilled water (3 portions for 3-5 min) and,
then, treated with the chromogen 3,3'-diaminobenzidine
(DAB) (Dako, Denmark) for 10-15 min. The exact time
of treatment was adjusted according to development of
optimal staining with DAB in the control preparations
knowingly containing Fe3+. Finally, the preparations
were counterstained with 0.5% nuclear fast red (SigmaAldrich, USA) prepared as follows: 1 g nuclear fast red
and 50 g potassium aluminum sulfate was dissolved in
500 ml distilled water.

all studied specimens of the human substantia nigra (Fig.
1) and the tyrosine hydroxylase-immunohistochemistry
showed normal appearance of the dopaminergic
neurons in the substantia nigra pars compacta (data not
shown), most of which demonstrated presence of high
amounts of neuromelanin granules (Fig. 1, 2, 3). Many
neurons has round intranuclear inclusions (more often
2-4 in number) of different sizes varying from small
(much smaller than the nucleolus) to nucleolus-large
spheres, resembling the Marinesco bodies. Frequency
of their appearance in the neuronal nucleus varied
significantly among the substantia nigra specimens from
different brains. Staining with the toluidine blue clearly
distinguishes the nucleolus from these intranuclear
inclusions: the nucleolus is stained bright blue in contrast
to weakly stainable round intranuclear inclusions (Fig.
1). Generally, the weakly stained round intranuclear
inclusion has a halo of almost unstained material (Fig. 1).
In some neuronal nuclei, an elongated rod-shaped
inclusion was seen. As a rule, these rodlets were laying
in close proximity to the nucleolus and they have nearly

Light microscopy
The preparations were examined with a Leica DM
750 microscope and photographed using a Leica
ICC 50 digital camera (Leica Microsystems, Wetzlar,
Germany) operated by LAS EZ software (ver. 1.8.0, Leica
Microsystems, Heerbrugg, Switzerland).

Results
Nissl stained sections demonstrated good preservation of

Figure 1. Marinesco body-like round structure in the nucleus of the
melanized neuron in the human substantia nigra pars compacta.
Nissl-staining with toluidine blue. Single arrow – weakly stained
Marinesco body-like structure with a pale halo in the neuronal
nucleus; double arrow – nucleolus, asterisk (*) – neuromelanin.
Bar scale – 20 µm.
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Figure 2. Ubiquitin immunohistochemistry of the human substantia nigra pars compacta. Asterisk (*) indicates neuromelanin
accumulation in the neuronal cytoplasm; single arrow – ubiquitin-immunopositive (brown) structures in the neuronal nucleus;
double arrow – nucleolus. Note the weak ubiquitin immunoreactivity in the nucleoplasm (B). Counterstained with cresyl
violet. Bar scale – 10 µm.

the same length as the diameter of the nucleus. None of
neuronal nucleus contained the round and the rod-like
intranuclear inclusions together.
Ubiquitin immunohistochemistry revealed the
ubiquitin in the round intranuclear inclusions of
nigral neurons (Fig. 2A,B). All the found round
intranuclear inclusions irrespectively their sizes were
ubiquitin-immunoreactive. Moreover, the ubiquitinimmunoreactivity was found in some small roundish
and dot-like structures that were much smaller than
the common round intranuclear inclusions (Fig. 2B). It
should be noted that not all nuclei contain the round
intranuclear inclusions, but all (or at least most of) the
round intranuclear inclusion-containing nuclei exhibit
weak ubiquitin immunoreactivity in the nucleoplasm.
Iron histochemistry (standard Perls’ reaction)
demonstrated a prussian blue deposit in many nigral
cells of various origin: microglia- and oligodendroglialike cells, in the perivascular cells, and in the substantia
nigra parenchima (Fig. 3A). However, standard iron
histochemistry failed to stain nigral neurons. DAB
enhancing technique gives more intensive homogeneous
staining of the pars compacta of the substantia nigra. In
this case, the product of the histochemical reaction was
revealed in neurons, glia, and some non-identifiable
structures of the substantia nigra. In the neurons, the iron
deposits were observed in clumps of neuromelanin and
the intranuclear round and rod-like inclusions which
morphological appearance corresponds to Marinesco
bodies and Roncoroni rodlets, respectively (Fig. 3B,C).
Not all inclusions were histochemically stained. The
intranuclear rodlets have normally a deposit of the
histochemical reaction along the entire length of the rods.
Special immunohistochemical investigation of
intranuclear inclusions with a number of antigens (Table
2) revealed tyrosine hydroxylase and nitric oxide synthase
staining in the Marinesco bodies (Fig. 4A,B). Tyrosine
hydroxylase immunoreactivity was homogeneous and
distinctly visible in some round intranuclear inclusions,
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that were less in diameter than the nucleolus and nonstained with hematoxyline. In some melanin-containing
neurons, the nitric oxide synthase immunoreactivity
was evident in small Marinesco body-like round
intranuclear inclusions with dense staining of the core
and pale thin perimembranous halo. Noteworthy, the
round intranuclear inclusions stained for both tyrosine
hydroxylase and nitric oxide synthase were intensively
immunoreactive in contrast to other compartments of
the nucleus with weak (if any) immunostaining.

Discussion
Previous investigation of the human substantia
nigra specimens fixed in the zinc-ethanol-formalin
fixative demonstrated good preservation of the
tissue, which is a prerequisite to adequate results
in further immunohistochemical and histochemical
studies (Korzhevskii et al., 2015). Good preservation
of the human substantia nigra tissue after fixation
in zinc-ethanol-formaldehyde was confirmed in the
present study using both Nissl staining and tyrosine
hydroxylase-immunohistochemistry. The latter was
used as a standard immunohistochemical staining for
the substantia nigra cells and demonstrated normal
appearance of the nigral dopaminergic neurons.
The round intranuclear inclusions revealed in
the melanized nigral neurons are consistent with the
Marinesco bodies described as early as 1902 (Marinesco,
1902). However, after a century of studying, the
origin, molecular composition, and the function(s) of
these intranuclear structures remain to be elucidated.
Therefore, studies of the chemical composition of this
intranuclear inclusion brings us closer to understanding
its significance. Previous immunohistochemical
investigations has demonstrated that ubiquitin is
an obligatory component of the Marinesco bodies
(Dickson et al., 1990; Woulfe et al., 2004; Odagiri et al.,
2012), whereas a number of some other proteins may
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Figure 1. Perls’ histochemical reaction for iron in the human
substantia nigra pars compacta.A) standard Perls’ reaction
without DAB enhancement. Single arrow – granular cytoplasmic
inclusions with iron-positive reaction (blue) in a perivascular
cell; B) and C) Perls’ reaction with DAB enhancement. Single
arrow – iron-positive (brown) round intranuclear inclusion
(B), iron-positive (brown) rod-like intranuclear inclusion (C).
Note the iron-positive reaction of neuromelanin after usage of
DAB enhancement technique (B and C). Asterisk (*) indicates
neuromelanin accumulation in the neuronal cytoplasm (A-C);
double arrow – nucleolus. Counterstaining with the nuclear fast
red (A-C). Bar scale – 20 µm.

be contained in these structures as well (Odagiri et al.,
2012; Mori et al., 2012a, b; Mizuno et al., 2003;
Takahashi-Fujigasaki & Fujigasaki, 2006; Alladi et al.,
2010). In the present study, we also observed ubiquitin
in the Marinesco bodies. Furthermore, ubiquitin was
found not in large (“mature”) Marinesco bodies only,
but also in some smaller intranuclear roundish and
dot-like structures suggesting that these ubiquitinimmunoreactive structures are putative predecessors of
the Marinesco bodies and the latter are formed from an
ubiquitin-containing matter from the very beginning.
Ubiquitin as a component of ubiquitin-proteasome
system marks the aberrant proteins for degradation
(Hershko & Ciechanover, 2005). Therefore, similar to
cytoplasm, the ubiquitin in the nucleus is most likely
present in the form of conjugate with the damaged
proteins that were not destructed via the proteasome
for some reason. If so, the Marinesco bodies are largely
composed of damaged proteins not subjected to
destruction by proteasome and are seen in and mark the
nucleus of neurons with impaired proteasome function.
The aging was shown to be associated with decreased
proteasome activity and accumulation of ubiquitinated
proteins (Tsakiri & Trougakos, 2015). This is in parallel
with an increase in number of the Marinesco bodies
(consisting of ubiquitinated proteins) in nucleus of nigral
neurons with aging and can be regarded as a reflection
of decreased proteasome activity in these cells. In this
context, the found weak ubiquitin immunoreactivity
over the nucleoplasm of the Marinesco body-containing
nuclei seems to be a result of decreased function of
nuclear proteasome and, accordingly, accumulation
of dispersed ubiquitin-tagged aberrant proteins in
the nucleus as an initial step toward formation of the
Marinesco bodies.
Present study is first to demonstrate tyrosine
hydroxylase and nitric oxide synthase in the Marinesco
body. Tyrosine hydroxylase is a well-known and
widely used marker of the catecholaminergic neurons,
including dopaminergic neurons of the substantia nigra
and nitric oxide synthase has also been shown in the
nigral neurons (Korzhevskii et al., 2017; CavalcantiKwiatkoski et al., 2010; Czarnecka et al., 2013; GonzálezHernández et al., 1997; Tan et al., 2016). Although
both tyrosine hydroxylase and nitric oxide synthase
are predominantly cytoplasmic enzymes, they are
expressed to a lesser extent in nucleus as well, but has
heretofore not been shown in the Marinesco bodies. As
the Marinesco body, according to the above mentioned
proposal, consists of ubiquitin-tagged aberrant
proteins, appearance of common nigral proteins the
tyrosine hydroxylase and the nitric oxide synthase in
the Marinesco bodies is quite probable. However, why
these cytoplasmic enzymes, irrespectively unbound
(normal or defective), or ubiquitin-tagged (defective)
enter the nucleus and accumulate there in the form of
Marinesco body remains elusive.
Iron is essential trace element involved in numerous
redox reactions in the nervous system (Shinobu &
Beal, 1997). Moreover, iron-containing proteins has
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Figure 4. Marinesco bodies in melanized neurons of the human substantia nigra pars compacta. A) Intensive tyrosine
hydroxylase-immunoreactivity (brown) is distributed mostly in the cytoplasm of a neuron and many processes. The neuronal
nucleus exhibits weak tyrosine hydroxylase-immunoreactivity with exception of a pronounced immunohistochemical reaction
in the round Marinesco body-like structure (single arrow). Nucleolus (double arrow) is devoid of tyrosine hydroxylaseimmunoreactivity. Asterisk (*) indicates neuromelanin accumulation in the neuronal cytoplasm. B) Intensive nitric oxide
synthase-immunoreactivity (brown) is seen predominantly in the cytoplasm of a neuron with many neuromelanin granules
(asterisk). The neuronal nucleus is mostly immunonegative with only one nitric oxide synthase-immunoreactive round
Marinesco body-like structure (single arrow). Note a homogeneously stained core and a pale perimembranous halo. Double
arrow indicates nucleolus. Counterstaining with hematoxylin. Bar scale – 10 µm.

been shown in the nucleus (Cheepsunthorn et al., 1998;
Geuens et al., 2003; Korzhevskii et al., 2015), where they
contribute to DNA replication and repair (Wu & Brosh,
2012). However, distribution of the iron inside the
nucleus has not yet been studied.
In the present study, we used the Perls’ method
for ferric iron to reveal localization of non-heme iron
in the nigral cells. Although Perls’ method is one of
the oldest histochemical technique, it is successfully
used for nervous and non-nervous tissues in animal
and human studies (Benkovic & Connor, 1993; Dwork
et al., 1988; Grizzi et al., 2002; Kondo et al., 1995; Li et
al., 2015; Vidal et al., 2008). Standard Perl’s staining
visualized ferrous iron in the substantia nigra, but failed
to show it in neurons of the substantia nigra, which is in
agreement with previous data (Yuen & Baxter, 1963).
However, use of DAB-enhanced iron histochemistry
allowed demonstration of non-heme iron in the nigral
neurons. In the cytoplasm, the iron was observed in
the neuromelanin aggregates, which is consistent
with the studies that have showed iron-neuromelanin
interaction in the substantia nigra (Faucheux et al.,
2003; Zecca et al., 2004; Dwork et al., 1988; Double et al.,
2003; Jellinger et al., 1992; Zucca et al., 2015). The nonheme iron in nucleus of neurons was found recently
(Sukhorukova et al., 2013), and the present study
demonstrates for the first time the non-heme iron in the
Marinesco bodies and the Roncoroni rodlets. Finding
of the non-heme iron in these intranuclear inclusions
apparently indicates the presence of iron-containing
proteins in these intranuclear inclusions. The origin and
function of both intranuclear inclusions is yet uncertain
and finding of iron in this structure is a step toward a
better understanding of the chemical composition and
physiological role of these intranuclear structures.
In conclusion, the present study demonstrates
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occurrence of tyrosine hydroxylase and nitric oxide
synthase in the Marinesco bodies of the melanincontaining nigral neurons. Nucleus of many nigral
dopaminergic neurons has one or several typical
ubiquitin-immunoreactive Marinesco bodies and
a lot of smaller rounded and dot-like ubiquitinimmunoreactive microstructures, that are proposed to
be the predecessors of the “mature” Marinesco bodies.
Moreover, the formation of the Marinesco bodies seems
to be associated with accumulation of ubiquitin-tagged
aberrant proteins in the nucleus because of aging-related
proteasome functional insufficiency in nigral neurons.
Consequently, the Marinesco bodies label the nigral
neurons with aging-related impairment of proteasome
function.
Both the Marinesco bodies and the Roncoroni rodlets
were shown to contain non-heme iron and, thus, can be
involved in normal or aberrant metabolism of the ironcontaining proteins in the nucleus of nigral neurons.
Conflict of interests: the authors declare that there is no
conflict of interest that could be perceived as prejudicing
the impartiality of the research reported.
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