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Abstract
Aggregation of α-synuclein (α-syn) in the brain is a defining pathological feature of
neurodegenerative disorders classified as synucleinopathies. They include Parkinson's disease
(PD), dementia with Lewy bodies (DLB), and multiple system atrophy (MSA). Occupational and
environmental exposure to manganese (Mn) is associated with a neurological syndrome consisting
of psychiatric symptoms, cognitive impairment and parkinsonism. In this study, we examined α-
syn immunoreactivity in the frontal cortex of Cynomolgus macaques as part of a multidisciplinary
assessment of the neurological effects produced by exposure to moderate levels of Mn. We found
increased α-syn-positive cells in the gray matter of Mn-exposed animals, typically observed in
pyramidal and medium-sized neurons in deep cortical layers. Some of these neurons displayed
loss of Nissl staining with α-syn-positive spherical aggregates. In the white matter we also
observed α-syn-positive glial cells and in some cases α-syn-positive neurites. These findings
suggest that Mn exposure promotes α-syn aggregation in neuronal and glial cells that may
ultimately lead to degeneration in the frontal cortex gray and white matter. To our knowledge, this
is the first report of Mn-induced neuronal and glial cell α-syn accumulation and aggregation in the
frontal cortex of non-human primates.
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1. Introduction
Exposure to elevated levels of manganese (Mn) in occupational settings is known to produce
a complex neurological syndrome with the early appearance of neuropsychiatric symptoms
and cognitive deficits followed by movement abnormalities with overlapping clinical
features similar to those in idiopathic Parkinson's disease (PD) (Guilarte, 2010; Perl and
Olanow, 2007). Experimental evidence indicates that Mn-induced parkinsonism has
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neuropathological features that are different from those in idiopathic PD (Guilarte, 2010;
Perl and Olanow, 2007). For example, it is well documented that in subjects with idiopathic
PD there is progressive degeneration of nigrostriatal dopaminergic neurons in the substantia
nigra with marked loss of axonal projections to the caudate and putamen, conditions that do
not occur in Mn-induced parkinsonism (Guilarte, 2010; Perl and Olanow, 2007). The most
compelling human data in regards to Mn effects on dopaminergic neurons comes from
recent studies in young drug addicts who inject very high levels of Mn from use of home-
made psychostimulant preparations (ephedron) (Colisimo and Guidi, 2009; De Bie et al.,
2007; Iqbal et al., 2012; Meral et al., 2007; Sanotsky et al., 2007; Selikhova et al., 2008;
Sikk et al., 2010; Stepens et al., 2008, 2010; Yildirim et al., 2009). These individuals
exhibited clinical parkinsonism (Colisimo and Guidi, 2009; De Bie et al., 2007; Iqbal et al.,
2012; Meral et al., 2007; Sanotsky et al., 2007; Selikhova et al., 2008; Sikk et al., 2010;
Stepens et al., 2008, 2010; Yildirim et al., 2009), that is not responsive to L-dopa therapy
(Colisimo and Guidi, 2009; Sanotsky et al., 2007; Selikhova et al., 2008; Stepens et al.,
2008), and have normal levels of dopamine terminals (dopamine transporters) in the striatum
based on neuroimaging SPECT studies (Colisimo and Guidi, 2009; Iqbal et al., 2012;
Selikhova et al., 2008; Sikk et al., 2010). More recently, diffusion tensor imaging of
ephedron addicts has revealed white matter abnormalities underlying the ventral premotor
cortex and the medial frontal cortex, brain regions that are involved in motor and executive
function (Stepens et al., 2010). Consistent with these human studies, our laboratory has
demonstrated a lack of nigrostriatal dopaminergic neuron degeneration in the striatum of
Mn-exposed non-human primates (Guilarte et al., 2006a, 2008b). However, these Mn-
exposed animals do express dopamine neuron dysfunction since there is marked inhibition
of in vivo dopamine release in the striatum measured by PET (Guilarte et al., 2006a, 2008b),
a finding that has been confirmed in rodent models of Mn exposure (Peneder et al., 2011;
Vidal et al., 2005).

Historically, due to the overlapping clinical symptoms produced by occupational exposure
to Mn with those observed in idiopathic PD, studies on the neurological consequences of Mn
exposure have primarily focused on basal ganglia structures and movement abnormalities.
However, in the last decade there has been an increasing number of reports indicating that
occupational and environmental exposures to Mn produces deficits in working memory
(Bowler et al., 2003; Klos et al., 2006) and poor cognitive function (Bowler et al., 2003,
2006, 2007; Klos et al., 2006; Mergler and Baldwin, 1997; Santos-Burgoa et al., 2001) as
well as learning performance deficits in children (Khan etal., 2012; Wasserman etal., 2006).
The detrimental effects of chronic Mn exposure on working memory and cognition suggest
that cortical structures may be vulnerable to Mn-induced neurotoxicity.

We have recently shown that Mn-exposed non-human primates that exhibit impairment of in
vivo dopamine release in the striatum measured by PET (Guilarte et al., 2008b) also have
significant neuropathology in the frontal cortex (Guilarte et al., 2008a). Gene expression
analysis revealed that in the frontal cortex of Mn-exposed non-human primates, 61 genes
were increased and 4 genes were decreased relative to controls from a total of 6766 genes
(Guilarte et al., 2008a). The biological functions of the genes altered by Mn-exposure were
related to: (1) apoptosis, (2) cholesterol metabolism and transport, (3) axonal/vesicular
transport, (4) inflammation/immune response, (5) cell cycle/DNA repair and biosynthesis
and, (6) proteosome/protein folding/protein turnover. The most highly up-regulated gene
was amyloid beta (Aβ) precursor-like protein 1 (APLP1) a member of the amyloid precursor
protein (APP) family that has been associated with Alzheimer's disease (AD) pathology.
Immunohistochemistry confirmed that APLP1 protein expression was increased and
revealed the presence of diffuse amyloid-β plaques in the frontal cortex of Mn-exposed non-
human primates (Guilarte et al., 2008a). The same Mn-exposed animals also expressed a
significant degree of frontal cortex neuronal degeneration and glial cell activation with white
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matter involvement (Guilarte et al., 2008a). Further, they exhibited significant deficits in
working memory (Schneider et al., 2009) with effects on motor function primarily affecting
fine motor control (Schneider et al., 2006). These previous studies provided novel
information on Mn-induced effects in the frontal cortex, a brain region that has not been
previously associated with Mn neurotoxicity. Since we found diffuse amyloid-β aggregation
in the frontal cortex of Mn-exposed animals, the goal of the present study was to assess
whether processing of other amyloidogenic or intrinsically disordered proteins such as α-
synuclein (α-syn) (Breydo and Uversky, 2011) are also affected. We report that Mn-exposed
non-human primates exhibit α-syn aggregation in cellular elements of the frontal cortex
gray matter and adjacent white matter similar to those observed in some human
synucleinopathies.

2. Materials and methods
2.1. Manganese administration and animal care

Young adult male Cynomolgus macaques, 5–6 years of age were used in this study. All
animal studies were reviewed and approved by the Johns Hopkins and the Thomas Jefferson
University Animal Care and Use Committee and comply with current laws of the United
States. Animals received injections of manganese sulfate into the saphenous vein under 1–
3% isoflourane anesthesia once or twice a week. Animals were exposed to different weekly
doses of Mn (3.3–5.0, 5.0–6.7, 8.3–10 mg Mn/kg BW) and several of their characteristics
have been described in previous publications (Guilarte et al., 2006a, b, 2008a, b; Schneider
et al., 2006, 2009). Data from two additional animals that have not been described
previously are presented, as these are ongoing studies. The cumulative Mn dose and length
of exposure for these animals (R805 and 9329) are presented in Table 1. All animals were
euthanized by ketamine injection (20–30 mg/kg BW) followed by an overdose of
pentobarbital (100mg/kg BW) and the brains were harvested as previously described
(Guilarte et al., 2008a, b).

2.2. Tissue preparation
Brains were removed from the skull, embedded into agarose and cut into 4 mm slabs in the
coronal plane. Alternate brain tissue slabs from the right hemisphere (the left hemisphere
was fresh frozen and kept at −80 °C) were processed for immunohistochemistry in two
different ways for different purposes. The first slab (in a rostral to caudal direction) and
every other slab was fixed in 4% paraformaldehyde, further embedded in paraffin and cut
into 5 μm thick sections which were used in other studies not presented in the current report.
Alternative tissue slabs (starting from the second frontal slab) were immersed in 4%
paraformaldehyde in 0.1 M phosphate buffer (PB) for 28 h, cryoprotected with 20%
glycerol, 0.5% DMSO in PB, and frozen at −80°C. Fifty μm thick sections were cut using a
freezing microtome, stored in cryoprotecting solution at −20 °C, and utilized for various
immunohistochemical screenings. In the current study, two or three sections from
anatomically comparable regions were selected from each animal for examination.

2.3. Immunohistochemistry
Tissue sections were processed free-floating. For α-syn immunolabeling, sections were
processed with and without pre-treatment with 20% formic acid for 10 min to potentially
enhance immunoreactivity of the insoluble α-syn. Sections were pre-treated with 3% H2O2
and 10% methanol in Tris-buffered saline (TBS) for 20 min, rinsed and incubated with 5%
normal serum and 0.2% Triton X-100 in TBS for 1 h and then with two different primary
antibodies against α-synuclein: polyclonal rabbit (1:5000; Chemicon) and monoclonal
mouse antibodies (1:2000–1:5000; BD Transduction Laboratories). Sections were incubated
in primary antibodies solution for 48–66 h at 4 °C followed by incubation with
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corresponding secondary biotinylated IgG (Vector, 1.5 h, at room temperature) and the
avidin–biotin–peroxidase complex solution (1 h at room temperature). The reaction product
was visualized with 0.25 mg/ml 3,3′-diaminobenzidine (DAB) and 0.03% H2O2. Sections
were mounted on slides, stained with cresyl violet, dehydrated in graded ethanols and
coversliped using DPX mounting media.

2.4. Evaluation of α-synuclein labeling
α-synuclein labeling in control and Mn-exposed animals was evaluated in the anterior
cingulate cortex area 24, cortical areas 4, 6, 9, in the dorsolateral prefrontal cortex area 46,
and in the adjacent white matter. We also examined α-syn labeling in the substantia nigra at
the level of the third cranial nerve. Tissue sections from the substantia nigra of a confirmed
PD subject were used as positive controls for α-syn immunolabeling kindly provided by Dr.
Pletnikov (Department of Pathology, Johns Hopkins Hospital). Sections were examined
using an Olympus BX51 microscope with a motorized stage (Proscan II, Prior, Rockland,
MA, USA), allowing x,y and z-axes control, and linked to an Olympus DP70 video camera
and a Visiopharm Integrator System (Visiopharm, Denmark). High-resolution imaging and
contrast microscopy using oil immersion and 40× (numerical apertures 1.00) and 100×
(numerical aperture 1.35) was used. The semi-quantitative analysis of tissue α-syn
immunostaining and aggregation was performed by TV.

2.5. Manganese concentration in frontal cortex tissue
Brain samples were analyzed for metal content by high-resolution inductively-coupled
plasma mass spectrometry using a Thermo (Finnigan) model Element 2 instrument (Bremen,
Germany) as previously described (Guilarte et al., 2006a, 2008a, b).

3. Results
3.1. Brain Mn concentrations

Frontal cortex Mn levels (μg/g tissue) in control and Mn-exposed animals have been
described elsewhere (Guilarte et al., 2008b) with the exception of animal numbers R805 and
9329 that have not been described in previous publications. Table 1 shows the frontal cortex
Mn concentrations of all animals used for this study. The results clearly show a significant
increase in the frontal cortex Mn content in exposed animals compared to controls. One Mn-
exposed animal that was significantly above the range of frontal cortex Mn concentrations
was animal 6697. This animal expressed severe movement abnormalities (hyperactivity,
dyskinesia and dystonia) and died most likely as a result of liver failure and had the highest
Mn concentration in the frontal cortex.

3.2. Tissue examination
Results of α-syn immunostaining are summarized in the Table 1 and images are provided in
Figs. 1 and 2. The data indicate increased levels of α-syn aggregation in Mn-exposed
animals relative to controls.

3.3. Evaluation of α-synuclein labeling
Animals treated with Mn displayed variable levels of cellular α-syn aggregation with
control animals exhibiting little or no α-syn aggregation in the frontal cortex gray and white
matter. There was no particular trend toward an increase in α-syn immunoreac-tivity/
aggregation in the frontal cortex as a function of Mn dose, but there was a clear distinction
in the level of α-syn aggregation between exposed and control animals (Table 1). Different
patterns of α-syn labeling were recognizable in the gray matter of Mn-exposed animals.
These included spherical aggregates of variable size that were frequently adjacent to cells
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(Fig. 1, panels E–L). In some cases, α-syn aggregates were associated with Nissl-negative
cell indicating a degenerating cell (Fig. 1, panel G). We should note that the α-syn-positive
aggregates observed in the frontal cortex gray matter of Mn-exposed animals were similar to
Lewy bodies present in the substantia nigra of a confirmed idiopathic PD patient that was
used as positive control (compare panels A and B to panels E–G and J–L in Fig. 1). We also
observed intensely labeled cells with no apparent α-syn aggregation indicative of increased
α-syn protein levels (Fig. 1, panel H). These types of α-syn aggregates were not observed in
control animals (Fig. 1, panel D).

In the subjacent white matter from the frontal cortex of control animals, there was a relative
lack of cellular α-syn immunoreactivity with occasionally detected labeled cells (Fig. 2A).
On the other hand, in the white matter of Mn-exposed animals (Fig. 2, panels B–I), we
detected different levels of α-syn labeling. There was one particular animal (R805) that
expressed the highest level of α-syn-positive cells in the white matter with a pattern similar
to that observed in MSA patients (Fig. 2, panels D–F). Panel B in Fig. 2 depicts the white
matter from an animal that received 8.3–10 mg Mn/kg (6697). α-syn accumulation is
apparent throughout the cell body (arrowhead) and in processes (arrow). Panel C represents
intensely labeled α-syn cellular element in the white matter from an animal that received
5.0–6.7 mg Mn/kg (000–8001). Panels D–I are all from animal R805 and show an abundant
number of labeled glial cells and glial cell inclusions in white matter with a crescent
cytoplasmic α-syn labeling and a α-syn doughnut-like nuclear labeling, a pattern of cellular
white matter staining observed in MSA subjects (Wakabayashi and Takahashi, 2006;
Wenning and Jellinger, 2005; Yoshida, 2007).

4. Discussion
The present study provides evidence that exposure to Mn in non-human primates, with
blood Mn levels in the upper range to those described in non-occupationally exposed
populations, can produce α-syn aggregation in cellular elements of the gray and white
matter in the frontal cortex. We were not able to find similar α-syn aggregation in the
substantia nigra of the same animals (data not shown) suggesting a unique vulnerability of
the frontal cortex at the levels and durations of Mn exposure used in this study.

The same animals used in the present study have been characterized from a behavioral,
neuroimaging and neuropathological perspective and these findings have been
communicated extensively in the literature (Burton et al., 2009; Guilarte, 2010; Guilarte et
al., 2006a, b, 2008a, b; Schneider et al., 2006, 2009; Verina et al., 2011). From these
previous studies we have found that the frontal cortex of these same Mn-expsoed animals
also exhibit diffuse amyloid-β aggregation and significant neuropathology with glial cell
activation (Guilarte et al., 2008a). The behavioral studies from the same animals provided
evidence of deficits in working memory (Schneider et al., 2009) suggesting that the
neuropathology in the frontal cortex of Mn-exposed animals is associated with significant
deficits in cognitive domains mediated by the frontal cortex. These findings were the first to
provide neuropathological evidence of frontal cortex involvement in Mn neurotoxicity. The
neuropathology that we have described in the frontal cortex of Mn-exposed non-human
primates have received support from a recent magnetic resonance spectroscopy study in
smelter workers occupationally exposed to Mn (Dydak et al., 2011). The authors found a
significant decrease in frontal cortex N-acetylaspartate (NAA)/creatine (Ct) ratio that was
strongly correlated with cumulative Mn exposure. A decrease in the NAA/Cr ratio
represents neuronal dysfunction or degeneration (Block et al., 2002; Clark, 1998) and may
predict activation of frontal cortex regions involved in the execution of working memory
tasks (Bertolino et al., 2000). These finding further support the vulnerability of the frontal
cortex to Mn neurotoxicity.
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We now report that Mn exposure also results in α-syn positive glial cells and cytoplasmic
inclusions in the white matter of Mn-exposed animals, a condition that is present in MSA
patients (Wakabayashi and Takahashi, 2006; Wenning and Jellinger, 2005; Yoshida, 2007).
MSA is a neurodegenerative disease clinically expressed by varying degrees of progressive
motor and cognitive decline. MSA has two major subtypes, cerebellar predominant and
Parkinson-predominant with the later being characterized by levodopa-unresponsive
parkinsonism (Fellner et al., 2011). The later resembles the levodopa unresponsive
parkinsonism produced by Mn exposure (Guilarte, 2010). The role of environmental factors
in MSA is not well characterized although epidemiological evidence suggests increased risk
of MSA with exposure to solvents, metals and other toxins (Stefanova et al., 2009;
Vanacore, 2005). We should note that increased neuronal α-syn immunoreactivity is also
observed in the human and non-human primate brain as a function of age (Chu and
Kordower, 2007). However, the animals used in our studies are young animals (5–6 years at
the beginning of the study and at most 7–8 at the end of the study when the
neuropathological examination was done) and it is unlikely that the observed increase in α-
syn immunoreactivity or aggregation is related to aging.

The α-syn aggregation observed in the frontal cortex of Mn-exposed non-human primates
differed from animal to animal despite the fact that in some cases the cumulative Mn dose
was similar. This suggests the possibility of a genetic susceptibility in the animal-to animal
variability that contributes to the differences in Mn-induced α-syn aggregation. There is
evidence that the gene YPK9, the yeast ortholog of the PD-associated gene ATP13A2
(PARK9), not only suppresses α-syn toxicity, but yeast with a deletion of this gene are more
sensitive to Mn toxicity (Chesi et al., 2012; Gitler et al., 2009) linking a PD-associated gene
with Mn. Other studies provide evidence that ATP13A2 (PARK9) plays a role in
sequestration and regulation of divalent heavy metal ions (Schmidt et al., 2009; Tan et al.,
2011). Rentschler et al. (2012) have recently shown that polymorphisms of the ATP13A2
(PARK9) gene in humans may influence the neurotoxic effects of Mn. Since deficiency of
ATP13A2 leads to lysosomal dysfunction, α-syn accumulation and toxicity (Usenovic et al.,
2012) as well as increased Mn toxicity (Chesi et al., 2012; Gitler et al., 2009), it is possible
that Mn exposure may decrease ATP13A2 levels and/or animals expressing specific
ATP13A2 polymorphisms may be more susceptible to α-syn aggregation induced by Mn
exposure.

What are putative mechanism(s) by which Mn exposure may increase α-syn protein
aggregation? There is evidence in cell culture systems that exposure to Mn increases α-syn
protein levels and oxidative stress markers and α-syn is able to modulate Mn neurotoxicity
(Cai et al., 2010; Li et al., 2010; Pfil et al., 2004; Tong et al., 2009). Studies in cell-free
systems have shown that Mn is able to induce partial folding, fibrillation and aggregation of
α-syn via oxidation and di-tyrosine formation (Uversky et al., 2001). These observations
together with our present in vivo findings in the non-human primate brain suggest that Mn
and α-syn may interact to trigger neuronal cell death, possibly by increasing cellular levels
of α-syn leading to the formation of α-syn aggregates.

We should note that one limitation of the present study is that the frontal cortex of the
animals that were used in this study have also been used for the analysis of multiple other
endpoints [e.g. gene array, metals analysis, receptor autoradiography and for the
optimization of other histological and immunohistochemical methods to measure other
endpoints which we have published (Burton et al., 2009; Guilarte et al., 2006a, b, 2008a, b;
Schneider et al., 2006, 2009; Verina et al., 2011) ]. Therefore, we had limited tissue
available to utilize other confirmatory assays such as α-syn Western blots and for more
quantitative methods. Nevertheless, these preliminary results provide initial evidence of a
significant difference in α-syn staining and aggregation between control and Mn-exposed
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animals. Since this is an ongoing project, future studies will provide a more extensive
regional brain analysis and use multiple methodologies to investigate and confirm this initial
finding.
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Highlights

• Alpha-synuclein (α-syn) aggregation is a key feature of neurodegenerative
disease.

• Manganese exposure causes working memory deficits and parkinsonism.

• Frontal cortex of manganese exposed non-human primates exhibit significant
pathology.

• α-syn aggregates are present in the frontal cortex of manganese-exposed
animals.

• α-syn aggregation is associated with frontal cortex pathology produced by
manganese.
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Fig. 1.
α-synuclein immunolabeling in frontal cortex gray matter. Panels A–C are representative of
α-synuclein-positive Lewy bodies and α-synuclein intra-neuronal accumulation in the
substantia nigra of a confirmed Parkinson's disease subject and this tissue was used as a
positive control for staining and neuropathology. The immunostaining for this Parkinson's
disease patient and frontal cortex tissue from control and Mn-exposed animals were
performed at the same time. Panels A and B depict α-synuclein-positive Lewy bodies that
appears to be present in the absence of surrounding neuronal morphology signifying
neuronal loss. Panel C (arrow) depicts intra-neuronal α-synuclein accumulation and
aggregation in a large DA neuron of the substantia nigra. Panel D is representative of α-
synuclein immunostaining in the frontal cortex gray matter of a control animal. Panels E–L
are from different manganese exposed animals. Panels E–L are representative of α-
synuclein positive aggregates that were predominantly found in animals exposed to 5.0–6.7
and 8.3–10 mg Mn/kg body weight and were not observed in controls. Bar in panels A and
D are 40 μm and bar in panels B, C and E–L are 20 μm.
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Fig. 2.
α-synuclein immunolabeling in frontal cortex white matter. Panel A is representative of
immunolabeling in a control animal and shows a relative lack of cellular accumulation of α-
synuclein with an occasional cell being labeled. Panels B–I are representative of α-synuclein
immunolabeling in the frontal cortex white matter from Mn-exposed animals. Panel B is
from a Mn-exposed animal that received a 8.3–10 mg Mn/kg dose. Note cellular α-
synuclein accumulation (arrowhead) in cell body and process (arrow). Panel C is
representative of another animal that received a 5.0–6.7 mg Mn/kg dose and shows intense
α-synuclein accumulation in a cell. Panels D–F are from an animal that received 3.3–5.0 mg
Mn/kg (R805). This particular animal exhibited a large number of cells with α-synuclein
accumulation in the white matter. In Panel F, there is α-synuclein accumulation in a cell
body and process. Panel G-I is from another animal that received 3.3–5.0 mg Mn/kg. Panel
G shows α-synuclein inclusions in glial cells. The glial cell inclusion pointed by an arrow
has a crescent cytoplasmic shape while the inclusion in the glial pointed by the arrowhead
has a doughnut nuclear shape. Panels H and I are higher magnification images of cells in
Panel G. Bar in panels A and E is 60 μm; panel D is 80 μm; panels C, F and G–I is 20 μm
and panel B is 40 μm.
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