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Abstract

Manganese is an essential trace element with neurotoxicant properties at high levels that were first
described in the mid-nineteenth century. The largest sources of occupational and environmental
exposures are mining, fossil fuel combustion, and iron and steel industries. Manganese
neurotoxicity has been described in many workers with high levels of occupational manganese
exposure and can cause a distinct neurologic phenotype known as manganism. Recently, our
understanding of the clinical syndrome and pathophysiology of manganese toxicity has shifted.
Modern day manganese exposures, which are an order of magnitude lower than previously
described in cases of manganism, result in different clinical, imaging, and pathologic phenotypes.
Here we will review three neurologic “myths” of manganism in the twenty-first century and will
provide evidence that Mn is associated with a clinical syndrome of parkinsonism that resembles
Parkinson disease, dopaminergic dysfunction on molecular imaging, and an inflammatory
neuropathology in the striatum.
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Introduction

Carl Wilhelm Scheele, a Swedish pharmaceutical chemist, is credited with discovering
manganese (Mn) in the eighteenth century [1]. Manganese (Mn) is present in trace elemental
concentrations in the human body and is required for metabolism. Mn can enter the body
through inhalation or ingestion. Ingested manganese is processed through the hepatobiliary
system. The fraction of Mn not required for enzyme metabolism undergoes first-pass
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metabolism and is excreted in bile through the gastrointestinal tract. When Mn is present in
airborne particulate matter, large insoluble particles are cleared from the upper airways by
mucociliary transport. However, inhaled Mn that penetrates deep into the lungs is absorbed
by macrophages and transported into the systemic circulation, thereby escaping first-pass
metabolism. In this way, Mn is taken up into the bloodstream and easily crosses the blood-
brain barrier [2]. In addition to Mn mining, the bulk of environmental and industrial Mn
exposures come from welding, steel production, and fossil fuel combustion. Manganese is
naturally found in coal and is released in coal-fired power plants. It is also released in
combustion engines using the gasoline additive methylcyclopentadienyl manganese
tricarbonyl (MMT), which is permitted in countries worldwide, including the United States,
Canada, China, and the European Union. As a result of these and other industrial exposures,
billions of people in developed and newly industrialized countries are routinely exposed to
environmental Mn.

At very high concentrations, especially those in industrial settings, inhaled Mn can produce
a fulminant neurologic syndrome, known as manganism. The first clinical description of Mn
neurotoxicity dates back to 1837, when James Couper [3] described Scottish industrial
workers exposed to manganese oxide who developed gait disorder, tremor, whispering
speech, and masked facies. The clinical syndrome of manganism is largely congruent with
parkinsonism and has subsequently been described in several populations exposed to
manganese, including Moroccan ore workers [4], English factory workers [5], Chilean
miners [6], and Taiwanese laborers [7]. For the most part, these workers were exposed to
Mn concentrations that are orders of magnitude greater than contemporary environmental
and occupational exposures. As a result, studies in workers exposed in the 215t century
demonstrate different clinical, imaging, and pathological phenotypes. This review will focus
on three key “myths” about manganism and discuss gaps in knowledge to be addressed in
future studies.

Myth #1: The features of manganese-induced parkinsonism are easily distinguishable from
other causes of parkinsonism

Parkinsonism is a clinical syndrome characterized by bradykinesia, postural instability, rest
tremor, and rigidity. The most common degenerative parkinsonism is Parkinson disease
(PD), a progressive condition that affects approximately 2% of people over age 65 [8]. PD is
associated with degeneration of substantia nigra and intraneuronal deposition of alpha
synuclein (either Lewy bodies or Lewy neurites) and clinical improvement of symptoms
with the dopamine precursor levodopa. Parkinsonism is also commonly seen with aging [9].
Age related parkinsonism is associated with functional disability [10] and may serve as a
marker for degenerative brain pathologies. Numerous studies demonstrate that parkinsonism
is an important clinical feature of Mn neurotoxicity. Since Couper [3] described the first
cases of parkinsonism among Mn ore crushers, many authors have identified other groups of
occupationally-exposed workers with similar syndromes. In Rodier's description of
Moroccan miners, he expanded the description to include “manganese psychosis”,
characterized by aggression, mental excitement, and incoherent speech [4]. Many authors
have described the extrapyramidal symptoms that Rodier first associated with Mn exposure
[7,11-14]. Some aspects of this clinical phenotype have been seen in other Mn over-
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exposure settings such as smelter workers and ephedrone abusers [7,15]. Some authors have
considered the “cock walk” to be a clinical sign that is specific to Mn neurotoxicity [14,16].

This phenotype appears to be uncommon with Mn exposure at modern levels. Numerous
studies demonstrate motor slowing and tremor, without evidence of other neurologic
dysfunction, in Mn-exposed workers [17-19]. None of these studies included systematic
examination by a clinical expert. We conducted a worksite-based study comparing the
phenotype of 716 welders to non-welder controls and found a high prevalence of
parkinsonism (15.6%) in manganese-exposed welders. Their symptom severity, specifically
bradykinesia and rigidity, were comparable to those with newly diagnosed PD. Furthermore,
affected welders had a U-shaped Mn dose-response relationship between welding exposure
and parkinsonism, as defined by Unified Parkinson Disease Rating Scale motor subsection 3
(UPDRS3) = 15 (Table 1). Subjects with pre-existing neurologic disease were excluded, and
the welding population was relatively young (mean age 45), suggesting that parkinsonism
was likely related to occupational Mn inhalation. These parkinsonian signs appear to be
associated with reductions in PD specific quality of life measures [20], suggesting that these
neurologic signs impact daily function in Mn-exposed welders. The clinical features of these
subjects were very similar to those in a previous study investigating the prevalence of
parkinsonism in Mn-exposed welders [21]. Interestingly, in over 4,000 Mn-exposed workers
evaluated across numerous studies, we have not found any subject with a “cock gait.” These
differences may highlight the dichotomy between low-level Mn exposure (welders who are
exposed to inhaled Mn-containing fume or dust) and more substantial exposures (miners
who crush Mn ore and those who worked in historic occupational conditions). We
hypothesize that low-level Mn exposure over time may more accurately mimic
environmental triggers that have been associated with PD risk [8]. While it is clear that very
high doses of Mn are associated with sub-acute onset of severe neurologic dysfunction, it is
becoming increasingly clear that there is a spectrum of neurologic effects associated with
chronic, lower Mn exposures. It is critical to identify the threshold for symptomatic
exposure to inform regulatory policy. While the Moroccan miners described by Rodier were
exposed to Mn levels up to 926,000 pg/m?3 [4], current occupational welding exposures are
several orders of magnitude less [23-25]. The limit set by the United States Occupational
Safety and Health Administration for Mn permissible exposure is 5 mg/m3, calculated as a
time weighted average (TWA) for an eight hour, whereas the National Institute for
Occupational Safety and Health's recommended exposure limit is 1 mg/m?3 [25]. Recently,
the American Conference of Governmental Industrial Hygienists (ACGIH) set the eight hour
TWA Mn inhalable threshold limit value at 0.1 mg/m3, citing impaired motor function,
impaired steadiness, tremor, behavioral, and cognitive dysfunction at exposures as low as 13
pg/m3 [17,26-28]. In fact, even low-level environmental Mn exposures are associated with
motor and cognitive dysfunction. In a community-based study, which excluded subjects
exposed to occupational Mn, those with higher serum Mn levels had significantly worse
tremor, rapid alternating movements, coordination, and memory [29]. Taken together, these
data suggest that Mn neurotoxicity occurs on a spectrum. The finding that even low-level
exposures are associated with parkinsonism has important implications for workplace safety
and policy as we continue to define the effects of long-term Mn exposure and acceptable
occupational thresholds.
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Myth #2: Manganese neurotoxicity is distinguishable from PD by a normal dopaminergic
function on molecular imaging of the striatum

Several imaging studies have focused on identifying nigrostriatal dysfunction in manganese-
induced neurotoxicity. Methods such as single-photon emission computed tomography
(SPECT) and positron emission tomography (PET) studies use radioligands to quantify
dopaminergic function by labeling enzymes responsible for synthesis, vesicular transport, or
reuptake. Three common radioligands include [18F]flurodopa (FDOPA), vesicular
monoamine transporter 2 (VMAT?2), and dopamine transporter (DAT). FDOPA labels the
enzyme responsible for converting L-DOPA to dopamine [30]. VMAT2 transports
monoamines into presynaptic vesicles [31]. DAT catalyzes dopamine reuptake into
presynaptic terminals [32].

The first studies to investigate the dopaminergic system in subjects with symptomatic
manganism found normal FDOPA uptake in the striatum in four workers [33]. Similarly,
SPECT studies using a DAT-labeled radioligand in four patients with chronic manganese-
ephedrone exposure found no evidence of dopaminergic dysfunction [34]. One challenge
with interpreting negative SPECT studies, and to a certain extent older PET studies, is the
lower resolution compared to contemporary PET scanners, which makes segmenting the
striatum to obtain region-specific binding potentials (K;s) difficult. Furthermore, studies in
older populations can be confounded by coincident PD [35], and nearly all studies have been
limited by very small sample sizes.

In a more recent FDOPA PET study, presymptomatic Mn workers were compared to
patients with idiopathic PD and unaffected controls [36]. The study design included 20
young, manganese-exposed welders without a known family history of parkinsonism to
mitigate the possibility that the results would be confounded by co-occurring idiopathic PD.
The results demonstrated significantly lower FDOPA uptake in the striatum of
asymptomatic Mn welders compared to non-parkinsonian controls. The FDOPA uptake was
lower in the caudate compared to the putamen in the Mn welders. Interestingly, patients with
PD exhibit the reverse pattern: comparatively less FDOPA uptake in the putamen as
compared to the caudate. While patients with Mn exposure and PD both demonstrate
nigrostriatal toxicity, it remains unclear if this pattern is pathognomonic for Mn
neurotoxicity, since these workers had relatively few motor signs of parkinsonism. In
contrast, we have performed FDOPA PET on two patients with Mn neurotoxicity due to
liver failure [37,38]. These subjects had more severe parkinsonian signs, and both had more
dopaminergic dysfunction in the putamen than Mn-exposed welders. This suggests that Mn
neurotoxicity with parkinsonism has an FDOPA PET pattern that is more typical of PD.
Confirming this finding in Mn-exposed workers with higher UPDRS3 scores is essential.

Myth #3: Neuropathology of manganese neurotoxicity is well-described and unique from

PD

Until recently, evidence describing the neuropathology of manganism has been limited to
several case reports and series. The earliest detailed histopathological case report of
manganism toxicity was written in 1927. In his case report of a Mn dioxide grinder,
Ashizawa describes the marked loss of ganglion cells in the gray matter, specifically the
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pallidum, caudate, and putamen [39]. Seven years later, Canavan and colleagues published a
case series of manganese-exposed patients with easily recognizable tremor, masked facies,
hypophonia, retropulsion, propulsion, and steppage gait. One of these manganese-exposed
mill workers was examined serially over 10 years, and then autopsied at death, revealing
substantial basal ganglia neurodegeneration with marked gliosis and focal caudate and
globus pallidus scarring [40]. During the first half of the twentieth century, several others
described similar neuropathology in those with manganism [41-43]. Since then, Yamada
and Bernheimer reported patients with Mn exposure history whose autopsies also
demonstrate marked pallidum degeneration [44,45]. While these descriptive reports help
elucidate the pathophysiology of Mn neurotoxicity, they were performed before modern
immunohistochemical techniques; all cases were of end-stage disease, and most lacked
quantification of cells types. Only one case was compared to a reference brain [44].

Recently, Gonzalez-Cuyar et al. conducted a controlled, quantitative neuropathologic study
of eight Mn and eight non-Mn-exposed South African mine workers. Subjects in these
mines were asymptomatic at the time of autopsy, carefully matched to controls, and exposed
to low-level Mn. The average South African mine exposure (eight hour TWA) is estimated
at 190 to 780 pg/m3 , with average exposure equal to 210 pg/m3 [23]. The average age at
death was 57 for Mn mine workers and 60 for matched controls. Interestingly, at autopsy,
the manganese-exposed group had significantly lower astrocyte to microglia ratio in the
caudate (7.80 for Mn mine workers and 14.68 for non-Mn mine workers, p = 0.025) and a
trend toward higher microglial density (52% higher in globus pallidus externa and 38%
higher in globus pallidus interna), lower astrocyte density (19% for both caudate and
putamen), and lower neuron density (14% and 8% for caudate and putamen, respectively)
[46]. Astrocyte vulnerability to Mn may be related to high affinity metal transporter
expression, leading to intracellular Mn accumulation, subsequent reactive oxygen species
formation, and downstream inflammation [47]. The mechanism of upstream dysfunction
leading to neuronal death has also been proposed for neurodegenerative diseases, including
the “dying back” phenomenon of PD pathology [48,49]. These results suggest that
manganese-induced neurodegeneration may initially lead to a microglial infiltration in the
basal ganglia followed by damage to astrocytes, which ultimately leads to neuronal loss,
since a critical function of astrocytes is to support and repair neurons. If proven in future
neuropathology studies, this may provide therapeutic and neuroprotective pathways to
protect workers and those with environmental exposures.

Conclusions

The data on Mn exposure to date provide a compelling link between Mn exposure and
parkinsonism. Largely unregulated exposures in the eighteenth and early nineteenth
centuries produced a clinical syndrome that is rare in modern times. In contrast,
contemporary Mn exposures appear to be associated with parkinsonism, cognitive
dysfunction, as well as associated dopaminergic dysfunction and possible pathologic
accumulation of microglia in the basal ganglia. These occupational studies as well as recent
environmental studies [50,51] suggest that regulatory limits for Mn exposure should be
revisited. Permissible U.S. ambient air Mn concentrations have been determined by
extrapolating from occupational health studies [4,52,53], and these have not been revised for
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more than two decades. Future studies with longitudinal clinical and exposure data in

oc

cupationally and environmentally exposed subjects should guide occupational policy.

Advanced imaging and biologic measurements should augment these studies and provide a
biologic framework to understand disease mechanism to guide therapeutic strategies.
Finally, studies attempting to link neurodegenerative diseases, such as PD, and aging-related
motor and cognitive dysfunction to Mn exposures should be the ultimate goal.
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Table 1
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Prevalence ratios (PRs) for parkinsonism in relation to total welding exposure-years (Adapted from Racette et

al., Neurotoxicology, 2010.)

PR (95% CI)?
UPDRS3

>15vs. <6

Total weighted welding exposure—yearsC

<1.0 Reference
1.0-3.4 1.7 (0.9-2.9)
3.4-88 2.0 (1.2-3.4)
288 1.8 (1.0-3.1)
p-trend

PR (95% CI)°
UPDRS3

>15vs. <6

Reference
1.4 (0.8-2.4)
1.4 (0.9-2.3)
1.0 (0.6-1.6)

0.08

a .
Crude estimates

Adjusted for age at examination, gender, examining neurologist, and days since last occupational welding exposure; analyses restricted to workers

from welding worksites.

CWeighted by job category and title
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