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ABSTRACT

Background: Manganese (Mn) exposure is associated with increased T1-weighted magnetic resonance
imaging (MRI) signal in the basal ganglia. T1 signal intensity has been correlated with occupational Mn
exposure but not with clinical symptomatology or neuropathology.
Objectives: This study investigated predictors of ex vivo T1 MRI basal ganglia signal intensity in
neuropathologic tissue obtained from deceased South African mine workers.
Methods: A 3.0 T MRI was performed on ex vivo brain tissue obtained from 19 Mn mine workers and
10 race- and sex-matched mine workers of other commodities. Basal ganglia regions of interest were
identified for each subject with T1-weighted intensity indices generated for each region. In a pathology
subset, regional T1 indices were compared to neuronal and glial cell density and tissue metal
concentrations.
Results: Intensity indices were higher in Mn mine workers than non-Mn mine workers for the globus
pallidus, caudate, anterior putamen, and posterior putamen with the highest values in subjects with the
longest cumulative Mn exposure. Intensity indices were inversely correlated with the neuronal cell density
in the caudate (p = 0.040) and putamen (p = 0.050). Tissue Mn concentrations were similar in Mn and non-
Mn mine workers. Tissue iron (Fe) concentration trended lower across all regions in Mn mine workers.
Conclusions: Mn mine workers demonstrated elevated basal ganglia T1 indices when compared to non-
Mn mine workers. Predictors of ex vivo T1 MRI signal intensity in Mn mine workers include duration of
Mn exposure and neuronal density.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

magnetic resonance imaging (MRI) in the basal ganglia (Criswell
etal., 2012; Huang, 2007; Kim et al., 1999; Nelson et al., 1993). The

Occupational Mn exposure is associated with parkinsonism signal changes are presumed to be caused by Mn deposition and its

(Racette etal.,2012), cognitive dysfunction (Bowler et al.,2007; Park
et al., 2009; Rodier, 1955), and increased signal on T1-weighted
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secondary effects on the magnetic resonance properties of
surrounding brain tissue (Newland, 1999; Kang et al., 1984). The
intensity of in vivo pallidal signal correlates with Mn exposure (Dietz
et al, 2001) and Mn blood levels (Chang et al., 2010) but the
relationship with clinical symptomatology has not been clearly
established. Moreover, the relationship between Mn tissue concen-
tration and neuropathology has been inconsistent. Previous studies
with subcutaneous manganese oxide exposure in monkeys resulted
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in severe loss of pallidal nerve cells and astrogliosis with increased
regional Mn deposition (Eriksson et al., 1987). However, rhesus
monkeys injected with manganese chloride developed similar
findings of pallidal and nigral gliosis with astrocytosis, but no change
in tissue Mn (Olanow et al., 1996). More recently, elevated Mn tissue
concentrations have been reported throughout the basal ganglia of
Mn-injected macaques, but post-mortem immunohistochemistry
results were normal (Guilarte et al., 2006, 2008).

Pathologic studies in occupationally-exposed humans are very
limited but similarly inconsistent. Autopsy data from a 52-year-old
man exposed to Mn in an ore plant describe pallidal cell loss but
normal tissue Mn concentration (Yamada et al., 1986). Older
reports document cell loss in the putamen and pallidum but did
not examine Mn tissue concentrations (Canavan et al., 1934;
Casamajor, 1913). All of these human studies in occupationally-
exposed subjects predate modern immunohistochemical studies,
and none have corresponding imaging. Further evaluation of the
relationship between imaging characteristics and neuropathology
could provide valuable information on the mechanism of Mn
neurotoxicity and a better understanding of the clinical signifi-
cance associated with the increased T1 signal characteristic of this
exposure.

Ex vivo MRI imaging permits correlation of histopathology with
MRI signal intensity (Augustinack et al., 2013; Baltes et al., 2011;
Garbelli et al., 2011; Riddle et al., 2011). Ex vivo imaging also
provides a cost effective method of establishing imaging param-
eters for future in vivo sequences as these scans can be completed
at a fraction of the cost and with no risk to human subjects.
However, formalin fixed ex vivo tissue has different physical
properties than in vivo tissue and subsequently different T1
imaging properties (Baba et al., 1994; Henriksen et al., 1993; Tovi

Intensity index =

Permission to access the deceased subject’s medical and employ-
ment records was also requested to verify accuracy of the historical
information. Workers whose medical histories indicated any
neurologic diagnosis were excluded. An industrial hygienist
reviewed the occupational history and employment records and
assigned duration of Mn exposure to each subject.

2.3. MRI studies

Fixed brains were placed in the scanner within MRI compatible,
plastic containers filled with 10% formaldehyde solution with
plastic supports to prevent movement. Imaging was performed on
a 3.0T Siemens Trio scanner (Erlangen, Germany). A Siemens
adapted neuromelanin imaging technique (Astafiev et al., 2010)
(repetition time =600 ms, echo time =14 ms, flip angle = 120°,
voxel dimensions 0.7 mm x 0.43 mm x 2.5 mm, matrix dimen-
sions 314 x 550, 11 axial slices) was used to obtain high-resolution
T1-weighted images through the basal ganglia and midbrain. A
transverse slice through a Mn miner brain demonstrates the
differences in T1 weighted signal from fixed tissue including the
including the gray matter to white matter signal reversal that
occurs at 11 weeks post fixation (Tovi and Ericsson, 1992) (Fig. 1). A
single reviewer, blinded to the clinical status of the subject,
outlined volumes of interest (VOIs) including the caudate, globus
pallidus, anterior and posterior putamen, and standardized white
matter regions on individual images. The intensity of the signal on
the T1-weighted image in the VOI was compared by calculating an
intensity index for each region in each subject. The regional
intensity indices were defined as the ratio of T1 signal in the VOI to
a standard frontal white matter reference region following
previously used methods for the pallidal index (Spahr et al., 1996).

VOl 100

and Ericsson, 1992). Therefore, the primary objective of this study
was to validate the use of ex vivo imaging in Mn neurotoxicity by
confirming T1 signal differences persist post-mortem in Mn-
exposed subjects. Our secondary objective was to explore the
relationships between ex vivo T1 imaging, neuropathology, and
tissue metal concentration using post-mortem brain tissue from
South African Mn mine workers and matched non-Mn mine
workers.

2. Methods
2.1. Brain acquisition

This study was approved by the Washington University Human
Research Protection Organization and the University of the
Witwatersrand Human Research Ethics Committee. Race- and
sex-matched Mn mine workers and non-Mn mine workers were
selected from our previously established autopsy program (Nelson
et al., 2012) for imaging and analysis. Upon notification of the
death of a mine worker, consent was obtained from the next-of-
kin. The brain specimens were suspended in 10% neutral buffered
formalin for a minimum of three weeks, after which they were
shipped to Washington University for ex vivo MRI imaging, and
then to the University of Washington for pathology and tissue
metal analysis.

2.2. Exposure assessment

After obtaining consent, an occupational health nurse inter-
viewed the family to obtain occupational and medical histories.

Left white matter control region + Right white matter control region x

Intensity indices were created for the globus pallidus, caudate,
anterior putamen, and posterior putamen using the same reference
control regions. A combined basal ganglia intensity index was
created by averaging the intensity indices of all four VOIs.

All brains were scanned on the same scanner in the same
configuration and with the same pulse sequence. The intensity
indices as ratios should thus be largely independent of any
underlying signal inhomogeneity. To confirm this, we compared
white matter signal intensity in the control region (the denomina-
tor of the intensity indices) across all subjects (mean =926.26,
standard deviation 80.04) which corresponded to a very low
coefficient of variation of 8.64% with <2% difference between Mn
miner workers and non-Mn mine workers.

2.4. Neuropathology

A board certified neuropathologist performed a gross examina-
tion. The cerebrum and posterior fossa contents were embedded in
a 3% agar solution and sliced coronally and axially, at 4 mm
intervals respectively. Formalin fixed paraffin embedded (FFPE)
tissue blocks were sectioned and deparaffinized rehydrated slides
were stained with hematoxylin and eosin. Automated immuno-
histochemistry was performed on tissue sections from the basal
ganglia using mouse monoclonal antibodies for glial fibrillary
acidic protein (GFAP) (Dako, USA) to label astrocytes, microtubule
associated protein-2 (MAP-2) (Millipore, USA) to label neurons,
and CD68 (Dako, USA) to label macrophages and microglia using a
Leica Bond III fully automated immunohistochemistry and in situ
hybridization staining system (Leica Bio-Systems, USA). FFPE
tissue blocks corresponding to a unilateral coronal section of the
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Fig. 1. High-resolution T1 basal ganglia imaging from a formalin fixed Mn mine
worker brain.

corpus striatum were selected. The regions of interest: caudate,
putamen, and globus pallidus (globus pallidus externus and globus
pallidus interna were combined for statistical analysis) were
delineated on the glass slides. Strict histological criteria and
immunohistochemistry were used to count the different cell types,
on a light microscope (Olympus, Japan), per 40x objective as
previously described (Gonzalez-Cuyar et al., 2013).

2.5. Metal quantification

Tissue for metal quantification was acquired from formalin
fixed non-paraffin embedded coronal sections of corpus striatum
(4 mm thick) from an area adjacent to the block where cell density
studies were performed. An aliquot of approximately 50 mg of
tissue was obtained from each tissue sample and analyzed based
on Environmental Protection Agency method 3052 and Yoo et al.
(2002) using open-vessel microwave-assisted digestion (CEM
Mars Xpress) in polypropylene centrifuge tubes and diluted nitric
acid (0.5 mL; trace-metals grade, Fisher; 50:50 v/v with 18 M{)
deionized water, Barnstead Nanopure) containing 50 ng/mL
terbium recovery standard. The digested samples were brought
to 2 mL prior to analysis by ICP-MS. Dilutions in 10% nitric acid
were made as necessary to stay within calibration range. Elements
of interest were acquired in He-mode on an Agilent 7500-CE IC-
PMS and CETAC ASX-510 autosampler. Internal standards (scan-
dium, ytterbium and iridium at 10 pg/mL) were added to the
sample flow from the autosampler by peristaltic pump. Scandium
was used as the internal standard for Mn, whereas ytterbium was
used for Fe. Calibrants were diluted in 10% nitric acid of certified
reference materials (Aristar BDH) and verified against a second
source (Ultra Scientific). Results were corrected for process blank
and terbium recovery. Assay accuracy and precision was estab-
lished by replicate analysis of standard reference material oyster
tissue SRM 1566b (NIST, Gaithersburg, MD) and were determined
to be 96 + 3% for Mn and 86 + 4% for Fe. The limit of quantification,
assuming 50 mg of tissue, was 0.002 ng/mg for Mn and 0.06 ng/mg
for Fe.

2.6. Statistical analysis

Demographic variables were compared between the Mn and
non-Mn mine workers using a Mann-Whitney U test. Multivariate
generalized linear modeling (GLM) was performed to compare
differences between groups for each regional index (right and left
side averaged). The Benjamini and Hochberg false discovery rate
(FDR) correction was used to correct for multiple comparisons with
FDR =0.05 (Benjamini and Hochberg, 1995). The model was
adjusted for covariates reported to affect in vivo or post-mortem T1
signal including age of death, time from the last mining exposure to
scan, and the death to scan interval (Tovi and Ericsson, 1992; Salat
etal., 2009). Years from last mining exposure was included since T1
signal intensity in subjects with Mn toxicity secondary to liver
failure have been reported to normalize post-transplantation
(Maffeo et al., 2014; Pujol et al., 1993). To further investigate the
relationship between intensity indices and exposure, we catego-
rized cumulative years worked in mines into low (<5 years) and
high (>5 years) exposed groups. Five years of Mn exposure was the
cutoff value at which there were a sufficient number of subjects to
maintain the model. As this choice was made post hoc, we repeated
the analysis with the Mn group tertiled into exposure groups.
Multivariate GLM was used to examine differences in regional
tissue Mn and Fe concentrations between exposed and non-
exposed groups for each region adjusted for the time from last Mn
exposure to death. The relationships between ipsilateral intensity
indices, tissue metals, and regional cell counts were examined
using linear regression adjusting for age at death and the death to
scan interval. Given the relatively smaller number of subjects with
pathology and tissue Mn concentrations, we did not attempt to
correct for multiple comparisons in these analyses. The statistical
software SPSS for Windows v21.0 (Chicago, IL) was used for data
analysis.

3. Results

We identified 28 deceased black male Mn mine workers and
13 deceased race- and sex-matched reference non-Mn mine
workers for this study. Of the subjects identified, three Mn-
exposed brains and one non-exposed brain were not of sufficient
quality for imaging. In addition, six Mn mine workers and two non-
Mn mine workers lacked sufficient demographic or exposure data.
The remaining 19 Mn mine workers were compared with 10 race-
and sex-matched non-Mn mine workers. Demographics for the
two groups are presented in Table 1. Mn mine workers were
slightly younger than non-Mn mine workers, had greater
cumulative exposure to mining, and died earlier relative to their
last mining exposures. Some of the Mn mine workers also had
lesser exposures to other mining commodities; therefore, cumu-
lative exposures to all commodities as well as Mn-specific
exposures are included in Table 1.

Intensity indices were higher in the Mn mine workers
compared to the non-Mn mine workers across the caudate
(p=0.05), globus pallidus (p=0.016), anterior putamen
(p =0.006), posterior putamen (p =0.007), and combined basal
ganglia index (p = 0.004) (Fig. 2A). Within the Mn exposed group,
Mn mine workers with longer duration of exposure had higher
basal ganglia intensity indices. The pattern of increasing regional
intensity indices across exposure groups and post hoc differences
between the two Mn-exposed groups and the reference subjects
are illustrated (Fig. 2B). The relationship between intensity indices
and Mn exposure was consistent when we repeated the analysis
with the Mn groups divided evenly into tertiles of exposure.

To better understand the predictors of basal ganglia MRI signal
intensity, we investigated the relationship between intensity
indices, regional cell density, and tissue Mn concentration in seven
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Table 1
Demographics for all mine workers and the pathology subset.

Characteristic All mine workers (n=29) Pathology subset (n=14)
Non-Mn mine Mn mine workers p-Value Non-Mn mine Mn mine workers p-Value
workers workers
Age (mean +SD) 58.22+13.24 56.17 £7.7 0.623 58.36 +14.14 55.38 £8.54 0.643
Cumulative mining exposure - all mines 7.88 (1.8-18.17) 21.08 (12.36-31.09) 0.029" 12.00 (4.26-18.37) 21.08 (12.37-30.50) 0.012
(median years, IQR)
Cumulative Mn mining exposure (median - 16.63 (4.31-31.71) - - 7.33 (1.3-24.9) -
years, IQR)
Mining employment to death (median 21.99 (13.80-33.40) 2.52 (0-18.11) 0.006 18.67 (14.0-36.0) 0.73 (0-17.8) 0.041°
years, IQR)
Death to autopsy (median days, IQR) 6.0 (3.75-7.25) 4.0 (3.0-6.0) 0.157 5.0 (3.0-6.0) 5.0 (3.0-6.0) 0.801
Death to scan (median days, IQR) 228 (203-255) 287 (157-316) 0.192 235 (221-254) 302 (284-477) 0.019

Abbreviations: SD, standard deviation; IQR, interquartile range.
" Mann-Whitney U test compared Mn to non-Mn mine workers, p < 0.05.

Mn mine workers and seven non-Mn mine workers in whom
detailed neuropathologic data were available (Gonzalez-Cuyar
et al., 2013). The demographic characteristics of this subset are
reported in Table 1. As in the entire dataset, T1 indices in this
subset were higher in all regions in Mn mine workers than non-Mn
mine workers. Linear regression demonstrated an inverse rela-
tionship between the MAP2 stain neurons and the signal intensity
for the caudate and putamen but not the globus pallidus. There was
also a trend toward increasing CD68 stained microglial cells with
increasing T1 signal across all regions (Table 2).

Tissue metal analysis for the caudate, putamen, and globus
pallidus was performed in 12 of the 14 subjects with neurohis-
tochemical studies with sufficient tissue and analysis verification.
There were no differences in tissue Mn between Mn and non-Mn
mine workers. Tissue Fe was lower in the Mn mine workers across
all regions sampled, but the differences were not statistically
significant (Table 3). There was no relationship between regional
tissue Mn and Fe with regional intensity indices, cell density, or Mn
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exposure. Similarly, there were no differences in tissue concentra-
tions of potassium, phosphorus, calcium, copper, zinc, lead, and
magnesium between Mn and non-Mn mine workers for all regions
sampled.

4. Discussion

In this study, we demonstrated elevated MRI T1 intensity
indices across the basal ganglia in ex vivo specimens from
deceased Mn mine workers that increased with the duration of
Mn exposure. These findings replicate previous in vivo studies of
Mn exposure despite the differences between ex vivo and living
tissue (Criswell et al., 2012; Kim et al., 1999; Dietz et al., 2001;
Chang et al., 2010). We believe this provides compelling evidence
for the validity of ex vivo imaging as a tool for evaluating the
relationships between Mn exposure, MRI imaging characteristics,
and pathology.

=== Non-Mn Mine Workers (N = 10
== 1-5years (N=6)

175 = > G years (N =13)

*%

Mean Intensity Indices (95% CI)

Fig. 2. T1 Intensity indices for each region in (A) Mn miners and non-Mn miners and (B) high- and low-exposed Mn miners and non-Mn miners adjusted for age of death, time
from last Mn exposure, and the death to scan interval. *p < 0.05, **p < 0.01 when compared to reference non-Mn miners.
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Table 2
T1 Indices and regional cell density (n=14).

Average cells per HPF by Stain Region Caudate index Putamen index Pallidal index
Beta p Beta p Beta p

GFAP Caudate 0.433 0.162

Putamen -0.176 0.600

Globus pallidus 0.376 0.211
CD68 Caudate 0.125 0.682

Putamen 0.372 0.238

Globus pallidus 0.379 0.274
MAP2 Caudate —0.538 0.040°

Putamen —0.564 0.050

Globus pallidus 0.036 0.920

The relationships between ipsilateral intensity indices and regional cell counts were examined using linear regression adjusted for age and time from death to scan.

" p<0.05.

We demonstrated a persistent elevation of the intensity indices
despite relatively prolonged periods from the subjects’ last Mn
exposure to death (median 2.52, IQR 0-18.11 years). Previous
reports indicate that T1 signal changes are potentially reversible as
the interval from Mn exposure increases (Butterworth et al., 1995;
Han et al., 2008). However, the findings from this ex vivo MRI study
are consistent with a recent study in which some subjects with Mn
toxicity secondary to liver failure had resolution of their pallidal T1
signal hyperintensities post-transplantation, while others had
persistent signal changes at 24 months post-transplant (Maffeo
et al., 2014). Mn-exposed non-human primates have also
demonstrated similar sustained elevation in pallidal T1 signal
up to 182 days post-exposure (duration of the experiment)
(Newland, 1999). This reinforces that while the increased T1 signal
intensity is potentially reversible, there appears to be a threshold
at which the signal changes become permanent.

We were able to examine the relationships between ex vivo T1
imaging characteristics and neuropathology using cell density and
tissue Mn concentrations in a subset of Mn- and non-Mn-exposed
miners. While the sample is small, this study is the largest imaging/
pathology correlation study conducted in Mn-exposed subjects.
We found an inverse relationship between the T1 intensity indices
and neuronal density in the caudate and putamen. This is
intriguing given our recent study demonstrated lower caudate
(14%) and putamen (8%) neuronal cell density in Mn mine workers
compared to the non-Mn mine workers groups (Gonzalez-Cuyar
et al,, 2013). In addition, there was a direct relationship, although
not statistically significant, between microglial cell density and T1
intensity indices across all regions sampled. In combination with
our previous report documenting a direct correlation between
globus pallidus microglial density and cumulative Mn exposure
(Gonzalez-Cuyar et al., 2013), this study provides further indirect
evidence for the hypothesis that pre-clinical stage of Mn-induced

neurotoxicity might be characterized by an initial inflammatory
microglia response to Mn, ultimately progressing to astrocyte
disruption and neuronal injury. This represents a testable,
biologically plausible theory that can be confirmed in future
studies.

Given the paramagnetic properties of Mn, it has been
reasonably assumed the increased T1 basal ganglia signal would
be associated with an increase in Mn tissue concentration.
However, in this group there was no difference in tissue Mn
concentration between the Mn-exposed and non-exposed groups,
similar to previous studies in non-human primates (Olanow et al.,
1996) and the case report by Yamada et al. (1986) where Mn tissue
levels were normal following well-documented Mn exposures and
clinical toxicity. It is important to note that MRI does not directly
image Mn but rather its effects on the surrounding tissue (Kang
et al., 1984; Cory et al., 1987). Therefore it is possible that Mn may
have effluxed from the brain prior to autopsy, but the secondary
tissue effects persist. Alternative causes of increased T1 signal
include hemorrhage, HIV, melanin-, lipid-, and mineral-containing
lesions (Ginat and Meyers, 2012). It is possible the increased T1
intensity indices may be from one of these other sources of T1
signal change; however, there has been no evidence of blood,
melanin, or lipid accumulating lesions in Mn neurotoxicity. HIV
infection is a potential concern in these mine workers as the
prevalence of HIV is high in South Africa (Shisana, 2009), but there
were no HIV pathologies identified in this cohort. Olanow et al.
(1996) documented no difference in tissue Mn in their Mn-exposed
animals but noted aluminum and Fe accumulation in the globus
pallidus and substantia nigra pars reticularis. While we did not test
for all paramagnetic metals (specifically aluminum), we found no
differences in tissue metal levels for Mn, potassium, phosphorus,
calcium, copper, zinc, lead, or magnesium between the exposed
and non-exposed groups that would account for the differences in

Table 3
Mn and Fe metal data from Mn Mine workers and non-Mn mine workers (n=12).
Metal Region Non-Mn mine workers (n=5) Mn Mine workers (n=7) p-Value
Mn (mean pg/g=+SD) Caudate 0.100 +0.048 0.111 +£0.046 0.943
Globus Pallidus 0.154+0.043 0.163+0.033 0.811
Putamen 0.118 £0.050 0.124 +£0.045 0.897
Fe (mean g/g+SD) Caudate 73.7 £36.0 61.8+18.6 0.269
Globus Pallidus 164.2+37.5 131.4+38.6 0.522
Putamen 98.62 +55.5 83.5+31.9 0.475
Mn/Fe ratio (mean + SD) Caudate 0.0017 +£0.0014 0.0019+0.0010 0.974
Globus Pallidus 0.0010+0.0004 0.0013 £ 0.0005 0.698
Putamen 0.0015+0.0011 0.0016 +0.0007 0.812

Multivariate generalized linear modeling compared differences between groups for each region adjusted for time from last Mn exposure to death.
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intensity indices. Interestingly, we did find a trend toward lower
tissue Fe concentrations in Mn-exposed miners, and Fe is a
paramagnetic metal which shortens T1 (Zhang et al., 2009). The
lower Fe concentrations could therefore lower the T1-weighted
signal, thus underestimating the effects of Mn in the brains of
exposed miners. Further complicating this measurement, brain Mn
and Fe concentrations are interrelated as they are known to
compete for the same metal transporter responsible for uptake into
the brain (Zhang et al., 2009; Fitsanakis et al., 2010). Future studies
will be needed to determine if the relative concentrations of Mn
and Fe, or other metals, drives the signal characteristics and the
resulting neurotoxicity.

The most important limitation of this study is the relatively
small sample size that was used to evaluate ex vivo imaging in Mn
mine workers. Nonetheless, this is by far the largest imaging-
pathology study reported in humans. While we demonstrated
similar T1 findings to previous in vivo imaging studies of Mn
exposure (Criswell et al., 2012), we do not have in vivo imaging
from this cohort for a direct comparison between imaging
techniques. Further, we report on associations, but this paper
lacks the evidence necessary to demonstrate a cause and effect
relationship. The imaging studies and metal quantification have
been also been performed at a single time point. We did adjust for
the time from death to imaging within our analysis of intensity
indices but we cannot directly measure the longitudinal effects of
fixation or post-mortem processing of the brains. Finally, the cell
density technique, while routinely used by pathologists, is not as
precise as stereological counting. Future studies using a larger
sample, with stereological counting could improve our ability to
investigate relationships between pathologic outcomes, imaging,
and exposure.

In conclusion, Mn mine workers demonstrated increased T1
basal ganglia intensity indices on ex vivo imaging when compared
to non-Mn mine workers in all regions sampled. As with in vivo T1
imaging, the ex vivo intensity indices increased with cumulative
Mn exposure. Caudate and putamen intensity indices were
inversely associated with neuronal density but not with tissue
Mn concentration. Ex vivo imaging provides a valid method to
examine Mn neurotoxicity and a cost effective platform for
developing and refining future in vivo imaging techniques. Future
ex vivo studies with expanded exposure assessment, tissue Mn and
Fe quantification, and stereology may ultimately lead to a better
understanding of the mechanism of Mn neurotoxicity.
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