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Abstract

We tested the hypothesis that movement abnormalities induced by chronic manganese (Mn) exposure are mediated by dysfunction of the
nigrostriatal dopamine system in the non-human primate striatum. Motor function and general activity of animals was monitored in parallel with
chronic exposure to Mn and Positron Emission Tomography (PET) studies of in vivo dopamine release, dopamine transporters and dopamine
receptors in the striatum. Analysis of metal concentrations in whole blood and brain was obtained and post-mortem analysis of brain tissue was
used to confirm the in vivo PET findings. Chronic Mn exposure resulted in subtle motor function deficits that were associated with a marked
decrease of in vivo dopamine release in the absence of a change in markers of dopamine (DA) terminal integrity or dopamine receptors in the
striatum. These alterations in nigrostriatal DA system function were observed at blood Mn concentrations within the upper range of
environmental, medical and occupational exposures in humans. These findings show that Mn-exposed non-human primates that exhibit subtle
motor function deficits have an apparently intact but dysfunctional nigrostriatal DA system and provide a novel mechanism of Mn effects on the
dopaminergic system.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Emerging evidence suggests that environmental factors
play an important role in the etiology of Parkinson's disease
(PD) (DiMonte, 2003; Gorell et al., 1999). Exposure to high
levels of manganese (Mn) is known to produce a behavioral
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syndrome with parkinsonian features (Aschner, 2000; Mena et
al., 1967; Pal et al., 1999). However, there is a paucity of
knowledge on the neurological consequences of chronic, low-
level exposures. The classical description of “manganism”
includes the early expression of behavioral, psychiatric and
memory disturbances that are typically followed by parkinso-
nian symptoms including action tremor, ataxia, dystonia,
bradykinesia, gait abnormalities and postural instability
(Aschner, 2000; Mena et al., 1967; Pal et al., 1999).
However, differences in the clinical presentation of PD and
Mn-induced parkinsonism have been noted (Calne et al.,
1994; Jankovic, 2005; Olanow, 2004). For example, in Mn-
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induced parkinsonism, there is action tremor rather than
resting tremor as in PD, more dystonia and severe gait
disturbance with difficulty in backward walking (Kim et al.,
2002; Pal et al., 1999). Further, while L-dopa therapy is an
effective means to treat the early clinical symptoms of PD,
this therapy does not appear to be effective in Mn-induced
parkinsonism (Lu et al., 1994). Therefore, there is controversy
in the scientific literature on the neurobiology of Mn-induced
parkinsonism.

Recently, there has been a renewed interest in under-
standing the neurological consequences of chronic exposure
to low levels of Mn. This interest stems from the concern by
regulatory agencies and the scientific community on the
potential for adverse neurological health effects to the
general population from chronic exposure to increases in
ambient levels of Mn (Davis, 1999; Kaiser, 2003). An
anthropogenic source that has the potential to markedly
increase Mn exposure to the general population is from the
automobile combustion of gasoline containing methylcyclo-
pentadienyl manganese tricarbonyl (MMT) (Davis, 1999;
Kaiser, 2003). Moreover, there are reports that workers in
occupations in which chronic exposure to Mn occurs may
have a higher prevalence of developing parkinsonism at an
earlier age (Racette et al., 2001, 2005a; Sadek et al., 2003).

Human and non-human primate studies examining the
consequences of toxic Mn exposures focus on understanding
the role of the basal ganglia and in particular the dopaminergic
system. Magnetic resonance imaging (MRI) in humans and
non-human primates demonstrates that Mn accumulates in
basal ganglia structures (Dietz et al., 2001; Erikkson et al.,
1992; Josephs et al., 2005; Kim et al., 1999; Newland et al.,
1989; Racette et al., 2005b). Functional imaging using [18F]-
fluorodopa Positron Emission Tomography (PET) or Single
Photon Emission Computed Tomography (SPECT) with
dopamine transporter (DAT) radioligands has assessed dopa-
mine terminal integrity in the striatum of Mn-exposed subjects
(Erikkson et al., 1992; Huang et al., 2003; Kim et al., 2002;
Racette et al., 2005b; Shinotoh et al., 1995, 1997; Wolters et
al., 1989). While these markers are decreased in the striatum of
PD patients (Brooks et al., 2003; Pirker et al., 2002; Thobois et
al., 2004), similar studies in Mn-exposed humans or non-
human primates have produced equivocal results. For the most
part, [18F]-fluorodopa PET has been normal (Shinotoh et al.,
1995, 1997; Wolters et al., 1989; but see Racette et al., 2005b),
while decreased DAT levels have been described (Erikkson et
al., 1992; Huang et al., 2003; Kim et al., 2002). Thus, the
extent to which Mn exposure may produce dopaminergic
neuronal degeneration or dysfunction is not resolved. It has
been suggested that Mn-induced parkinsonism may not be
associated with deficits in nigrostriatal dopaminergic function,
but that it may be related to Mn effects on downstream
neuronal pathways (Calne et al., 1994; Huang et al., 1998;
Olanow, 2004).

In the present report, we provide evidence of a novel
mechanism by which chronic, low-level Mn exposure results in
nigrostriatal dopamine (DA) system dysfunction in non-human
primates expressing subtle deficits in motor function.
Materials and methods

Mn administration and general procedures

Five young adult male research naive Cynomologous
macaques (5 to 6 years of age at the start of the study and
housed at Thomas Jefferson University) were used. All animal
studies were reviewed and approved by the Johns Hopkins and
the Thomas Jefferson University Animal Care and Use
Committee. One of the animals could not be used for imaging
studies due to technical problems secondary to venous
complications from the chronic Mn infusions. Three additional
young adult animals of similar age that did not receive Mn
exposure, behavioral evaluations or imaging studies served as a
comparison group to the Mn-exposed animals for post-mortem
analyses of the brain.

Behavioral ratings and motor function were monitored on a
regular schedule and animals were trained to perform a variety
of cognitive tasks. The effects of Mn exposure on cognition
will be described separately. Animals were transferred to Johns
Hopkins for baseline imaging studies once cognitive training
was completed. Imaging studies comprised magnetic resonance
imaging (T1-weighted MRI), magnetic resonance spectroscopy
(MRS) and PET studies. The MRI and MRS results will be
reported separately. Upon their return and once a stable level of
behavioral performance was confirmed, Mn exposure was
initiated. Animals received i.v. injections of manganese sulfate
(10–15 mg MnSO4/kg or 3.26–4.89 mg Mn/kg) into the
saphenous vein under light isofluorane (1–3% isofluorane)
anesthesia approximately once per week. A needle and catheter
were inserted into the vein and flushed with sterile saline. A
sterile and warm MnSO4 solution (50 mg/ml in isotonic
physiological saline) was administered at a rate of 0.5 ml/min
over a 4 to 6 min period, based on body weight. Vital signs
were monitored during the Mn administration. At the end of the
Mn infusion, 1.0 ml of sterile saline was pushed through the
catheter. Animals were returned to their home cage and
observed for any adverse events. At the first imaging time point
after initiation of Mn exposure (Mn-1) and the second imaging
time point (Mn-2), animals received the same PET and MRI/
MRS studies as in baseline. On average, animals received a
mean±SEM of 34.2±1.2 Mn injections given once per week
over a period of 39.6±1.0 weeks. Animals did not receive any
Mn administration during the time that they were at Johns
Hopkins for imaging studies or after the Mn-2 imaging set.
Animals were euthanized by ketamine injection (20–30 mg/kg)
followed by an overdose of pentobarbital (100 mg/kg) and the
brain harvested for confirmation of PET studies,
neuropathological assessment and metals analysis.

Behavioral ratings, general activity and fine motor skills

Animals were rated for a variety of behaviors using a
modified rating scale based on a parkinsonian symptoms
rating scale for non-human primates (Schneider and Kove-
lowski, 1990). Each item was rated as 0 (normal), 1 (mild), 2
(moderate) or 3 (severe). A score of 33 represented the highest
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possible disability score. The presence and severity of
dystonia and dyskinesias were also rated. A score of 21
represented maximum severity.

Level of activity during 2–3 consecutive 24 h periods was
recorded prior to Mn exposure (1–3 separate sessions) and
post-Mn exposure (1 session every 2–4 weeks) using an
activity monitor (Actitract; IM Systems, Inc.) placed into a
pocket on the back of a jacket worn by the animals during the
evaluation period.

Fine motor skills were assessed using 2 boards made of clear
plexiglass and containing 16 wells of small (14 mm) or large
diameter (22 mm) and 17 mm deep. The “easy” board consisted
of 12 large and 4 small wells while the “difficult” board
consisted of 12 small and 4 large wells. Animals were required to
retrieve a standard reward pellet from each well as quickly as
possible. The primary measure obtained was the number of
errors made per well (i.e., the number of attempts made to
remove a pellet from a well and/or the number of times a pellet
was dropped).

Assessment of D2-dopamine receptor (D2-DAR) binding
potential (BP) and DA release using [11C]-raclopride with
amphetamine PET and dopamine transporter (DAT) levels
using [11C]-methylphenidate PET

General PET imaging protocols have been described
previously (Chen et al., 2006). [11C]-methylphenidate and
[11C]-raclopride with amphetamine (AMPH) challenge PET
scans were performed on the same day for each animal. For
in vivo DA release and D2-DAR BP, animals were studied
with a bolus (B) plus continuous infusion (I) method (B/
I=75) using the D2-DAR ligand [11C]-raclopride (Carson
et al., 1997; Endres et al., 1997; Watabe et al., 1998). All
monkeys received a continuous infusion of [11C]-raclopride
over a 90-min scanning period with AMPH (2.0 mg/kg IV)
delivered at 40 min from the onset of [11C]-raclopride
infusion. The change in [11C]-raclopride binding following
AMPH was measured and used to infer the magnitude of
DA release. For each PET study, regions-of interest (ROIs)
were drawn on multiple slices encompassing the left and
right striata and the cerebellum. Time–activity curves (TACs)
were generated for each region. A simplified reference tissue
model (SRTM) with cerebellum as reference tissue was used
to estimate BP (Lammertsma and Hume, 1996). BP is
estimated by fitting SRTM model to the measured striatum
TACs with cerebellum TACs as input function. To estimate
AMPH-induced DA release, a hybrid modeling technique
(Lammertsma and Hume, 1996) was used as below:

DA release= [CSRTM([60–90] /CREF[60–90]−1]− [C([60–
90]] /CREF([60–90])−1]*100 / [CSRTM([60–90] /CREF[60–90]
−1]. Where CSRTM is extrapolated TACs for post-AMPH phase
from the SRTM model with the parameters identified from pre-
AMPH phase [11C]-raclopride kinetics measured by PET. C
([60–90]), CREF([60–90]) and CSRTM([60–90]) are the average
of TACs of striatum and cerebellum, and extrapolated TACs of
striatum tracer radioactivity within 60 to 90 min post-tracer
bolus injection.
[11C]-methylphenidate BP was used as a measure of striatal
DAT levels. SRTM with cerebellum as the reference region was
used to estimate BP from the [11C]-methylphenidate dynamic
PET study (Watabe et al., 1998). BP was estimated by fitting
SRTM model to the measured striatum TACs with cerebellum
TACs as input function.

Metal analysis in blood and brain tissue using high-resolution
inductively coupled plasma mass spectrometry (HR-ICP-MS)

Concentratednitric acid (HNO3) (Suprapur,Merck)wasadded
to the dried whole blood and brain samples. Blood samples were
placed at room temperature for 24 h and digested on a heat block
for 1 h at 70°C, 1 h at 100°C and 1 h at 110°C. Brain sampleswere
placed at room temperature for 24 h and digested either on a heat
block (QBT4, Grant) for 3 h at 70°C or using a microwave oven
(Multiwave 3000, Anton Paar) using ramp 200W for 10 min and
thenheld for 10min. Sampleswere thendilutedwith0.6MHNO3

with 18.2MΩwater. Blood and brain samples were analyzed for
metal content by HR-ICP-MS using a Thermo (Finnigan) model
Element 2 instrument (Bremen,Germany), as published (Erikson
et al., 2004) except that radio frequency power was set at 1250W.
55Mn, 57Fe, 63Cu and 67Znweremeasured at medium resolution.
Elementswereanalyzedatmediumresolution inorder tomaintain
a low detection limit, high analytical accuracy and the absence of
chemical interferences.

Quantitative receptor autoradiography

Brain sections (20 μm) were thaw-mounted onto poly-L-
lysine-coated slides (Sigma) and stored at−20°Cuntil used.DAT
autoradiography using [125I]-RTI-121 was performed as
described (Strazielle et al., 1998) except that 10 μM GBR-
12909 was used to assess non-specific binding. D2-DAR
autoradiography using [3H]-raclopride was performed as
described (Nader et al., 2002). Brain sections were apposed to
Kodak Bio-Max MR film with [125I]-Microscales (Amersham)
for 18–24 h (for DAT) or with calibrated [3H]-standards for 8–
9 weeks (for D2-DAR). Images were acquired using the Inquiry
system (LoatsAssociate,Westminster,MD,USA) and quantified
using NIH Image v1.62.

Tyrosine hydroxylase (TH)-immunohistochemistry

We used standard immunohistochemistry with rabbit anti-TH
antibodies (Chemicon, 1:2000, 48 h at 4°C), the avidin–biotin–
peroxydase reaction and visualized with 3,3′-diaminobenzidine.
Imageswere acquired using the Inquiry system (Loats Associate,
Westminster, MD) and optical densities measured using NIH
Image v1.62.

HPLC analysis of DA and homovallinic acid (HVA) levels in
brain tissue

Brain samples were assayed for DA and its metabolite HVA
using a high-pressure liquid chromatography (HPLC) with
electrochemical detection (ESA Inc., Chelmsford, MA)



Fig. 1. Experimental design scheme. (A) Time sequence of experimental design from behavioral training to neuropathology. (B) Cumulative Mn doses and time
periods from the first administration of Mn to the first post-Mn imaging set (Mn-1) to the second post-Mn imaging set (Mn-2) and to termination of study. (C) Physical
characteristics of animals used in the study. Each value is the mean±SEM of n=3 (control) and n=4 (Mn-exposed) animals.
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according to a previously described protocol (Schneider and
Yuwiler, 1989).

Statistical analysis

Activity and fine motor assessments prior to and
following Mn exposure were compared by repeated measures
analysis of variance (ANOVA). Pair-wise post hoc compar-
isons were performed to assess changes between baseline
and post-Mn observation periods. Differences between
baseline and post-Mn behavioral rating data were compared
using a non-parametric Wilcoxon signed rank test. Statistical
analysis of PET studies was performed using regression with
clustering on animal to account for repeated measures on the
same animal over time. Analysis of variance or Student's t
test was used where appropriate. Statistical significance was
set at p<0.05. A rejection of data test for outliers was used
where indicated. Outliers were removed prior to statistical
analysis.
Table 1
Effect of chronic Mn exposure on various measures of motor function

Baseline Week 4 Week 8 Week

Behavior rating scores
Rating 1.4±0.4 2.5±0.5 2.3±0.7 2.0±

Normalized activity levels
Activity 100.0±4.4 69.6±7.6 45.6±22.5 109.7±

Fine motor skills task
“Easy” board 1.0±0.4 1.1±0.7 1.1±0.7 1.7±
“Difficult” board 2.5±0.5 6.0±1.9 6.8±4.3 1.8±

Each value is the mean±SEM of 3–5 animals. *p<0.05 from baseline. Final assess
28 weeks for the activity levels and fine motor skills task.
Results

Cumulative Mn dose, time of exposure and general
characteristics of animals at termination of studies

The experimental design for behavioral training, Mn
exposure and imaging studies is depicted in Fig. 1A. The
cumulative Mn dose from initiation of Mn administration to
the first (Mn-1) and second (Mn-2) post-Mn imaging sets
was (mean±SEM) 84.2±7.8 and 156.7±9.5 mg Mn/kg body
weight, respectively. The average time from the initiation of
Mn administration to Mn-1 and from Mn-1 to Mn-2 was
128±12.4 and 157±9.7 days, respectively. The time from
the last imaging set to euthanasia was 33±8.2 days (Fig.
1B). No significant differences in body weight (in kilograms;
control—5.8±0.3 vs. Mn-exposed—6.5±0.3; p>0.05) or
brain weight (in grams; control—69.0±1.5 vs. Mn—
exposed-66.0±3.9; p>0.05) were observed between control
naive and Mn-exposed animals (Fig. 1C).
12 Week 16 Week 20 Week 24 Final

0.9 1.9±0.5 2.8±0.6* 2.8±0.5* 2.9±0.6*

37.6 102.9±11.4 74.5±14.6 65.5±20.4 41.2±3.9*

0.7 0.9±0.9 0.8±0.8 0.6±0.3 0.8±0.5
0.8 2.7±0.4 4.6±2.0 2.3±0.5 6.3±0.2*

ments were performed at 33.8±2.4 weeks for the behavior rating scores and at
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Effects of chronic Mn exposure on behavioral ratings, general
activity and fine motor skills

Five animals received behavioral ratings, four had fine
motor skills assessed and three had general activity data
recorded at baseline and throughout the Mn exposure period.
Behavioral rating scores increased slightly during the Mn
exposure period and became significantly different from
baseline from week 20 through the end of the study. However,
animals continued to appear to be grossly normal and changes
in rating scores, although statistically significant by the end of
Fig. 2. Effect of chronic Mn exposure on [11C]-raclopride BP and AMPH-induced
raclopride binding to D2-DAR in the striatum of one animal at baseline and at the M
areas represent low levels of [11C]-raclopride binding to D2-DAR. Note the progr
administration from baseline to Mn-2. (B) [11C]-raclopride time–activity curves in th
A. Each graph corresponds to the adjacent images in panel A. At baseline (top graph
AMPH administration. Increasing Mn exposure reduces the effectiveness of AMPH-
and lower graph in B). (C) Quantitative data on [11C]-raclopride BP and AMPH-ind
parenthesis are the mean percent change from baseline. Each value is the mean±SE
the study (Table 1), they were very subtle. None of these
animals exhibited any dyskinesias or dystonias at any time
during the study. Over the course of Mn exposure, general
activity levels varied from one observation period to another
but tended to decrease over time and became significantly
different from baseline at week 28 (Table 1). On the test of
fine motor skills, animals made 0.98±0.4 (mean±SEM)
errors/well in the “easy” board and 2.45±0.50 errors/well on
the “difficult” board at baseline. Over the course of the Mn
exposure period, performance on the “easy” board was not
affected while animals made significantly more errors on the
dopamine release. (A) Representative pseudocolor trans-axial images of [11C]-
n-1 and Mn-2 time points. Red areas represent high levels of binding and green
essive lack of a change in [11C]-raclopride levels in the striatum after AMPH
e striatum and cerebellum before and after AMPH in the same animal as in panel
in B), there is a dramatic decrease in [11C]-raclopride levels in the striatum after
induced DA released to displace [11C]-raclopride from the striatum (see middle
uced in vivo DA release for all animals. For dopamine release, the numbers in
M of 4 Mn-exposed animals. *p<0.05.



Fig. 3. Whole blood and brain tissue metals analysis. (A) Whole blood Mn
concentrations at various time points during the exposure period. Each value is
the mean±SEM of n=4 Mn-exposed animals except at baseline where n=3.
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“difficult” version of the task at week 28 (6.25±0.20 errors;
p<0.05) compared to baseline (Table 1).

Assessment of in vivo DAT, D2-DAR and DA release by PET

Fig. 2 depicts [11C]-raclopride PET images and correspond-
ing TACs in the striatum and cerebellum before and after
AMPH at baseline and at the two post-Mn imaging time points
in one of the animals. At baseline, AMPH-induced DA release
caused a significant downward deflection of the [11C]-
raclopride time–activity curve in the striatum (top graph in
panel B). This effect was gradually and dramatically decreased
with increasing Mn exposure (middle and lower graphs in panel
B). The mean±SEM of DA release for all animals (n=4)
showed a 41.6±19.9 percent decrease from baseline at the Mn-1
time point and a 61.3±8.0 percent decrease at the Mn-2 time
point (Fig. 2C). The percent decrease in DA release at the Mn-2
time point was significantly different from baseline (Fig. 2C).
No change in [11C]-raclopride binding potential, a measure of
D2-DAR levels, was measured in the striatum (Fig. 2C).
Exposure to Mn produced a small but non-significant decrease
in [11C]-methylphenidate binding to DAT relative to baseline
(Supplementary Fig. 1).

Post-mortem analysis of dopaminergic neuronal markers

We performed quantitative autoradiography in brain tissue
from the same animals undergoing PET studies and compared
them to naive controls. Consistent with the PET findings, there
was a trend toward a decrease in [125I]-RTI-121 specific binding
to DAT in both the caudate and putamen of Mn-exposed
animals; however, the differences did not reach statistical
significance when compared to naive control animals (Table 2).
No significant effect of Mn exposure on [3H]-raclopride
specific binding to D2-DAR was found in the caudate or
putamen relative to naive controls (Table 2). We also performed
TH immunohistochemistry and analysis of DA and its
metabolite HVA as additional methods to assess the integrity
of dopaminergic terminals in the striatum. No significant effect
of Mn exposure was observed on the level of these markers
(Table 2).
Table 2
Post-mortem analysis of caudate and putamen

Neurochemical
measurements

Caudate Putamen

Control Mn-exposed Control Mn-exposed

DAT
(fmol/mg tissue)

6.8±0.8 4.7±0.4 5.4±0.3 4.4±0.1

D2-DAR
(fmol/mg tissue)

91.8±1.4 99.9±4.0 88.3±1.0 94.5±2.9

TH immuno
(optical units)

79.4±6.9 78.4±6.6 85.4±6.3 88.7±8.0

DA levels
(ng/mg protein)

102.5±24.2 46.9±8.9 156.2±28.4 145.4±45.9

HVA levels
(ng/mg protein)

123.3±6.7 125.8±24.8 198.7±37.6 231.9±49.9

Each value is the mean±SEM of 3 naive control and 4 Mn-exposed animals.

*p<0.05 from baseline levels. (B) Effect of Mn exposure on brain Mn
concentrations. Each value is the mean±SEM of 3 naive controls and 4 Mn-
exposed animals. a=significantly different from control (p<0.05) within a brain
region. (C) Effect of Mn treatment on brain Cu concentrations. *Significant Mn
treatment effect F1,3=8.38; p=0.009. **Significant brain region effect
F1,3=29.7; p=0.0001 where white matter is significantly different from all
other regions regardless of treatment. GP=globus pallidus.
Metal analysis in whole blood and brain tissue

Whole blood samples were obtained under fasting conditions
on the day of the PET studies and at termination of the studies.
The results show a significant effect (F3,11=4.73; p=0.024) of
Mn exposure on whole blood Mn concentrations (Fig. 3A). No
significant effect of Mn exposure was observed on whole blood
Cu, Fe or Zn concentrations (data not shown). The mean±SEM
of whole blood Mn concentrations in μg/l was as follows:



Fig. 4. Schematic of a dopaminergic synapse under normal physiological conditions [1], the effect of amphetamine [2] and the effect of manganese (Mn) on
amphetamine-induced dopamine (DA) release. Arrow thickness indicates level of [11C]-raclopride binding to D2-dopamine receptors (D2). Under normal
physiological conditions [1], DA is released into the synapse and interacts with dopamine receptors. Dopaminergic neurotransmission is terminated by the re-uptake of
dopamine into the pre-synaptic element by dopamine transporters (DAT) and dopamine is re-packaged into vesicles by vesicular monoamine transporter type-2
(VMAT-2). With the administration of amphetamine [2], there is a reversal of the vesicular and plasmalemal membrane transporters producing a massive release of
dopamine into the synapse that is able to effectively compete with [11C]-raclopride for binding to D2-dopamine receptors. This causes a dramatic decrease in [11C]-
raclopride binding in the striatum. In animals treated with manganese (Mn), there is abrogation of the amphetamine-induced dopamine release into the synapse
allowing a greater amount of [11C]-raclopride binding to D2-dopamine receptors. TH=tyrosine hydroxylase; DC=DOPA decarboxylase.
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Baseline: 9.2±2.7 (n=3; range: 5.1–14.2 μg/l). One animal had
a baseline Mn value of 62.4 μg/l. This value was determined by
statistical methods to be an outlier and removed from the
average baseline value); Mn-1 time point: 67.1±13. 7 (n=4;
range: 42.9–106.1 μg/l); Mn-2 time point: 55.7±10.8 (n=4;
range: 29.4–73.7 μg/l); at termination: 42.6±9.9 (n=4; range:
14.6–58.6 μg/l).

Post-mortem brain tissue from Mn-exposed and control
animals was also analyzed for metal content. There was a
significant increase in Mn concentrations (Treatment effect:
F1,20=7.06; p=0.015) in all brain regions examined (Fig. 3B).
We also found a significant effect of Mn exposure (F1,20=8.38;
p=0.009) on brain Cu concentrations (Fig. 3C) with no
significant effect on Fe or Zn concentrations (data not
shown). The Mn-induced increase in brain Cu concentrations
was primarily driven by increases in basal ganglia structures
with little or no increase in white matter (Fig. 3C). Cu
concentrations in white matter were significantly lower relative
to all other regions irrespective of treatment (Fig. 3C).

Discussion

In the present study, we describe behavioral and neuroima-
ging abnormalities resulting from chronic low level Mn
exposure in non-human primates. We found that Mn exposure
produced subtle deficits on behavioral rating scores, activity
levels and fine motor function that were significantly different
from baseline at approximately the same time at which a
maximal effect on in vivo DA release was measured in the
striatum. The novel finding that Mn exposure progressively
decreased in vivo DA release provides a potential link to the
subtle deficits in motor function observed in the same animals.
An important observation from these studies is that whole blood
Mn concentrations during the exposure period were within the
upper range of concentrations reported in children or adults
receiving environmental, medical or occupational exposures
(See Gulson et al., 2006 and table within). It is important to note
that, in a study by Takser et al. (2003) referenced in the Gulson
et al. (2006) manuscript, they found that approximately 50% of
112 cord blood samples obtained at birth in a French population
had Mn concentrations greater than 40 μg/l.

In the PET studies that assess in vivo DA release, AMPH is
used to elicit the release of DA resulting in the acute reduction
of striatal [11C]-raclopride reflecting the competition of the
released DAwith [11C]-raclopride for binding to D2-DAR. This
is a commonly used technique to examine in vivo DA release by
PET and it is shown to be correlated with extracellular DA
concentrations measured by in vivo microdialysis (Laruelle,
2000). The progressive decrease in AMPH-evoked DA release
produced by Mn was present in the absence of a change in DAT
or D2-DAR levels measured by PET in the same animals. Post-
mortem analysis confirmed the lack of a Mn effect on markers
of dopamine terminal integrity (Table 2). Together, these
findings suggest that, at this level and duration of Mn exposure,
there is dopaminergic terminal dysfunction in the absence of
terminal loss in the striatum. To our knowledge, this is the first
report of a Mn-induced decrease on in vivo DA release in the
absence of terminal loss and suggests a novel mechanism of Mn
effects on nigrostriatal dopaminergic system function.

What are potential mechanism(s) by which Mn exposure
may produce a decrease in AMPH-induced DA release? AMPH
has multiple actions on DA nerve terminals (Seiden et al.,
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1993). It is known to reverse the DAT-mediated transport of DA
resulting in the efflux of DA from a cytosolic pool to the
extracellular space (Cadoni et al., 1995; Koob and Nestler,
1997; Seiden et al., 1993; Sulzer et al., 1995). AMPH can also
redistribute DA from vesicles to the cystosol that is then
available for release (Sulzer et al., 1995). Based on this
knowledge, there are several potential explanations to our
findings. One possibility is that Mn exposure decreased
cytosolic and/or vesicular DA levels reducing the amount of
DA available for release. This is not a likely explanation since
we found no significant differences in DA or HVA concentra-
tions in the striatum of Mn-exposed animals relative to controls.
It should be noted, however, that the mean DA concentration in
the caudate of Mn-treated animals was lower than the mean
value for controls (Table 2). However, the differences did not
reach statistical significance due to a high degree of variability.

A second possibility is that chronic Mn exposure produced a
progressive net increase in basal levels of extracellular DA
reducing the dynamic range by which AMPH elicits an increase
in extracellular DA reducing the ability to compete with [11C]-
raclopride for D2-DAR binding. Mn has been shown to both
stimulate DA release (Drapeau and Nachsen, 1984; Powls et al.,
1996) and inhibit DA uptake (Chen et al., 2006). Although there
is no current in vivo data to support this interpretation, future
studies by our group will examine the degree to which
extracellular levels of DA are altered in the striatum of Mn-
exposed non-human primates.

Chronic exposure to Mn may also interfere with mechanism
(s) by which AMPH produces an increase in DA release by
reversing DAT flux. Studies have shown that the stimulating
effect of AMPH on DA release requires a functional DAT
(Jones et al., 1998) and DAT antagonists abrogate AMPH-
induced DA release (Fisher and Cho, 1979; Raiteri et al., 1979;
Scarponi et al., 1999). This is a potential explanation since there
is evidence that Mn inhibits the binding of the cocaine analog
[3H]-WIN 35,428 to DAT and decreases [3H]-DA uptake into
rat striatal synaptosomes (Chen et al., 2006). Therefore, it is
possible that the effects of chronic Mn exposure on in vivo DA
release may be due to the ability of Mn to act as a DAT
antagonist (see Fig. 4).

What are the functional implications of a decrease in
AMPH-evoked and DAT-mediated in vivo DA release by
chronic Mn exposure? It is known that, in the striatum, DA is
released from DA axon terminals via an exocytotic, calcium-
dependent mechanism. The function of DAT is to remove DA
from the synapse back into the pre-synaptic terminal (see Fig.
4). On the other hand, in dendrites of substantia nigra
dopaminergic neurons, a different role for DAT has been
suggested. Stimulation of subthalamic glutamatergic fibers
innervating the substantia nigra produces the release of DA
from dopaminergic somatodendrites via a DAT-mediated and
calcium-independent process (Falkenburger et al., 2001). This
carrier-mediated somatodendritic release of DA stimulates DA
autoreceptors to reduce the excitability of DA neurons
(Blakely, 2001; Falkenburger et al., 2001). Thus, one possible
effect of inhibiting carrier-mediated DA release in Mn-
exposed non-human primates may be to alter the excitability
of nigrostriatal dopaminergic neurons and their activity to
projection areas.

Another potential effect of an inhibition of DAT-mediated
DA release by Mn exposure may be to alter DA
compartmentalization enhancing the probability of DA
oxidation, generation of reactive oxygen species and neuronal
injury (Hastings et al., 1996; Stokes et al., 1999). We also
found that chronic Mn exposure produced an increase in brain
Cu concentrations (primarily in basal ganglia structures, Fig.
3C) providing an environment conducive for DA oxidation
and the generation of reactive oxygen species. Cu is a redox
active metal and Cu–DA complexes and quinone formation
have been identified and implicated in the neuropathology of
PD (Paris et al., 2001). The accumulation of Mn in basal
ganglia and the resulting increase in Cu concentrations may
have important implications to changes in motor function
observed in Mn-exposed animals since increased levels of
these metals in the basal ganglia have been observed in
primary adult-onset dystonia (Becker et al., 1999), a symptom
that is prominent in Mn-induced parkinsonism.

In summary, we show that non-human primates chronically
exposed to levels of Mn that produced subtle deficits in motor
function have an apparently intact but dysfunctional nigros-
triatal DA system. The decreased in vivo DA release
documented in these animals may represent an early event
that may progress to neuronal injury and degeneration with
protracted Mn exposures.
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