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1. Introduction

Mn exists in a number of physical and chemical forms in the earth's crust, in water and in the
atmosphere's particulate matter. Because its outer electron shell can donate up to 7 electrons
(US EPA, 1984), Mn can assume 11 different oxidation states. Of environmental importance
are Mn2*, Mn#* and Mn’*. In living tissue, Mn has been found as Mn2*, Mn3* and possibly
as Mn** (Archibald and Tyree, 1987). Mn>*, Mn®*, Mn’* and other complexes of Mn at higher
oxidation states are generally unrecognized in biological materials (Keen, 1995). Mn plays an
essential role as a cofactor in many enzymatic reactions in humans, but in excess quantities,
can cause damage to the nervous system. Typically found in compounds with a coordination
number of 6 and lacking octahedral coordination complexes, Mn tends to form very tight
complexes with other substances (Keen, 1995). As a result, its free plasma and tissue
concentrations tend to be extremely low (Cotzias et al., 1968)

Manganese (Mn) is an essential metal found in a variety of biological tissues and is necessary
for normal functioning of a variety of physiological processes including amino acid, lipid,
protein and carbohydrate metabolism (Erikson et al., 2005). Mn also plays an essential role in
immune system functioning, regulation of cellular energy, bone and connective tissue growth
and blood clotting (Erikson and Aschner, 2003). In the brain, Mn is an important cofactor for
a variety of enzymes, including the anti-oxidant enzyme superoxide dismutase (Hurley and
Keen, 1987), as well as enzymes involved in neurotransmitter synthesis and metabolism (Golub
et al., 2005).

Despite its essentiality, Mn has been known to be a neurotoxicant for at least 150 years
(ATSDR, 2000). Mn neurotoxicity was first identified as an extra-pyramidal syndrome in
miners exposed to high concentrations of Mn ore (Barbeau et al., 1976; Couper, 1987; Mena
et al., 1967). Exposure to excessive amounts of Mn is associated with a variety of psychiatric
and motor disturbances (Chia et al., 1993;Calne et al., 1994;Pal, et al., 1999;Stredrick et al.,
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2004). The signs and symptoms from relatively high levels of exposure, as might occur in
occupational settings, include postural instability, mood and psychiatric changes (i.e.,
depression, agitation, hallucinations) (Mena et al., 1967), and Parkinsonian symptoms such as
bradykinesia, rigidity, tremor, gait disturbance, postural instability and dystonia and/or ataxia
(Josephs et al., 2005). Cognitive deficits such as memory impairment, reduced learning
capacity, decreased mental flexibility, cognitive slowing (Josephs et al., 2005) and difficulty
with visuomotor and visuospatial information processing (Bowler et al., 2003) have also been
reported. It has been suggested that the earliest signs of Mn intoxication may be subtle (Bowler
et al., 2006) and that psychomotor testing, in particular, may be more sensitive than
standardized neurological examinations in detecting central nervous system (CNS) defects in
exposed workers (Roels et al., 1987;1992).

The primary source of Mn intoxication in humans is due to occupational exposure in miners,
smelters, welders and workers in dry-cell battery factories (Bowler et al., 2006;Chandra et al.,
1981;Huang et al., 1989;Jiang et al., 2006a;Myers et al., 2003;0n0 et al., 2002). Significant
neurological dysfunction has been associated with the duration of Mn exposure (Roels et al.,
1987). Other epidemiological studies of industrial workers have shown a positive correlation
between neurological dysfunction and lifetime integrated or cumulative Mn exposure
(Lucchini et al., 1995,1999;Roels et al., 1992).

The present review is based on presentations from the meeting of the Society of Toxicology

in San Diego, CA (March 2006). It addresses recent developments in the understanding of the
transport of manganese (Mn) into the central nervous system (CNS), as well as brain imaging
and neurocognitive studies in non-human primates aimed at improving our understanding of
the mechanisms of Mn neurotoxicity. Finally, we discuss potential therapeutic modalities for
treating Mn intoxication in humans.

2. Manganese (Mn) Transport in the Central Nervous System (CNS)

Mn enters the brain from the blood either across the cerebral capillaries and/or the cerebrospinal
fluid (CSF). At normal plasma concentrations, Mn appears to enter into the CNS primarily
across the capillary endothelium, whereas at high plasma concentrations, transport across the
choroid plexus appears to predominate (Murphy et al., 1991;Rabin et al., 1993), consistent with
observations on the rapid appearance and persistent elevation of Mn in this organ (London et
al., 1989). Radioactive Mn injected into the blood stream is concentrated in the choroid plexus
within 1 hour after injection; 3 days post-injection, it is localized to the dentate gyrus and CA3
of the hippocampus (Takeda et al., 1994). Manganism, a condition associated with exposure
to excessive Mn levels, is associated with elevated brain levels of Mn, primarily in those areas
known to contain high concentrations of non-heme iron (Fe), especially the caudate-putamen,
globus pallidus, substantia nigra and subthalamic nuclei.

How and in what chemical form Mn is transported across the BBB has come to light in a series
of studies conducted over the last two decades. It appears that facilitated diffusion (Rabin et
al., 1993), active transport (Murphy et al., 1991; Aschner and Gannon, 1993; Rabin et al.,
1993), divalent metal transport 1 (DMT-1; also known as DCT-1/NRAMP2)-mediated
transport (Erikson et al., 2002;Garrick et al., 2003), ZIP8- and transferrin (Tf)-dependent
transport (Aschner and Gannon, 1993) mechanisms are all involved in shuttling Mn across the
BBB (Figure 1). Although non-protein-bound Mn enters the brain more rapidly than Tf-bound
Mn (Murphy et al., 1991;Rabin et al., 1993), the question remains as to which form represents
the predominant mechanism of transport in situ. Analyses of transport mechanisms which are
based on tracer techniques employing bolus injections of Mn into the circulation cannot be
easily interpreted. While tracer studies represent a sensitive technique for quantifying Mn
transport, it must be noted that the information derived from such studies does not necessarily
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reflect the chemically active or functional forms in which Mn exists and is transported in
vivo. This is due to the saturation of blood ligands for Mn and the likelihood that Mn in the
free form exists at concentrations in excess to those expected under physiological conditions.
Thus, transport kinetics under such conditions may not necessarily mimic physiological
conditions. Leak-pathways for Mn also likely exist, especially in areas lacking intact BBB,
namely the circumventricular organs (Figure 1).

This brief review will address experimental evidence supporting of each of the above
mentioned transporters in shuttling Mn across the BBB. No unique mammalian Mn transporters
have been identified. The affinity of divalent Mn (2+) towards endogenous ligand is relatively
low. Divalent Mn (2+) does not avidly complex with sulfhydryl (-SH) groups or amines, and
it shows little variation in its stability constants for endogenous complexing ligands such as
glycine, cysteine, riboflavin and guanosine. Within the plasma, approximately 80% of Mn is
bound to globulin and albumin, and a small fraction of trivalent (3+) Mn is bound to Tf (Aisen
et al., 1969). There is much theoretical and some experimental evidence suggesting that Tf,
the principal Fe-carrying protein of the plasma, functions prominently in Mn transport across
the BBB. In the absence of Fe, the binding sites of Tf can accommaodate a number of other
metals, raising the possibility that Tf functions in vivo as a transport agent for many of these
metals. Mn binding to Tf is time-dependent (Keefer et al., 1970;Scheuhammer and Cherian,
1985;Aschner and Aschner, 1990). When complexed with Tf, Mn is exclusively present in the
trivalent oxidation state, with 2 metal ions tightly bound to each Tf molecule (Aisen et al.,
1969). At normal plasma Fe concentrations (0.9-2.8ug/ml), normal iron binding capacity
(2.5-4pg/ml) and at normal Tf concentration in plasma — 3 mg/ml with 2 metal-ion-binding
sites per molecule (M, 77000) of which only 30% are occupied by Fe*3 — Tf has available
501 mole of unoccupied Mn3* binding sites per liter.

Since Tf receptors are present on the surface of the cerebral capillaries (Fishman et al.,
1985;Jeffries et al., 1984;Partridge et al., 1987) and endocytosis of Tf is known to occur in
these capillaries (Partridge etal., 1987), it has been suggested that Mn (in the trivalent oxidation
state) enters the endothelial cells complexed with Tf. Mn is then released from the complex in
the endothelial cell interior by endosomal acidification, and the apo-Tf Tf complex is returned
to the luminal surface (Morris et al., 1992a;Morris et al., 1992b). Mn released within the
endothelial cells is subsequently transferred to the abluminal cell surface for release into the
extracellular fluid (Figure 1). The endothelial Mn is delivered to brain-derived Tf for
extracellular transport and subsequently taken up by neurons, oligodendrocytes and astrocytes
for usage and storage. Support for receptor-mediated endocytosis of a Mn-Tf complex in
cultured neuroblastoma cells (SHSY5Y) was recently demonstrated by Suarez and Eriksson
(1993). Sloot and Gramsbergen (1994) have demonstrated anterograde axonal transport

of ®Mn in both nigrostriatal and striatonigral pathways. Furthermore, in vivo intravenous
administration of ferric-hydroxide dextran complex significantly inhibits Mn brain uptake, and
high Fe intake reduces CNS Mn concentrations, corroborating a relationship between Fe and
Mn transport (Aschner and Aschner, 1990;Diez-Ewald et al., 1968).

The distribution of Tf receptors in relationship to CNS Mn accumulation is noteworthy. The
pallidum, thalamic nuclei and substantia nigra contain the highest concentrations of Mn
(Barbeau et al., 1976). Interestingly, Fe concentrations in these structures are the highest as
well (Hill and Switzer, 1984). Although the areas with dense Tf distribution (Hill et al.,
1985) do not correspond to the distribution of Mn (or Fe), the fact that Mn-accumulating areas
are efferent to areas of high Tf receptor density suggests that these sites may accumulate Mn
through neuronal transport (Sloot and Gramshergen, 1994). For example, the Mn-rich areas of
the ventral-pallidum, globus pallidus and substantia nigra receive input from the nucleus
accumbens and the caudate-putamen (Walaas and Fonnum, 1979;Nagy et al., 1978), two areas
abundantly rich in Tf receptors.
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A second prominent Mn transporter is the divalent metal transporter-1 (DMT-1; also known
as NRAMP-2 and DCT-1; Figure 1). It is best known for its role as an intestinal, interluminal
protein responsible for Fe regulation (Conrad and Umbreit, 2002;Mackenzie and Hediger,
2004). Indeed, gene transcription for this protein is actually regulated by Fe concentration via
an iron-response element (IRE) located on the mRNA (Garrick et al., 2003). There is growing
evidence that DMT-1 is involved in brain Mn delivery. It has been well established that DMT-1
has an affinity for Mn (Roth and Garrick, 2003). In the microcytic anemia (mk) mouse and the
phenotypically similar Belgrade (b) rat (Fleming et al., 1997;Fleming et al., 1998), orthologous
mutations (glycine 185 to arginine) in the DMT-1 gene result in significantly reduced dietary
iron (Fe) absorption. The role of the defective DMT-1 allele in the transport of Mn across the
BBB has been evaluated in homozygous Belgrade (b/b) rats that exhibit hypochromic anemia
and also in heterozygous (+/b) Belgrade rats (Chua and Morgan, 1997). Plasma clearance and
uptake by the CNS after intravenous injection of radioactive *Mn bound to Tf or mixed with
serum have demonstrated that plasma clearance of Mn-Tf was much slower than Mn-serum,
but both were faster than the clearance of Fe-Tf. Uptake of *Mn, and %°Fe by the brain was
less in b/b rats than in +/b rats, suggesting that the defective DMT-1 allele affects the
metabolism of both metals and that Mn and Fe might share DMT-1 transporters in the BBB
(Chua and Morgan, 1997). Other in vitro work also strongly supports a role for this transporter
in Mn movement across the BBB. Interestingly, DMT-1 activity is pH-dependent and probably
Fe-dependent as well. Additionally, because metal transport via DMT-1 is an active process,
it is likely to be temperature-dependent. This is interesting because data suggest that Mn
transport across rat brain endothelial (RBE4) cells in culture is, among other things,
temperature-, pH- and Fe-dependent (Fitsanakis et al. 2005). While the mammalian data are
probably more germane to human Mn transport, it is also known that mutations in NRAMP-2,
the DMT-1 homologue in bacteria and yeast, disrupt Mn transport (Kehres and Maguire,
2003;Portnoy et al., 2002;Rosakis and Koster, 2004;Rosakis and Koster, 2005). However, it
is clear that DMT-1 is not the sole transporter of Mn across the BBB, since in the Belgrade rat,
Mn is efficiently transported into the CNS (Crossgrove and Yokel, 2004). This is not altogether
surprising since many metals and other molecules are dependent on numerous transporters and
other proteins to facilitate their movement across various barrier systems. For an extensive
review on the role of DMT-1 in mammalian transport of multiple metals, please refer to Garrick
et al. (2003).

A small fraction of Mn is found in plasma as Mn-citrate (Crossgrove et al., 2003;Yokel and
Crossgrove, 2004). In additional studies, these authors have assessed the regulation of Mn
movement across the blood-brain barrier (BBB) with the in situ brain perfusion technique. The
influx rates of Mn were compared to their predicted diffusion rates, which were determined
from their octanol/aqueous partitioning coefficients and molecular weights. Results from these
studies have suggested that a Mn citrate tridentate complex with a non-coordinated central
carboxylate recognition moiety is likely a substrate for the organic anion transporter or a
monocarboxylate transporter (MCT). Candidates for transport of Mn citrate may include MCT
and/or members of the organic anion transporter polypeptide (OATP) or ATP-binding cassette
(ABC) superfamilies. However, as pointed out by these authors, the most likely candidate for
mediating transport of the Mn across the BBB is DMT-1.

Finally, recent evidence implies arole for the ZIP transporter proteins in Mn transport; although
it has yet to be determined whether these proteins are functional at the BBB. The ZIP transporter
proteins, members of the solute-carrier-39 (SLC39) metal-transporter family, have 14 members
— highly conserved orthologs — between mouse and human (Eide, 2004). In plants, several
ZIP proteins have been implicated in divalent metal transport, including zinc (Zn), Fe and Mn.
A recent in vitro study (He et al., 2006) in mouse fetal fibroblast cultures established that ZIP8
has a high affinity for Mn. The Ky, of 2.2uM for Mn2* is close to physiological concentrations
and within the same range determined in many cell lines or tissues. However, like many of the
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previously mentioned studies, one must be cautious in extrapolating into the intact animal,
because the ability of this protein to transport a particular cation does not necessarily imply
that this protein is physiologically relevant. Thus, whether SIc39 and organic transporters
function in Mn transport remains to be tested under physiologically relevant conditions. To
date, the strongest evidence-based studies on Mn imply a physiological role for the transport
of Mn both by Tf receptors and DMT-1. Definitive studies to assess other protein functions
(Slc39, MCT) in physiological roles have yet to be carried out.

3. Positron Emission Tomography (PET) Imaging in Mn Neurotoxicity: Old
Questions, New Approaches

Mn is an essential element (see above), but exposure to excessive concentrations increases
brain Mn levels resulting in a Parkinsonian-like syndrome. Parkinson's disease (PD) is the
second most prevalent neurodegenerative disease and its hallmark neuropathology is the loss
of nigrostriatal dopamine (DA) neurons in the substantia nigra pars compacta (SNpc). The
progressive loss of DA neurons leads to the classical clinical symptoms of PD including resting
tremor, hypoactivity, loss of balance and bradykinesia. Etiological and pathological data
suggest that there are both genetic and environmental components that cause and contribute to
dopaminergic degeneration (Jenner, 1998). Epidemiological studies also suggest that long-
term Mn2* exposure may be a risk factor for PD (see above).

Early work examining miners exposed to Mn described a constellation of extra-pyramidal
symptoms with features similar to those exhibited by patients with idiopathic PD (Calne et al.,
1994;L ee, 2000;0lanow, 2004;Pal et al., 1999). These features included bradykinesia, rigidity
and gait abnormalities compounded by impaired dexterity and clumsiness (Calne et al.,
1994;0lanow, 2004;Pal et al., 1999). Individuals with Mn-induced Parkinsonism also have
more dystonia and fewer tremors than patients with idiopathic PD (Calne et al., 1994;0lanow,
2004;Pal et al., 1999). Furthermore, while L-dopa therapy is an effective means to ameliorate
the clinical expression of PD, the benefits of L-dopa therapy have been described as having
mixed results in Mn-exposed workers. Some reports describe the beneficial effects of L-dopa
in the early treatment of Mn-induced Parkinsonism (Huang et al., 1989), while other reports
describe no benefit (Lu et al., 1994). Therefore, both similarities and differences in the clinical
expression of Mn-induced Parkinsonism and idiopathic PD exist.

From a neuropathological perspective, there are a very limited number of human studies in
which autopsy samples of Mn-exposed brains have been examined (Bernheimer et al.,
1973;Yamada et al., 1986 and references within). Furthermore, many of these brain autopsy
examinations were performed in the early 1900's upon individuals working in heavily
contaminated environments. Nevertheless, even from this limited number of human brain
samples, there is clear evidence that basal ganglia nuclei are primary targets for Mn
neurotoxicity. These early studies described significant neuropathological changes such as cell
loss and gliosis in the globus pallidus, caudate, putamen and subthalamic nucleus (Bernheimer
etal., 1973;Yamada et al., 1986 and references within). For the most part, the substantia nigra
pars compacta has been described as being intact (Yamada et al., 1986), although one case
indicated pathological involvement, loss of DA and the presence of Lewy bodies (Bernheimer
etal., 1973). These neuropathological findings appear different from the consistent and marked
degeneration of DAergic neurons of the substantia nigra pars compacta documented in
idiopathic PD (Bernheimer et al., 1973).

The clinical expression and neuropathology of Mn-induced Parkinsonism has been duplicated
to a large extent in studies using non-human primates (Chandra et al., 1979;Eriksson et al.,
1987;Neff et al., 1969;0lanow et al., 1996;Pentschew et al., 1963). The early studies used
extremely high doses of Mn in attempting to mimic human exposure (Pentschew et al.,
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1963;Neff et al., 1969). More recent studies have used lower dosing protocols for longer times
of exposure (Chandra et al., 1979;Eriksson et al., 1987;Olanow et al., 1996). In general, the
behavioral, neurochemical and neuropathological findings in primates agree strongly with
findings documented in the human literature. Similar to human studies, non-human, primate
studies have demonstrated motor function abnormalities following high doses of Mn exposure,
including rigidity, hypoactivity, postural instability and action tremor (Neff et al.,
1969;Eriksson et al., 1987,1992;Shinotoh et al., 1995). From a neuropathological and
neurochemical perspective, non-human primates exposed to high doses of Mn also exhibit
alterations in dopamine levels as well as cell loss and gliosis in basal ganglia structures,
especially in the globus pallidus (Pentschew et al., 1963;Chandra et al., 1979;Bird et al.,
1984;Eriksson et al., 1987).

3a. Contribution of PET imaging to the understanding of Mn neurotoxicity

The advent of new technologies such as positron emission tomography (PET) and single photon
emission computed tomography (SPECT) in the early 1980s provided scientists the tools
necessary to visualize and quantify the chemistry of the living brain. PET and SPECT are
nuclear medicine imaging techniques that produce an image or map of functional processes in
the body). These new technologies provided the advantage of being able to assess brain
chemistry in human beings and in experimental animals in both healthy states and during active
states of disease. Today, brain imaging is commonly used in many hospitals and research
institutions throughout the United States and throughout the world. The first application of
PET imaging to study Mn-induced neurological dysfunction was performed by a group led by
Dr. Donald Calne (Woltersetal., 1989). In this study, the investigators performed PET imaging
in 4 patients with Mn-induced Parkinsonism who had been working for more than 2 years in
the Mn smelting industry in Taiwan. These individuals expressed bradykinesia and rigidity
with masked facial expression, clumsiness, impaired dexterity and gait abnormalities. [18F]-
fluorodopa PET studies were performed in these Mn-exposed individuals, and the results were
compared to 21 normal, healthy controls and 13 patients with idiopathic PD. [*8F]-fluorodopa
PET provides an index of the ability of dopamine neurons to synthesize dopamine from L-dopa
and represents an indirect measure of nigrostriatal dopaminergic neuronal integrity. [18F]-
fluorodopa PET has been shown to be significantly decreased in patients with idiopathic PD
(Brooks et al., 1990;Vingerhoets et al., 1994). As expected, in the study by Wolters et al.,
(1989), PD patients exhibited a dramatic decrease in the [18F]-fluorodopa activity in the
striatum relative to controls. On the other hand, normal activity was measured in Mn-exposed
workers that exhibited clinical signs of Parkinsonism and elevated levels of Mn in the blood
and hair. Based on these findings, the authors concluded that Mn-exposed workers have an
intact nigrostriatal dopaminergic system and that the Parkinsonian symptoms must be
associated with the disturbance of post-synaptic striatal or pallidal neurons.

In a subsequent study by the same group of investigators published 8 years later (Shinotoh et
al., 1997), they performed a follow up investigation in which they repeated [18F]-fluorodopa
PET and also added [*1C]-raclopride PET, a radioligand that binds to D2-dopamine receptors.
They found that while Parkinsonian symptoms had progressed since their previous study,
[18F]-fluorodopa PET was still normal in all of the patients, thereby corroborating their
previous findings. [11C]-raclopride PET revealed a small (12%) but significant decrease in
caudate/occipital ratios, for which the authors inferred that there was no major change in striatal
D2 receptors.

More recently, SPECT studies with dopamine transporter radioligands have suggested that

dopamine transporters in the striatum are decreased in Parkinsonian patients with a history of
Mn exposure (Huang et al., 2003;Kim et al., 2002). Dopamine transporter levels in the striatum
have been used as markers of dopamine terminal integrity in the diagnosis of PD (Pirker et al.,
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2002). These findings suggest that dopamine terminals in the striatum are degenerating in
individuals with a history of Mn exposure. One of the confounding factors in this study is that
it remains unknown whether the individuals with Mn exposure were already in the “pre-
clinical” stages of PD and had merely experienced coincidental Mn exposure. Similarly, a case
report by Racette et al., (2005a) of a female with a history of alcoholic cirrhosis with
Parkinsonian symptoms showed MRI findings consistent with elevated Mn accumulation in
the basal ganglia. The increase in brain Mn levels observed in this patient was due to the fact
that, in liver disease Mn biliary excretion is impaired. The patient exhibited reductions in
[18F]-fluorodopa in the striatum as compared to normal, age-matched controls, but not to the
same degree as PD patients. This study is also confounded by the fact that this woman could
have had PD with Mn accumulation in the basal ganglia due to her liver cirrhosis. However,
the possibility that Mn exposure accelerates the progression of idiopathic PD cannot be ruled
out. Therefore, the relationship between Mn exposure and PD remains a controversial topic in
the human literature.

3b. PET studies in Mn-intoxicated monkeys

There are several PET imaging studies in non-human primates, providing additional insight
into potential mechanisms of Mn-induced neurotoxicity. Shinotoh et al. (1995), were the first
to use PET imaging in Mn-exposed primates. They exposed 3 male, adult rhesus monkeys to
cumulative MnCl, (single i.v. injections from 10 to 14 mg/kg) doses ranging from 71-87 mg
Mn/kg of body weight and performed [18F]-fluorodopa PET to assess dopamine synthesis,
[1C]-raclopride PET to examine D2-dopamine receptors and [*8F]-fluoro-deoxyglucose PET
to evaluate glucose metabolism. These PET studies were performed at baseline (prior to Mn
administration) and at various time points after the initiation of Mn exposure. During Mn
administration, two of the animals exhibited hypoactivity and weakness of the limbs; one
animal did not express any degree of clinical abnormality. The latter result suggests that
individual animals or human beings may have differential susceptibilities to Mn intoxication.
At this point a cautionary note must be considered, namely that individual susceptibility to Mn
in single animals may not be discriminated from experimental variation about a threshold for
an effect. To ascertain this possibility, additional studies with larger animals will have to be
carried out. The studies showed no significant changes from baseline for any of the PET studies
during the course of Mn administration despite the fact that 2 out of the 3 animals exhibited
clinical symptoms of Parkinsonism with significant accumulation of Mn in the basal ganglia,
which was confirmed by MRI (Shinotoh et al., 1995).

Studies by Eriksson and colleagues using PET also showed that Mn-exposed monkeys
expressed normal [*1C]-L-Dopa turnover, but [}1C]-nomifensin uptake (a measurement of
dopamine transporter levels) declined progressively to reach a 60% reduction from baseline in
the striatum, thereby suggesting dopaminergic terminal loss (Eriksson et al., 1992a). [1C]-
raclopride was transiently decreased in the early stages of Mn intoxication, but levels
normalized by the end of the studies. These animals were administered very high doses of Mn
(400 mg MnO,, per injection on 12 different occasions for a cumulative dose of 4.8 grams of
MnO, or approximately 960 mg MnO,/kg body weight) and this very high dose paradigm may
have caused the effect on dopamine transporter levels. They developed an unsteady gait with
clumsiness of the hands and feet as well as hypoactivity. These studies suggested two
possibilities: 1) the number of dopaminergic terminals in the striatum was constant with a
reduced amount of dopamine transporter protein or 2) there was dopaminergic terminal loss
with no change or with a compensatory increase in L-dopa activity. In either case, no conclusive
statement could be made, and no post-mortem examination of the brain was performed.

Post-mortem studies of Mn-intoxicated primates have also provided conflicting information.
For example, three reports have described decreased levels of dopamine in the striatum (Neff
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et al., 1969;Chandra et al., 1979;Eriksson et al., 1987) following relatively high doses of Mn
exposure, while one report indicates no change in striatal dopamine levels and a normally
appearing substantia nigra (Olanow et al., 1996). All primate studies noted prominent
neuropathological changes (i.e., gliosis and cell loss) in the globus pallidus with some degree
of involvement in the caudate, putamen and subthalamic nucleus (Neff et al., 1969;Chandra et
al., 1979;Eriksson et al., 1987;0lanow et al., 1996;Pentschew et al., 1963). Finally, a report
by Eriksson et al., (1992b) using receptor autoradiography indicated a significant decrease in
striatal [3H]-SCH23390 binding to D1-dopamine receptors with no effect on D2-dopamine
receptors and a significant decrease in [3H]-mazindol binding to dopamine transporters in the
caudate and putamen. The latter study seems to confirm the PET findings by the same
investigators (Eriksson et al., 1992a), namey that Mn-intoxicated monkeys exhibit decreased
levels of dopamine transporters in the striatum.

3c. What can be surmised from the PET studies in Mn-exposed humans and primates?

As discussed above, Mn exposure likely alter different dopaminergic neuron markers or
processes. Nevertheless, there is evidence to suggest that [18F]-fluorodopa PET is not affected
by Mn exposure (Shinotoh et al., 1995;Wolters et al., 1989), consistent with the idea that Mn
intoxication does not alter the integrity of nigrostriatal dopaminergic neurons. However, using
radioligands that measure dopamine transporters, the data suggest that chronic exposure to
high levels of Mn significantly decreases the level of this protein. Furthermore, there is
evidence to suggest that dopamine transporters are targets for Mn, since acute Mn
administration has been shown to transiently increase dopamine transporter levels in the
striatum as measured by PET (Chen et al., 2006). The question that remains is whether, in the
case of chronic Mn intoxication, the loss of dopamine transporters indicates the loss of
dopaminergic terminals or the modulation of the protein. Taken together, the data suggest that
the latter may be the case since PET studies assessing the conversion of L-dopa to dopamine
are consistently found to be normal. Alternatively, the idea that Mn intoxication causes
dopamine terminal loss without altering [*8F]-fluorodopa PET cannot be dismissed. For
example, in Wilson's disease, a genetic disorder of copper deposition in the basal ganglia, there
are case reports of patients in which PET studies to measure dopamine transporter levels
demonstrate significant loss in the striatum with no evidence of a change in [18F]-L-Dopa PET
(Westermank et al., 1995). Importantly, similar to Mn intoxication, Parkinsonian symptoms
and dystonia are prominent clinical features in Wilson's disease (Jeon et al., 1998). In both
conditions, metal homeostasis in the caudate and putamen is disrupted. Interestingly, recent
studies have documented an increase in the copper concentration in the globus pallidus, caudate
and putamen of Mn-exposed primates (Guilarte et al., 2006).

3d. PET studies on Mn neurotoxicity

The molecular mechanisms by which Mn produces extra-pyramidal symptoms and other
central nervous system effects are not well understood. To this end, Guilarte et al. (2006) have
studied non-human primates chronically exposed to Mn. These animals received behavioral
training for a variety of tests of cognitive function as well as monitoring of motor function and
activity (See Schneider in this review). A comprehensive approach was undertaken, in which
three important elements involved in dopaminergic neurotransmission — dopamine
transporters, dopamine receptors and dopamine release — were measured using PET.
Following baseline training of the animals for cognitive and motor assessment, PET studies
were performed on the same day for D2-dopamine receptors ([11C]-raclopride), dopamine
transporters ([11C]-methylphenidate) and in vivo dopamine release ([11C]-raclopride with
amphetamine challenge). These PET studies were performed at baseline and during chronic
Mn exposure (Guilarte et al., 2006). While no significant changes in [*1C]-raclopride and
[1C]-methylphenidate binding potential were present in any of the animals during Mn
exposure, a significant and progressive decrease of in vivo dopamine release was measured in
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all of the animals (Figure 2) and (Guilarte et al., 2006). The lack of effect of Mn exposure on
[11C]-methylphenidate binding despite observations of decreased transporter binding by other
investigators (Huang et al., 2003;Kim et al., 2002) may be attributable to the magnitude and/
or duration of Mn exposure, account for the differences between these studies.

The decrease of in vivo dopamine release was most pronounced at a time in which the Mn-
exposed animals expressed deficits in fine motor dexterity and activity (Guilarte et al., 2006).
The marked effect of Mn exposure on in vivo dopamine release measured by PET has not been
described in earlier studies, and it represents a new mechanism by which Mn exposure may
affect basal ganglia function. These results show that nigrostriatal dopamine system
dysfunction is possible in the absence of a change in a marker of dopamine terminal integrity.
These findings may help explain previous observations that L-dopa therapy is not an effective
means of ameliorating the clinical symptoms in Mn-exposed humans or primates since the
problem may not be one of dopamine synthesis or loss of dopamine terminals but one of
dopamine release. Furthermore, these findings provide a new avenue for investigating the
effects of Mn on the nigrostriatal dopaminergic system.

Notably, in a previous study in which acute high dose Mn was given to 2 non-human primates,
a transient but reproducible increase in striatal DAT levels was ascertained by PET (Chen et
al., 2006). In this study by Chen et al., (2006) it was also shown that Mn inhibits the binding
of the cocaine analog [®H]-WIN 35,428 to rat striatal membranes and the uptake of [3H]-
dopamine to rat striatal synaptosomes. The acute effect of Mn on dopamine transporter levels
measured by PET is different from the lack of a significant effect of chronic Mn exposure on
striatal dopamine transporter levels described by Guilarte et al., (2006). It is likely that this
variation in effect is based on whether Mn is given acutely or chronically. The consistent
finding with both studies is that dopamine transporters are direct targets for Mn-induced effects.
As demonstrated in the work by Chen et al., (2006), acute Mn increased DAT levels. On the
other hand, in the chronic study (Guilarte et al., 2006); Mn abrogates the stimulatory effect of
amphetamines on dopamine release, which is presumed to be due to a Mn-induced inhibition
of dopamine transporters. In summary, these studies clearly point out that molecular imaging
with PET, SPECT and other modalities will play an increasingly important role in defining the
complex neurotoxic effects of Mn on the living brain.

4. Behavioral Effects of Mn Intoxication on Non-Human Primates

As discussed above, much has been learned about the basic toxicology of Mn from studies in
rodents, and especially from the relatively few studies on the effects of Mn exposure in non-
human primates, a species whose behavioral repertoire more closely resembles that generated
by the human neurobehavioral system. Because Mn affects dopaminergic systems and its
neuropathology closely resembles PD (see above), studies on the behavioral consequences of
Mn exposure in non-human primates are extremely valuable.

To date, most studies have examined outcomes following relatively high level acute or chronic
exposure to Mn. Less is known about the effects of chronic exposure to lower levels of Mn or
about the threshold exposures sufficient for altering cognitive and motor function. This is of
primary importance as concerns about possible adverse effects from long-term exposure to
increasing ambient levels of Mn in the environment continue to mount (Aschner et al., 2005).
To begin to address this issue, this section of the review will also briefly discuss data being
collected as part of an on-going, multi-disciplinary study assessing the behavioral,
neuroimaging and neuropathological consequences of chronic exposure to different levels of
Mn in non-human primates.
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4a. Effects of Mn on Motor Functioning

A number of studies have described the effects of Mn exposure on motor functioning in non-
human primates. Although these studies used different levels of cumulative exposure and
different forms of Mn, the types of motor dysfunctions noted (mostly associated with increasing
cumulative exposure) include rigidity and bradykinesia (Olanow et al., 1996), intention tremor
(Newland and Weiss, 1992;Suzuki et al., 1975), uncoordination (Neff et al., 1969;Suzuki et
al., 1975), hyperactivity (Eriksson et al., 1992), unsteady gait and clumsiness (Eriksson et al.,
1992).

In a study of 3 rhesus monkeys, Olanow et al. (1996) described the development of marked
generalized bradykinesia, rigidity and abnormal extensor posturing of the hindlimbs after only
2 intravenous injections of 10 mg/kg each of Mn chloride. Movements suggestive of facial
dystonia were also noted. A second animal also developed moderately severe bradykinesia,
rigidity, extensor posturing and grimacing suggestive of facial dystonia after 2 injections of
Mn chloride (total 23 mg/kg). Interestingly, a third animal did not develop any neurological
signs after receiving 87 mg/kg of Mn over a 43 day period (Olanow et al., 1996). The motor
dysfunction in the 2 symptomatic animals did not respond to L-dopa therapy.

In contrast to the rapid development of motor symptoms described above, other investigators
have reported much more slowly evolving motor function deficits following chronic exposure
to Mn. Mella (1923) injected monkeys intramuscularly with 5 mg of Mn chloride every other
day for 18 months and reported that the animals developed choreoathetoid movements, tremor
and rigidity. Gupta et al. (1980) described the development of muscular weakness and rigidity
in the lower limbs of rhesus monkeys after 18 months of daily exposure to Mn (25 mg/kg Mn
chloride, p.o.). Eriksson et al. (1987) exposed each of 4 monkeys to a cumulative dose of 8 g
of Mn oxide by repeated subcutaneous injections of 0.2 g of Mn per injection over a 5 months
period. All animals developed hyperactive behaviors after about 2 months of Mn administration
and then became hypoactive with an unsteady gait and some action tremors by approximately
5 months of Mn exposure. The animals developed increasing weakness and clumsiness
throughout the latter part of the study period. In another study, Eriksson et al. (1992)
administered Mn oxide to 2 monkeys on 11 occasions over a 4 months period, with 0.4 g of
Mn oxide injected subcutaneously on each occasion. Both animals developed an unsteady gait,
minor clumsiness of the hands and feet and hypoactivity after 4-5 months. Eriksson et al.
(1992a) also administered Mn oxide by subcutaneous injection to 3 monkeys on 13 occasions
(0.2 g Mn per injection) over a 26 months period. The authors reported that the monkeys in
this study did not show any obvious symptoms (although one animal, however, did show a
time-dependent decrease in locomotor activity) from this “low-dose Mn intoxication” as
compared to the animals in the previous study which received larger amounts of Mn during a
shorter period of time. One report on the behavioral outcome of rhesus monkeys exposed to
Mn by inhalation (exposure to Mn dust particles, less than 5um in diameter at a concentration
in air of 30 mg/m?3 with a total of 4 g of Mn dust blown through the inhalation chamber in a
six hour exposure period each day) (Bird et al., 1984) claimed that the animals showed neither
abnormal movements nor abnormal neurological signs during the 2 years of exposure. It is
noteworthy that generalizing on the effect of exposure duration on neurotoxicity is somewhat
difficult, given the different species and Mn salts used in various experimental paradigms.

One study has recently examined the neurobehavioral development of rhesus monkeys raised
on cow's milk formula (containing 50ug Mn/L), soy formula (containing 300ug Mn/L) or soy
formula supplemented with Mn chloride (containing 1,000png Mn/L) through 4 months of age
(Golub et al., 2005). Motor endpoints thought to be potentially reflective of Mn-induced
developmental neurotoxicity were more consistently present during observation sessions
(compared to animals that did not receive Mn), and an increase in overall spontaneous activity
was witnessed (Golub et al., 2005).
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As part of an on-going multi-disciplinary study (Schneider and Guilarte labs) assessing the
behavioral, neuroimaging and neuropathological consequences of chronic exposure to different
levels of Mn sulfate in non-human primates, recent studies have examined several aspects of
motor functioning in monkeys in “low,” “intermediate” and *“high” exposure groups. Motor
assessments included automated activity measurements, motor ratings and assessment of fine
motor skills (Schneider and Pope-Coleman, 1995). Animals were randomly assigned to
treatment groups and received intravenous injections of Mn sulfate (MnSQy,, doses calculated
as the salt) at either 10 mg/kg/week for 5 weeks and then 15 mg/kg/week for the remainder of
the study period (“low” dose group), 15 mg/kg/week for 5 weeks and then 20 mg/kg/week for
the remainder of the study period (“intermediate” dose group), or 20 mg/kg/week for 5 weeks
and then 25 mg/kg/week for the remainder of the study period (“high” dose group). The
cumulative amount of Mn administered to the “low” dose group was 156.7 + 9.5 mg/kg of
body weight over 272 + 17 days. Animals in the “intermediate” dose group received 210.4 +
1.3 mg Mn/kg of body weight over 271 + 3 days, and animals in the “high” dose group received
97.5 + 21.9 mg Mn/kg of body weight over 68.3 £ 18.2 days.

In the “low” dose group, motor rating scores, although significantly different from baseline by
the end of the study period, did not indicate the presence of Parkinson-like or other clinically
significant gross motor disorders. No abnormal movements (i.e., dystonia or dyskinesia) were
observed in any of these animals during the study. However, the animals did develop
considerable difficulty with fine motor skills by the end of the study period. Fine motor skills
were assessed using 2 boards made of clear Plexiglas that contained 16 wells of small (14 mm)
or large diameter (22 mm), all of which were 17 mm deep (Schneider and Pope-Coleman,
1995). An “easy” version of the board consisted of 12 large and 4 small wells while a “difficult”
version of the 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 to remove a pellet from
awell and/or the number of times a pellet was dropped). On this test of fine motor skills, animals
made 0.98 + 0.80 errors/well on the “easy” board and 2.45 + 0.91 errors per well on the
“difficult” board during pre-Mn baseline testing. Over the course of the manganese exposure
period, performance on the “easy” board did not significantly change whereas animals made
significantly more errors on the “difficult” version of the task at the end of the Mn exposure
period (6.25 + 0.35 errors) (Schneider et al., 2006).

Overall activity during 2 — 3 consecutive 24 hr. periods was recorded prior to manganese
exposure (1 -3 separate sessions) and following manganese exposure (1 session approximately
every 2 - 4 weeks) using a personal activity monitor (Actitract; IM Systems, Inc.) placed into
a pocket on the back of a jacket worn by the animals during the evaluation period. Overall
activity levels in the “low” dose group were significantly decreased from baseline by the end
of the study period (normalized activity levels were 100 + 4.4; in the pre-Mn baseline period
at41.2 + 3.9 at the end of the Mn exposure period) (Guilarte et al., 2006). Studies with the
“intermediate” and “high” dose groups are ongoing. Although there is not yet enough data to
comment on the results of the studies on “intermediate” dose animals, total activity initially
decreased in all “high” dose animals and then increased significantly above baseline levels,
coinciding with the development of hyperkinesis (a medical condition resulting in uncontrolled
muscle movement, akin to spasms). All “high dose” animals developed dystonia as well as
spontaneous choreiform dyskinesias (involuntary movement with jerky displacements of short
duration affecting the limbs and the face) that appeared at approximately 7 — 12 weeks of Mn
exposure. Some animals in this group also developed significant ataxia. Due to the significant
motor disturbances exhibited by these animals, they were euthanized much sooner after
initiation of Mn exposure than animals that received lower amounts of Mn per injection (“low”
and “intermediate” exposure groups) and thus had shorter durations of exposure and received
lower cumulative amounts of Mn. However, that these “high” dose animals developed
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significant motor problems with shorter durations of exposure and lower cumulative amounts
of Mn than the other Mn-exposed animals suggests that it is not just the cumulative exposure
that is important but the amount per exposure that plays a significant role in determining
outcome from Mn exposure.

4b. Effects of Mn on Cognitive and Behavioral Functioning

Compared to the number of studies examining the motor effects of Mn exposure, there have
been considerably fewer studies exploring the cognitive and behavioral outcomes of Mn
exposure in non-human primates. Newland and Weiss (1992) investigated the effects of Mn
on effortful responding and schedule-controlled behavior in 3 Cebus monkeys in an effort to
evaluate the effects of Mn on motor properties and response patterns on operant tasks requiring
different levels of physical exertion. Monkeys were required to push against a spring-loaded
device that resisted extension with a force that approximated their body weight and had to
move the device through an angle of about 45 degrees (an arc length of 10 cm) after which it
returned to the starting position. This behavior was maintained using a multiple fixed-ratio,
fixed-interval schedule of performance. During the fixed ratio schedule, the reinforcement
cycle was triggered after 20 responses were completed. During the fixed-interval 90-sec
schedule, the reinforcement cycle was initiated by the first response to occur after 90 sec had
elapsed. Lights situated in front of the animals signaled which reinforcement schedule was in
effect. Mn chloride (5 or 10 mg/kg, calculated as the salt) was administered to the animals by
intravenous injections separated by at least 1 week. After only 2 administrations of 5 mg Mn/
kg, a disruption of effortful responding (an increase in the number of incomplete responses)
was observed, although only under the fixed-ratio schedule of reinforcement that maintained
a high rate of response. Only acute administration of the 10 mg Mn/kg dose caused a transient
increase in incomplete responding under the fixed-interval schedule. Overall response rates
and patterns were not affected by Mn exposure despite an increase in response failures
(Newland and Weiss, 1992;Newland, 1999). Action tremor appeared in all monkeys after a
cumulative dose of 40 mg/kg. The apparent lack of effect of Mn toxicity on motivation (i.e.,
no effects on rate of responding) and the disruption of only a behavior that required considerable
exertion on the part of the animal suggests a subtle effect of relatively low Mn exposure on
motor performance, but not upon cognitive/behavioral performance (Newland and Weiss,
1992).

Golubetal. (2005), intheir study of the neurobehavioral development of rhesus monkeys raised
on cow's milk formula, soy formula or soy formula supplemented with Mn chloride, examined
performance with a number of behavioral parameters. Group differences were not apparent on
the relative performances of specific cognitive tasks (i.e., delayed nonmatch to sample, object
discrimination, position discrimination and reversal and continuous performance test) that
assessed learning, memory and attention. Overall, infant animals (up to 18 months of age) were
noted to be poorly engaged in the cognitive function tests regardless of the treatment group,
suggesting that additional testing at more mature ages is necessary. However, the soy group
infants were described as having poorer participation across tasks and slower attainment of
performance criteria on some tasks (Golub et al., 2005). In addition, significant differences
between cow's milk and soy groups were found on the duration of the daily sleep period (longer
in soy groups), frequency of cling behaviors (increased in soy groups), play behaviors
(decreased in soy groups), premature response during a reward delay test, failure to improve
performance with experience and greater response rates during early continuous performance
testing in the soy + Mn group. These results may indicate an increase in impulsivity or a lack
of normal wariness (Golub et al., 2005). Despite limitations in interpreting behavioral data
obtained from infant monkeys, these results suggest that developmental Mn exposure may
negatively influence certain aspects of neurobehavioral development.
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In an on-going study of the consequences of chronic exposure to different levels of Mn sulfate
in non-human primates, several aspects of cognitive and behavioral functioning in monkeys
in “low,” “intermediate” and “high” exposure groups were examined. In the “low” dose group,
the effect of Mn exposure on spatial working memory performance (variable delayed response
task) varied among the animals and thus, group analyses of these behavioral data showed
inconsistent changes in each group's performance across task delays during Mn exposure.
However, there was a trend toward decreased performance at short and intermediate delays
(i.e.,2—10second delays), and chronic Mn exposure interfered with the expression of learning
effects such as those observed in normal animals during long-term task performance. Visual
discrimination performance (reference memory) was not affected in these animals, and no
consistent changes were observed in the cognitive component of an object retrieval task
(executive functioning) (Schneider and Pope-Coleman, 1995). In contrast, certain stereotypical
behaviors such as grooming and the licking/biting of fingers significantly increased in
frequency during the Mn exposure period.

As with the “low” dose exposure group, variable effects of “intermediate” dose Mn exposure
on spatial working memory performance have been observed to date, with one animal showing
a consistent and reliable decrease in performance at short and intermediate delays. Neither
visual discrimination nor object retrieval performance has been affected by the “intermediate”
dose of Mn exposure. Preliminary analyses of behavioral data also suggest an increased
frequency of certain stereotypical behaviors as seen with the “low” dose exposure group.

To date, animals in the “high” dose Mn group have shown no changes in performance of the
spatial working memory task, but all animals have developed early-appearing deficits in a non-
spatial working memory task (delayed matching to sample). There was no deterioration in
performance of the reference memory task or on the object retrieval task.

In summary, there have been a number of studies examining Mn toxicity in non-human
primates. However, most have focused on imaging parameters, post-mortem pathological
changes and effects on gross motor behavior (Olanow et al., 1996;Eriksson et al.,
1987;Eriksson, et al., 1992, Eriksson et al., 1992a). Most studies have used either Mn chloride
or Mn oxide and a variety of exposure routes including oral administration, inhalation and
subcutaneous or intravenous injection. In ongoing studies in our lab (Guilarte et al., 2006), Mn
sulfate was chosen as the experimental choice for treatment, since it is one of the main
combustion products of methyl-cyclopentadienyl Mn tricarbonyl (MMT) (Ressler et al.,
1999;Zayed et al 1999), an antiknock additive to unleaded fuel that contributes to
environmental deposition of Mn (Aschner et al., 2005). Although the neurobehavioral toxicity
of Mn in rodents has been shown to differ by the form of Mn administered (Gianutsos and
Murray, 1982;Komura and Sakamoto, 1992;Zheng et al., 2000) as well as by the route of
administration, these parameters have not been systematically manipulated in non-human
primate studies. Thus, the effects of different exposure types and forms of Mn may influence
outcomes, but this cannot be stated with any certainty at this time.

While it is relatively easy to detect motor dysfunction in monkeys resulting from Mn exposure,
it is much more difficult to detect and quantify subtle cognitive and behavioral abnormalities
that might arise, particularly when these abnormalities may precede other overt manifestations
of toxicity. Variation in the appearance of these more subtle signs, as we and others have
observed in monkeys, reflects a variation in individual susceptibility to the behavioral effects
of Mn exposure. These variations have also been described in Mn-exposed humans (Iregren,
1990). It is possible that more consistent cognitive deficits might be observed with more
prolonged Mn exposure, more frequent dosing or examination of performance on tasks that
tap into different cognitive domains than we have studied or on tasks with greater demands on
the processes already explored. Additional work is clearly necessary to better understand the
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long-term effects of different forms, doses and dosing regimens of Mn on cognitive and motor
functioning in both adult and developing Mn-exposed non-human primates.

5. Human Studies of Mn Intoxication

While information exists on Mn transport and mechanisms of Mn-induced neurotoxicity in a
variety of species, significant challenges remain in extrapolating the information to humans.
Several crucial issues in human Mn toxicity remain unresolved, three of which will be detailed
below: 1) the lack of a clearly defined clinical standard to distinguish manganism from
idiopathic Parkinson's disease (IPD), 2) the lack of reliable biological markers to assess the
internal dose of Mn and its relationship to environmental exposure and 3) the lack of a
successful clinical therapeutic strategy for treatment. This section will briefly discuss each of
these issues, providing a critical review and directions for future research.

5a. Diagnosis of Manganism in Humans

As mentioned above, typical signs and symptoms shown by manganism patients resemble those
of IPD, including tremor, rigidity, bradykinesia and posture instability (Barbeau et al.,
1976;Calne et al., 1994;Inoue and Makita, 1996;Mena et al., 1967). The patients may initially
exhibit palpitations, headache, memory loss, hand tremor, lower limb myalgia and hyper-
myotonia. Without treatment, symptoms usually progress. Giddiness, myasthenia, frequent
tetany and numbness in the arms and legs may occur. In severe cases, the patient may display
tremors at the angle of the lips and at the tip of the tongue, the tongue bitten while speaking,
profound trembling of the upper extremities while writing or carrying objects and abnormal
nose-pointing function. More typically, the patient's handwriting becomes characteristically
irregular, with particular difficulty drawing circles, and letters become progressively smaller
and smaller. Additionally, a distinct, festinating gait may develop (Jiang et al., 2006a). Patients
may also display neuropsychological difficulties that include apathy and even psychosis. After
withdrawal from the occupational exposure, Mn concentrations in the patient's blood, urine or
hair may return to normal after several months. Some symptoms may stabilize or improve to
a certain extent; however, many symptoms that are associated with extrapyramidal damage
persist. Severely intoxicated patients have difficulty simply coping with daily life.

Basic research suggests that the sites of Mn-induced neurological lesions are different from
those observed in idiopathic Parkinson's disease (IPD). The brain regions primary targeted in
manganism are the globus pallidus and the striatum of the basal ganglia, whereas the
neurodegeneration in IPD occurs mainly in the substantia nigra (Calne et al., 1994;Cersosimo
and Koller, 2006;Inoue and Makita, 1996;O0lanow et al., 1996;Yamada et al., 1986;Walter et
al. 2003). As such, it is argued that the differences in the sites of pathologic lesion would
determine the clinical manifestation of manganism or IPD. Consequently, the lack of the
response of manganism patients to L-dopa therapy, a criterion to differentiate manganism from
IPD that is commonly acknowledged among clinicians, may mirror the specific lesion sites in
the brain for manganism or IPD, leading to different responses to L-dopa.

Recent studies on human subjects, however, indicate that chronic exposure to Mn in certain
occupations may increase the risk of acquiring or accelerating PD (Gorell et al., 1997;Racette
etal., 2001,2005a,b). Racette and colleagues (2005a) screened 1,423 welders in Alabama who
were referred for medical evaluation for PD. By using the Unified Parkinson's Disease Rating
Scale (UPDRS), these investigators reported that the estimated prevalence of Parkinsonism
among active male welders ages 40 to 69 was about 0.98% to 1.3%, significantly higher than
that of the age-standardized general population (et al., 2005a). In addition, the clinical
symptoms and the response of welders to L-dopa treatment are not strikingly different from
those of IPD patients (Racette et al., 2001). An earlier community-based study has suggested
that Mn neurotoxicity may be a continuum of dysfunction with early, subtle changes at lower

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2008 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Aschner et al.

Page 15

levels of exposure (Mergler et al., 1999). However, a more recent study using a nationwide
cohort of Swedish welders has suggested that there is no relationship between welding and PD
or any other movement disorders (Fored et al., 2006). Thus, no conclusive judgment can be
made at present regarding the association between career welding practice and the etiology of
idiopathic PD.

Despite these arguments, the critical point on which the entire debate rests is the credible
diagnosis of manganism. Since there is no reliable biomarker available for clinical assessment
of the degree of Mn neurotoxicity, the diagnosis must then take a patient's occupational history
into consideration. Based on experience gained from Chinese workers (Crossgrove and Zheng,
2004;Jiang et al., 2006a), the diagnosis of manganism is usually less ambiguous for active
working patients than for patients who have long ago left the job, and more consistent for
smelters than for welders, likely due to welders' day-to-day job variation and inconsistent
environmental exposure. Clearly, establishing standard criteria for diagnosing manganism is
of paramount importance in research on Mn neurotoxicity in humans.

5b. Search for biomarker of Mn exposure

It should be emphasized that the symptoms of Mn intoxication, once established, usually
become progressive and irreversible, reflecting to some extent the permanent damage of
neuronal structures. Thus, searching for a reliable biological indicator or biomarker for early
Mn exposure has become a daunting task in the clinical investigation of Mn neurotoxicity.

Because of the intracellular distribution and relatively short half life of Mn in the blood
compartment (Zheng et al., 2000), blood Mn in general does not serve as a reliable indictor of
the total body burden of Mn or of the overall disease status. A study on 97 career welders
revealed that serum Mn concentrations do not correlate with welders' professional years.
However, these welders indeed showed significantly higher serum levels of both Mn and iron
(Fe) than those of control subjects (Lu et al., 2005). Thus, on a group comparison basis, serum
Mn levels may serve reasonably well as an indicator of recent Mn exposure (e.g., welders vs.
normal controls). However a relatively large variation in blood Mn among individuals, either
due to diet or other environmental influences, disqualifies blood Mn for clinical uses.
Additionally, blood Mn is not suitable for the estimation of the historical accumulation of Mn
in the body following long-term, low-level Mn exposure. Nevertheless, a consistently high
level of blood Mn in any individual above the local surveillance range should unequivocally
suggest recent exposure to Mn.

Compared to blood Mn, urine Mn is even less likely to be a clinical indicator for Mn toxicity,
because the primary route of Mn excretion (>95%) is via the bile to feces (Klaassen, 1974).
Yet, the limited Mn urinary excretion as a background may prove to be valuable for the EDTA
challenge test. Of eight reported Chinese patients who received EDTA treatment (Crossgrove
and Zheng, 2004 ,Jiang et al., 2006a), five had urinary Mn levels nearly 2 fold higher than
before EDTA treatment. Thus, some clinicians have recommended EDTA as a challenge agent
to test Mn exposure, since a significant increase in urinary Mn levels after EDTA treatment
may suggest the accumulation of Mn in the body. However, caution must be taken, for it
remains unclear whether EDTA mobilizes physiological Mn in normal subjects, to what extent
the elevated urinary Mn level is considered a confident reflection of Mn body overload and
how the EDTA dose regimen should be designed to facilitate a reasonable assessment.
Therefore, it is necessary to build the database on Mn excretion by EDTA among normal
subjects in order to evaluate the potential uses of EDTA for Mn diagnosis more
comprehensively.

A body of evidence suggests that Mn-induced neurotoxicities appear to be associated with
altered Fe metabolism at both systemic and cellular levels (Chua and Morgan, 1996;L.i et al.,
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2004;Malecki et al., 1999;Zheng and Zhao, 2001;Zheng et al., 1999). Among career welders,
serum concentrations of ferritin and Tf are higher, while serum Tf receptor levels are lower
than those of controls. Interestingly, serum Tf receptor levels decline as serum Mn
concentration increases. These findings suggest that exposure to welding fumes among welders
disturbs the serum homeostasis of Fe and the proteins associated with Fe metabolism (Li., et
al., 2004;Lu et al., 2005). In vivo Mn exposure in animals appears to facilitate the influx of Fe
from the blood to the cerebral spinal fluid (CSF) (Zheng et al., 1999). Moreover, in vitro
treatment of cultured cells with Mn promotes cellular Fe overload (Li et al., 2005,2006;Malecki
etal., 1999;Zheng and Zhao, 2001). In humans, a dysfunction in Fe metabolism has been seen
in IPD patients. High levels of total Fe, decreased ferritin, Fe-associated oxidative stress and
abnormal mitochondrial complex-1 have been repeatedly reported in the postmortem substantia
nigra of IPD patients (Dexter et al., 1991;Griffiths and Crossman, 1993;Loeffler et al.,
1995;Sofic et al., 1991). Thus, accumulation of Fe in selected brain areas may induce the
generation of Fe-mediated reactive oxygen species; the ensuing oxidative stress may then lead
to neuronal cell death (Connor, 1997;Youdim et al., 1993). Since Fe and related metabolizing
proteins are readily assayed in serum, this theory must be tested.

The life brain scan by MRI is another promising technique with potential uses for diagnosing
Mn neurotoxicity (see also above). An increased T1-weighted (the time associated with the
return of longitudinal magnetization to its equilibrium condition is termed the spin lattice
relaxation time, T1, and reflects the strength and nature of magnetic interactions between the
spins and their atomic neighborhood). Mn signal in the globus pallidus area has been found
among workers occupationally exposed to Mn (Dietz et al. 2001;Jiang et al., 2006a;Kim et al.,
1999a;Lucchini etal., 2000;Nelson et al., 1993), in patients receiving long-term total parenteral
nutrition (Alves et al., 1997;Ejima et al., 1992;Fell et al., 1996;Fredstrom et al., 1995;lwase et
al.,2000;Nagatomo et al., 1999;Quaghebeur et al., 1996) and in clinical cases of hepatic failure
(Butterworth et al., 1995;Chetri et al., 2003;Hauser et al., 1994;Hazell et al. 1999;McKinney
et al., 2004;Spahr et al., 2002). Kim and his colleagues have reported that a welder with more
than 10 years of Mn exposure whose clinical manifestations included a masked face,
asymmetric resting tremor and bradykinesia had symmetrical high signal intensities in the
globus pallidus on the T1-weighted image. The intensity, however, nearly completely
disappeared six months after he discontinued the welding practice (Kim et al., 1999b). This
has led the authors to conclude that MRI, similar to blood Mn measurements, may be useful
for detecting recent Mn exposure.

Another challenging issue in the clinical aspect of the study of Mn toxicity is the lack of an
effective therapeutic strategy for Mn-induced neurological impairment. Without treatment, the
severity of symptoms usually increases, and the chance of recovery decreases. Treatment with
L-dopa has been the first choice in most clinics for two reasons. First, a neurologist tends to
control or alleviate the devastating symptoms associated with extrapyramidal injury. Clinical
cases have shown that replacement of the lost dopamine could initially improve extrapyramidal
symptoms (Lee, 2000;Mena et al., 1970;Rosenstock et al., 1971). Second, a neurologist tends
to use L-dopa as a diagnostic tool to distinguish manganism from IPD. There are bodies of
evidence supporting the view that L-dopa therapy generally has limited benefits in improving
clinical symptoms among manganism patients, which contrasts to the response from IPD
patients. A five-year follow-up study indicates that the response to L-dopa treatment decreases
after two or three years (Huang et al., 1993). The same group of investigators further indicates
that, ten years after the cessation of Mn exposure, the same patients continued to show
progression in the severity of symptoms (Huang et al., 1993,1998).
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In severe cases of Mn poisoning, chelation therapy has been recommended in order to reduce
the body burden of Mn. EDTA (ethylene diamine tetra acetic acid) is a commonly used
chelating agent for treatment of a variety of metal-induced toxicities (e.g. lead), and it has been
shown to increase toxin elimination, reducing the body burden of Mn and therefore proving
useful in treating manganism patients at early stages of disease development (Hernandez et al.,
2006). Among seven Chinese welders with manganism, EDTA treatment increased Mn
excretion in urine and decreased Mn concentrations in blood (Crossgrove and Zheng, 2004).
Although the clinical symptoms were not alleviated significantly among these patients, EDTA
chelation therapy appears to be helpful in reducing blood Mn levels in acutely poisoned
patients. A similar conclusion using EDTA therapy has also been reported by other
investigators, although they questioned the efficacy of this treatment for reducing neurological
symptoms (Calne et al., 1994;Discalzi et al., 2000;0no et al., 2002). This limited therapeutic
benefit of EDTA is expected. The four carboxyl groups in the EDTA structure, while essential
to its chelating property, render the molecule poorly lipophilic and thus prevent it from
effectively crossing the blood-brain barrier (Fenstermacher et al., 1988;Schlageter et al.,
1987;Von Holst et al., 1989). EDTA likely chelates mainly the extracellular Mn ions.

Recently, an antibacterial drug, sodium para-aminosalicylic acid (PAS), has emerged as a
potentially beneficial drug for treating severe manganism. PAS is an FDA-approved drug used
to treat tuberculosis (TB). Clinically, the drug has never been considered as the chelating drug
for metal poisoning, although the carboxyl group, along with the hydroxyl and amine groups,
in PAS's structure do appear to provide an ideal chelating moiety for metals. Recent evidence
has pointed out that chelation of Fe in individuals with an excessive Fe burden may reduce TB
viability and replication (Cronje et al., 2005), which may partly contribute to PAS's
effectiveness in treating TB.

In an animal study published in 1975, Tandon et al. (1975) showed that PAS was capable of
removing Mn from the liver and testes of Mn-exposed rats. The human cases in which PAS
was used successfully in the treatment of manganism were first introduced to English language
literature by Drs. Ky and Hu of Guangxi Medical University (Ky et al., 1992). In 2004, this
group of investigators conducted a follow-up study in one of the two cases reported in 1992
(Jiang et al., 2006b). Combined with 85 other cases receiving PAS treatment, most of which
are in Chinese literature, the clinical data appear to support the effectiveness of PAS for treating
manganism (Jiang et al., 2006b). Following intravenous PAS infusion, most — if not all —
signs and symptoms are reportedly significantly alleviated. Remarkably, not only does PAS
reverse extrapyramidal syndromes immediately after therapy, but it also been shown to ensure
a stable prognosis long after therapy (Jiang et al., 2006b), suggesting the possible repair of
damaged neurons. The exact mechanism(s) of PAS therapy remain unknown. Based on the
characteristics of its chemical structure and better lipophilicity, PAS may penetrate the blood-
brain barrier more readily than EDTA. Whether PAS chelates Mn from its brain deposit site
or combats Mn-induced inflammatory processes remains unknown and warrants further
investigation.

6. Conclusions

Mn is an essential mineral that is found at low levels in virtually all diets. Mn ingestion
represents the principal route of human exposure, although inhalation also occurs,
predominantly in occupational cohorts. Regardless of intake, animals generally maintain stable
tissue Mn levels as a result of homeostatic mechanisms that tightly regulate the absorption and
excretion of this metal. However, high-dose exposures are associated with increased tissue Mn
levels, resulting in adverse neurological, reproductive, and respiratory effects. In humans, Mn-
induced neurotoxicity, commonly referred to as manganism or Parkinson's disease-like
syndrome, is of paramount concern and is considered to be one of the most sensitive endpoints.
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Mn neurotoxicity is associated with motor dysfunction syndrome that is recognized as a form
of Parkinsonism. While much has been learned about transport mechanisms of Mn into the
CNS, as well as its neurological effects, many challenges remain. More rigorous quantitative
risk assessments that would extrapolate data obtained in rodents and nonhuman primates to
humans will require biologically-based dosimetry models with better appreciation for neuronal
transfer rates within the brain, mechanisms of manganese-induced neurotoxicity, and the
relevance of olfactory transport to brain manganese delivery in primates. This review, and
recent studies described herein ((Guilarte et al., 2006;Schneider et al., 2006) also establish that
individuals in the general population are exposed to Mn in their living environment and exhibit
blood Mn levels within the range of those achieved in experimental animals. This suggests that
the behavioral and neuroimaging changes observed in the in non-human primates are likely to
occur in individuals under specific living conditions. Finally, it is clear that additional studies
are necessary in order to identify potential efficacious treatments for Mn intoxication along
with reliable biomarkers of exposure, representing fruitful areas for future research.
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Figure 1. Mn Transport into the CNS

Mechanisms of Mn transport across the blood-brain barrier (BBB) under physiological
exposure levels (physiological Mn plasma levels). Transporters associated with Mn transport
(relevant to its oxidation state) are indicated. Mn bound to albumin is excluded from passing
the BBB given its size. Arrow size depicts the relative importance of each of the transporters
in this process, bolder arrows representing more prominent transport mechanisms. Please refer
to the discussion for additional details. Since it has yet to be determined whether ZIP8 functions
to transport Mn across the BBB, the process has been annotated with a question mark.
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Fig. 2. Effect of chronic Mn exposure on [11C]-raclopride BP and AMPH-induced dopamine
release. (A) Representative pseudocolor trans-axial images of [11C]-raclopride binding to D2-
DAR in the striatum of one animal at baseline and at the Mn-1 and Mn-2 time points. Red areas
represent high levels of binding and green areas represent low levels of [11C]-raclopride
binding to D2-DAR. Note the progressive lack of a change in [11C]-raclopride levels in the
striatum after AMPH administration from baseline to Mn-2. (B) [11C]-raclopride time—-activity
curves in the striatum and cerebellum before and after AMPH in the same animal as in panel
A. Each graph corresponds to the adjacent images in panel A. At baseline (top graph in B),
there is a dramatic decrease in [11C]-raclopride levels in the striatum after AMPH
administration. Increasing Mn exposure reduces the effectiveness of AMPH-induced DA
released to displace [11C]-raclopride from the striatum (see middle and lower graph in B). (C)
Quantitative data on [11C]-raclopride BP and AMPH-induced in vivo DA release for all

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2008 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Aschner et al.

Page 29

animals. For dopamine release, the numbers in parenthesis are the mean percent change from
baseline. Each value is the mean + SEM of 4 Mn-exposed animals. *p < 0.05. (Reprinted from:
Nigrostriatal dopamine system dysfunction and subtle motor deficits in manganese-exposed
non-human primates Experimental Neurology 202:381-390, 2006 with permission from
Elsevier).
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