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Abstract

The understanding of manganese (Mn) biology, in particular its cellular regulation and role in
neurological disease, is an area of expanding interest. Mn is an essential micronutrient that is
required for the activity of a diverse set of enzymatic proteins (e.g., arginase and glutamine
synthase). Although necessary for life, Mn is toxic in excess. Thus, maintaining appropriate levels
of intracellular Mn is critical. Unlike other essential metals, cell-level homeostatic mechanisms of
Mn have not been identified. In this review, we discuss common forms of Mn exposure,
absorption, and transport via regulated uptake/exchange at the gut and blood-brain barrier and via
biliary excretion. We present the current understanding of cellular uptake and efflux as well as
subcellular storage and transport of Mn. In addition, we highlight the Mn-dependent and Mn-
responsive pathways implicated in the growing evidence of its role in Parkinson’s disease and
Huntington’s disease. We conclude with suggestions for future focuses of Mn health-related
research.
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INTRODUCTION

Manganese (Mn) is an essential metal that is critical for human health. It is the fifth most
abundant metal and twelfth most abundant element overall on earth. Mn is found in a variety
of ores, oxides, carbonates, and silicates. Erosion naturally distributes Mn into air, soil, and
waterways, and it ultimately enters into our food supply. Legumes, rice, nuts, and whole
grains contain the highest Mn levels, and Mn is also found in seafood, seeds, chocolate, tea,
leafy green vegetables, spices, and some fruits such as pineapple and acai (14). Mn is also
present in nutritional supplements and vitamins commonly taken on a daily basis. Due to the
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numerous sources of Mn in food, sufficient Mn levels are easily attained. This is important
because Mn is involved in several significant physiological processes, including
development, reproduction, immune function, energy metabolism, and antioxidant defenses.

Whereas the major source of Mn exposure is dietary, occupational exposures to Mn can
produce toxic sequelae. Mn is used in a wide range of industrial processes and commercial
products, including steel and stainless steel production and formation of aluminum alloys.
Mn is also incorporated into fungicides, such as maneb and mancozeb. Proper levels of Mn
are necessary for life, but excessive levels of Mn may result in a neurotoxic condition known
as manganism. This condition resembles Parkinson’s disease (PD), sharing similar cognitive,
motor, and emotional deficits (13, 236). Mn exposure has not been linked with cancer or
damage to the heart, kidney, liver, skin, blood, or stomach. The nervous system is the
primary target for excessive Mn.

Mn toxicity may also arise from certain medical conditions. Mn is present in significant
concentrations in both total parenteral nutrition (TPN) and infant and neonatal formulas.
These solutions contain many trace elements necessary for life support but may allow for the
accumulation of high levels of Mn when given for prolonged periods of time (4, 140, 259).
This may be harmful for the development of the child, especially in the central nervous
system, which has a long period of development before reaching maturity. Individuals
suffering from liver failure or hepatic encephalopathy can develop Mn toxicity, as Mn is
excreted in the bile (308). Finally, iron (Fe) deficiency, one of the most common nutritional
deficiencies in the world, can result in Mn toxicity. As Fe and Mn compete for similar
transport proteins, decreased Fe levels leads to an accumulation of Mn to toxic levels over
time (97, 262).

It is therefore essential that Mn levels in the body be properly maintained. This is achieved
through mechanisms for absorption, distribution, storage, and excretion of the metal. In this
review, we discuss the importance of Mn for physiological functions, sources of Mn
exposure, Mn toxicity, cellular and subcellular Mn transport, Mn-responsive pathways, and
the impact of Mn on neuronal health.

MANGANESE IS AN ESSENTIAL METAL

Essentiality

Mn is an essential metal for the human diet, as it is required for proper immune function,
regulation of blood sugar and cellular energy, reproduction, digestion, bone growth, blood
coagulation and hemostasis, and defense against reactive oxygen species (ROS). The
beneficial effects of Mn are due to the incorporation of the metal into metalloproteins. The
functions carried out by Mn metalloproteins include oxidoreductases, transferases,
hydrolases, lyases, isomerases, and ligases. Additionally, Mn is incorporated into arginase,
glutamine synthetase, phosphoenolpyruvate decarboxylase, pyruvate carboxylase, and Mn
superoxide dismutase enzymes. Tissue contents in mammals are in the range of 0.3-2.9 ug
Mn/g wet tissue weight (10), making Mn one of the most common metals found in tissues.
More commonly, Mn levels in humans are reported as either g Mn consumed per day or
blood concentration of Mn, as these measures are the least invasive to assess. There is no
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formal recommended dietary allowance for Mn; however, the US National Research Council
has established an estimated safe and adequate dietary intake of 2-5 mg/day for adults (114).
The Institute of Medicine’s Dietary Reference Intake for Mn cites approximately 2 mg/day
as adequate intake for adults, and 1.2-1.5 mg/day for children. The Dietary Reference Intake
also lists 9—11 mg/day Mn as the upper tolerable limit likely to pose no risk of adverse
effects for adults, and 2-6 mg/day Mn for children, varying with age (183).

Due to the numerous dietary sources of Mn, Mn deficiency is exceptionally rare and has not
been reported in the literature under nonexperimental settings. Inadequate dietary intake of
Mn results in impaired growth, poor bone formation and skeletal defects, abnormal glucose
tolerance, and altered lipid and carbohydrate metabolism (147, 232). Men experimentally
placed on Mn-depleted diets developed a transient skin rash on their torsos and had
decreased serum cholesterol levels (103). Additionally, blood calcium, phosphorus, and
alkaline phosphatase levels were also elevated in the men on an Mn-deficient diet, which
may indicate increased bone remodeling. Insufficient Mn levels have been shown to
negatively affect reproductive health and development. Consumption of <1 mg Mn/day leads
to altered mood and increased pain during the premenstrual phase of the estrous cycle (211).
Decreased birth weight has been observed in children whose mothers had lower than average
blood Mn levels (<16.9 ug Mn/L maternal blood) (43, 88). Low levels of Mn in children
(<8.154 ug/L) have also been associated with lower color scores in the Stroop Color-Word
Test, a measure of cognitive flexibility and processing speed (23).

Biological Sources of Mn

Diet and water.—The average American diet allows for intake of Mn between 0.9 and 10
mg Mn/kg/day, with an average around 5 mg Mn/kg. Whole grains (wheat germ, oats, and
bran), rice, and nuts (hazelnuts, almonds, and pecans) contain the highest levels of Mn (30
mg Mn/kg). Chocolate, tea, mussels, clams, legumes, fruit, leafy vegetables (e.g., spinach),
seeds (e.g., flax, sesame, pumpkin, sunflower, and pine nuts) and spices (e.g., chili powder,
cloves, and saffron) are also rich in Mn. Dietary supplements and vitamins are another
source of Mn, some of which contain up to 20 mg Mn. Mn is taken as a supplement for a
variety of conditions, including osteoarthritis and osteoporosis (61, 161, 213). The
concentration of Mn in drinking water varies by location, ranging between 1 and 100 pg/I.
The US Environmental Protection Agency has set 50 ug/l as the maximum allowable Mn
concentration in drinking water.

Milk and infant formulas.—Milk is an important source of Mn for infants. Human milk
contains approximately 3-10 pg Mn/l, which is sufficient to prevent Mn deficiency.
Commercial infant formulas contain significantly higher levels of Mn, with cow’s milk—
based formulas containing 30-50 pg Mn/l and soy-based formulas containing 200-300 pg
Mn/1 (173). Similarly, a study investigating infant solid foods found levels of Mn over 100-
fold higher than levels in cow’s milk (171). Very little is known about infant absorption of
Mn; however, there is no evidence that the high Mn content of infant foods is associated
with Mn toxicity. Adults are able to absorb 8% of the Mn from human milk, but only 2%
from cow’s milk, and <1% from soy-based formulas (63). It is unknown whether infant
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absorption of Mn is similar to that of adults. Interestingly, in a study examining serum levels
of Mn in infants fed either human milk (4.1 ug Mn/l) or infant formula (303 pg Mn/l), there
was no significant difference in serum Mn levels (295). This suggests that the homeostatic
mechanisms required for proper Mn levels are in place and functioning in neonates.

Airborne exposure.—Mn is used for multiple industrial purposes, including steel and
stainless steel production, formation of aluminum alloys, purification of oxygen and
chlorine, and also as a component of fungicides. Many of the individuals exposed to Mn in
the occupational setting inhale Mn as a result of creating fine dusts from welding or smelting
(51, 219). Unlike ingested Mn, inhaled Mn does not pass through the liver but can be
directly transported into the brain by olfactory or trigeminal presynaptic nerve ending
transport (6, 81). In the brain, Mn disrupts dopamine, serotonin, and glutamine signaling
(192, 264) and can lead to the development of manganism (13, 236). Inhaled Mn
additionally can cause cough, acute bronchitis, and decreased lung function (233). This,
however, is due to lung irritation and inflammation that may be produced from inhaling any
metal dusts and is not specific to Mn (233).

Environmentally, Mn can be deposited for inhalation by humans from automobile exhaust.
Methylcyclopentadienyl Mn tricarbonyl (MMT) is an antiknock additive in nonleaded
gasoline that contains roughly 24.4% Mn by weight. The combustion of MMT in the
automobile engine emits 15% of the Mn in MTT as Mn phosphate and/or sulfate particles,
with a mass mean aerodynamic diameter of 0.5 to 1.0 um (76). Studies performed in
Canada, where MTT had been used for 10 years prior to the sampling, found average total
atmospheric concentrations of Mn in Montreal from 27 to 50 ng Mn/m3 and 21.5 ng Mn/m3
in Toronto (174, 210), which was similar to the typical urban ambient air concentration of 33
ng Mn/m3 (14). Similar results were also reported from experiments conducted in
Indianapolis (209). Although the contribution of MMT combustion to environmental
exposure to Mn appears to be minimal, the impact of long-term exposure to low levels of
MMT combustion products requires further investigation.

Parenteral exposure.—The risk of Mn toxicity deriving from TPN is well documented
and has recently been reviewed (241). Although Mn is supplemented in TPN to prevent
depletion of endogenous Mn stores, there have been no cases reported of Mn deficiency (no
changes in blood Mn observed) in patients receiving TPN without Mn supplementation
(102). Mn content varies in TPN administered, with a range of 0.18 pmol/d (0.01 mg/d) to
40 pmol/d (2.2 mg/d) (241). Part of this variability is due to Mn also being a contaminant of
TPN solutions. With such a range of TPN Mn content in use, toxicity to Mn has been
observed in adults receiving >500 pg/d and in pediatric patients receiving >40 pg/kg/d (241).
Additionally, duration of TPN treatment is associated with increased blood and brain
concentrations of Mn (4, 140, 259). Current guidelines recommend monitoring patients for
Mn toxicity if they receive TPN longer than 30 days. Long-term TPN can lead to the
development of biliary stasis or obstructive jaundice (89, 113, 242), which can lead to
increased Mn levels due to the importance of bile in the elimination of Mn. Additionally,
patients who receive TPN may already have an increased risk for Mn toxicity. Infirm
neonates receiving TPN are extremely vulnerable, as young individuals absorb more Mn and
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excrete fewer stools (10, 146, 312). Patients with compromised liver function also need to be
monitored for Mn toxicity when receiving TPN.

MANGANESE ABSORPTION, TRANSPORT IN BLOOD, AND EXCRETION

Absorption

Adult humans absorb approximately 3-5% of ingested Mn. Radiolabeled >*Mn uptake
studies show differential uptake of Mn based on gender; for a meal containing 1 mg Mn,
adult males absorb 1.35 £ 0.51%, whereas adult females absorb 3.55 £ 2.11% (67, 93).
Ingested Mn is readily absorbed in the intestine; however, molecular mechanisms of Mn
uptake are not well characterized. Studies using the Caco-2 intestinal cell line describe a
biphasic uptake process in which Mn transport achieves a steady-state condition after a brief
period of equilibration between intracellular and extracellular components (157). It is
thought that Mn can enter cells either through passive diffusion or active transport via the
divalent metal transporter 1 (DMT1) (21, 108). The existence of an active transport
mechanism was initially identified from in vivo studies using rat intestinal perfusions that
showed intestinal Mn uptake was saturable and likely involved a high-affinity, low-capacity
active transport mechanism (106). DMT1 is a membrane-associated transport protein that
uses the proton gradient across the cell membrane to translocate several divalent metals into
the cell, including Mn, Fe, and Cu (108). Both Fe and Mn are first-row transition metals
with similar atomic masses, radii, and electron structure allowing for shared transport
mechanisms. Therefore, altered Fe concentrations have been shown to influence the amount
of Mn absorbed (107, 126). Additionally, studies using rat brush border membrane vesicles
have also defined lactoferrin receptor-mediated uptake of Mn (65). Other dietary
components alter Mn absorption, such as phytates, ascorbic acid, and polyphenols (62, 267).

The absorption of Mn is governed by many factors. The gastrointestinal (GlI) tract responds
to dietary Mn levels to regulate Mn uptake. High Mn intake, either through dietary or
environmental exposure, causes the Gl tract to absorb less Mn while the liver increases
metabolism and biliary and pancreatic excretion increases (30, 67, 77). Age is a significant
determinant of Mn absorption. Younger individuals absorb and retain higher levels of Mn
than adults (146, 312), most likely because their requirements for Mn are much higher than
those for adults. This is especially true for infants. TPN used in the treatment of severely ill
or premature infants is usually supplemented with a trace element solution that contains
small amounts of Mn. However, unlike the absorption of Mn from milk, which must traverse
the Gl tract, the intravenous exposure to Mn-supplemented TPN solutions bypasses Gl tract
absorption. Consequently, nearly 100% of Mn is available for absorption, which can lead to
toxic conditions.

Transport in Blood

The mechanism by which Mn enters the bloodstream upon exiting the Gl tract is poorly
understood; however, it is known that distribution to tissues by plasma is quick. The
estimated half-life for Mn to leave plasma is 1 min (162). Mn is distributed from plasma to
the liver (30% of total Mn), kidney (5%), pancreas (5%), colon (1%), urinary system (0.2%),
bone (0.5%), brain (0.1%), erythrocytes (0.02%), and the remaining 58.18% to the
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remaining soft tissues (162). The liver, pancreas, bone, kidney, and brain retain Mn more
than other tissues and have the highest Mn concentrations in the body (10). This is likely due
to the essential nature of Mn in energy production and the high energy demands of these
tissues.

Mn speciation is important in influencing how Mn is bound and transported in the blood
(225, 305). Mn can exist in 11 different oxidation states; the most commonly ingested forms
include Mn?* and Mn3*. Mn2* is the most predominant form found in the human body,
although the exact percentage of the total Mn pool that consists of Mn3* is unknown (243).
Mn3* is highly reactive and will undergo disproportionation to Mn2* and Mn#* unless
stabilized in a complex with a ligand (305). Interestingly, MnZ* can be oxidized in the blood
to Mn3* by ceruloplasmin (141). Mn2* is bound by several species in the blood for transport
and distribution. These include albumin (84% of total Mn2*), hexahydrated ion (6%),
bicarbonate (6%), citrate (2%), and transferrin (Tf) (1%) (128, 200). Albumin is the major
protein bound to Mn2* (99, 217), with a Kp of 0.63 x 104 M~L. Tf is a circulating Fe-
binding protein that has affinity for Mn in both the Mn2* and Mn3* states (64). Tf-mediated
transport of Mn3* allows for delivery of Mn3* to neuronal tissues similar to Fe3*Tf
transport, though Mn3*Tf transport is noticeably slower and occurs to a lesser degree than
other Mn transport processes (123).

Biliary Excretion

Turnover of the ingested Mn is rapid, showing a mean retention of 10 days after ingestion
(63). In the liver, excess Mn is conjugated to bile and passed to the intestine for fecal
excretion (67, 245). Small amounts of bile-Mn conjugates are reabsorbed in enterohepatic
circulation (245). Trace amounts of Mn can also be detected in urine, sweat, and breast milk
(47, 67).

MANGANESE DISTRIBUTION AND CONCENTRATIONS IN THE CENTRAL
NERVOUS SYSTEM

Transport Across the Blood-Brain Barrier

Mn can cross the blood-brain barrier (BBB); however, the mechanisms of influx and efflux
of Mn across the BBB are not yet clearly understood. Several carrier proteins may actively
or passively facilitate Mn influx across the BBB, although their identities are uncertain. A
major route of Mn ion influx across the BBB may be mediated by Tf, the iron-carrying
plasma protein (11). Mn citrate, in addition to Mn ion and the Mn-Tf complex, crosses the
BBB, most likely via carrier-mediated transport (56). Store-operated calcium channels have
also been implicated in brain Mn influx (58). The role of DMT1 has been debated, but
studies of Mn uptake in the rat model do not support the hypothesis that DMT1 plays a
primary role in Mn transport across the BBB (57). Studies using an in vitro model of the
BBB suggest that Mn is actively transported across the BBB via a process that depends on
time, temperature, and pH (95). In human brain microvascular endothelial cells, inhibition of
iron accumulation by Mn points to the expression of an Mn-sensitive divalent cation
transporter at the plasma membrane of BBB capillary endothelial cells (181). It is unlikely
that Mn flux across the BBB can be attributed to one transport system; rather, studies
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suggest that this process occurs through a number of coinciding mechanisms(94). A recent
study suggests that the blood-cerebrospinal fluid (CSF) barrier, rather than the blood-brain
barrier, may in fact be the chief interface for Mn uptake in the brain (25). Even less is known
about Mn efflux across the blood-CSF barrier; however, evidence points to diffusion as the
major mechanism of Mn efflux (306). Recent studies suggest that Mn may alter the
permeability of the BBB, contributing to its own toxic effect and that of other cytotoxins
(78, 188).

Distribution in the Central Nervous System

Mn levels in the human brain have been found to be highest in the putamen, caudate nucleus,
and globus pallidus and lowest in the pons and medulla. Human Mn brain levels, especially
in the putamen, globus pallidus, and middle temporal gyrus, were found to positively
correlate with age. Additionally, significantly increased Mn levels were observed in
Parkinson’s diseased brain, particularly in the putamen, along with decreased Mn levels in
the superior and middle temporal gyrus and globus pallidus (223). In Wilson’s disease
murine brain and postmortem human brain tissue taken from patients with Alzheimer’s
disease (AD) and dementia with Lewy bodies, Mn levels were not found to be significantly
altered (3, 24). Magnetic resonance and X-ray fluorescence have indicated significant
accumulation of Mn in the hippocampus, brain stem and midbrain, basal ganglia, and
thalamus as well as the choroid plexus and olfactory bulbs following subchronic Mn
exposure (92, 230, 231). On the subcellular level, Mn has long been thought to accumulate
primarily in brain mitochondria, from which it has been shown to efflux very slowly (109,
168); however, in more recent investigations of intracellular distribution, Mn has been shown
to accumulate mainly in the nuclei of cultured choroidal epithelial and brain endothelium
cells and in the nuclei and cytoplasm of cultured dopaminergic (DAergic) neurons upon
exposure (142). Furthermore, in neurons and astrocytes of the striatum and globus pallidus,
Mn levels were found to be lowest in the mitochondria compared to the cytoplasm, where
levels were intermediate, and the heterochromatin and nucleolus, where the highest levels
were found. However, in the same study, after chronic Mn treatment the rate of Mn increase
was higher in the mitochondria of these cells than in the nuclei, with astrocytes sequestering
more Mn than neurons (194). Subcellular distribution of Mn has yet to be indisputably
characterized.

Mn speciation and oxidation state may play an important role in its uptake and distribution
in the central nervous system, as Mn-citrate has been shown to predominate in the CSF, and
Mn3* exposures have been shown to result in higher concentrations of Mn in the brain than
have MnZ* exposures (185, 224). Indeed, recently the subcellular distribution and speciation
of Mn within pheochromocytoma (PC12) cells, an immortalized cell line with neural crest
origins treated with various Mn compounds, was examined (39). Differential toxicities and
subcellular distributions were observed depending on the chemical form of Mn exposed to
the cells. PC12 cells exposed to Mn,O3 demonstrated normal Mn3* particles within the
cytoplasm with little toxicity, presumably due to its insolubility. For cells treated with
MnCly, MnSQj, and other organic compounds, Mn2* was observed mainly in the Golgi
apparatus (39). Mode of Mn delivery to the brain may mediate patterns of accumulation, as
evidenced by the differential distribution across brain regions of injected Mn versus Mn
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released from peripheral tissues such as the liver (273). An investigation of low-level Mn
exposure Vvia drinking water showed significant levels of Mn deposited in several brain
regions including the olfactory bulb, cortex, striatum, globus pallidus, and hippocampus
(152).

The normal, physiological concentration of Mn in the human brain is estimated to be 5.32—
14.03 ng Mn/mg protein (20.0-52.8 mM Mn), whereas 15.96-42.09 ng Mn/mg protein
(60.1-158.4 mM Mn) is the estimated pathophysiological threshold (27). A variety of
factors may affect Min accumulation and distribution, thereby altering Mn homeostasis and
toxicity. In a study of chromium (V1) stress, a twofold increase in brain Mn levels
accompanied increased Cr concentrations (75). Metabolic stress may alter Mn distribution in
tissues, as suggested by a recent study that found decreased levels of Mn in the brain stem
and frontal lobe after strenuous exercise relative to control conditions and moderate exercise
(83). Dietary iron levels may have an impact on levels of Mn accumulation in the brain (96).
Ceruloplasmin, a plasma protein involved in the oxidation and mobilization of iron, may
also affect the distribution of Mn in brain tissues (141). These studies point to related
mechanisms of Mn and Fe homeostasis. 3-D elemental bioimaging, which has revealed
elevated levels of Mn in the anterior pretectal nucleus, deep mesencephalic nucleus, and
medial geniculate nucleus in a Parkinson’s disease model, also showed a high concentration
of Mn in the region of the needle track where brain tissue was lesioned by injection of the
neurotoxin 6-hydroxydopamine, suggesting that trauma may also lead to alterations in Mn
distribution (127).

REGULATION OF CELLULAR AND SUBCELLULAR LEVELS

The mechanisms and details of intracellular Mn transport and storage are under active
investigation. Most of the known transporters involved in transport of Mn into and within
cells of the brain (including neurons and glia) are nonselective and also transport other
essential metals (see Table 1 and Figure 1). As such, the known Mn transporters cannot
explain how intracellular Mn concentrations are selectively maintained without
simultaneously strongly influencing the concentrations of other metals. Further, aside from a
few notable exceptions [e.g., secretory pathway Ca2+-ATPase isoform 1 (SPCAL)], the
manner by which known Mn transporters regulate uptake and efflux of Mn into the cells,
versus the subcellular distribution of Mn, is not well established. Indeed, Mn is the only
essential metal for which cellular homeostatic processes are not defined, despite the
presence of numerous Mn-dependent enzymes throughout the cell. New research to generate
novel chemical tools to probe mechanisms of Mn transport was performed via a high-
throughput screening approach (154). A study using a mouse striatal neural cell line
identified 41 small molecules that are capable of significantly increasing or decreasing
intracellular Mn content in a concentration-dependent manner (154). Understanding the
targets of these molecules may improve our understanding of cellular and intracellular Mn
trafficking and the regulation of Mn homeostasis.
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Mechanisms of Cellular Mn Uptake

DMT1 and the transferrin system.—The divalent metal transporter [DMT1; previously
known as NRAMP2, DCT1, or solute carrier (SLC)11A2] was given its name for its ability
to transport several metal cations such as Co2*, Fe2*, Mn2*, Ni2*, Pb2*, and Zn2* (100,
121). Its function was first discovered in Belgrade rats, a breed lacking a functional DMT1
transporter, which is demarcated by microcytic anemia and impaired transport of Fe and Mn
(98, 121). Numerous studies have demonstrated that DMT1 is capable of transporting Mn2*
(12, 15, 21, 84, 108, 289), and despite reports of its presence in the BBB (116), the choroid
plexus (289), and in cells of the basal ganglia (137), where the highest amounts of Mn
collect following exposure (34, 293), others still question the role that DMT1 plays in Mn
transport in the brain. The pH that is required for Mn to be taken up into cells seems to be
different than the pH at which DMT1 operates (57), and the mere existence of DMTL1 in
capillary endothelial cells has also been questioned (34, 290). Despite having less than 1%
of functional DMT1, Belgrade rats have the same concentration of Mn in the brain as wild-
type rats (57). This and other studies (25, 55) at least suggest that DMT1 is not the major
transporter of Mn in the brain. Recently, Seo and colleagues (249) noted that Mn
accumulation increases in both in vitro and in vivo neural models following Fe depletion,
concurrent with the upregulation of DMT1 (249). An alternative explanation to mediate
conflicting results is that the presence of Fe diminishes the transport of Mn through a
receptor independent of DMTL.

Although most biological free Mn appears to exist and be transported in its divalent state, a
significant portion of Mn is transported as Mn3* through a Tf-mediated mechanism (11, 64,
72, 123, 145). It was originally proposed that Mn was oxidized to a trivalent state and loaded
onto Tf via the oxidase protein ceruloplasmin; however, Jursa & Smith (141) did not find
any difference between control and a ceruloplasminemic mouse in trivalent Mn bound to Tf.
As a side note, this study did find that mice lacking ceruloplasmin did distribute Mn
throughout the body in a distribution that retained more Mn. The authors note an interaction
of high Mn levels and greater oxidative stress in these mice (141). This suggests that
ceruloplasmin may have a capacity to influence Mn toxicity. A more recent study described
these knockout ceruloplasmin mice as developing Parkinsonism within the first six months
of life (16). This phenotype could be reversed by treatment with the iron chelator
deferiprone or intravenous injection of ceruloplasmin.

Much like the case of DMT1, the mechanism by which Tf transports Mn is similar to its
normal function of transporting Fe. Though it has been shown that Mn3* can still compete
with Fe3* for Tf transport (123), the former transport occurs at a much slower rate. Despite
the similarities of Mn and Fe in their biological activity, these metals differ in their preferred
oxidation states, where Fe is much more stable in its trivalent form, and Mn in its divalent
form. The oxidative potential of Mn3* is also stronger than that of Fe3*, so following its
deposition by Tf, Mn3* may do unknown oxidative damage and contribute to Mn toxicity
when in excess inside the cell (123). Studies using Tf-deficient mice note different
distributions of Mn in several organs but no changes from normal Mn concentrations in the
brain, suggesting that Tf is not the primary Mn transporter in the brain(72).
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Because of the size of the Tf complex, Mn or Fe bound to Tf must be bound to a Tf receptor
(TfR) and endocytosed in order to cross the plasma membrane. It has been suggested that the
TfR works in combination with DMT1 in a mechanism where the pH is lowered in the
endosome via vacuolar H+-ATPase, causing the release of Mn from Tf and reduction to
Mn2*. DMTT1 then is able to transport H* and Mn in its divalent state into the cytoplasm
(123).

Zinc transporters.—The SLC39 family of proteins is characterized by its variety of zinc
transporters, but three in particular have been implicated in the regulation of Mn in cells.
Z1P8 and ZIP14 are most closely related, both acting as divalent ion/bicarbonate (HCO3™)
symporters that drive metals across a HCO3™ gradient (130). When expressed in HEK 293T
cells or Xenopus oocytes, they are capable of transporting several divalent ions such as Co,
Fe, Cd, and of course Zn (287). The transport activities of Mn through these two proteins are
not negligible, but their affinities are significantly lower than the metals just listed. Models
studying ZIP8 and ZIP14 have had inconsistent results regarding the magnitude of Mn
transport. Nevertheless, rat basophilic leukemia (RBL)-2H3 cells grown to be Mn resistant
show marked suppression of ZIP8 expression (104). Knockdown of ZIP14 has shown
reduction of Mn uptake in SH-SY5Y (105). Stimulating inflammatory conditions with
interleukin (IL)-6 stimulates the uptake of Mn while concurrently upregulating ZIP14 and
downregulating SLC30A10.

Citrate, choline, dopamine, and calcium transporters.—Crossgrove and colleagues
(56) found that Mn citrate was able to cross the BBB at rates much faster than predicted for
diffusion. This suggests that a mechanism exists, at the very least in situ, for transport of Mn
bound to citrate across the BBB and plasma membrane. The rates of Mn citrate transport
were also significantly faster than those of Mn alone, indicating that it may be a major
mechanism of Mn transport (56) and facilitated perhaps through the organic ion transporter
or the monocarboxylate transporter (305). Suwalsky and colleagues (272) noted that
exposure of Mn citrate to the erythrocyte membrane induces far less structural damage than
ionic Mn alone, arguably due to citrate’s metal-chelating abilities. For this reason, and
because of the large availability of citrate in serum compared to Mn (185), it would be
logical that citrate is a reasonable source of Mn for the cell. However, the reality of citrate
playing a meaningful role in Mn transport has not yet been further tested.

Another possible yet unconfirmed significant route of Mn entrance into the brain is through
the choline transporter. Exposure to Mn has been shown to inhibit choline uptake in perfused
rodent brain by nearly 50% within in situ preparation (172). More recently, Bagga & Patel
(17) reported that chronic Mn exposure in mice was associated with decreased levels of
choline in the hypothalamus and thalamus. These areas were also marked by a reduction in
glutamate, A-acetyl aspartate. Gamma-aminobutyric acid (GABA)ergic disruption was
damaged only in the basal ganglia.

Considering the numerous connections of Mn with Parkinsonian disorders (see section titled
Mn Excess in Neurological Disease), it is not surprising that Mn interacts with and is
possibly transported by the dopamine transporter (DAT). Based on the observations that
chronic exposure to Mn produces PD-like symptoms but spares the DAergic cells of the
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substantia nigra (206), it has been suggested that the mechanism would likely be acting at
the presynaptic terminal, deactivating DAT (235). Indeed, the amphetamine-induced release
of dopamine is prevented by Mn (119). It has also been observed that the presence of Mn
induces the internalization of DAT in transfected HEK cells (238).

Mn has often been used as a tool to observe the functionality of other transporters that
transport divalent ions. For this reason, several calcium channels have been identified to be
permeable to Mn, but their contribution to normal Mn transport, storage, and homeostasis
has not been adequately assessed. Examples of these include transient receptor potential
(TRP) cation channels, such as TRPM3 (115) and TRPM7 (228). \oltage-gated L-type Ca2*
channels (175, 176), ionotropic glutamate receptor channels (143), and store-operated
calcium channels (58, 120, 175, 228, 301) also have reported permeability to Mn.

Mechanisms of Cellular Mn Efflux

SLC30A10.—Originally described as a zinc transporter (also called ZnT10) based on its
family classification, SLC30A10 can be distinguished from other zinc transporters through
analysis of its amino acid structure (253). Immunohistochemical staining has indicated the
localization of SLC30A10 at the plasma membrane and also throughout the secretory
pathway, including the Golgi system and endosomes (215). Transfections of the human
SLC30A10 gene into Mn-sensitive yeast cells reversed the obstructed growth phenotype
when exposed to Mn. Consistent with the support of SLC30A10 as an Mn transporter,
inducing mutations into this gene reverted the cells back to their original Mn-sensitive
phenotype (280). Similar studies in Caenorhabditis elegans, HelLa cells, and primary cultures
of mouse midbrain neurons have shown that expression of SLC30A10 yields protection from
toxic Mn concentrations, and this effect is reversed when the gene is mutated (165).

Sodium-calcium exchanger.—The permeability of the sodium-calcium exchanger
(NCX) to Mn?* was first demonstrated in myocardial cells as a surrogate to study Ca2*
efflux (285, 286). More recently, the inhibition of the NCX channel for 24 hours was shown
to increase cellular Mn levels in immortalized mouse striatal neuroprogenitors (276). Efflux
through NCX is a proposed dominant mechanism of Ca2* efflux following an action
potential (9, 19, 284); given the similar chemical properties of Mn2* and Ca?*, it is
reasonable to postulate that MnZ* can efflux the plasma membrane in the place of Ca2* in
exchange for the influx of three Na* ions, all ions along their concentration gradients. The
alteration of neuronal Mn content by NCX inhibition may act through blockage of Mn
efflux; however, additional studies are needed to determine the role of NCX under normal
Mn neuronal homeostatic conditions.

Ferroportin.—A third transporter of iron, ferroportin (FPN; also known as IREG1 or
MTP1), allows for the efflux of both Fe and Mn from the cell (177, 304). Mn is capable of
inducing FPN mRNA expression in a dose-dependent manner (167, 304). Also understood
as a compensatory mechanism, exposure to Mn or Fe has been shown to change FPN
localization in the choroid plexus at the blood-CSF barrier (289). Recently, Mitchell and
colleagues (190) failed to reproducibly identify a difference of Mn efflux in Xenopus
oocytes expressing FPN compared to those without FPN expression; an actual decrease of
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efflux of Mn in cells expressing FPN was found in some cases. It is not yet understood
whether this particular study accounts for the decreased accumulation of Mn in the FPN-
expressing cells as a reason for decreased efflux, as seen in a previous study using Xengpus
oocytes (177). Regardless, the role of FPN as an exporter of Mn has already been recognized
in mouse brain in vivo (304), and its association remains much less controversial than an Mn
role with DMT1 in the brain.

Regulation of Subcellular Distribution and Storage

Park9/ATP13A2.—Park9, also known as ATP13A2, is a P-type ATPase primarily found in
the neurons of the substantia nigra and is a putative cation shuttle across the lysosomal
membranes (110, 222, 244, 274). The evidence supporting Park9 transport of Mn comes
from studies showing that deletion of the yeast homolog Ypk9 yields sensitivity to toxicity
of heavy metals including Mn (244). Similarly, a protective effect from Mn is seen when
overexpressed in mammalian cell lines or rat primary cell cultures (274). The mechanism
behind the protective effect of Park9 is not understood, but it has been proposed to help
sequester toxic metals into vacuoles or to function as a Zn/Mn pump as described by Kong
and colleagues (150). A recent review (282) has criticized the proposal of Park9 as a metal
transporter and suggests that it acts as a flippase aiding in vesicle creation and fusion.
Whether or not this is true, it is clear that Park9 in some fashion influences the proper
movement of metals within the endosome/lysosome transport process.

SPCA1 and GPP130.—SPCAL1 is a Ca2*/Mn2* ATPase expressed highly in the brain on
the surface of the Golgi membrane that transports cytosolic Mn? and Ca2* into the Golgi
lumen (189, 198). By this mechanism, Ca2* can be stored safely, and excess Mn2* can be
removed from the cytosol and exported through the secretory pathway. SPCA1 can transport
one Mn2* or Ca%* ion at a time per hydrolyzed ATP. Considering its high affinity to Mn,
equally comparable only to Ca (73, 74), SPCAL is recognized as one of only two critical
regulators of Mn known to date, the other being SLC30A10. Loss of function in the SPCAL
yeast homologue PMR1 leads to hypersensitivity to Mn toxicity (292). In humans, the
specificity to Mn is even higher than for the yeast protein (277). The null mutant of SPCA1
in mice is lethal, with heterozygous mice having increased rates of apoptosis and
demonstrating larger Golgi with diminished leaflets (204). Rats exposed to chronic MnCl,
(30 mg/kg i.p. daily for 30 days) had twofold increased expression of SPCA in the
mitochondrial proteome in the brain (310), in what can be assumed as a compensatory
detoxification process. However, higher concentrations of Mn2* exposure (1 mM) in
cultured mouse neurons and glia have been shown to inhibit Ca2* ATPase activity of SPCA1
to approximately 50% of vehicle without influencing expression (252). The failure to see
changes in SPCA1 expression are likely due to a timing difference (30 days as compared to
6 hours) or in vivo/in vitro differences, but what can be observed is that SPCAL can be
oversaturated by Mn, and toxicity will result from presumably blocking normal Ca2*
sequestration. On a systems level, a significant amount of detoxification of Mn2* may occur
in the liver. Knockdown of SPCA1 in HEK293T cells limited growth and decreased viability
following Mn2* exposure (164). Overexpression of SPCAL in these cells allowed for
increased Mn2* tolerance. Similarly, a mutation to increase the pore size of SPCAL1 in yeast
resulted in a hyperactive transporter with increased Mn2* efflux and Mn2* tolerance (197).
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SPCA1 mRNA expression and protein show only modest increases across postnatal
development in the hippocampus, cortex, and cerebellum of mice; however, SPCA ATPase
activity steadily increases over this developmental period (250). This discrepancy has been
speculated to be due to differences in unknown activators of SPCAL rather than SPCA2—a
second isoform of SPCA that shares 64% of homology with SPCA1 (298) but whose
expression in the brain is a contentious issue (250, 283, 299); it has been reported to have
little or no ATPase activity (296). The relative amount of brain SPCAZ expression compared
to other tissues has been unclear. Wootton and colleagues (296) found that SPCAZ mRNA
expression and protein levels were highest in the rat brain, testis, and germ cells compared to
rat heart, lung, kidney, and liver, consistent with older data (124) from a study prior to the
identification of SPCAL’s function, which also found rat RNA levels of SPCAI to be higher
in the brain than in any other tissues tested. Regardless, expression of SPCA1 has been
identified in neuronal, astroglial, ependymal, and oligodendroglial, but not microglial, cells
(198). The subcellular distribution of SPCA1 is predominantly reported in the Golgi (184,
226, 251, 283), although the exact subsection is uncertain, and strangely, the amount of
SPCAL is not correlated with the amount of Golgi present in the cells (296).

The important discovery that Mn exposure induces the cis-Golgi glycoprotein (GPP)130 to
traffic from the Golgi to multivesicular bodies and then to lysosomes for degradation (196)
has defined a molecular and biological sensor for Mn that may be involved in Mn
homeostatic regulation (Figure 2). The normal function of GPP130 appears to involve the
trafficking of vesicle directly from the endosomes to the Golgi, bypassing late endosomes
and prelysosomes (214). Its sensitivity to Mn is delicate and specific to Mn rather than other
metals. This mechanism has been recorded in neuronal cell lines, and the degradation of
GPP130 from Mn exposure has been demonstrated in vivo as well (180). Recently, Tewari
and colleagues (275) helped to elucidate this sorting mechanism by discovering that GPP130
binds to Mn, inducing oligomerization of the protein. SPCA1 is required for Mn?* to reach
the Golgi lumen and bind to GPP130, which provides a putative mechanism by which cells
regulate excess cytosolic Mn. Increased cytosolic Mn may be pumped through SPCA1 to the
Golgi lumen, where it binds to GPP130 and induces its oligomerization, resulting in sorting
to the oligomer and secretion of Mn from the cell.

Metallothionein.—The roles that metallothioneins (MTs) have in the storage,
detoxification, or transport of Mn, as is the case of other metals, is unknown.
Metallothioneins are Golgi-localized low-molecular-weight proteins that bind metals at the
thiol groups of the cysteine-rich residues. The literature on the relationship of Mn and MT is
very sparse. Astrocyte exposure to Mn is known to decrease MT mRNA in a dose-dependent
fashion, most likely due to a shift in metal metabolism (84). MT is induced in the liver of
mice following Mn exposure; however, the metals bound to the induced MT were found to
be mostly Zn rather than Mn. Interestingly, this induction appears to be completely
dependent on IL-6 production; mice lacking IL-6 did not have any MT response from Mn
exposure (149).
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MANGANESE NEURONAL HEALTH

Brain Physiology and Function

Mn is essential for brain physiology and biology via its role as a cofactor in numerous
enzymatic processes. Furthermore, several Mn-responsive pathways have been identified
that may play a role in regulation of Mn cellular homeostasis and protection against
neurotoxicity due to excess levels of Mn. It is likely that Mn, like other essential metals,
must be carefully regulated to ensure proper health. The previously described high levels of
Mn that occur normally in the brain argue for a particular role of Mn in brain physiology and
function. Here we consider Mn-related neurobiological processes and the consequences of
insufficient and excessive brain Mn levels. Given the diverse set of cellular processes
contingent on the sufficient but controlled collection of Mn, the cellular demand for Mn is
likely to change throughout development. Using small molecules that perturb cellular Mn
transport, a recent study showed that developing mesencephalic DAergic precursors alter
their mechanisms of Mn transport between key neural developmental stages (154).

Mn-Dependent and Mn-Activated Enzymes

Arginase is an Mn-dependent enzyme that catalyzes the hydrolysis of arginine to ornithine
in the urea cycle. The two isozymes of arginase, ARG1 and ARG2, have the same function
but differ in their expression. ARG1, which has been found at higher levels in the brain, is
found primarily in the cytoplasm, whereas ARG2 is found primarily in the mitochondria
(307). ARG2 is expressed in neurons and glial cells of most brain structures, with
particularly high levels of expression found in the neocortex, corpus callosum, putamen, and
ventral striatum (29). Whereas metal requirements for arginases may differ between species,
optimal catalytic function of human ARG specifically depends upon Mn2* (60, 144).
Arginase is expressed in endothelial cells, where it controls the production of nitric oxide by
mediating the bioavailability of arginine (22, 303). The function of arginase in the brain has
not been fully characterized, although studies suggest neuroprotective effects. Depletion of
arginine by ARG1 promotes neuronal survival through inhibition of nitric oxide synthesis
(87) and protein synthesis. Arginase also plays a role in the neural immune response,
contributing to neuronal protection and regeneration through microglial activation pathways
(48) and polyamine synthesis pathways (71, 155).

Glutamine synthetase (GS) is also a very prevalent and significant Mn-dependent enzyme
found primarily in astrocytes, where it catalyzes the conversion of the neurotransmitter
glutamate (Glu) into glutamine (GIn), which can be released and subsequently taken up by
neurons for use in the synthesis of glutamate (129, 132, 202). Extracellular Glu is neurotoxic
at high levels; accordingly, inhibited Glu uptake by astrocytes contributes to Glu
neurotoxicity (314). This process is illustrated in Figure 3. Efficient Glu uptake relies on GS
activity, indicating an important role for GS in normal synaptic function as well as a
neuroprotective effect of this enzyme against Glu-induced excitotoxicity and
neurodegeneration (111, 254, 313). The finding that elevated levels of extracellular Glu
increase GS expression and inhibit glial Glu transporters supports this conclusion (163).
Studies suggest that Mn neurotoxicity is associated with impaired Glu-GIn homeostatic
mechanisms in the brain. Mn inhibits GIn transport into astrocytes (187, 258).
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Counterintuitively, Mn exposure has been found to reduce GS activity in the brain,
particularly in the striatum and globus pallidus (195).

Mn-dependent superoxide dismutase/superoxide dismutase 2 (MnSOD/SOD?2) is an
antioxidant mitochondrial metalloenzyme that protects cells from oxidative stress by
catalyzing the dismutation of superoxide anion radical to H,O, and molecular oxygen,
regulating cellular redox status and ROS generation (33). By reducing oxidative stress,
MnSOD has an important role in mediating physiological and pathological neuronal
apoptosis and neurodegeneration (148, 255). Overexpression of MnSOD in AD-model
brains has been shown to reduce oxidative stress (79). Although Mn is required for the
catalytic function of MnSOD, iron can also bind with high affinity to the Mn binding site of
MnSOD (191). Mn supplementation has been shown to increase MnSOD activity in human
lymphocytes (66).

Also among critical enzymes requiring Mn are pyruvate carboxylase and protein serine/
threonine phosphatase-1 (PP1) (297). Pyruvate carboxylase is an Mn-dependent enzyme that
converts pyruvate to the TCA cycle intermediate, oxaloacetate (41, 186, 247, 248). Pyruvate
carboxylase deficiency can lead to accumulation of lactate in the bloodstream, causing lactic
acidosis (193). PP1 is needed to dephosphorylate serine and threonine residues because it
directly dephosphorylates AKT to regulate the AKT signaling transductions for cell survival
and differentiation (300). PP1 has also been shown to directly dephosphorylate the apoptotic
regulator p53, thereby regulating the p53-dependent apoptotic pathway and promoting cell
survival (166).

Mn-Responsive Pathways

ATM-p53 signaling pathway.—Ataxia telangiectasia mutated (ATM) is an Mn-activated
serine/threonine protein kinase involved in the cellular response to DNA damage and is
mutated in Ataxia telangiectasia, a neurodegenerative autosomal recessive disorder with
impaired mitochondrial function and deficient mitochondrial DNA repair, indicating the
importance of ATM for mitochondrial function in the brain (5, 256). ATM has been shown
to phosphorylate p53, H2AX, and other targets in response to increased Mn levels, DNA
damage, and oxidative stress (18, 125, 276). lonizing radiation activates ATM to
phosphorylate p53 in an Mn-dependent manner (38). ATP has also been shown to activate
ATM to phosphorylate p53 and other downstream substrates via an autophosphorylation
mechanism that is specific to ATM kinase (151). Mn is required for phosphorylation by
ATM of proteins involved in DNA damage pathways and cell cycle checkpoints, including
p53 (41). This process is illustrated in Figure 4. During activation of ATM via double-
stranded DNA breakage, the DNA damage sensor complex MRN (Mrell, Rad50, Nbs1) is
necessary. Mrell has Mn-dependent exonuclease activity necessary for processing strand
ends during nonhomologous end-joining repair. This nuclease activity requires Mn and
cannot be substituted by magnesium or calcium (135, 208, 278). However, nuclease-activity-
dead Mrell mutants still undergo MRN complex binding to double-stranded breaks and
Mrell-dependent ATM phosphorylation (169). A loss of Mn would likely result in stalled
double-stranded breakage repair, providing a longer active time to phosphorylate ATM and
thus increasing its DNA damage response in cells.
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Increased levels of p53 have been found in cortical neurons and glial cells from Mn-exposed
nonhuman primates, and analysis of gene expression changes in cortical tissue from these
Mn-exposed animals has revealed a prominent role of p53 in Mn-induced alterations in gene
expression (117, 118). K-homology splicing regulator protein, a regulatory protein involved
in neuronal apoptotic signaling, is upregulated in Mn-exposed striatum along with p53,
providing further evidence of the role of p53 in Mn neurotoxicity (257). Recently, a major
p53 response to Mn exposure was found in mouse striatal cells and human neuroprogenitors.
Activation of ATM kinase activity was shown to be sensitive to Mn at neurologically
relevant concentrations, and inhibitors of ATM kinase decreased Mn-dependent p53
phosphorylation, confirming ATM-p53 as a significant Mn response pathway (276).

Inflammatory pathways.—The neurotoxicity mechanism of Mn may in part be due to a
resulting glial activation and neuroinflammatory response (Figure 5). Proinflammatory
cytokines such as IL-6, IL-1pB, and tumor necrosis factor-alpha are induced by endotoxins
such as lipopolysaccharide but potentiated in the presence of Mn (309). Cytokine toxicity
potentiated by Mn has been shown to depend upon the presence of astrocytes (263). This is
thought to be mediated by the activation of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB) and p38, reflecting the way in which their pharmacological
inhibition blocks this effect (53, 91). However, microglia are capable of releasing these
cytokines in response to Mn alone (91, 170). The increased presence of microglia in the
basal ganglia relative to any other areas throughout the brain (156) in part can explain the
sensitivity of the area to Mn toxicity. PD patients and animal models do demonstrate
increased activation of microglia in these areas (59).

Continued glial cell activation can cause damage primarily by generating harmful ROS
(discussed further below) and reactive nitrogen species such as nitric oxide (NO), but the
overproduction of cytokines can lead to a cascade of further glial activation in the
surrounding areas. Recently, it was noted that IL-6 could induce uptake of Mn while also
upregulating the Mn-permeable ZIP14 zinc channels and downregulating the Mn-exporter
SLC30A10 (105). Whether this can explain the potentiating effects of Mn with IL-6 and
other cytokines is not yet clear.

Neuropathological Consequences of Altered Mn Biology

Mn insufficiency in neurological disease.—No known neurological conditions have
been medically established to be due to Mn insufficiency. However, recent research on
Huntington’s disease (HD) has identified a deficiency in neuronal Mn handling associated
with decreased neuronal Mn levels under both basal and elevated Mn exposure conditions
(28, 178, 266, 276, 291, 293, 294). Although additional studies are needed to establish the
relationship between alterations in Mn homeostasis and HD pathogenesis, several lines of
evidence point to a potential role. For example, many critical Mn-dependent enzymes of the
brain show diminished levels of activity in HD patients and other models of HD (36, 44, 45).
Of particular note, intracellular Mn levels are reduced in the striatum of HD patients and
other HD models (234). Mn-dependent activation of ATM signaling is impaired in both
mouse and human neuronal models of HD and rescued by restoration of intracellular Mn
levels (276). Also, impairment of ATM-dependent repair pathways of DNA double-strand
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breaks have been reported in irradiated HD human fibroblasts, suggesting that ATM may be
implicated in HD pathology (90). Consistent with the hypothesis of decreased Mn transport,
HD cells have an increased tolerance to Mn toxicity (294). The mechanism by which mutant
Huntingtin (HTT) protein impairs Mn transport is unknown. However, the change of Mn
levels in one cellular model of HD has been shown to be independent of Tf or DMT1
activity, despite the known alterations of iron homeostasis in HD (293). Of note, expression
of ferroportin is increased and Tf decreased in the cortex and striatum in mouse models of
HD (42). Taking into consideration how iron concentrations are elevated in striatal neurons
in HD, this may be a compensatory mechanism.

Dietary Mn deficiency has been found to decrease arginase activity and increase the activity
of nitric oxide synthases (31, 82). Intracellular depletion of arginine by arginase may be
neuroprotective (86, 160). Whereas inhibition of ARG1 leads to increased NO production,
which contributes to neuronal death, inhibition of NO by ARG1 contributes to neuronal
survival, as demonstrated by a surviving subpopulation of motor neurons deprived of trophic
factors (87). Altered arginase activity (dependent on Mn as described above) has been
implicated in the progression of HD. A urea cycle deficiency has been reported in HD.
Increased ammonia and citrulline levels point to decreased arginase activity in these models
(45). Neuronal nitric oxide synthase and dietary L-arginine, the NO precursor, have been
shown to mediate the time of symptom onset in HD (68,69). Diminished GS activity has also
been observed in HD brain (20, 40). Interestingly, decreased astrocytic GS expression and
activity have been observed in the AD brain, especially in late stages of the disease (153,
205, 229).

Partial MnSOD deficiency has been shown to increase sensitivity to malonate and 3-
nitropropionic acid, and both toxicants have been used to generate animal models for HD (8,
32, 246). Decreased MnSOD activity from Mn deficiency may cause damage to the
mitochondrial membrane via increased lipid peroxidation from free radicals (311).
Mitochondrial injury resulting from MnSOD deficiency contributes to neurodegeneration
(158). Loss of MnSOD activity has been shown to increase neuronal sensitivity to the
mitochondrial toxin 3-nitropropionic acid, which leads to an HD-like neurodegenerative
phenotype, with degeneration of the medium spiny neurons of the striatum (caudate/
putamen) in animal models and humans (8). 3-Nitropropionic acid has also been shown to
disturb glutaminergic and DAergic signaling in part by mediating the activity of serine/
threonine phosphatases (199). The PPM/PP2C family of protein phosphatases may regulate
DAergic signaling in HD through AKT dephosphorylation of Htt protein in the G protein-
dependent signaling pathway of the striatal dopamine D2 receptor (179).

Alteration of neuronal Mn homeostasis in HD could also occur via the interaction of Htt
with huntingtin-interacting protein (HIP)14 and HIP14-like (HIP14L). Before their
recognition as transporters for Mg2* and other divalent metals such as Mn?* (112, 216),
HIP14 and HIP14L were recognized as a required protein for the proper palmitoylation and
thus proper cellular distribution of Htt and several synaptic localized proteins (139, 203,
240, 260, 302). Down-regulation of HIP14 leads to increased inclusion in cells expressing
either wild-type or mutant Htt (302). Taking into consideration the connections between HD
and altered Mn biology, a putative transporter of Mn that has an imperative role in proper
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Htt trafficking and proper response to Htt is a compelling link. Mice deficient in either
HIP14 or HIP14L have been reported to have behavioral, motor, and neuropathological
features (261, 271). These proteins are found primarily in neurons within the Golgi complex,
post-Golgi vesicles, and subplasmic membrane (112, 203). Importantly, HIP14L is capable
of palmitoylating HIP14, and HIP14 is capable of palmitoylating itself. The presence of
wild-type Htt potentiates this effect, and mutant Htt is incapable of this potentiation, thus
providing a potential mechanism by which Mn transport is altered in HD (see below) (138).
However, additional studies are needed to examine the functional relationship between
HIP14/HIP14L and Mn biology.

Mn excess in neurological disease.—Manganism/Mn poisoning/Mn-induced
Parkinsonism occurs primarily among industrial workers, such as welders, who are
chronically exposed to Mn fumes or dust, the neurotoxic effects of which cause a PD-like
syndrome. Chelating treatment with CaNa, ethylenediaminetetraacetic acid (EDTA), along
with sufficiently early removal from Mn exposure, has been found to effectively ameliorate
symptoms in some workers with Mn-induced Parkinsonism, although irreversible cases have
been reported (131). The link between Mn-induced Parkinsonism and PD has been debated,
with some patient studies reporting considerable overlap between the pathophysiology and
clinical characteristics of Mn-induced Parkinsonism and PD, except age of onset (218, 220).
Significantly elevated levels of Mn have been found in the serum and CSF of PD patients (2,
136). Mn-exposed nonhuman primates with motor abnormalities have dysfunctional
DAergic systems. Positron emission tomography imaging of nonhuman primate brains has
revealed impaired DA transmission, a feature of PD, in the striatum of Mn-exposed animals
(118, 119). Positron emission tomography imaging of asymptomatic Mn-exposed welders
with 6-[18F]fluoro-L-dopa (FDOPA) also points to nigrostriatal DAergic dysfunction, but
with a pattern of uptake inconsistent with that observed in patients with idiopathic PD (52).
Mn exposure at subtoxic levels has been found to amplify the neurotoxic effects of 1-
methyl-4-phenylpyridinium, which also contributes to a PD-like syndrome through the
induction of ROS formation (288).

The E3 ligase, parkin, when overexpressed in SHSY5Y cells, is responsible for degrading
1B-DMT1 isoforms (239). This degradation was protective against Mn toxicity. Parkin
protein, encoded by PARKZ, a gene linked to PD pathogenesis, has been shown to
accumulate in Mn-treated DAergic cells. Parkin may be critical for the attenuation of Mn-
induced neuronal cell death, as overexpression of this protein has been found to protect
DAergic neurons from the neurotoxic effects of Mn (133). In response to Mn exposure,
human lymphocytes lacking active parkin have demonstrated greater mitochondrial
dysfunction and enhanced apoptotic signaling (237). Workers who are repeatedly exposed to
Mn through welding fumes are at risk for Parkinsonism. PARK genes may modulate the
DAergic neurotoxicity of Mn-containing welding fumes, as exposure to Mn via welding
fumes has been shown to cause mitochondrial dysfunction and alter DAergic PARK protein
expression (265).

ATP13A2 (encoded by PARKY, introduced above) has been shown to protect cells from Mn
toxicity by mediating intracellular Mn concentrations, an effect not observed in ATP13A2
mutants (274). Variants in the ATP13A2 gene (described above) have been reported to be a
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risk factor for Mn neurotoxicity in humans (227). Mutations of ATP13A2 are known to
cause a Parkinsonianlike disease known as Kufor-Rakeb syndrome (221, 279, 281).
Increasing expression of ATP13A2 shows a protective effect against alpha-synuclein, and
conversely, reduction of ATP13A2 results in elevated alpha-synuclein accumulation.

Strong evidence for the association of Mn and Parkinsonism is seen from the recent
literature describing the selective cell-surface exporter of Mn identified as SLC30A10 (165).
The phenotype and age of onset observed in human patients with mutations in SLC30A10
varies greatly, even within families with the same inherited mutation. The symptoms include
hypermanganesemia, polycythemia, dystonia, chronic hepatic disease, cirrhosis, motor
neuropathy, and behavioral disturbances with differing severity (70). These symptoms have a
large overlap with patients with PD; some studies have even found an increased occurrence
of Parkinsonism with sufferers of cirrhosis (up to 21%) (35, 201). Consistent with this idea,
patients presenting with Parkinsonian symptoms who have decreased ability to excrete
biliary Mn2* suffer from Mn2*-induced neurotoxicity (1, 35). It is important to note that
affected individuals did not have any loss of striatal DAergic neurons in the striatum, which
is the hallmark pathological feature in PD (159, 215, 280). Lechpammer and colleagues
(159) describe in detail the pathology of the last 14 years of the life of one patient suffering
from a mutation of SLC30A10; following the patient’s death at age 38, Mn levels in the
basal ganglia were elevated 16-fold in comparison with control levels. There was marked
loss of neurons in the medial and lateral globus pallidus, increased activation of microglia
and astrocytes, myelin loss, and spongiosis. Although SLC30A10 has been shown to
transport Zn and other cations other than Mn, it is remarkable that patients with mutations in
SLC30A10 do not exhibit changes in concentrations in any other trace metals tested so far in
the brain. It is also interesting that expression of SLC30A10 has been found to be
significantly reduced (twofold) in the frontal cortex of patients with AD, an observation that
is consistent in mouse models of AD (26).

Mitochondria-mediated toxicity is thought to occur in part by Mn?* interfering with Ca2*
activation of ATP, leaving an energy deficit (122). Mn has been shown to induce apoptosis-
promoting caspase-12. Not only does Mn induce apoptosis, but the presence of dopamine
also potentiates apoptosis. This may in part explain the selective death of DAergic neurons
in the striatum following Mn exposure. Cytochrome cand caspase-1, 3, 8, and 9 release also
occurs following Mn exposure (46). These data suggest that the neuronal apoptosis is a
response to excessive Mn levels in the brain.

Cellular redox pathways and neuronal oxidative stress.—Production of ROS
following excessive Mn exposure is a canonical response seen in vitro and in vivo (207). The
disabling of antioxidant defenses by Mn is also well characterized (168). Recent work has
shown that the toxicity of Mn is largely dependent upon the redox state, as glutathione levels
can inversely predict toxicity upon Mn exposure (269). Neuronal cell exposure to Mn
induces oxidative damage to DNA, but this can be reversed with glutathione treatment (268).
Antioxidant treatment in chronically exposed rodents reverses not only toxicity but also
motor deficits and signaling pathways activated by oxidative stress (49). The signaling
pathways associated with oxidative stress and Mn include PI3/Akt (49, 50, 182), protein
kinase C, ERK1/2, p38, and JNK (37, 54, 134). Interestingly, the phosphorylation of
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DARPP-32 at Thr34 is induced by Mn, which allows DARPP-32 to act as an inhibitor to
PP1 (50). The production of ROS is thought to be the cause of nitric oxide synthase and NF-
xB induction (212). The autoxidation of dopamine by Mn is also well documented (270).
Monoamine oxidase activity is increased as a result of increased ROS, and this leads to a
decrease in dopamine in the striatal cells affected. It has been noted that the depletion of
dopamine is independent of the ROS generation, as dopamine depletion occurs prior to ROS
detection. Glutamate uptake by the glutamate/aspartate transporter is inhibited by Mn,
leading to higher extracellular glutamate (85). Expression of GABA transporters is reduced
with excess Mn, leading to increased extracellular GABA (7, 80, 101).

CONCLUSION

Mn is essential to human health. Given that Mn is required for a number of physiological
functions but is toxic at excessive levels, mechanisms of Mn homeostasis are critically
important. Exposure to Mn is mainly dietary and occupational. Although ingestion is the
major route for exposure, Mn can also be inhaled, especially in certain industrial settings.
Normally high levels of Mn in the brain suggest that Mn plays a particularly important role
in brain physiology and function and argue for the importance of elucidating mechanisms of
Mn homeostasis. A number of candidates for cellular Mn uptake have been identified and
investigated, including DMTI, the Tf system, and zinc, citrate, choline, dopamine, and
calcium transporters. Likely candidates for cellular efflux of Mn include SLC30A10, the
sodium-calcium exchanger, and ferroportin. Regulation of subcellular distribution and
storage has been attributed to Park9/ATP13A2, SPCA1, GPP130, and metallothioneins.

Mn is incorporated into a number of enzymes that are important for brain physiology and
function. These include arginase, glutamine synthetase, MnSOD, pyruvate carboxylase, and
protein serine/threonine phosphatase-1. Mn-responsive pathways have been identified,
including the ATM-p53 pathway. Impaired neuronal Mn handling has been observed in HD.
Excessive Mn levels are associated with manganism/PD, but the link between these
conditions remains unclear. Impaired Mn homeostasis may alter the activity of Mn-
dependent enzymes and Mn-sensitive pathways, contributing to neurotoxicity and the
pathophysiology of neurodegenerative disorders, including HD and PD.
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SUMMARY POINTS

Manganese (Mn) is essential for human neuronal health but is toxic in high
concentrations, creating the need for tight regulation.

Regulation mechanisms for Mn at the cellular level currently remain
unidentified.

Mn exposure targets several signaling pathways, including inflammatory
cascades and the p53-ATM pathway, that may contribute to its toxicity.

Excess Mn in the striatum is associated with Parkinson’s disease and
Parkinsonian-like disorders, whereas deficient Mn in the same brain areas is
strongly associated with Huntington’s disease.

Several nonspecific ion channels and transporters are semipermeable to Mn,
although the channel(s) or transporter(s) responsible for the deficiency of Mn
seen in Huntington’s disease has not yet been revealed.
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FUTURE ISSUES

Further study is needed to clearly define the mechanisms of Mn uptake and distribution in
blood and tissues (e.g., ceruloplasmin). Additional studies are needed to clearly
characterize the homeostatic mechanisms that regulate Mn and determine which of the
transporters described here, if any, play the most significant roles in cellular Mn
transport, distribution, and storage. Further research is needed to explain how alterations
in neuronal Mn homeostasis affect Mn transporters, Mn-dependent enzymes, and Mn-
responsive pathways to contribute to the pathogenesis and progression of devastating
disorders.
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Figure 1.
Known transporters and channels permeable to Mn within the brain and their cellular

localizations. Other metals with affinities for each transporter are also listed. Figure is not
drawn to scale. Abbreviations: DAT, dopamine transporter; ER; endoplasmic reticulum; Gln,
glutamine; Glu, glutamate; GS, glutamine synthetase; Mn, manganese; MT, metallothionein;
NCX, sodium-calcium exchanger; OAT, organic anion transporter; SOCC, store-operated
calcium channel.
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Figure2.
Mechanism of Mn detection via SPCA1 and GPP130. Endocytosed vesicles containing

GPP130 are typically sorted directly to the late Golgi. SPCA1 transports Mn into the Golgi
complex. In the presence of Mn and GPP130, vesicles are either guided to lysosomes, where
Mn is then sequestered, or are brought to the membrane, where Mn is then exocytosed.
Abbreviations: GPP, ¢/is-Golgi glycoprotein; Mn, manganese; SPCAL, secretory pathway
Ca2+-ATPase isoform 1.
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Figure 3.
Glutamine synthetase activity is diminished in Huntington’s disease (HD). Glutamine

synthetase is an Mn-dependent enzyme. Efficient glutamate uptake by astrocytes relies on
glutamine synthetase. In HD, where cellular Mn is reduced, impaired glutamine synthetase
activity inhibits glutamate uptake. Abbreviations: GlIn, glutamine; Glu, glutamate; GS,
glutamine synthetase; Mn, manganese.
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Figure 4.

Mn-ATM-p53 pathway. Following doubled-stranded DNA damage, ATM is activated by Mn
to phosphorylate p53 and Mrell of the MRN complex. The MRN complex is then able to
repair the DNA damage. Abbreviations: ATM, ataxia telangiectasia mutated; Mn,
manganese; MRN, Mrell, Rad50, Nbs1.
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Figure5.
Inflammatory response induced by Mn. Mn exposure leads to the production of NF-xB and

p38 in astrocytes, which increases reactive oxygen species. Inflammatory markers (IL-6,
IL-1B, and TNF-a) are produced by microglia following Mn exposure. In the presence of
these markers and Mn, neurons have been found to increase expression of the Mn-permeable
ZIP14 and decrease expression of the Mn exporter SLC30A10. Abbreviations: IL-1p/6,
interleukin-1p/6; Mn, manganese; NF-xB, nuclear factor kappa-light-chain-enhancer of
activated B cells; ROS, reactive oxygen species; SLC, solute carrier; TNFa.; tumor necrosis
factor-alpha.
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Table 1
Known manganese (Mn) transporters
Primary
Typeof Mn metal of
transporter Name Localization Function transport
Uptake DMT1 Plasma membrane Transports divalent metal cations (Co?*, FeZ*, Fe
Mn2*, Ni2*, Pb2*, and Zn%*) across cell
membrane using proton gradient
Uptake Transferrin Plasma membrane Transports Fe and Mn across plasma membrane Fe
by endocytosis via transferrin receptor
Uptake Ceruloplasmin Plasma membrane Oxidizes and mobilizes Fe Fe
Uptake ZIP8/ZIP14 Plasma membrane Divalent ion/HCO3~ symporters; transport Zn
metals across HCO3™ gradient
Uptake Citrate transporter Plasma membrane Chelates metals, including Mn
Uptake Choline transporter Plasma membrane Transports choline into neurons
Uptake Dopamine transporter | Plasma membrane Releases dopamine
Uptake Calcium channels Plasma membrane \oltage-gated, receptor, and store-operated ion Ca
channels
Efflux Ferroportin Plasma membrane Removes Fe and Mn from cells Fe
Efflux NCX Plasma membrane Removes Ca from cells via influx of Na ions Ca/Na
Efflux, subcellular SLC30A10 Plasma membrane, Cell-surface Mn export Mn
Golgi, endosome
Subcellular Park9/ATP13A2 Lysosome P-type ATPase; shuttles cations across Mn
lysosomal membrane
Subcellular SPCA1 Golgi membrane CaZ*/Mn2* ATPase; transports cytosolic Ca* Mn/Ca
and Mn2* into Golgi lumen
Subcellular HIP14/HIP14L Golgi membrane Transports divalent metals; palmitoylates Htt Mg
and synaptic proteins
Subcellular Calcium channels Golgi membrane \oltage-gated, receptor, and store-operated ion Ca

channels

Abbreviations: AtP13A2, ATPase type 13A2; DMT1, divalent metal transporter 1; HCO3, bicarbonate; HIP14/HIP14L, huntingtin-interacting
protein 14/14-like; NCX, sodium-calcium exchanger; SLC, solute carrier; SPCAL, secretory pathway Ca2+-ATPase isoform 1.
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