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Abstract

Manganese (Mn) overexposure is a public health concern due to its widespread industrial usage and the risk for environmental
contamination. The clinical symptoms of Mn neurotoxicity, or manganism, share several pathological features of Parkinson’s
disease (PD). Biologically, Mn is an essential trace element, and Mn in the brain is preferentially localized in astrocytes. This
review summarizes the role of astrocytes in Mn-induced neurotoxicity, specifically on the role of neurotransmitter recycling,
neuroinflammation, and genetics. Mn overexposure can dysregulate astrocytic cycling of glutamine (Gln) and glutamate
(Glu), which is the basis for Mn-induced excitotoxic neuronal injury. In addition, reactive astrocytes are important mediators
of Mn-induced neuronal damage by potentiating neuroinflammation. Genetic studies, including those with Caenorhabditis
elegans (C. elegans) have uncovered several genes associated with Mn neurotoxicity. Though we have yet to fully understand
the role of astrocytes in the pathologic changes characteristic of manganism, significant strides have been made over the last

two decades in deciphering the role of astrocytes in Mn-induced neurotoxicity and neurodegeneration.
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Introduction

Manganese (Mn) is an essential trace element, serving as
an enzymatic cofactor, yet, Mn deficiency is uncommon.
Human overexposure to Mn occurs in occupational settings
and/or contaminated areas [1, 2]. A variety of anthopogenic
sources of Mn increases the risk for human overexposure.
Mn is widely used for multiple industrial purposes, including
iron and stainless steel production, formation of aluminum
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alloys, and synthesis of Mn oxide electrodes, antiknock addi-
tive, and fungicides [4, 5], to name a few. In the general pop-
ulation, exposure to Mn occurs largely from consumption
of water containing high levels of the metal [6], from infant
formulas [7] and from atmospheric Mn due to combustion
of methylcyclopentadienyl Mn tricarbonyl, a petrol anti-
knock additive [8]. In adult humans, approximately 3—-5% of
ingested Mn is absorbed in the intestine; however, molecular
mechanisms of Mn uptake are not well understood [9]. The
developing brain is susceptible to Mn toxicity [3]. Dietary
Mn crosses the blood—brain barrier (BBB) and/or the cho-
roid plexus to deposit in the brain [10-12] via its transport-
ers, particularly divalent metal transporter-1 (DMT-1) and
transferrin receptor (TfR) [13]. Other transporters include
purinoceptors, choline transporters, and transient receptor
potential melastatin 7 (TRPM7) [14]. Mn is predominantly
transported across the BBB as a free ion, but it has yet to be
determined which valent species is transported under physi-
ologic conditions [15]. Although the transporters used to
shuttle Mn across the BBB may vary by physiological condi-
tions, it is proposed that Mn>* is transported by TfR, while
Mn?* is transported by DMT-1 [11, 14]. For an extensive
review on Mn transport across BBB, please see [14].
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In humans, elevated blood levels of Mn can be attributed
to environmental exposure or failed excretion of Mn due
to hepatic dysfunction. In a 1-year follow up study of 51
cirrhosis patients, 11 (21.6%) patients developed Parkinso-
nian symptoms or hepatocerebral degeneration [16]. Once it
reaches the brain, Mn primarily deposits in the basal ganglia.
[17]. High signals of T1-weighted MRI scans were found in
the globus pallidus in these biliary atresia patients having
elevated levels (7-72 pg/ml) of Mn in blood serum. Among
them, one female with 7 ug/ml of Mn in blood serum expe-
rienced depressive symptoms and dyskinesia. It was reported
that this patient has recovered after levodopa (L-dopa) treat-
ment [17]. Using a similar MRI scan technique to detect
Mn signals in the brain of a welder who had 1.76 ug/ml
blood serum Mn, high intensity signals were found in the
substantia nigra, subthalamic region, and globus pallidus
[18]. The welder developed typical parkinsonian symptoms,
including bradykinesia, cogwheel rigidity, and slight resting
tremor, as well as short-term and long-term memory deficits
[18]. In contrast to adults, infants and developing children
are particularly at risk for toxicity following Mn ingestion.
High levels of Mn in trace element-supplemented neona-
tal parenteral nutrition are a potential risk for infants [19].
An MRI imaging study found that 4-week supplementation
of neonatal parenteral nutrition with Mn was associated
with high Mn signals in the globus pallidus and putamen
in infants [19].

Mn is preferentially localized in astrocytes in the brain.
An in vitro study revealed that uptake of Mn?* by astrocytes
is dependent on transferrin and DMT1 [20]. The propen-
sity of Mn accumulation in astrocyte is likely related to its
biological roles, but it is unclear whether intracellular level
of Mn is governed by its biologic needs. A Mn-dependent
enzyme, glutamine synthetase (GS), is predominantly
expressed in astrocyte [21, 22]. An in vitro study demon-
strated that Mn is also necessary for regulating astrocyte
morphology [23]. In addition, Mn is an important activator
for many enzymatic proteins, such as Mn- superoxide dis-
mutase (Mn-SOD) in mitochondria [24], arginase I, which is
localized primarily in the cytoplasm of hepatocytes [25], and
arginase II, which is located in mitochondria, with the high-
est abundance in the kidney [26], to name a few. It is note-
worthy that both arginase I and arginase II can be detected
in neurons, but not in glial cells in mouse brain [27]. In the
prodromal Huntington’s disease (HD) mouse model, Mn
supplementation restored arginase dependent urea cycle
homeostasis in the striatum [28].

One of the characteristics of Mn as a nutritional metal
is that the estimated safe window of Mn for physiological
function is in a narrow range, from 20.0 to 52.8 pM Mn
[29]. Low level of Mn pretreatment can reduce the rate,
area, and amplitude of mechanically induced Ca** waves in
astrocyte [30]. The reduced Ca** wave could be explained
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by the sequestration of Ca** within the mitochondria and
diminished available pool of releasable Ca** in endoplas-
mic reticulum (ER) [30]. Recently, it was hypothesized that
the level of Mn for maximum biologic benefits may also
exert toxic effects [31]. In this regard, the links between Mn
nutritional roles and its harmful effects should be considered
in future research. As other nutritional metals, cellular Mn
must be tightly regulated to maintain at an optimized level.
Indeed, it has shown that mutation of SLC30A10, one of
cellular membrane localized divalent efflux transporters,
leads to cellular mislocation of this protein, compromised
Mn metabolism, and Parkinsonism [32, 33].

Metabolic Coupling Between Astrocytes
and Neurons

The metabolism of astrocytes is tightly coupled with the
activity of neurons [34]. Metabolic interaction between neu-
rons and astrocytes is critical for maintaining homeostasis
of neurotransmitters: glutamate (Glu) and y-aminobutyric
acid (GABA) [35]. This interaction, known as the glutamine
(GIn)/Glu cycle (GGC), involves Gln synthesis by astrocyte-
specific enzyme GS and the subsequent release of Gln from
astrocytes to the extracellular space [36]. The released Gln
is then taken up by neurons and metabolized to Glu by the
neuron-enriched enzyme glutaminase. Glu released from
neurons is transported to astrocytes, and amidated to Gln
by GS, completing the cycle (Fig. 1). In addition to supply-
ing the neurotransmitter pool of Glu, GGC is also involved
in the homeostasis of GABA [37]. The biosynthesis of
GABA strictly relies on the adequate supply of Glu within
GABAergic neurons and on the subsequent conversion of
Glu to GABA by Glu decarboxylase (GAD) [38, 39]. Thus,
the mechanisms responsible for metabolism and transfer of
Glu and Gln in astrocytes and neurons are fundamental to
brain physiology.

The homeostasis of Glu in synaptic cleft and integrity of
Glu-mediated neurtransmission is maintained by multiple
mechanisms [35]. Specifically, Glu in presynaptic neuron
is stored in synaptic vesicles until a nerve impulse triggers
the release of Glu into the synaptic cleft, where it binds
to Glu receptors on the postsynaptic membrane [40]. After
that, Glu is removed from the synapses by astrocytes through
sodium-dependent transporters localized on astrocytic cell
membrane, namely GLAST (Glu-aspartate transporter; or
EAAT?2/SLC1A3) and GLT1 (Glu transporter 1; or EAAT2/
SLC1A2) [41]. Transport of Gln across the membranes of
neural cells is mediated by multiple transport systems, with
overlapping substrate specificity and different substrate
affinity and cellular distribution [42]. Among these sys-
tems, the sodium-dependent systems N, ASC, and A play
dominant role in Gln turnover. The bi-directional system
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Fig. 1 Mn deregulates Gln and Glu transporters expression and func-
tion by PKC pathway activation. Glu released from synaptic termi-
nals is taken up by surrounding astrocytes via Glu transporters and
converted to Gln via the reaction mediated by GS. A proportion of
Gln is released into the extracellular space by Gln carriers, with a
predominant role of system N. In addition to system N, release of Gln
from astrocytes is mediated by transporters belonging to systems L
and ASC. Extracellular Gln is taken up into GABAergic and gluta-
matergic neurons by the unidirectional system A transporters. Once
in neurons, Gln serves as a substrate for the mitochondrial enzyme,

N transporters SNAT3 (sodium coupled neutral amino acid
transporter 3; or SLC38A3) and SNATS5 (sodium coupled
neutral amino acid transporter 5; or SLC38A5) are present
exclusively in astrocytes [43], while SNAT3 is believed to
play a major role in the release of Gln. In addition to system
N, release of Gln from astrocytes is mediated by other trans-
port systems, such as system ASC (ASCT?2, alanine-serine-
cysteine transporter 2; or SLC1AS) and sodium-independent
system L (LAT2, L-type AA transporter 2; or SLC7AS)
[44, 45]. The unidirectional system A transporter SNAT1
(SLC38A1) is predominately responsible for Gln transport
to neurons [46]. Abnormal expression and function of Gln
carriers has been reported in several neuropathological con-
ditions such as neurotoxicity, CNS carcinogenesis and neu-
rodegeneration [47].
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of Glu, or can be converted to GABA by GAD or to «KG by GDH.
Excessive levels of Mn deregulates processes related to the Gln and
Glu transporter expression and function by PKC pathway activation.
aKG oketoglutaric acid, GABA y-aminobutyric acid, GAD gluta-
mate decarboxylase, GDH glutamate dehydrogenase, G/n glutamine,
Glu glutamate, NAA neutral amino acids, PAG phosphate activated
glutaminase, PKCa protein kinase C alpha, PKC$ protein kinase C
delta, TCA tricarboxylic acid

Dysregulation of GGC in Amyotrophic
Lateral Sclerosis (ALS), Parkinson’s Disease
(PD), and Alzheimer’s Disease (AD)

ALS

ALS is a neurodegenerative disease characterized by the
progressive degradation of motor neurons in the brain and
spinal cord [48]. The mechanisms of ALS are not well
understood, but studies demonstrate that the disruption of
astrocyte-neuronal integrity and subsequent GGC dysreg-
ulation is closely related to ALS pathogenesis [49]. Glu-
mediated excitotoxicity in the motor cortex has been hypoth-
esized as a pathophysiological marker of ALS, as patients
with ALS exhibit elevated Glu levels in their cerebrospinal
fluid [50], and knockdown of metabotropic Glu receptors
delayed the onset of disease and prolonged survival in an
ALS mouse model [51, 52]. In accordance with these find-
ings, a recent study demonstrated that treatment with rilu-
zole, which blocks Glu release and postsynaptic receptor
activation, prolonged survival in patients with advanced
ALS in clinical trials, though the mechanism of action is not
well understood [53]. Similarly, treatment with methionine
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sulfoximine (MSO), a GS inhibitor, prolonged survival in a
SOD15%3A mouse model of familial ALS, suggesting that
GGC dysregulation contributes to ALS [54].

PD

PD is an age-related neurodegenerative disorder caused by
the loss of dopaminergic neurons within the substantia nigra
pars compacta. Both environmental and genetic factors may
cause PD. A plethora of hypothesis have been proposed to
be the underlying reasons for dopaminergic neurodegenera-
tion associated with PD, such as dysfunction of the ubiqui-
tin—proteasome pathway, mitochondrial dysfunction, oxida-
tive stress, ATP depletion and the activation of cell death
pathways [55]. It is likely that environmental factors play
a prominent role in the development of PD [56], however
the key molecular events that provoke neurodegeneration
are still unclear [55]. Studies have demonstrated that astro-
cyte dysfunction contributes to PD progression that might
involve dysregulation of the GGC in the process [57]. Exci-
totoxicity describes the pathological process through which
neuronal cell death is induced after excessive stimulation
of glutamatergic receptors by Glu [57]. Accordingly, Glu
also contributes to excitotoxic-neuronal death which could
exacerbate nigrostriatal neurodegeneration in PD [58, 59].
Though no neuroprotective therapies pertinent to PD
causes are currently available, the discoveries from PD mod-
els have elucidated some important aspects of the molec-
ular cascade of cell death in dopaminergic neurons [60].
Nuerotoxin-based PD model has illustrated the selective vul-
nerability of dopaminergic neurons to chemicals including
6-hydroxydopamine/6-OHDA, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine/MTPT, rotenone and paraquat [60]. The
neurotoxicant MPTP as a PD animal model increased Glu
levels in the striatum of mice as well as enzymes that are
involved in the GGC such as GS in astrocytes and glutami-
nase in presynaptic neurons in the mouse brain [61]. These
results suggest that increased conversion of Gln to Glu
contribute to abnormally high levels of Glu in the synap-
tic clefts [62]. Studies have also shown that MPTP reduced
the reuptake of Glu in cultured astrocytes [63], indicating
that impaired Glu reuptake may lead to excess Glu in the
synaptic clefts and consequential excitotoxicity. These find-
ings corroborates with the hypothesis that dysregulation of
the GGC is associated with chemically-induced PD [57]. In
agreement with this, the GGC is a potential early target for
Mn neurotoxicity [35] (please see below for the mechanisms
of Mn-induced dysregulation of the GGC). Importantly, Mn
neurotoxicity shares multiple common mechanisms with the
above mentioned PD-mimicking neurotoxins. Occupational
exposure to Mn is associated with increased risk of PD [56].
The strongest correlation between any type of environmental
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exposure and PD is noted in human studies of non-occupa-
tional Mn exposure cohorts [56].

AD

Recent evidence suggests that astrocytes play a critical role
in brain homeostasis and the progression of various neuro-
logical disorders including Alzheimer’s disease (AD) [64].
Studies showed that higher Glu and Gln levels in the cer-
ebrospinal fluid of AD patients are significantly correlated
with increased levels of AD biomarkers, -amyloid and tau,
compared to healthy controls [65], suggesting that excess
levels of Glu may contribute to the formation of f-amyloid
and tau prior to the onset of AD. These studies bring impor-
tant information on the link between Glu dyshomeostasis
and AD that could offer a unique and robust approach in
exploring potential biomarkers and treatment for AD.

In AD patients, GS is greatly reduced compared to healthy
aging population [66—68]. Studies indicate that reduction of
GS in AD brains may be caused by translational or post-
translational aberrations of the protein [67, 68]. GS is highly
sensitive to oxidative stress which could lead to proteolysis
of GS and its inactivation [69]. A triple-transgenic mouse
model of AD (3xTg-AD) also showed a gradual decrease in
GS-positive astrocytes in mice [70], suggesting an interac-
tion between Glu dysregulation, f-amyloid and tau in AD
pathogenesis. These studies suggest that reduction of GS,
either by its quantity or functionality, lead to dysregulation
of GGC which contribute to AD pathology.

Glu transport is also an integral part of GGC that reup-
takes synaptic Glu immediately after dissociating from post-
synaptic Glu receptors. Studies showed that astrocytic Glu
transporters are reduced in AD patients [71-73]. Reduced
Glu transporters correlate with increased Glu levels and
neuronal death [72], indicating that impaired Glu uptake
could cause a cascade of events leading to neurodegen-
eration and memory impairment. Reduction of GLT-1 and
Glu uptake in the forebrain of a transgenic mouse model of
AD (APPg,, 1,,4) is correlated with memory impairment and
increased mortality [74]. In addition, restoration of GLT-1
expression and function attenuated memory and learning
deficits of APPg,, 1,4 mice [74], suggesting that Glu transport
and homeostasis is critical in AD.

Mn Disrupts Astrocytic-Neuronal Integrity

Several studies have established the propensity of Mn to
affect major components of the GGC, leading to significant
decline of Glu transporter functions. Mn treatment (500 puM,
6 h) attenuated Glu transportation in GLAST and GLT-1
overexpressed CHO-K1 cells (Chinese hamster ovary cell
line) [75]. In non-human primate brain, long-term airborne
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Mn exposure (1.5 mg Mn/m?, 33 days) was associated with
downregulation of GLAST and GLT-1 transporter expres-
sion [76].

Many factors have been identified to influence the onset
and progression of AD which includes a combination of
genetic, lifestyle and environmental factors [77]. Studies
have shown that environmental toxicants including Mn
contribute to cognitive and memory deficits in humans and
in vivo animal models [78—80]. While studies showed Mn
toxicity caused cognitive and memory deficits in mice [80],
the underlying mechanism of Mn toxicity and decline in
memory function needs further investigation. Of particu-
lar interest, Mn has shown to disrupt the GGC at multiple
levels including Glu metabolism and transport. Mn as a
cofactor of GS can directly influence Glu cycling [21, 22].
In addition, high levels of Mn decreased GS activity and
expression in rat primary astrocytes [81], suggesting the
buildup of excess Glu that may contribute to excitotoxicity.
Studies have also shown that Mn deregulates astrocytic Glu
transporters EAAT1/GLAST and EAAT2/GLT-1 in both
in vitro and in vivo settings resulting in behavior and motor
deficits [82, 83]. Attenuation of Mn-induced reduction of
GLAST and GLT-1 with treatment with histone deacetylase
inhibitors, 17p-estradiol (estrogen) and tamoxifen restored
behavior and motor function of mice [83, 84]. These findings
provide evidence of a potential link between Mn toxicity and
AD pathology through inhibition of Glu transporter function
or GS activity resulting in impaired GGC, disrupted synaptic
homeostasis and neuronal dysfunction.

Mechanisms of Mn-Induced Decrease of Glu
Transporters

Aberrant PKC Signaling

Several studies have proposed mechanisms of Mn-induced
downregulation of Glu transporters expression and function.
For example, inhibition of lysosomal-dependent proteolysis
pathways blocked Mn-induced disruption of Glu transport-
ers activity and expression [85, 86]. PKC stimulation by
a-phorbol 12-myristate (PMA) significantly decreased astro-
cytic Glu uptake, whereas treatment with the general PKC
inhibitor bisindolylmaleimide II (BIS II), specific PKC&
isoform inhibitor rottlerin (ROT) or specific PKCa isoform
inhibitor G66976 (Go6) reversed Mn-induced downregula-
tion of Glu uptake in primary cultures of astrocytes [37].
Similar to the uptake study, Mn-induced downregulation of
GLT-1 at protein level was reversed by BIS II, ROT, and
G06976 inhibitors, while decreases in GLAST protein lev-
els were reversed only in the presence of PKCa isoform
inhibitor [37]. Furthermore, immunoprecipitation studies
demonstrated GLT-1 co-expression with PKCS and PKCa

isoforms, and increased expression of GLT-1 is specifically
associated with PKCS upon exposure of astrocyte to Mn.

Activation of Transcription Factors Yin Yang 1 (YY1)
and NF-kB

Studies of the Mn-induced inhibition of Glu transporter
expression and function have revealed the prominent role
of YY1. YY1 overexpression significantly decreased GLT1
promoter activity. The inhibitory effect of Mn on GLT-1
promoter activity was reversed in the YY1 mutant construct
of GLT-1 in cultured astrocytes. Further studies revealed
that an increase in YY1 expression upon Mn exposure was
induced by NF-«xB activation, which also enhanced YY1
binding to the GLT-1 promoter region, and histone deacety-
lases (HDACs) were also recruited as epigenetic cofactors
for the inhibitory effect of YY1 on GLT-1 [87]. YY1 was
also found as a critical mediator in the inhibitory effects of
Mn on GLAST, while knockdown of YY1 reversed the Mn-
induced decreases in GLAST promoter activity and mRNA/
protein levels in rat primary astrocytes and human astrocytic
H4 cells [87]. Analogous to GLT-1 regulation by Mn, stud-
ies revealed evidence for YY1 and HDACs co-repression
activity that affect GLAST expression [87]. Further stud-
ies identified consensus sequences of NF-kB (two putative
binding sites) and YY1 (nine putative binding sites) in the
GLAST promoter region in human astrocytes. NF-xB p65
subunit was found to positively regulate GLAST transcrip-
tion, while YY1 negatively regulates GLAST transcription.
The study demonstrated that Mn not only activated NF-xB,
but also affected the nuclear interaction between NF-kB p65
and YY1 that causes repression of GLAST transcription in
human H4 astrocytes [88].

Mechanisms of Mn-Induced Disruption of GIn
Transporters

Dysregulation of Ubiquitin-Proteolysis Process

Unlike Glu, the transport of Gln within the GGC is more
heterogeneous and strictly depends on astrocyte-neuron
dialogue, where efflux of Gln from astrocytes must be met
by influx of amino acid in neurons. Mn toxicity is directly
related to the dysfunction of both of these GGC-associated
transporting processes. It was shown that pretreatment of
neonatal rat cortical primary astrocytes with Mn (100 uM,
1 min) inhibits the initial net uptake of Gln in a concen-
tration-dependent manner [89]. Detail activity analysis of
astrocytic systems transporting Gln in the presence of Mn
revealed significant decrease in Gln uptake by two princi-
pal Gln-transporting systems, namely N and ASC. Moreo-
ver, Mn decreased Gln efflux from astrocytes via systems
N, ASC and L. Mn also decreased mRNAs levels of Gln
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transporters SNAT3, SNAT2 and LAT?2 in astrocytes [90].
Notably, a recent study revealed that Gln transporter SNAT3
displayed the highest sensitivity to Mn, which was mani-
fested as SNAT3 protein degradation in response to a rela-
tively short Mn exposure (500 uM, 4 h) [90].

It has been reported that there is a link between Mn-medi-
ated downregulation of SNAT3 and activation of proteolytic
processes preceded by ubiquitination in the primary cultured
astrocytes [85]. Study revealed that Mn increased the free
ubiquitin levels followed by general protein hyperubiquit-
ination in astrocytes [85]. Mn induced interaction between
SNAT3 and the ubiquitin ligase Nedd4-2, which is known
to be involved in the internalization and degradation of
plasma membrane channels and transporters [85, 91]. Taken
together with the observation that Mn increases expression
of Nedd4-2 and that Mn-dependent degradation of SNAT3
is reversed by proteasome and lysosome inhibitors, these
studies suggest specific regulation of SNAT3 transporter in
Mn toxicity.

Aberrant PKC Signaling

Similar mechanistic evidence such as PKC signaling aug-
mentation upon Mn-induced downregulation of Glu trans-
portation was also reported for the Gln transporting sys-
tems. One such study revealed that PKC inhibition reverses
the Mn-dependent decrease in astrocytic Gln uptake, while
PKC stimulation downregulates Gln uptake systems ASC
and system N and decreases levels of ASCT2 and SNAT3 in
cell lysates and in plasma membranes [92]. Exposure to Mn
increased binding of PKCS to ASCT?2 and SNATS3, suggest-
ing a prominent role for PKCS in Mn-mediated disruption
of Gln turnover. Both SNAT3 and ASCT?2 transporters were
found to contain conserved putative PKC phosphorylation
sites in humans, rats and mice, which could explain their
sensitivity to changes in PKC pathways that are associated
with Mn toxicity [93, 94].

Mn-Induced Dysregulation of the GGC:
Implications for Astrocytic-Neuronal
Integrity

The Gln transporting system as well as glutamatergic system
sustains vulnerable points in the reaction between astrocytes
and neurons in Mn toxicity, where astrocytes may fail to sup-
port neurons by Gln supplementation, Glu/GIn homeosta-
sis regulation and maintainance of proper Glu extracellular
level. Below, we detail the mechanisms and molecular events
underlying Mn-mediated disturbance in astrocytic—neuronal
integrity, which may have promising implications for the
development of future treatment strategies for brain pathol-
ogy associated with Mn toxicity.
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Astrogliosis, or Reactive Astrocyte Mediates Mn
Neurotoxicity

Astrogliosis, or the activation of reactive astrocytes, refers to
the functional and structural changes in astrocytes respond-
ing to CNS damage and disease [95]. Recent advances show
that astrogliosis is a heterogeneous process involving spe-
cific cellular and molecular signatures corresponding to dif-
ferent forms of CNS injuries, such as neuroinflammation
[95]. In this regard, astrocytes are important mediators of
Mn neurotoxicity. Mn treatment potentiated LPS-induced
astrocyte inflammation response by increasing mitochon-
drial reactive oxygen species (ROS) [96]. Treating astrocytes
with Mn (50 uM) exaggerated IFN-y and TNF-a induced
elevation of NO and nitric oxide synthase 2 (NOS2) [97].

In an astrocyte and PC12 co-culture system that hin-
dered the direct interaction of the two cells, activation of
astrocytes by treatment with both Mn and IFN-y/TNF-a
induced activation of caspases and apparent morphology
changes of differentiated PC12 cells, which is believed to
be mediated by NF-kB -regulated and partially NO -medi-
ated inflammatory response, however, either Mn or IFN-y/
TNF-a treatment alone did not cause apparent damage to
PC12 cells [97]. C57B1/6 mice exposed to Mn (100 ppm,
8 weeks) by intragastric gavage developed typical neurode-
generative movement disorder and pathologic damage, such
as astrocyte activation, hypertrophy of endothelial cells, loss
of vascular integrity, and appearance of apoptotic cholin-
ergic interneurons but not dopaminergic neurons in areas
proximity to capillaries in both the pallidum and striatum
[98]. Microglia, a residing macrophage cells in the brain,
functions as immunity cells to prevent potential damage
caused by either foreign agents or cellular debris. Deregu-
lated activity of microglia is the hallmark of the neurodegen-
erative diseases and play potential role in the development
of Mn-induced neurotoxicity. Indeed, it was shown that co-
culture with microglia potentiated Mn induced inflammatory
response in astrocyte and neuronal cell death [99]. For an
extensive review of neuroinflammation in Mn neurotoxicity,
please see [100].

PD genes in Maintaining Astrocyte Function Play
Roles in Mn Neurotoxicity

The genes associated with PD pathogenesis have impor-
tant biological functions in astrocyte as well, and their
roles in Mn-mediated astrocytic damage and neurotoxicity
are emerging [101]. These genes include PARK7, SNCA,
PLA2G6, ATP13A2, LRRK2, GBA, PINKI, and PARK2
[102]. Mutations in several of these genes may contribute
to Mn-induced, astrocyte-mediated neurotoxicity. Defi-
ciency in ATP13A2, a lysosomal type 5 ATPase protein,
has been shown to impair lysosomal function and contribute
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mitochondrial dysfunction [103]. ATP13A2-KO astrocytes
exhibited deregulated expression of inflammatory cytokines
[104]. Atp13a2-deficiency mice exhibited increased sensitiv-
ity to Mn toxicity (5 ppm, 45 days), such as enhanced sen-
sorimotor function and increased insoluble alpha-synuclein
[105]. DJ-1 is a product of PARK7, which plays a role in
the assembly of lipid rafts and impacts membrane receptor
trafficking, endocytosis, and signal transduction [106]. It has
been shown that the DJ-1 expression is higher in astrocyte
than in neurons in human [107]. Previous study showed that
Mn exposure caused decreased expression of DJ-1 in astro-
cyte [108]. In Caenorhabditis elegans (C. elegans), one of
DJ-1 homologues, djr-1.2 protects against Mn toxicity [109].

C. elegans is powerful model organism that is being used
to investigate conserved biologic functions of genes and dis-
sect genetic roles in the pathogenesis of human diseases. The
genomes of C. elegans contain more than 20,000 protein
coding genes, and many of them are shared with human.
Disease models such as neurodegeneration [110, 111], can-
cer [112], psychiatry diseases [113] have been successfully
established in C. elegans, and have yielded fruitful insights
into novel mechanisms of the diseases. Recently, it was
postulated that as mammalian glial cells, C. elegans’ glial
cell provide important functional and nutritional support
for adjacent neurons [114, 115]. Metals that are believed
to be the environmental factors for the neurodegenerative
diseases, such as Mn, have been investigated in C. elegans
on their toxic mechanism. Hence, combing with techniques
of genetic modulation, many hypotheses will be relatively
easily tested in C. elegans mutant strains, especially on gene
and environment interaction. Future research on glia cells
and Mn toxicity in C. elegans will shed new light on this
metal as well as better understanding and management of
neurodegenerative diseases.

Future Directions

Excessive Mn exposure and its neurotoxicity have drawn
recent attention. Identifying the cellular and molecular tar-
gets of Mn is key to understanding its toxicity and develop-
ing prevention strategies. Astrocytes are the most abundant
glia cells in the CNS, and play essential roles in brain home-
ostasis. Upon exposure to elevated Mn, astrocytes may fail to
support neurons, compromising Gln supplementation, Glu/
Gln homeostasis regulation and the maintenance of proper
extracellular Glu levels. Molecular events underlying Mn-
mediated disturbances in astrocytic—neuronal integrity may
have promising implications for the development of future
treatment strategies for brain pathology associated with Mn
toxicity. Furthermore, glia-derived inflammatory mediators
are contributing factors in Mn-induced neuronal cell injury,
and reactive astrocytes can potentiate Mn neurotoxicity by

triggering inflammatory responses. Lastly, PD genes associ-
ated with Mn toxicity play an important role in maintaining
astrocyte function.

Important knowledge gaps that await further investigation
clearly exist. First, one of the major targets of Mn is mito-
chondria, but we know little about how Mn transport is regu-
lated across organelles in specific neuronal cells. Secondly,
as the physiological level of Mn is maintained in a relatively
narrow range [29], what are the relationships between toxic-
ity induced by elevated levels of Mn and its biologic roles?
Using cell-specific RNA-seq techniques, comparative stud-
ies on the biologic functions of Mn in different type of neu-
ronal cells may increase our understanding of this metal and
its selective toxicity. Third, cell specific genetic modulation
in model animals, such as C. elegans, may further help us to
identify cellular and genetic targets of Mn toxicity, as well
as genetics of Mn metabolism. The later will be profitable, in
that several transporters for Mn have already been postulated
in studies of inherited disorders of Mn metabolism [116].
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