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Mn-induced synaptic dysfunction, impaired neurotransmission is shown to be mediated by the effects of Mn on

neurotransmitter systems and their complex interplay

manganese neurotoxicity neuroinflammation

| 1. Introduction

Manganese (Mn) is an essential metal that is involved in a variety of physiological processes . Mn naturally
occurs in the Earth’s crust, predominantly as the 5°Mn isotope, although a total of 18 isotopes have been described
2 In biological systems, Mn exists in two oxidation states Mn2* and Mn3* that mediate redox cycling of Mn, which
is involved in biological effects of the metal, including the Fenton reaction, transferrin-mediated transport,
interference, as well as interference with other divalent metals (Mg2*, Fe2*), to name a few [l At the same time, in
the environment Mn may exist in other positive (**, °*, and ¢*) and even negative (*) oxidation states. Due to its
chemistry Mn exists in multiple inorganic and organic species. The most common inorganic species include oxides
(dioxide, MnO,, and tetraoxide, Mn30O,), chloride (MnCl,), sulfate (MnSO,), manganese phosphate (MnPO,),
carbonate (MnCOj3), silicate (MnSiO3), etc. 4. Among organic Mn species, methylcyclopentadienyl Mn tricarbonyl
(MMT) as a gasoline additive, and Maneb and Mancozeb as pesticides/fungicides may be considered as significant
health hazard due to high risk of overexposure 2. In addition to anthropogenic sources of Mn into the environment,

natural sources including soil erosion may also contribute to Mn emissions 4!,

| 2. Neurotransmission

Recent studies have demonstrated a significant impact of Mn exposure in mice (25-100 pymol/kg i.p. for 24 days)
on synaptic vesicle fusion through alteration of SNARE complex formation through calpain-dependent SNAP-25
cleavage €. It has been also demonstrated in SH-SY5Y cells exposed to 0-200 uM Mn for 0-24 h, that Mn-
induced a-syn overexpression may also contribute to this mechanism . In addition, Mn exposure (100 puM for 0—
24 h) may be also responsible for down-regulation of SNAP-25 expression as well as impairment of SNARE-
associated protein interaction in cultured neurons &l Impairment of synaptic vesicle fusion under Mn exposure
(100 uyM Mn for 24h) was shown to be mediated by the interference of a-syn accumulation with
synaptotagmin/Rab3-GAP and Rab3A-GTP/Rab3-GAP signaling . Taken together, these mechanisms may
underlie Mn-induced alterations of neurotransmitter release. At the same time, recent studies have also unraveled

the interference between Mn exposure and neurotransmitter metabolism 29,
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2.1. Glutamate

Regulation of glutamate transporters by Mn is considered as one of the key mechanisms of Mn impact on
glutamatergic system [l (Figure 1). Recent studies have confirmed earlier data and generated new data on Mn-
dependent transcriptional epigenetics and translational regulation of glutamate transporters 2. Mn exposure (30
mg/kg intranasal for 21 days) was shown to decrease EAAT1 (GLAST) and EAAT2 (GLT-1) promotor activities, as
well as mRNA and protein levels resulting in reduced glutamate uptake in human astrocyte H4 cells as well as
murine brain, being associated with neurobehavioral deficiency, reduced tyrosine hydroxylase mRNA and protein
levels, as well as reduced histone H3 and H4 acetylation 13, all being reversed by valproic acid and sodium
butyrate [24]. Our previous data from both in vitro (exposure to 250 pM Mn for 6 h) (2218l and in vivo (exposure to
30 mg/kg intranasal for 21 days) 17 studies demonstrate that activation of Yin Yang 1 (YY1) transcription factor
plays a significant role in GLAST and GLT-1 expression, whereas YY1 knockout significantly attenuated Mn-
induced motor dysfunction, glutamate transporter reduction, tyrosine hydroxylase activity, as well as histone
deacetylation (28], At the same time, it has been demonstrated that a time- and dose-dependent increase in GLAST
activity in chick cerebellar Bergmann glia cells in response to acute but non-toxic Mn exposure (200 uM for 30 min)
may be associated with increased transporter affinity for [3H]-d-aspartate 9. Using fluoxetine as an ephrin-A3
inhibitor it has been demonstrated that alterations in glutamate transporters and metabolism in Mn-exposed
Kinming mice (50 mg/kg MnCl, s.c. for two weeks) and cultured primary astrocytes (500 uM for 24 h) may be
ephrin-A3-dependent 29,

Mn-induced decrease in GLAST and GLT-1 mRNA expression along with inhibition of glutamine synthetase and
up-regulation of phosphate-activated glutaminase resulted in a significant increase of Glu and decline in GIn levels
in hippocampus, thalamus, striatum, and globus pallidus of Mn-exposed (15 mg/kg i.p. for four weeks) rats 21,
However, an in vitro study using brain-derived mitochondrial fractions demonstrated that Mn is capable of inhibiting
phosphate-activated glutaminase with IC50 = 2317 pM in a dose-dependent manner analogous to ammonia 22,
Inhibition of astrocytic glutamine synthetase in response to 100 uM exposure for 24 h may be mediated by
microglial activation and its impact on astrocyte reactivity 23, Another enzyme of glutamate catabolism, glutamate
dehydrogenase, was found to be inhibited by Mn?* exposure with the second isoenzyme (GDH2) showing greater

sensitivity to metal-induced inhibition as compared to GDH1 [24],

Mn exposure (0—30 mg/kg i.p. for three weeks) resulted in a significant decrease of hippocampal mRNA and
protein expression of NMDA receptor subunits (NR1, NR2A, and NR2B), as well as CREB and BDNF in newborn
Sprague—-Dawley rats 23],
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Figure 1. The impact of manganese overexposure on glutamate-glutamine cycle. Manganese exposure results in a
significant increase in glutamate levels through down-regulation of glutamine synthetase (GS) 2 and glutamate
dehydrogenase (GDH) 24 along with up-regulation of glutaminase [21. These effects result in reduced glutamate-
to-glutamine conversion as well as glutamate catabolism in Krebs cycle through the formation of a-ketoglutarate.
Mn-induced inhibition of astrocyte glutamate uptake results from inhibition of glutamine transporters (GLT1 and
GLAST). Recent studies demonstrated that this inhibitory effect may be mediated through NF-kB-dependent
activation of Yin Yang 1 (YY1) transcription factor (121 and ephrin A3 22, |t is also notable that Mn-induced NF-kB

signaling also plays a significant role in astrocyte activation associated with reduced glutamine synthetase activity
23]

2.2. y-Aminobutyric Acid (GABA)

In welders, thalamic GABA levels were found to be associated with Mn deposition and the rate of Mn exposure,
being the highest values observed at high exposure with air Mn levels of 0.23 + 0.18 mg/m3 28, Specifically,
thalamic GABA levels in welders significantly correlated with air Mn concentrations and cumulative exposure for the
last three and 12 months 24, However, another study did not observe any association between thalamic and
striatal GABA levels and blood Mn or airborne metal exposure levels in welders 28, This inconsistency may be
explained by non-linear association between Mn exposure and brain GABA alterations, with the latter being

undetectable at lower doses and periods of exposure 291,

Serum GABA levels were found to be reduced in association with circulating Gln and thyroid hormone levels in
response to subacute Mn exposure (7.5-30 mg/kg i.p. five days/week for four weeks) in rats 9. Another study
demonstrated that Mn exposure (6.55 mg/kg Mn i.p. five days/week for 12 weeks) significantly decreased basal
ganglia GABA levels, glutamate-to-GABA ratio, as well as affected GAD and GABA-T activity, and GAT-1 and
GABAA mRNA expression in rats BHE2 Reduced hypothalamic GABAA receptor subunits protein expression in

response to Mn exposure (2.5-10 mg/kg oral for 11 days) was associated with increasing NO production through
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amelioration of inhibitory effect of GABA on NO synthase, altogether leading to aberrant gonadotropin-releasing
hormone (GnRH) production 331,

2.3. Dopamine

Manganese is known to interfere with dopamine signaling being the leading pathogenetic mechanism of
Parkinson’s disease [34. Dopaminergic neurons are considered as one of the main targets for Mn toxicity with
predominant accumulation of the metal in substantia nigra pars reticulata and pars compacta and its localization
adjacent to the nucleus B3, In turn, Mn-induced dopaminergic neuron loss associated with motor activity deficits in
rats intraperitoneally injected with Mn (1-5 mg/kg every 10 days for 150 days) [3€l. At the same time, our earlier
study in C. elegans demonstrated that Mn exposure (15-45 mM for 4 h) resulted in a significant decline in
dopamine levels without loss of dopaminergic neurons BZ. A study using Mn-exposed (5-6.7 mg/kg Mn for 25-80
weeks) non-human primates demonstrated a significant decrease in dopamine release in the frontal cortex in 4 of 6

animals 381,

Interference between dopamine signaling and Mn may be mediated by its influence on tyrosine hydroxylase.
Specifically, Mn exposure (10 mg/kg/day i.g. for 30 days) intensified striatal dopamine and nigral tyrosine
hydroxylase loss in MitoPark mouse. These alterations were also associated with Mn-induced mitochondrial
dysfunction, oxidative stress, microglia activation and neuroinflammation, as well as PD-associated protein

oligomerization 39,

However, the impact of Mn exposure on tyrosine hydroxylase and dopamine metabolism was found to be not
similar through a lifespan. Specifically, shortly after early-life Mn exposure (5-20 mg/kg i.p. for four days) in rats a
significant increase in striatal TH protein levels and TH phosphorylation at Serl19, Ser31, and Ser40 was observed.
At the same time, in adulthood TH levels were found to be reduced in a dose-dependent manner in association
with increased phosphorylation at Ser19 and Ser40 49, Nearly similar age-dependent effect on TH activity was

observed in zebrafish larvae exposed to 0.1-0.5 mM for five days 411,

Certain studies have highlighted the mechanisms of transcriptional regulation of tyrosine hydroxylase under Mn
exposure. Transcription factor RE1-silencing transcription factor (REST) was shown to overwhelm Mn-induced
alterations in TH activity through up-regulation of mMRNA and protein transcription in dopaminergic neuronal cells,
as well as ameliorated other toxic effects of Mn exposure (250 uM for 12 h) including apoptosis, inflammation, and
oxidative stress 42l Kumasaka et al. (2017) demonstrated that a decline TH expression in TGW cells may be
mediated by Mn (30—-100 uM for 24 h) exposure-induced down-regulation of mMRNA and protein transcription, as

well as increased degradation of c-RET kinase [43144],

In addition, in vivo Mn exposure (0-50 mg/kg i.p. for 2 weeks) was shown to cause reduction in striatal dopamine
D1 receptor and N-methyl-D-aspartate receptor subunits (NR1 and NR2) mRNA and protein expression, as well as
inhibition of DR1 and NMDAR interaction, being associated with altered spatial learning and memory in mice 431,

Examination of workers with clinical parkinsonism exposed to 2.6 mg Mn/m3-years revealed increased nigral D2R
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non-displaceable binding potential, being also associated with duration of occupational Mn exposure and motor
dysfunction 28!,

2.4. Catecholamines

Catecholaminergic neurotransmission was also found to be affected by Mn exposure. In parallel with markers of
dopaminergic dysfunction, Mn exposure in rats (0—50 mg/kg i.g. for 21-100 days) resulted in a significant decrease
in norepinephrine levels, evoked norepinephrine release, resulting in medial prefrontal cortex catecholaminergic
dysfunction and being associated with impaired attention, motor dysfunction, and altered impulse control ©Z,
Reversal of Mn-induced alterations of motor functions with methylphenidate treatment in Mn-exposed (0-50 mg/kg
i.g. for 145 days) rats underlines the role of prefrontal cortex and striatal catecholaminergic dysfunction in Mn-
associated motor impairment 48, Correspondingly, although Mn exposure (0-50 mg/kg i.g. for 21-500 days)
resulted in a significant reduction of potassium-stimulated extracellular norepinephrine, dopamine, and serotonin
levels, as well as striatal dopamine levels, the observed alterations of attention and fine motor function are

indicative of the role of Mn-induced catecholaminergic dysfunction in neurobehavioral disorders 42!,

2.5. Acetylcholine

Mn exposure (25-300 for 24 h and 14 days) was shown to disrupt cholinergic neurotransmission in basal forebrain
cholinergic neurons through up-regulation of AChE mRNA expression and protein activity in parallel with inhibition
of cholineacetyltransferase activity and down-regulation of high-affinity choline transporter mRNA, as well as

cholinergic neuron death, altogether resulting in reduced acetylcholine levels B9,

The observed increase in hypothalamic, cerebral, and cerebellar AChE activity in Mn-treated (15 mg/kg i.g. for 45
days) rats was also associated with increased ROS production and depletion of the antioxidant system in these
brain regions, as well as locomotor and motor deficits 1. These findings are in agreement with the observation of
Mn (30 mg/kg Mn p.o. for 35 days) exposure-induced increase in striatal and hippocampal acetylcholinesterase

activity in rats and its reversal by rutin treatment 52,

Mn exposure (10-50 mM for 30 min) during L1 larval stage in C. elegans also resulted in a significant increase in
AChE mRNA expression as well as dose-dependent cholinergic neurodegeneration, both being aggravated when

co-exposed to Mn and methylmercury (MeHg) 231,
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