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A B S T R A C T

Manganese (Mn) induces cognitive disorders and basal forebrain (BF) cholinergic neuronal loss, involved on
learning and memory regulation, which could be the cause of such cognitive disorders. However, the me-
chanisms through which it induces these effects are unknown. We hypothesized that Mn could induce BF
cholinergic neuronal loss through oxidative stress generation, cholinergic transmission and AChE variants al-
teration that could explain Mn cognitive disorders. This study shows that Mn impaired cholinergic transmission
in SN56 cholinergic neurons from BF through alteration of AChE and ChAT activity and CHT expression.
Moreover, Mn induces, after acute and long-term exposure, AChE variants alteration and oxidative stress gen-
eration that leaded to lipid peroxidation and protein oxidation. Finally, Mn induces cell death on SN56 choli-
nergic neurons and this effect is independent of cholinergic transmission alteration, but was mediated partially
by oxidative stress generation and AChE variants alteration. Our results provide new understanding of the
mechanisms contributing to the harmful effects of Mn on cholinergic neurons and their possible involvement in
cognitive disorders induced by Mn.

1. Introduction

Manganese (Mn) is a trace element used to produce fertilizers, ga-
soline additives, batteries, steel, ceramics, pigments, welding metals
and pesticides (Adedara et al., 2017; Burton and Guilarte, 2009; Rivera-
Mancía et al., 2011). It is also an essential element, playing an im-
portant role in normal growth, development, and cellular homeostasis
in both animals and humans (Adedara et al., 2017; Rivera-Mancía et al.,
2011). Exposure to excessive amounts of Mn happens through con-
taminated food and water intake; inhalation in occupational settings
including mining, dyes, dry cell battery manufacturing and agriculture
products (Adedara et al., 2017; Burton and Guilarte, 2009; Montes
et al., 2008); or through environmental exposure to Mn-containing fuel
additive, methylcyclopentadienyl manganese tricarbonyl (Burton and

Guilarte, 2009).
Elevated brain Mn levels associated mainly with repeated exposure,

but also acute exposure (Verhoeven et al., 2011; Montes et al., 2008) to
excessive amounts of Mn results in development of a permanent neu-
rodegenerative disorder, known as ‘‘manganism’’, which includes cog-
nitive disorders among other toxic effects (Lebda et al., 2012; Aschner
et al., 2007; Chang et al., 2010). In this regard, Mn significantly impairs
learning and memory processes in exposed rats or non-human primates
(Blecharz-Klin et al., 2012; Liang et al., 2015; Schneider et al., 2013).
Moreover, epidemiological studies have reported that Mn also produces
cognitive disorders, inducing learning and memory processes dysfunc-
tion in humans (Carvalho et al., 2014; Liang et al., 2015). However, the
molecular mechanism of Mn-induced cognitive deficits remains un-
clear.
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Mn could be accumulated in different brain regions, including basal
forebrain (Tjälve et al., 1996). In this regard, Tjälve et al. (1996) re-
ported that 1 day after intranasal injection of MnCl2 in male rats, the
olfactory bulb contained 90% of the Mn administered, while the basal
forebrain contained 6% of it. However, Mn concentrations of manga-
nese in the basal forebrain increased to 21 and 28% of the total mea-
sured at 3 and 7 days post-dosing, respectively. One of the most im-
portant central cholinergic regions is basal forebrain region (Voytko,
1996), since cholinergic neurons project their axons throughout the
hippocampal formation and the neocortex regulating learning and
memory processes (Everitt and Robbins, 1997; Ward and Hagg, 2000).
Li et al. (2015) described that Mn exposure induced learning and
memory process alteration and basal forebrain cholinergic neuronal
loss. Degeneration of cholinergic neurons, observed in Alzheimer's
disease (AD) and other neurodegenerative diseases, results in memory
deficits attributable to loss of cholinergic modulation of synaptic cir-
cuits (Scheiderer et al., 2006). In fact, the degree of cholinergic cell loss
strongly correlates with severity of memory deficit (Bierer et al., 1995).
In addition, cholinergic transmission displays an essential role in reg-
ulating vital functions, including learning and memory processes
(Mesulam et al., 2002). Mn has been described to alter acet-
ylcholinesterase (AChE) activity and disrupt cholinergic transmission
(Babadi et al., 2014; Chtourou et al., 2012; Fernsebner et al., 2014; Lu
et al., 2014). Thus, alteration of cholinergic transmission or cholinergic
neuronal loss in this region could be related with Mn impairment of
memory function among other actions (Andersson et al., 1997).

The mechanism through which Mn induces basal forebrain choli-
nergic cell death is unknown. In this regard, Mn induces reactive
oxygen species (ROS) formation and lipid peroxidation, which can in-
itiate apoptosis and/or necrosis in several tissues (Lebda et al., 2012;
Orrenius et al., 2007). Acethylcholine (Ach) plays a role in cell survival
through cholinergic receptor activation (Resende and Adhikari, 2009),
and a reduction on its levels could increase cell death. In addition, it has
also been proven that AChE overexpression, in particular AChE-S var-
iant, results in increased apoptosis (Yang et al., 2002) and necrosis (Del
Pino et al., 2016). Cells which otherwise do not express AChE, do so
when entering apoptosis (Zhang et al., 2002). Mn has been reported to
alter cholinergic neurotransmission and induce AChE overexpression
(Lu et al., 2014), which could induce the cell death observed in basal
forebrain cholinergic neurons.

According to all exposed, we hypothesized that Mn could induce cell
death after acute and long-term exposure, on basal forebrain choli-
nergic neurons, through cholinergic transmission and AChE variants
alteration and oxidative stress induction. The present work intends to
study the Mn effect on basal forebrain cholinergic neuronal viability
and the cholinergic mechanisms implicated on it, due to the importance
of this effect to explain cognitive disorders induced by Mn. To reach this
aim we have treated with different Mn concentrations and the anti-
oxidant N-acetylcysteine (NAC), for 24 h or repeatedly for 14 days, wild
type or transfected with siRNA for AChE SN56 cells from basal fore-
brain as an in vitro model of cholinergic neuronal cells from this region.

2. Materials and methods

2.1. Chemicals

We obtained manganaese chloride (99.99%), acetylcholine, tetra-
isopropylpyrophosphoramide (iso-OMPA), acetylthiocholine, dithioni-
trobenzoic acid, poly-L-lysine, dimethyl sulfoxide (DMSO), dibutyryl-
cAMP, retinoic acid, and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide (MTT) from Sigma (Madrid, Spain). [14C] acetyl-
CoA was obtained from Perkin Elmer (Madrid, Spain). All other che-
micals were reagent grade of the highest laboratory purity available.

2.2. Culture of SN56 cells

We used SN56 cells, a cholinergic murine neuroblastoma cell line
derived from septal neurons (Hammond et al., 1990), as a model of
cholinergic neurons from basal forebrain to evaluate Mn toxic effects on
this specific type of neurons and the mechanisms through which they
are induced. The cells were maintained at 37 °C and 5% CO2 in Dul-
becco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), penicillin/streptomycin, 2 mM L-glutamine
(Sigma, Madrid, Spain), and 1mM sodium pyruvate. Medium was
changed every 48 h (Hudgens et al., 2009). We differentiated cells by
culturing for 3 days with 1mM dibutyryl-cAMP and 1 μM retinoic acid
as previously described, which produces morphological maturation and
3–4-fold increase of acetylcholine transferase (ChAT) activity and
acetylcholine level in the cells (Bielarczyk et al., 2003; Szutowicz et al.,
2006). Differentiated cells have been reported to be more sensitives to
neurotoxic compounds that affect cholinergic pathways (Bielarczyk
et al., 2003; Szutowicz et al., 2006).

In order to determine the cellular Ach, malondialdehyde (MDA) and
hydrogen peroxide (H2O2) content, ChAT and AChE activities, AChE
splice variants, high-affinity choline (CHT), ChAT and vesicular acet-
ylcholine transporter (VAChT) gene expression, and AChE gene
knockdown effects, cells were seeded in 6-well plates at a density of
106 cells/well. Cells were treated for 24 h or for 14 days with Mn in
concentrations between 1 μM and 200 μMwith or without ACh (10−8 to
10−4 M) and with or without NAC (1mM). At least 3 replicate wells/
treatment were used. A vehicle group was employed in parallel for each
experiment as a control.

Previous studies have described that physiological concentration of
Mn in the human brain are between 5.32 and 14.03 μg Mn/g protein
(20.0–52.8 μM). However, pathophysiological threshold were estimated
between 15.96 and 42.09 μg Mn/g protein (60.1–158.4 μM) (Bowman
and Aschner, 2014). According to this information, we chose a range of
concentration between physiological and toxicological threshold to
study Mn cholinergic transmission disruption and cytotoxicity. Fur-
thermore, we chose Mn 50 μM (MTT and caspases activity tests) and
100 μM (LDH test) concentrations, which were the lowest concentration
observed to reduce cell viability in the present study after acute ex-
posure, to study the mechanisms through which Mn decreases cell
viability.

2.3. Measurement of cell viability (MTT assay)

SN56 cells viability was measured by MTT after 24 h and 14 days
Mn treatment. The assay is based on the cleavage of the yellow tetra-
zolium salt MTT to purple formazan crystals by mitochondrial dehy-
drogenase. Cells were incubated with 100 μL of yellow MTT solution
(final concentration 0.5 mg/mL) for 4 h after treatment with Mn. After
4 h at 37 °C, the medium was removed and the formazan reaction pro-
duct was dissolved in 250 μL DMSO. The formation of solubilized for-
mazan product was measured spectrophotometrically at 570 nm
(Fluoroskan Ascent FL Microplate Fluorometer and Luminometer,
ThermoFisher Scientific, Madrid, Spain). Control cells treated with ve-
hicle were taken as 100% viability.

2.4. Lactate dehydrogenase (LDH) assay

Lactate Dehydrogenase Activity Assay Kit (Sigma-Aldrich, Madrid,
Spain), which measures the LDH released into the culture medium was
used according to the manufacturer's instructions to assess the extent of
cell death. Briefly, after removal, culture medium was pipetted into 96-
well plates. The Master Mix reagent was added, and after 3min col-
orimetric intensity was determined at 450 nm over every 5min using a
microplate spectrophotometer (Fluoroskan Ascent FL Microplate
Fluorometer and Luminometer, Thermo Fisher Scientific, Madrid,
Spain).
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2.5. Caspase activity analysis

After treatment with indicated concentrations of Mn or vehicle
(solvent control), the presence of apoptotic SN56 cells was assessed by
determining caspase activation using Caspase-Glo 3/7 luminescence
assay kits (Promega, Madrid, Spain), according to the manufacturer's
protocol. In brief, at the end of treatment, culture cells were washed
with phosphate-buffered saline (PBS) and the cells were scraped and
collected in a microfuge tube in dark. Equal volumes of reagent and cell
lysis buffer were added to a white-walled 96-well plate and incubated at
room temperature in dark for 1 h and the resultant luminescence was
read in a Perkin Elmer LS50B plate-reading iluminometer (Perkin
Elmer, Madrid, Spain). The luminescence of each sample was measured.
The experiments were performed in triplicate.

2.6. Gene knockdown

SN56 cells were transfected with siRNAs in 6-well plates
(1× 106 cells/well) using HiPerfect Transfection reagent according to
the manufacturer's instructions (Qiagen, Barcelona, Spain). Two sets of
siRNA duplexes (Qiagen, Barcelona, Spain) homologous to mouse AChE
sequences for each one were designed using the HiPerformance Design
Algorithm (Norvatis AG) and were purchased from Qiagen (catalog
numbers GS11423). As a transfection control, an All Stars Negative
Control siRNA (Qiagen, Barcelona, Spain) was used. 48 h after trans-
fection, the efficiency of siRNA-mediated AChE knockdown was de-
termined by RT-PCR using primers specific for mouse AChE mRNA
(Qiagen, Barcelona, Spain). The effects of AChE knockdown on cell
injury were tested by MTT cell viability assay. After 24 h of incubation
with the siRNAs, the cells were washed with PBS and incubated for a
further 24 h or 14 days in culture medium with or without Mn.

2.7. Determination of AChE activity

The AChE activity was determined after 24 h and 14 days exposure
to Mn, using standard Ellman's thiocholine technique (Ellman et al.,
1961) with minor modifications (Hartl et al., 2011; Zimmermann et al.,
2008) and normalized against total protein. Briefly, the supernatant cell
lysate (10 μL) was pipetted into a 96-well microtiter plate which con-
tained Ellman buffer as well as iso-OMPA, (final concentration 100 μM).
The kinetic assay was initiated by addition of acetylthiocholine and
dithionitrobenzoic acid (1mM and 500 μM final concentrations, re-
spectively). Absorbance was read using a plate reader (412 nm). All
samples were run in triplicate. AChE activity was calculated as nmol/
min/mg protein and presented as percent untreated control. Butyr-
ylcholinesterase activity was inhibited by iso-OMPA.

2.8. Choline acetyltransferase activity measurement

ChAT catalyzes the transfer of an acetyl group from the coenzyme,
acetyl-CoA, to choline yielding Ach. Control and treated cultures (from
6 well plates per sample) were washed with PBS, scraped in 100 μL cold
homogenizing buffer (40mM sodium phosphate buffer, pH 7.4, con-
taining 200Mm NaCl and 0.5% TritonX-100) and then homogenized by
sonication (Zheng et al., 2002). ChAT activity was measured in the cell
homogenates by a modification of the radio-enzyme assay of Fonnum,
(1975), which involves the incorporation of [14C] acetyl-CoA into Ach,
as described before (Mennicken and Quirion, 1997; Zheng et al., 2002).
Radioactivity corresponding to the reaction product ([14C] Ach) was
measured by organic liquid scintillation counting. All ChAT activity
values, obtained in triplicate for each sample, were expressed as pmol
Ach synthesized/h/mg protein.

2.9. Acetylcholine level measurement

A commercial colorimetric/fluorimetric kit (Abcam, Cambridge,

UK) (Reale et al., 2012) was applied to detect the ACh release in culture
medium. Briefly, culture medium was collected after 24 h and 14 days
Mn treatment and spun at 800×g. Subsequently, the supernatant was
lyophilized, and reconstituted in 50 μL Choline Assay Buffer, and stored
at −80ΊC until further analysis. 50 μL of the sample were mixed with
50 μL of reaction solution including choline assay buffer, choline probe,
enzyme mix and AChE according to the instructions. Each sample was
assayed in triplicate, and the whole experiment was carried out 3 in-
dependent times. The level of Ach (pmol/well) was calculated by
plotting the fluorescence of each sample in relation to choline standard
curve. The measurement of the fluorescence was determined at λ Ex/
Em 535/587 nm.

2.10. Protein determination

At the end of the treatments, SN56 cells were washed with pre-
chilled PBS, collected by scrapping, and lysed using RIPA buffer
(Thermo Scientific, Madrid, Spain) with freshly added protease in-
hibitors cocktail (ThermoFisher Scientific, Madrid, Spain). After cen-
trifugation at 10,000×g for 10min at 4 °C, cell lysate supernatant was
collected. Protein concentration was assayed using a BCA kit
(ThermoFisher Scientific, Madrid, Spain) and normalized.

2.11. Real-time PCR analysis

Total RNA was extracted using the Trizol Reagent method
(Invitrogen, Madrid, Spain). The final RNA concentration was de-
termined using a spectrophotometer Nanodrop 2000 (Thermo Fisher
Scientific, Madrid, Spain) and the quality of total RNA samples was
assessed using an Experion Lab Chip (Bio-Rad, Madrid, Spain) gel. First-
strand cDNA was synthesized with 1000 ng of cRNA by using a PCR
array first strand-synthesis kit (C-02; Super Array Bioscience, Madrid,
Spain) following the manufacturer's instructions and including a
genomic DNA elimination step and external RNA controls. After reverse
transcription, we performed QPCR using prevalidated primer sets
(SuperArray Bioscience) for mRNAs encoding VAChT (PPM04178),
CHT (PPM31807A), AChE (PPM35356A), and ACTB (PPM02945B).
Primers for both AChE isoforms R and S (Table 1) were taken from
Shaltiel et al. (2013). We used ACTB as an internal control for nor-
malization. Reactions were run on a CFX96 using Real-Time SYBR
Green PCR master mix PA-012 (SuperArray Bioscience). The thermo-
cycler parameters were 95 °C for 10min, followed by 40 cycles of 95 °C
for 15 s and 72 °C for 30 s. Relative changes in gene expression were
calculated using the Ct (cycle threshold) method. The expression data
are presented as actual change multiples (Livak and Schmittgen, 2001).

We chose ChAT, VAChT, CHT and AChE genes to determine the
effect of Mn on cholinergic transmission, because Ach neurotransmitter
is synthesized by the enzyme ChAT (Oda, 1999) and CHT mediates the
presynaptic high-affinity choline uptake as the rate-limiting step in Ach
synthesis (Bazalakova and Blakely, 2006). VAChT is responsible for the
transportation of acetylcholine from the cytoplasm into the synaptic
vesicles which is a limiting step in Ach release (Oda, 1999). Finally,
AChE breaks down Ach, which terminates the neurotransmission pro-
cess (Ballard et al., 2005).

Table 1
Primers used for quantitative real-time PCR analyses.

Abbreviation Gene Reference Forward (F) and reverse
(R) primers

AChE-S Acetylcholinesterase Shaltiel
et al.
(2013)

F-ctgaacctgaagcccttagagR-
ccgcctcgtccagagtat

AChE-R Acetylcholinesterase Shaltiel
et al.
(2013)

F-gagcagggaatgcacaag
R-ggggaggtaaagaagagag
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2.12. Measurement of hydrogen peroxide levels

Hydrogen Peroxide (H2O2) is one of the reactive oxygen species
produced under oxidative stress conditions. H2O2 content was mea-
sured using an using a hydrogen peroxide assay kit (Abcam, Cambridge,
UK) according to the manufacturer's instruction. In brief, after 24 h and
14 days treatment with Mn with SN56 cells were harvested in H2O2

assay buffer and then centrifuged for 15min at 1000×g. A total of 50 μL
of the supernatant was mixed with 50 μL of the reaction mix (assay
buffer: 46 μL; OxiRed Probe: 2 μL; horse radish peroxidase (HRP): 2 μL)
and then incubated at room temperature for 10min. The optical density
at 570 nm was read with a microplate reader (Fluoroskan Ascent FL
Microplate Fluorometer and Luminometer, Thermo Fisher Scientific,
Madrid, Spain), and the H2O2 concentration was calculated according
to a standard concentration curve. Hydrogen peroxide content in the
samples was expressed in nanomole per milliliter and presented as
percent untreated control.

2.13. Lipid peroxidation assay

Malondialdehyde (MDA) concentration was determined as an in-
dicator of lipid peroxidation products. Intracellular MDA production
was quantified after 24 h and 14 days exposure to Mn, using a Lipid
Peroxidation MDA Assay Kit (Abcam, Cambridge, UK) following the
manufacturer's protocol. Briefly, after treatment, 1× 106 cells were
collected and homogenized on ice in MDA lysis buffer (300 μL) with
3 μL butylated hydroxytoluene (BHT) (100X), centrifuged for 10min at
13,000×g to remove insoluble material. Sample (200 μL) or standard
(200 μL of MDA) was mixed with 600 μL of thiobarbituric acid (TBA)
solution, incubated at 95 °C for 50min and cooled to room temperature
in an ice bath for 10min. Each sample and standard (200 μL) was
loaded (duplicate) into a clear 96-well plate and the absorbance at
532 nm was recorded using a microplate reader (Fluoroskan Ascent FL
Microplate Fluorometer and Luminometer, Thermo Fisher Scientific,
Madrid, Spain). Concentration of malondialdehyde determined as
nmol/mg protein is presented as percent untreated control.

2.14. Protein oxidation assay

Carbonylation of protein was measured as an indicator of oxidative
damage. The assessment of carbonyl formation was done based on the
derivatization of protein carbonyl groups with 2,4-dinitrophenylhy-
drazine (DNPH) leading to the formation of stable dinitrophenyl (DNP)
hydrazone adducts. Protein carbonyl contents was quantified after 24 h
and 14 days exposure to Mn, using a Protein Carbonyl Content Assay Kit
(Abcam, Cambridge, UK) following the manufacturer's procedures.
Briefly, after treatment, 1× 106 cells were collected and homogenized
on ice in lysis buffer (100 μL), the lysates were derivatized with DNPH.
Each sample and standard (100 μL) was loaded (duplicate) into a clear
96-well plate and the absorbance was recorded at 370 nm, using a
microplate reader (Fluoroskan Ascent FL Microplate Fluorometer and
Luminometer, Thermo Fisher Scientific, Madrid, Spain). Protein car-
bonyl contents determined as nmol/mg protein is presented as percent
untreated control.

2.15. Statistical analysis

At least three replicates for each experimental condition were per-
formed, and the presented results were representative of these re-
plicates. Data are represented as means ± standard deviation (SD).
Comparisons between experimental and control groups were performed
by Student's t (data analyzed in Fig. 2) and two-ways ANOVA analyses
(gene manipulation vs treatment) or one-way ANOVA analyses (ana-
lysis of different Mn concentrations) followed by the Tukey post-hoc
test. Statistical difference was accepted when p≤ 0.05. Statistical
analysis of data was carried out by computer using GraphPad software.

3. Results

3.1. Effect of Mn on SN56 cell viability

We used the MTT test to evaluate cell survival after 24 h and 14 days
exposure to Mn at increasing concentrations. MTT test after 24 h and
long-term cell culture incubation with Mn showed, from 50 μM to
25 μM concentrations, respectively, a clear concentration-dependent
reduction in cell viability compared with vehicle-treated cells (control
negative) (Fig. 1A). After acute and long-term Mn exposure, the culture
co-treatment with Ach (10−8-10−4 M), did not induce a significant ef-
fect on cell death induced after Mn treatment alone (data not shown).
However, after Mn treatment of SN56 AChE silenced cells or after an-
tioxidant co-treatment of wild type or AChE silenced cells, an ameli-
oration in the reduction in cell viability was observed (Fig. 1B). This
reduction of cell viability decrease was higher after antioxidant co-
treatment of AChE silenced cells. Transfection of cells with control
siRNA or AChE siRNA showed no effect on cell viability (Fig. 2A). There
was no significant difference between data of vehicle-treated cells and
control cells.

The results obtained with the MTT assay were confirmed by the LDH
determination. LDH is released from cells because of the loss of plasma
membrane integrity and is indicative of necrotic cell death mechanism.
An increased LDH release to the medium was observed in SN56 cells
after 24 h and after long-term cell culture incubation with Mn, from
100 μM to 50 μM concentrations, respectively, compared with vehicle-
treated cells (Fig. 3A). After Mn treatment of SN56 AChE silenced cells
or after antioxidant co-treatment of wild type or AChE silenced cells, an
amelioration in the LDH release was observed (Fig. 3B). This reduction
of LDH release decrease was higher after antioxidant co-treatment of
AChE silenced cells.

3.2. Effect on the activity of caspases 3/7

Mn activated the caspases in SN56 cells after 24 h and long-term
treatment in a concentration-dependent manner from 50 μM to 25 μM
concentrations, respectively, compared with control group (Fig. 4A).
After 24 h and long-term treatment with Mn of AChE silenced cells, or
after antioxidant co-treatment of wild type or AChE silenced cells, the
activation of caspases 3/7 observed after Mn treatment alone was at-
tenuated (Fig. 4B). This reduction of caspases 3/7 activation was higher
after antioxidant co-treatment of AChE silenced cells.

3.3. Acetylcholine level measurement

Ach levels were assessed in culture cell supernatant after 24 h and
long-term exposure to Mn at increasing concentrations. Ach levels were
significantly decreased after 24 h and 14 days Mn exposure from 25 μM
to 1 μM concentrations, respectively, compared with control group
(Fig. 5A).

3.4. Determination of enzymatic activity

The AChE and ChAT activity after 24 h and long-term exposure Mn
at increasing concentrations was assessed in SN56 cell lysates. A sig-
nificant increase in AChE activity was observed from 25 μM to 1 μM
after 24 h and 14 days exposure, respectively (Fig. 5B). Mn also induced
a significant increase of ChAT activity after 24 h and 14 days treatment
in a concentration-dependent manner from 200 μM to 1 μM con-
centrations, respectively, compared with control group (Fig. 5C). The
Mn effect on ChAT activity could be masked by cell loss, but as the
results were normalized with the concentration of proteins, the reduc-
tion of ChAT activity seems to be due to a direct effect of Mn on this
enzyme.
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3.5. Real-time PCR analysis

After incubation for 24 h and long-term with different concentra-
tions of Mn in SN56 cells, the gene expression of AChE-S and AChE-R
variants were significantly induced in a concentration-dependent way
(Fig. 6A and B). Moreover, the expression of CHT was reduced after
24 h and long-term exposure to Mn from 100 μM to 1 μM concentra-
tions, respectively, (Fig. 6C). However, the expression of ChAT and
VAChT were not affected at any concentration and time of exposure

(data not shown). Transfection of cells with control siRNA showed no
effect on AChE gene expression, but the AChE siRNA caused large re-
ductions in AChE gene expression (Fig. 2B).

3.6. Measurement of hydrogen peroxide levels

H2O2 is a reactive oxygen metabolic byproduct that serves as a key
regulator of a number of oxidative stress-related states. After 24 h and
14 days Mn treatment, the hydrogen peroxide content increased in a

Fig. 1. Mn effect on cell viability of SN56 cells was
determined by MTT assay. (A). Mn (1–200 μM) effect
on cell viability. (B) Mn (50 μM) effect on cell via-
bility of SN56 wild type or AChE silenced cells co-
treated with or without NAC (1 mM). Cell viability
was measured as MTT reduction (ordinate) and data
were normalized as % control (CTL, white column).
Data represents the mean ± SD of three in-
dependent experiments in triplicate. ***p < 0.001
compared to control. ###p≤ 0.001 compared to Mn
treatment. &&&p≤ 0.001 compared to AChE silenced
cells treated with Mn. τττp≤0.001 compared to cells
co-treated with NAC and Mn.

Fig. 2. Down regulation of AChE in SN56 cells and
its impact on cell viability and gene expression was
determined. Control: SN56 cells transfected without
siRNA. Negative (Neg.) control: SN56 cells trans-
fected with scrambled siRNA. AChE-siRNA: trans-
fected with siRNA against AChE. (A) MTT test shows
that AChE down regulation did not significantly in-
duce cell damage after 48 h. (B) AChE down reg-
ulation could be detected by RT-PCR analysis 48 h
after transfection. Values are given as mean ± SD of
three separate experiments from cells of different
cultures, each one performed in triplicate.
∗∗∗p≤ 0.001 compared to control.

P. Moyano, et al. Food and Chemical Toxicology 125 (2019) 583–594

587



concentration-dependent manner from 50 μM to 25 μM concentrations,
respectively, compared with control group (Fig. 7A). NAC treatment of
SN56 cells did not induce an increase in H2O2 content and co-treatment
with Mn completely attenuated the increase in H2O2 content observed
after Mn treatment alone (Data not shown).

3.7. Lipid peroxidation and protein oxidation assay

Lipid peroxidation was measured in SN56 cells after 24 h and long-
term exposure to Mn at increasing concentrations. Mn treatment in-
duced an increase in MDA and protein carbonyl content in a con-
centration-dependent manner from 50 μM to 25 μM concentrations after
24 h and 14 days treatment, respectively, compared with control group,
indicating the enhancement of lipid peroxidation (Fig. 7B) and protein
oxidation (Fig. 7C). Otherwise, NAC treatment of SN56 cells did not did
not induce an increase in the MDA and protein carbonyl content (Data
not shown). Finally, short- and long-term co-treatment of SN56 cells
with Mn and NAC produced a complete attenuation of the increased
MDA and protein carbonyl content observed after Mn treatment alone
(Data not shown).

4. Discussion

In the present work, we show that manganese induces, after 24 h
and long-term exposure, a concentration-dependent reduction of Ach
levels from 25 μM to 1 μM, respectively, confirming the cholinergic
neurotransmission alteration in SN56 basal forebrain cholinergic neu-
rons. Mn also induced an increase of AChE activity after 24 h (from
25 μM) and after long-term exposure (from 1 μM), which could explain
the reduction in the Ach levels observed. In this regard, Mn has been
described to increase AChE activity in rat brain after acute and long-
term exposure (Babadi et al., 2014; Lu et al., 2014; Chtourou et al.,
2012; Fernsebner et al., 2014; Lebda et al., 2012; Liapi et al., 2008;
Nadeem et al., 2018), supporting our results. However, other studies
has shown that Mn is able to also to inhibit AChE activity (Sitaramayya
et al., 1974; Martinez and Bonilla, 1981; Santos et al., 2012). This
contradictory effect has previously been suggested to be due to Mn
effects in biological systems dependence on dose, route and period of
exposure, age, environmental factors and nutritional state (Babadi
et al., 2014; Fernsebner et al., 2014; Finkelstein et al., 2007; Peres et al.,
2016). Besides, the differences with our results could be due to the
species from which SN56 came from for the in vitro model used, the
concentration used and frequency of exposure, being necessary further
experiment to clarify this differences.

Fig. 3. Mn effect on LDH release in SN56 cells was determined by LDH assay. (A). Mn (1–200 μM) effect on LDH release. (B) Mn (50 μM) effect on LDH release in
SN56 wild type or AChE silenced cells co-treated with or without NAC (1mM). Results are expressed as percentages of LDH release after subtracting the control
values. Data represents the mean ± SD of three independent experiments in triplicate. ∗∗∗p≤ 0.001 compared to control. ###p≤ 0.001 compared to Mn treatment.
&&&p≤ 0.001 compared to AChE silenced cells treated with Mn. τττp≤0.001 compared to cells co-treated with NAC and Mn.
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In addition, Mn induced a decrease in ChAT activity after 24 h (from
200 μM) and long-term (from 1 μM) exposure, effect that could also
mediate the decrease in the Ach levels observed after long-term ex-
posure and after 24 h exposure only from 200 μM concentration. This
effect on ChAT activity was previously described in rats brain after
long-term exposure (Lu et al., 2014), confirming our results. Moreover,
VAChT expression was not affected by Mn exposure, but Mn induced
after 24 h (from 100 μM) and after long-term (from 1 μM) exposure a
reduction of CHT gene expression, which could also contribute to ex-
plain the reduction of Ach levels observed after long-term exposure and
after 24 h exposure only from 100 μM concentration. Finally, we cannot
rule out that there could also be a decrease in the Ach release that
explains the effect observed on Ach levels. In this regard, previous
studies have described that Mn presents an inhibitory effect on evoked
Ach release in the presynaptic neurons (Finkelstein et al., 2007).
Therefore, all these mechanism can induce the alteration of cholinergic
transmission observed and could mediate the alteration on cognitive
disorders described.

Acute and 14 days Mn exposure also induced, in a concentration-
dependent way, ROS generation, lipid peroxidation and protein oxi-
dation from 50 μM to 1 μM, respectively, on septal SN56 cholinergic
basal forebrain neurons. In this regard, Mn has been reported to induce
ROS generation, lipid peroxidation and protein oxidation after acute
and repeated exposure in rat brain (Bahar et al., 2017; Bonke et al.,
2016; Chtourou et al., 2012; El-Hady and Galal, 2018; Nadeem et al.,
2018), which support our findings. Previous studies have described that

the Mn effect on AChE and ChAT activity was mediated through the
induction of oxidative stress and the antioxidant treatment reverses this
effect (Adedara et al., 2017; Bahar et al., 2017; Lu et al., 2014;
Chtourou et al., 2012; Liapi et al., 2008; Nadeem et al., 2018). The
oxidative stress induced by Mn could mediate the decrease of ChAT
activity through denaturalization of part of the enzymatic pool, but the
increase of AChE activity could not be explain through this effect. In
this regard, previous studies have shown that ROS could induce AChE
activity through production of Aβ proteins (Melo et al., 2003) that have
been reported to be produced after Mn exposure (Tong et al., 2014),
which could explain this effect.

In addition, NAC co-treatment with Mn reversed completely the
induction of oxidative stress. NAC, a potent antioxidant, has been
shown to attenuate oxidative stress, recovering cellular redox status
after Mn treatment (Wang et al., 2017; Zhu et al., 2016), which sup-
ports our results. NAC protective effect may be due to its action as a
metal chelator (Jalilehvand et al., 2011), which could inhibit the Mn
cellular uptake and its toxics effects. However, NAC co-treatment with
Mn only completely reversed ROS generation, lipid peroxidation and
protein oxidation induced by Mn treatment alone, while the cytotoxic
effects were only partially reduced. Thus, NAC protection seems to be
mediated by its antioxidant effect, although the possible reduction of
Mn uptake cannot be excluded as a possible contributing mechanism.
Otherwise, antioxidant co-treatment with Mn has been reported to re-
verse cognitive dysfunctions induced by Mn (Adedara et al., 2017; Lu
et al., 2014), suggesting this mechanism could mediate the effect

Fig. 4. Analysis of caspases 3/7 activity in SN56 cells after Mn treatment. (A) Analysis of caspases 3/7 activity after Mn (1–200 μM) treatment. Analysis of caspases 3/
7 activity in SN56 wild type or AChE silenced cells after Mn (50 μM) treatment with or without NAC (1mM). Values are expressed as mean ± SD. ∗∗∗p≤ 0.001
compared to control. ###p≤ 0.001 compared to Mn treatment. &&&p≤ 0.001 compared to AChE silenced cells treated with Mn. τττp≤0.001 compared to cells co-
treated with NAC and Mn.
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observed after manganese treatment on memory and learning pro-
cesses.

Otherwise, the present work shows that Mn induces after 24 h (from
50 μM) and 14 days (from 25 μM), concentration-dependent, cell death
on SN56 basal forebrain cholinergic neurons. These results are similar

to previous works which show that Mn induces cell death after acute
and repeated exposure in vivo and in vitro (Bahar et al., 2017; Gandhi
et al., 2018; Nadeem et al., 2018). Mn exposure also activates caspase
3/7 at the same range of concentrations suggesting that apoptosis takes
place and confirms cell viability results. In addition, Mn increases LDH

Fig. 5. Effects of different Mn concentrations treatment for 24 h or 14 days on (A) Ach content and (B) AChE and (C) ChAT activity was determined in SN56 cell
homogenates. Data represents the mean ± SD of three independent experiments in triplicate. ***p < 0.001 compared to control.
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release, although it happens at higher concentrations, which could be
due to necrosis taking place always at higher concentrations than
apoptosis. Mn has been reported to induce cell death through apoptosis
and necrosis (Bahar et al., 2017; Orrenius et al., 2007), which support

our results. Previously, it has been described that Ach plays a role in cell
survival through cholinergic receptor activation (Resende and Adhikari,
2009), and a reduction on its levels could increase cell death, being this
a possible mechanism that could also mediate the cell death observed

Fig. 6. Shows results from real-time PCR arrays targeting (A) AChE-S, (B) AChE-R and (C) CHT genes after 24 h and 14 days Mn treatment. AChE-S, AChE-R and CHT
gene expression was compared with controls [cells treated with vehicle were the negative control]. Each bar represents mean ± SD of 6 samples. Levels were
measured using QPCR. ACTB was used as an internal control. ∗∗∗p < 0.001 significantly different from controls.
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Fig. 7. Detection of ROS generation in SN56 cells was measures by hydrogen peroxide (H2O2) assay and H2O2 concentration is presented as percent untreated control
(A). The lipid peroxidation level of SN56 cells was measured by MDA assay, and MDA concentration is presented as percent untreated control (B). H2O2 (A), MDA (B)
and protein carbonyl (C) content generated after 24 h and 14 days Mn treatment. Values are given as mean ± SD of three separate experiments from cells of different
cultures, each one performed in triplicate. ∗∗∗p < 0.001 compared to control.
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on cholinergic neurons. However, Ach co-incubation with Mn was not
able to reduce cell death induced by Mn alone suggesting other me-
chanisms should be involved.

In addition, Mn increased the expression of the “synaptic” (S) and
“readthrough” (R) variants that AChE present (Soreq and Seidman,
2001) after acute (from 25 μM in both variants) and 14 days (from
25 μM to 1 μM, respectively) exposure. AChE-R is induced under stress
conditions, such as Mn exposure, with a neuroprotective and repair role
(Adamec et al., 2008; Farchi et al., 2007). Conversely, AChE-S over-
expression, either by itself or when up-regulated in conjunction with
AChE-R, is linked to programmed and necrotic cell death depending on
the stress stimulus (Greenberg et al., 2010; Zimmermann, 2013; Del
Pino et al., 2016). Thus, the increase of AChE-S produced after 24 h and
14 days exposure could mediate the apoptotic and necrotic cell death
observed, and the increase of AChE-R could be a neuroprotective me-
chanism against the possible hurtful effects induced by AChE-S over-
expression. In this regard, AChE expression silencing partially reversed
the induced cell death after 24 h and 14 days Mn exposure. AChE si-
lencing has been shown to reduce activation of caspases and LDH re-
lease, reversing the apoptotic and necrotic cell death induction (Pegan
et al., 2010; Del Pino et al., 2016). Therefore, these data support that
AChE-S overexpression could be involved in the cell death observed in
SN56 cholinergic neurons after 24 h and 14 days Mn exposure. More-
over, antioxidant NAC co-treatment with Mn attenuated the cell death
induced after Mn treatment alone. Previous studies have shown that
antioxidant treatment was able to reverse the effects on cell viability
induced by Mn (Chtourou et al., 2012; Wang et al., 2017; Zhu et al.,
2016), supporting our results. The antioxidant co-treatment with Mn of
AChE silenced cell induced a higher reversion of the cell death ob-
served, but was not completely suggesting that other mechanism are
involved.

Mn has been reported to block nicotinic receptors (Ye and Kim,
2015), impairing cholinergic transmission, which could also mediate
the effect observed on cholinergic neurons and cognitive deficits. In this
regard, nicotinic receptor actions maintain basal forebrain cholinergic
neurons and a loss of them exacerbates early-stage of cognitive decline
and basal forebrain pathology (Hernandez et al., 2010). Besides, Mn has
been described to increase Aβ protein production (Tong et al., 2014),
tau and GSK-3β hyperphosphorylation (Cai et al., 2011), which have
been related with induction of cell death in basal forebrain cholinergic
neurons and AD (Kar et al., 2004), being also able to mediate this effect.
Basal forebrain cholinergic neurons rely on brain-derived neurotrophic
factor (BDNF), to maintain survival, differentiation, connectivity and
function. BDNF, is decreased in AD, causing cholinergic dysfunction
and synapse loss (Fahnestock et al., 2002). Chronic Mn exposure has
been reported to decrease hippocampal BDNF levels (Liang et al.,
2015), so this alteration could contribute to basal forebrain cholinergic
neuronal loss. Further studies are needed to clarify the other mechan-
isms through which these effects are produced.

Taking all together, we can conclude that after acute and long-term
exposure, Mn induces cell death on cholinergic neurons from basal
forebrain, which could be mediated in part by AChE-S overexpression
and oxidative stress generation, and is independent of cholinergic
transmission alteration. These effects could explain cognitive altera-
tions induced by Mn. Future studies should be developed to confirm, on
in vivo studies, the effects observed and to determine the other me-
chanisms involved in the effects observed on cholinergic neurons and
their implication in cognitive disorders. These results are of interest,
since they provide new information on the mechanisms that mediate
cholinergic transmission disruption and cell death induced by Mn, and
should be taken into consideration in the risk assessment of this ele-
ment.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgments

This work was supported by research grant [PR26/20326] from
Santander Bank/UCM. The authors would like to thank Miguel Capo,
Professor of Toxicology from the Universidad Complutense de Madrid,
for his counseling during the preparation of the present work.

Transparency document

Transparency document related to this article can be found online at
https://doi.org/10.1016/j.fct.2019.02.012.

References

Adamec, R., Head, D., Soreq, H., Blundell, J., 2008. The role of the read through variant
of acetylcholinesterase in anxiogenic effects of predator stress in mice. Behav. Brain
Res. 189, 180–190.

Adedara, I.A., Ego, V.C., Subair, T.I., Oyediran, O., Farombi, E.O., 2017. Quercetin im-
proves neurobehavioral performance through restoration of brain antioxidant status
and acetylcholinesterase activity in manganese-treated rats. Neurochem. Res. 42,
1219–1229.

Andersson, H., Petersson-Grawe, K., Lindqvist, E., Luthman, J., Oskarsson, A., Olson, L.,
1997. Low-level cadmium exposure of lactating rats causes alterations in brain ser-
otonin levels in the offspring. Neurotoxicol. Teratol. 19, 105–115.

Aschner, M., Guilarte, T.R., Schneide, J.S., Zheng, W., 2007. Manganese: recent advances
in understanding its transport and neurotoxicity. Toxicol. Appl. Pharmacol. 221,
131–147.

Babadi, Y.V., Sadeghi, L., Shirani, K., Malekirad, A.A., Rezaei, M., 2014. The toxic effect
of manganese on the acetylcholinesterase activity in rat brains. J. Toxicol. 946372
2014.

Bahar, E., Kim, J.Y., Yoon, H., 2017. Quercetin attenuates manganese-induced neuroin-
flammation by alleviating oxidative stress through regulation of apoptosis, iNOS/NF-
κB and HO-1/Nrf2 pathways. Int. J. Mol. Sci. 18 (9) pii: E1989.

Ballard, C., Greig, N., Guillozet-Bongaarts, A., Enz, A., Darvesh, S., 2005. Cholinesterases:
roles in the brain during health and disease. Curr. Alzheimer Res. 2, 307–318.

Bazalakova, M.H., Blakely, R.D., 2006. The high-affinity choline transporter: a critical
protein for sustaining cholinergic signaling as revealed in studies of genetically al-
tered mice. Handb. Exp. Pharmacol. 175, 525–544.

Bielarczyk, H., Jankowska, A., Madziar, B., Matecki, A., Michno, A., Szutowicz, A., 2003.
Differential toxicity of nitric oxide, aluminum, and amyloid-β-peptide in SN56 cho-
linergic cells from mouse septum. Neurochem. Int. 42, 323–331.

Bierer, L.M., Haroutunian, V., Gabriel, S., Knott, P.J., Carlin, L.S., Purohit, D.P., Perl, D.P.,
Schmeidler, J., Kanof, P., Davis, K.L., 1995. Neurochemical correlates of dementia
severity in Alzheimer's disease: relative importance of the cholinergic deficits. J.
Neurochem. 64, 749–760.

Blecharz-Klin, K., Piechal, A., Joniec-Maciejak, I., Pyrzanowska, J., WidyTyszkiewicz, E.,
2012. Effect of intranasal manganese administration on neurotransmission and spa-
tial learning in rats. Toxicol. Appl. Pharmacol. 265, 1–9.

Bonke, E., Siebels, I., Zwicker, K., Dröse, S., 2016. Manganese ions enhance mitochondrial
H2O2 emission from Krebs cycle oxidoreductases by inducing permeability transi-
tion. Free Radic. Biol. Med. 99, 43–53.

Bowman, A.B., Aschner, M., 2014. Considerations on manganese (Mn) treatments for in
vitro studies. Neurotoxicology 41, 141–142.

Burton, N.C., Guilarte, T.R., 2009. Manganese neurotoxicity: lessons learned from long-
itudinal studies in nonhuman primates. Environ. Health Perspect. 117 (3), 325–332.

Cai, T., Che, H., Yao, T., Chen, Y., Huang, C., Zhang, W., Du, K., Zhang, J., Cao, Y., Chen,
J., Luo, W., 2011. Manganese induces tau hyperphosphorylation through the acti-
vation of ERK MAPK pathway in PC12 cells. Toxicol. Sci. 119 (1), 169–177.

Carvalho, C.F., Menezes-Filho, J.A., de Matos, V.P., Bessa, J.R., Coelho-Santos, J., Viana,
G.F., Argollo, N., Abreu, N., 2014. Elevated airborne manganese and low executive
function in school-aged children in Brazil. Neurotoxicology 45, 301–308.

Chang, Y., Lee, J.J., Seo, J.H., Song, H.J., Kim, J.H., Bae, S.J., Ahn, J.H., Park, S.J., Jeong,
K.S., Kwon, Y.J., Kim, S.H., Kim, Y., 2010. Altered working memory process in the
manganese-exposed brain. Neuroimage 53 (4), 1279–1285.

Chtourou, Y., Fetoui, H., Garouiel, M., Boudawara, T., Zeghal, N., 2012. Improvement of
cerebellum redox states and cholinergic functions contribute to the beneficial effects
of silymarin against manganese-induced neurotoxicity. Neurochem. Res. 37 (3),
469–479.

Del Pino, J., Zeballos, G., Anadon, M.J., Moyano, P., Diaz, M.J., Garcia, J.M., Frejo, M.T.,
2016. Cadmium induced cell death of basal forebrain cholinergic neurons mediated
by muscarinic M1 receptor blockade, increase of GSK-3β enzyme, β-amyloid and Tau
protein levels. Arch. Toxicol. 90, 1081–1092.

El-Hady, W.M., Galal, A.A.A., 2018. Neurotoxic outcomes of subchronic manganese
chloride exposure via contaminated water in adult male rats and the potential ben-
efits of ebselen. Biol. Trace Elem. Res. https://doi.org/10.1007/s12011-018-1291-4.
([Epub ahead of print]).

Ellman, G.L., Courtney, K.D., Andres, V., Featherstone, R.M., 1961. A new and rapid
colorimetric determination of acetylcholinesterase activity. Biochem. Pharmacol. 7
(2), 88–95.

Everitt, B.J., Robbins, T.W., 1997. Central cholinergic systems and cognition. Annu. Rev.
Psychol. 48, 649–684.

P. Moyano, et al. Food and Chemical Toxicology 125 (2019) 583–594

593

https://doi.org/10.1016/j.fct.2019.02.012
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref1
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref1
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref1
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref2
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref2
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref2
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref2
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref3
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref3
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref3
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref4
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref4
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref4
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref5
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref5
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref5
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref6
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref6
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref6
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref72
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref72
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref7
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref7
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref7
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref8
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref8
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref8
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref9
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref9
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref9
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref9
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref10
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref10
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref10
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref11
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref11
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref11
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref12
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref12
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref13
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref13
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref14
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref14
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref14
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref15
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref15
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref15
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref16
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref16
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref16
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref18
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref18
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref18
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref18
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref19
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref19
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref19
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref19
https://doi.org/10.1007/s12011-018-1291-4
https://doi.org/10.1007/s12011-018-1291-4
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref73
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref73
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref73
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref21
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref21


Fahnestock, M., Garzon, D., Holsinger, R.M., Michalski, B., 2002. Neurotrophic factors
and Alzheimer's disease: are we focusing on the wrong molecule? J. Neural. Transm.
Suppl. 62, 241–252.

Farchi, N., Shoham, S., Hochner, B., Soreq, H., 2007. Impaired hippocampal plasticity and
errors in cognitive performance in mice with maladaptive AChE splice site selection.
Eur. J. Neurosci. 25, 87–98.

Fernsebner, K., Zorn, J., Kanawati, B., Walker, A., Michalke, B., 2014. Manganese leads to
an increase in markers of oxidative stress as well as to a shift in the ratio of Fe(II)/(III)
in rat brain tissue. Metall 6 (4), 921–931.

Finkelstein, Y., Milatovic, D., Aschner, M., 2007. Modulation of cholinergic systems by
manganese. Neurobehav. Toxicol. 28, 1003–1014.

Fonnum, F., 1975. A rapid radiochemical method for the determination of choline acet-
yltransferase. J. Neurochem. 24, 407–409.

Gandhi, D., Sivanesan, S., Kannan, K., 2018. Manganese-induced neurotoxicity and al-
terations in gene expression in human neuroblastoma SH-SY5Y cells. Biol. Trace
Elem. Res. 183 (2), 245–253.

Greenberg, D.S., Toiber, D., Berson, A., Soreq, H., 2010. Acetylcholinesterase variants in
Alzheimer's disease: from neuroprotection to programmed cell death. Neurodegener.
Dis. 7, 60–63.

Hammond, D.N., Lee, H.J., Tonsgard, J.H., Wainer, B.H., 1990. Development and char-
acterization of clonal cell lines derived from septal cholinergic neurons. Brain Res.
512, 190–200.

Hartl, R., Gleinich, A., Zimmermann, M., 2011. Dramatic increase in readthrough acet-
ylcholinesterase in a cellular model of oxidative stress. J. Neurochem. 116,
1088–1096.

Hernandez, C.M., Kayed, R., Zheng, H., Sweatt, J.D., Dineley, K.T., 2010. Loss of alpha7
nicotinic receptors enhances beta-amyloid oligomer accumulation, exacerbating
early-stage cognitive decline and septohippocampal pathology in a mouse model of
Alzheimer's disease. J. Neurosci. 30 (7), 2442–2453.

Hudgens, E.D., Ji, L., Carpenter, C.D., Petersen, S.L., 2009. The gad2 promoter is a
transcriptional target of estrogen receptor (ER)alpha and ER beta: a unifying hy-
pothesis to explain diverse effects of estradiol. J. Neurosci. 29, 8790–8797.

Jalilehvand, F., Amini, Z., Parmar, K., Kang, E.Y., 2011. Cadmium(II) N-acetylcysteine
complex formation in aqueous solution. Dalton Trans. 40 (47), 12771–12778.

Kar, S., Slowikowski, S.P., Westaway, D., Mount, H.T., 2004. Interactions between beta-
amyloid and central cholinergic neurons: implications for Alzheimer's disease. J.
Psychiatry Neurosci. 29, 427–441.

Lebda, M.A., El-Neweshy, M.S., El-Sayed, Y.S., 2012. Neurohepatic toxicity of subacute
manganese chloride exposure and potential chemoprotective effects of lycopene.
Neurotoxicology 33 (1), 98–104.

Li, S.J., Meng, H.Y., Deng, X.F., Fu, X., Chen, J.W., Huang, S., Huang, Y.S., Luo, H.L., Ou,
S.Y., Jiang, Y.M., 2015. Protective effects of sodium p-aminosalicylic acid on learning
and memory via increasing the number of basal forebrain choline acetyltransferase
neurons in manganese-exposed rats. Hum. Exp. Toxicol. 34 (3), 240–248.

Liang, G., Qin, H., Zhang, L., Ma, S., Huang, X., Lv, Y., Qing, L., Li, Q., Xiong, Y., Huang,
Y., Chen, K., Huang, Y., Shen, Y., Nong, J., Yang, X., Zou, Y., 2015. Effects of chronic
manganese exposure on the learning and memory of rats by observing the changes in
the hippocampal cAMP signaling pathway. Food Chem. Toxicol. 83, 261–267.

Liapi, C., Zarros, A., Galanopoulou, P., Theocharis, S., Skandali, N., Al-Humadi, H.,
Anifantaki, F., Gkrouzman, E., Mellios, Z., Tsakiris, S., 2008. Effects of short-term
exposure to manganese on the adult rat brain antioxidant status and the activities of
acetylcholinesterase, (Na,K)-ATPase and Mg-ATPase: modulation by L-cysteine. Basic
Clin. Pharmacol. Toxicol. 103 (2), 171–175.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408.

Lu, C.L., Tang, S., Meng, Z.J., He, Y.Y., Song, L.Y., Liu, Y.P., Ma, N., Li, X.Y., Guo, S.C.,
2014. Taurine improves the spatial learning and memory ability impaired by sub-
chronic manganese exposure. J. Biomed. Sci. 21 (1), 51–58.

Martinez, H., Bonilla, E., 1981. Water intake and brain choline-acetyltransferase and
acetylcholinesterase activities in manganese treated rats. Neurobehav. Toxicol.
Teratol. 3 (3), 277–280.

Melo, J.B., Agostinho, P., Oliveira, C.R., 2003. Involvement of oxidative stress in the
enhancement of acetylcholinesterase activity induced by amyloid beta-peptide.
Neurosci. Res. 45 (1), 117–127.

Mennicken, F., Quirion, R., 1997. Interleukin-2 increases choline acetyltransferase ac-
tivity in septal-cell cultures. Synapse 26, 175–183.

Mesulam, M.M., Guillozet, A., Shaw, P., Levey, A., Duysen, E.G., Lockridge, O., 2002.
Acetylcholinesterase knockouts establish central cholinergic pathways and can use
butyrylcholinesterase to hydrolyze acetylcholine. Neuroscience 110, 627–639.

Montes, S., Riojas-Rodríguez, H., Sabido-Pedraza, E., Ríos, C., 2008. Biomarkers of
manganese exposure in a population living close to a mine and mineral processing
plant in Mexico. Environ. Res. 106, 89–95.

Nadeem, R.I., Ahmed, H.I., El-Sayeh, B.M., 2018. Protective effect of vinpocetine against
neurotoxicity of manganese in adult male rats. Naunyn-Schmiedeberg’s Arch.

Pharmacol. 391 (7), 729–742.
Oda, Y., 1999. Choline acetyltransferase: the structure, distribution and pathologic

changes in the central nervous system. Pathol. Int. 49, 921–937.
Orrenius, S., Gogvadze, V., Zhivotovsky, B., 2007. Mitochondrial oxidative stress: im-

plications for cell death. Annu. Rev. Pharmacol. Toxicol. 47, 143–183.
Pegan, K., Matkovic, U., Mars, T., Mis, K., Pirkmajer, S., Brecelj, J., Grubic, Z., 2010.

Acetylcholinesterase is involved in apoptosis in the precursors of human muscle re-
generation. Chem. Biol. Interact. 187, 96–100.

Peres, T.V., Schettinger, M.R., Chen, P., Carvalho, F., Avila, D.S., Bowman, A.B., Aschner,
M., 2016. Manganese-induced neurotoxicity: a review of its behavioral consequences
and neuroprotective strategies. BMC Pharmacol Toxicol 17 (1), 57.

Resende, R.R., Adhikari, A., 2009. Cholinergic receptor pathways involved in apoptosis,
cell proliferation and neuronal differentiation. Cell Commun. Signal. 7, 20–40.

Reale, M., De Angelis, F., Di Nicola, M., Capello, E., Di Ioia, M., De Luca, G., Lugaresi, A.,
Tata, A.M., 2012. Relation between pro-inflammatory cytokines and acetylcholine
levels in relapsing-remitting multiple sclerosis patients. Int. J. Mol. Sci. 13 (10),
12656–12664.

Rivera-Mancía, S., Ríos, C., Montes, S., 2011. Manganese accumulation in the CNS and
associated pathologies. Biometals 24, 811–825.

Scheiderer, C.L., McCutchen, E., Thacker, E.E., Kolasa, K., Ward, M.K., Parsons, D.,
Harrell, L.E., Dobrunz, L.E., McMahon, L.L., 2006. Sympathetic sprouting drives
hippocampal cholinergic reinnervation that prevents loss of a muscarinic receptor-
dependent long-term depression at CA3-CA1 synapses. J. Neurosci. 26, 3745–3756.

Santos, D., Milatovic, D., Andrade, V., Batoreu, M.C., Aschner, M., Marreilha dos Santos,
A.P., 2012. The inhibitory effect of manganese on acetylcholinesterase activity en-
hances oxidative stress and neuroinflammation in the rat brain. Toxicology 292
(2–3), 90–98.

Schneider, J.S., Williams, C., Ault, M., Guilarte, T.R., 2013. Chronic manganese exposure
impairs visuospatial associative learning in non-human primates. Toxicol. Lett. 221,
146–151.

Shaltiel, G., Hanan, M., Wolf, Y., Barbash, S., Kovalev, E., Shoham, S., Soreq, H., 2013.
Hippocampal microRNA-132 mediates stress-inducible cognitive deficits through its
acetylcholinesterase target. Brain Struct. Funct. 218, 59–72.

Sitaramayya, A., Nagar, N., Chandra, S., 1974. Effect of manganese on enzymes in rat
brain. Acta Pharmacol. Toxicol. 35, 185–190.

Soreq, H., Seidman, S., 2001. Acetylcholinesterase–new roles for an old actor. Nat. Rev.
Neurosci. 2 (4), 294–302.

Szutowicz, A., Bielarczyk, H., Gul, S., Ronowska, A., Pawełczyk, T., Jankowska-Kulawy,
A., 2006. Phenotype-dependent susceptibility of cholinergic neuroblastoma cells to
neurotoxic inputs. Met Brain Dis 21, 149–161.

Tjälve, H., Henriksson, J., Tallkvist, J., Larsson, B.S., Lindquist, N.G., 1996. Uptake of
manganese and cadmium from the nasal mucosa into the central nervous system via
olfactory pathways in rats. Pharmacol. Toxicol. 79 (6), 347–356.

Tong, Y., Yang, H., Tian, X., Wang, H., Zhou, T., Zhang, S., Yu, J., Zhang, T., Fan, D., Guo,
X., Tabira, T., Kong, F., Chen, Z., Xiao, W., Chui, D., 2014. High manganese, a risk for
Alzheimer's disease: high manganese induces amyloid-β related cognitive impair-
ment. J Alzheimers Dis 42 (3), 865–878.

Verhoeven, W.M., Egger, J.I., Kuijpers, H.J., 2011. Manganese and acute paranoid psy-
chosis: a case report. J. Med. Case Rep. 5, 146–149.

Voytko, M.L., 1996. Cognitive functions of the basal forebrain cholinergic system in
monkeys: memory or attention? Behav. Brain Res. 75, 13–25.

Wang, W., Li, D., Ding, X., Zhao, Q., Chen, J., Tian, K., Qiu, Y., Lu, L., 2017. N-
Acetylcysteine protects inner ear hair cells and spiral ganglion neurons from man-
ganese exposure by regulating ROS levels. Toxicol. Lett. 279, 77–86.

Ward, N.L., Hagg, T., 2000. BDNF is needed for postnatal maturation of basal forebrain
and neostriatum cholinergic neurons in vivo. Exp. Neurol. 162, 297–310.

Yang, L., He, H.Y., Zhang, X.J., 2002. Increased expression of intranuclear AChE involved
in apoptosis of SK-N-SH cells. Neurosci. Res. 42, 261–268.

Ye, Q., Kim, J., 2015. Loss of hfe function reverses impaired recognition memory caused
by olfactory manganese exposure in mice. Toxicol Res 31 (1), 17–23.

Zhang, X.J., Yang, L., Zhao, Q., Caen, J.P., He, H.Y., Jin, Q.H., Guo, L.H., Alemany, M.,
Zhang, L.Y., Shi, Y.F., 2002. Induction of acetylcholinesterase expression during
apoptosis in various cell types. Cell Death Differ. 9, 790–800.

Zheng, W.H., Bastianetto, S., Mennicken, F., Ma, W., Kar, S., 2002. Amyloid beta peptide
induces tau phosphorylation and loss of cholinergic neurons in rat primary septal
cultures. Neuroscience 115, 201–211.

Zhu, Y., Li, S., Teng, X., 2016. The involvement of the mitochondrial pathway in man-
ganese-induced apoptosis of chicken splenic lymphocytes. Chemosphere 153,
462–470.

Zimmermann, M., 2013. Neuronal AChE splice variants and their non-hydrolytic func-
tions: redefining a target of AChE inhibitors? Br. J. Pharmacol. 170, 953–967.

Zimmermann, M., Grosgen, S., Westwell, M.S., Greenfield, S.A., 2008. Selective en-
hancement of the activity of C-terminally truncated, but not intact, acet-
ylcholinesterase. J. Neurochem. 104, 221–232.

P. Moyano, et al. Food and Chemical Toxicology 125 (2019) 583–594

594

http://refhub.elsevier.com/S0278-6915(19)30062-6/sref22
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref22
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref22
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref23
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref23
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref23
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref24
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref24
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref24
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref25
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref25
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref26
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref26
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref27
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref27
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref27
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref28
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref28
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref28
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref29
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref29
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref29
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref30
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref30
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref30
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref31
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref31
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref31
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref31
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref32
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref32
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref32
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref74
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref74
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref33
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref33
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref33
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref34
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref34
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref34
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref35
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref35
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref35
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref35
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref36
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref36
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref36
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref36
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref37
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref37
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref37
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref37
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref37
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref38
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref38
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref39
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref39
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref39
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref40
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref40
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref40
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref41
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref41
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref41
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref42
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref42
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref43
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref43
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref43
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref44
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref44
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref44
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref45
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref45
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref45
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref46
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref46
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref47
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref47
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref48
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref48
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref48
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref49
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref49
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref49
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref50
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref50
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref76
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref76
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref76
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref76
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref75
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref75
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref52
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref52
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref52
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref52
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref53
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref53
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref53
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref53
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref54
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref54
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref54
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref55
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref55
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref55
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref56
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref56
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref57
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref57
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref58
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref58
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref58
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref59
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref59
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref59
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref60
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref60
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref60
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref60
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref61
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref61
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref62
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref62
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref63
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref63
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref63
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref64
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref64
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref65
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref65
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref66
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref66
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref67
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref67
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref67
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref68
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref68
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref68
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref69
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref69
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref69
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref70
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref70
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref71
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref71
http://refhub.elsevier.com/S0278-6915(19)30062-6/sref71

	Manganese induced ROS and AChE variants alteration leads to SN56 basal forebrain cholinergic neuronal loss after acute and long-term treatment
	Introduction
	Materials and methods
	Chemicals
	Culture of SN56 cells
	Measurement of cell viability (MTT assay)
	Lactate dehydrogenase (LDH) assay
	Caspase activity analysis
	Gene knockdown
	Determination of AChE activity
	Choline acetyltransferase activity measurement
	Acetylcholine level measurement
	Protein determination
	Real-time PCR analysis
	Measurement of hydrogen peroxide levels
	Lipid peroxidation assay
	Protein oxidation assay
	Statistical analysis

	Results
	Effect of Mn on SN56 cell viability
	Effect on the activity of caspases 3/7
	Acetylcholine level measurement
	Determination of enzymatic activity
	Real-time PCR analysis
	Measurement of hydrogen peroxide levels
	Lipid peroxidation and protein oxidation assay

	Discussion
	Conflicts of interest
	Acknowledgments
	Transparency document
	References




