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Abstract: Arsenic exposure during embryogenesis can lead to improper neurodevelopment and
changes in locomotor activity. Additionally, in vitro studies have shown that arsenic inhibits the
differentiation of sensory neurons and skeletal muscle. In the current study, human-induced pluripo-
tent stem (iPS) cells were differentiated into motor neurons over 28 days, while being exposed to
up to 0.5 µM arsenic. On day 6, neuroepithelial progenitor cells (NEPs) exposed to arsenic had
reduced transcript levels of the neural progenitor/stem cell marker nestin (NES) and neuroepithelial
progenitor marker SOX1, while levels of these transcripts were increased in motor neuron progenitors
(MNPs) at day 12. In day 18 early motor neurons (MNs), choline acetyltransferase (CHAT) expression
was reduced two-fold in cells exposed to 0.5 µM arsenic. RNA sequencing demonstrated that the
cholinergic synapse pathway was impaired following exposure to 0.5 µM arsenic, and that transcript
levels of genes involved in acetylcholine synthesis (CHAT), transport (solute carriers, SLC18A3 and
SLC5A7) and degradation (acetylcholinesterase, ACHE) were all downregulated in day 18 early
MNs. In day 28 mature motor neurons, arsenic significantly downregulated protein expression of
microtubule-associated protein 2 (MAP2) and ChAT by 2.8- and 2.1-fold, respectively, concomitantly
with a reduction in neurite length. These results show that exposure to environmentally relevant
arsenic concentrations dysregulates the differentiation of human iPS cells into motor neurons and
impairs the cholinergic synapse pathway, suggesting that exposure impairs cholinergic function in
motor neurons.

Keywords: arsenic; human induced pluripotent stem cells; motor neurons; ChAT; cholinergic synapse

1. Introduction

Arsenic is a well-known environmental contaminant and one of the most abundant
trace elements found in the Earth’s crust [1,2]. Arsenic has been classified as one of the
most hazardous chemicals in the world [1] as it poses a threat to 150 million people that are
exposed to arsenic through drinking contaminated groundwater [2,3]. The current drinking
water standard established by the World Health Organization and US Environmental
Protection Agency is 10 ppb. However, arsenic concentrations much higher than the
drinking water standard have been reported in China, Mexico, Chile, Argentina, India,
Bangladesh, and the U.S. [1,4–7].

Several human epidemiological studies have shown that arsenic exposure during
embryonic development and the perinatal period impairs neurodevelopment, leads to
behavioral alterations, and is associated with impaired cognitive function, decreased IQ,
and disrupted memory and learning skills [8–12]. Similarly, impaired developmental
and behavioral alterations have also been observed in rodent pups when dams were
exposed to inorganic arsenic during pregnancy [13–15]. For instance, exposure to 50 ppb
arsenic during embryonic development led to impaired hippocampal neurogenesis and
the downregulation of genes involved in neurite elongation [16]. In vitro, arsenic inhibits
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neuronal differentiation and reduces neurite outgrowth in P19 stem cells, PC12 cells, Neuro-
2a cells, differentiated SH-SY5Y cells, and in primary neurons [17–22].

Functionally, arsenic exposure alters dopaminergic, glutaminergic, and cholinergic
neurotransmitter pathways in the brain (reviewed in [23,24]). For example, arsenic can
reduce acetylcholine (ACh) levels and acetylcholinesterase (AChE) activity in the cere-
bral cortex [25–28] while arsenic exposure to pregnant rats resulted in reduced choline
acetyltransferase (ChAT) protein levels and reduced AChE activity in the brains of the
pups [29,30].

While much is known about arsenic’s effects on neurons in the brain, relatively few
studies have examined its effects in the peripheral nervous system, particularly in motor
neurons. A recent epidemiological study analyzed the link between motor neuron disease
and heavy metals released into rivers showing a 16.7% higher risk of mortality associated
with motor neuron disease in arsenic-contaminated areas [31]. Symptoms often listed in
epidemiological studies of arsenic-exposed populations include muscle weakness, muscle
atrophy, or reduced motor function [32–35]. Further, changes in arsenic methylation capac-
ity are associated with changes in muscle function [36]. In rodents, arsenic-exposed pups
and adults have reductions in locomotor activity and grip strength [28,30,37]. Zebrafish
exposed to extremely high arsenic concentrations (200 ppm) have altered numbers of motor
neurons [38].

The purpose of the current study was to determine whether an environmentally
relevant arsenic exposure to human induced pluripotent stem (iPS) cells impaired their
differentiation and/or functioning into motor (cholinergic) neurons. Our results showed
that exposure to arsenic during motor neuron differentiation alters mRNA expression of
neural progenitor markers (SOX1 and NES), and motor neuron progenitor markers (OLIG).
Further, significant downregulation of genes involved in the acetylcholine cycle (CHAT,
SLC18A3, SLC5A7, ACHE) was all seen in early motor neurons that were exposed to arsenic.
Finally, protein expression of neural marker MAP2 and motor neuron marker ChAT was
decreased concomitantly with a reduction in neurite length in late motor neurons exposed
to arsenic. These results suggest that arsenic exposure delays the differentiation of human
iPS cells into motor neurons and dysregulates the acetylcholine cycle.

2. Materials and Methods
2.1. HiPS Cell Culture and Arsenic Exposure

Human iPS cells (DYS0100, ATCC, Manassas, VA, USA) were cultured in mTeSR1
medium (StemCell, Vancouver, BC, Canada) on 6-well plates coated with Matrigel (Corning,
Corning, NY, USA). Cells were maintained in a humidified incubator at 37 ◦C and 5% CO2
and medium was changed daily.

To determine appropriate exposure concentrations, on Day -1, human iPS cells were disso-
ciated with ReLeSR (StemCell) and plated on 6-well Matrigel-coated plates (2 × 105 cells/well)
with mTeSR1 medium containing 10 µM Y-27632 ROCK inhibitor (Tocris, Bristol, UK). From
Day 0 to Day 6, cells were cultured in mTeSR1 medium containing 0, 0.1, 0.25, or 0.5 µM
arsenic as sodium arsenite (Sigma Aldrich, St. Louis, MO, USA), with daily medium changes.
At day 6 (D6), cells were collected for flow cytometry or stored at −80 ◦C in TRIzol (Sigma
Aldrich) for subsequent RNA extraction. Control and arsenic-exposed samples were cultured
as independent replicates (n = 3–6 for each treatment).

2.2. Cell Differentiation

To investigate arsenic effects on motor neuron differentiation, human iPS cells were
induced to differentiate into motor neurons as previously described [39,40]. Briefly, cells
were dissociated with Dispase (1 mg/mL) (Millipore Sigma, St. Louis, MO, USA) and
split 1:6 onto Matrigel-coated 6-well plates (Day -1). Cells were allowed to attach for 24 h
and cultured in mTeSR1 medium supplemented with 10 µM Y-27632 ROCK inhibitor. The
medium was switched, and cells were cultured in neural medium composed of DMEM/F12
(Gibco, Waltham, MA, USA) and Neurobasal medium (Gibco) at 1:1, 0.5xB27 (Gibco), 0.5x
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N2 (Gibco), 0.1 mM ascorbic acid (Fisher, Waltham, MA, USA), 1x glutamine (Gibco)
and 1x Pen/Strep (Corning) for 28 days supplemented with different growth factors
(Supplementary Table S1). To induce neuroepithelial progenitors (NEPs; Day 6), cells
were cultured in the neural medium supplemented with 3 µM CHIR99021 (StemCell),
2 µM DMH-1 (Tocris), and 2 µM SB431542 (Sigma Aldrich) for 6 days performing a media
change every other day. To induce motor neuron progenitors (MNPs; Day 12), NEPs were
dissociated with Dispase (1 mg/mL) and split 1:6 onto Matrigel-coated 6-well plates. Cells
were cultured in the neural medium supplemented by 0.1 µM retinoic acid (Acros Organics,
Geel, Belgium), 0.5 µM purmorphamine (Millipore Sigma), 1 µM CHIR99021, 2 µM DMH-1
and 2 µM SB431542 for an additional 6 days, performing a media change every other day.
Subsequently, to induce early motor neurons (early MNs; Day 18), MNPs were dissociated
with Dispase (1 mg/mL), split 1:6 onto Matrigel-coated 6-well plates, and cultured in
neural medium supplemented with 0.5 µM retinoic acid and 0.1 µM purmorphamine
for 6 days performing a media change every other day. Finally, to induce mature motor
neurons (mature MNs; Day 28), early MNs were dissociated with Accumax (eBioscience,
San Diego, CA, USA), plated on Matrigel-coated 6-well plates and cultured for 10 days in
neural medium supplemented by 0.5 µM retinoic acid, 0.1 µM purmorphamine, 0.1 µM
Compound E (Millipore Sigma), 10 ng/mL insulin-like growth factor 1 (IGF-1) (Sigma
Aldrich), 10 ng/mL brain-derived neurotrophic factor (BDNF) (R&D Systems, Minneapolis,
MN, USA) and 10 ng/mL ciliary neurotrophic factor (CNTF) (R&D Systems). Throughout
the differentiation process, cells were exposed to 0, 0.25, and 0.5 µM arsenic as sodium
arsenite. Representative cell images were captured on VistaVision microscope (VWR) with
10X or 40X objectives. NEPs, Olig2+ MNPs, and early MNs were harvested and stored at
−80 ◦C in TRIzol for subsequent transcript analysis and RNA sequencing, while early MN
and mature MNs were fixed in 4% paraformaldehyde for subsequent immunohistochemical
analysis. Control and arsenic-exposed samples were cultured as independent replicates
(n = 3–6 for each treatment).

2.3. In Vivo Arsenic Exposure and Hippocampi Collection

Adult C57/BL6 mice (Taconic) were exposed to 0 or 100 ppb of arsenic as sodium arsenite
in their drinking water for five weeks as previously described ([41]; n = 6 per exposure group).
Approval to conduct this study was obtained from Clemson’s Institutional Animal Care and
Use Committee (IACUC). No behavior, motor, or weight changes were noted in the mice.
Following five weeks of exposure, mice were euthanized, the hippocampi harvested, fixed in
formalin, and embedded in paraffin for subsequent immunohistochemical analysis.

2.4. Quantitative PCR

RNA was extracted using TRIzol and a Nanodrop (Thermo Fisher) was used to
determine RNA concentration and purity. M-MLV reverse transcriptase (Promega, Madison,
WI, USA) was used to convert extracted RNA (2 µg) into cDNA. Gene expression was
assessed by real-time quantitative PCR on a Bio-Rad iQ5 thermocycler (Hercules, CA,
USA) using RT2 SYBR Green (Applied Biosystems, Foster City, CA, USA) and 10 µM
forward and reverse gene-specific primers (Supplementary Table S2). Samples were run in
triplicate and qPCR run efficiency was determined using a standard curve generated with
five concentration points (10−3–10−7 ng cDNA). Absence of non-specific primer binding
was verified through a melt curve obtained for each analysis. Data were normalized to
housekeeping genes Gapdh and β2-microglobulin. Gene expression was analyzed using
the delta-delta Ct method, setting the mean of the control group set to 1 and calculating
fold changes in the treatment groups [42].

2.5. Immunohistochemistry

D18 early MNs and D28 mature MNs were exposed to 0.5 µM arsenic and cultured on
Matrigel-coated glass-bottom culture Wilco dishes as described above. Cells were fixed in
4% paraformaldehyde, permeabilized with 0.2% Triton X-100 in PBS, and blocked in PBST
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with 5% BSA and 10% donkey serum for one hour at room temperature. Primary antibodies
for ChAT (1:100, Millipore Sigma, #AB144P) and MAP2 (1:200, Millipore Sigma, #AB5622)
were incubated overnight at 4 ◦C. After incubation with Alexa Flour 488 secondary anti-
bodies (1:500, anti-goat, Invitrogen, Waltham, MA, USA, #A11055) and Alexa Fluor 594
(1:500 anti-rabbit, Invitrogen, #A21207), nuclei were counterstained with DAPI (1:1000,
Invitrogen, #D1306). Samples were imaged using a Leica DMi8 widefield microscope
system (Leica Microsystems, Buffalo Grove, IL, USA), equipped with a Leica DFC9000 GTC
camera and a 20X dry objective (N.A. = 0.4). To image DAPI, we used a LED_405 filter cube
with excitation wavelength of 405/60 and emission wavelength of 470/40 nm. To image
Alexa Fluor 488, we used a GFP-T filter cube with excitation wavelength of 475/40 nm
and emission wavelength of 530/50 nm. To image Alexa Fluor 594, we used a Cherry-T
filter cube with excitation wavelength of 560/40 and emission wavelength of 630/75 nm.
Camera exposure times and gain settings for imaging Alexa Fluor 488 and Alexa Fluor 594
were kept consistent within each experiment time point, although there is some variability
between experiment time points. Similarly, all images within each time point were exported
as. TIF uses the same lookup table settings. The system software was Leica LAS-X, Version
3.6.0.20104 (Leica Microsystems). Images were analyzed in ImageJ (v 14) to determine
protein expression. For D18 early MNs, ChAT, and MAP2 expression were determined
by assessing the integrated density value (IDV), which was normalized to area. For D28
mature MNs, cell bodies were selected to determine IDVs. Protein expression was assessed
for two to six cell bodies per biological replicate.

Hippocampi harvested from adult mice were fixed overnight in NBF, dehydrated in
ethanol, embedded in paraffin, and sectioned at 10 µm. Slides were deparaffinized and
Tris-EDTA buffer (pH 9) was used for antigen retrieval. Primary antibodies for ChAT (1:200,
Millipore Sigma, #AB144P) and MAP2 (1:500, Millipore Sigma, #AB5622) were incubated
overnight at 4 ◦C. After incubation with Alexa Flour 488 secondary antibodies (1:500, anti-
goat, Invitrogen, #A11055) and Alexa Fluor 594 (1:500 anti-rabbit, Invitrogen, #A21207),
nuclei were counterstained with TO-PRO-3 (1:1000, Thermo Fisher, #T3605). Samples were
imaged using a Leica DM2500 confocal microscope (Leica Microsystems, Buffalo Grove,
IL) using a 20X objective (N.A. = 1.4) and a zoom of 1.0. To image TO-PRO-3, we used an
excitation wavelength of 635 nm and collected emission wavelengths of 641 to 699 nm, with
a time gate of 0.5 to 6.0 ns, and a frame average of 2. To image Alexa Fluor 488, we used
an excitation wavelength of 488 nm and collected emission wavelengths of 504 to 568 nm,
with a time gate of 0.5 to 6.0 ns and a frame average of 4. To image Alexa Fluor 594, we
used an excitation wavelength of 532 nm and collected emission wavelengths of 590 to 633
nm, with a time gate of 0.5 to 6.0 ns and a frame average of 4. Images were analyzed in
ImageJ to determine protein expression and distribution. Integrated density value (IDV),
normalized to the area, was used to determine the expression of ChAT and MAP2.

2.6. Sholl Analysis

To assess neurite length and dendritic patterns, Fiji (ImageJ) was used. Neural processes
of MAP2+ D28 MNs were traced, and their length was measured using Simple Neurite Tracer
(SNT) plug-in. Sholl analysis was performed to investigate neuronal branching and assess the
number of dendritic intersections at 1µm intervals, using the Sholl plug-in.

2.7. RNA Sequencing

RNA sequencing was performed by Novogene (Sacramento, CA, USA) on rRNA-
depleted RNA extracted from day 6 NEPs and day 18 early MNs (n = 3 for each treatment).
Paired-end sequencing was performed via the Illumina platform and reads of 150 bp length
were checked for quality metrics and trimmed using BBDuk (v38.96) for low-quality bases
using a quality score of 20 [43]. Paired-end clean reads were aligned to the Homo sapiens
reference genome GRCh38 using STAR aligner and BBTools (v2.7.7a) [44]. Reads mapping
to genes were counted using featureCounts (v.2.0.3) [45]. Differential expression analysis
was conducted using the DESeq2 (v1.29.7) R package [46] using the Wald test to compare
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control and arsenic-exposed cells at D6 and D18. The Benjamini–Hochberg adjustment
was used to control for false discovery rate (FDR). Functional annotation analysis was
performed using the R package annotables [47] on differentially expressed genes with an
adjusted p < 0.05. The hierarchical clustering distance method was performed to cluster
samples using the pheatmap package in R [48]. The R package clusterProfiler was used to
run Gene Ontology (GO) gene set enrichment analysis (GSEA) of differentially expressed
genes [49,50]. GO terms with adjusted p < 0.05 were considered significantly enriched by
differentially expressed genes. Lastly, biochemical pathways disrupted following arsenic
exposure during motor neuron differentiation were identified using the clusterProfiler
package to assess the statistical enrichment and over-representation of differential gene
expression in KEGG pathways.

2.8. Flow Cytometry

Annexin V and SyTox green staining was performed to determine cell viability and
apoptosis in human iPS cells and D6 NEPs following arsenic exposure. Briefly, cells were
incubated in Accumax at 37 ◦C for 10 min to create a single cell suspension, and resus-
pended in FACS buffer (1X PBS, 1% BSA, 0.1% sodium azide). Cells were incubated with
Annexin V (1:200, Santa Cruz, Santa Cruz, CA, USA #sc-74438) at 4 ◦C for 30 min followed
by incubation with Alexa Fluor 568 secondary antibody (1:400, anti-mouse, Invitrogen,
#A11004) at 4 ◦C for 30 min. Subsequently, cells were washed in FACS buffer and incubated
with SyTox Green (1:1000, Invitrogen, #S34860) for 20 min. Flow cytometry was performed
using a Bio-Rad S3e Cell Sorter. SyTox green fluorescence was assessed at 488 nm excitation
and 504 nm emission while Annexin V fluorescence was assessed at 561 nm excitation and
603 nm emission.

2.9. Statistical Analysis

Results are expressed as mean ± SE using Graphpad Prism 9 (San Diego, CA, USA).
Statistical significance for differential gene expression was calculated by Student’s t-test or
by ANOVA followed by Tukey’s multiple comparison test. Principle coordinate analysis
(PCA) was conducted with the transcript data for each individual well in GraphPad Prism 9.
Protein expression for immunohistochemistry was determined using ImageJ. Statistical
significance for average protein expression in control and arsenic-treated biological repli-
cates was assessed by Student’s t-test. Neurite length was determined using neurite tracer
plug-in to examine MAP2+ neural processes of one to two cells per biological replicate.
Sholl analysis was conducted at 1 µm intervals, using the Sholl plug-in for one to two cells
per biological replicate. Statistical significance for average neurite length and number of
dendritic intersections in control and arsenic-treated samples was assessed by Student’s
t-test. Percentage of live, apoptotic, and necrotic cells was investigated by flow cytometry.
Statistical significance for average percentage of live, apoptotic, and necrotic cells in con-
trol and arsenic-treated samples was assessed by two-way ANOVA followed by Tukey’s
multiple comparison test. Data were analyzed for normal distribution and p < 0.05 was
considered statistically significant.

3. Results
3.1. Human iPS Cells Are Sensitive to Arsenic Exposure

To determine appropriate arsenic concentrations to use during differentiation, human
iPS cells were first cultured for six days in an mTeSR medium to maintain them as stem cells
in their pluripotent state. During this maintenance phase, cells were treated with 0, 0.1, 0.25,
and 0.5 µM arsenic (equivalent to 7.5–37.5 ppb). Morphological analysis indicates that 0.25
and 0.5 µM concentrations result in significant cell death starting at day 4 and continuing
to day 6 (Figure 1A). qPCR analysis of the cells exposed to 0.5 µM As showed increased
expression of pluripotency transcripts, including SOX2 (Figure S1A), POU5F1 (Figure S1B),
and NANOG (Figure S1C). Consistently, we observed a strong positive correlation of SOX2,
POU5F1, and NANOG transcript levels in human iPS cells (Supplementary Table S3).
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0.5 µM arsenic. Cells were stained with Annexin V and SyTox green to assess apoptosis. Text shows
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Next, iPS cells were differentiated into neuroepithelial progenitors (NEPs) for six days
while being exposed to 0, 0.25, 0.5, or 0.75 µM arsenic. There were no morphological differ-
ences between exposure groups (Figure 1A). Consistently, flow cytometry with Annexin
V and Sytox green (Figure 1B) did not indicate significant differences in the percentage of
live, apoptotic, and necrotic cells following exposure to 0.25 or 0.5 µM arsenic for six days
(Figure 1C). Considering the absence of morphological alterations during NEP differentia-
tion and no significant changes in cell viability or death, concentrations of up to 0.5 µM
arsenic were used for the remainder of the study.

3.2. Differential Gene Expression of Key Pluripotency and Differentiation Markers Confirms
Generation of Motor Neurons (MNs)

To confirm the differentiation of human iPS cells into day 6 (D6) NEPs, day 12 motor
neuron progenitors (MNPs), and day 18 early motor neurons (MNs), we analyzed gene
expression of key stage-specific markers in control samples throughout the differentiation
process. Transcript levels of the pluripotency marker POU5F1 are significantly reduced by
day 6 (Figure 2A), while the NEP marker SOX1 (Figure 2B) and neural stem cell marker
nestin (NES) (Figure 2C) are both significantly increased at day 6 by four-fold and two-fold,
respectively. Transcript levels of the MNP marker oligodendrocyte transcription factor
2 (OLIG2) were significantly increased by 11-fold starting at day 12 (D12), which should be
the peak time of MNP generation. But, during the differentiation of MNPs into day 18 (D18)
early MNs, the expression of OLIG2 was significantly reduced (Figure 2D). Expression
of motor neuron specification marker choline acetyltransferase (CHAT) was not different
at the D6 MNP stage, but its levels continued to increase by 3-fold in D12 MNPs and by
5.5-fold in D18 early MNs (Figure 2E). The marker transcript data confirms the generation of
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NEPs, MNPs, and early MNs while suggesting phenotypic heterogeneity and the presence
of a subpopulation of neural stem and progenitor cells even at later time points.
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Figure 2. Differential gene expression of key markers during differentiation of human iPS cells into
motor neurons. Transcript levels of POU5F1 (A), SOX1 (B), NES (C), OLIG2 (D), and CHAT (E)
were assessed by qPCR in control samples from day 0 human iPS cells (gray, circles), day 6 NEPs
(green, diamonds), day 12 MNPs (red, triangles) and day 18 early MNs (blue, circles). Fold change
was determined using the ∆∆Ct method, and results were normalized to geometric mean of Gapdh
and β2-microglobulin. Statistical differences were determined using ANOVA followed by Tukey’s
multiple comparison test (p ≤ 0.05; n = 4–6 per exposure group; a = no statistical difference from day
0; b = statistically different from day 0; c = statistically different from all other days).

3.3. Key Markers of Motor Neuron Differentiation Are Disrupted following Arsenic Exposure

Previous studies have shown that exposure to low arsenic concentrations inhibits sensory
neuron and skeletal muscle differentiation from mouse embryonic stem cells [19,51]. Therefore,
we hypothesized that the differentiation into motor neurons, which are anatomically and
physiologically connected with skeletal muscle, would also be impaired. To test this hypothesis,
human iPS cells were exposed to 0, 0.25, or 0.5 µM arsenic during their differentiation into
D6 neuroepithelial progenitors (NEPs) and D12 motor neuron progenitors (MNPs), or to 0 or
0.5µM arsenic during their differentiation into D18 early and D28 mature motor neurons (MNs).
Arsenic treatment does not cause morphological changes in D6 NEPs (Figure 1B). However,
transcript levels of neural progenitor/stem cell marker NES were significantly decreased
in D6 NEPs exposed to 0.25 and 0.5 µM As, by 1.3- and 1.4- fold, respectively (Figure 3A).
Similarly, transcript levels of the NEP marker SOX1 were significantly downregulated by 1.4-
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and 2.7-fold in NEPs treated with 0.25 and 0.5 µM As, respectively (Figure 3B). SOX2 transcript
levels were also significantly reduced by 1.3- and 1.7-fold in NEPs exposed to 0.25 and 0.5 µM
As, respectively (Figure 3C). Previous studies have suggested that NES expression positively
correlates with Sox2 [52,53]. Furthermore, Sox binding sites have been identified on the nestin
enhancer indicating the existence of a regulatory network and of a synergistic interaction
between Sox and nestin [54]. There is a positive correlation between SOX2, SOX1, and NES
transcript levels in NEPs (Supplementary Table S4).
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Figure 3. Arsenic exposure reduces neuronal differentiation markers in D6 neuroepithelial progenitor
(NEP) cells. Transcript levels of NES (A), SOX1 (B), and SOX2 (C) were assessed in D6 NEPs exposed
to 0 (black, circles), 0.25 (blue, squares), or 0.5 µM (red, triangles) arsenic by qPCR. Fold change was
determined using the ∆∆Ct method and results were normalized to the geometric mean of Gapdh
and β2-microglobulin. Statistical differences were determined using ANOVA followed by Tukey’s
multiple comparison test (p ≤ 0.05; n = 5–6 per exposure group; a = no statistical difference from control;
b = statistically different from control; c = statistically different from all other exposure groups).

At the next stage of motor neuron formation, we observed morphological differences
in 0.5 µM arsenic-treated D12 MNPs, which are less elongated and lose their spatial
organization compared with control MNPs (Figure 4).

Transcript levels of OLIG2 (Figure 5A), NES (Figure 5B), and SOX1 (Figure 5C) are
upregulated in the 0.25 µM exposure group but were not altered in the 0.5 µM exposure
group compared to the controls. Conversely, transcript levels of CHAT were significantly
downregulated in D12 MNPs exposed to 0.5 µM As by 2.1-fold (Figure 5D). These results
suggest that at lower arsenic levels, there is a mixed population of cells in which some
maintain their stem/neuronal progenitor cell characteristics. Indeed, principal component
analyses demonstrate that the three exposure groups are distinct populations of cells, with
the 0.25 µM As group showing the widest spread. The two components on the x- and y-axes
explain 96.9% of the total variation (PC1 = 69.1% and PC2 = 27.8%) (Figure 5E). Similar
to that of D12 MNPs, CHAT expression was also significantly downregulated by 1.5-fold
in early MNs exposed to 0.5 µM As (Figure 6). Taken together, these results indicate that
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arsenic exposure reduces the differentiation of human iPS cells into motor neurons, leading
to altered cellular morphology and neuronal process formation.
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Figure 5. Altered transcript levels of neuronal differentiation markers in D12 motor neuron progenitor
(MNP) cells. Expression levels of OLIG2 (A), NES (B), SOX1 (C), and CHAT (D) mRNA were assessed
by qPCR in D12 MNPs exposed to 0 (black, circles), 0.25 (blues, squares), or 0.5 µM arsenic (red,
triangles). Fold change was determined using the ∆∆Ct method and results were normalized to
the geometric mean of Gapdh and β2-microglobulin. Statistical differences were determined using
ANOVA followed by Tukey’s multiple comparison test (p ≤ 0.05; n = 5–6 per exposure group;
a = no statistical difference from control; b = statistically different from control). Biplot of principal
component analysis (PCA) from D12 MNPs exposed to 0, 0.25, or 0.5 µM arsenic (E).
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Figure 6. Reductions in choline acetyltransferase (CHAT) mRNA in D18 early motor neurons (MNs).
Transcript levels of CHAT were assessed in D18 early MNs exposed to 0 (black, circles) or 0.5 µM
arsenic (red, squares) by qPCR. Fold change was determined using the ∆∆Ct method and results
were normalized to the geometric mean of Gapdh and β2-microglobulin. Statistical differences were
determined using Student’s t-test (*; p ≤ 0.05; n = 6 per exposure group).

3.4. Differential Gene Expression Due to Arsenic Exposure in D6 NEPs and D18 Early MNs

To identify the signaling pathways responsible for the impairment of key markers
involved in motor neuron differentiation, we performed RNA sequencing and pathway
analysis in D6 NEPs and D18 early MNs. Differential expression analysis suggests that
arsenic exposure is driving gene expression changes in both D6 NEPs (Figure 7A) and
D18 early MNs (Figure 7B). Principal component analysis (PCA) confirms these results
showing that cells exposed to arsenic express different genes than control samples at both
time points (Figure 7C,D). For instance, control and arsenic samples are heavily separated
along the x-axis (PC1), which accounts for 82% of the variation in D6 NEPs (Figure 7C) and
77% of the variation in D18 early MNs (Figure 7D), respectively.
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Figure 7. Arsenic exposure drives sample clustering in NEPs and early MNs and disrupts biological
processes related to nervous system development and synapses. Heat map of normalized read
counts of differentially expressed genes (DEGs) from D6 NEPs (A) and D18 early MNs (B) exposed to
0 (pink bars) or 0.5 µM arsenic (blue bars). Principal component analysis (PCA) from D6 NEPs (C)
and D18 early MNs (D) exposed to 0 or 0.5 µM arsenic. The distance between the samples represents
the differences in gene expression profile (n = 3 per exposure group). Dot plot representing gene set
enrichment analysis (GSEA) performed on DEGs of arsenic-treated D6 NEPs (left) and D18 early
MNs (right) (E). Dot plot shows activated and suppressed GO categories. GSEA performed on DEGs
of day 18 early MNs. Gene sets for nervous system development, neurogenesis, neurotransmitter
transport, synapse organization, and synaptic signaling were significantly enriched in D18 MNs
exposed to arsenic. The vertical black lines present on the x-axis represent the genes while the y-axis
identified the enrichment score. Significance threshold was set at FDR ≤ 0.05 (F).
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Gene set enrichment analysis (GSEA) indicates that some of the most significantly
suppressed categories in arsenic-treated samples were related to synaptic signaling and
nervous system process in D6 NEPs, and to synapse, neuron projection, and nervous
system processes in D18 early MNs (Figure 7E). Consistently, biological processes in which
DEGs presented high enrichment scores were associated with nervous system development,
neurogenesis, neurotransmitter transport, synapse organization, and synaptic signaling in
D18 early MNs (Figure 7F).

3.5. Arsenic Reduces Expression of Genes in Cholinergic Synapses Involved in Acetylcholine
Synthesis, Transport, and Degradation

To investigate potential mechanisms disrupted due to arsenic exposure during motor
neuron differentiation, pathway analysis was conducted to identify DEGs enriched in KEGG
pathways. Our results suggest that neuronal pathways, such as axon guidance (Figure S2A)
and neuroactive ligand–receptor interaction (Figure S2B), are disrupted following arsenic
exposure in D18 early MNs.

Mammalian motor neurons can release both acetylcholine and glutamate [55]. Typi-
cally upper motor neurons form glutamatergic synapses while lower motor neurons are
cholinergic neurons [56]. Interestingly, both pathways associated with glutamatergic synapses
(Figure S2C) and cholinergic synapses (Figure 8A) were downregulated in arsenic-treated
D18 early MNs. In cholinergic neurons, ChAT is the enzyme involved in the biosynthe-
sis of the neurotransmitter acetylcholine, which is loaded into presynaptic vesicles by the
vesicular acetylcholine transporter (VAChT) and released into the synaptic cleft. Afterward,
acetylcholine is hydrolyzed by acetylcholinesterase (AChE) into acetate and choline, and
choline is transported back into the presynaptic nerve terminal by the choline transporter
(ChT). Transcript expression of the cholinergic pathway genes CHAT, SLC18A3 (encoding
for VAChT), ACHE, and SLC5A7 (encoding for ChT) were downregulated in arsenic-treated
D18 early MNs by 1.4-, 2-, 2.2-, and 1.3-fold, respectively (Figure 8B–E). Read counts of these
genes were consistently increased in D18 early MNs as compared to D6 NEPs, confirming
the formation of cholinergic neurons during the differentiation process (Figure 8B–E). These
data, coupled with the observed morphological changes, suggest that arsenic exposure may
disrupt the proper formation and function of acetylcholine in motor neurons.
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Figure 8. Arsenic exposure downregulates genes involved in acetylcholine synthesis, transport,
and degradation of D18 early MNs. KEGG pathway analysis shows several downregulated (green)
genes of the cholinergic synapse pathway in arsenic-exposed D18 early MNs (A). RNA sequencing
normalized read counts of CHAT (B), SLC18A3 (C), ACHE (D), and SLC5A7 (E) from D6 NEPs and
D18 early MNs. Data are presented as read count ± SE. Statistical differences (*) were determined by
Student’s t-test using the adjusted p-value (FDR ≤ 0.05).

3.6. Arsenic Exposure Downregulates Protein Expression of MAP2 and ChAT, and Reduces
Neurite Length in D28 Mature MNs

The effects of arsenic exposure on protein expression of the neuronal marker MAP2 [57,58],
and cholinergic marker ChAT were investigated by immunohistochemistry in D18 early motor
neurons. While no differences in MAP2 and ChAT protein expression were noted, fewer MAP2+
neuronal extensions can be seen in arsenic-exposed D18 early MNs (arrows; Figure 9A,B).
However, in D28 mature MNs, protein expression of MAP2 and ChAT in the cell body of
was significantly downregulated in arsenic-exposed samples by 2.8- and 2.1-fold, respectively
(Figure 10A,B).
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Figure 9. Arsenic exposure alters MAP2 pattern in day 18 early MNs. (A) Representative images of MAP2
(red) and ChAT (green) in control and 0.5 µM arsenic-exposed day 18 early MNs. Yellow arrows show
differences in MAP2 pattern. (B) Relative fluorescence of MAP2 (left) and ChAT (right) was determined in
ImageJ and is presented as integrated density value (IDV) ± SE between control (black) and 0.5 µM arsenic
(red) (n = 3 per exposure group). Statistical differences were determined using Student’s t-test (*; p ≤ 0.05).
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4.1. Arsenic Impairs Transcript Levels of Key Motor Neuron Differentiation Markers 

Figure 10. Arsenic exposure reduces neurite length and downregulates protein levels of MAP2
and ChAT in day 28 mature MNs. (A) Representative images of MAP2 (red) and ChAT (green)
in control and 0.5 µM arsenic-exposed day 28 mature MNs. Arrows show differences in neurite
length. (B) Relative fluorescence of MAP2 (left) and ChAT (right) in the cell body was determined in
ImageJ. Protein expression was assessed in two to six cells per biological replicate (n = 3 replicates
per exposure group), and data are presented as integrated density value (IDV) ± SE for control
(black, circles) and 0.5 µM arsenic (red, triangles). Statistical differences were determined using
Student’s t-test (*; p ≤ 0.05). (C) Sholl analysis of neural processes of MAP2+ day 28 mature MNs
was performed on one to two cells per biological replicate (n = 3 replicates per exposure group).
(D) Average neurite length of neuronal processes of MAP2+ day 28 mature MNs. Analysis was
performed on n = 3 per exposure group and one to two cells per biological replicate. (E) Average
number of intersections obtained from C.

Moreover, morphological differences were observed in arsenic-treated MAP2+ neu-
rites, which are visually less elongated (Figure 10A). Sholl analysis confirmed that arsenic
significantly reduces neurite length by 1.8 -fold while increasing the number of intersections
(Figure 10C–E).
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3.7. Arsenic Exposure In Vivo Downregulated ChAT Protein Expression in Adult Mice Hippocampi

To examine the in vivo effects of arsenic exposure on ChAT and MAP2, we evaluated
their expression in the hippocampi of adult male mice exposed to 0 or 100 ppb arsenic
for five weeks. Cholinergic neurons are distributed in the hippocampus as acetylcholine
modulates hippocampal-dependent memory function and learning [59,60]. Immunohisto-
chemical analysis confirms the presence of MAP2+ neurofilaments and ChAT+ cholinergic
neurons in hippocampi collected from adult mice. While no differences were observed
in the protein expression of MAP2, arsenic treatment significantly reduced hippocampal
ChAT levels (Figure S3).

4. Discussion

The results of this study demonstrate that stage-specific motor neuron differentiation
markers, such as SOX1, NES, OLIG2, and CHAT, are dysregulated due to arsenic exposure.
Further, expression of genes in mature neurons involved in the acetylcholine cycle such as
CHAT, SLC18A3 (encoding for VAChT), SLC5A7 (encoding for ChT), and ACHE are also
reduced. Arsenic exposure also downregulates ChAT protein expression in mature MNs
while reducing neurite length, suggesting that arsenic might impair the proper function of
the cholinergic synapse.

4.1. Arsenic Impairs Transcript Levels of Key Motor Neuron Differentiation Markers

Species-specific responses in the metabolism and whole-body retention of arsenic have
been reported. For instance, humans are more susceptible to arsenic than mice as they
have reduced levels of arsenic methyltransferase (As3MT), which leads to increased body
retention [61,62]. To our knowledge, few studies have used human iPS cells as in vitro
models to investigate the effects of arsenic exposure on cellular differentiation. Neuronal
differentiation impairment following arsenic exposure has been previously reported in P19
mouse embryonic stem cells [19,51,63], and mouse neuronal N2a and rat PC12 cells [17,18,64].
Recently, investigators exposed 50 µM arsenic for 48 h to neural progenitor cells derived
from human iPS cells [65], and found neurite damage. However, the current study is the first
to assess the effects of lower, more environmentally relevant arsenic concentrations on the
cellular differentiation of human iPS cells-derived motor neurons.

During motor neuron formation, there are several well-studied markers that can be
used to follow the time course of differentiation, including SOX1, NES, OLIG2, and CHAT.
The transcription factor Sox1 is the earliest and most specific marker for neuroepithelial
cells, as it is expressed by progenitor cells in the nervous system during fetal neurode-
velopment [66,67]. Nestin is an intermediate filament protein, encoded by the NES gene,
which is highly expressed in multipotent stem cells and neural progenitor cells of the
developing brain [68,69]. Nestin was first described as a neuroepithelial stem cell marker
and it is commonly used to identify progenitor populations [70]. Together, Sox1 and nestin
represent early markers of neural stem cells [71]. Our findings show that transcript levels
of both SOX1 and NES are significantly downregulated in day 6 NEPs in a dose-dependent
manner, while day 12 MNPs have increased expression in the 0.25 µM exposure group.
These results may imply that the 0.5 µM exposure group remains even further behind in
their differentiation to motor neurons. Indeed, the principal component analysis (PCA)
indicates that each of the three day 12 exposure groups form its own distinct population of
cells. To our knowledge, this is the first study to show that arsenic exposure disrupts the
early stages of motor neuron differentiation in human iPS cells.

4.2. Arsenic Downregulates ChAT Expression and Inhibits Genes Involved in Acetylcholine
Transport and Degradation

One of the distinguishing features of motor neurons is their ability to synthesize and
release acetylcholine (ACh) as a neurotransmitter. Choline acetyltransferase (ChAT) is the
enzyme responsible for the biosynthesis of acetylcholine by transferring an acetyl group
from acetyl-CoA to choline (reviewed in [72]). It is considered a specific marker for cholin-
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ergic neurons [73,74], and indeed, CHAT expression was significantly downregulated by
1.5- to 2-fold in both D12 MNPs and D18 early MNs following arsenic exposure. Following
acetylcholine synthesis, the neurotransmitter is then loaded by the vesicular acetylcholine
transporter (VAChT; encoded by SLC18A3) into presynaptic vesicles and stored until it
is released in the synaptic cleft [75]. After release into the synapse, acetylcholine is hy-
drolyzed into choline and acetate by the enzyme acetylcholinesterase (AChE) to terminate
neuronal signaling. Lastly, the high-affinity choline transporter (ChT; encoded by SLC5A7)
is responsible for the choline re-uptake into the cholinergic neuron [76]. RNA sequencing
of the D18 early motor neurons followed by KEGG analysis further illustrates that the
cholinergic synapse pathway is impaired. Specifically, read counts of CHAT, SLC18A3,
ACHE, and SLC5A7 were all significantly reduced by 1.3- to 2.4-fold in D18 early motor
neurons following exposure to 0.5 µM arsenic. Read counts for MAP2 in D18 early MNs
were not altered, meaning that the number of neurons did not change.

A high density of cholinergic neurons has been reported in the cerebral cortex and
the hippocampus [77], where they play a role in synaptic transmission, plasticity, and
neuronal network formation [73]. Additionally, cholinergic transmission is critical for many
cognitive functions including memory and learning [77,78]. A recent study has suggested
that perinatal arsenic exposure leads to cholinergic system impairment in the brain of
developing rats [29]. Specifically, there was a significant decrease in AChE activity and
ChAT protein levels in the frontal cortex and the hippocampus of rats perinatally exposed
to sodium arsenite. Similarly, AChE activity in the hippocampus and frontal cortex was
reduced, along with reduced ChAT protein expression, in adult rats exposed to sodium
arsenite for four weeks [27]. These in vivo findings are consistent with our results that
showed reduced ChAT levels in the hippocampi of mice exposed to 100 ppb arsenic for five
weeks. As with the D18 early motor neurons, the amount of MAP2 protein was not altered,
indicating that arsenic exposure at these concentrations is altering cholinergic neurons,
rather than causing general neuronal toxicity.

4.3. Arsenic Reduces Neurite Length in Mature MNs

When taking the cultures out to 28 days to form mature motor neurons, ChAT mRNA
and protein expression are also reduced following exposure to 0.5 µM arsenic. The neurites
from arsenic-exposed motor neurons appear to be less elongated than their control counter-
parts. Indeed, neurite tracing and Sholl analysis demonstrate the length of MAP2+ neurites
was reduced. Several studies conducted in vivo and in vitro have also reported decreased
neurite length following arsenic exposure. For instance, neurite length was significantly
reduced by 1 µM sodium arsenite in primary cultured neurons [21], by 5 µM sodium arsen-
ite and 0.5 µM arsenic trioxide in Neuro-2a cells [18,20], and by 5 µM sodium arsenite in
differentiated neurons derived from mouse embryonic forebrains [79]. Similarly, treatment
with sodium arsenite caused a dose-dependent inhibition of neurite length in differentiated
human neuroblastoma SH-SY5Y cells [22]. Additionally, neurite length reduction has been
observed in mice following prenatal exposure to sodium arsenite from gestational day 8
to 18 [80]. MNs are characterized by long axons that connect them to skeletal muscle [56]
and, importantly, loss and degeneration of MNs can cause motor neuron diseases includ-
ing amyotrophic lateral sclerosis and spinal muscular atrophy [81,82]. Arsenic-induced
inhibition of neurite length could also lead to improper function of neuronal circuits as
impairment in the patterns and length of neuronal processes has been linked to cognitive
alterations and mental retardation [80].

5. Conclusions

Exposure to 0.5 µM arsenic during motor neuron differentiation impaired the cholin-
ergic pathway. Downregulation of genes involved in acetylcholine synthesis (CHAT),
transport (SLC18A3 and SLC5A7), and degradation (ACHE) along with reduced ChAT pro-
tein expression and neurite outgrowth suggest that proper function of cholinergic neurons
might be impaired following arsenic exposure. Taken together, these results suggest that
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arsenic-induced impairment of cholinergic functions could be responsible for the memory
and learning deficits along with the locomotor and neurological alterations reported by
epidemiological and in vivo studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics11080644/s1, Table S1: Supplements and growth factors
used during differentiation of human iPS cells into motor neurons. Table S2: Primer sequences of
genes quantified by qPCR. Table S3: Correlation between transcript levels of SOX2, POU5F1 and
NANOG in human iPS cells exposed to 0, 0.1 or 0.5 µM arsenic for six days. Table S4: Correlation
between transcript levels of SOX2, SOX1 and NES in day 6 NEPs exposed to 0, 0.25, 0.5 and 0.75 µM.
Figure S1: Arsenic increases transcript levels of pluripotency markers SOX2, POU5F1 and NANOG in
human iPS cells. Transcript levels of SOX2 (A), POU5F1 (B) and NANOG (C) were assessed by qPCR
in human iPS cells exposed to 0, 0.1 or 0.5 µM arsenic for six days. Fold change was determined using
the ddCt method and results were normalized to the geometric mean of Gapdh and β2-microglobulin.
Statistical differences were determined using ANOVA followed by Tukey’s multiple comparison
test (*; p ≤ 0.05) (n = 5–6 per exposure group). Figure S2: Arsenic exposure impairs glutamatergic
synapse, axon guidance and neuroactive ligand-receptor interaction pathways. KEGG pathway
analysis of pathways regulating axon guidance (A), neuroactive ligand-receptor interaction pathway
(B) and glutamatergic synapse pathway (C) shows various downregulated (green) genes and a few
upregulated (red) genes in arsenic-exposed day 18 early MNs. Figure S3: Arsenic exposure impairs
ChAT protein levels in adult mice hippocampi. (A) Representative images of 3D z-stacked images of
MAP2 (yellow) and ChAT (blue) in hippocampi harvested from adult mice exposed to 100 ppb of
arsenic for five weeks. (B) Relative fluorescence of MAP2 (left) and ChAT (right) was determined
in ImageJ and is presented as integrated density value (IDV) ± SE (n = 3–4 per exposure group).
Statistical differences were determined using Student’s t-test (*; p ≤ 0.05).

Author Contributions: M.C.P.: conceptualization, methodology, investigation, writing—original draft,
writing—review and editing, visualization. B.D.M.: methodology, formal analysis, data curation,
visualization, writing—review and editing. N.R.M.: methodology, investigation. S.W.V.: methodology
investigation. L.J.B.: conceptualization, supervision, formal analysis, writing—review and editing,
funding acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Institute of Environmental Health Sciences
(ES027651), the National Institute of General Medical Sciences through SCBioCRAFT (GM131959),
and the 2021 BSPDC-GIAR.

Institutional Review Board Statement: Approval to conduct this study was obtained from Clem-
son’s Institutional Animal Care and Use Committee (IACUC; protocol # 2016-076).

Data Availability Statement: Data will be made available upon reasonable request.

Acknowledgments: We thank Rhonda Reigers Powell and Justin Scott from the Clemson Light
Imaging Facility (CLIF) for assistance with the confocal microscopy and flow cytometry analysis.
CLIF is supported by funds from the Clemson University Division of Research and the National
Institute of General Medical Sciences (GM146584). The authors thank Victoria Riley for assistance
with the Sholl analysis and Aidan Sokolov for assistance with hippocampi collection.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shankar, S.; Shanker, U.; Shikha. Arsenic contamination of groundwater: A review of sources, prevalence, health risks, and

strategies for mitigation. Sci. World J. 2014, 2014, 304524. [CrossRef]
2. Mochizuki, H.; Phyu, K.P.; Aung, M.N.; Zin, P.W.; Yano, Y.; Myint, M.Z.; Thit, W.M.; Yamamoto, Y.; Hishikawa, Y.; Thant, K.Z.; et al.

Peripheral neuropathy induced by drinking water contaminated with low-dose arsenic in Myanmar. Environ. Health Prev. Med. 2019,
24, 23. [CrossRef]

3. Naujokas, M.F.; Anderson, B.; Ahsan, H.; Aposhian, H.V.; Graziano, J.H.; Thompson, C.; Suk, W.A. The broad scope of health
effects from chronic arsenic exposure: Update on a worldwide public health problem. Environ. Health Perspect. 2013, 121, 295–302.
[CrossRef]

https://www.mdpi.com/article/10.3390/toxics11080644/s1
https://www.mdpi.com/article/10.3390/toxics11080644/s1
https://doi.org/10.1155/2014/304524
https://doi.org/10.1186/s12199-019-0781-0
https://doi.org/10.1289/ehp.1205875


Toxics 2023, 11, 644 18 of 21

4. Smith, A.H.; Arroyo, A.P.; Mazumder, D.N.; Kosnett, M.J.; Hernandez, A.L.; Beeris, M.; Smith, M.M.; Moore, L.E. Arsenic-induced
skin lesions among Atacameno people in Northern Chile despite good nutrition and centuries of exposure. Environ. Health
Perspect. 2000, 108, 716–720.

5. Bhattacharya, P.; Hossain, M.; Rahman, S.N.; Robinson, C.; Nath, B.; Rahman, M.; Islam, M.M.; Von Bromssen, M.; Ahmed, K.M.;
Jacks, G.; et al. Temporal and seasonal variability of arsenic in drinking water wells in Matlab, southeastern Bangladesh: A
preliminary evaluation on the basis of a 4 year study. J. Environ. Sci. Health A Tox. Hazard. Subst. Environ. Eng. 2011, 46, 1177–1184.
[CrossRef]

6. Ayotte, J.D.; Medalie, L.; Qi, S.L.; Backer, L.C.; Nolan, B.T. Estimating the high-arsenic domestic-well population in the contermi-
nous United States. Environ. Sci. Technol. 2017, 51, 12443–12454. [CrossRef]

7. Bjorklund, G.; Tippairote, T.; Rahaman, M.S.; Aaseth, J. Developmental toxicity of arsenic: A drift from the classical dose-response
relationship. Arch. Toxicol. 2020, 94, 67–75. [CrossRef]

8. Von Ehrenstein, O.S.; Guha Mazumder, D.N.; Hira-Smith, M.; Ghosh, N.; Yuan, Y.; Windham, G.; Ghosh, A.; Haque, R.; Lahiri, S.;
Kalman, D.; et al. Pregnancy outcomes, infant mortality, and arsenic in drinking water in West Bengal, India. Am. J. Epidemiol.
2006, 163, 662–669. [CrossRef]

9. Hamadani, J.D.; Tofail, F.; Nermell, B.; Gardner, R.; Shiraji, S.; Bottai, M.; Arifeen, S.E.; Huda, S.N.; Vahter, M. Critical windows of
exposure for arsenic-associated impairment of cognitive function in pre-school girls and boys: A population-based cohort study.
Int. J. Epidemiol. 2011, 40, 1593–1604. [CrossRef]

10. Wasserman, G.A.; Liu, X.; Loiacono, N.J.; Kline, J.; Factor-Litvak, P.; van Geen, A.; Mey, J.L.; Levy, D.; Abramson, R.; Schwartz, A.; et al.
A cross-sectional study of well water arsenic and child IQ in Maine schoolchildren. Environ. Health 2014, 13, 23. [CrossRef]

11. Wang, B.; Liu, J.; Liu, B.; Liu, X.; Yu, X. Prenatal exposure to arsenic and neurobehavioral development of newborns in China.
Environ. Int. 2018, 121, 421–427. [CrossRef]

12. Skogheim, T.S.; Weyde, K.V.F.; Engel, S.M.; Aase, H.; Surén, P.; Øie, M.G.; Biele, G.; Reichborn-Kjennerud, T.; Caspersen, I.H.;
Hornig, M.; et al. Metal and essential element concentrations during pregnancy and associations with autism spectrum disorder
and attention-deficit/hyperactivity disorder in children. Environ. Int. 2021, 152, 106468. [CrossRef]

13. Chattopadhyay, S.; Bhaumik, S.; Purkayastha, M.; Basu, S.; Nag Chaudhuri, A.; Das Gupta, S. Apoptosis and necrosis in
developing brain cells due to arsenic toxicity and protection with antioxidants. Toxicol. Lett. 2002, 136, 65–76. [CrossRef]

14. Rodriguez, V.M.; Carrizales, L.; Mendoza, M.S.; Fajardo, O.R.; Giordano, M. Effects of sodium arsenite exposure on development
and behavior in the rat. Neurotoxicol. Teratol. 2002, 24, 743–750. [CrossRef]

15. Wang, A.; Holladay, S.D.; Wolf, D.C.; Ahmed, S.A.; Robertson, J.L. Reproductive and developmental toxicity of arsenic in rodents:
A review. Int. J. Toxicol. 2006, 25, 319–331. [CrossRef]

16. Tyler, C.R.; Allan, A.M. Adult hippocampal neurogenesis and mRNA expression are altered by perinatal arsenic exposure in mice
and restored by brief exposure to enrichment. PLoS ONE 2013, 8, e73720. [CrossRef]

17. Frankel, S.; Concannon, J.; Brusky, K.; Pietrowicz, E.; Giorgianni, S.; Thompson, W.D.; Currie, D.A. Arsenic exposure disrupts
neurite growth and complexity in vitro. Neurotoxicology 2009, 30, 529–537. [CrossRef]

18. Wang, X.; Meng, D.; Chang, Q.; Pan, J.; Zhang, Z.; Chen, G.; Ke, Z.; Luo, J.; Shi, X. Arsenic inhibits neurite outgrowth by inhibiting
the LKB1-AMPK signaling pathway. Environ. Health Perspect. 2010, 118, 627–634. [CrossRef]

19. Hong, G.-M.; Bain, L.J. Arsenic exposure inhibits myogenesis and neurogenesis in P19 stem cells through repression of the
β-catenin signaling pathway. Toxicol. Sci. 2012, 129, 146–156. [CrossRef]

20. Aung, K.H.; Kurihara, R.; Nakashima, S.; Maekawa, F.; Nohara, K.; Kobayashi, T.; Tsukahara, S. Inhibition of neurite outgrowth
and alteration of cytoskeletal gene expression by sodium arsenite. Neurotoxicology 2013, 34, 226–235. [CrossRef]

21. Maekawa, F.; Tsuboi, T.; Oya, M.; Aung, K.; Tsukahara, S.; Pellerin, L.; Nohara, K. Effects of sodium arsenite on neurite outgrowth
and glutamate AMPA receptor expression in mouse cortical neurons. Neurotoxicology 2013, 37, 197–206. [CrossRef]

22. Niyomchan, A.; Watcharasit, P.; Visitnonthachai, D.; Homkajorn, B.; Thiantanawat, A.; Satayavivad, J. Insulin attenuates arsenic-
induced neurite outgrowth impairments by activating the PI3K/Akt/SIRT1 signaling pathway. Toxicol. Lett. 2015, 236, 138–144.
[CrossRef]

23. Garza-Lombo, C.P.; Panayiotidis, M.I.; Gonsebatt, M.E.; Franco, R. Arsenic-induced neurotoxicity: A mechanistic appraisal. J. Biol.
Inorg. Chem. 2019, 24, 1305–1316. [CrossRef]

24. Carmona, A.; Roudeau, S.; Ortega, R. Molecular mechanisms of environmental metal neurotoxicity: A focus on the interactions of
metals with synapse structure and function. Toxics 2021, 9, 198. [CrossRef]

25. Nagaraja, T.N.; Desiraju, T. Effects on operant learning and brain acetylcholine esterase activity in rats following chronic inorganic
arsenic intake. Hum. Exp. Toxicol. 1994, 13, 353–356. [CrossRef]

26. Patlolla, A.K.; Tchounwou, P.B. Serum acetyl cholinesterase as a biomarker of arsenic induced neurotoxicity in sprague-dawley
rats. Int. J. Environ. Res. Public Health 2005, 2, 80–83. [CrossRef]

27. Yadav, R.S.; Shukla, R.K.; Sankhwar, M.L.; Patel, D.K.; Ansari, R.W.; Pant, A.B.; Islam, F.; Khanna, V.K. Neuroprotective effect of
curcumin in arsenic-induced neurotoxicity in rats. Neurotoxicology 2010, 31, 533–539. [CrossRef]

28. Kumar, M.R.; Reddy, G.R. Influence of age on arsenic-induced behavioral and cholinergic perturbations: Amelioration with zinc
and α-tocopherol. Hum. Exp. Toxicol. 2018, 37, 295–308. [CrossRef]

https://doi.org/10.1080/10934529.2011.598768
https://doi.org/10.1021/acs.est.7b02881
https://doi.org/10.1007/s00204-019-02628-x
https://doi.org/10.1093/aje/kwj089
https://doi.org/10.1093/ije/dyr176
https://doi.org/10.1186/1476-069X-13-23
https://doi.org/10.1016/j.envint.2018.09.031
https://doi.org/10.1016/j.envint.2021.106468
https://doi.org/10.1016/S0378-4274(02)00282-5
https://doi.org/10.1016/S0892-0362(02)00313-6
https://doi.org/10.1080/10915810600840776
https://doi.org/10.1371/journal.pone.0073720
https://doi.org/10.1016/j.neuro.2009.02.015
https://doi.org/10.1289/ehp.0901510
https://doi.org/10.1093/toxsci/kfs186
https://doi.org/10.1016/j.neuro.2012.09.008
https://doi.org/10.1016/j.neuro.2013.05.006
https://doi.org/10.1016/j.toxlet.2015.05.008
https://doi.org/10.1007/s00775-019-01740-8
https://doi.org/10.3390/toxics9090198
https://doi.org/10.1177/096032719401300511
https://doi.org/10.3390/ijerph2005010080
https://doi.org/10.1016/j.neuro.2010.05.001
https://doi.org/10.1177/0960327117698540


Toxics 2023, 11, 644 19 of 21

29. Chandravanshi, L.P.; Gupta, R.; Shukla, R.K. Arsenic-induced neurotoxicity by dysfunctioning cholinergic and dopaminergic
system in brain of developing rats. Biol. Trace Elem. Res. 2019, 189, 118–133. [CrossRef]

30. Chandravanshi, L.P.; Yadav, R.S.; Shukla, R.K.; Singh, A.; Sultana, S.; Pant, A.B.; Parmar, D.; Khanna, V.K. Reversibility of changes
in brain cholinergic receptors and acetylcholinesterase activity in rats following early life arsenic exposure. Int. J. Dev. Neurosci.
2014, 34, 60–75. [CrossRef]

31. Sánchez-Díaz, G.; Escobar, F.; Badland, H.; Arias-Merino, G.; Posada de la Paz, M.; Alonso-Ferreira, V. Geographic analysis of
motor neuron disease mortality and heavy metals released to rivers in Spain. Int. J. Environ. Res. Public Health 2018, 15, 2522.
[CrossRef] [PubMed]

32. Chakraborti, D.; Mukherjee, S.C.; Pati, S.; Sengupta, M.K.; Rahman, M.M.; Chowdhury, U.K.; Lodh, D.; Chanda, C.R.; Chakraborti,
A.K.; Basu, G.K. Arsenic groundwater contamination in Middle Ganga Plain, Bihar, India: A future danger? Environ. Health
Perspect. 2003, 111, 1194–1201. [CrossRef] [PubMed]

33. Mukherjee, S.C.; Rahman, M.M.; Chowdhury, U.K.; Sengupta, M.K.; Lodh, D.; Chanda, C.R.; Saha, K.C.; Chakraborti, D.
Neuropathy in arsenic toxicity from groundwater arsenic contamination in West Bengal, India. J. Environ. Sci. Health A Toxic
Hazard. Subst. Environ. Eng. 2003, 38, 165–183. [CrossRef]

34. Argos, M.; Kalra, T.; Rathouz, P.J.; Chen, Y.; Pierce, B.; Parvez, F.; Islam, T.; Ahmed, A.; Rakibuz-Zaman, M.; Hasan, R.; et al.
Arsenic exposure from drinking water, and all-cause and chronic-disease mortalities in Bangladesh (HEALS): A prospective
cohort study. Lancet 2010, 376, 252–258. [CrossRef] [PubMed]

35. Parvez, F.; Wasserman, G.A.; Factor-Litvak, P.; Liu, X.; Slavkovich, V.; Siddique, A.B.; Sultana, R.; Sultana, R.; Islam, T.;
Levy, D.; et al. Arsenic exposure and motor function among children in Bangladesh. Environ. Health Perspect. 2011, 119, 1665–1670.
[CrossRef] [PubMed]

36. Sarker, M.K.; Tony, S.R.; Siddique, A.E.; Karim, M.R.; Haque, N.; Islam, Z.; Islam, M.S.; Khatun, M.; Islam, J.; Hossain, S.; et al.
Arsenic secondary methylation capacity is inversely associated with arsenic exposure-related muscle mass Reduction. Int. J.
Environ. Res. Public Health 2021, 18, 9730. [CrossRef]

37. Markowski, V.P.; Reeve, E.A.; Onos, K.; Assadollahzadeh, M.; McKay, N. Effects of prenatal exposure to sodium arsenite on motor
and food-motivated behaviors from birth to adulthood in C57BL6/J mice. Neurotoxicol. Teratol. 2012, 34, 221–231. [CrossRef]

38. Kanungo, J.; Twaddle, N.C.; Silva, C.; Robinson, B.; Wolle, M.; Conklin, S.; MacMahon, S.; Gu, Q.; Edhlund, I.; Benjamin, L.; et al.
Inorganic arsenic alters the development of dopaminergic neurons but not serotonergic neurons and induces motor neuron development
via Sonic hedgehog pathway in zebrafish. Neurosci. Lett. 2023, 795, 137042. [CrossRef]

39. Du, Z.-W.; Chen, H.; Liu, H.; Lu, J.; Qian, K.; Huang, C.T.-L.; Zhong, X.; Fan, F.; Zhang, S.-C. Generation and expansion of
highly-pure motor neuron progenitors from human pluripotent stem cells. Nat. Commun. 2015, 6, 6626. [CrossRef]

40. Solomon, E.; Davis-Anderson, K.; Hovde, B.; Micheva-Viteva, S.; Harris, J.F.; Twary, S.; Iyer, R. Global transcriptome profile of the
developmental principles of in vitro iPSC-to-motor neuron differentiation. BMC Mol. Cell Biol. 2021, 22, 13. [CrossRef]

41. Jatko, J.T.; Darling, C.M.; Kellett, M.K.; Bain, L.J. Arsenic exposure in drinking water reduces Lgr5 and secretory marker gene
expression in mouse intestines. Toxicol. Appl. Pharmacol. 2021, 422, 115561. [CrossRef]

42. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008, 3, 1101–1108.
[CrossRef]

43. Bushnell, B.; Rood, J.; Singer, E. BBTools Software Package. 2014. Available online: https://sourceforge.net/projects/bbmap/
(accessed on 13 July 2023).

44. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
Universal RNA-Seq Aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]

45. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923–930. [CrossRef] [PubMed]

46. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

47. Steinbaugh, M.; Turner, S.; Wolen, A. Stephenturner/Annotables: Ensembl 90 (v0.1.90). Zenodo. Available online: https:
//zenodo.org/record/996854 (accessed on 13 July 2023).

48. Kolde, R. Pheatmap: Pretty Heatmaps; R Package Version 1.2: 747; R Foundation for Statistical Computing: Vienna, Austria, 2012.
49. Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. clusterProfiler: An R package for comparing biological themes among gene clusters. OMICS

2012, 16, 284–287. [CrossRef]
50. Wu, T.; Hu, E.; Xu, S.; Chen, M.; Guo, P.; Dai, Z.; Feng, T.; Zhou, L.; Tang, W.; Zhan, L.; et al. clusterProfiler 4.0: A universal

enrichment tool for interpreting omics data. Innovation 2021, 2, 100141. [CrossRef] [PubMed]
51. McMichael, B.M.; Perego, M.C.; Darling, C.L.; Perry, R.L.; Coleman, S.C.; Bain, L.J. Chronic arsenic exposure impairs differentiation

in P19 mouse embryonic stem cells. J. Appl. Toxicol. 2021, 41, 1089–1102. [CrossRef]
52. Laga, A.C.; Zhan, Q.; Weishaupt, C.; Ma, J.; Frank, M.H.; Murphy, G.F. SOX2 and nestin expression in human melanoma: An

immunohistochemical and experimental study. Exp. Dermatol. 2011, 20, 339–345. [CrossRef]
53. Luo, W.; Li, S.; Peng, B.; Ye, Y.; Deng, X.; Yao, K. Embryonic stem cells markers SOX2, OCT4 and Nanog expression andtheir

correlations with epithelial-mesenchymal transition in nasopharyngeal carcinoma. PLoS ONE 2013, 8, e56324.

https://doi.org/10.1007/s12011-018-1452-5
https://doi.org/10.1016/j.ijdevneu.2014.01.007
https://doi.org/10.3390/ijerph15112522
https://www.ncbi.nlm.nih.gov/pubmed/30423874
https://doi.org/10.1289/ehp.5966
https://www.ncbi.nlm.nih.gov/pubmed/12842773
https://doi.org/10.1081/ESE-120016887
https://doi.org/10.1016/S0140-6736(10)60481-3
https://www.ncbi.nlm.nih.gov/pubmed/20646756
https://doi.org/10.1289/ehp.1103548
https://www.ncbi.nlm.nih.gov/pubmed/21742576
https://doi.org/10.3390/ijerph18189730
https://doi.org/10.1016/j.ntt.2012.01.001
https://doi.org/10.1016/j.neulet.2022.137042
https://doi.org/10.1038/ncomms7626
https://doi.org/10.1186/s12860-021-00343-z
https://doi.org/10.1016/j.taap.2021.115561
https://doi.org/10.1038/nprot.2008.73
https://sourceforge.net/projects/bbmap/
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btt656
https://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1186/s13059-014-0550-8
https://www.ncbi.nlm.nih.gov/pubmed/25516281
https://zenodo.org/record/996854
https://zenodo.org/record/996854
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1016/j.xinn.2021.100141
https://www.ncbi.nlm.nih.gov/pubmed/34557778
https://doi.org/10.1002/jat.4095
https://doi.org/10.1111/j.1600-0625.2011.01247.x


Toxics 2023, 11, 644 20 of 21

54. Tanaka, S.; Kamachi, Y.; Tanouchi, A.; Hamada, H.; Jing, N.; Kondoh, H. Interplay of SOX and POU factors in regulation of the
Nestin gene in neural primordial cells. Mol. Cell. Biol. 2004, 24, 8834–8846. [CrossRef] [PubMed]

55. Nishimaru, H.; Restrepo, C.E.; Ryge, J.; Yanagawa, Y.; Kiehn, O. Mammalian motor neurons corelease glutamate and acetylcholine
at central synapses. Proc. Natl. Acad. Sci. USA 2005, 102, 5245–5249. [CrossRef] [PubMed]

56. Stifani, N. Motor neurons and the generation of spinal motor neuron diversity. Front. Cell Neurosci. 2014, 8, 293. [CrossRef]
57. Sánchez, C.; Díaz-Nido, J.; Avila, J. Phosphorylation of microtubule-associated protein 2 (MAP2) and its relevance for the

regulation of the neuronal cytoskeleton function. Prog. Neurobiol. 2000, 61, 133–168. [CrossRef] [PubMed]
58. Harada, A.; Teng, J.; Takei, Y.; Oguchi, K.; Hirokawa, N. MAP2 is required for dendrite elongation, PKA anchoring in dendrites,

and proper PKA signal transduction. J. Cell Biol. 2002, 158, 541–549. [CrossRef] [PubMed]
59. Haam, J.; Yakel, J.L. Cholinergic modulation of the hippocampal region and memory function. J. Neurochem. 2017, 142, 111–121.

[CrossRef]
60. Maurer, S.V.; Williams, C.L. The cholinergic system modulates memory and hippocampal plasticity via its interactions with

non-neuronal cells. Front. Immunol. 2017, 8, 1489. [CrossRef]
61. Vahter, M. Mechanisms of arsenic biotransformation. Toxicology 2002, 181–182, 211–217. [CrossRef]
62. States, J.C.; Barchowsky, A.; Cartwright, I.L.; Reichard, J.F.; Futscher, B.W.; Lantz, R.C. Arsenic toxicology: Translating between

experimental models and human pathology. Environ. Health Perspect. 2011, 119, 1356–1363. [CrossRef]
63. McCoy, C.R.; Stadelman, B.S.; Brumaghim, J.L.; Liu, J.T.; Bain, L.J. Arsenic and its methylated metabolites inhibit the differentiation

of neural plate border specifier cells. Chem. Res. Toxicol. 2015, 28, 1409–1421. [CrossRef]
64. Chou, C.; Lin, H.; Hwang, P.; Wang, S.; Hsieh, C.; Hwang, D. Taurine resumed neuronal differentiation in arsenite-treated N2a

cells through reducing oxidative stress, endoplasmic reticulum stress, and mitochondrial dysfunction. Amino Acids 2015, 47,
735–744. [CrossRef]

65. Jahan, S.; Ansari, U.A.; Siddiqui, A.J.; Iqbal, D.; Khan, J.; Banawas, S.; Alshehri, B.; Alshahrani, M.M.; Alsagaby, S.A.;
Redhu, N.S.; et al. Nobiletin ameliorates cellular damage and stress response and restores neuronal identity altered by sodium
arsenate exposure in human ipscs-derived hNPCs. Pharmaceuticals 2022, 15, 593. [CrossRef] [PubMed]

66. Aubert, J.; Stavridis, M.P.; Tweedie, S.; O’Reilly, M.; Vierlinger, K.; Li, M.; Ghazal, P.; Pratt, T.; Mason, J.O.; Roy, D.; et al. Screening
for mammalian neural genes via fluorescence-activated cell sorter purification of neural precursors from Sox1-gfp knock-in mice.
Proc. Natl. Acad. Sci. USA 2003, 100 (Suppl. S1), 11836–11841. [CrossRef] [PubMed]

67. Park, S.M.; Jo, N.R.; Lee, B.; Jung, E.; Lee, S.D.; Jeung, E. Establishment of a developmental neurotoxicity test by Sox1-GFP mouse
embryonic stem cells. Reprod. Toxicol. 2021, 104, 96–105. [CrossRef] [PubMed]

68. Chen, H.; Yuh, C.; Wu, K.K. Nestin is essential for zebrafish brain and eye development through control of progenitor cell
apoptosis. PLoS ONE 2010, 5, e9318. [CrossRef]

69. Krishnasamy, S.; Weng, Y.; Thammisetty, S.S.; Phaneuf, D.; Lalancette-Hebert, M.; Kriz, J. Molecular imaging of nestin in
neuroinflammatory conditions reveals marked signal induction in activated microglia. J. Neuroinflamm. 2017, 14, 45. [CrossRef]

70. Do Valle, I.B.; Gomes, N.A.; Diniz, I.M.A.; de Arruda, J.A.A.; Almeida, T.F.A.; Santos, M.S.; Birbrair, A.; von Zeidler, S.V.; Silva, T.A.
Nestin and Neuron-glial antigen 2 transgenes unveil progenitor units in murine salivary glands. Arch. Oral. Biol. 2022, 134, 105344.
[CrossRef]

71. Feng, N.; Han, Q.; Li, J.; Wang, S.; Li, H.; Yao, X.; Zhao, R.C. Generation of highly purified neural stem cells from human
adipose-derived mesenchymal stem cells by Sox1 activation. Stem Cells Dev. 2014, 23, 515–529. [CrossRef]

72. Parsons, S.M.; Bahr, B.A.; Gracz, L.M.; Kaufman, R.; Kornreich, W.D.; Nilsson, L.; Rogers, G.A. Acetylcholine transport:
Fundamental properties and effects of pharmacologic agents. Ann. N. Y. Acad. Sci. 1987, 493, 220–233. [CrossRef]

73. Picciotto, M.R.; Higley, M.J.; Mineur, Y.S. Acetylcholine as a neuromodulator: Cholinergic signaling shapes nervous system
function and behavior. Neuron 2012, 76, 116–129. [CrossRef]

74. Sun, J.; Pan, C.Q.; Chew, T.W.; Liang, F.; Burmeister, M.; Low, B.C. BNIP-H recruits the cholinergic machinery to neurite terminals
to promote acetylcholine signaling and neuritogenesis. Dev. Cell 2015, 34, 555–568. [CrossRef] [PubMed]

75. Arvidsson, U.; Riedl, M.; Elde, R.; Meister, B. Vesicular acetylcholine transporter (VAChT) protein: A novel and unique marker
for cholinergic neurons in the central and peripheral nervous systems. J. Comp. Neurol. 1997, 378, 454–467. [CrossRef]

76. Choudhary, P.; Armstrong, E.J.; Jorgensen, C.C.; Piotrowski, M.; Barthmes, M.; Torella, R.; Johnston, S.E.; Maruyama, Y.;
Janiszewski, J.S.; Storer, R.I.; et al. Discovery of compounds that positively modulate the high affinity choline transporter. Front.
Mol. Neurosci. 2017, 10, 40. [CrossRef] [PubMed]

77. Hampel, H.; Mesulam, M.; Cuello, A.C.; Farlow, M.R.; Giacobini, E.; Grossberg, G.T.; Khachaturian, A.S.; Vergallo, A.; Cavedo,
E.; Snyder, P.J.; et al. The cholinergic system in the pathophysiology and treatment of Alzheimer’s disease. Brain 2018, 141,
1917–1933. [CrossRef]

78. Power, A.E. Slow-wave sleep, acetylcholine, and memory consolidation. Proc. Natl. Acad. Sci. USA 2004, 101, 1795–1796.
[CrossRef]

79. Li, M.; Zhao, X.; Wang, W.; Shi, H.; Pan, Q.; Lu, Z.; Perez, S.P.; Suganthan, R.; He, C.; Bjørås, M.; et al. Ythdf2-mediated m6A
mRNA clearance modulates neural development in mice. Genome Biol. 2018, 19, 69. [CrossRef]

80. Aung, K.H.; Kyi-Tha-Thu, C.; Sano, K.; Nakamura, K.; Tanoue, A.; Nohara, K.; Kakeyama, M.; Tohyama, C.; Tsukahara, S.; Maekawa, F.
Prenatal exposure to arsenic impairs behavioral flexibility and cortical structure in mice. Front. Neurosci. 2016, 10, 137. [CrossRef]

https://doi.org/10.1128/MCB.24.20.8834-8846.2004
https://www.ncbi.nlm.nih.gov/pubmed/15456859
https://doi.org/10.1073/pnas.0501331102
https://www.ncbi.nlm.nih.gov/pubmed/15781854
https://doi.org/10.3389/fncel.2014.00293
https://doi.org/10.1016/S0301-0082(99)00046-5
https://www.ncbi.nlm.nih.gov/pubmed/10704996
https://doi.org/10.1083/jcb.200110134
https://www.ncbi.nlm.nih.gov/pubmed/12163474
https://doi.org/10.1111/jnc.14052
https://doi.org/10.3389/fimmu.2017.01489
https://doi.org/10.1016/S0300-483X(02)00285-8
https://doi.org/10.1289/ehp.1103441
https://doi.org/10.1021/acs.chemrestox.5b00036
https://doi.org/10.1007/s00726-014-1901-1
https://doi.org/10.3390/ph15050593
https://www.ncbi.nlm.nih.gov/pubmed/35631419
https://doi.org/10.1073/pnas.1734197100
https://www.ncbi.nlm.nih.gov/pubmed/12923295
https://doi.org/10.1016/j.reprotox.2021.07.004
https://www.ncbi.nlm.nih.gov/pubmed/34273508
https://doi.org/10.1371/journal.pone.0009318
https://doi.org/10.1186/s12974-017-0816-7
https://doi.org/10.1016/j.archoralbio.2021.105344
https://doi.org/10.1089/scd.2013.0263
https://doi.org/10.1111/j.1749-6632.1987.tb27203.x
https://doi.org/10.1016/j.neuron.2012.08.036
https://doi.org/10.1016/j.devcel.2015.08.006
https://www.ncbi.nlm.nih.gov/pubmed/26343454
https://doi.org/10.1002/(SICI)1096-9861(19970224)378:4&lt;454::AID-CNE2&gt;3.0.CO;2-1
https://doi.org/10.3389/fnmol.2017.00040
https://www.ncbi.nlm.nih.gov/pubmed/28289374
https://doi.org/10.1093/brain/awy132
https://doi.org/10.1073/pnas.0400237101
https://doi.org/10.1186/s13059-018-1436-y
https://doi.org/10.3389/fnins.2016.00137


Toxics 2023, 11, 644 21 of 21

81. Boza-Morán, M.G.; Martínez-Hernández, R.; Bernal, S.; Wanisch, K.; Also-Rallo, E.; Le Heron, A.; Alías, L.; Denis, C.; Girard, M.;
Yee, J.; et al. Decay in survival motor neuron and plastin 3 levels during differentiation of iPSC-derived human motor neurons.
Sci. Rep. 2015, 5, 11696. [CrossRef]

82. Martin, J.E.; Nguyen, T.T.; Grunseich, C.; Nofziger, J.H.; Lee, P.R.; Fields, D.; Fischbeck, K.H.; Foran, E. Decreased motor neuron
support by sma astrocytes due to diminished MCP1 secretion. J. Neurosci. 2017, 37, 5309–5318. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/srep11696
https://doi.org/10.1523/JNEUROSCI.3472-16.2017

	Introduction 
	Materials and Methods 
	HiPS Cell Culture and Arsenic Exposure 
	Cell Differentiation 
	In Vivo Arsenic Exposure and Hippocampi Collection 
	Quantitative PCR 
	Immunohistochemistry 
	Sholl Analysis 
	RNA Sequencing 
	Flow Cytometry 
	Statistical Analysis 

	Results 
	Human iPS Cells Are Sensitive to Arsenic Exposure 
	Differential Gene Expression of Key Pluripotency and Differentiation Markers Confirms Generation of Motor Neurons (MNs) 
	Key Markers of Motor Neuron Differentiation Are Disrupted following Arsenic Exposure 
	Differential Gene Expression Due to Arsenic Exposure in D6 NEPs and D18 Early MNs 
	Arsenic Reduces Expression of Genes in Cholinergic Synapses Involved in Acetylcholine Synthesis, Transport, and Degradation 
	Arsenic Exposure Downregulates Protein Expression of MAP2 and ChAT, and Reduces Neurite Length in D28 Mature MNs 
	Arsenic Exposure In Vivo Downregulated ChAT Protein Expression in Adult Mice Hippocampi 

	Discussion 
	Arsenic Impairs Transcript Levels of Key Motor Neuron Differentiation Markers 
	Arsenic Downregulates ChAT Expression and Inhibits Genes Involved in Acetylcholine Transport and Degradation 
	Arsenic Reduces Neurite Length in Mature MNs 

	Conclusions 
	References

