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A B S T R A C T

Manganese (Mn) is essential for neuronal health but neurotoxic in excess. Mn levels vary across brain regions
and neurodevelopment. While Mn requirements during infanthood and childhood are significantly higher than
in adulthood, the relative vulnerability to excess extracellular Mn across human neuronal developmental time
and between distinct neural lineages is unknown. Neurological disease is associated with changes in brain Mn
homeostasis and pathology associated with Mn neurotoxicity is not uniform across brain regions. For example,
mutations associated with Huntington’s disease (HD) decrease Mn bioavailability and increase resistance to Mn
cytotoxicity in human and mouse striatal neuronal progenitors. Here, we sought to compare the differences in
Mn cytotoxicity between control and HD human-induced pluripotent stem cells (hiPSCs)-derived neuropro-
genitor cells (NPCs) and maturing neurons. We hypothesized that there would be differences in Mn sensitivity
between lineages and developmental stages. However, we found that the different NPC lineage specific media
substantially influenced Mn cytotoxicity in the hiPSC derived human NPCs and did so consistently even in a non-
human cell line. This limited the ability to determine which human neuronal sub-types were more sensitive to
Mn. Nonetheless, we compared within neuronal subtypes and developmental stage the sensitivity to Mn cyto-
toxicity between control and HD patient derived neuronal lineages. Consistent with studies in other striatal
model systems the HD genotype was associated with resistance to Mn cytotoxicity in human striatal NPCs. In
addition, we report an HD genotype-dependent resistance to Mn cytotoxicity in cortical NPCs and hiPSCs.
Unexpectedly, the HD genotype conferred increased sensitivity to Mn in early post-mitotic midbrain neurons but
had no effect on Mn sensitivity in midbrain NPCs or post-mitotic cortical neurons. Overall, our data suggest that
sensitivity to Mn cytotoxicity is influenced by HD genotype in a human neuronal lineage type and stage of
development dependent manner.

1. Introduction

Manganese (Mn) is a necessary trace element critical for human
health and plays a role in many cellular processes. It is a co-factor for
enzymes involved in neurotransmitter synthesis and neuronal and glial
metabolism (Butterworth, 1986; Erikson and Aschner, 2003). Mn levels
in brain tissue are estimated to average 1–2 μg/g dry weight and vary
across brain regions (Bowman et al., 2011) with the highest levels of
Mn measured in the globus pallidus (2.0 ± 1.2 μg/g) and putamen
(Mn, 2.5 ± 0.8 μg/g) (Krebs et al., 2014; Ramos et al., 2014). Excessive
exposure to Mn due to occupational activities such as mining and
welding can lead to Mn accumulation in basal ganglia dopamine rich

regions (Prohaska, 1987). Abnormally high levels of Mn can also lead to
a condition known as manganism which is an extra-pyramidal neuro-
logical disease and presents symptoms similar to Parkinson’s disease
(PD) (i.e., cognitive, motor, and emotional deficits) (Aschner et al.,
2007; Pharmacol, 1837). The extra pyramidal effects of Mn are believed
to be mediated by neurotoxicity in the globus pallidus and basal ganglia
structures (Guilarte, 2010; Benedetto et al., 2009).

Levels of Mn across brain regions and neurodevelopmental stage are
diverse and it is unclear whether sensitivity of different neuronal sub-
types to Mn may be correlated with regional Mn concentrations
(Coetzee et al., 2016; Erikson et al., 2002). Indeed, it is the overlap
between Mn levels in different brain regions under basal or elevated
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exposure conditions and sensitivity of the neurons within those brain
regions that presumably contribute to Mn neuropathobiology. There is
substantial evidence that both insufficient or excessively high levels of
Mn might be harmful to health (O’Neal and Zheng, 2015; Shan et al.,
2016; Pfalzer and Bowman, 2017). Mn plays an essential role in neu-
rodevelopment. While some studies show that elevated Mn levels in
children leads to behavioral disinhibition, olfactory and motor function,
as well as hyperactivity (Ericson et al., 2007; Lucchini et al., 2012),
other reports found no correlation between Mn concentrations and
brain development (Ode et al., 2015). These inconsistent reports sug-
gest that there are potential differences in Mn cytotoxicity across de-
velopmental time and lineage in the brain. Exposure to Mn in prenatal
and postnatal periods has been shown to accumulate in striatum and
hippocampus (Dorman et al., 2000; Fechter, 1999). Mn neurotoxicity is
mediated by altered neurotransmission, neuronal apoptosis, ex-
citotoxicity, and oxidative stress (Coetzee et al., 2016; Fechter, 1999).
Many regions and cell types of the brain have been implicated as targets
for Mn toxicity including the striatal, cortical and dopamine neurons in
both human and animal models (Eriksson et al., 1992; Normandin and
Hazell, 2002; Guilarte et al., 2006).

Mn requirements during infanthood and childhood are significantly
higher than in adults (Trumbo et al., 2001). Paradoxically, however,
elevated levels of Mn have been observed in the aging brain (Ramos
et al., 2014). The relationship between brain Mn and Mn-dependent
pathways is complicated with evidence of increased activity of Mn-
dependent enzymes (e.g. arginase 2), but decreased expression of Mn-
dependent enzymes after chronic elevated Mn levels (Bichell et al.,
2017). Indeed, the complexities and homeostatic relationship to de-
velopment and aging of ensuing Mn-requirements are met while
avoiding Mn toxicity are not well defined as recently reviewed by us
(Pfalzer and Bowman, 2017). Interestingly, studies in rodent models
have shown that at young ages Mn toxicity does not lead to cognitive
impairment; however, adult ages show a decline in cognitive and be-
havioral outcomes (Cordova et al., 2013; Fu et al., 2016; Su et al.,
2016). Thus, Mn homeostasis is important for brain development and
deficient regulation of Mn homeostasis may impair neurodevelopment
or lead to neuronal pathophysiology and disease.

HD is an autosomal dominant neurodegenerative disease in which
patients exhibit cognitive, behavioral, psychological, and movement
dysfunction. It is caused by expansion of the CAG repeat in the hun-
tingtin (Htt) protein, and age of onset is inversely correlated with the
number of repeats (Wexler, 2004). There is compelling evidence that
environmental factors/modifiers play a role in determining age of
onset, one such environmental factors may be Mn (Correia et al., 2015;
Friedman et al., 2005). Previous studies in several different HD models
have shown decreased cellular Mn-uptake supporting the hypothesis
that HD is associated with neuronal cell type specific deficit in Mn
bioavailability (Bichell et al., 2017; Horning et al., 2015). Mn has been
shown to play a role in cell signaling pathways such as ATM-p53,
pathways that are altered in experimental models of HD (Tidball et al.,
2015).

Here, we present the first study assessing Mn cytotoxicity in dif-
ferent human neuronal lineages and different neuro-developmental
stages of control and HD patient hiPSC-derived striatal, cortical and
developing mesencephalic dopaminergic neurons. Cellular mechanisms
of Mn neurotoxicology are not fully understood and the dose response
relationships of Mn toxicity are elusive. Over the course of this study,
we discovered that there is a strong effect of media-type on Mn toxicity,
such that an accurate comparison of Mn cytotoxicity between devel-
oping human neuronal lineages cannot be done using the lineage spe-
cific medias that are optimal for human neuronal differentiation pro-
tocols. Thus, we tested instead whether the HD genotype affects Mn-
induced cytotoxicity between cortical, striatal, and midbrain neural
lineages across developmental stages comparing control and HD patient
derived cells.

2. Materials and methods

2.1. hiPSCs Cell Culture

hiPSCs lines derived from five healthy control subjects (CA30, CC3,
CD2, CD12, CE6, CX3) and four HD patients (HD58-3, HD70-2, HD70-
11, HD180-6) were used, which included both males and females and
have been described and validated in detail elsewhere (Tidball et al.,
2016). hiPSCs were maintained in mTeSR1 medium (StemCell Tech-
nologies, Vancouver, BC) on Matrigel (BD Biosciences, San Jose, CA)
coated six-well plates. hiPSCs were dissociated by incubating for 10min
in Accutase (Innovative Cell Technologies, San Diego, CA), then cen-
trifugated and resuspended in mTeSR1 with 10 μM ROCK inhibitor Y-
27632 (Tocris) and replated at 100,000 cells/ml. Neural differentiation
was started after the hiPSCs cultures reached 100% confluency. All Mn
exposures for hiPSCs were conducted after they reached 90–100%
confluency.

2.2. Cortical neural differentiation

Cortical neural induction was performed following the dual SMAD
protocol published by Chambers et al., except that LDN193189
(Stemgent Cat. N. 04-0074) at 0.4 μM was used instead of noggin.
SB431542 (10mM) was purchased from (Stemgent Cat. N.04-0010)
(Chambers et al., 2009; Neely et al., 2012; Di Pardo et al., 2017)
(Fig. 1B). Neuralization medium consists of 410ml Knockout DMEM/
F12 (Invitrogen #12660), 75ml Knockout Serum (Invitrogen # 10828),
5 ml μl β-mercaptoethanol (Sigma # M3148) and N2 medium which
consists of 500ml DMEM/F12 (Invitrogen #10565-018, + glutamax),
0.775 g D-Glucose, and 5ml N2 supplement (Thermo Fisher Scien-
tific#17502048). After 10 days of neural induction, neural differ-
entiation was initiated as reported by Shi et al (Shi et al., 2012). Briefly,
cells were switched to media composed of 50% N2 CTX medium and
50% B27 Neurobasal medium. N2 CTX medium: 500ml DMEM/F12 +
glutamax (Invitrogen #10565-018, + glutamax), 5 ml N2 supplement
(Invitrogen #17502-048), 5 ml non-essential amino acids (100x stock,
Invitrogen # M7145), 10ml Pen/Strep (100 x stock; Mediatech # 30-
002-Cl), 3.5 μl β-mercaptoethanol (Sigma # M3148). B27 Neurobasal
medium: 500ml Neurobasal medium (Life Technologies #21103-049),
10ml B27 supplement (Life Technologies #17504044), 5 ml Glutamax
(Life Technologies #10565042). The media for day 11 cortical ex-
posures consists of 25% neuralization media and 75% N2 media with
SB431542 (10mM) and LDN193189 (0.4 μM) (Fig. 1B). Additional
details and validation of this differentiation method have been pre-
viously reported (Neely et al., 2012; Di Pardo et al., 2017; Brown et al.,
2016).

2.3. Striatal neural differentiation

Striatal differentiation (Fig. 1C) was conducted for 11 days via the
same dual SMAD neural induction protocol using LDN (4 μM) (Stem-
gent Cat. N. 04-0074) and SB431542 (10 μM) (Stemgent Cat. N.04-
0010), but, in addition purmorphamine (0.65 μM) (Stemgent, Cam-
bridge, MA) (Tidball et al., 2015; Bryan et al., 2017) was added to
pattern striatal NPCs. The media for day 11 striatal exposures consists
100% N2 media purmorphamine (0.65 μM) (Fig. 1C). Additional details
and validation of this differentiation method have been previously re-
ported.

2.4. Midbrain neural differentiation

Midbrain dopamine (DA) differentiation was performed as de-
scribed (Kriks et al., 2011) except that LDN was used at 0.4 μM
(Stemgent Cat. N. 04-0074) (Neely et al., 2017; Kumar et al., 2014). All
NPCs were replated at 300,000 cells/ml on day 8 and early neurons
were replated at 500,000 cells/ml on day 22 for all relevant exposures.

P. Joshi, et al. Neurotoxicology 75 (2019) 148–157

149



The media for day 11 midbrain exposures consists of 25% neuralization
media and 75% N2 media with CHIR99021 (3mM) and LDN193189
(0.4 μM) (Fig. 1D). The media for day 25 early midbrain neurons
consists of 100% neurobasal media+ glutamax with these compounds:
BDNF (20 ng/ml), GDNF (20 ng/ml), TGFb3 (1 ng/ml), dcAMP
(0.5 uM), DAPT (10μM), and ascorbic acid (200μM). Additional details
and validation of this differentiation method have been previously re-
ported (Neely et al., 2017).

2.5. Validation of lineage differentiation

Supplemental Fig. 1 shows an example confirmation of expression
of lineage specific markers at Day 11 for cortical, striatal, and midbrain
NPCs. All cells to be analyzed were plated into 96 well plates (Greiner
Bio-One, Monroe, North Carolina, μclear) and immunofluorescence was
performed. Cells were fixed in 4% paraformaldehyde (PFA) in PBS so-
lution for 20min at room temperature, the cells were permeabilized
with 0.2% Triton X-100 for 20min, and incubated in PBS containing 5%
donkey serum (Jackson ImmunoResearch, West Grove, Pennsylvania)
and 0.05% Triton-X (Sigma) overnight at 4 °C. The following day, pri-
mary antibodies (Pax6, Sox1, LMX1a, FOXA2, and ISLET1 (Tidball
et al., 2015; Neely et al., 2017)) were added and incubated overnight at

4 °C. Secondary antibodies were added the next day and plates were
imaged using a Zeiss ObserverZ1 microscope and AxioVs40 software
(version 4.7.2).

2.6. Mouse striatal cell model system

Immortalized, wild-type STHdh[Q7/Q7] (abbreviated to STHdh)
murine striatal cell lines from Coriell Cell Repository (Cambden, NJ)
were cultured in Dulbecco’s Modified Eagle Medium (D6546, Sigma-
Aldrich, St. Louis MO). DMEN was supplemented with 10% Fetal
Bovine Serum (FBS) (Atlanta Biologicals, Flowery Branch, GA), 2 mM
GlutaMAX (Life Technologies, Carlsbad, CA), Penicillin-Streptomycin,
0.5 mg/ml G418 Sulfate (Life Technologies, Carlsbad, CA), MEM non-
essential amino acids solution (Life Technologies, Carlsbad, CA), and
14mM HEPES (Life Technologies, Carlsbad, CA). The STHdh cells were
incubated in 33°and 5% CO2 and passaged by utilizing 0.05% Trypsin-
EDTA solution (Life Technologies, Carlsbad, CA). The STHdh cells were
plated at 80,000 cells/ml (Williams et al., 2010a, b) and were cultured
on Matrigel to mimic the plate conditions of the neural lineages.
Twenty-four hours after replating, cells were exposed to different
human neuronal differentiation media types to test for media-depen-
dent effects on Mn cytotoxicity.

Fig. 1. Summary data of Mn cytotoxicity in human neuronal lineages. (A) Differentiation of hiPSCs to NPCs and neurons. (B–D) Protocol summaries for
differentiating three different neuroprogenitor lineages.
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2.7. Mn exposures

hiPSCs were replated at 100,000 cells/ml 3 days before start of 24 -h
Mn exposure. All lineages of day 11 NPCs were replated on day 8 at
300,000 cells/ml and cortical neurons that had undergone neuronal
differentiation were replated at different stages of differentiation at
500,000 cells/ml. Mesencephalic dopaminergic neurons were replated
on day 22 at 500,000 cells/ml as described. All cells were plated into
Matrigel coated 96 well plates and exposed to Mn in the lineage and
developmental-stage specific medium. ROCK inhibitor was removed
24 h prior to all Mn exposures in all human derived cell types and all
cells were exposed for 24 h in Mn. For the STHdh cells, they were plated
at 80,000 cells/ml on Matrigel and exposed 24 h later with Mn in the
different human neuronal differentiation media.

2.8. Quantification of net cellular Mn accumulation

Quantification of intracellular Mn levels was preformed using the
validated Cellular Fura-2 Mn Extraction Assay (CFMEA) exactly as de-
scribed (Kwakye et al., 2011a, b).

2.9. Cell viability assay

After the 24 -h exposure to Mn exposure, 20 μl of Cell Titer Blue
reagent from Cell Titer Blue assay (Promega, G8081) was added to each
well of 96 well plate. Cell lysis buffer (10% Triton in PBS) was added to
some wells to provide background fluorescence for zero percent viabi-
lity. In this assay, live cells reduce resazurin to resorufin, whose
fluorescence correlates with the number of viable cells. The fluores-
cence was measured using excitation of 570 nm and emission of 600 nm
by using a Beckman coulter DTX 880 multimode plate reader (Beckman
Coulter, Brea, California). The sample size (n) refers to the number of
independent differentiations of subject lines within each group (i.e. HD
or control), with the number of independent hiPSC lines (see above for
the list of lines within each group) that contribute to this total sample
size for each experimental group stated in the figure legend. Multiple
reads at different time points after addition of the cell titer blue reagent
were conducted for each cell type and every experiment to optimize this
assay for duration to avoid saturation of signal and ensure comparable
cell titer blue signal strength across cell types and media types
(Supplementary Table 1). We sought to achieve a background subtract
signal strength for the vehicle control samples of each experiment be-
tween 18000–60000 fluorescent units depending on cell type. More
information about the assay can be found here, as previously described
(Joshi et al., 2018).

2.10. Strategy for determining concentration response curves

To accurately determine Mn cytotoxicity in hiPSCs and derived
lineages, full concentration curves to Mn were conducted
(Supplemental table 2), limited to 8 different concentrations to allow
for 3–4 technical replicates in our plating design. The majority of
concentrations of Mn selected were aimed at clustering close to LC50
values to enable accurate calculations across lineages. Though we also
sought to ensure at least one low concentration with minimal cyto-
toxicity (> 85% survival) and one high concentration with maximal
cytotoxicity (< 15% survival). When necessary to allow for a sufficient
range of cell toxicity on either side of the experimentally determined
LC50, we adjusted the Mn concentrations used in subsequent trials if
there was limited range of cell death using the initial exposure con-
centrations (typically 0–1000 μM, though later tested lineage stages
were informed by prior curves as to the optimal starting exposure
range). Supplemental table 2 provides all survival data by experiments
across all concentration response curves. This experimental design was
established to ensure optimal ability to calculate an LC50 value across
all experiments. However, to ensure a consistent comparison across all

response curve experiments, a 500 uM Mn exposure was used across all
lineages.

2.11. Statistics

Statistical analyses were performed using Prism software version
8.0 (GraphPad, La Jolla, CA) and Excel (Microsoft, Redmond, WA). XY
analyses (non-linear regression (curve fit)) test with inhibitor vs. nor-
malized response- variable slope was conducted. This model does not
assume a standard slope but fits the hill slope from data. Lethal con-
centration 50 (LC50), R square, and degrees of freedom were calculated
for survival of all cell types and 95% confidence intervals were plotted.
LC50 is the dose of Mn at which 50% of the cells were killed in a 24 -h
exposure. Non-overlapping calculated confidence intervals were used to
identify statistically significant differences in control and HD. Pearson
correlation analysis was performed using Prism software, with two-tail
P values and Pearson r values reported. Two-way ANOVA was per-
formed using Prism software with a repeated measure design by each
experimental replicate, Sidak’s multiple comparisons tests were used
for binary post hoc comparisons.

3. Results

3.1. Neuronal lineages derived from hiPSCs show differences in Mn
sensitivity by lineage and developmental stage

Neural lineages derived from control subject and HD patient hiPSCs
were exposed to Mn for 24 h in stage-appropriate media (Fig. 1A).
Based on established protocols (Tidball et al., 2015; Chambers et al.,
2009; Neely et al., 2012; Kriks et al., 2011), we differentiated cells
along three different lineages: cortical glutamatergic, striatal GA-
BAergic projection NPCs, and midbrain dopaminergic. Each lineage
requires different types of base media, supplements, and differentiation
factors during in vitro differentiation into target NPCs or neurons
(Fig. 1B-D). We first examined the cytotoxicity in control subject hiPSC-
derived NPCs and neurons to Mn exposure in the lineage and stage
appropriate media for all three lineages to determine relative sensitiv-
ities to Mn cytotoxicity. The incubation times for Cell Titer Blue assay
were optimized for different cell types to match for similar range of
values (Supplementary Table 1). Control subject hiPSC and hiPSC-de-
rived NPCs plotted showed a difference in relative sensitivity to Mn,
with the striatal NPCs showing the greatest sensitivity, while cortical
and midbrain NPCs were relatively more resistant to Mn toxicity at a
comparable stage of development (Table 1). The early midbrain neu-
rons are the most resistant, with LC50 values almost double that of the
early cortical neurons (Table 1). While this may be noteworthy, given
the relatively high accumulation of Mn in the midbrain upon in vivo
exposures (Pharmacol, 1837; Tidball et al., 2015), subsequent analysis
reported here next strongly suggests that the majority of lineage dif-
ferences are largely due to differences in the lineage-specific media it-
self rather than cell autonomous differences.

3.2. No difference in the sensitivity of day 11 neuronal lineages when media
type is controlled

Differentiation of hiPSCs down distinct neural lineages requires the
sequential exposure to specific media-types and supplemented small
molecules. Mn exposures were performed in the media appropriate for
each lineage/stage of neural development. Thus, we sought to test
whether differences in Mn cytotoxicity could also be influenced by the
different lineage-specific media as well as differences in the cell au-
tonomous lineage-specific phenotypes. To test this, we differentiated
hiPSCs cortical, striatal, and midbrain NPCs to day 11, and exposed
each to 200μM Mn in all three lineage-specific media for 24 h side-by-
side to control for each differentiation. Two-way repeat measure
ANOVA matched by experimental set (n= 4 experimental sets)
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demonstrated a significant effect of media type (F(1.256, 11.31)= 17.70,
P=0.0009), but no difference by neuronal lineage, or a lineage by
media type interaction effect (Fig. 2). Post-hoc Tukey's multiple com-
parison analysis revealed that all lineages were more sensitive after 24 -
h exposure to 200μM Mn in Day 11 striatal media versus either the Day
11 cortex media or Day 11 midbrain media. Examination of the data
show that consistent with the ANOVA result of no significant effect by
lineage, there is no substantial difference in cytotoxicity across the
three lineages when compared in exposures to a single media type.
Thus, for Day 11 lineages, this strongly suggests that our LC50 values
showing that the striatal lineage is more sensitive than the cortical or
midbrain lineage at Day 11 (Table 1) is driven almost exclusively by the
striatal lineage media.

Cytotoxicity and net Mn uptake in STHdh mouse cell line show
a strong correlation between lineage/stage specific media type and
observed LC50 value of the corresponding hiPSC-derived neural
lineage/stage

After observing no difference in lineage sensitivity to Mn if media-
type was controlled for, we choose to test media effects in a non-human
immortalized mouse striatal cell line. This is the same line in which our
lab first observed a Mn uptake phenotype in HD cells. The wild-type
mouse striatal cell line, STHdh, is known to have high sensitivity to Mn
cytotoxicity with substantial cell death at even 100μMMn for 24 h in its
normal bovine-serum containing DMEM media (Tidball et al., 2015;
Williams et al., 2010a). We reasoned that if media-type influenced
cytotoxicity significantly then the observed survival after Mn exposure
in this non-human striatal cell line across the different media-types may

correlate with the observed LC50 in the same media-type observed for
the hiPSC-derived neuronal lineages/stages. The STHdh cells were
plated and exposed for 24 h to 500μM Mn, a higher dose to account for
the supplement rich human medias, in all the different media-types
used for each neuronal lineage/stage. We measured cell survival by cell
titer blue assay then compared these values to our measured control
LC50 values (see Table 1) in the corresponding human neuronal
lineage/stage for that media. We also measured total Mn accumulation
after the same 24 -h exposures by the CFMEA assay and compared these
values to the measured hiPSC neural lineage LC50 values. Cytotoxicity
measurements and CFMEA for cellular Mn levels indeed showed that
type of media is significantly correlated with LC50 values in the human
cell lineages (Fig. 3A-B). To determine if the degree of Mn uptake in the
different media types was a strong driver of the observed cytotoxicity,
in the STHdh line itself, we measured the correlation between Mn-up-
take (CMFEA assay) and cell survival in the STHdh cell line and also
observed that ∼85% of the variance in cell survival could be explained
by the variance in net Mn accumulation (Fig. 3C). These data from a
non-human immortalized neuroprogenitor cell line argue that a sub-
stantial degree (80–90%) of the observed differences in Mn cytotoxicity
between the different human neuronal lineages and developmental
stages (Table 1) can be explained by the influence of the specific media-
type on Mn transport. Thus, analysis of Mn neurotoxicity across
lineages cannot be assessed due to the different media requirements of
differentiation.

Further work is needed to determine the media composition re-
sponsible for the effects on Mn cytotoxicity. But on possibility is that

Table 1
LC50 concentration (report in μM Mn) and hill slope coefficients after 24 -h Mn exposures. Significant differences between control and HD values are indicated by (*)
and bold text for the HD value reported.

hiPSCs Day 11 Cortical
NPCs

Day 11 Striatal
NPCs

Day 11 Midbrain
NPCs

Early Midbrain
Neurons
(Day 25)

Early Cortical
Neurons
(Day 50-125)

Mature Cortical Neurons
(Day 135-200)

LC50-Control
95% confidence interval

520
"502.1 to
536.9"

1448
"1322 to 1597"

559.8
"505.5 to 615.2"

1639
"1463 to 1841"

3572
"2672 to 5683"

1871
"1533 to 2315"

2086
"1629 to 2761"

LC50- HD
95% confidence interval

586*
"542.6 to
629.2"

2657*
"2249 to 3248"

777.6*
"707.2 to 855.5"

1593
"1417 to 1803"

1165*
"956.5 to 1450"

2445
"1946 to 3151"

2498
"1779 to 3773"

Hill Slope- Control
95% confidence interval

7.789
"5.559 to
11.23"

1.737
"1.512 to 1.996"

2.329
"1.86 to 2.961"

1.650
"1.376 to 1.979"

0.9989
"0.7034 to 1.362"

1.63
"1.287 to 2.113"

3.107
"1.849 to+ infinity"

Hill Slope- HD
95% confidence interval

2.738*
"2.081 to
3.721"

2.645
"1.554 to 7.085"

2.269
"1.784 to 2.909"

1.482
"1.245 to 1.76"

0.865
"0.6755 to 1.085"

1.273
"0.9922 to 1.628"

1.304
"0.8381 to 2.015"

Fig. 2. No difference in the sensitivity of day 11 NPCs
when media type is controlled. NPCs were generated from
hiPSCs into cortical, striatal, and midbrain day 11 NPCs and
exposed to 200 μM Mn for 24 h. Cell titer blue assay was
conducted in opposing medias to assess the effect of media on
lineage. Two-way repeated measure ANOVA matched by ex-
periment set showed a significant effect of media. Post-hoc
Tukey’s multiple comparison analysis demonstrated all three
NPC lineages were more sensitive in day 11 striatal media. **P
value is 0.006 and ***P value is< 0.0001.

P. Joshi, et al. Neurotoxicology 75 (2019) 148–157

152



media type could influence cell density and growth measurements, as
different media-type may affect the cell’s ability to reduce resazurin to
resorufin, the key reaction in the Cell Titer Blue assay, we examined the
correlation between the observed cytotoxicity at 500μM Mn and the
background-subtracted raw cell titer blue assay values for the vehicle-
only media exposure between media-types (Fig. 3D). Pearson correla-
tion analysis failed to detect a significant relationship. Thus, the ob-
served LC50 values of different neuronal lineages/stages was sig-
nificantly correlated with Mn-cytotoxicity and net Mn accumulation in
the STHdh mouse striatal neuroprogenitor cell line using only the as-
sociate cell culture media of that lineage/stage. However, this effect
does not appear to be due to changes in the observed cell growth and
cell density as measured by the cell titer blue viability assay. Therefore,
it remains unknown whether Mn sensitivity is altered across these
neuronal lineages and/or developmental stages.

3.3. HD genotype has differential influence on Mn cytotoxicity dependent
on neural lineage

While the above findings suggested comparison across lineage type
is not possible. Comparison of different genotypes within a specific

lineage and stage where the media type is identical is valid. We have
previously reported that the HD genotype confers resistance to Mn
cytotoxicity in striatal NPC (Tidball et al., 2015). Thus, we compared
Mn cytotoxicity in control and HD day 11 cortical, midbrain and striatal
NPCs performing a full concentration response curve under a 24 -h Mn
exposure paradigm. While the HD genotype was associated with re-
sistance to Mn cytotoxicity in cortical and striatal NPCs, this genotype-
dependent difference was not observed for the midbrain NPCs (Table 1
and Fig. 4A-C). Thus, consistent with our previous reports, we observed
that the HD genotype confers resistance to Mn in striatal NPCs (control
LC50=559.8 μM vs HD LC50=777.6 μM; Table 1 and Fig. 4B) and
interestingly this HD genotype-associated resistance showed an even
greater magnitude in the cortical NPC lineage (control LC50= 1448 μM
vs HD LC50=2657 μM; Table 1 and Fig. 4A). Thus, the HD genotype is
associated with protection against Mn cytotoxicity in a neural lineage-
dependent manner across NPCs of similar developmental stage.

3.4. Maturation of the cortical lineage eliminates the influence of HD
genotype on Mn cytotoxicity

After studying the effects of Mn on the viability of NPCs, we

Fig. 3. Cytotoxicity and net Mn uptake in a high sensitivity to Mn cell line STHdh exposure to lineage and stage specific media was significantly correlated
with the observed LC50 values in the human neuronal lineages. The immortalized mouse striatal cell line STHdh was incubated with the same human neural
differentiation lineage specific media with and without 500μM Mn. Cell death was quantified by cell titer blue (CTB) and net Mn uptake was quantified by CFMEA.
The measured LC50 associate with the human developmental stage for that media significantly correlated with the percent cell survival of the striatal cell line in the
same media (A), and inversely correlated with the total intracellular Mn extracted from the striatal cell line (B). (C) Further the degree of cell death in the mouse
striatal cell line in the corresponding human neuronal lineage media inversely correlated with the total intracellular Mn extracted from the striatal cell line in the
same media. (D) Absolute cell titer blue signal for the vehicle exposed cell cultures were plotted against the survival rate of the 500μM Mn treated cultures in the
same media, no significant correlation was observed. (A–D) Pearson correlations were calculate for each comparison, the computed linear relationship is indicated
with a blue line with its 95% confidence interval boundaries marked with red dashed lines; the R2 and associate p-value are report for each panel.
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assessed whether more mature hiPSC-derived cortical (glutamatergic)
neurons display a similar HD-genotype-dependent effect on Mn sensi-
tivity. Interestingly in the day 50–125 and day 135–225 of differ-
entiated cortical neurons we observed no significant difference in the

LC50 for Mn between control and HD genotype (control
LC50=1871 μM vs HD LC50=2445 μM; Table 1 and Fig. 5A and
control neurons LC50= 2086 μM vs HD LC50=2498 μM; Table 1 and
Fig. 5B). Additionally, the 95% confidence interval of the hill slope
coefficients of the concentration response curve were overlapping
(Table 1). Thus, for the cortical lineage the HD genotype associated
resistance to Mn cytotoxicity is confined to the NPC stage and is lost as
they develop (Fig. 4A versus Fig. 5).

3.5. Maturation of the midbrain lineage is associated with inverse response
of HD genotype to Mn cytotoxicity

Interestingly, we did not observe an HD genotype-associated dif-
ference in Mn-sensitivity in NPCs of the midbrain (dopaminergic)
lineage (Fig. 4C). Here we assessed the Mn-sensitivity of more mature
control and HD midbrain (dopaminergic) neurons. Day 22 (early)
midbrain neurons were replated, exposed for 24 h to Mn starting on day
24 and cell viability quantified on day 25. Early midbrain control
neurons were significantly more resistant to Mn cytotoxicity
(LC50=3572 μM) than early HD midbrain neurons (LC50=1165 μM);
thus, opposite to the cortical and striatal HD NPCs which were more
resistant to Mn than their control counterparts early HD midbrain
neurons show greater Mn sensitivity than the control neurons (Table 1
and Fig. 6). The early midbrain lineage is the only one in which we
observed higher Mn-sensitivity in the HD genotype.

3.6. HD genotype influences the shape of the Mn cytotoxicity concentration
response curve in hiPSCs

To better understand the developmental timing of the HD genotype
effects on Mn cytotoxicity we evaluated the genotype-dependent Mn
sensitivity of the hiPSCs from which all the neurons used in this study
were differentiated. hiPSCs from control subjects and HD patients were
exposed to a Mn concentration response curve for 24 h in stem cell
media (mTeSR). During the 24 -h exposure, cell titer blue reagent was
added to each well and incubated at 37 °C for the last 2 h. HD hiPSCs
lines were less Mn-sensitive than the hiPSC from control subjects
(Table 1 and Fig. 7), LC50 values for controls are 525 μM Mn whereas
LC50 for HD patient lines is 580 uM Mn and Hill slope coefficients were
non-overlapping. The significant difference in Hill slope due to the HD
genotype is observed as a flattening of the curve at higher Mn exposures
which suggests that the conferral of resistance to Mn cytotoxicity by the
HD genotype is more effective at higher concentrations, e.g. above 500
μM Mn in the hiPSC lines. Although the HD resistance phenotype is
observed in hiPSCs, the differences between HD and control Mn sen-
sitivities is larger in day 11 cortical and striatal NPCs than the hiPSCs,
while it appears to get lost during the neural induction to the midbrain
NPCs.

4. Discussion

We report here the observation that Mn cytotoxicity sensitivity of
hiPSC-derived NPCs and neurons is different depending on the neuronal
lineage as well as developmental stage. Our results demonstrate that
degree of Mn-induced cytotoxicity in hiPSC-derived NPCs and neurons
is determined not only by cell autonomous traits, specifically genotype,
but is also strongly dependent on the extrinsic environmental factors
(i.e. the culture media). To test this, hiPSCs were differentiated into
cortical, striatal, and midbrain NPCs to day 11, and exposed to 200μM
Mn in all three lineage-specific media for 24 h side-by-side to control for
each differentiation. Our results showed that the increased sensitivity of
the striatal lineage seen in the concentration response curves is driven
by the striatal lineage media itself (Fig. 2, Table 1). Furthermore, we
demonstrate here that the Mn-sensitivity of the STHdh cell line varied
significantly with the type of medium the cells were exposed in and that
the culture media dependent cytotoxicity of STHdh cells strongly

Fig. 4. Assessing sensitivity of Mn in three different NPC lineages. The Cell
Titer Blue assay was used to determine cell viability. Error bars represent the
95% confidence interval for LC50 values and hill slopes. (A) Control n= 5
biological replicates (CC3=3, CX3=2) across 3 experimental sets with R2

=0.9588 and degrees of freedom (Df)= 32. HD n=4 biological replicates
(HD58-3= 1, HD70-2= 3) across 3 experimental sets with R2 =0.7989 and
Df=26. (B) Control n=13 biological replicates (CC3=5, CD2=1,
CD12=3, CE6=4) across 7 experimental sets with R2 =0.8431 and Df= 92.
HD n=13 biological replicates (HD58-3= 6, HD70-2= 7) across 7 experi-
mental sets with R2 =0.8137 and 92 Df. (C) Control n=12 biological re-
plicates (CC3=6, CD12=4, CE6=2) across 3 experimental sets with R2

=0.8198 and Df= 94. HD n=12 biological replicates (HD58-3= 6, HD70-
2=6) across 3 experimental sets with R2 =0.8186 and Df=94.
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correlated with experimentally determined LC50 of the hiPSC-derived
neuronal lineages exposed to Mn in these same media types. In addi-
tion, we also observed a media-dependent Mn-uptake difference in
STHdh cells which correlated with the LC50 observed for the hiPSC-
derived neuronal lineages in the same media, suggesting that in-
tracellular Mn levels are the predominant determinant of Mn cyto-
toxicity. This effect of the media on Mn-induced cytotoxicity and cel-
lular Mn levels was unexpectedly strong and responsible for about 80%
of the variance.

Based on our previous observations that the HD-genotype confers
resistance to Mn cytotoxicity in several different HD models (Bichell
et al., 2017; Tidball et al., 2015; Williams et al., 2010b), we assessed the
relative Mn sensitivity of HD hiPSC-derived neuronal lineages and ob-
served that HD cortical and striatal but not midbrain NPCS were rela-
tively less sensitive to Mn than their control counterparts (Fig. 4); in-
terestingly this HD-phenotype was not observed in developmentally
more mature (> day 25) hiPSC-derived neurons. Thus, the HD-geno-
type-conferred Mn-resistance is neuronal-lineage and developmental
stage dependent.

We report here the discovery that the post-mitotic midbrain dopa-
minergic lineage shows the opposite effect of the HD genotype, being
associated with increased sensitivity to Mn cytotoxicity. This HD Mn
sensitivity phenotype was not present in midbrain day 11 NPCs, but just
after another 14 days of differentiation there is a clear difference be-
tween control and HD Mn sensitivity. These were the only cells we

tested in which the controls were more resistant to Mn than their HD
counterparts, and future studies into these lineage-specific effects may
lead to insight into the role of changes in Mn biology to the selective
neuropathology in HD. The transition between these stages is striking
since these cells are so closely related and with such a high magnitude
difference in their apparent phenotype. Our data suggest that midbrain
NPCs actually gain sensitivity to Mn cytotoxicity in HD cells as they
mature for day 11 midbrain NPCs to day 25 early post-mitotic dopa-
minergic neurons, while control cells become more resistant. This result
has implications for parkinsonian-like toxicity induced by Mn, man-
ganism. Despite the similarities of the motor phenotype between PD

Fig. 5. Mn sensitivities in early and mature control and HD cortical neurons are not different. The Cell Titer Blue assay was sued to quantify cell viability. Error
bars represent the 95% confidence interval for LC50 values and hill slopes. (A) Control n=11 biological replicates (CC3=6, CD2=3, CE6=2) across 6 ex-
perimental sets with R2 = 0.7839 and Df=76. HD n=12 biological replicates (HD58-3=5, HD70-2=6, HD180-6= 1) across 6 experimental sets with R2

=0.6829 and Df= 84. (B) Control n=10 biological replicates (CC3=4, CD2=2, CD12=1, CE6=2, CX3=1) across 6 experimental sets with R2 =0.549 and
Df=76. HD n=7 biological replicates (HD58-3=2, HD70-2= 2, HD70-11= 1, HD180-6= 1) across 6 experimental sets with R2 =0.5457 and Df= 53.

Fig. 6. Mn sensitivity is significantly higher in HD early midbrain neurons
than their control counterparts. Error bars represent the 95% confidence
interval for LC50 values and hill slopes. Control n=9 biological replicates
(CC3=5, CD12=1 CE6=3) across 3 experimental sets with R2 =0.54 and
Df=67. HD n=10 biological replicates (HD58-3= 5, HD70-2=5) across 3
experimental sets with R2 =0.7217 and Df= 74.

Fig. 7. Mn sensitivity in human induced pluripotent stem cells. (A–B)
There was a statistically significant difference between controls and HD patient
lines calculated LC50 values. (A) Concentration response curves are shown for
Mn exposure versus normalized viability, error bars= SEM. (B) LC50 con-
centration values are reported for both controls and HD lines. Error bars re-
present the 95% confidence interval for LC50 values. (C) Hill slopes for all
hiPSCs were non-overlapping. Error bars represent the 95% confidence interval
for hill slopes. Control n= 14 biological replicates (CC3=7, CX3=5,
CD2=1, CE6=1) across 7 experimental sets with R2 =0.9082 and Df= 96.
HD n=12 biological replicates (HD58-3=5, HD70-2=7) across 7 experi-
mental sets with R2 =0.8724 and Df=84.
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and manganism, the later presents with insensitivity to levodopa (L-
DOPA) and differences in disease progression, which may potentially be
explained by selective sensitivity to Mn in neuronal lineages and/or
developmental stages (Guilarte and Gonzales, 2015; Kwakye et al.,
2015). Specifically, it suggests a developmental specific effect of Mn
sensitivity in this lineage, that is altered by the HD genotype. If the
developing dopaminergic neuronal lineage becomes more resistant to
Mn with maturation (as implied by our observation) then this may
partially explain the insensitivity of manganism to L-DOPA treatment.
However, as the two media types themselves lead to similar differences
in Mn cytotoxicity between D11 and D25 midbrain lineage neurons,
thus this requires future investigation.

The novelty of this study lies in our observation that human neu-
ronal cells derived from HD -patient hiPSCs and the hiPSC cells them-
selves show HD genotype effects on Mn toxicity dependent on neuronal
lineage and developmental stage. In mammals, Mn brain concentrations
are increased 3 fold before toxic responses occur (Erikson et al., 2007;
Molina et al., 2011) and normal brain function occurs at levels corre-
sponding to ∼20 to ∼50 μM Mn, neurotoxic responses begin to occur
at concentrations of ∼60 to ∼150μM Mn (Bowman and Aschner,
2014). Our study captures some of these ranges of sub-threshold and
threshold cytotoxic levels, but since even the most sensitive LC50 value
is above 500μM Mn, this suggests that Mn cytotoxicity (cell death) is
not a driving factor at threshold level in vivo Mn neurotoxicity. This is
consistent with minimal cytotoxicity observed in humans exposed to
Mn. The goal of this study was to assess levels of Mn exposure asso-
ciated with cytotoxicity to enable future studies in human neuronal
models at toxicologically relevant levels with an understanding of the
degree of cell death expected. However, cytotoxicity relates to relative
amount of Mn taken up by cells, thus a change in cytotoxicity is likely
related to a change in total Mn accumulation.

In addition, we have discovered that the HD genotype previously
linked to resistance to Mn cytotoxicity, can also be associated with
increased sensitivity to Mn cytotoxicity or have minimal impact de-
pending on the specific neuronal lineage. Thus, consistent with the
selectivity of the human Mn status phenotype in HD patients and model
systems, cellular phenotype and state can influence not only how cells
handle Mn under neurotoxic conditions but how genetic modifiers
modify Mn transport and homeostatic processes. In conclusion, our
findings may provide insight into therapeutic strategies for diseases in
which Mn has been shown to play a role such as HD, especially through
specific lineage-targeted interventions.
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