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Manganese (Mn) is both an essential biological cofactor and neurotoxicant. Disruption of Mn biology in the
basal ganglia has been implicated in the pathogenesis of neurodegenerative disorders, such as parkinsonism
and Huntington’s disease. Handling of other essential metals (e.g. iron and zinc) occurs via complex
intracellular signaling networks that link metal detection and transport systems. However, beyond several
non-selective transporters, little is known about the intracellular processes regulating neuronal Mn
homeostasis. We hypothesized that small molecules that modulate intracellular Mn could provide insight
into cell-level Mn regulatory mechanisms. We performed a high throughput screen of 40,167 small
molecules for modifiers of cellular Mn content in a mouse striatal neuron cell line. Following stringent
validation assays and chemical informatics, we obtained a chemical ‘toolbox’ of 41 small molecules with
diverse structure-activity relationships that can alter intracellular Mn levels under biologically relevant Mn
exposures. We utilized this toolbox to test for differential regulation of Mn handling in human floor-plate
lineage dopaminergic neurons, a lineage especially vulnerable to environmental Mn exposure. We report
differential Mn accumulation between developmental stages and stage-specific differences in the
Mn-altering activity of individual small molecules. This work demonstrates cell-level regulation of Mn
content across neuronal differentiation.

M
ost essential metals are highly regulated throughout development, serving as required co-factors while
also implicated in cytotoxic processes1. Metal homeostasis is maintained through concerted mechanisms
involving metal transporters, metallochaperone proteins, metal responsive signaling pathways and

transcription factors, and sequestration of metals within sub-cellular organelles2. A complex regulatory biology
is known to underlie the transport and handling of most essential metals including iron, copper, and zinc3–5.
However, little is known about intracellular handling of Mn, despite it being an essential cofactor of cellular
processes that rely on Mn-dependent enzymes such as superoxide dismutase (Mn-SOD), arginase, glutamine
synthetase, and neurotransmitter synthetic enzymes6. In excess, Mn is neurotoxic, producing a variety of motor
and psychiatric disturbances that can be attributed to basal ganglia dysfunction7–10 and an enhanced susceptibility
to Mn exposure has been reported during fetal and infant development11,12. Mn preferentially accumulates and
elicits toxicity within basal ganglia structures such as the caudate, putamen, substantia nigra, and globus palli-
dus13. Specifically, Mn has been implicated in parkinsonism and Huntington’s disease, two neurodegenerative
syndromes that show neuronal loss in the basal ganglia14–18.

Mn transport into the central nervous system has been well characterized at the level of the blood-brain barrier
(BBB), consisting of facilitated and active transport through divalent metal transporter 1 (DMT1), transferrin
receptor (TfR), ZIP819–21, and other transporters. However, the role of these and other metal transporters in
neuronal Mn transport is not well understood22. Indeed, while a number of transporters (e.g. SLC30A10,
ATP13A2, SPCA1 and SPCA2) contribute to Mn detoxification, and other transporters have been identified
as contributing to Mn uptake (e.g. DMT1, ZIP8 and ZIP14), none of these are selective to Mn and most have been
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studied only under extracellular Mn concentrations well above the
levels of brain Mn (60 mM–150 mM) associated with neurotoxicity in
vivo22,23. Mn-specific binding proteins or signaling pathways respon-
sive to physiological Mn concentrations have not been described.

Because optimal intracellular Mn concentrations likely change
over developmental time and lineage, we postulated that neurons,
and perhaps other cells, have cell-level homeostatic processes that
regulate intracellular Mn content to cover cellular physiological
demands while preventing cytotoxicity. Furthermore, utilization of
distinct cellular Mn handling mechanisms may vary as physiological
demand and availability of this co-factor change. Such regulatory
processes may consist of similar mechanisms that have been iden-
tified for other essential metals3–5, including: intracellular Mn sen-
sors, Mn chaperones or storage proteins, and cell signaling systems
with transcriptional and post-transcriptional control processes to
regulate the balance of Mn across intracellular compartments.
Identification of neuronal Mn handling processes has proven rather
intractable by genetic and biochemical approaches, perhaps in part
because phenotypes associated with insufficient or excess Mn are not
clearly defined. We hypothesized that Mn handling mechanisms can
be identified, and later studied, by using a novel chemical biology
approach that relies on intracellular Mn levels as the outcome mea-
sure. To identify small molecules that modify cellular Mn content, we
performed a high throughput screen for modifiers of intracellular
Mn status under biologically relevant levels of Mn. We then utilized
these small molecules to test the hypothesis that cellular mechanisms
of Mn handling are developmentally regulated between the highly
relevant human floor-plate lineage neuroprogenitors and their deriv-
ative mesencephalic dopaminergic neurons10,24,25.

Results
High throughput screen identifies small molecules for
manipulating neuronal Mn status. Our laboratory had previously
developed the Cellular Fura-2 Mn Extraction Assay (CFMEA) to
enable rapid fluorescent-based measurements of intracellular Mn
content26. Here, we utilized CFMEA for high throughput screening
(HTS). The overall HTS approach consisted of pretreatment with the
test small molecule, followed by co-exposure to 125 mM MnCl2,
representative of in vivo brain Mn levels at which aberrant func-
tion would be observed23. An immortalized murine striatal neuron
lineage (STHdhQ7/Q7) was used in the HTS, as the striatum, like other
structures of the basal ganglia, has a relatively high basal Mn level and
an especially high capacity for Mn accumulation26,27. After the Mn
and small molecule incubation period, extracellular Mn was washed
away and CFMEA performed (Fig. 1a). During optimization of the
assay for 384-well format, we determined the major sources of intra-
plate variability to be volumetric delivery of fura-2 extraction buffer.
We developed a strategy to control for variability in delivered fura-2
by supplementing the fura-2 extraction buffer with a dextran-
coupled fluorophore (Alexa-568) that does not interfere with fluoro-
metric readings of fura-2. This enabled us to correct for variations in
robotic volumetric delivery (achieving Z’.0.5) (Supplementary Fig.
S1). These and other optimizations enabled detection of changes in
fura-2 signal as low as 10%, corresponding to a z-score of 6 3.0.

To comprehensively identify small molecules that modulate neur-
onal Mn levels, we screened a total of 40,167 small molecules span-
ning multiple chemical libraries (Fig. 1b). Of these, 901 (2.2% hit
rate) small molecules increased or decreased Mn levels (z-score or b-
score . 63.0) (Fig. 1c,d). These hits were first validated by replica-
tion in duplicate followed by generation of 1 nM-10 mM concentra-
tion response curves (CRCs). A total of 133 small molecules (0.33%)
passed these criteria, displaying a variety of potencies and patterns of
activity (Supplementary Fig. S2). We then culled the toolbox of small
molecules not readily obtainable from commercial or academic
sources, leaving 65 for subsequent study. We further refined the
toolbox by excluding fluorescent small molecules that could give false

positive increases in fura-2 signal (Supplementary Fig. S3) and mole-
cules that altered the number of cells under the conditions of the HTS
screen due to cytotoxicity or other mechanisms (Supplementary Fig.
S4). These validation and quality control measures resulted in a final
Mn toolbox of 41 small molecules. The functional properties of this
toolbox consisted of significantly more Mn level increasing small
molecules than Mn level decreasing small molecules (Supple-
mentary Table S1) (Chi-square, p,0.05). Given the tendency of
small molecules from pharmacological screens to inhibit (antagon-
istic) rather than enhance (agonistic) the function of their biological
target28, this skewing toward Mn level increasing small molecules
suggests Mn efflux mechanisms are more susceptible to pharmaco-
logical disruption than mechanisms of Mn influx.

High structural diversity of validated small molecules. We gene-
rated a heat map of pairwise Tanimoto coefficients (Fig. 2), a measure
of chemical structure similarity, using an upper triangle distance
matrix considering largest common substructure between two
molecules. As the majority of our identified small molecules have
no known biological targets, we sought to reveal potential relation-
ships between their chemical structure by performing hierarchical
agglomerative clustering using complete linkage to generate
functional dendrograms. This analysis revealed a high degree of
structural diversity, with an average pairwise Tanimoto coefficient
of 0.19, where a 1.0 translates to identical compounds and a 0.0 to
compounds that have no common substructure. While three clusters
of 2–4 similar molecules (Tanimoto coefficients .0.8) exist, most
had little structural similarity with other active molecules (Tanimoto
coefficient ,0.5)29. This finding suggests that the screen did not
identify the complete range of structure-activity relationships,
likely reflecting both the diversity of biological targets that influen-
ce cellular Mn status, as well as the potential of diverse structures to
influence common targets. The identified small molecule clusters all
had Mn level increasing activity (Cluster 1 (VU0002852 and
VU0003765), Cluster 2 (VU0088990, VU0029414), Cluster 3
(VU0027832, VU0028040, VU0028386, VU0133141)).

Activity of small molecules at normal brain Mn levels. In the
screen, small molecules were identified using a concentration of
Mn associated with mammalian neurotoxicity in vivo (125 mM).
Subsequently, we sought to assess the Mn modifying activity of
these small molecules under normal brain Mn levels. Although in
vivo concentrations of Mn may not directly translate to in vitro
exposures, it has been shown that normal levels of human brain
Mn range from 20 mM to 53 mM23. Thus, we tested for activity at
31.25 mM Mn, a four-fold dilution from the concentration used in
the primary screen, that is also just above the minimum limit of Mn
detection by CFMEA. The vast majority of small molecules (39/41,
95%) exhibited Mn-modifying activity at this Mn concentration
(Fig. 3). There was considerable variation in effect size between our
high and low Mn exposure conditions, with some small molecules
having greater activity (fold change of Mn) at 125 mM Mn and others
having greater activity at 31.25 mM Mn. Two molecules failed to have
significant activity at 31.25 mM (VU0243195 and VU0482834). One
molecule, VU0076546, had a unique pattern of activity, increasing
intracellular neuronal Mn levels at the high Mn concentration,
but strongly decreasing intracellular Mn levels at the lower Mn
concentration.

Chemical informatics reveals common pathways among predicted
targets. We performed a chemical informatics analysis of the 41
small molecule toolbox to identify potential biological targets. In
order to reveal functional relationships between small molecules,
we aggregated information regarding known targets of each
molecule and its similar chemical homologs (Tanimoto coefficient
.0.7). The structures of the entire Mn toolbox were inputted into
STITCH 4.0 analysis generating two major signaling node clusters,
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with only 5 of the 41 chemicals having structural homologs with
known or suspected biological activity. VU0482585, VU0239513,
VU0482834, and VU0243195 exhibited multi-nodal interactions
with a network comprised of mitogen-activated protein kinase 14
(MAPK14), transforming growth factor beta receptor I (TGFBR1),
glutathione S-transferase P (GSTP1), superoxide dismutase 1 (SOD1),
copper-transporting ATPase 1 (ATP7A), ATP-binding cassette sub-
family C member 2 (ABCC2), and ATP-binding cassette sub-family G
member 2 (ABCG2) (Fig. 4a). These predicted interactions were
further supported by the fact that VU0482585 and VU0482834
were from the GSK Published Kinase Inhibitor Set30, suggesting a
mechanism related to kinase inhibition or disruption of ATP-
dependent transporters. In addition, homologs of VU0003610
have known binding to butyrylcholinesterase (BCHE) and acetyl-
cholinesterase (ACHE) (Fig. 4b). While these findings provide some
insight into potential biological targets, the majority of our
identified small molecules, and their close chemical homologs, do
not have other published biological activities. This suggests that the
neuronal Mn status modifying activity of our validated small
molecules is relatively specific since such structures have not been
identified in other published screens performed on the same pub-
lically available chemical libraries.

Differential regulation of Mn content in developing mesence-
phalic dopaminergic neurons. We hypothesized that small mole-
cules in our Mn-modifying chemical toolbox would exhibit
differential activity across neurodevelopmental time as the biologi-
cal requirements for Mn change. We tested this hypothesis in de-

veloping human mesencephalic (floor plate lineage) dopaminergic
neurons, given this lineage’s particular susceptibility to Mn toxicity
and involvement in neurodegenerative syndromes such as parkin-
sonism10,24,25. Human induced pluripotent stem cells (hiPSCs)
generated from a control subject were differentiated into
FOXA21, LMX1A1 floor-plate lineage neuroprogenitors (12 days
differentiation) and further to Tyrosine hydroxylase (TH)1, b3-
Tubulin1, LMX1A1 post-mitotic early dopaminergic neurons (26
days differentiation) (Fig. 5a). Mn content was quantified by CFMEA
following 125 mM MnCl2 exposure31,32. Early dopaminergic neurons
(day 26) accumulated significantly (p,0.05) more intracellular Mn
than the more immature floor plate neuroprogenitors (day 12)
(Fig. 5b). Nine small molecules of varying structures and effect
sizes were selected to evaluate their activity in this human system
and test for potential developmental stage specificity. All tested small
molecules (9 of 9) showed activity in hiPSC-derived mesencephalic
dopaminergic neuroprogenitors (one-way ANOVA, p,0.001).
Three of the small molecules (3 of 9, 33%) showed similar
magnitude of activity at both neurodevelopmental time points
(Fig. 6a–c). Four of the small molecules (4 of 9, 44%) exhibited
greater activity in floor plate neuroprogenitors than post-mitotic
dopaminergic neurons (Fig. 6d–g). Finally, two small molecules
showed developmental-stage specific activity (2 of 9, 22%)
(Fig. 6h,i). VU0047355, a negative modulator of Mn concentration,
and VU0482585, a positive modulator of Mn concentration,
exhibited a significant impact on intracellular Mn levels exclusively
in the more mature dopaminergic neurons, the developmental time
point with the highest Mn accumulation between the two stages of

Figure 1 | HTS identifies modulators of neuronal Mn status. (a) HTS screening protocol. Timeline of screening paradigm indicating cell plating, 10 mM

small molecule addition, Mn addition, washing, fura-2 extraction, signal measurement, and analysis. (b) Composition of 40,167 screened small

molecules. Individual small molecule libraries are labeled and total compounds in that collection are indicated. (c) HTS paradigm. Each stage of the screen

and number of compounds refined at that stage. (d) Scatterplot of primary screen. Z-score of each small molecule is indicated (n51, per compound). A

hit was defined as a small molecule with a z-score or b-score (not shown) cutoff of 6 3.0 or larger, as indicated by dotted line (green).
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differentiation (Fig. 6h,i). These results demonstrate that the
validated small molecules act on developmentally regulated targets
involved in control of intracellular neuronal Mn content.

Discussion
HTS technology permits the rapid testing of thousands of small
molecules for their impact on a particular biological system33,34.
Our application of HTS is distinct from the more typical HTS
approaches targeting specific proteins or enzymatic processes. Our
approach would thus be expected to lead to a larger number of
potential biological targets, increasing the probability of finding true
hits over traditional screens with only one or a few targets. The
CFMEA high throughput screen identified a chemically diverse tool-
box of 41 small molecules that increase or decrease intracellular Mn
levels. Despite testing 40,167 small molecules, only a few chemical
structural similarity clusters were identified, suggesting we likely did
not identify the complete range of structure-activity relationships

that influence cellular Mn status. The vast majority (39/41) of small
molecules in the Mn toolbox retained activity at low Mn concentra-
tions, representative of normal brain Mn levels23. This conservation
of Mn-modifying activity at normal total Mn levels suggests that the
majority of our small molecules target homeostatic processes medi-
ating normal neuronal Mn content, rather than those functioning
only under toxicological concentrations.

We have examined potential structure-function relationships by
employing a chemical informatics approach to characterize the vali-
dated small molecules. Information was found regarding functional
targets for five of the 41 small molecules, implicating a major signal-
ing pathway with known links to Mn biology. For example, MAPK14
(p38-a) has been shown to activate in cells responding to cytotoxic
levels of Mn, 250 mM Mn or higher35,36. Excessive Mn can increase
oxidative stress, COX-2 expression, and glutathione depletion37.
VU0482585, identified by STITCH analysis (Fig. 4a) as a potential
inhibitor of the MAPK14, has confirmed Mn level increasing activity

Figure 2 | Structure activity dendrogram and Tanimoto plot of Mn toolbox. Functional dendrogram with clustering based on chemical similarity as

determined by Tanimoto score (15identical, 05unique). Small molecule activity pattern per node is indicated by color: Mn level decreasing small

molecules (red), Mn level increasing small molecules (blue), and mixed activity (green). Compound Tanimoto scores for each small molecule were

plotted across all compounds in the Mn toolbox represented by heat map.
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in post-mitotic human dopaminergic neurons (Fig. 4b). Together,
these data suggest a potential link between the MAPK14 signaling
pathway and control of neuronal Mn content under conditions of
excess Mn. The identification of ABCC2 and ABCG2 as putative
targets is also noteworthy given their role in unidirectional efflux
of toxic substances and known expression in stem cell like popula-
tions38,39. Aside from these putative signaling protein targets, our
chemical structure associations implicated interactions with
enzymes involved in neurotransmission, ACHE and BCHE, consist-
ent with cholinergic disruption occurring with Mn exposure40,41.
These and other functional leads suggest our chemical toolbox has
high utility for future studies aimed at identifying mechanisms
underlying Mn neurobiology.

We tested the hypothesis that mechanisms regulating intracellular
Mn content are developmentally regulated in differentiating dopa-
minergic neurons, given their known susceptibility to Mn toxicity in
the context of parkinsonism42,43. This work provides compelling

evidence for the developmental regulation of cellular Mn content,
as six of the nine small molecules tested showed significant differ-
ences in activity between post-mitotic dopamine neurons and floor
plate lineage neuroprogenitors (Fig. 6d–i). Furthermore, our data
demonstrate the existence of cellular-based Mn handling processes,
as pharmacological modes of action acting directly on the Mn ion
(e.g. as an ionophore or metal chelator) would not be expected to
display developmental stage specific activity. This observation pro-
vides strong experimental evidence that modulation of neuronal Mn
content is an active cell autonomous process, suggestive that in vivo
brain Mn content is not exclusively regulated at the level of the blood-
brain and blood-cerebrospinal fluid barriers as indicated by previous
studies42,44,45. High evolutionary conservation of Mn handling targets
is also strongly suggested by the fact that 9 of 9 tested small molecules
identified via a mouse neuronal model showed activity in a human
neuronal model system. The fact that the small molecules identified
with stage-specific activity included both Mn level increasing and

Figure 3 | Activity of validated small molecules at physiological and toxicological Mn exposures. Fold change in Mn levels at both 31.25 mM (blue) and

125 mM (red) MnCl2 is plotted versus small molecule identity. Small molecules tested in hiPSC-derived mesencephalic floor plate neuroprogenitors and

post-mitotic neurons are marked in (purple). ‘NS’ indicates small molecules that do not show significant activity for 31.25 mM concentration. Horizontal

lines indicate the detection limit of CFMEA (green), and no effect on Mn levels (grey). Data plotted as mean 6 SEM (n516 for 31.25 mM, n52 for

125 mM). Statistical significance (all not marked by NS) was determined by comparing small molecule versus vehicle by one-way ANOVA, p,0.05.

Figure 4 | Chemical informatics analysis of Mn toolbox. (a,b) STITCH analysis of Mn toolbox small molecules. Each node represents a small molecule or

target protein. Color coded asterisk indicates corresponding small molecule or small molecule homolog (Tanimoto score . 0.7) validated in the HTS,

identified in the legend. Color of connections between nodes indicates known function and description of the type of evidence available: activation

(green), inhibition (red), binding (blue), catalysis (purple), and expression (yellow).
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Mn level decreasing small molecules suggests that processes capable
of responding to both insufficient and excess Mn are utilized to
achieve optimal cellular Mn content.

Given their efficacy in mouse and human in vitro systems, the
identified small molecules and their biological targets have potential
in vivo applications for manipulating neuronal Mn content. The
cellular and behavioral impacts of Mn exposure have been studied
in a variety of animal models including fruit flies, nematodes,
rodents, and non-human primates46,47. Further development of these,
or similar, small molecules for in vivo manipulation of neuronal Mn
content would enable mechanistic studies into the role of Mn home-
ostasis in neuronal function and as an environmental risk factor for
neurological disease. Pharmacological manipulation of cellular Mn
status, coupled with genetic manipulation of the biological targets of
these small molecules, would facilitate exploration of Mn-dependent
brain functions and complex Mn-biology related behaviors in animal
models at a level of control not previously possible.

In summary, we utilized a chemical biology approach to develop a
highly diverse small molecule toolbox of neuronal Mn content
modifiers. This Mn toolbox is comprised of small molecules capable
of modulating intracellular Mn levels under both physiological and
toxicological conditions. Biochemical informatics analysis has
implicated modulation of cellular signaling pathways with intri-
guing links to Mn biology and human disease. The identified small
molecules exhibit activity in a clinically relevant human dopami-
nergic neuronal lineage. Furthermore, we report strong evidence for
the regulation of intracellular Mn levels over human neurodevelop-
ment. The collection of small molecules described here is the most
complete, publically available, resource for interrogation of Mn
handling processes and provides a template for development of
therapeutic agents for neurological disorders associated with disrup-
tion of Mn homeostasis.

Methods
HTS. CFMEA was optimized for HTS to detect both Mn level increasing and
decreasing small molecules of neuronal Mn status in mammalian cells. Checkerboard
assays, using either 500 mM or 31.25 mM MnCl2 as a positive control relative to the
125 mM MnCl2 used as the baseline Mn exposure condition, confirmed Z’.0.5 in
both directions48 and enabling a robust screen in 384-well format (Supplementary Fig.
S1). Quality controls were included on each plate for normalization on a plate-by-
plate basis. Wild-type StHdhQ7/Q7 immortalized murine striatal cells were plated at a
density of 3,000 cells per 384-well 16 hours prior to assay start time. Media was
removed and the cells washed by ELX405 Microplate Washer (Bio-Tek) with 1X
Hank’s-Balanced Salt Solution (HBSS) with calcium and magnesium (Corning) prior
to application of 20 mL of 1.5X (15 mM) small molecule in HBSS. Plates were
incubated for 30 minutes at 37uC, and 10 mL of 3X (375 mM) MnCl2 in HBSS was
applied leading to a final concentration of 125 mM MnCl2 and a nominal
concentration of 10 mM for the small molecule to be tested. Liquid deliveries were
made using a Velocity 11 Bravo liquid handler (Agilent). Plates were incubated for
3 hours at 37uC. Incubation was terminated by a five cycle wash and plate blotting to
remove any residual volume. CFMEA was performed by adding 30 mL fura-2

extraction buffer (0.1% Triton-X100, 0.5 mM fura-2 ultra pure (Enzo Life Sciences),
100 mM Dextran Alexa-Fluor 568 (Life Technologies) was loaded by Multidrop
Combi Reagent Dispenser (Thermo Scientific). Plates were then incubated for two
hours at 37uC and read using FITC filters, 350/25 nm (excitation) and 525/25 nm
(emission) for fura-2, and 545/25 nm (excitation) and 620/30 nm (emission) for
Alexa 568, by EnVision Multilabel Reader (Perkin Elmer). Data was analyzed with
Pipeline Pilot (Acellrys) and Microsoft Excel. Hits were identified in the single point
primary screen by z-score and b-score approaches49, then confirmed by duplicate
experimental replicates. CRCs were generated by iteratively reweighted least squares,
allowing determination of convergence and EC50

50,51. Native fluorescence of small
molecules was assessed by measurement of 0.5 mM of the test small molecule (or
0.5 mM fura-2 as a positive control) at the same excitation and emission wavelengths
used for CFMEA. Fluorescence of each small molecule was compared to 16 S.D.
above the DMSO negative control. Cytotoxicity was evaluated by CellTox Green
cytotoxicity assay (Promega) under identical conditions as the HTS paradigm. After
this period, the CellTox Green dye was added and signal was measured using,
monochromatic wavelengths 500 nm (excitation) and 523 nm (emission) using
EnSpire Multimode Plate Reader (Perkin Elmer). Toxicity determination included
lysed cells as a positive control. Small molecule libraries included collections from
NIH Clinical Collection I/II, Microsource Spectrum Collection, kinase inhibitors
from GlaxoSmithKline, Enzo Life Sciences, and Roche, Vanderbilt non-steroidal anti-
inflammatory library (NSAIDs), Vanderbilt bioactive lipid library, ChemBridge, and
ChemDiv.

Chemical Similarity Analysis. Similarity analysis using the BCL::CHEMINFO Suite
was performed on the 41 validated small molecules52. Three dimensional
representations of the molecules were generated using Corina53. An upper triangle
distance matrix considering largest common substructure between two molecules,
(A>B)/(A<B), was generated using a common subgraph isomorphism algorithm.
The vertices and edges were colored by atom type and bond type, respectively.
BCL::CLUSTER was used to perform hierarchical agglomerative clustering using
complete linkage to generate color-coded dendrograms to visualize structural
similarity and activity simultaneously54.

hiPSC neuroprogenitors. A hiPSC line generated from a control subject (CC3),
using established methods in our laboratory following the work of Dr. Shinya
Yamanaka32,55, was utilized for all human studies. Pluripotency was validated by
Pluritest56, euploid karyotype was confirmed (Genetic Associates, Nashville TN), and
the absence of the reprogramming plasmid integration was confirmed by PCR.

Mn quantification in human floor-plate lineage dopaminergic neurons.
Dopaminergic differentiation of hiPSCs was performed exactly as described31, except
LDN193189 (Stemgent) was used at 400 nM. To assess Mn levels on day 12 of
differentiation (floor-plate lineage neuroprogenitors) and day 26 of differentiation
(post-mitotic dopaminergic neurons) of differentiation, cells were dissociated with
Accutase (Stem Cell Technologies) on day 10 or 24 and replated at a density of 50,000
cells/well onto Matrigel-coated 96-well plates containing: 100% N2 medium with
ROCK-inhibitor (10 mM, StemCell Technologies) for day 10 cells and Neurobasal
medium (Invitrogen) supplemented with B27/glutamax, CHIR (3 mM, Stemgent),
brain-derived neurotrophic factor (BDNF) (R&D, 20 ng/mL), glial cell line-derived
neurotrophic factor (GDNF) (R&D, 20 ng/mL), ascorbic acid (Sigma, 200 mM),
TGFb3 (R&D, 1 ng/mL), DAPT (Tocris, 10 mM), and dibutyryl cAMP (Sigma,
0.5 mM) containing ROCK-inhibitor (10 mM) for day 24 cells. On day 11 and 25 of
differentiation, cells were fed with the aforementioned media without ROCK-
inhibitor. Net Mn uptake via the same paradigm utilized in the murine striatal cells
(30 minutes pre-incubation with vehicle or small molecule at 15 mM, followed by
3 hours 125 mM MnCl2 in HBSS with continued presence of vehicle or small
molecule at 10 mM) was assessed the following day by CFMEA.

Figure 5 | Mn accumulation changes across developmental time in mesencephalic floor-plate neuroprogenitors and/or post-mitotic dopaminergic
neurons. (a) Immunocytochemistry of day 12 floor plate neuroprogenitors and day 26 post-mitotic dopaminergic neurons. Appropriate developmental

stage markers indicated by legend. (b) Mn accumulation in day 12 and day 26 neuroprogenitors after Mn exposure (125 mM). Data is expressed as Mn/

DNA (nmol/mg) versus developmental time point. Data are mean 6 SEM (n53). Statistical significance by one-way ANOVA (*p,0.05).
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Immunofluorescence. Immunocytochemistry of human neural lineages was
performed as described55, with the following antibodies: FOXA2 (15100, BD
Biosciences), LMX1A (151000, Millipore), b-III tubulin (TU-20) (15500, Thermo
Scientific), and TH (Pel-Freez, 15500).

STITCH analysis. Protein chemical interactions were predicted with STITCH 4.057.
SMILE strings were exported from all validated small molecules with known
functional targets. Analysis included structures with Tanimoto scores greater than
0.7. Action view diagrams were generated to illustrate known protein-chemical
relationships of all connected nodes.
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