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Abstract

Growing concern suggests that some chemicals exert (developmental) neurotoxicity (DNT and
NT) and are linked to the increase in incidence of autism, attention deficit and hyperactivity
disorders. The high cost of routine tests for DNT and NT assessment make it difficult to test the
high numbers of existing chemicals. Thus, more cost effective neurodevelopmental models are
needed. The use of induced pluripotent stem cells (iPSC) in combination with the emerging human
3D tissue culture platforms, present a novel tool to predict and study human toxicity. By
combining these technologies, we generated multicellular brain spheroids (BrainSpheres) from
human iPSC. The model has previously shown to be reproducible and recapitulates several
neurodevelopmental features. Our results indicate, rotenone’s toxic potency varies depending on
the differentiation status of the cells, showing higher reactive oxygen species (ROS) and higher
mitochondrial dysfunction during early than later differentiation stages. Immunofluorescence
morphology analysis after rotenone exposure indicated dopaminergic-neuron selective toxicity at
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non-cytotoxic concentrations (1 M), while astrocytes and other neuronal cell types were affected
at (general) cytotoxic concentrations (25 pM). Omics analysis showed changes in key pathways
necessary for brain development, indicating rotenone as a developmental neurotoxicant and show a
possible link between previously shown effects on neurite outgrowth and presently observed
effects on Ca2+ reabsorption, synaptogenesis and PPAR pathway disruption. In conclusion, our
BrainSpheres model has shown to be a reproducible and novel tool to study neurotoxicity and
developmental neurotoxicity. Results presented here support the idea that rotenone can potentially
be a developmental neurotoxicant.
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1. Introduction

The brain is the most complex human organ and is extremely sensitive to the action of
external chemicals and/or physical factors during its ontogenesis. The developing brain has
shown a different pattern of sensitivity to environmental insults compared to the adult brain
(O’Rahilly and Muller, 2008). Abnormal brain development, during embryogenesis, fetal
development or early postnatal periods, can generate cognitive dysfunction as well as
neurological, emotional and behavioral disorders (Dubovicky, 2010). Furthermore, early
brain damage can lead to diseases later in life, affecting every stage of human life
(childhood, adolescence and adulthood). The increased prevalence of neurodevelopmental
disorders over the years (Schettler, 2001; Grandjean and Landrigan, 2006), together with
evidence that exposure to xenobiotics might contribute to the occurrence of
neurodevelopmental disorders (Schettler, 2001; Grandjean and Landrigan, 2006; Lein et al.,
2007), has created a big concern about the possible unknown developmental neurotoxic and
neurotoxic effects of some chemicals and drugs.

Current DNT guidelines (OECD TG 426 and EPA 712-C-98-239) (USEPA, 1998; OECD,
2007) recommend testing that is based entirely on in vivo animal studies. These animal
studies consume about 1400 animals and cost $1.4 million per tested substance and they do
not provide relevant results for humans in many cases. Variability, data reporting and
analysis, limitations and expectations of DNT have been summarized recently (Smirnova et
al., 2014; Li et al., 2017). In vivo DNT testing seems to be insufficient to study and
characterize potential hazardous compounds, thus, in vitro testing batteries are required to
generate additional data on the effects of chemicals on brain development (Fritsche et al.,
2017) and for better identification, prioritization, and evaluation of chemicals with the
potential to induce DNT (Bal-Price et al., 2012). Diverse workshops and meetings during the
past 10 years have summarized the problems, the available assays and roadmaps for DNT in
vitro assays and methods (Coecke et al., 2007; Lein et al., 2007; Crofton et al., 2011,
Crofton et al., 2014; Bal-Price et al., 2015a; Bal-Price et al., 2015b). Several in vitro studies
have been able to reproduce some of the relevant processes that occur in the brain such as
neuronal differentiation (Hartley et al., 1999), migration (Stern et al., 2014), cell-cell
interaction, neuritic development, synaptogenesis, myelinogenesis (Liu et al., 2012) and
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neurotransmission (Hogberg et al., 2011). In addition, they showed to be predictive of DNT
(Hogberg et al., 2010; Hogberg et al., 2011; Laurenza et al., 2013; Pallocca et al., 2013). Of
importance, animal models cannot reflect human inter-individual genetic differences that
might contribute to brain disorders, therefore limiting the development of new personalized
drugs that could enhance treatment. Consequently, human models reflecting different genetic
backgrounds would likely contribute to a better understanding of the Central Nervous
System (CNS) toxicity and disease.

Organotypic models promise to generate in vitro human models that better simulate organ’s
biology and function. The recent discovery of human induced pluripotent stem cells (iPSC)
(Takahashi and Yamanaka, 2006; Takahashi et al., 2007) open a range of possibilities
allowing cellular studies of human disease models in different human genetic backgrounds.
iPSC from different donors in organotypic models give the opportunity to better understand
human diseases and can advance as a novel tool different fields, such as drug development,
toxicology and medicine. Recently, we have established a 3D model consisting of
aggregating cultures of iPSC-derived neural cells (BrainSpheroids) based on our previous
experience with 3D rat primary aggregating brain cell cultures (van Vliet et al., 2007; van
Vliet et al., 2008). As part of larger efforts to create the Human-on-a-Chip, we have reported
the development of a 3D brain human iPSC derived model (BrainSpheres) and its biological
and medical applications (Hogberg et al., 2013; Pamies et al., 2017; Zander et al., 2017).
BrainSpheres, developed in our laboratory (Pamies et al., 2017), were the first highly
standardized model with hundreds of identical spheroids per batch and high reproducibility
between batches and donors, thus enabling multiple applications in regenerative medicine,
neuronal diseases, neuro-toxicology, and developmental biology.

Rotenone is a commonly used plant-derived pesticide that inhibits mitochondrial Complex |
of the electron transport chain (Saravanan et al., 2005). At certain concentrations, rotenone
has been shown to produce progressive neurodegeneration of dopaminergic and non-do-
paminergic neurons, and also of other brain cell populations such as astrocytes (Betarbet et
al., 2000; Sindhu et al., 2005; Zagoura et al., 2017). Rotenone has been suggested as one of
the most important environmental risk factor for Parkinson’s Disease (PD) (Betarbet et al.,
2000; Perier et al., 2003; Spivey, 2011; Tanner et al., 2011; Nandipati and Litvan, 2016). The
major effect of rotenone is related to dopaminergic dysfunction, however, animal studies
have found that rotenone may cause diffuse mitochondrial dysfunction in central non-
dopaminergic and peripheral cells outside of the CNS (Fleming et al., 2004; Richter et al.,
2007) and affect fish, chick and rat development (Khera et al., 1982; Spencer and Sing,
1982; Melo et al., 2015; Rao and Chauhan, 2004). In addition, in vitro studies on human
iPSC-derived mixed neuronal and glial cultures have shown activation of the Keap1-Nrf2-
ARE pathway after acute and chronical rotenone exposure, at non-cytotoxic concentrations
(Pistollato et al., 2017; Zagoura et al., 2017). The Keap1-Nrf2 pathway is the major
regulator of cytoprotective responses to oxidative and electrophilic stress (Kansanen et al.,
2013). In addition, chronic exposure to rotenone in differentiating neurons and astrocytes
produces an induction of astrocyte reactivity, reduction of neurite length and neuronal cell
number, and in particular, a decrease of Dopamine (DA) tyrosine hydroxylase positive (TH
+) neuronal cells. Overall, evidence suggests that rotenone may affect not only the adult
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CNS but also the developing brain likely through induction of oxidative stress that can
trigger neuronal cell death and alteration of calcium pathways.

In this study, we have exposed human iPSC-derived brain spheroids (BrainSpheres) to
several concentrations of rotenone at different stages of differentiation, mimicking different
windows of vulnerability (short-term pulse exposure at 2, 4 and 8 weeks of in vitro
differentiation). Results indicated that BrainSpheres at 2 weeks were more sensitive to
rotenone than at later stages of BrainSpheres maturation and responded with higher reactive
oxygen species (ROS) production. Moreover, transcriptomic and metabolomics data show a
persistent and lasting broader effect of rotenone on BrainSpheres differentiation.

2. Methods

2.1. Chemicals

Rotenone was supplied by (Sigma). A stock of 10 mM was prepared in DMSO Hybri-Max
(Sigma).

2.2. NPC production

NPC were kindly provided by Professor Hongjun Song’s lab within our joint NIH NCATS
project (Pamies et al., 2017). NPCs were derived from C1 (CRL-2097) fibroblasts purchased
from ATCC. Differentiation from iPSC to NPC has been previously described (Wen et al.,
2014). NPCs were expanded in poly-l-ornithine and laminin-coated 175 mm? flasks in NPC
expanding medium (KnockOut DMEM/F12, Glutamax, EGF and bFGF). Half of the media
was changed every day. Cultures were maintained at 37 °C in an atmosphere of 5% CO5.
NPC from passage 15 to 25 were used for this study.

2.3. BrainSpheres differentiation

The BrainSpheres were generated as described (Pamies et al., 2017). Briefly, at 90%
confluency, NPC were detached mechanically and counted. A number of 2 x 108 cells per
well were plated in uncoated 6 well-plates. Cells were grown in NPC media for two days
and then medium was changed to a differentiation medium (Neurobasal® electro Medium
(Gibco) supplemented with 5% B-27® Electrophysiology (Gibco), 1% Glutamax (Gibco),
0.01 pg/ml human recombinant GDNF (Gemini), 0.01 pg/ml human recombinant BDNF
(Gemini). Cultures were kept at 37 °C in an atmosphere of 5% CO, under constant gyratory
shaking (88 rpm, 19 mm orbit) for up to 8 weeks.

2.4. Immunohistochemistry of the BrainSpheres

BrainSpheres were collected at 2, 4 and 8 weeks of differentiation after exposure to
increasing concentrations of Rotenone. BrainSpheres were fixed in 4% paraformaldehyde
for 1 h, washed 3 times in 1x PBS, then incubated for 1 h in blocking solution consisting of
5% normal goat serum (NGS) in PBS with 0.4% Triton-x100 (Sigma). BrainSpheres were
then incubated at 4 °C for 48 h with a combination of primary antibodies (Table 1) diluted in
PBS containing 3% NGS and 0.1% Triton-X100. BrainSpheres were washed 3 times in 1x
PBS and were incubated with the secondary antibody for 1 h in PBS with 3% NGS at room
temperature. Double immunostaining was visualized using the proper combination of
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secondary antibodies (e.g., goat anti-rabbit secondary antibody conjugated with Alexa 594
and goat anti-mouse secondary antibody conjugated with Alexa 488 (both from Molecular
Probes). Nuclei were counterstained with DRAQ5 dye (Cell Signaling Technology; 1:5000
in 1x PBS) for 15 min before mounting on slides with coverslips and Prolong Gold Anti-
Fade reagent (Molecular Probes); BrainSpheres used as negative controls for
immunostaining were processed by omitting the primary antibody. The images were taken
using a Zeiss UV-LSM 510 confocal microscope. The experiments were performed in
duplicates; at least three different fields of view were analyzed for each combination of
antibodies.

2.5. Cytotoxicity

BrainSpheres aggregates were exposed to Rotenone for 24 and 48 h at 2, 4 and 8 weeks
during the cell differentiation process. At 24 and 48 h before the 2, 4 and 8 weeks time
point, medium with a fresh portion of different concentrations of rotenone was replaced
using 10 nM and 100 uM of stock solutions prepared in DMSO Hybri-Max to reach a final
concentration of 0, 0.1, 1, 10, 25, 50 uM. To detect cell viability, AB (resazurin) assay was
performed. Resazurin (7-Hydroxy-3H-phenoxazin-3-one 10-oxide) is a blue dye that is
reduced into fluorescent resorufin by redox reactions in viable cells. Resazurin (100 pl of 2
mg/ml stock) in PBS was added directly to 6 well plates (2 ml/well). The plate was
incubated for 3 h at 37 °C, 5% CO,. Afterwards, 50 pl of the each well was transfered to a
96-well plate and the fluorescence of resorufin was measured at 530 nm/590 nm (excitation/
emission) in a multi-well fluorometric reader CytoFluor serie 4000 (PerSeptive Biosystems,
Inc). To determine statistical significance, one-way ANOVA test was performed with post-
hoc Bonferroni test. All data given are the means + SD of three to seven independent
experiments performed with 3 technical replicates.

2.6. Mitochondrial dysfunction assay

Mitochondrial dysfunction was measured by MitoTracker Red CMXRos (Life
Technologies). At 2, 4 or 8 weeks of differentiation, BrainSpheres were plated in 24-well-
plates (500 ul), and exposed to different concentrations of rotenone (0, 0.1, 1, 10, 25, 50, 100
uM) for 12, 24 and 48 h. Thirty minutes before the end of exposure, 1 pl of MitoTracker Red
CMXRos was added to the medium. Cells were incubated for 30 min at 37 °C, 5% CO,.
After the incubation, 400 ul of medium was removed and 500 pl of 4% paraformaldehyde
solution was added and incubated for 20 min at room temperature. After fixation,
paraformaldehyde was removed and spheroids were washed twice with PBS. The Shandon
Immuno-Mount (ThermoFisher Scientific) was used to mount the spheroids onto microscope
cover slides (Fisher Scientific). An Olympus BX60 fluorescence microscope was used to
image the MitoTracker fluorescence and processed with Image-pro Plus 7.0 (Media
Cybernetics). The fluorescence was quantified using ImageJ software from NIH (https://
imagej.nih.gov/ij/) and normalized to the size of the aggregates. To determine statistical
significance, one-way ANOVA was performed with post-hoc Bonferroni test. All data given
are the means + SD of three to seven independent experiments performed with 5 technical
replicates.
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2.7. Reactive oxygen species measurement

Reactive oxygen species (ROS) were measured in cell media collected after 30 min, 1, 12,
24 and 48 h of treatment with rotenone using the OxiSelect™ In Vitro ROS/RNS Assay Kit
(Cell Biolabs). This fluorescence-based assay measures the total free radical presence in a
sample. The quenched fluorogenic dye dichlorodihydrofluorescein-DiOxyQ (DCFH-
DiOxyQ), which is similar to the popular 2,7 - di-chlorodihydrofluorescein diacetate
(DCFH-DA), is first primed with a quench removal reagent. The resulting highly reactive
non-fluorescent DCFH can react with the ROS species present in the cell supernatant and is
oxidized to the highly fluorescent DCF (2,7’ -dichlorodihydroxy-fluorescein). For every test
condition, 50ul of the medium supernatant was added to a 96-well-plate in triplicates and
incubated with the DCFH-DiOxyQ for 45 min. The fluorescence intensity was measured
with a fluorescence microplate reader and is proportional to the total ROS/RNS levels within
the sample. To determine statistical significance, one-way ANOVA was performed with
post-hoc Bonferroni test. All data are given as means + SD of three to seven independent
experiments performed with 3 technical replicates.

2.8. RNA extraction

Total RNA of BrainSpheres was collected every week for up to 8 weeks of differentiation. In
addition, spheroids exposed for 2, 4 and 8 weeks to 1 uM and 5 UM rotenone for 24 and 48
h, were collected in the same way. Total RNA was extracted according to Chomczynski and
Sacchi’s method (Chomczynski and Sacchi, 1987; Chomczynski and Sacchi, 2006). RNA
quantity and quality was determined using Nano-Drop 2000c¢ (ThermoFisher Scientific).
One microgram of RNA was reverse-transcribed using the M-MLV Reverse Transcriptase
(Promega) and Random hexamer primers according to the manufacturer’s recommendations.
For cDNA transcription, a TC312 thermocycler (Techne) were used. The resulting cDNA
was used to perform quantitative RT-PCR using a 7500 Fast Real-Time System machine
(Applied Biosystems).

2.9. Quantitative RT-PCR

The expression of the genes was assayed using specific Tagman® gene expression assays
(ThermoFisher Scientific) and designed to yield products spanning exon—intron boundaries
to prevent possible detection of genomic DNA contaminations after total RNA isolation.
Table 2 shows the genes assayed. Fold-changes were calculated using the 272ACt method
(Livak and Schmittgen, 2001). B-ACT/N and 18s RNA were used as housekeeping controls.
There were no statistically significant differences in expression of S-ACT7/N and 18S over
the course of differentiation.

2.10. Transcriptomic analyses

The data set analysis was performed in two settings: Firstly, rote-none effect on
transcriptome at 2, 4 and 8 weeks of differentiation was analyzed. For this experiment,
BrainSpheres were treated with 5 UM rotenone for 24 h and compared to vehicle-treated
controls. Secondly, transcriptome changes during the course of differentiation were studied
in order to characterize the BrainSpherods. For this analysis, RNA samples from NPC were
compared to 2, 4 and 8 weeks vehicle-treated control samples from the first experiment.
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Microarray analysis was conducted at The Johns Hopkins Bloomberg School of Public
Health Genomic Analysis and Sequencing Core Facility. RNA was extracted from source
cells using the mirVana miRNA Isolation kit (Ambion/Thermo Fisher) according to the
manufacturer’s protocol. Following elution of purified RNA from the mirVana miRNA
columns with Nuclease-free water with RNasin, quantitation was performed using a
NanoDrop spectrophotometer and quality assessment determined by RNA LabChip analysis
on an Agilent BioAnalyzer 2100 or RNA Screen tape on an Agilent TapeStation 2200. 25 ng
of total RNA was processed for hybridization to Agilent SurePrint G3 Human Gene
Expression v2 8x60K Arrays according to Agilent’s Gene Expression FFPE Workflow
protocol, including whole transcriptome amplification, SureTag DNA labeling and
purification, fragmentation, hybridization, and washing. The arrays were scanned in the
Agilent G2600D SureScan Microarray Scanner using scan protocol AgilentG3_GX_1color.
Agilent’s Feature Extraction Software was used to assign grids, provide raw image files per
array, and generate QC metric reports from the microarray scan data. The QC metric reports
were used for quality assessment of all hybridizations and scans. Txt files from Feature
Extraction Software were exported for further analysis with Partek GenomicsSuite version
6.6. Data analyses were done using R (https://www.r-project.org, version 3.4.1 unless stated
otherwise). Data on the green channel were read using limma (Bioconductor, version 3.37.7)
and background was corrected using the normexp method with an offset of 30. Between-
arrays normalization was done by quantile normalization and within-array replicated spots
were averaged. A non-specific gene expression filtering was applied, selecting for at least 10
samples exceeding a log, expression value of 6 (genefilter version 1.59.0). Differentially
expressed genes after rotenone treatment were identified by comparing untreated and treated
BrainSpheres, using limma and a False Discovery Rate (FDR) lower than or equal to 0.05.
Venn diagrams were made with VennDiagram (CRAN, version 1.6.17). Differentially
expressed genes between NPC and control BrainSpheres were also found using limma and a
FDR < 0.05. The Ensemble of Gene Set Enrichment Analyses (EGSEA) was performed with
the EGSEA library (version 1.5.5). The genesets were made from single-cell RNA-Seq
studies of human organoids derived from hiPSCs and from cells isolated from two human
brain areas. The base methods used for geneset analysis were: camera, safe, gage, padog,
plage, zscore, gsva, ssgsea, globaltest and fry. Heatmap of the significance score for the gene
sets was made using the Ward’s D2 clustering and Euclidean distance (gplots, version 3.0.1).
Time-series clustering of untreated BrainSpheres was performed using fuzzy c-means
clustering with k = 3 clusters, the L2 distance and an auto-correlation up to the 50th lag
(dtweclust, version 4.1.1). The NPC were considered as initial time-point of the time-series.

The single-cell RNA-Seq data analyses were performed as followed. Public data were
obtained from six studies covering the human fetal temporal lobe, human fetal midbrain and
human organoids at different days of differentiation (Darmanis et al., 2015; La Manno et al.,
2016; Quadrato et al., 2017; Sloan et al., 2017; Xiang et al., 2017). Cells with > 5% of the
reads mapping to mitochondrial genes, were removed. Normalization of the single cell
datasets was performed as described previously (Zheng et al., 2017). In the Darmanis
dataset, cells labelled as hybrid were also removed. The cell clusters reported in the papers
were used to contrast the data and find differential expression of genes when considering a
cell cluster and the rest of the described clusters. For the Darmanis and Sloan datasets, the
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log, fold changes were calculated for the 1000 most highly variable genes (HVG). For the
Birey, Quadrato and Xiang datasets, a graph network of the 30 nearest neighors was created
using Minkowski’s metric and communities of cells were identified with the Louvain
method (PhenoGraph version 1.5.2 running in the Python 3.6.1 language) (Levine et al.,
2015). Logs,. fold changes of gene expression between a community and the rest of the
communities were calculated using limma. Genesets enriched of cluster-specific or
community-specific genes were obtained using a cutoff of at least 1 for the log,-fold change.
For each Louvain community, a subset of 80 randomly selected cells was created when the
number of cells in this community was higher than 80. Otherwise, the total number of cells
in the community was considered for the limma calculation.

2.11. Metabolomics analysis

Sample preparation and LC-MS metabolomics analysis have been previously described
(Krug et al., 2014). Briefly, two experiments with 4 technical replicates were performed. For
each sample, 625 pl of media was added to 375 pl acetonitrile (ACN) resulting in a 40%
acetonitrile solution. Samples were centrifuged at 14000 xg for 10 min to precipitate the
proteins. A volume of 250 pl of the supernatant was mixed with 250 pl of water and then
added to a 3 kDa molecular weight cut-off filter spin column (Microcon YM-3 Centrifugal
Filter, Millipore, Billerica, MA). After filtering, samples were dried with a vacuum
evaporation system overnight. The dried samples were reconstituted in 100 pl of 60%
methanol with 0.1% formic acid and clarified by centrifugation at 14000 xg for 5 min. The
cleared samples were transferred to plastic vials for LC-MS measurements (Krug et al.,
2014). For analysis, a 6520 Q-TOF LC-MS (Agilent) was operated in both positive and
negative electrospray ionization (ESI) modes using a scan range of 50-1250 m/z. The
instrument settings were as follows: gas temperature, 325 °C; drying gas, 10 I/min; nebulizer
pressure, 45 psig; capillary voltage, 4000 V; fragmentor, 140 V; skimmer, 65 V; acquisition
rate, 1.5 spectra/s; Spectra were internally mass-calibrated in real-time by continuous
infusion of a reference mass solution using an isocratic pump connected to a dual sprayer
feeding into an electrospray ionization source. Data were acquired with MassHunter
Acquisition software (Agilent). Data analysis of Fig. 6D was performed with Ingenuity
Pathway Analysis (QIAGEN Bioinformatics). Targeted LC-MS analysis were performed on
an Agilent 6490 triple quadropole LC-MS system with iFunnel and Jet-Stream® technology
(Agilent) equipped with an Agilent 1260 infinity pump and autosampler. Metabolites of
interest were analyzed by multiple reaction monitoring (MRM) experiments operated in
positive and negative switching mode. Compound identity was confirmed by comparison to
the retention times of pure standards. The optimized operating conditions for MRM
experiments were: gas temperature 230 °C; gas flow 15 I/min; nebulizer pressure 40 psi;
sheath gas temperature 350 °C and sheath gas flow 12 I/min. Capillary voltages were
optimized to 2500 V with nozzle voltages of 1500 V in positive mode, and 4000 V with
nozzle voltages of 2000 V in negative mode. All data processing was performed with
Agilent Mass Hunter Quantitative Analysis software package.
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3.1. BrainSpheres show maturation of the neuronal and glial populations over 8 weeks of
differentiation

The process of maturation, cellular composition, and characterization of the BrainSpheres as
well as its reproducibility has been described in previous work (Pamies et al., 2017). Briefly,
the expression of different markers for CNS cell populations was assessed during the
BrainSpheres differentiation process for up to 8 weeks of in vitro development using
immunohistochemistry, flow cytometry, gene expression and ultrastructure were assessed by
electron microscopy; this analysis demonstrated the presence of neurons, astrocytes and
oligodendrocytes in the model. Moreover, there is an increased expression of mature
neuronal and glial markers with increasing differentiation time, recapitulating key aspects of
human brain development. At 8 weeks of in vitro differentiation, BrainSpheres showed
positive immunoreactivity for mature neuronal markers (NF200, gl11-tubulin and MAP2),
astrocytic marker GFAP and oligodendrocyte marker O1 (Fig. 1). Neuronal populations in
the model (dopaminergic, glutamatergic and GABAergic neurons) demonstrated dendritic
and axonal processes with evidence of functional neuron-neuron and neuron-glial
interactions. GFAP* astroglial cells in the model formed complex networks of processes as
they do in the normal human brain (Fig. 1e, f, k, i) and O1* oligodendrocytes (Fig. 1a, b, c,
d) presented a similar morphology to normal brain oligodendroglia, presenting as round cells
with abundant cytoplasmic processes in close contact with axons and expression of myelin
proteins like MBP (Fig. 1g, h).

3.2. Transcriptome analyses of BrainSpheres reveal features of human brain cell

populations

To determine if BrainSpheres show features of human brain cells, bioinformatics data
analyses were performed. Differential gene expression analyses were made between the
Neural Progenitor Cells (NPC) (considered as starting point of differentiation) and each of
the three time-points (2 weeks, 4 weeks and 8 weeks after starting the process of
differentiation in 3D) using microarrays. A total of 1597 genes (FDR < 0.05, limma test)
were found to be differentially expressed at all the three time-points using microarrays (Fig.
2C). The total number of differentially expressed genes in comparison to NPC increased
with the weeks of differentiation (genes 2 weeks < genes at 4 weeks < genes at 8 weeks) and
the overlap between 2 and 4 weeks was lower than was found between 4 and 8 weeks (1783
vs 2478 genes, Fig. 2C). This suggest the presence of core genes changed at any time of
differentiation but also the appearance of additional gene expression changes specific to later
time-points.

We focused on the 1597 core genes and performed a fuzzy clustering using k = 3 number of
clusters (Fig. 2D). The cluster 1 contains genes up- or down-regulated and showing a flat
profile between two time-points. It also contains genes showing a flat profile between any
two time-points. The cluster 2 represents genes showing a V or inverted V shape profile. The
cluster 3 is made of genes that were progressively up-or down-regulated during the progress
of differentiation, with the up-regulated ones that are most likely corresponding to markers
of cellular maturation. The list of the 509 genes present in cluster 3 (FDR < 0.05, limma
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test) can be found in Supplementary Table 1 and includes 347 up- and 162 down-regulated
genes. Among the up-regulated markers, general neuronal markers were found (MAPT,
TMEM130, GAP43, STMNZ, CHL 1). In addition, well-known neuronal markers that are
more specific were also revealed: ACHE, GRIAZ, GADI1, SCG2, KCND3, KCNB2,
GLRAZ, CNR1, CHGA and OPRM1. As previously observed (Sloan et al., 2017), the
presence of superficial-layer neurons is highly suggested by the up-regulation of CUXZ, a
gene found in upper layers I1-1V of the cortex (Nieto et al., 2004). Apart from neuronal
genes, we also observed the up-regulation of myelin genes such as NKX2-2and PMPZ.

We leveraged the recently available single-cell RNA-Seq data made in six different studies,
including four on human brain organoids derived from human IPSCs and two on human
fetal brain cells isolated from the temporal cortex and midbrain regions (Supplementary
Table 2). The single-cell RNA-Seq data from these studies represent an invaluable source to
define gene sets made of enriched/specific markers of cells found in these organoids and in
the two surveyed brain areas. EGSEA (Alhamdoosh et al., 2017) was used to find the closest
matches to the differentially expressed genes found in BrainSpheres at the three time-points,
using a significance score (from zero to 100, with zero being the least significant and 100
representing the most significant gene sets. Heatmap of EGSEA for 123 gene sets obtained
from the single-cell RNA-Seq datasets showed high scores at the three time-points for the
three following gene sets: xiang_mgeo_72days_8 (minimum score = 97, p.adj = 2e-20),
quadrato_6months_14 (minimum score = 87, p.adj = 2e-14, and sloan_130days_1
(minimum score = 88, p.adj = 2e-20) (Fig. 2A). We further selected gene sets showing at
least a significance score of 65 at any of the three time-points, adding seven gene sets to the
previously found ones. The heatmap of log,-fold changes for the genes present in the ten
resulting gene sets are depicted in Fig. 2B. This EGSEA was not restricted to the 1597 core
genes, however, it retrieved some of the previously described up-regulated neuronal genes
such as GRIAZ, MAPT and STMNZ. Of high interest, an additional up-regulated gene found
by EGSEA is NR4A2, a nuclear orphan receptor controlling the terminal differentiation of
mesencephalic dopaminergic neurons (Caiazzo et al., 2011). Among down-regulated genes,
classical markers of proliferation such as TOPZA and MK/67 were observed together with
genes involved in modelling the extracellular matrix (MMPZ2, HMMR, BGN and DCN).
Together, the transcriptomic analyses support the presence of diverse neuronal populations
including dopaminergic neurons, that are engaged in an ongoing differentiation program,
mimicking some aspects of human brain maturation.

3.3. BrainSpheres showed higher sensitivity to rotenone at early stages of differentiation

BrainSpheres were exposed to rotenone for 24 and 48 h at 2, 4 and 8 weeks of differentiation
process. Concentrations between 0.1 pM and 50 uM were used. At 2 weeks of
differentiation, exposure of BrainSpheres to rotenone for 24 h showed a 26% reduction in
cell viability at 10 uM, with the maximum reduction of 58% at 50 uM. After 48 h exposure
at 2 weeks, a higher reduction of cell viability was found but not statistically significant,
with 61% of reduction for 50 uM (Fig. 3A, left graph). BrainSpheres exposed 24 and 48 h to
different concentrations of rotenone at 4 weeks of differentiation presented less sensitivity to
the compound (Fig. 3A, middle graph). Exposure to the higher concentration (50 uM)
reduced cell viability by 33%, which was 25% less than for 2-week BrainSpheres. However,
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at 25 pM, there were no differences in cell viability between 2- and 4-weeks BrainSpheres.
The exposure of BrainSpheres to rotenone for 48 h at 4 weeks of differentiation showed a
decrease in number of viable cells, however, the change was not statistically significant. No
significant differences were found between 4 and 8 weeks (Fig. 3A). At all 3 time points
studied, concentrations of 0.1, 1 and 5 uM rotenone did not show statistically significant
changes in cell viability (Fig. 3A).

3.4. BrainSpheres in the early stages of differentiation show higher levels of oxidative
stress when exposed to rotenone

Two weeks BrainSpheres have shown an increase of reactive oxygen species (ROS)
production over the time of rotenone exposure (30 min, 1, 12, 24 and 28 h). Exposure to
higher concentration of rotenone (100 uM) increased ROS production for 14, 23, 35, 23 and
27% after 30 min, 1, 12, 24 and 48 h, respectively (Fig. 3B). Four-weeks Brain-Spheres
exposed to rotenone have shown a dose-dependent increase of ROS at 30 min, 1 and 12 h,
reaching a maximum pM of 13, 17 and 18% respectively. After 12 h, ROS level was
reduced. After 24 h, the exposure resulted in an increase of ROS production between 0 and
5% in comparison to the control. Similar results were found after 48 h exposure (Fig. 3B).
At 8 weeks, a maximum of 11% increase in ROS production was observed. A maturation of
the system at that stage, with more mature astrocytes and oligodendrocytes, can be a reason
for the reduction of ROS after rotenone exposure. Similarly, to the mitochondrial
dysfunction experiment, BrainSpheres have shown an age-dependent sensitivity, showing
higher oxidative stress in the early stages of differentiation.

3.5. Rotenone induces mitochondrial dysfunction dependent of BrainSpheres maturation

MitoTracker Red CMXRos was used to measure mitochondrial dysfunction in BrainSpheres
after rotenone exposure. BrainSpheres of 2, 4 and 8 weeks of differentiation were exposed to
different concentrations of rotenone (0, 0.1, 1, 10, 25, 50, 100 uM) for 0.5, 1, 12, 24 and 48
h (Fig. 3C). MitoTracker results obtained after 30 min and 1 h exposure were variable (data
not shown). The overall tendency was a reduction of the mitochondrial function after
rotenone exposure in a dose-dependent manner. However, only the effects of the higher
concentrations were statistically significant. At 2 weeks, exposure of BrainSpheres to 25, 50
and 100 UM rotenone for 12 and 24 h led to a significant mitochondrial dysfunction (Fig.
3C). Moreover, exposure to the highest concentration (100 pM) showed a much higher
decrease for 24 and 48 h exposure. As expected, 2-week BrainSpheres exposed for 48 h to
rote-none, were more affected than the same age BrainSpheres treated for 12 and 24 h,
showing effects already at 10 uM. No effects were observed at this concentration after
shorter exposure time. Exposure to 100 uM rotenone for 12, 24 and 48 h reduced
mitochondria function by 72%, 92% and 91%, respectively, (Fig. 3C). At 4 weeks, only 12 h
exposure showed statistically significant differences at the three highest concentrations (25,
50 and 100 pM), while 24 and 48 h exposure did not show any statistically significant
changes. At 8 weeks, the graph showed a tendency of reduced mitochondrial function, but
the values were not statistically significant compared to the control cells. The results show
that sensitivity of BrainSpheres to rotenone was age-dependent, being more sensitive at early
stages of differentiation and less sensitive when more mature cells were present in the
system.
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3.6. Rotenone selectively disrupts dopaminergic neurons and may produce astrocyte

toxicity

Exposure to non-cytotoxic concentration of rotenone (1 and 0.1 uM) induced selective
toxicity on TH-positive cells (Fig. 4), while other neuronal cell types required concentrations
> 25 uM, to present changes in cell morphology and viabilty. Immunostaining demonstrated
a significant decrease in the number of TH-positive dopaminergic cells in the BrainSpheres
treated with 1 uM rotenone, with the overall MAP2* neuronal population demonstrating less
abundant dendritic process and a decrease in the number of cells at concentrations > 25 pM.
Similarly, GFAP-positive astrocytes were affected at rotenone concentrations > 25 UM, with
initial decrease in the number of glial processes and network formation and subsequent
decrease in the amount of GFAP-positive cells at higher concentrations (Fig. 4). However,
this concentration presented general cytotoxicity in the resazurin assay Fig. 3A.

3.7. Rotenone alters the transcriptional profile of BrainSpheres at all stages of
differentiation

BrainSpheres were exposed to 5 UM rotenone for 24 and 48 h at 2, 4 and 8 weeks of
differentiation and microarrays were done to assess the effect of rotenone on the
trascriptome by comparing treated and untreated BrainSpheres. The number of genes
changed by the treatment increased depending on the differentiation status of the
BrainSpheres (Fig. 5A). A total of 72 altered genes were found in the 2-week cultures
(limma test, FDR < 0.05), while 343 were changed in the 4-week BrainSpheres and 429 in
the 8-week condition. The overlap between the three time-points was made of only 23 genes,
suggesting distinct responses of different weeks-old BrainSpheres to rotenone.

EGSEA was performed to find KEGG pathways changed after rote-none treatment. A
summary of the significant pathways is shown in Fig. 5B and C. Of interest, the p53
signaling pathway was with a low median rank (Fig. 5B) and the only up-regulated KEGG
pathway at 2 weeks. This is in agreement with a previous study showing a positive feedback
loop of p53 on amplifying apoptosis (Shi et al., 2014), immature cells in the BrainSpheres at
2 weeks may show a similar mechanism. Bubble diagrams showed that the most
significantly down-regulated KEGG pathways after rotenone treatment at week 4 and 8 were
related to synapse function (Fig. 5B, 5D2 and 5D3). In the three exposure time windows,
synapse pathways such as hsa0721 Synaptic vesicle cycle (at 2 weeks), hsa04724
glutamatergic synapse, hsa04727 GABAergic synapse and hsa04728 dopaminergic synapse
(at 4 and 8 weeks) were found modified after rotenone exposure at later time-points (4 and 8
weeks). The Calcium Reabsorption pathway was another KEGG pathway down-regulated in
the three groups. Overall, these results suggest that rotenone can target different cell
populations over time, with 2-week BrainSpheres being more sensitive to apoptosis as
shown by upregulation of p53 and neuronal populations affected throughout BrainSphere
development.

To identify which neural populations were affected by rotenone, EGSEA was performed
with the single-cell RNA-Seq gene sets and the list of genes affected by rotenone treatment
at the three time-points (Fig. 6A). Of high interest, the sloan_130days_1 geneset showed a
high significance score at all three time-points (minimum score = 100, p.adj = 5.8e-17),
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suggesting a persistent effect of rotenone on some cells types present in the BrainSpheres.
The geneset contains neuronal markers, suggesting that the main targeted cell types of
rotenone are neurons. A profoundly down-regulated gene found at all time-points in the
geneset was NR4AZ, an important player of mesencephalic dopaminergic neurons (Fig. 6B).
This strongly supports the well-known high sensitivity of dopaminergic neurons to rotenone.
In addition, other specific neuronal markers were altered, for instance, we observed up-
regulation of SSTRZ2at 2 weeks, up-regulation of OLFMI at 4 and 8 weeks, and up-
regulation of PDE1A at 8 weeks. Together with the down-regulation of CNTNAPZ, a
neuronal gene involved in complex neurological disorders such as autism and schizophrenia
(Brumback et al., 2017), the EGSEA results strongly supports the existence of multiple
effects of rotenone on diverse neuronal populations present during the course of
BrainSpheres maturation, with a more pronounced effect on dopaminergic neurons.

Real-time PCR was performed on selected genes found to be affected by rotenone at the
three time points to confirm microarray data (Fig. 5E). The RT-PCR results for the six tested
genes confirmed what was found previously by microarrays, i.e. down-regulation of those
genes. For instance, DCX, a marker of young neurons, was significantly down-regulated. Of
importance, NR4A2was affected by rotenone treatment, with 4-weeks and 8-weeks
differentiation being significant (two-way ANOVA multiple comparison). In addition,
another gene important for dopaminergic neurons, LH.XZ, was also affected by the chemical,
further confirming that BrainSpheres are suited for evaluating the effects of rotenone on
young neuronal cells and more mature neurons such as dopaminergic neurons.

3.8. Extracellular metabolites can help to identify neurotoxic effects

Extracellular metabolites from BrainSpheres were studied at 2, 4, and 8 weeks of
differentiation. Both targeted and untargeted approaches were performed. PCA plots were
created from the untargeted metabolomics data, showing clear differences in metabolic
profiles between different stages of differentiation (Fig. 7A). In addition, BrainSpheres
treated with rotenone for 48 h changed the extracellular metabolites profile (Fig. 6B). After
non-cytotoxic rotenone treatment, the number of modified metabolites was similar between
2, 4 and 8 weeks of differentiation, with 163 metabolites in common for the three time
points (Fig. 7C). Data analysis performed with Ingenuity Pathway Analysis (QIAGEN
Bioinformatics) revealed the TOP TOX modified pathways common for the 3 time points:
mitochondrial dysfunction, PXR/RXR activation, mechanism of gene regulation by
peroxisomes proliferation via PPAR (Fig. 7D). Analysis for physiological system
development and function shows nervous system development and function pathway altered
at the 3 time points. In the case of diseases and disorders pathway analysis, neurological
disorder pathway was altered at 2 weeks, while cancer was the main pathway altered at 4
and 8 weeks. A targeted metabolomics approach was used to confirm extracellular
metabolites data (Fig. 7E).

4. Discussion

In recent years, numerous models have been created in order to study the human brain in a
more physiological way (Lancaster et al., 2013; Pasca et al., 2015; Quadrato et al., 2017;
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Sloan et al., 2017; Xiang et al., 2017). The main limitation of these models in the field of
toxicology is that, due to their complexity, it is difficult to find a compromise between
biological complexity and technical reproducibility. We have previously reported a
reproducible brain human 3D model (Pamies et al., 2017). These models have been referred
to as organotypic cultures or organoids; others have used terms like brain-on-chip,
neurospheres, brain microphysiological systems or mini-brains. We decided to call our
model BrainSpheres as it lacks the microfluidics of an organ-on-chip model and the
architecture of an organ model; however, it represents some brain multicellularity including
glial cells and functionality, exceeding those of mere neuronal models. Transcriptomics
results here show certain similarities of our BrainSphere model with single-cell RNA-Seq
data obtained in other human brain organotypic models (Fig. 2). Moreover, our
transcriptomic analyses further confirmed the presence of proliferative immature cells at
early time-points, and the existence of diverse neuronal populations and glial cells at later
time-points in our BrainSpheres, therefore, reproducing some aspects of human brain
maturation (Fig. 2). The genetic information collected during this study will facilitate the
characterization of every cell type present in the BrainSpheres, pointing to the precise
populations affected by rotenone and to the mode of actions of this potential
neurodevelopmental toxicant.

The controlled complex cascade of events during neural development together with the lack
of CNS support cells in early stages make the developing brain the most vulnerable window
of exposure to environmental exposures (Rice and Barone, 2000). As a dogma in
reproductive toxicity, it is assumed that certain “windows of vulnerability” exist when the
developing system is susceptible to chemical interference, and typically exposure over the
entire development phase is performed (chronic exposure). In vitro models showing full
maturation processes are impossible to reproduce, so this could be a technical obstacle for
examining treatments covering the whole differentiation span. In addition, long-term
toxicant treatments may lead to favor the differentiation towards a specific population or
select resistant cell populations, resulting in measurements of cellular phenotypic changes
rather than direct molecular initiating events or even secondary substance-unspecific effects
(Balmer et al., 2014). This could make it difficult to interpret the results of long-term
exposures treatments. However, an alternative to chronical exposure has been proposed
(Balmer et al., 2014). Short “pulse” (acute) exposures at multiple times of the differentiation
can be performed to describe toxicant effects on early cellular events. This will allow (i)
assessment of early cellular responses to the treatment at most significant stages of
differentiation, and (ii) avoidance of indirect substance effects.

In this study, we have used rotenone at different time points of BrainSpheres maturation in
order to understand the potential neurodevelopmental effects of this pesticide. Rotenone is a
natural pesticide widely used, besides to have a relatively short environmental half-life and
limited bioavailability, there are evidences that even temporary limited exposure of rotenone
could lead the effects in human health (Hatcher et al., 2008; Li et al., 2005; Tanner et al.,
2011). Moreover, in vivo and in vitro studies have shown rotenone possible developmental
neurotoxicity potential (Khera et al., 1982; Spencer and Sing, 1982; Melo et al., 2015; Krug
et al., 2013). For this study, we used a range of concentrations based on published in vitro
literature. EPA has determined that after chronic administration, the LOAEL for rats was
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37.5 ppm (95.1 nM) (EPA, 20064, 2006b). Therefore, and taking into consideration that we
are using an acute exposure and not repeated dosing, we used 100 nm as starting
concentration. Animal studies have shown rotenone was able to induce PD pathology when
brain concentrations reach 30 nM (Greenamyre et al., 2003), however, this concentration did
not show any changes in BrainSpheres after a single exposure. Cytotoxicity assays after
rotenone treatment showed stronger effects of rotenone at 2 weeks of differentiation in
comparison to 4 and 8 weeks (Fig. 3A). Rotenone is known to induce ROS production by
inhibiting mitochondrial complex I. Our results have shown an increase of ROS production
at the 3 time points studied (2, 4 and 8 weeks). The amount of ROS production due to
rotenone treatment was higher at early stages of differentiation with progressive decrease in
ROS production at 4 and 8 weeks (Fig. 3B). Moreover, mitochondrial function was more
compromised at 2 weeks than at 4 and 8 weeks (Fig. 3C). Astrocytes haven shown to present
a key role in maintaining the energetic balance of the brain and antioxidant production and
contributes to neuronal protection (Dugan and Kim-Han, 2004; Greenamyre et al., 2003);
being as well indications that astrocytes may have a protective role against rotenone
(Cabezas et al., 2012). We hypothesize that the higher sensitivity at 2 weeks could be due to
the lack of supporting cells during the early stages or an increased sensitivity of immature
cell populations when compared to mature ones. According to our previous results, the
expression of glial markers starts appearing around 2 weeks, increasing over time (Pamies et
al., 2017). In addition, immunohistochemistry of GFAP-positive astrocytes at 8 weeks,
showed how astrocytes develop more processes and establish glial-glial and neuroglial
networks with increasing in vitro development time, which is important for neuronal support
and viability. As seen in Fig. 4. Rotenone can also disrupt astrocyte networks and induce
astrocyte death at higher concentrations (concentrations that were cytotoxic in the resazurin
assay) (Fig. 3A). All these changes in the cellular composition are accompanied by a
reduction of more immature cells such as cells expressing proliferative markers (MK/67 and
TOPZA).

Studies with rotenone has previously shown indications that exposure to this pesticide
produce effects on rat, chick and fish development (Khera et al., 1982; Spencer and Sing,
1982; Melo et al., 2015; Rao and Chauhan, 2004) as well as in vitro neurogenesis of iPSC-
derived dopaminergic neurons (Fang et al., 2016) and neurite outgrowth (Krug et al., 2013).
For example, D. rerio embryos exposed to rotenone showed embryotoxic effects, showing
cardiac edema; tail deformities; loss of equilibrium; and a general delay characterized by
lack of tail detachment, delayed somite formation, yolk sac absorption, and lack of
pigmentation (Melo et al., 2015). In addition, Neonatal rotenone lesions derived into
hyperactivity during juvenile stage in rats (Ishido et al., 2017). To try to identify
developmental pathways modified metabolomics and transcriptomics was performed. In this
study, Non-cytotoxic rotenone concentrations were used to obtain transcriptomics and
metabolomics data, which showed the higher number of modified genes at 8 weeks vs 4 and
2 weeks (Fig. 5A). Pathways modified between 4 and 8 weeks were very similar for both
transcriptomics and metabolomics (Figs. 5C and 7C). Metabolomics data have shown that
metabolites related with nervous system development were altered at different time points
(2, 4 and 8 weeks) and also showed a higher number of modified metabolites at 2 weeks
(Fig. 7D). Down-regulation of the Calcium Re-absorption pathway was common to the three
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time points. This could affect the synaptic function, since Ca%* is required in all the
processes related to neurotransmitter release and absorption. The increase of intracellular
Ca?" levels after rotenone treatment has been already described (Swarnkar et al., 2012). This
increase of Ca2* seems to be related to the increased opening of voltage-gated Ca2* channels
(Wang and Xu, 2005). Our results show down-regulation of calcium re-absorption that may
be due to a compensation mechanism. In addition, an increase in ROS production has been
associated with high concentrations of intracellular Ca2* (Boldyrev et al., 1999; Brookes et
al., 2004). Thus, although dopaminergic neurons may go into apoptosis due to their higher
sensitivity, mitochondrial complex | inhibition could lead to increased ROS production in
other cell populations as well, increasing extracellular Ca2* and further down-regulating
synapse pathways.

The formation of axons and dendrites are required during the formation of the nervous
system, and it has been suggested as one possible endpoint to study developmental
neurotoxicants (Lein et al., 2007; Crofton et al., 2011; Bal-Price et al., 2012; Bal-Price et al.,
2015a). Neurotoxic neurite impairment after rotenone exposure has been shown in many
systems (Borland et al., 2008; Sanchez et al., 2008; Persson et al., 2013; Hoelting et al.,
2016). Moreover, a recent study has shown how ten orders of magnitude lower than the
cytotoxicity concentration of rotenone, can still produce effects on neurite outgrowth (Krug
et al., 2013), suggesting that rotenone may also be an important developmental
neurotoxicant. Axon guidance has been another pathway consistently down-regulated in all
three groups (2, 4 and 8 weeks) (Fig. 5C) reinforcing previously described data (Krug et al.,
2013). In addition, extracellular metabolite analysis in those three windows of exposure,
suggests a mechanism of gene regulation by peroxisome proliferation via the PPAR pathway
(Fig. 7D). There have been as well some indications relating this pathway with neurite
outgrowth and mitochondrial function (Chiang et al., 2014). Being the main pathway using
extracellular metabolites and being modified in the three groups (Fig. 6D). PPAR could be
affected due to the inhibition of mitochondrial complex | and in turn, could affect the axonal
growth pathway.

Calcium is a major modulator of neuronal functions (Berridge, 1998). The mitochondria’s
role in Ca2* homeostasis has been known for many years (Rizzuto et al., 2000; Clapham,
2007) and the mechanism has been summarized (Giorgi et al., 2012). The inhibition of
mitochondrial complex | by rotenone have shown to produce swelling of mitochondria on
dopaminergic neurons (Subramaniam and Chesselet, 2013); this phenomenon has been as
well related with the increase of cytosolic Ca?* (Subramaniam and Chesselet, 2013). The
role for mitochondrial Ca2* uptake is now well-recognized. Oxidative stress can alternate
Ca?* signals and induce organelle alterations when reaching the mitochondria, driving the
cell to its death (Giorgi et al., 2008). Thus, an effect on mitochondrial complex | by rotenone
could lead to a dysregulation of Ca2*, oxidative stress and to a further cell death or
modification of the nervous system developmental pathways.

In conclusion, our BrainSpheres model has shown to be a reproducible and novel tool to
study NT and DNT. The multicellular characteristics allow to study cell interaction and
mechanisms in a more physiological manner as previous results have shown that our model
better recapitulates human development (Pamies et al., 2017). Results presented here support
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the idea that rotenone can potentially be a developmental neurotoxicant, and show a possible
link between previous detected effects (neurite outgrowth) and present effects observed such
as induced abnormalities in Ca2* reabsorption, synaptogenesis and the PPAR pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

HSman iPSC-derived BrainSpheres. At 8 weeks of differentiation, mature BrainSpheres
contain a diversity of neuronal and glial cell populations as shown by the expression of
neuronal and glial markers by immunofluorescence. Glial cell populations include O1*
oligodendrocytes (a, b) that are in close interaction with NF* axonal processes (c, d) and
GFAP™ astrocytes (e, f). Oligodendroglia also exhibited expression of Myelin Basic Protein
(MBP) in association with axonal processes (g, h). Neuron populations express specific
markers such as TUBB3 and MAP2 (i-I) and seem to be mixed among GFAP* astroglia (k,
1). Scale Bar: 20 pm.
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Fig. 2.
Transcriptome analyses of BrainSpheres. Transcriptomic data were obtained from NPCs, 2,

4 and 8 weeks differentiated BrainSpheres. A) Heatmap of EGSEA of 123 gene sets
obtained from single-cell RNA-Seq datasets showed high scores at the three time-points for
xiang_mgeo_72days_8, quadrato_6months_14 and sloan_130days_1. The colors represent
the significance score (green for low significance to red for high significance) B) Heatmap
of log, fold-changes for the genes present in ten significant gene sets. Vertical ribbon shows
the gene sets for each of the genes shown at the right side of the heatmap. Blue color in the
heatmap corresponds to down-regulated genes when comparing the time-points to NPC,
while red color is used for up-regulated genes (potential cell markers). C) Three-ways Venn
diagram of 2 vs 4 vs 8 weeks of genes significantly changed after BrainSpheres
differentiation (limma test, FDR < 0.05). D) Fuzzy clustering using k = 3 number of clusters
for the 1597 core genes found at the intersection of the Venn diagram in C. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3.

Rotenone produces different effects at different windows of exposure and preferentially
affects dopaminergic neurons in BrainSpheres. Cells were exposed to different
concentrations of rotenone for up to 48 h at 2, 4 and 8 weeks of differentiation. (A) shows
cell viability at different concentrations of rotenone after 24 and 48 h exposure. (B) Reactive
oxygen species (ROS) production after 0.5, 1, 12, 24 and 48 h exposure to different
concentrations of rotenone. (C) Mitochondrial dysfunction after 12, 24 and 48 h rotenone
exposure. D) Selected MitoTracker images. E) confocal image of a MitroTracker stained
BrainSpheres.
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Fig. 4.
Immunohistochemistry of rotenone treated Human iPSC-derived BrainSpheres.

BrainSpheres were collected after 8 weeks of differentiation and exposed to rotenone for 24
h. Confocal images were taken for neuronal (MAP2), astrocytic (GFAP) and dopaminergic
neuronal (TH) cell populations in BrainSpheres exposed to increasing concentrations of
rotenone. There was a progressive decrease in the overall neuronal population that appeared
to be dopaminergic specific, as TH* neurons were differentially affected with a relative
preservation of MAP2* neurons and GFAP* astrocytes. Scale bar: 20 um.
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Fig. 5.
Transcriptomic analyses of rotenone effect on Kyoto of Encyclopedia of Genes and

Genomes (KEGG) pathways. (A) Venn diagram of differentially expressed genes after 5 uM
rotenone treatment of 2, 4 and 8 weeks BrainSpheres. The number of genes altered by
chemical treatment increased over time and profiles were more similar between 4 and 8
weeks, than when compared to 2 weeks. (B) Heatmap of median rank for the significant
KEGG pathways. The analysis was performed after exposure of 2, 4 and 8 weeks
differentiated BrainSpheres to rotenone. The pattern at 2 weeks was more different than
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what was observed at 4 and 8 weeks. (C) shows the direction of the overall change for the
significant pathways at the three time-points. There was only one up-regulated pathway (p53
signaling pathway shown in orange) and the rest corresponded to down-regulated pathways
(shown in blue). (D) Bubble plots of the significance of the KEGG pathways at 2 weeks
(D1), 4 weeks (D2) and 8 weeks (D3). The upper right corners of the plots contain bubbles
corresponding to pathways with a strong directional change and high —logyg p-value. All the
significant pathways were down-regulated (colored in blue), expect the p53 signaling
pathway (hsa04115) in D1. (E) shows real-time qPCR validation for six genes found to be
altered by microarrays, including NR4A2 (E2), LHX1 (E3) and DCX (E5). Results represent
mean £ SD (n7= 3). Asterisks indicate p-values from two-way ANOVA multiple comparison
(p<0.01=%*; p<0.001 =**; p<0.0001 = ***), (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pamies et al. Page 29

Fig. 6.
EGSEA comparison between different organotypic models. (A) Heatmap of EGSEA using

genes found to be differentially expressed after rotenone treatment at the three time points
and with the single-cell RNA-Seq derived gene sets. The significance score (from 0 to 100)
is shown for each geneset, using a color palette from green to red. The geneset associated
with the highest overall score across the three time-points is sloan_130days_1. (B) Log2 fold
changes for the genes found in the sloan_130days_1 geneset are represented for the three
time-points, with blue corresponding to down-regulated genes after rotenone treatment, and
red color used for up-regulated genes. The most down-regulated gene at all time-points was
NR4A2, an important transcription factor implicated in the differentiation of dopaminergic
neurons. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 7.
Alteration in extracellular metabolite levels after treatment of BrainSpheres with 5 uM

rotenone. Extracellular metabolites were extracted from the media after 48 h rotenone
treatment at 2, 4 and 8 weeks differentiation of BrainSpheres. A) PCA plot showing the
profile differences between 2, 4 and 8 weeks control (untreated) BrainSpheres. B) PCA plot
including data for 48 h rotenone treatment. C) Venn diagram showing the number of
significantly changed extracellular metabolites at 2w vs 4w vs 8w. D) Ingenuity top tox list
pathways, physiological system development and function pathways and disease and
disorders pathways modified after rotenone exposure at different time points. E) Data for
targeted metabolomics analysis of some metabolites, as a validation of untargeted results.
Bars in 6E represent mean + SD (n = 3). Asterisks indicate p-values from two-way ANOVA
multiple test (p < 0.01 =*; p < 0.001 = **: p < 0.0001 = ***),
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Table 1

Primary antibodies for immunohistochemistry.

Antibody Host Type Source Dilution
NF Rabbit  Polyclonal Enzo 1:1000
GFAP Rabbit  Polyclonal Dako 1:500
o1 Mouse  Monoclonal ~ Millipore  1:500
Map2 Mouse  Monoclonal ~ Chemicon  1:1000
Tub3b Rabbit  Polyclonal R&D 0.2 pg/ml
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Table 2

Tagman gene probes.

Gene Reference

PLXNA4 Hs00297356
NR4A2 Hs01117527

LHX1 Hs00232144
FGF14 Hs00738588
DCX Hs00167057

ATP6VIG2 Hs00431046
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