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CHAPTER 1
Introduction: Utilizing human induced pluripotent stem cells and derived models to study
neurodevelopment and neurodegenerative disease
Adapted from: Joshi, P., Neely, DM., & Bowman, AB. (2018). Modeling Genetic and
Environment Interactions Relevant to Huntington’s and Parkinson’s Disease in Human Induced
Pluripotent Stem Cells (hiPSCs)-Derived Neurons. Stem Cells in Birth Defects Research and
Developmental Toxicology (pp. 905–171). DOI: 10.1002/9781119283249.ch7.

Introduction
Human induced pluripotent stem cells (hiPSCs) and derived models are increasingly being used
to model gene-environmental interactions relevant to neurodegenerative diseases as well as
reveal novel functions of apoptotic machinery in neurodevelopment. Vulnerability of hiPSCderived neurons to toxicants, such as heavy metals and pesticides, can be assessed in patient
specific cellular model and this chapter will outline approaches for using hiPSCs to model gene
by environment interactions in neurotoxicity and neurodegenerative disease. We emphasize
the adaptation of basic cellular-based outcome measures related to mitochondrial dysfunction,
oxidative stress, and changes in neuronal morphology. Additionally, this chapter will have a
specific focus on mitochondrial dynamics, which are speculated to model cell fate and control
developmental apoptosis both of which are pertinent for neurodevelopment. Recent studies
show that mitochondrial morphology and function play major roles in not only maintaining but
also regulating identity of cells in neurodevelopment. Alterations in the processes mentioned in
this study can lead to severe consequences for neurodevelopment and neurodegenerative
disease.

Gene-environment interactions assessed in hiPSC-derived neurons
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Human induced pluripotent stem cells (hiPSCs) can be reprogrammed from somatic cells by a
variety of methods including somatic cell nuclear transfer, fusion of somatic and pluripotent
cells, and expression of pluripotency transcription factors OCT4, SOX2, KLF4, and MYC in
somatic cells1–4. Reprogramming of somatic cells into hiPSCs allows for the production of
patient specific hiPSCs and their differentiation into neurons. This can be used to develop
cellular models to study the pathogenesis underlying disease, including neurodegenerative
diseases such as Huntington’s disease (HD) and Parkinson’s disease (PD). These two
neurological diseases1,5–8 will be utilized in this chapter as exemplary cases for the study of
gene by environment interactions using hiPSC modeling. hiPSCs can serve as a model system
for toxicological risk assessment to understand the role genetic factors play in modulating
vulnerability to toxicants. hiPSCs can be differentiated into tissues of any of the three embryonic
germ layers: ectoderm, mesoderm, and endoderm. Depending on the relevant
neurodegenerative disease, different specific brain regions and populations of neurons will be
affected. For example, mesencephalic dopaminergic neurons are vulnerable in PD and medium
spiny neurons are affected in HD. hiPSCs offer a great advantage in that they can be
differentiated into many neuronal subtypes relevant to the neurodegenerative disease of
interest. Indeed, key factors for the successful use of hiPSCs in modeling environmental factors
influencing neurodegenerative diseases is the consistent generation of high yields of the
neuronal cell type(s) desired from hiPSC lines derived from different patients9. Numerous
detailed protocols are available to generate forebrain neuroprogenitors and mature neurons
(NPs, GLUergic cortical neurons, and DAergic neurons) from patient and control subject derived
hiPSCs10–21.

Modeling of neurological diseases with hiPSCs
Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder characterized
by behavioral abnormalities, cognitive decline, psychological disturbances and movement
2

dysfunction22. Expansion of a polyglutamine repeat near the N-terminus of the ~350kDa
Huntingtin protein (HTT) leads to this dominant neurodegenerative condition with both gain-offunction and loss-of-function features23. The length of the CAG repeat expansion shows a
strong correlation with age of HD onset and individuals with greater than 39 repeats will be
affected by the disease24–28. Although repeat length affects age of onset, other factors such as
environmental factors also seem to play an important role29,30. These observations are further
supported by studies of monozygotic twins who show different ages of onset of HD31. The
evidence for environmental risk factors to contribute to HD age-of-onset and disease
progression/features suggests that the study of the mechanism by which environmental factors
contribute to the disease may inform us on the etiology and pathogenic mechanisms. Use of
hiPSCs are valuable for such studies since there is little a priori knowledge of which
environmental factors are relevant and if the pathogenic mechanisms are conserved in nonhuman models.

Striatal medium spiny neurons (MSNs) are amongst the most vulnerable neuronal subpopulation in HD, along with neurons in the substantia nigra, globus pallidus, thalamus, sub
regions of the hypothalamus, and cortical layers 3,5, and 622,32. Mutant HTT has been shown to
interfere with the function of brain derived neurotrophic factor (BDNF), abnormal gene
transcription, cause mitochondrial and metabolic alterations, and decreases in ATP32. Oxidative
stress, mitochondrial dysfunction, glutamine sensitivity, and metabolic dysregulation have all
been implicated in the pathogenesis of HD33,34. These pathologies can also be caused by heavy
metals and other pollutants which are suspected to cause degeneration in the basal ganglia35,36.
These studies strongly suggest that both genetic and environmental interactions play a role in
HD age of onset and disease progression; indeed, studies assessing the toxicology of the metal
manganese on hiPSC-derived neural precursors suggested a manganese/HD interaction and
these mechanisms have been further studied with use of hiPSCs10,11.
3

Parkinson’s disease (PD) is due to loss of dopaminergic (DA) neurons primarily in the
substantia nigra pars compacta but also in the locus coeruleus nucleus basalis of Meynert, and
dorsal nucleus of the vagus nerve37–42. The loss of DA neurons in the substantia nigra is
believed to disrupt the basal ganglia circuitry causing loss of motor function7. PD is the second
most common late onset neurodegenerative disorder and is characterized by symptoms which
include: rigidity, postural instability, and bradykinesia41. The pathogenesis of PD is unknown but
it is well established that mitophagy, oxidative stress, mitochondria dysfunction, and 𝛼-synuclein
accumulation are observed in patients and/or PD model systems37,39,40,43,44. The mean age of
onset of PD is 55 years and the risk of developing the disease increases with age. Like for HD,
the etiology of PD has been attributed to an interaction of genetic and environmental factors
including pesticides and metals36.

hiPSCs derived dopaminergic neurons (Figure 1) carrying PD associated genetic mutations
such as SNCA, LRRK2, PINK1, and PARK2 have been shown to recapitulate disease
phenotypes8,45–47 and can be used for drug discovery and replacement therapy48.
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Figure 1. hiPSC derived mesencephalic dopaminergic (DA) neurons. Floor plate lineage cells
are differentiated from hiPSCs as described12,49 with a majority expressing lineage-selective
floor plate markers Foxa2 and Lmx1A by day 11 of differentiation. At day 11 the floor plate cells
start undergoing final neural maturation and by day 27 of differentiation these neurons express
the neuron-specific marker β3-tubulin (in red), and the dopamine neuronal marker Tyrosine
hydroxylase (in green). Cultures were counterstained with Hoechst (in blue), a DNA stain.
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To better understand neurodegenerative disorders, there are many cell-based assays which can
be conducted to examine gene-environmental interactions. In this chapter, we will focus on
some of the more commonly used assays which assess cell viability, mitochondria function,
oxidative stress, and neuronal morphology and neurite extension.

Cell Viability Assays
To evaluate gene-environment interactions in neurodegenerative disorders, cell viability assays
can be utilized to assess the neurotoxicity of environmental toxicants relevant to HD or PD in
the context of disease relevant genetic mutations11,50. Cell viability can be evaluated by many
different assays including 3-(4,5-dimsethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
trypan blue exclusion, or CellTiter-Blue assay (Promega, G8080). In the CellTiter-Blue cell
viability assay living cells convert resazurin to the fluorescent compound resorufin, a signal that
is then quantified by a plate reader. Toxicity assays are not only used to study the effects of
genetic factors but also to assess sensitivities to different neuronal developmental stages or
different neuronal lineages (e.g. dopaminergic versus cortical glutamatergic). hiPSCs which are
differentiated into neuronal subtypes can be evaluated by cell viability assays to assess
cytotoxicity as well as neuroprotective roles of chemical agents in different neuronal lineages.

Mitochondria
Mitochondrial dysfunction has been shown to be a component of the neuropathology in many
neurodegenerative disorders and the effects of genetic and environmental interactions on
mitochondrial function have been assessed13. Mitochondria are dynamic organelles which are
involved in many processes including energy metabolism, mitochondrial dynamics, distribution,
induction of apoptosis, and formation of reactive oxygen/nitrogen species (RONS)51.
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The intrinsic apoptotic pathway occurs at the mitochondria and is initiated by DNA or
mitochondrial damage. This stress leads to activation of pro-apoptotic effectors BCL-2
associated X (BAX) and BCL-2 antagonist killer 1 (BAK) that permeabilize the outer
mitochondrial membrane52. This will lead to release of cytochrome c, activation of caspases and
ultimately cell death. During steady state, anti-apoptotic members preserve the integrity of the
outer mitochondrial membrane by keeping the pro-apoptotic effectors BAX and BAK in an
inactive state53–56. Studies have shown that BLC-2 family members are essential in cells not
only during apoptosis, but also for ability to regulate mitochondrial network, which ultimately
affect cell fate decisions57–62.

In addition to apoptosis, fusion and fission are other dynamic properties of the mitochondria that
help to maintain healthy mitochondrial networks. Fusion and fission normally occur in varying
levels depending on cell type and energy demands63,64. Fusion leads to elongated mitochondria
whereas fission leads to fragmented mitochondria. Fusion is carried out with OPA1, a GTPase
that fuses the inner mitochondrial membrane and mitofusins that fuse the outer mitochondrial
membrane65–67. Fission on the other hand is carried out by DRP1, which is a GTPase, that
cleaves outer and inner mitochondrial membranes68–70.

During stem cell differentiation, mitochondrial biogenesis plays a key role and upregulation of
mitochondrial DNA, and increased oxygen consumption is observed71,72. It has also been shown
that inhibition of mitochondrial respiration leads to impairment of differentiation and
enhancement of the pluripotency in stem cells73. Dysfunction of mitochondria can lead to a
number of diseases ranging from cancer to neurological disorders74,75. Mitochondrial dynamics
and morphology specifically have been associated with many diseases. Studies have
established changes in mitochondrial dynamics but there is a lack in human models.
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To study mitochondrial morphology, stains like tetramethylrosamine (ThermoFisher Scientific,
M7510), X-rosamine (ThermoFisher Scientific, M7512) or CellLight (ThermoFisher Scientific,
C10600) can be used to visualize mitochondrial morphology and assess fragmentation/fusion
and other morphological features of the mitochondria network (Figure 2). Mitochondria in
healthy neuroprogenitors and mature neurons typically display a complex tubular network
structure. Exposure to some neurotoxicants can cause fragmentation of these mitochondrial
structures. Mitochondrial fragmentation can be assessed by semi-quantitative analysis with
severity scoring or automated quantitative analysis50,76. We observed that hiPSCs from early
onset PD patients differentiated to an early neuroprogenitor stage showed a more severe
fragmentation after exposure to copper than their control counterparts50.
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Figure 2. hiPSC derived cortical neurons at day 53 stained with MitoTracker Red CMXRos
(orange) and counterstained with Hoechst (blue). MitoTracker Red CMXRos is a red-fluorescent
mitochondrial fixable dye. The accumulation of this stain is dependent on the membrane
potential of cells. In this image, there are distinct mitochondrial networks for cortical neurons.
With exposure to 300uM CuSO4 for 24 hours in cortical maintenance media18, there is
fragmentation of the mitochondria and the intricate mitochondrial networks are disrupted.
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Oxidative Stress
Oxidative stress has been implicated in the etiology of most neurodegenerative diseases and
has been suggested to be of mitochondrial origin. With a sufficiently severe imbalance between
ROS generation and anti-oxidant defenses, cells are unable to detoxify and repair the oxidative
stress induced damage77. Oxidative stress can lead to necrosis, inhibition of apoptosis, and ATP
depletion78. In some forms of PD as well as PD model systems there is evidence of 30-40%
decrease in mitochondrial complex I activity leading to self-inflected oxidative damage44. DA
neurons derived from hiPSC carrying a LRRK2 mutation show increased sensitivity to oxidative
stress and increased expression of oxidative stress genes45. Mutations in the LRRK2 genes
have been shown to increase kinase activity, contributing to neurotoxicity and increase in
oxidative stress79. In addition, increased protein nitration and glycation have been observed in
PD, which contribute to mitochondrial dysfunction and apoptotic cell death due to oxidative
damage80,81. Isogenic hiPSC have also been used to model PD to study the nitrosative stressinduced dysfunction81. Mutant HTT also causes abnormal interactions in HD, which affect
mitochondrial function therefore leading to oxidative stress and excitotoxic events resulting in
cell death77. Studies with the striatum and cortex of HD patients have shown a significant
increase in DNA double stranded breaks due to a result of oxidative damage82. There is also
dysregulation of expression of genes which are related to oxidative stress, such as SOD183.
hiPSCs can be utilized to assess oxidative damage in neurodegenerative diseases, such as PD
and HD.

Neurite length by immunocytochemistry (ICC)
Neurite outgrowth assay is another highly sensitive cellular phenotype to evaluate mechanisms
of toxicant effects and neurodegenerative sensitivity in hiPSCs derived neurons. Neurons use
their neurite processes (axons and dendrites) to elaborate neural connectivity, and disruption of
these processes lead to impaired neuronal communication and network activity84–86. Neurite
10

outgrowth assays can be quantified to assess neurotoxicity and neurodegeneration. While
selective markers of axons versus dendrites may be utilized for sufficiently mature neurons,
often neurite analysis is performed on the sum of all processes by staining the neurites with an
antibody against the neuron-specific β3-tubulin tubulin. High content imaging of these neurites
allows for multiparametric evaluation which helps understand how compounds inhibit neurite
growth87 (Figure 3). It also helps distinguish between chemical induced and non-specific
cytotoxicity on neurite outgrowth84,88,89. There have been a number of studies with primary
neuronal cells, immortalized human and rodent lines, and iPSCs cells to study toxicity90–92.
hiPSCs and hiPSC derived neurons are informative since they are human and can be
assessed in a patient specific manner and are available in large quantities93.
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Figure 3. Images of hiPSC derived control (Top left) and toxicant treated (Bottom left)
dopaminergic (DA) neurons stained for β3-tubulin, tyrosine hydroxylase, and counterstained
with Hoechst were acquired using a Molecular Device’s ImageXpress Micro XL system. β3tubulin-positive neurites of control (Top middle) and toxicant treated (Bottom middle) neuronal
cultures were quantified using the neurite length module in MetaXpress software. The traced
neurites and associated nuclei of control (Top right) and toxicant exposed (Bottom right)
neurons are shown as a red overlay.
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Conclusions
Neurodegenerative diseases often impact preferentially subtypes of neurons. Environmental
factors can also impact neuronal lineages in distinct ways. A key challenge of hiPSC based
models is the ability to correctly generate disease relevant and region specific neuronal and/ or
glial lineages. This can be daunting when developing models for neurodegenerative disorders,
such as HD and PD, in which have many subtypes of neurons that are affected thus adding to
the complexity of the modeling. In addition, often environmental factors affect different neuronal
lineages to different degrees adding even more difficultly to dissect mechanism of action of
these environmental factors as they pertain to neurodegenerative disease. In the case of HD,
primarily mediums spiny neurons and cortical projection neurons are primarily impacted by the
disease, so it is pertinent to study both subtypes of neurons.

Another challenge lies in the fact that often two dimensional cultures of a homogenous neuron
lineage are used. Many types of neurons are connected and play specific cellular functions
which can be overlooked when there is experimentation with only one cell type. In vivo, many
types of neurons and glial cells form a network in a three-dimensional space and thus might
respond differently to genetic and environmental factors. Recently three dimensional co-cultures
even including a blood brain compartment have been developed to address these concerns94,95.
Researchers have also overcome this by labeling different cell types with reporter genes to
recapitulate disease of interest96. Organoids have also opened up different avenues to study
early neurodevelopment, which has been difficult in the human system. Using this model
system, we can easily study maturation, study specific neurodevelopmental stages, and
recapitulate functional and structural complexity of the human brain.

Modeling neurodegenerative diseases with hiPSCs is a powerful tool to study genetic and
environmental interactions. hiPSCs derived neurons have been used to study many
13

neurodegenerative diseases because of the great advantage that patient specific models can be
developed10,11,13,50. Cell viability, mitochondrial, oxidative stress, and neurite length assays are
just some of the measures mentioned above that are used for studying neurodegenerative
disorders, specifically for HD and PD. Mitochondria are essential for many cellular functions
including apoptosis and fusion/fission. Recent studies highlight the importance of mitochondria
energetics, developmental apoptosis, and cell fate decision. It is important to understand the
extent to which mitochondria dynamics are playing a role in neurodevelopment and overall
neurodegenerative disease.

The focus of this chapter is on neurodegenerative diseases, such as HD and PD, but there are
also numerous neurodevelopmental disorders such as autism spectrum disorder and
schizophrenia, that have been studied using hiPSC-derived neurons96. By utilizing and derived
models, it is possible to recapitulate many gene-environment interactions, study cellular and
molecular mechanisms underlying pathology, elucidate the contributions of mitochondrial
dynamics in neurodevelopment, and use this platform for drug development and neuroprotective
studies.
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CHAPTER 2
HUNTINGTON'S DISEASE ASSOCIATED RESISTANCE TO MN NEUROTOXICITY IS
NEURODEVELOPMENTAL STAGE AND NEURONAL LINEAGE DEPENDENT
Adapted from: Joshi P., Bodnya C., Ilieva I., Neely DM., Aschner M., Bowman AB. (2019).
Huntington's disease associated resistance to Mn neurotoxicity is neurodevelopmental stage
and neuronal lineage dependent. Neurotoxicology. DOI: 10.1016/j.neuro.2019.09.007.
Abstract
Manganese (Mn) is essential for neuronal health but neurotoxic in excess. Mn levels vary across
brain regions and neurodevelopment. While Mn requirements during infanthood and childhood
are significantly higher than in adulthood, the relative vulnerability to excess extracellular Mn
across human neuronal developmental time and between distinct neural lineages is unknown.
Neurological disease is associated with changes in brain Mn homeostasis and pathology
associated with Mn neurotoxicity is not uniform across brain regions. For example, mutations
associated with Huntington’s disease (HD) decrease Mn bioavailability and increase resistance
to Mn cytotoxicity in human and mouse striatal neuronal progenitors. Here, we sought to compare
the differences in Mn cytotoxicity between control and HD human-induced pluripotent stem cells
(hiPSCs)-derived neuroprogenitor cells (NPCs) and maturing neurons. We hypothesized that
there would be differences in Mn sensitivity between lineages and developmental stages.
However, we found that the different NPC lineage specific media substantially influenced Mn
cytotoxicity in the hiPSC derived human NPCs and did so consistently even in a non-human cell
line. This limited the ability to determine which human neuronal sub-types were more sensitive to
Mn. Nonetheless, we compared within neuronal subtypes and developmental stage the sensitivity
to Mn cytotoxicity between control and HD patient derived neuronal lineages. Consistent with
studies in other striatal model systems the HD genotype was associated with resistance to Mn
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cytotoxicity in human striatal NPCs. In addition, we report an HD genotype-dependent resistance
to Mn cytotoxicity in cortical NPCs and hiPSCs. Unexpectedly, the HD genotype conferred
increased sensitivity to Mn in early post-mitotic midbrain neurons but had no effect on Mn
sensitivity in midbrain NPCs or post-mitotic cortical neurons. Overall, our data suggest that
sensitivity to Mn cytotoxicity is influenced by HD genotype in a human neuronal lineage type and
stage of development dependent manner.

Introduction
Manganese (Mn) is a necessary trace element critical for human health and plays a role in many
cellular processes. It is a co-factor for enzymes involved in neurotransmitter synthesis and
neuronal and glial metabolism97,98. Mn levels in brain tissue are estimated to average 1–2 μg/g
dry weight and vary across brain regions35 with the highest levels of Mn measured in the globus
pallidus (2.0 ± 1.2 μg/g) and putamen (Mn, 2.5 ± 0.8 μg/g)99,100. Excessive exposure to Mn due to
occupational activities such as mining and welding can lead to Mn accumulation in basal ganglia
dopamine rich regions101. Abnormally high levels of Mn can also lead to a condition known as
manganism which is an extra-pyramidal neurological disease and presents symptoms similar to
Parkinson’s disease (PD) (i.e., cognitive, motor, and emotional deficits)102,103. The extra pyramidal
effects of Mn are believed to be mediated by neurotoxicity in the globus pallidus and basal ganglia
structures104,105.

Levels of Mn across brain regions and neurodevelopmental stage are diverse and it is unclear
whether sensitivity of different neuronal subtypes to Mn may be correlated with regional Mn
concentrations106,107. Indeed, it is the overlap between Mn levels in different brain regions under
basal or elevated exposure conditions and sensitivity of the neurons within those brain regions
that presumably contribute to Mn neuropathobiology. There is substantial evidence that both
insufficient or excessively high levels of Mn might be harmful to health108–110. Mn plays an essential
16

role in neurodevelopment. While some studies show that elevated Mn levels in children leads to
behavioral disinhibition, olfactory and motor function, as well as hyperactivity111,112, other reports
found no correlation between Mn concentrations and brain development113. These inconsistent
reports suggest that there are potential differences in Mn cytotoxicity across developmental time
and lineage in the brain. Exposure to Mn in prenatal and postnatal periods has been shown to
accumulate in striatum and hippocampus114,115. Mn neurotoxicity is mediated by altered
neurotransmission, neuronal apoptosis, excitotoxicity, and oxidative stress106,115. Many regions
and cell types of the brain have been implicated as targets for Mn toxicity including the striatal,
cortical and dopamine neurons in both human and animal models116–118.

Mn requirements during infanthood and childhood are significantly higher than in adults119.
Paradoxically, however, elevated levels of Mn have been observed in the aging brain100. The
relationship between brain Mn and Mn-dependent pathways is complicated with evidence of
increased activity of Mn-dependent enzymes (e.g. arginase 2), but decreased expression of Mndependent enzymes after chronic elevated Mn levels120. Indeed, the complexities and
homeostatic relationship to development and aging of ensuing Mn-requirements are met while
avoiding Mn toxicity are not well defined as recently reviewed by us110. Interestingly, studies in
rodent models have shown that at young ages Mn toxicity does not lead to cognitive impairment;
however, adult ages show a decline in cognitive and behavioral outcomes121–123. Thus, Mn
homeostasis is important for brain development and deficient regulation of Mn homeostasis may
impair neurodevelopment or lead to neuronal pathophysiology and disease.

HD is an autosomal dominant neurodegenerative disease in which patients exhibit cognitive,
behavioral, psychological, and movement dysfunction. It is caused by expansion of the CAG
repeat in the huntingtin (Htt) protein, and age of onset is inversely correlated with the number of
repeats29. There is compelling evidence that environmental factors/modifiers play a role in
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determining age of onset, one such environmental factors may be Mn30,31. Previous studies in
several different HD models have shown decreased cellular Mn-uptake supporting the hypothesis
that HD is associated with neuronal cell type specific deficit in Mn bioavailability120,124. Mn has
been shown to play a role in cell signaling pathways such as ATM-p53, pathways that are altered
in experimental models of HD125

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

Results

Neuronal lineages derived from hiPSCs show differences in Mn sensitivity by lineage and
developmental stage
Neural lineages derived from control subject and HD patient hiPSCs were exposed to Mn for 24 h
in stage-appropriate media (Fig. 1A). Based on established protocols11,14,126,127, we differentiated
cells along three different lineages: cortical glutamatergic, striatal GABAergic projection NPCs,
and midbrain dopaminergic. Each lineage requires different types of base media, supplements,
and differentiation factors during in vitro differentiation into target NPCs or neurons (Fig. 1B-D).
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We first examined the cytotoxicity in control subject hiPSC-derived NPCs and neurons to Mn
exposure in the lineage and stage appropriate media for all three lineages to determine relative
sensitivities to Mn cytotoxicity. Control subject hiPSC and hiPSC-derived NPCs plotted showed a
difference in relative sensitivity to Mn, with the striatal NPCs showing the greatest sensitivity, while
cortical and midbrain NPCs were relatively more resistant to Mn toxicity at a comparable stage of
development (Table 1). The early midbrain neurons are the most resistant, with LC50 values
almost double that of the early cortical neurons (Table 1). While this may be noteworthy, given
the relatively high accumulation of Mn in the midbrain upon in vivo exposures11,103, subsequent
analysis reported here next strongly suggests that the majority of lineage differences are largely
due to differences in the lineage-specific media itself rather than cell autonomous differences.
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Figure 1. Summary data of Mn cytotoxicity in human neuronal lineages. (A) Differentiation of
hiPSCs to NPCs and neurons. (B–D) Protocol summaries for differentiating three different
neuroprogenitor lineages.
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Table 1. LC50 concentration (report in μM Mn) and hill slope coefficients after 24 -h Mn
exposures. Significant differences between control and HD values are indicated by (*) and bold
text for the HD value reported.
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No difference in the sensitivity of day 11 neuronal lineages when media type is controlled
Differentiation of hiPSCs down distinct neural lineages requires the sequential exposure to
specific media-types and supplemented small molecules. Mn exposures were performed in the
media appropriate for each lineage/stage of neural development. Thus, we sought to test whether
differences in Mn cytotoxicity could also be influenced by the different lineage-specific media as
well as differences in the cell autonomous lineage-specific phenotypes. To test this, we
differentiated hiPSCs cortical, striatal, and midbrain NPCs to day 11, and exposed each to 200μM
Mn in all three lineage-specific media for 24 h side-by-side to control for each differentiation. Twoway repeat measure ANOVA matched by experimental set (n = 4 experimental sets)
demonstrated a significant effect of media type (F(1.256, 11.31) = 17.70, P = 0.0009), but no
difference by neuronal lineage, or a lineage by media type interaction effect (Fig. 2). Post-hoc
Tukey's multiple comparison analysis revealed that all lineages were more sensitive after 24 -h
exposure to 200μM Mn in Day 11 striatal media versus either the Day 11 cortex media or Day 11
midbrain media. Examination of the data show that consistent with the ANOVA result of no
significant effect by lineage, there is no substantial difference in cytotoxicity across the three
lineages when compared in exposures to a single media type. Thus, for Day 11 lineages, this
strongly suggests that our LC50 values showing that the striatal lineage is more sensitive than
the cortical or midbrain lineage at Day 11 (Table 1) is driven almost exclusively by the striatal
lineage media.
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Figure 2. No difference in the sensitivity of day 11 NPCs when media type is controlled. NPCs
were generated from hiPSCs into cortical, striatal, and midbrain day 11 NPCs and exposed to
200 μM Mn for 24 h. Cell titer blue assay was conducted in opposing medias to assess the
effect of media on lineage. Two-way repeated measure ANOVA matched by experiment set
showed a significant effect of media. Post-hoc Tukey’s multiple comparison analysis
demonstrated all three NPC lineages were more sensitive in day 11 striatal media. **P value is
0.006 and ***P value is <0.0001.
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Cytotoxicity and net Mn uptake in STHdh mouse cell line show a strong correlation
between lineage/stage specific media type and observed LC50 value of the corresponding
hiPSC-derived neural lineage/stage
After observing no difference in lineage sensitivity to Mn if media-type was controlled for, we
choose to test media effects in a non-human immortalized mouse striatal cell line. This is the
same line in which our lab first observed a Mn uptake phenotype in HD cells. The wild-type mouse
striatal cell line, STHdh, is known to have high sensitivity to Mn cytotoxicity with substantial cell
death at even 100μM Mn for 24 h in its normal bovine-serum containing DMEM media11,128. We
reasoned that if media-type influenced cytotoxicity significantly then the observed survival after
Mn exposure in this non-human striatal cell line across the different media-types may correlate
with the observed LC50 in the same media-type observed for the hiPSC-derived neuronal
lineages/stages. The STHdh cells were plated and exposed for 24 h to 500μM Mn, a higher dose
to account for the supplement rich human medias, in all the different media-types used for each
neuronal lineage/stage. We measured cell survival by cell titer blue assay then compared these
values to our measured control LC50 values (see Table 1) in the corresponding human neuronal
lineage/stage for that media. We also measured total Mn accumulation after the same 24 -h
exposures by the CFMEA assay and compared these values to the measured hiPSC neural
lineage LC50 values. Cytotoxicity measurements and CFMEA for cellular Mn levels indeed
showed that type of media is significantly correlated with LC50 values in the human cell lineages
(Fig. 3A-B). To determine if the degree of Mn uptake in the different media types was a strong
driver of the observed cytotoxicity, in the STHdh line itself, we measured the correlation between
Mn-uptake (CMFEA assay) and cell survival in the STHdh cell line and also observed that ∼85%
of the variance in cell survival could be explained by the variance in net Mn accumulation (Fig.
3C). These data from a non-human immortalized neuroprogenitor cell line argue that a substantial
degree (80–90%) of the observed differences in Mn cytotoxicity between the different human
neuronal lineages and developmental stages (Table 1) can be explained by the influence of the
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specific media-type on Mn transport. Thus, analysis of Mn neurotoxicity across lineages cannot
be assessed due to the different media requirements of differentiation.
Further work is needed to determine the media composition responsible for the effects on Mn
cytotoxicity. But on possibility is that media type could influence cell density and growth
measurements, as different media-type may affect the cell’s ability to reduce resazurin to
resorufin, the key reaction in the Cell Titer Blue assay, we examined the correlation between the
observed cytotoxicity at 500μM Mn and the background-subtracted raw cell titer blue assay values
for the vehicle-only media exposure between media-types (Fig. 3D). Pearson correlation analysis
failed to detect a significant relationship. Thus, the observed LC50 values of different neuronal
lineages/stages was significantly correlated with Mn-cytotoxicity and net Mn accumulation in the
STHdh mouse striatal neuroprogenitor cell line using only the associate cell culture media of that
lineage/stage. However, this effect does not appear to be due to changes in the observed cell
growth and cell density as measured by the cell titer blue viability assay. Therefore, it remains
unknown whether Mn sensitivity is altered across these neuronal lineages and/or developmental
stages.
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Figure 3. Cytotoxicity and net Mn uptake in a high sensitivity to Mn cell line STHdh exposure to
lineage and stage specific media was significantly correlated with the observed LC50 values in
the human neuronal lineages. The immortalized mouse striatal cell line STHdh was incubated
with the same human neural differentiation lineage specific media with and without 500μM Mn.
Cell death was quantified by cell titer blue (CTB) and net Mn uptake was quantified by CFMEA.
The measured LC50 associate with the human developmental stage for that media significantly
correlated with the percent cell survival of the striatal cell line in the same media (A), and
inversely correlated with the total intracellular Mn extracted from the striatal cell line (B). (C)
Further the degree of cell death in the mouse striatal cell line in the corresponding human
neuronal lineage media inversely correlated with the total intracellular Mn extracted from the
striatal cell line in the same media. (D) Absolute cell titer blue signal for the vehicle exposed cell
cultures were plotted against the survival rate of the 500μM Mn treated cultures in the same
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media, no significant correlation was observed. (A–D) Pearson correlations were calculate for
each comparison, the computed linear relationship is indicated with a blue line with its 95%
confidence interval boundaries marked with red dashed lines; the R2 and associate p-value are
report for each panel.
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HD genotype has differential influence on Mn cytotoxicity dependent on neural lineage
While the above findings suggested comparison across lineage type is not possible. Comparison
of different genotypes within a specific lineage and stage where the media type is identical is
valid. We have previously reported that the HD genotype confers resistance to Mn cytotoxicity in
striatal NPC11. Thus, we compared Mn cytotoxicity in control and HD day 11 cortical, midbrain
and striatal NPCs performing a full concentration response curve under a 24 -h Mn exposure
paradigm. While the HD genotype was associated with resistance to Mn cytotoxicity in cortical
and striatal NPCs, this genotype-dependent difference was not observed for the midbrain NPCs
(Table 1 and Fig. 4A-C). Thus, consistent with our previous reports, we observed that the HD
genotype confers resistance to Mn in striatal NPCs (control LC50 = 559.8 μM vs HD
LC50 = 777.6 μM; Table 1 and Fig. 4B) and interestingly this HD genotype-associated resistance
showed an even greater magnitude in the cortical NPC lineage (control LC50 = 1448 μM vs HD
LC50 = 2657 μM; Table 1 and Fig. 4A). Thus, the HD genotype is associated with protection
against Mn cytotoxicity in a neural lineage-dependent manner across NPCs of similar
developmental stage.
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Figure 4. Assessing sensitivity of Mn in three different NPC lineages. The Cell Titer Blue assay
was used to determine cell viability. Error bars represent the 95% confidence interval for LC50
values and hill slopes. (A) Control n = 5 biological replicates (CC3 = 3, CX3 = 2) across 3
experimental sets with R2 =0.9588 and degrees of freedom (Df) = 32. HD n = 4 biological
replicates (HD58-3 = 1, HD70-2 = 3) across 3 experimental sets with R2 =0.7989 and Df = 26.
(B) Control n = 13 biological replicates (CC3 = 5, CD2 = 1, CD12 = 3, CE6 = 4) across 7
experimental sets with R2 =0.8431 and Df = 92. HD n = 13 biological replicates (HD58-3 = 6,
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HD70-2 = 7) across 7 experimental sets with R2 =0.8137 and 92 Df. (C) Control n = 12 biological
replicates (CC3 = 6, CD12 = 4, CE6 = 2) across 3 experimental sets with R2 =0.8198 and
Df = 94. HD n = 12 biological replicates (HD58-3 = 6, HD70-2 = 6) across 3 experimental sets
with R2 =0.8186 and Df = 94.
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Maturation of the cortical lineage eliminates the influence of HD genotype on Mn
cytotoxicity
After studying the effects of Mn on the viability of NPCs, we assessed whether more mature
hiPSC-derived cortical (glutamatergic) neurons display a similar HD-genotype-dependent effect
on Mn sensitivity. Interestingly in the day 50–125 and day 135–225 of differentiated cortical
neurons we observed no significant difference in the LC50 for Mn between control and HD
genotype (control LC50 = 1871 μM vs HD LC50 = 2445 μM; Table 1 and Fig. 5A and control
neurons LC50 = 2086 μM vs HD LC50 = 2498 μM; Table 1 and Fig. 5B). Additionally, the 95%
confidence interval of the hill slope coefficients of the concentration response curve were
overlapping (Table 1). Thus, for the cortical lineage the HD genotype associated resistance to Mn
cytotoxicity is confined to the NPC stage and is lost as they develop (Fig. 4A versus Fig. 5).
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Figure 5. Mn sensitivities in early and mature control and HD cortical neurons are not different.
The Cell Titer Blue assay was sued to quantify cell viability. Error bars represent the 95%
confidence interval for LC50 values and hill slopes. (A) Control n = 11 biological replicates
(CC3 = 6, CD2 = 3, CE6 = 2) across 6 experimental sets with R2 = 0.7839 and Df = 76. HD
n = 12 biological replicates (HD58-3 = 5, HD70-2 = 6, HD180-6 = 1) across 6 experimental sets
with R2 =0.6829 and Df = 84. (B) Control n = 10 biological replicates (CC3 = 4, CD2 = 2,
CD12 = 1, CE6 = 2, CX3 = 1) across 6 experimental sets with R2 =0.549 and Df = 76. HD n = 7
biological replicates (HD58-3 = 2, HD70-2 = 2, HD70-11 = 1, HD180-6 = 1) across 6 experimental
sets with R2 =0.5457 and Df = 53.
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Maturation of the midbrain lineage is associated with inverse response of HD genotype to
Mn cytotoxicity
Interestingly, we did not observe an HD genotype-associated difference in Mn-sensitivity in NPCs
of the midbrain (dopaminergic) lineage (Fig. 4C). Here we assessed the Mn-sensitivity of more
mature control and HD midbrain (dopaminergic) neurons. Day 22 (early) midbrain neurons were
replated, exposed for 24 h to Mn starting on day 24 and cell viability quantified on day 25. Early
midbrain control neurons were significantly more resistant to Mn cytotoxicity (LC50 = 3572 μM)
than early HD midbrain neurons (LC50 = 1165 μM); thus, opposite to the cortical and striatal HD
NPCs which were more resistant to Mn than their control counterparts early HD midbrain neurons
show greater Mn sensitivity than the control neurons (Table 1 and Fig. 6). The early midbrain
lineage is the only one in which we observed higher Mn-sensitivity in the HD genotype.

Figure 6. Mn sensitivity is significantly higher in HD early midbrain neurons than their control
counterparts. Error bars represent the 95% confidence interval for LC50 values and hill slopes.
Control n = 9 biological replicates (CC3 = 5, CD12 = 1 CE6 = 3) across 3 experimental sets with
R2 =0.54 and Df = 67. HD n = 10 biological replicates (HD58-3 = 5, HD70-2 = 5) across 3
experimental sets with R2 =0.7217 and Df = 74.
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HD genotype influences the shape of the Mn cytotoxicity concentration response curve in
hiPSCs
To better understand the developmental timing of the HD genotype effects on Mn cytotoxicity we
evaluated the genotype-dependent Mn sensitivity of the hiPSCs from which all the neurons used
in this study were differentiated. hiPSCs from control subjects and HD patients were exposed to
a Mn concentration response curve for 24 h in stem cell media (mTeSR). During the 24 -h
exposure, cell titer blue reagent was added to each well and incubated at 37 °C for the last 2 h.
HD hiPSCs lines were less Mn-sensitive than the hiPSC from control subjects (Table 1 and Fig.
7), LC50 values for controls are 525 μM Mn whereas LC50 for HD patient lines is 580 u M Mn and
Hill slope coefficients were non-overlapping. The significant difference in Hill slope due to the HD
genotype is observed as a flattening of the curve at higher Mn exposures which suggests that the
conferral of resistance to Mn cytotoxicity by the HD genotype is more effective at higher
concentrations, e.g. above 500 μM Mn in the hiPSC lines. Although the HD resistance phenotype
is observed in hiPSCs, the differences between HD and control Mn sensitivities is larger in day
11 cortical and striatal NPCs than the hiPSCs, while it appears to get lost during the neural
induction to the midbrain NPCs.
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Figure 7. Mn sensitivity in human induced pluripotent stem cells. (A–B) There was a statistically
significant difference between controls and HD patient lines calculated LC50 values. (A)
Concentration response curves are shown for Mn exposure versus normalized viability, error
bars = SEM. (B) LC50 concentration values are reported for both controls and HD lines. Error
bars represent the 95% confidence interval for LC50 values. (C) Hill slopes for all hiPSCs were
non-overlapping. Error bars represent the 95% confidence interval for hill slopes. Control n = 14
biological replicates (CC3 = 7, CX3 = 5, CD2 = 1, CE6 = 1) across 7 experimental sets with R2
=0.9082 and Df = 96. HD n = 12 biological replicates (HD58-3 = 5, HD70-2 = 7) across 7
experimental sets with R2 =0.8724 and Df = 84.
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Discussion
We report here the observation that Mn cytotoxicity sensitivity of hiPSC-derived NPCs and
neurons is different depending on the neuronal lineage as well as developmental stage. Our
results demonstrate that degree of Mn-induced cytotoxicity in hiPSC-derived NPCs and neurons
is determined not only by cell autonomous traits, specifically genotype, but is also strongly
dependent on the extrinsic environmental factors (i.e. the culture media). To test this, hiPSCs
were differentiated into cortical, striatal, and midbrain NPCs to day 11, and exposed to 200μM Mn
in all three lineage-specific media for 24 h side-by-side to control for each differentiation. Our
results showed that the increased sensitivity of the striatal lineage seen in the concentration
response curves is driven by the striatal lineage media itself (Fig. 2, Table 1). Furthermore, we
demonstrate here that the Mn-sensitivity of the STHdh cell line varied significantly with the type
of medium the cells were exposed in and that the culture media dependent cytotoxicity of STHdh
cells strongly correlated with experimentally determined LC50 of the hiPSC-derived neuronal
lineages exposed to Mn in these same media types. In addition, we also observed a mediadependent Mn-uptake difference in STHdh cells which correlated with the LC50 observed for the
hiPSC-derived neuronal lineages in the same media, suggesting that intracellular Mn levels are
the predominant determinant of Mn cytotoxicity. This effect of the media on Mn-induced
cytotoxicity and cellular Mn levels was unexpectedly strong and responsible for about 80% of the
variance.

Based on our previous observations that the HD-genotype confers resistance to Mn cytotoxicity
in several different HD models11,120,129, we assessed the relative Mn sensitivity of HD hiPSCderived neuronal lineages and observed that HD cortical and striatal but not midbrain NPCS were
relatively less sensitive to Mn than their control counterparts (Fig. 4); interestingly this HDphenotype was not observed in developmentally more mature (> day 25) hiPSC-derived neurons.
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Thus, the HD-genotype-conferred Mn-resistance is neuronal-lineage and developmental stage
dependent.

We report here the discovery that the post-mitotic midbrain dopaminergic lineage shows the
opposite effect of the HD genotype, being associated with increased sensitivity to Mn cytotoxicity.
This HD Mn sensitivity phenotype was not present in midbrain day 11 NPCs, but just after another
14 days of differentiation there is a clear difference between control and HD Mn sensitivity. These
were the only cells we tested in which the controls were more resistant to Mn than their HD
counterparts, and future studies into these lineage-specific effects may lead to insight into the role
of changes in Mn biology to the selective neuropathology in HD. The transition between these
stages is striking since these cells are so closely related and with such a high magnitude
difference in their apparent phenotype. Our data suggest that midbrain NPCs actually gain
sensitivity to Mn cytotoxicity in HD cells as they mature for day 11 midbrain NPCs to day 25 early
post-mitotic dopaminergic neurons, while control cells become more resistant. This result has
implications for parkinsonian-like toxicity induced by Mn, manganism. Despite the similarities of
the motor phenotype between PD and manganism, the later presents with insensitivity to
levodopa (L-DOPA) and differences in disease progression, which may potentially be explained
by selective sensitivity to Mn in neuronal lineages and/or developmental stages130,131. Specifically,
it suggests a developmental specific effect of Mn sensitivity in this lineage, that is altered by the
HD genotype. If the developing dopaminergic neuronal lineage becomes more resistant to Mn
with maturation (as implied by our observation) then this may partially explain the insensitivity of
manganism to L-DOPA treatment. However, as the two media types themselves lead to similar
differences in Mn cytotoxicity between D11 and D25 midbrain lineage neurons, thus this requires
future investigation.
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The novelty of this study lies in our observation that human neuronal cells derived from HD patient hiPSCs and the hiPSC cells themselves show HD genotype effects on Mn toxicity
dependent on neuronal lineage and developmental stage. In mammals, Mn brain concentrations
are increased 3 fold before toxic responses occur132,133 and normal brain function occurs at levels
corresponding to ∼20 to ∼50 μM Mn, neurotoxic responses begin to occur at concentrations of
∼60 to ∼150μM Mn134. Our study captures some of these ranges of sub-threshold and threshold
cytotoxic levels, but since even the most sensitive LC50 value is above 500μM Mn, this suggests
that Mn cytotoxicity (cell death) is not a driving factor at threshold level in vivo Mn neurotoxicity.
This is consistent with minimal cytotoxicity observed in humans exposed to Mn. The goal of this
study was to assess levels of Mn exposure associated with cytotoxicity to enable future studies
in human neuronal models at toxicologically relevant levels with an understanding of the degree
of cell death expected. However, cytotoxicity relates to relative amount of Mn taken up by cells,
thus a change in cytotoxicity is likely related to a change in total Mn accumulation.

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

38

Materials and Methods
hiPSCs Cell Culture
hiPSCs lines derived from five healthy control subjects (CA30, CC3, CD2, CD12, CE6, CX3) and
four HD patients (HD58-3, HD70-2, HD70-11, HD180-6) were used, which included both males
and females and have been described and validated in detail elsewhere10. hiPSCs were
maintained in mTeSR1 medium (StemCell Technologies, Vancouver, BC) on Matrigel (BD
Biosciences, San Jose, CA) coated six-well plates. hiPSCs were dissociated by incubating for
10 min in Accutase (Innovative Cell Technologies, San Diego, CA), then centrifugated and
resuspended in mTeSR1 with 10 μM ROCK inhibitor Y-27632 (Tocris) and replated at 100,000
cells/ml. Neural differentiation was started after the hiPSCs cultures reached 100% confluency.
All Mn exposures for hiPSCs were conducted after they reached 90–100% confluency.

Cortical neural differentiation
Cortical neural induction was performed following the dual SMAD protocol19 except that
LDN193189 (Stemgent Cat. N. 04-0074) at 0.4 μM was used instead of noggin. SB431542
(10 mM) was purchased from (Stemgent Cat. N.04-0010) (Fig. 1B). Neuralization medium
consists of 410 ml Knockout DMEM/F12 (Invitrogen #12660), 75 ml Knockout Serum (Invitrogen
# 10828), 5 ml μl β-mercaptoethanol (Sigma # M3148) and N2 medium which consists of 500 ml
DMEM/F12 (Invitrogen #10565-018, + glutamax), 0.775 g D-Glucose, and 5 ml N2 supplement
(Thermo Fisher Scientific#17502048). After 10 days of neural induction, neural differentiation was
initiated as reported by Shi et al (Shi et al., 2012). Briefly, cells were switched to media composed
of 50% N2 CTX medium and 50% B27 Neurobasal medium. N2 CTX medium: 500 ml DMEM/F12
+ glutamax (Invitrogen #10565-018, + glutamax), 5 ml N2 supplement (Invitrogen #17502-048),
5 ml non-essential amino acids (100x stock, Invitrogen # M7145), 10 ml Pen/Strep (100 x stock;
Mediatech # 30-002-Cl), 3.5 μl β-mercaptoethanol (Sigma # M3148). B27 Neurobasal medium:
500 ml Neurobasal medium (Life Technologies #21103-049), 10 ml B27 supplement (Life
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Technologies #17504044), 5 ml Glutamax (Life Technologies #10565042). The media for day 11
cortical exposures consists of 25% neuralization media and 75% N2 media with SB431542
(10 mM) and LDN193189 (0.4 μM) (Fig. 1B). Additional details and validation of this differentiation
method have been previously reported14,94,135.

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

Midbrain neural differentiation
Midbrain dopamine (DA) differentiation was performed as described (Kriks et al., 2011) except
that LDN was used at 0.4 μM (Stemgent Cat. N. 04-0074). All NPCs were replated at 300,000
cells/ml on day 8 and early neurons were replated at 500,000 cells/ml on day 22 for all relevant
exposures. The media for day 11 midbrain exposures consists of 25% neuralization media and
75% N2 media with CHIR99021 (3 mM) and LDN193189 (0.4 μM) (Fig. 1D). The media for day
25 early midbrain neurons consists of 100% neurobasal media + glutamax with these compounds:
BDNF (20 ng/ml), GDNF (20 ng/ml), TGFb3 (1 ng/ml), dcAMP (0.5 u M), DAPT (10μM), and
ascorbic acid (200μM). Additional details and validation of this differentiation method have been
previously reported136.

Validation of lineage differentiation
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Supplemental Fig. 1 shows an example confirmation of expression of lineage specific markers at
Day 11 for cortical, striatal, and midbrain NPCs. All cells to be analyzed were plated into 96 well
plates (Greiner Bio-One, Monroe, North Carolina, μclear) and immunofluorescence was
performed. Cells were fixed in 4% paraformaldehyde (PFA) in PBS solution for 20 min at room
temperature, the cells were permeabilized with 0.2% Triton X-100 for 20 min, and incubated in
PBS containing 5% donkey serum (Jackson ImmunoResearch, West Grove, Pennsylvania) and
0.05% Triton-X (Sigma) overnight at 4 °C. The following day, primary antibodies (Pax6, Sox1,
LMX1a, FOXA2, and ISLET1 (Tidball et al., 2015; Neely et al., 2017)) were added and incubated
overnight at 4 °C. Secondary antibodies were added the next day and plates were imaged using
a Zeiss ObserverZ1 microscope and AxioVs40 software (version 4.7.2).

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

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

Quantification of net cellular Mn accumulation
Quantification of intracellular Mn levels was preformed using the validated Cellular Fura-2 Mn
Extraction Assay (CFMEA) exactly as described137.

Cell viability assay
After the 24 -h exposure to Mn exposure, 20 μl of Cell Titer Blue reagent from Cell Titer Blue
assay (Promega, G8081) was added to each well of 96 well plate. Cell lysis buffer (10% Triton in
PBS) was added to some wells to provide background fluorescence for zero percent viability. In
this assay, live cells reduce resazurin to resorufin, whose fluorescence correlates with the number
of viable cells. The fluorescence was measured using excitation of 570 nm and emission of
600 nm by using a Beckman coulter DTX 880 multimode plate reader (Beckman Coulter, Brea,
California). The sample size (n) refers to the number of independent differentiations of subject
lines within each group (i.e. HD or control), with the number of independent hiPSC lines (see
above for the list of lines within each group) that contribute to this total sample size for each
experimental group stated in the figure legend. Multiple reads at different time points after addition
of the cell titer blue reagent were conducted for each cell type and every experiment to optimize
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this assay for duration to avoid saturation of signal and ensure comparable cell titer blue signal
strength across cell types and media types (Supplementary Table 1). We sought to achieve a
background subtract signal strength for the vehicle control samples of each experiment between
18000–60000 fluorescent units depending on cell type. More information about the assay can be
found here, as previously described138.

Strategy for determining concentration response curves
To accurately determine Mn cytotoxicity in hiPSCs and derived lineages, full concentration curves
to Mn were conducted (Supplemental table 2), limited to 8 different concentrations to allow for 3–
4 technical replicates in our plating design. The majority of concentrations of Mn selected were
aimed at clustering close to LC50 values to enable accurate calculations across lineages. Though
we also sought to ensure at least one low concentration with minimal cytotoxicity (>85% survival)
and one high concentration with maximal cytotoxicity (<15% survival). When necessary to allow
for a sufficient range of cell toxicity on either side of the experimentally determined LC50, we
adjusted the Mn concentrations used in subsequent trials if there was limited range of cell death
using the initial exposure concentrations (typically 0–1000 μM, though later tested lineage stages
were informed by prior curves as to the optimal starting exposure range). Supplemental table 2
provides all survival data by experiments across all concentration response curves. This
experimental design was established to ensure optimal ability to calculate an LC50 value across
all experiments. However, to ensure a consistent comparison across all response curve
experiments, a 500 u M Mn exposure was used across all lineages.

Statistics
Statistical analyses were performed using Prism software version 8.0 (GraphPad, La Jolla, CA)
and Excel (Microsoft, Redmond, WA). XY analyses (non-linear regression (curve fit)) test with
inhibitor vs. normalized response- variable slope was conducted. This model does not assume a
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standard slope but fits the hill slope from data. Lethal concentration 50 (LC50), R square, and
degrees of freedom were calculated for survival of all cell types and 95% confidence intervals
were plotted. LC50 is the dose of Mn at which 50% of the cells were killed in a 24 -h exposure.
Non-overlapping calculated confidence intervals were used to identify statistically significant
differences in control and HD. Pearson correlation analysis was performed using Prism software,
with two-tail P values and Pearson r values reported. Two-way ANOVA was performed using
Prism software with a repeated measure design by each experimental replicate, Sidak’s multiple
comparisons tests were used for binary post hoc comparisons.
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CHAPTER 3
MODELING THE FUNCTION OF BAX AND BAK IN EARLY HUMAN BRAIN DEVELOPMENT
USING IPSC-DERIVED SYSTEMS

Adapted from: Joshi P., Bodnya C., Rasmussen M., Morales-Romero A., Bright A., Gama, V.
(2020) Modeling the function of BAX and BAK in early human brain development using iPSCderived systems. Accepted in Cell Death and Disease.

Abstract
Intrinsic apoptosis relies on the ability of the BCL-2 family to induce the formation of pores on
the outer mitochondrial membrane. Previous studies have shown that both BAX and BAK are
essential during murine embryogenesis, and reports in human cancer cell lines identified noncanonical roles for BAX and BAK in mitochondrial fission during apoptosis. BAX and BAK
function in human brain development remains elusive due to the lack of appropriate model
systems. Here, we generated BAX/BAK double knockout human induced pluripotent stem cells
(hiPSCs), hiPSC-derived neural progenitor cells (hNPCs), neural rosettes, and cerebral
organoids to uncover the effects of BAX and BAK deletion in an in vitro model of early human
brain development. We found that BAX and BAK deficient cells have abnormal mitochondrial
morphology and give rise to aberrant cortical structures. We suggest crucial functions for BAX
and BAK during human development, including maintenance of homeostatic mitochondrial
morphology, which is crucial for proper development of progenitors and neurons of the cortex.
Human pluripotent stem cell derived systems can be useful platforms to reveal novel functions
of the apoptotic machinery in neural development.
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Introduction
The intrinsic cell death pathway can be initiated by various stimuli including metabolic stress
and exposure to cytotoxic agents. The response to these stimuli is mediated by the BCL-2
family, including pro-apoptotic and anti-apoptotic members that are evolutionarily conserved52.
During steady state, anti-apoptotic members, which include B-cell lymphoma 2 (BCL-2), B-cell
lymphoma-extra-large (BCL-XL), and myeloid cell leukemia 1 (MCL-1) preserve the integrity of
the outer mitochondrial membrane by keeping the pro-apoptotic effectors Bcl-2-associated X
protein (BAX) and Bcl-2 homologous antagonist/killer (BAK) in an inactive state53,139. Once
activated, BAX and BAK form pores within the mitochondrial outer membrane causing
mitochondrial outer membrane permeabilization (MOMP) and release of cytochrome c6–10.
Cytochrome c then binds to apoptotic peptidase, activating factor 1 (Apaf-1), and caspase-9 to
form the apoptosome initiating a caspase cascade that ultimately leads to cell death56.

Mouse models lacking BAX or BAK present with mild defects in development. BAX-deficient
male mice are sterile due to an arrest in spermatogenesis resulting from ineffective
developmental apoptosis. Despite this, animals lacking BAX are viable143. BAK, which is closely
related to BAX in assayed in vitro systems144–146, displays widespread tissue distribution similar
to BAX. BAK-deficient mice also show normal development, suggesting BAK has redundant
functions with other pro-apoptotic BCL-2 family members57. Only 10% of mice lacking both BAX
and BAK survive to adulthood. The surviving mice show multiple phenotypic abnormalities
ranging from interdigital webs to imperforate vaginas to neurological abnormalities57. Mice
lacking BAX, BAK, and Bcl-2 related ovarian killer (BOK), which has been recently implicated as
an effector with genetic, biochemical, and structural studies141,147–153, are unable to undergo
intrinsic apoptosis. These BAX/BAK/BOK triple knockout (TKO) mice show severe defects
compared to BAX/BAK double knockout (DKO) mice and only one percent of mice survive to

46

adulthood149. These previous studies suggest BAX, BAK, and BOK represent redundant
proteins involved in regulation of apoptosis; however, their roles have not been well studied in
human model systems. Human induced pluripotent stem cell (hiPSC) model systems represent
new tools that can provide insight into the function of the BCL-2 family in human development.

In addition to the canonical roles of BAX and BAK in apoptosis, recent studies58–61,154,155 have
demonstrated non-canonical functions for these proteins in regulation of mitochondrial dynamics
and morphology58,59,61,154,156,157. Mitochondria are highly dynamic organelles that continuously
cycle through fission and fusion to modulate mitochondrial morphology. Dysregulation of these
fundamental processes have been implicated in diseases ranging from diabetes to
neurodegeneration63. The balance of fission and fusion is regulated by several GTPases that
maintain mitochondrial length and connectivity. Mitochondrial fusion is primarily coordinated by
GTPases Mitofusin 1 (MFN1), Mitofusin 2 (MFN2), and Optic atrophy protein 1 (OPA1), which
fuse the outer and inner mitochondrial membranes65–67,158. Fission is mediated mainly by
Dynamin related protein 1 (DRP1) which divides the outer and inner membranes of the
mitochondria70,159,160. It has been proposed that BCL-2 pro-apoptotic proteins contribute to
mitochondrial morphogenesis in healthy cells69. The soluble form of BAX stimulates fusion in a
MFN2-dependent manner61, while BAX/BAK deficient cells have been described in some
reports to have constitutive defects in mitochondrial morphology59. BAX has been associated
with mitochondrial fission by colocalizing with DRP1 during apoptosis58, but there are limited
studies assessing the function of BAX in mitochondrial dynamics during homeostatic conditions
in the context of human brain development.

Previous studies with hiPSCs and differentiated cells demonstrated the significant remodeling of
the mitochondrial network as cells undergo differentiation or reprogramming161,162. The
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mitochondrial priming state—how close a cell is to the threshold of apoptosis—is also reported
to reset during differentiation163,164. BAX is constitutively active at the Golgi in human embryonic
stem cells165, while in differentiated cells, inactive BAX localizes to the cytosol. These dramatic
changes in mitochondrial morphology, dynamics, and apoptotic sensitivity, as well as their ability
to differentiate, make hiPSCs an attractive model for studying the effects of BAX and BAK
deletion on mitochondrial morphology and developmental apoptosis.

In this study, hiPSCs and hiPSC-derived neural progenitor cells (hNPCs), neural rosettes, and
cerebral organoids were used to model in vitro the effects of BAX and BAK deficiency in early
human brain development. Previous studies have not assessed the effects of BAX and BAK in
hiPSC model systems nor their effects on early brain development or mitochondrial function.
BAX and BAK DKO hiPSCs were generated using clustered regularly interspaced short
palindromic repeats-CRISPR-associated protein 9 (CRISPR-Cas9) mediated gene editing. We
examine whether BAX and BAK regulate mitochondrial morphology during homeostatic
conditions without an apoptotic stimulus. Structured illumination microscopy (SIM) of the
mitochondrial networks of BAX/BAK DKO hiPSCs and hNPCs revealed severe loss of
mitochondrial structure. In addition, 3D human neural rosettes and cerebral organoids that serve
as models of early human brain development showed that BAX and BAK deficiency leads to
abnormal corticogenesis. Taken together, these data indicate that BAX and BAK may be key
modulators of mitochondria morphology and early brain development in human model systems.

Results
Validation of BAX/BAK DKO hiPSCs cell death phenotypes in response to DNA and
mitochondrial toxicants. We first sought to generate BAX and BAK DKO and isogenic controls
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using CRISPR-Cas9-mediated gene editing as previously described166 (Supplemental Figure
1A). BAX and BAK guide RNAs were combined with spCas9 and transfected into 2 million
hiPSCs. These guides target exon 1 of both genes and led to frameshift mutations to create the
knockout. The deletion of BAX/BAK in hiPSCs was validated by immunoblot (Figure 1A) and
DNA sequencing. Additionally, RNA levels could be tested to determine whether transcripts of
mRNA were being created. We determined that BAX/BAK DKO hiPSCs did not have karyotype
abnormalities (Supplemental Figure 1B) and remained pluripotent after gene deletion using a
Pluritest Assay (Figure 1B). The Pluritest Assay compares the transcriptional profile of samples
to an extensive reference set of over 450 cell and tissue types. The pluripotency score indicates
how strongly the sample matches model bases pluripotency signature, and the novelty score
indicates general model fit of sample compared to reference set of samples.

As expected, a significant decrease in basal apoptosis was detected in DKO iPSC clones
compared to controls when stained for Apopxin Green Indicator (Figure 1C). To confirm that
BAX and BAK deletion did not result in the induction of basal necrosis, hiPSCs were stained for
7-aminoactinomycin D (7-AAD). No difference was observed in levels of necrosis after
quantification (Figure 1C).
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Supplemental Figure 1
A

B
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Supplemental Figure 1: CRISPR protocol for hiPSCs and normal karyotype for edited hiPSC
lines. (A) CRISPR protocol that was used for generating DKO clones. (B) Two control and two
DKO lines utilized in this study show normal karyotype.
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Figure 1: Characterization and validation of BAX/BAK DKO hiPSCs cell death phenotypes.
(A) Immunoblot shows complete KO of BAX and BAK in DKO clones (9 and 12) and full
expression of proteins control clones (3 and 7) normalized to beta-actin. (B) Pluritest assay
shows two control and two DKO clones as being pluripotent compared to non-iPSC control. (C)
Apoptosis/necrosis assay shows that DKOs have significant decrease in apoptosis after three
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independent experiments. Error bars: SEM. Each symbol represents percentage of cells in the
field of view that were positive for apoptosis or necrosis. (D) hiPSCs DKO clones demonstrate
increased cell survival with 24-hour 20uM DNA damaging etoposide compared to control clones
as shown by 2-way ANNOVA. (E) hiPSCs DKO clones have increased cell survival compared to
control when exposed for 24 hours with 160uM CCCP. Four independent experiments were
conducted for etoposide and CCCP exposures. Two-way ANOVA was performed using Prism
software with Sidak’s multiple comparisons test for binary post hoc comparisons. Each symbol
represents an individual experiment and the percent survival for that clone. Error bars: SEM.
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Next, isogenic controls and DKO clones were exposed to 20uM etoposide, an inhibitor of
topoisomerase II which causes double stranded breaks. After 24 hours of treatment, a cell titer
blue (CTB) assay was conducted to validate the decrease of cell death in DKO iPSC cells
(Supplemental Figure 2A). DKO iPSC clones are significantly more resistant to the DNA
damaging agent than control cells (Figure 1D). Isogenic controls and DKO iPSC clones were
also exposed to 160uM carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a mitochondrial
toxicant that inhibits oxidative phosphorylation by uncoupling the proton gradient. After the 24hour exposure, CTB assay was conducted and data showed that DKO clones were also more
resistant to mitochondrial toxicity (Figure 1E), as widely established in previous studies167–170.
Cleaved caspase-3 assays were also conducted in hiPSCs after exposure to etoposide and
CCCP (Supplemental Figure 2B, 2C). They show the same effect as observed in CTB assays.
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Supplemental Figure 2: Exposure paradigm and hiPSCs toxicant exposures measured with
cleaved caspase 3 assay. (A) Exposure paradigm for using cell titer blue (CTB) and cleaved
caspase 3 (CC3) assay with hiPSCs and hNPCs. (B) Cleaved caspase 3 assay in hiPSCs with
etoposide. (C) Cleaved caspase 3 assay in hiPSCs with CCCP. Four independent experiments
were conducted for etoposide and CCCP exposures. Each symbol represents an individual
experiment and the percent survival for that clone. Error bars: SEM.
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BAX/BAK DKO hNPCs maintained the cell death resistance phenotype. In order to validate
the cell death phenotypes in differentiated neuronal cells, isogenic controls and DKO iPSCs
were differentiated into hNPCs using dual SMAD inhibition with STEMdiff Neural Induction
Medium (Stem Cell Technologies) (Figure 2A). The differentiation to hNPCs was validated using
immunofluorescence for the neural progenitor markers PAX, SOX2, and Nestin (Figure 2B).
Quantification of PAX6 and SOX2 shows similar levels across control and DKO hNPCs
(Supplemental Figure 3A). As with hiPSCs, hNPCs were exposed to high doses of etoposide
(20uM) and CCCP (160uM) for 24 hours, respectively165,171. These doses have been utilized in
previous studies with similar cell types so we wanted to validate similar doses in our
experiments. Also these same doses were utilized between hiPSCs and hNPCs to keep
consistency in our experiments. After 24-hour exposure, Caspase-Glo 3-7 assay was conducted
to determine levels of cleaved caspase-3, which is a direct measure of apoptosis (Supplemental
Figure 2A). As expected, there were reduced levels of cleaved caspase-3 in the DKOs
compared to controls, indicating resistance to DNA (Figure 2C) and mitochondrial toxicants
(Figure 2D). CTB assays also show the same effect with hNPCs in etoposide and CCCP
exposures (Supplemental Figure 3B, 3C). BAX and BAK-deficient hiPSCs and hNPCs
constitute an effective model to examine the effects of disrupting developmental apoptosis
during neural development.
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Figure 2: Differentiation of BAX/BAK DKO into hNPCs and validation of cell death phenotype.
(A) Diagram of hiPSCs to hNPCs differentiation protocol based on inhibiting BMP and TGFB
pathways. (B) Derived hNPCs were stained for neural progenitor markers PAX6, SOX2, and
Nestin to validate. hiPSCs were also stained for PAX6 and SOX2 to validate. (C) hNPCs DKO
clones have decreased cleaved caspase 3 activity due to loss of BAX and BAK with 24-hour
etoposide exposure. (D) hNPCs DKO clones demonstrate a decrease in CC3 compared to
controls with 24-hour CCCP exposure. Three independent experiments were conducted for
etoposide and CCCP exposures. Two-way ANOVA was performed using Prism software with
Sidak’s multiple comparisons test for binary post hoc comparisons. Error bars: SEM.
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blue assay in hNPCs with etoposide. (E) Cell titer blue assay in hNPCs with CCCP. Three
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independent experiments were conducted for etoposide and CCCP exposures. Each symbol
represents an individual experiment and the percent survival for that clone. Error bars: SEM.
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BAX/BAK deficiency in hiPSCs and hNPCs results in abnormal mitochondrial
morphology. BAX has been previously reported to interact with proteins of the fusion and
fission machinery, which are essential for mitochondrial morphology and dynamics during
apoptosis58,59,157,172. These studies have been conducted primarily in cancer lines, but not in
human stem cells. In addition, the role of BAX and BAK during homeostasis has not been
explored. Using our hiPSC lines of controls and DKO, we investigated mitochondrial
morphology during homeostasis using SIM. hiPSCs were fixed and stained for TOM20, an outer
mitochondrial transmembrane protein, and an antibody (anti-mitochondria) generated from
human cell homogenate as antigen. Our data shows that this antibody labels both the outer and
inner mitochondrial membranes. Cells were imaged at 100X using SIM (Figure 3A). Control
hiPSCs show normal, fissed mitochondria, whereas hiPSC DKOs show abnormal morphology
and loss of overall mitochondrial mass. Quantification of the volume using TOM20 and antimitochondria antibody shows a difference between control and DKO hiPSCs (Figure 3B, 3C),
however, mitochondrial counts using TOM20 and anti-mitochondria antibody did not show
significant difference (Figure 3D, 3E). Anti-mito and TOM20 staining provide information about
different mitochondrial parameters and can help elucidate the complete picture. Our results
suggest that loss of BAX and BAK leads to decreased mitochondrial volume when measured
using TOM20. This phenomenon was previously reported in a mice study in which there was a
loss of TOM20 in BAX/ BAK DKO cells173. But loss of BAX and BAK does not seem to affect the
fragmentation in hiPSCs.

We then tested whether these changes in the mitochondrial network would affect mitochondrial
function of the DKO hiPSCs. We used the Seahorse Mito Stress Test, which tests mitochondrial
function by assessing several parameters, including basal respiration and ATP production.
Three serial injections of oligomycin (inhibits ATP synthases), FCCP (disrupts proton gradient),
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and rotenone/antimycin A (inhibit complex I and complex III, respectively) target the electron
transport chain. Control and DKO hiPSCs displayed a very similar bioenergetic profile, with no
significant differences in ATP production (Supplemental Figure 4A, 4B). Also, there was no
difference between control and DKO hiPSCs spare respiration capacity and proton leak
(Supplemental Figure 4C, 4D).
We then study the effects of BAX and BAK deletion in hNPCs. We first examined the
morphology of the mitochondria using SIM; control and DKO hNPCs were imaged at 100X after
fixation and staining for TOM20 and anti-mitochondria antibody (Figure 3F). Quantification of
volume with both TOM20 and anti-mitochondria show no difference between control and DKO
hNPCs (Figure 3B, 3C). Interestingly, there is a statistical difference with the control hNPCs
having a lower count compared to DKO when stained for anti-mitochondria (Figure 3D, 3E).
This suggests that loss of BAX and BAK does not affect the volume of total mitochondria, but
there is clearly increased mitochondrial fragmentation in the DKO cells as shown by individual
counts. After measuring mitochondrial respiration and ATP levels, no significant difference was
observed between the control and DKO hNPCs (Supplemental Figure 4E,4F). In addition, no
differences in spare respiration capacity or proton leak were observed (Supplemental Figure
4G, 4H). The experiments in hiPSCs and hNPCs support the potential role of BAX and BAK in
maintaining mitochondrial morphology during homeostasis but failed to demonstrate an effect of
BAX and BAK deletion on the metabolic capacity of the cells.
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Supplemental Figure 4: Seahorse experimental data for respiration, ATP production, Spare
respiration capacity, and proton leak for hiPSCs and hNPCs. (A) Seahorse mito stress test also
suggests no difference in mitochondrial respiration after three independent experiments in
hiPSCs. (B) Seahorse assay results show there is no difference in ATP production between
control and DKO after three independent experiments in hiPSCs. (C) Spare respiration capacity
(%) show no difference in hiPSCs. (D) hiPSCs proton leak shows no difference between control
and DKO. (E) Seahorse mito stress test also shows no difference in OCR after 3 independent
experiments in hNPCs. (F) Seahorse assay results demonstrate no difference in ATP
production in hNPCs. (G) hNPCs were measured for spare respiration capacity and show no
difference. (H) hNPCs proton leak shows no difference between DKO and control.
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BAX/BAK DKO hiPSC-derived neural rosettes show larger lumen and embryoid body
size. Having observed structural differences in mitochondrial morphology in two-dimensional
(2D) cellular models, we focused on determining the role of BAX and BAK in three-dimensional
(3D) brain models. While BAX and BAK are well known effectors of developmental apoptosis,
the results described above point to a non-canonical role of these proteins in mitochondrial
morphology maintenance. Our previous report174 demonstrated that mutations affecting
mitochondrial functionality do not impact the pluripotent capability of hiPSCs, nor the capacity of
the NPCs to further differentiate into the three neural lineages in 2D model systems. However,
3D culture revealed several abnormalities consistent with the clinical phenotypes174.

Central nervous system (CNS) morphogenesis starts with neurulation events. This is a dynamic
process by which neuroepithelial cells polarize adherens (e.g. N-cadherin) and tight junction
proteins (e.g. ZO1) towards an apical lumen while depositing extracellular matrix proteins at
their basal surface175,176. This results in emergence of a singular neuroepithelial tube that spans
the entire rostrocaudal axis of the embryo’s dorsal plane and serves as the foundation of all
CNS tissues. Human pluripotent stem cells can readily differentiate into neuroepithelial cells that
spontaneously polarize to form neural rosettes177, which are thought to recapitulate critical
features of the early embryonic neural tube’s structure and function178,179. Further, neural
rosettes can give rise to extensive levels of human corticogenesis. Thus, neural rosettes are
one of the earliest in vitro models of brain development.

We obtained neural rosettes from control and DKO lines to assess the role of BAX and BAK
(Figure 4A). These structures were generated from hiPSCs, and then fixed and stained for ZO-1
(tight junction marker) and a-tubulin (microtubule marker) to assess overall morphology, as well
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as cleaved caspase-3 (CC3) to measure basal levels of apoptosis (Figure 4B). DKO neural
rosettes have larger lumens (Figure 4C) due to lack of developmental apoptosis and partial
failure to close the lumen. This phenotype resembles the failure to close the neural tube
observed in DKO mice149,180. A previous study also showed that DKO mouse models develop
large numerous rosettes in SVZ181. The development and homeostatic defects highlighted
critical roles of BAX and BAK in maintaining the functional integrity of cells and tissues. There
was no difference in the number of neural rosettes per neuralized embryoid body, (Figure 4D)
suggesting that increased lumen size did not affect the efficiency of neural rosette formation. In
addition to increased lumen size, DKO neuralized embryoid body size was also larger
potentially due to lack of cell death (Figure 4E). These results demonstrate that deleting BAX
and BAK may affect early human brain development, as reported in mouse models.
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Figure 4: BAX/BAK DKO hiPSC derived neural rosettes show larger lumen size and overall
embryoid body size. (A) Diagram of neural rosette differentiation from hiPSCs. (B) NRs derived
from EBs were stained with CC3, ZO-1, alpha-tubulin, and DAPI. DKO show virtually no CC3
compared to control. In addition, DKO present with larger and disconnected lumen. (C)
Quantification of lumen size shows DKO have significantly larger lumen area compared to
control. (D) No difference in NRs per field between control and DKO. (E) EB size of DKO is
larger compared to control. Three independent experiments were conducted for quantification of
lumen and EB size. One-way ANOVA was performed using Prism software with Tukey’s
multiple comparisons test for binary post hoc comparisons. Scale bar = 100μm.
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Mature DKO cerebral organoids show loss of cortical plate markers. To determine the
effects of BAX and BAK DKO in a more mature model of human development, cerebral
organoids were derived from hiPSCs by neuroectoderm induction, neuroectoderm expansion,
and organoid maturation under continuous agitation as previously described182 with some
modifications174,183 (Figure 5A). Cerebral organoids recapitulate many developmental processes
and organization of the fetal human brain. However, as in vitro 3D brain models, they have
some limitations due to lack of vascularization and neuronal maturation equivalent of the
prenatal brain184,185. Despite these limitations, they represent an appropriate model for studying
early developmental events in the brain, such as microcephaly, autism, and schizophrenia182,186–
188

.

On day 30, control and DKO brain organoids were fixed, cryosectioned, and stained for phasespecific developmental markers. Transcription factors SRY-box transcription factor 2 (SOX2),
Paired box protein (PAX6), and Transcription factor T-brain gene-2 (TBR2) are expressed in
neuroepithelial and radial glia cells in the ventricular zone. To identify deep layer neurons,
organoids were stained with T-Box brain transcription factor 1 (TBR1) and Chicken ovalbumin
upstream promoter transcription factor-interacting protein (CTIP2), which mark cortical plate
layer six (VI) and five (V). Layer one (I) was marked using REELIN, which is expressed in the
transient Cajal-Retzius cells and present in the marginal zone. Controls show proper
development and organization of neural progenitors and layers V and VI neurons. However,
DKOs display a profound disorganization of cortex, as well as a marked loss of TBR1 and
CTIP2 (Figure 5B, 5C). Several reports show increase in neuronal stem cell population in DKO
mice57,189,190.
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Thus, to further study the disrupted cortical development in the DKOs, we derived day 60
cerebral organoids. These were stained and imaged for neural progenitor markers (PAX6,
SOX2) as well as neuronal markers (B-tubulin, CTIP2, Special AT-rich sequence-binding protein
2 (SATB2), TBR1, and S100 calcium-binding protein (S100)) (Figure 6A, 6B, 6C). Similar to day
30, day 60 organoids showed decreased expression of PAX6 in DKOs and SOX2, as early
development is concluding. Neuronal markers CTIP2, SATB2, TBR1, and S100 all show
decreased expression in DKO. No difference was observed between levels of a general
neuronal marker B-tubulin.
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Figure 5
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Figure 5: Day 30 DKO cerebral organoids show loss of higher layer cortical markers. (A)
Differentiation protocol from hiPSCs to da 30 cerebral organoids. (B) Day 30 DKO cerebral
organoids derived from hiPSCs demonstrate reduced expression of SOX2, TBR1, and CTIP.
Scale bar = 100μm. (B) Day 30 DKO cerebral organoids have reduced expression of PAX6,
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Reelin, and TBR2. Scale bar = 100μm. All day 30 experiments were conducted after 3
independent differentiations.
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Figure 6
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Figure 6: Day 60 DKO cerebral organoids show loss of higher layer cortical markers. (A) Day 60
DKO cerebral organoids derived from hiPSCs demonstrate reduced expression of PAX6, B-
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tubulin, and CTIP. Scale bar = 100μm. (B) Day 60 DKO cerebral organoids have reduced
expression of SOX2, SATB2, and TBR1. Scale bar = 100μm. (C) Day 60 DKO cerebral
organoids have similar expression to SOX2, SATB2, S100. Scale bar = 100μm. All day 60
experiments were conducted after 3 independent differentiations.
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Mature DKO cerebral organoids have abnormal mitochondrial morphology. Day 30
organoids were stained for TOM20 to examine mitochondrial morphology. Control organoids
show elongated mitochondrial morphology in the ventricular zone and fragmented mitochondrial
morphology in newly committed neurons as shown in murine models191, suggesting that in both
humans and mice, the mitochondrial network morphology is differentially regulated between the
progenitor zones and the cortical plate. Previous studies have shown that commitment of NPCs
to a neurogenic fate is accompanied by morphological and metabolic changes of the
mitochondria63,64.

BAX and BAK DKO brain organoids show striking aggregation of mitochondrial networks and
abnormal morphology at this stage (Figure 7A, 7B). Zoomed inserts of control and DKO
organoids with TOM20 staining show the differences in mitochondrial morphology (Figure 7C).
Day 60 brain organoids were also stained and imaged for TOM20 to determine differences in
mitochondrial morphology in a later developmental stage. Across controls, individual organoids
show fragmented mitochondria in the progenitor zone and elongated mitochondria in layers of
the cortex (Figure 8A, 8B). Electron microscopy and other super resolution microscopy can be
utilized to study the ultrastructure of the mitochondria. The DKO brain organoids, on the other
hand, show more fragmented, disrupted mitochondria, and reduced lumen areas corresponding
to the neural progenitor zone (Figure 8C, 8D). The results from these brain models highlight the
importance of BAX and BAK to maintain mitochondrial morphology during early brain
development.

77

Figure 7
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Figure 7: DKO cerebral organoids have abnormal mitochondrial morphology. (A) DKO cerebral
day 30 organoids stained with TOM20, TUJ1, and SOX2 show disorganized mitochondrial
morphology in a 4x4 stitched image. Scale bar = 100μm. (B) Higher magnification of cerebral
day 30 organoids shows abnormal and aggregated mitochondria in DKO in a 3x3 stitched
image. (C) Zoomed insert of control and DKO shows the intricate mitochondrial networks and
the differences that are present. All day 30 experiments were conducted after 3 independent
differentiations.
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Figure 8
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Figure 8: Day 60 DKO cerebral organoids have abnormal mitochondrial morphology. (A) Control
organoids stained with TOM20 show fragmented and elongated mitochondria. Scale bar =
100μm. (B) DKO organoids stained with TOM20 show fragmented and disrupted mitochondria.
Scale bar = 100μm.
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Discussion
BAX and BAK are well known executioners of developmental apoptosis with overlapping roles.
They also appear to mediate mitochondrial dynamics during cell death. Previous studies have
used mouse models and immortalized cell lines to study BAX and BAK functions57–59,143,149,154,172.
These studies increased our understanding of how BAX and BAK mechanistically regulate
mitochondrial-mediated apoptosis. However, there is a lack of data in human model systems.

Here, we studied the effects of pro-apoptotic proteins BAX and BAK in mitochondrial
morphology during homeostasis in human iPSC model systems. First, hiPSCs were genetically
modified using CRISPR-mediated gene editing to generate BAX/BAK DKO iPSCs and hNPCs.
We confirmed these cells were resistant to cell death by exposure to DNA-damaging agent
etoposide and mitochondrial toxicity agent CCCP. Apoptosis/necrosis assays with show a
decrease in apoptosis in DKO iPSCs. BOK, which has been shown to carry out apoptosis in the
absence of BAX and BAK153, may be responsible for the low levels of apoptosis detected in
these lines. BOK has been shown to be unresponsive to anti-apoptotic proteins of the BCL-2
family150. A recent study implicates BOK in maintenance of mitochondrial morphology and
shows that BOK deletion or depletion significantly reduces mitochondrial fusion, resulting in
fragmented mitochondria192. However, more studies with BOK are needed to appreciate its
contribution to apoptosis and potential roles in modulating mitochondrial morphology.

After validating that DKO hiPSC and differentiated hNPC lines are resistant to apoptosis,
mitochondrial morphology was assessed using SIM confocal imaging to examine the effects of
BAX and BAK deletion on mitochondrial morphology. DKO hiPSCs and hNPCs show dramatic
mitochondrial network dysfunction suggesting that BAX and BAK deletion affects the
maintenance of mitochondrial morphology. These pro-apoptotic proteins have been previously
implicated in mediating mitochondrial function and structure55,58,60,61,66,154, and our results
82

support a similar role for BAX and BAK in modulating mitochondrial morphology in these hiPSCderived systems. Unexpectedly, there was not a statistical difference in the levels of oxidative
phosphorylation or ATP levels between control and DKO cells, which indicates that despite
abnormal mitochondrial morphology, these DKO cells are still capable of similar ATP
production. For mitochondrial respiration to occur efficiently, a cell needs sufficient inner
mitochondrial membrane surface area, suggesting that DKO cells may have an intact inner
mitochondrial membrane, but defects in outer mitochondrial membrane. Interestingly, previous
study in mouse embryonic fibroblasts (MEFs) shows that respiration in BAX/BAK DKO does not
change compared to WT MEFs193. Additional assessment of mitochondrial inner membrane
morphology, cristae dynamics, and mitochondrial biogenesis could provide additional insight
into the effects of BAX/BAK deletion on mitochondrial homeostasis.

While extremely useful, 2D cultures are unable to fully represent complex brain tissue
organization or regional identity194. DKO neural rosettes, which mimic the neural tube formation
in vivo, have larger lumens and irregular morphology. Midline fusion in vivo has been shown to
be dependent on developmental apoptosis180. Loss of BAX and BAK in mouse models is
embryonic lethal partially due to failure to close the neural tube149,180. Neural tube closure
consists of complex cellular events such as convergent extension, apical constriction, and
interkinetic nuclear migration, in addition to activation of Wnt/planar cell polarity and Shh/BMP
cells signaling pathways195. If developmental apoptosis does not occur, neural tube defects
arise, often leading to severe disabilities similar to those seen in spina bifida. Our results in 3D
human models suggest that deletion of BAX/BAK results in failure to close neural rosettes,
resembling the phenotype described in DKO and TKO mouse models. Our unpublished data
shows that inhibition of caspases using qVD-Oph did not affect differentiation capacity in
hiPSCs as previously shown for mouse embryonic stem cells196. These results suggest that the
neural rosette deficiencies may be due to the loss of the mitochondrial network rather than to
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the loss of apoptosis. Future studies should examine caspase deficient models to confirm this
possibility.

Corticogenesis, the process by which the cerebral cortex is formed into six layers, requires a
series of complex and well-coordinated developmental steps. Abnormalities in cortical
development can lead to a complex set of malformations observed in cerebral development
disorders, like severe intellectual disability and autism197. BAX/BAK DKO cerebral organoids
had fewer number of deep layer neurons specifically in layers V and VI. Neural progenitor
makers (PAX6 and SOX2), cortical plate markers (TBR1 and CTIP2), radial glia marker (TBR2),
and layer I/marginal zone marker (REELIN) were used to characterize development at day 30.
These markers allow for cell labeling and help determine location and organization within the
cortex. Our data show that loss of BAX and BAK causes severe perturbations in corticogenesis,
leading to loss of distinct organization and improper cell development. Interestingly, cells in
DKO organoids have decreased expression of neural progenitor and neuronal markers found
during normal corticogenesis. This suggests that lack of BAX and BAK does not induce these
cells to undergo apoptosis but rather to continue maturing and possibly limit the growth of
necessary cell types. These are perhaps cells types of other lineages which may have diverged
due to lack of BAX and BAK. Excessive fission has been associated with mtDNA loss and
increase ROS levels198–202, which cannot be excluded as triggers of the corticogenesis defects
detected in DKO brain organoids. Additional studies should be performed to further explore the
molecular mechanism underlying the abnormal corticogenesis in DKO. Overall, our data support
an essential function for BAX and BAK in normal neurodevelopment. The drastic differences in
mitochondrial morphology at day 30 and day 60 in DKO cerebral organoids suggests that BAX
and BAK may be critical modulators of mitochondrial morphology and that disruption of the
mitochondrial network is a critical driver of this phenotype.
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A study in murine models showed that mitochondrial dynamics regulates neurogenesis203. Cells
with high levels of mitochondrial fission were more likely to become neurons whereas cells with
increased mitochondrial fusion undergo self-renewal. This study reported that postmitotic control
of cell fates via mitochondrial dynamics is conserved in both mouse and human corticogenesis,
assessed through the analysis of human embryonic stem cell-derived cortical neurons203. This
report demonstrates that neural progenitors of the ventricular zone maintain an elongated
mitochondrial morphology that progressively fragments as differentiation advances. These
results are significant and indicate that iPSC-derived brain organoids support the developmental
remodeling of the mitochondria described in vivo30. Future studies will aim to understand the
cell fate and metabolic consequences of BAX and BAK deletion in the context of early brain
development and mitochondrial remodeling using human brain organoids BAX and BAK have
been shown to modulate mitochondrial proteins involved in fusion61,204 and fission58,59,154,157.
Studies in animal models revealed the importance of mitochondrial dynamics during
neurogenesis and stem cell fate decisions63,64,191. Therefore, we speculate that BAX and BAK
can also modulate cell fate and differentiation through mechanisms that remain to be elucidated.

Our findings indicate that besides the role of BAX and BAK in regulating developmental
apoptosis, these proteins may also support mammalian brain development by maintaining the
morphology of the mitochondrial network. Future studies should aim to determine the exact
mechanisms by which BAX and BAK deletion leads to abnormal mitochondrial morphology in
hiPSCs and hNPCs during homeostatic development. In addition to BAX and BAK, BOK, which
is structurally homologous to other pro-apoptotic proteins, seems to play similar roles in
mitochondrial morphology192. Characterizing the function of these BCL-2 effectors will improve
our understanding of mitochondrial dysfunction in human development and disease.
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Methods
hiPSCs cell culture. GM25256 (Allen Institute, Seattle, WA) hiPSCs are from a 30-year-old
healthy male and cultured in mTeSR1 or E8 stem cell maintenance media. hiPSCs were
dissociated by incubation for four minutes in Gentle Cell Dissociation Reagent (StemCell
Technologies, Vancouver, BC) for splitting and replating. Cells were plated on matrigel-coated
(BD Biosciences, San Jose, CA) six-well plates for tissue culture, Seahorse XF96 cell culture
microplates for mitochondrial function assay, 35mm immunofluorescence glass bottom plates
for imaging, and 96-well plates for cell titer blue and cleaved caspase assays.

hNPCs differentiation. hiPSCs were dissociated using Gentle Cell Dissociation Reagent and
plated at 2.5x106 cells/mL with STEMdiff Neural Induction Medium (Stem Cell Technologies)
and 10µM ROCK inhibitor Y-27632 (Tocris) on Matrigel-coated six-well plates for differentiation.
After passage one, hNPCs were replated on seahorse XF96 cell culture microplates for
mitochondrial function assay, 35mm immunofluorescence glass bottom plates for imaging, and
96-well plates for cell titer blue and cleaved caspase assays.

Neuralized embryoid body (EB) and neural rosette differentiation. hiPSCs were plated at a
concentration of 3.0 x 106 cells/well with E6 media into Aggrewell plates pre-treated with 500µL
of Aggrewell Rinsing Solution (StemCell Technologies, Vancouver, BC). On day four, embryoid
bodies were replated into 35mm Matrigel-coated immunofluorescence plates, and neural
rosettes were fixed for imaging on day eight.
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Cerebral organoid differentiation. hiPSCs were plated at 2.7 x 106 cells/well with embryoid
body formation medium (STEMdiff Cerebral Organoid Basal Media 1 and STEMdiff Cerebral
Organoid Supplement A; StemCell Technologies, Vancouver, BC) into Aggrewell plates pretreated with 500µL of Aggrewell Rinsing Solution. Between days zero and three, cells were
maintained in embryoid body formation medium and media was changed on day two. On day
four, EBs were replated into 10cm tissue culture dishes pre-treated with Aggrewell Rinsing
Solution. Between days five and seven, EBs were maintained in induction medium: STEMdiff
Cerebral Organoid Basal Media 1 and STEMdiff Cerebral Organoid Supplement B. On day
seven, the EBs were embedded in Matrigel with expansion medium: STEMdiff Cerebral
Organoid Basal Media 2, STEMdiff Cerebral Organoid Supplement C, and STEMdiff Cerebral
Organoid Supplement D. Between days 7 and 10, EBs were maintained in expansion medium.
On day 10, the Matrigel coat was broken and the organoids were moved back into 60mm
ultralow attachment tissue culture dishes. Between days 10 and 60, organoids were maintained
in maturation medium: STEMdiff Cerebral Organoid Basal Media 2, STEMdiff Cerebral
Organoid Supplement E, and 100X Penicillin-Streptomycin. More information about this protocol
can be found here174.

CRISPR-mediated gene editing. On the day of the transfection, the cells were counted to
1x106 cells per reaction. 2µL Cas9 Nuclease (1µg/µL) and 6µL of gRNA designed to target BAX
and BAK with a sequence complementary to the target DNA were added to 1.5mL tubes. Cells
were mixed in Resuspension Buffer R and the mixture was incubated at room temperature for 5
to 10 minutes (this is the Cas9/gRNA complex solution). The Neon Transfection System was
then set up by filling the Neon Tube with 3mL of Electrolytic Buffer (Buffer E2 for 100µL Neon
Tip) and the Neon Tube inserted into the Neon Pipette station. The 100µL of Cas9/gRNA cell
mix was aspirated with the 100µL Neon Tip. The cells were then electroporated and
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immediately transferred to a 6-well plate with 2mL of pre-warmed StemFlex media (Thermo
Fisher, Waltham, MA). These cells were incubated at 37°C for 48 to 72 hours. Cell population
was then DNA sequenced to determine indels. If knockout efficiency was sufficient, cells were
flow-sorted by single cell into a 96-well plate. They were then cultured for two weeks; their DNA
was collected and sequenced. Immunoblots were also conducted to confirm the knockout.

Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) and etoposide exposures. hiPSCs
and hNPCs were exposed to the mitochondrial and DNA-damaging agents CCCP and
etoposide. The results were evaluated with the cell viability CellTiter-Blue and Caspase-Glo 3-7
cleaved caspase-3 activation assays (Promega, Madison, WI). hiPSCs were replated at
100,000 cells/mL for caspase assay and 500,000 cells/mL for cell viability assay. The day after
replating, media was changed, and the 24-hour CCCP or etoposide exposures were started two
days after replating. All cells were plated into Matrigel-coated 96-well plates and exposed to
CCCP/etoposide in cell type appropriate medium.

Caspase-Glo 3/7 Assay. After the 24-hour etoposide/CCCP exposure, 25µl of Caspase-Glo 3/7
Reagent (Promega, G8090) and 25µl of cell type appropriate medium was added to each well of
the 96-well plate. In this assay, reagent addition results in cell lysis, caspase cleavage of the
substrate, and a luminescent signal produced by luciferase. Luminescence is proportional to
caspase-3 and -7 activity levels. The luminescence was measured with a luminometer one hour
after reagent addition. The sample size (n) refers to the number of independent replatings and
exposures within each group.
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CellTiter-Blue (CTB) Cell Viability Assay. After the 24-hour etoposide/CCCP exposure, 20µl
of CTB reagent (Promega, G8081) was added to each well of the 96-well plate. Cell lysis buffer
(10% Triton in phosphate-buffered saline [PBS]) was added to some wells to provide
background fluorescence for zero percent viability. The fluorescence was measured with an
excitation of 570nm and emission of 600nm using a Beckman coulter DTX 880 multimode plate
reader two hours after reagent addition (Beckman Coulter, Brea, California). The sample size
(n) refers to the number of independent replatings and consequent exposures within each
group.

Immunoblot. Protein samples were collected in lysis buffer: 1% Triton, 100x
phenylmethylsulfonyl fluoride (PMSF), 10X phosphatase inhibitor (PhosSTOP), and 10X
protease inhibitor cocktail (PIC) (Sigma Technologies, Perrysburg, OH), and quantified using
BCA analysis (Thermo Fisher, Pierce, Pittsburgh, PA). These data were used to make 50µg
protein samples to be run on an immunoblot. The samples were boiled at 95°C and loaded into
a 12% gel, which was then transferred to a nitrocellulose membrane and stained with primary
(1:1,000 BAX, BAK; Cell Signaling Technologies, Danvers, MA) and Li-Cor Odyssey secondary
antibodies (1:10,000). Beta-actin (Sigma Technologies, Perrysburg, OH) was used as a control
to ensure differential loading across lanes was not a confounding variable. Membranes were
imaged using the Li-Cor Odyssey Imaging System, and quantification was performed using
Image Studio Lite (Li-Cor, Lincoln, NE).

Immunofluorescence and image acquisition. To prepare for immunofluorescence, cells were
fixed with 4% PFA in 1X PBS at room temperature for 20 minutes. They were then washed with
PBS, permeabilized with 1% Triton X-100 in PBS for five minutes at room temperature and
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washed with 1X PBS again. The cells were then blocked with 10% BSA in PBS for 20 minutes
at room temperature, and primary antibody in 10% BSA was added to the cells and incubated
overnight at 4°C. Anti-TOM20 antibody was used for staining of the outer mitochondrial
membrane (Cell Signaling Technologies, 1:200), and anti-Mitochondria (Anti-Mito) antibody was
used for visualization of mitochondrial morphology (Abcam, 1:200). Primary antibodies were
then washed out three times with 1X PBS. Secondary antibodies were added to the cells in
10% BSA for one hour at room temperature and the cells were washed with 1X PBS. Hoechst
33528 (10mg/mL stock at 1:10,000 dilution in PBS) was added to the cells for 5 minutes at room
temperature, and the cells were washed with 1X PBS again. The cells were then mounted in
Fluoromount-G mounting medium (Thermo Fisher Scientific). Images were acquired using a
Nikon structured illumination microscope (SIM) equipped with a 1.49 NA 100x Oil objective and
Andor DU-897 EMCCD camera. Quantification of mitochondrial morphology was performed in
NIS-Elements (Nikon); briefly, we segmented mitochondria in 3D and obtained volume and
object count data from the resulting 3D mask. Measurements were exported into Excel for
further analysis.

Immunofluorescence was also conducted in neural rosettes derived from hiPSCs. To prepare
for immunofluorescence, cells were washed twice with PBS, then fixed with methanol at -20°C
for 10 minutes. They were then washed with PBS and blocked at room temperature with 5%
Donkey Serum (Fisher 5058837) + 0.3% Triton-X 100 in tris buffered saline (TBS). Primary
antibody was then added (ZO-1 1:500, CDK5RAP2 1:200, Tubulin 1:500) in 5% Donkey Serum
+ 0.3% Triton-X 100 in TBS overnight. After washing three times with TBS, secondary antibody
was added (1:500) in 5% Donkey Serum + 0.3% Triton-X 100 in TBS for two hours, which was
then washed off three times with TBS. Hoechst 33528 (1:10,000) in TBS was then added and
the cells incubated at room temperature in the dark for five minutes. After three more TBS

90

washes, cells were mounted in Fluoromount-G mounting medium. Images were acquired with
an Andor DU-897 EMCCD camera mounted on a Nikon Spinning Disk Microscope equipped
with 0.45 NA 10X and 0.75 NA 20X objectives. Data analysis was performed using NISElements (Nikon). A Neural Rosette Quantification macro was utilized to measure the rosette
lumen area based on the ZO-1 staining channel. Measured data was exported to an Excel file.

Immunofluorescence for cerebral organoids was conducted after cryo-sectioning of samples.
The cells were then blocked in PBS + 5% donkey serum + 0.2% Triton X-100 and incubated at
room temperature for one hour. Primary antibodies SOX2 (Cell Signaling Technologies, 5049S),
TBR1 (Abcam, AB31940), CTIP2 (Abcam, AB18465), PAX6 (Cell Signaling, D3A9V), REELIN
(Millipore, MAB5366), TBR2 (Millipore, AB15894), TU-20 (Cell Signaling, 4466S), and TOM20
(Cell Signaling, D8T4N) diluted in blocking solution (1:1,000) were then added overnight at 4°C.
The cells were then washed three times with PBS + 0.1% Tween-20 (PBST) and respective
secondary antibodies diluted in PBST with 5% donkey serum were added at RT in the dark for 1
hour. The cells were washed again 3X with PBST and counterstained with Hoechst 33528
(1:10,000) in PBS. After three more PBS washes, mounting media was added. Confocal images
of the organoids were acquired using an Andor DU-897 EMCCD camera mounted on a Nikon
Spinning Disk Microscope with 0.45 NA 10X and 0.75 NA 20X air objectives (macro structures)
and a 1.49 NA 100X Oil objective (mitochondria imaging). The software used for image
acquisition and reconstruction was NIS-Elements (Nikon) and Image processing was performed
using Fiji/ImageJ205.

Apoptosis/Necrosis detection assay. An apoptosis/necrosis detection assay (Abcam,
Cambridge, UK) was conducted to determine levels of apoptotic or necrotic activity in hiPSCs
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and hNPCs. Cells were first plated at 100,000 cells/mL in 35mm immunofluorescence plates.
When they reached 70–80% confluency, the assay was conducted. The cells were washed two
times with 100 µL of Assay Buffer and then resuspended in 200 µL of Assay Buffer. 2µL of 100X
Apopxin Green Indicator for detecting apoptotic cells, 1µL of 200x 7-aminoactinomycin D (7AAD) for detecting necrotic cells, and 1µL of 200x CytoCalcein Violet 450 for detecting healthy
cells were added. The cells were then incubated for 30-60 minutes and the cells were washed
two times with 150µL Assay Buffer and resuspended in 200µL Assay Buffer before imaging
using a Nikon Eclipse Ti inverted widefield microscope and quantification of apoptosis/necrosis
levels.

Seahorse Assay. The Seahorse Cell Mito Stress Test (Agilent, Santa Clara, CA) was
conducted to assess mitochondrial function. Two days prior to the assay, hiPSCs were replated
in E8 media and hNPCs were replated in E6 media at 500,000 cells/mL on Seahorse XF96 cell
culture microplates (Agilent). One day before the assay, Seahorse XFe96 extracellular flux
assay cartridge (Agilent) was hydrated with 200μL/well of water in a non-CO2 incubator
overnight. On the day of the assay, Seahorse XF Calibrant was added to Seahorse XFe96
extracellular flux assay cartridge for one hour before loading drugs. Seahorse medium (Agilent)
with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose warmed to 37° was added to the cells
and the plate was incubated in a non-CO2 incubator for one hour before the assay. Appropriate
concentrations of oligomycin (1.5uM), FCCP (1.5uM), and Rot/AA (0.5uM) were added to
Seahorse XFe96 extracellular flux assay cartridge and cartridge was loaded into XF
Extracellular Flux Analyzer. After calibration step, cell plate was loaded into the XF Extracellular
Flux Analyzer to assess mitochondrial function.

92

Statistical analyses. Statistical analyses were performed using Prism software version 8.0
(GraphPad, La Jolla, CA) and Excel (Microsoft, Redmond, WA). Two-way ANOVA with Tukey’s
multiple comparisons test was conducted for apoptosis/necrosis assay. Two-way ANOVA was
performed using Prism software, and Tukey’s comparisons tests were used for binary post hoc
comparisons for 24-hour etoposide and CCCP exposures in hiPSCs and hNPCs. Wilcoxon test
was conducted for hiPSCs and hNPCs mitochondrial volume. Univariate ANOVA with Tukey’s
post hoc was used for EB size and neural rosette lumen size.
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS
Function of BAX and BAK in human neurodevelopment
Mitochondria are dynamic organelles involved in diverse metabolic processes. There are many
key discoveries that remain to be found for the importance of human disease. Especially, studying
all the roles of this organelle and the dynamics that are present within. Intracellular morphology
and distribution change dynamically to meet the needs of the given cell type and this has been
described in the brain primarily by ablation of genes involved in mitochondrial fusion and fission206.
However, the fusion and fission dynamics during neural development under physiological
conditions are unknown68,207. There are several studies that report NSCs have elongated
morphology and fragmented morphology in NPCs191. Mitochondria in differentiated neurons
reveal elongated morphology to reflect shift from glycolysis to OXPHOS208. As shown by my work
and others161,162, depending on various cell types the morphology is drastically different with
hiPSCs having a fragmented mitochondria and hNPCs with an elongated mitochondria. In
addition to this, the 3D models of organoids provide greater insight into how the mitochondria in
an actual brain differs at stage and location. We now have a basic understanding of the
morphology at different points in human neurodevelopment during homeostasis.
My work focused primarily on understanding mitochondrial morphology and the players involved;
however, other dynamics process of the mitochondria including motility and mitophagy have also
been shown to be important in neurodevelopment and require further study. The elaborate
structure of the neuron has challenges which are overcome by essential transport of mitochondria
which provides energy and metabolites to maintain function neural connections. Deficits in
mitochondrial axonal transport have been associated with neurodegenerative disease209. Also,
the maintenance of healthy pools of mitochondria in neurons is dependent on mitophagy which
allows for clearance of damaged organelles. It is unclear how much mitophagy happens in the
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neuron in non-pathological situations. Interestingly Pink1 and Parkin deficient mice don’t have a
neurodegeneration phenotype and other quality control pathways may maintain neuronal
mitochondrial health in this vital process. More work is needed to understand the complexity of
mitophagy in neurodevelopment. Studies have previously linked mitochondria to neurological
processes by observing mitochondrial dynamics and metabolism changes in neurogenesis. A
correlation between mitochondria and neurogenesis has been established but more work in
needed to elucidate the complex processes and players involved.
In order to determine how the non-canonical function of the BCL2 effectors in mitochondrial
morphology regulation, we generated double knockouts of BAX and BAK. These BCL2 effectors
have previously been implicated in modulating mitochondria aside from their role in apoptosis.
We were able to clearly show that in a human system, BAX and BAK play major roles in mediating
mitochondrial morphology at the stem cell, neural progenitor, and complex neuronal levels.
Studies in the future should focus on understanding the how these effectors affect mitochondrial
dynamics and the exact mechanism of action. It is possible that BAX and BAK are necessary for
maintaining mitochondrial morphology and function by interacting with fusion or fission proteins.
These studies have been conducted under apoptotic conditions; however, studying the
interactions of these BCL2 effectors with fusion and fission proteins during homeostasis can
provide invaluable insight. This may potentially allow them to control fragmentation and elongation
of the mitochondria as a cell develops, in addition to properly carrying out developmental
apoptosis.
In addition to BAX and BAK described roles in apoptosis and mitochondrial regulation, BOK is
another BCL2 effector which has been shown to carry out these roles. BOK by itself is able to
maintain low levels of apoptosis and is also involved in mitochondrial maintenance. We have
recently developed TKO lines which are deficient for BAX, BAK and BOK. These lines will
effectively completely block apoptosis and provide insight into potential roles in modulating
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mitochondrial morphology. In addition to studying the combined roles of these proteins, we can
have single knockouts of these proteins which can provide invaluable insights into their specific
roles. Future studies will look at how these effectors mediate mitochondrial morphology and
dynamics. It will be important to differentiate hiPSCs into organoid models and determine extent
of developmental apoptosis. Also, we can study localization of these key proteins in the brain
and focus efforts on identifying pathways that lead to cell development.
The major weakness of my study was the lack of mechanism of how BAX and BAK are leading
to disruptions in mitochondrial morphology and how that overall affects developmental apoptosis.
The observations in the human system from my study are a great foundation to allow for
mechanistic insight into how BAX and BAK are playing their roles. Future studies will first need to
focus on understating the mechanism in 2D cultures and also studying dynamics, not only
morphology. BAX and BAK have been shown to modulate mitochondrial proteins involved in
fission and fusion. This would be a great start to assess dynamics and study DRP1 which has
been shown to be recruited by BAX in many model systems. Another key experiment is to rescue
with mutations in BH3 domains of BAX and BAK will allow for complete control over apoptosis.
We can control the mutations in BH3 domains and determine how apoptosis leads to the observed
effects. During the development of 3D cerebral models, we noticed that there was disorganization
and loss of deep layer markers in the BAX/BAK DKOs. There were many cells in DKO organoids
which did not stain for the markers we checked for that stage of development. This is another key
experiment that needs to be conducted to determine exactly what types of cells were being
created. Perhaps due to loss of developmental apoptosis, we are seeing growth of inappropriate
cells and understanding what these are can shed more light on how these BCL2 effectors play a
role in corticogenesis.
Developmental apoptosis is evolutionary conserved contributor in neurodevelopment and
facilitates proper development of an organism. Due to limitations of studying human brain in vivo,
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organoids have emerged as a powerful tool to study development of brain. Brain organoids
replicate the transcriptional and epigenetic profiles of a developing brain up to 25 weeks post
conception forming in an “inside out” manner. These tools were utilized in our study and allowed
us to determine effects of BAX and BAK deletions in early brain development as well as
mitochondrial morphology. The striking results of disorganization and loss of deep layer neurons
in these organoids are represented in mice models, which are also deficient for BAX and BAK.
This suggests that BAX and BAK may be playing similar roles in both systems to modulate
mitochondria morphology and developmental apoptosis. The amount of information we have
based on mice models should be tested in human systems to help understand the roles of these
proteins. Mice models show the distinct mitochondrial networks across the cortex and it is very
exciting to be able to mimic that in cerebral organoids even at day 30. Future studies can focus
on dissecting sections of organoids to determining localization of these proteins and perhaps shed
light on to the differences we see in mitochondrial morphology and apoptosis. Additionally, it is
pertinent to determine if the changes observed are due to mitochondrial changes or
developmental apoptosis alone. To answer this apoptosis must be completely blocked or
mitochondrial dynamics must be controlled with small molecules. There is also NOTCH signaling
which has been implicated in regulating mitochondrial dynamics upstream of BCL2 effectors.
There are exciting questions here to determine how the lack of this signaling in our DKO is
affecting cell fate and decisions. Characterizing the function of these BCL-2 effectors will improve
our understanding of mitochondrial dysfunction in human development and disease.
However, while brain organoids are useful for modeling early or midgestational brain
development, they do not have the capacity yet to model late brain development. In addition to
this, these in vitro organoids lack vascularization due to lack of blood brain barrier. Assembloids
which are generated by a complex mixture of different region specific organoids and cell types
can be developed to model complex cell-cell interactions and neural circuit formation in human
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nervous system210. These brain organoid systems will allow for modeling of later brain
development and provide insight into exactly how BAX and BAK affect brain development as an
organism matures. This will provide invaluable knowledge for the field of development apoptosis
and improve understanding of mitochondrial dysfunction in human disease.
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Manganese and Huntington’s disease
Mn is critical for human health and plays role in many cellular processes ranging from
neurotransmitter synthesis to neuronal metabolism. Levels of Mn across brain regions and
neurodevelopmental stage are diverse106,211. The exact amount of Mn in brain regions is unknown
as well as the uptake amount to these regions. Mn homeostasis has been shown to be important
for brain development and deficits in this process can impair neurodevelopment and lead to
neuronal pathophysiology and disease. My study focused on determining concentration curves
for Mn as well as elucidating the differences we hypothesized between HD and controls patients.
Previous studies lacked human model data with Mn and exact differences between neural
lineages. I was able to report Mn cytotoxicity of hiPSCs and derived cells and show that there is
a difference in neuronal lineage as well as developmental stage. We know that even micromolar
concentrations of Mn are able to stimulate many Mn responsive and Mn dependent pathways/
proteins but understating how much will be effective in the human model system was crucial.
Studies in the future should focus on determining exact amounts which will allow for targeted
therapeutics.
The major weakness of this study was not being able to compare levels of Mn cytotoxicity across
hiPSC derived lineages and stage. Due to the complexities of each media component in each
derived cell type, we saw that media was having a significant effect on survival. This did not allow
for comparing cytotoxic levels of Mn across lineages and stage of neurons. There is a lack of data
about human derived lines and relative Mn levels that are toxic to cells. To uncover this, only
shorter exposures can be done in a media component that does not change the identity of the
cells. Additionally, a complex media can be developed that will allow for 24-hour exposure without
comprising the cells. Studies would have to make sure that the complex media is not leading to
the changes observed, but rather it is the effect of genotype of toxicant.
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There is substantial evidence that insufficient of high levels of Mn are harmful for human health108–
110

. Previous studies with in vivo and in vitro HD models show decreased cellular Mn-uptake

associated with neuronal cell type specific deficit in Mn bioavailability. Numerous studies,
including our own, have found several HD relevant proteins and pathways which are responsive
to Mn. There can provide the foundation for future studies. Our study here is one of the first to
assess different human neuronal lineages and neurodevelopmental stages in control and HD
patients. The study establishes that human neuronal cells derived from HD patient hiPSCs and
hiPSCs themselves show HD genotype effects of Mn toxicity dependent on neuronal lineage and
developmental stage.
An interesting finding in this study was that post-mitotic midbrain dopaminergic lineage control
lines were more resistant to Mn than their HD counterparts. In all the other lines tested the HD
lines were more resistant to Mn, most likely due to HD Mn uptake defect. At day 11 midbrain
NPCs, the HD cell lines were more resistant to Mn; however, just after 14 more days of
differentiation, the post-mitotic midbrain neurons make a complete switch with the control being
more resistant. This observation has implications for parkinsonian-like toxicity by Mn and needs
to be fully explored. We believe that this observation explains the insensitivity of manganism to
L-DOPA treatment since the developing dopaminergic neuronal lineage becomes more resistant
with maturation. Future studies should focus on determining the mechanism of action at this
cellular stage to answer how do the midbrain HD NPCs gain sensitivity over just 14 days.
One of the biggest challenges in this study and to studying Mn overall is accurate measurement
of Mn concentrations in hiPSCs and derived neuronal cell types. While we have access to
measuring Mn by GFAAS and ICP-MS, these are costly, low throughput and variable. Advances
in assessing Mn concentration within the cell can help provide valuable information to assess
effects of Mn in HD. The mechanism of Mn transport into and out of the cell is still a black box
and more work is needed to accurately quantify Mn in specific cell types. Determining the exact
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transporters and signaling that are necessary can tie together the holes in our knowledge about
HD-Mn biology. Our findings from our study provide insight into therapeutic strategies for HD,
especially through lineage-targeted interventions. HD does not have a cure yet and while there
are promising therapies, more research is required to understand and target this disease.
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