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Abstract

An important goal of neurotoxicological research is to provide relevant and accurate risk
assessment of environmental and pharmacological agents for populations and individuals. Owing
to the challenges of human subject research and the real possibility of species specific
toxicological responses, neuronal lineages derived from human embryonic stem cells (hESCs) and
human neuronal precursors have been offered as a potential solution for validation of
neurotoxicological data from model organism systems in humans. More recently, with the advent
of induced pluripotent stem cell (iPSC) technology, there is now the possibility of personalized
toxicological risk assessment, the ability to predict individual susceptibility to specific
environmental agents, by this approach. This critical advance is widely expected to facilitate
analysis of cellular physiological pathways in the context of human neurons and the underlying
genetic factors that lead to disease. Thus this technology opens the opportunity, for the first time,
to characterize the physiological, toxicological, pharmacological and molecular properties of
living human neurons with identical genetic determinants as human patients. Furthermore, armed
with a complete clinical history of the patients, human iPSC (hiPSC) studies can theoretically
compare patients and at risk groups with distinct sensitivities to particular environmental agents,
divergent clinical outcomes, differing co-morbidities, and so forth. Thus iPSCs and neuronal
lineages derived from them may reflect the unique genetic blueprint of the individuals from which
they are generated. Indeed, iPSC technology has the potential to revolutionize scientific
approaches to human health. However, before this overarching goal can be reached a number of
technical and theoretical challenges must be overcome. This review seeks to provide a realistic
assessment of hiPSC technology and its application to risk assessment and mechanistic studies in
the area of neurotoxicology. We seek to identify, prioritize, and detail the primary hurdles that
need to be overcome if personalized toxicological risk assessment using patient-derived iPSCs is
to succeed.
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1. Introduction

The field of toxicology has seen rapid innovation in the past two decades by the advent of
stem cell technology. Perhaps the first major successful use of stem cells for the study of
toxicity was the Embryonic Stem Cell Test (EST) developed by Speilmann and colleagues
(Heuer et al., 1993; Spielmann et al., 1997). This approach differentiates mouse embryonic
stem cells (ESCs) into cardiomyocytes in the presence of potential developmentally toxic
agents (Heuer et al., 1993; Seiler and Spielmann, 2011). Although this method utilizes
mouse stem cells, and focuses on differentiation into beating cardiomyocytes, the method
has been broadly hailed for its ingenuity (Laustriat et al., 2010; Scholz et al., 1999; Wobus
and Loser, 2011). However, the method has notable shortcomings in its application to
neurotoxicology. For example, although the EST correctly classified the majority of known
embryotoxic chemicals tested, it is known that the EST in some cases failed to correctly
classify methylmercury as a developmental toxicant (Genschow et al., 2004). There are
several potential reasons for these shortcomings of the EST — including species-specific
toxicities and tissue-type specific toxicities. Recently, Bremer et a/. sought to address both
of these issues by adapting the principles of the EST to toxicity testing in human ESCs
(hESCs) undergoing neuronal differentiation (Stummann et al., 2009). Their study showed
greater sensitivity of early-developing neural precursors over maturing neuronal cells to
methylmercury toxicity (i.e. greater changes in expression of key early neurodevelopmental
markers versus more mature neuronal markers) (Stummann et al., 2009). Other groups have
also provided proof-of-principle experiments demonstrating the potential of hESCs to
evaluate developmental toxicity (Pal et al., 2011). However, ethical and regulatory concerns
about the use of cells derived from human embryos have limited adoption of hESC based
toxicity testing (Leist et al., 2008; Vojnits and Bremer, 2010).

Pioneering studies have revealed both the feasibility as well as clear advantages for use of
stem cell based approaches for neurotoxicological risk assessment. Although the
fundamentals of stem cell culture are outside the scope of this review, a number of book
chapters and review articles are available on this topic (Neely et al., 2011; Park et al., 2008;
Takahashi et al., 2007). Studies using murine stem cells have identified mMRNA based
expression markers for assessment of neurodevelopmental toxicity (Kuegler et al., 2010;
Theunissen et al., 2011). Comparative studies using hESC derived neurons versus rodent
primary neuronal cultures have revealed important differences in sensitivity, reproducibility,
and dynamic ranges by toxicity measures examining neurite outgrowth and cytotoxicity;
suggesting further work is needed in developing and interpreting hESC-derived
neurotoxicity tests (Harrill et al., 2011). Indeed, toxicogenomic approaches revealed key
differences on the influence of a developmental neurotoxicant on expression profiles
between /n vivo models, stem-cell based /n vitro models and primary tissue/cell culture
based models — yet also identified examples of coherent responses from the in vitro ESC-
based models and /7 vivo measures (Robinson et al., 2011). Furthermore, predictive
neurotoxicity testing by hESC-based neuronal differentiation approaches has proven
successful in discriminating chemicals and pharmaceuticals with known developmental
neurotoxicity (Buzanska et al., 2009). A related approach to hESC-based neurotoxicology
has been to start developmentally down-stream of the pluripotent state and utilize
multipotent human neuroprogenitors as a starting point for developmental neurotoxicity
testing (Breier et al., 2008; Harrill et al., 2010; Harrill et al., 2011; Moors et al., 2009;
Schreiber et al., 2010; Tofighi et al., 2011a; Tofighi et al., 2011b). Neuralization of
pluripotent stem cells or neuroprogenitors can be accomplished either by adherent culture-
based neuronal differentiation or a neurosphere suspension culture, which may be followed
by subsequent plating, differentiation and migration. A discussion of the advantages and
disadvantages of these two approaches has been recently reviewed by Breier and colleagues
(Breier et al., 2010).
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In this review, we seek to describe the methods of generating hiPSCs, explore the utility of
this technology in the field of neurotoxicology, and discuss technical challenges for these
applications. In addition, we will outline the process of generating and maintaining hiPSCs
for toxicity testing, characterize multiple exposure paradigms, and attempt to predict the
future of the field.

2. The promise of iPSC technology for neurotoxicology

A number of recent reviews have described potential applications of hESC and hiPSC
technology to toxicology, pharmacology and the study of human diseases that have
environmental contributions to their etiology (Anson et al., 2011; Heng et al., 2009;
Marchetto et al., 2011; Saha and Jaenisch, 2009; Vojnits and Bremer, 2010; Winkler et al.,
2009; Wobus and Loser, 2011). Here we focus on the promise and roadblocks specifically
for neurotoxicological applications. An important advantage of a patient-specific iPSC
approach to neurotoxicology is that environmental risk for an individual may be evaluated
without a priori knowledge of the genetic risk factors. A complex relationship of
environmental and genetic risk factors underlies many neurodevelopmental and
neurodegenerative diseases — yet identification of causative factors has been severely
hampered by the lack of suitable experimental models to account for the combinatorial
influence of diverse toxicants and the inherent variation in human susceptibility and
exposure. This complexity and variation of genetic and environmental influences between
individuals also complicate epidemiological studies to identify contributors. For example, a
link between pesticide exposure and Parkinson’s disease (PD) became suspected in 1983
with the discovery that exposure to 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP), a
compound with structural similarity to the pesticide paraquat, causes a selective
degeneration of dopaminergic neurons in the substantia nigra (Elbaz and Moisan, 2008;
Langston et al., 1983). Despite epidemiological evidence potentially linking pesticide use
with risk for PD, discerning the role of specific pesticides in human disease has been
difficult (Dick et al., 2007a; Dick et al., 2007b; Frigerio et al., 2009; Frigerio et al., 2006;
Kamel et al., 2007). Likewise, studies have found links between PD and exposure to Mn, Pb,
and other metals (Coon et al., 2006; Finkelstein and Jerrett, 2007). Interestingly, a recent
study of a Chinese cohort found an association between blood Mn levels and PD, yet no
differences in exposure were seen between control and disease groups (Fukushima et al.,
2009). This raises the possibility that genetic risk factors may predispose some people to
accumulate levels of this environmental toxicant thereby selectively increasing their risk for
disease. The advent of hiPSC technology may provide researchers a method to test this and
similar hypotheses, by allowing the evaluation of selective sensitivity to neurotoxicants
across individual patients.

The utility of human pluripotent stem cell technology towards human toxicological risk
assessment rests on the idea that cells differentiated from patient-derived stem cells can
serve as a model system for understanding the role of human genetic factors in modulating
the vulnerability of differentiated cells to specific toxicants. A number of technical as well
as theoretical hurdles need to be overcome before the utility of this approach can be realized.
For example, efficiency and consistency of stem cell derivation, contribution of epigenetic
changes, protocols for differentiation, exposure paradigms, and assessment of toxicity need
to be optimized. Perhaps, though, the most fundamental issue that must be addressed upfront
is whether the methods for generating patient-derived pluripotent stem cells are capable of
yielding a consistent model of sensitivity to environmental toxicants. Direct tests are needed
for the hypothesis that iPSCs derived from distinct individuals can be differentiated into
neurons that exhibit toxicological sensitivity profiles specific to the subject from which they
are derived. In other words, it needs to be shown that neuronal cells from multiple iPSC
lines made from the same patient show more similarity in their sensitivity to specific
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neurotoxicants than neuronal cells from hiPSC lines of different patients. This simple
question is fundamental for the development of an iPSC-based personalized toxicological
risk assessment.

Additional technical considerations for early experimental applications of iPSC technology
to neurotoxicological research are necessary. These include the importance of studying cell
autonomous mechanisms of neurotoxicity. Owing to challenges in differentiation of specific
neuronal populations and the consequential challenge in developing models of human
neuronal circuits, it is likely unfeasible to explore neuronal network based toxicity until a
better understanding of cell-autonomous toxicity is examined. For example, direct toxicity
due to impaired mitochondrial function or effects of toxicants on specific cell signaling
cascades need to be examined before realization of the down-stream consequences to
neuronal network activity or intercellular signaling can be understood. Prototypical bench
assays of toxicological measures need to be developed before automation or high-throughput
screening of toxicants can be performed. Detailed examination of differentiation methods
and the developmental trajectories and marker expression, as well as method-based
influences on neurological phenotypes, need to be established before the impact of
neurotoxicants on differentiation and neuronal activity can be interpreted in the context of
predicting human neurodevelopmental toxicity. Indeed, validation of toxicological outcomes
in iPSC-based models might best begin with human subjects (individuals with known
genetic risk factors) and toxicants for which clearly understood human gene-environment
interactions exist to facilitate confidence in interpreting data for situations where risk factors
are unknown.

The study of the interactions between neurotoxicants and neurological disorders is an
especially exciting future application of hiPSC technology, given the complexities of the
diverse and ill-defined environmental and genetic risk factors. Furthermore, the ability to
differentiate neurons and glia from patient hiPSCs offers the potential to examine changes in
both the development and maintenance of neural function resulting from complex genetic
inheritance patterns and toxicant perturbation (Liu and Zhang, 2011). The ability to expand,
maintain, culture, and differentiate hiPSCs may enable utilization of this resource by a broad
range of laboratories throughout the US and around the world, expanding both the scope and
depth of research into human disease.

3. Methods of hiPSC generation

In 2007 Yamanaka showed for the first time the possibility of transforming adult human
fibroblasts to pluripotent stem cells using four defined transcription factors (Takahashi et al.,
2007). This ground breaking discovery led the way to ample research in an attempt to both
understand the molecular basis of stem cell induction and possible ways to improve it.
Induced pluripotent stem cells (iPSCs) exhibit the typical characteristics of the inner mass-
derived human embryonic stem cells, including self-renewal and the potential to
differentiate to cell types of any of the three germ layers. In the original work by Yamanaka,
after screening for 24 potential genetic targets, a set of four retrovirus-carried genes, namely
OCT4, SOX2, c-MYC, and KLF4, were chosen to transduce human adult dermal fibroblasts.
Further study of these factors revealed that except for OC74, the requirement for these
factors is not stringent. c-MYC, for example, was shown to be dispensable mainly for safety
purposes, with a modest decrease in efficiency (Nakagawa et al., 2008). Similarly, c-MYC
and KLF-4 could be replaced with NANOG and L/N28with no significant effect on the
outcome of stem cell induction (Yu et al., 2007).

Because of serious drawbacks associated with the use of retroviruses for transduction,
including persistent expression and insertional mutagenesis, alternative methods have been
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developed to deliver genes into the target cells. One of the strategies employs a doxycyclin
inducible expression of the transgenes (Brambrink et al., 2008). This diminishes the
likelihood of constitutive transgene activation and could serve as an indicator of
pluripotency since fully reprogrammed cells are not dependent on the exogenous factors for
their self-renewal. Another way to control viral gene expression utilizes genes flanked by
loxP sites, which could later be excised by transiently expressing Cre recombinase.
Alternatively, PiggyBac transposons, mobile genetic elements that could be inserted into the
genome, could be used instead of the transgenes. This is an attractive method as they can be
removed by transient expression of transposases (Yusa et al., 2009). Non-integrating vectors
have also been used successfully to induce pluripotency. Initial trials involved transduction
of mouse cells with adenovirus and non-viral methods including plasmid transfections
(Okita et al., 2008; Stadtfeld et al., 2008). Adenovirus was later proved to be capable of
inducing pluripotency in human dermal fibroblasts as well (Zhou and Freed, 2009).
Interestingly, Yamanaka’s group has recently reported a highly efficient reprogramming of
human dermal fibroblasts and dental pulp cells using episomal vectors carrying the four
classical transcription factors in addition to L-MYCand P53shRNA (Okita et al., 2011).
Finally, extensive research is being carried out to screen for compounds that might permit
the process of iPSC induction without the introduction of genetic materials (Lin et al., 2009).

4. Special considerations and technical challenges for iPSC-based
neurotoxicological applications

A number of obstacles stand between these promises of iPSC technology and their practical
application. This review seeks to find a realistic optimism for what can reasonably be
accomplished in the coming years as well as detail some of the key roadblocks that must be
addressed before the hope of such applications can be realized.

4.1 Generation, maintenance and selection of appropriate iPSCs for toxicity testing

The process of iPSC induction encompasses multiple steps with many possible hurdles. The
efficiency of reprogramming varies greatly depending on many overlapping technical and
biological factors. Although different labs report the efficiency of reprogramming in
different ways, the overall rates are not satisfactory. Indeed, ever since the first human iPSC
was made, extensive work has been focused on improving both the quality and efficiency of
the reprogramming process (Figure 1(4.1)). Adding small molecules to manipulate certain
signaling pathways has attracted special attention recently because of the reproducibility and
consistency of the results. Most commonly, the targets of these attempts are either the
epigenetic state of the reprogrammed cells or certain cellular pathways responsible for cell
growth and fate determination. Certain epigenetic characteristics are particularly pervasive
in hESCs, and screening for molecules that alter the epigenetic state of the reprogrammed
cells has identified some compounds that add to the reprogramming efficiency (Rada-
Iglesias and Wysocka, 2011). For example, treating partially reprogrammed cells with the
DNA methyltransferase inhibitor 5-aza-cytidine (AZA) has been found to both improve the
reprogramming efficiency and to induce a rapid and stable transition to fully reprogrammed
iPSCs (Huangfu et al., 2008; Mikkelsen et al., 2008). Finally, it has been shown that iPSC
generation is markedly enhanced by p53 gene suppression, and implementation of this
knowledge dramatically improves reprogramming by episomal vectors (Hong et al., 2009;
Okita et al., 2011). It remains to be determined what impact the choice of reprogramming
method may have on neurotoxicological outcome measures of neuronal lineages derived
from hiPSCs.

Selection of iPSC lines appropriate for neurotoxicological studies relies on their behavior in
culture, validation of their pluripotency characteristics (i.e. assessment of their
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pluripotency), their ability to differentiate with good efficiency to the required cell type, and
the fidelity of their genome and epigenome. Here we will consider the first two points, and
we will leave the later points to subsequent sections.

Characterization of pluripotency in iPSC lines has rested heavily on the degree by which
they show similarities to ESCs in their colony and cellular morphology, molecular and
expression characteristics, and their qualitative and quantitative capacity to differentiate into
the three embryonic germ layers. Research has delineated defining characteristics of hESCs
that may be used as a reference in the process of pluripotency validation (Initiative et al.,
2007). Some of these classical characteristics, which are widely used to assess the
pluripotency of iPSCs, include the expression of certain biomolecular markers such as the
tissue-nonspecific alkaline phosphatase, and the expression of surface markers specific to
pluripotent cells. Examples of these latter markers include TRA-1-60, SSEA-3 and SSEA-4;
and the developmentally regulated genes, like MANOG and OCT4. These classical markers,
however, are not specific enough to be considered markers for stem cells, as other cell types
like teratocarcinoma cells also express these same markers (Josephson et al., 2007). Thus,
the use of these markers alone is insufficient to characterize iPSCs.

The most widely accepted test of pluripotency is the /n vivo demonstration of a stem cell
line’s competence to differentiate into the three embryonic germ layers as a teratoma
(Maller et al., 2010). Briefly, iPSCs are injected subcutaneously or intramuscularly in an
immunocompromised mouse and a few months later teratomas are expected to form. These
tumors are resected and sectioned for immunohistochemical staining for markers of
endoderm, mesoderm, and ectoderm. This test is both expensive and time consuming, and
the methods of performing the test and reporting the results are largely inconsistent (Mdiller
et al., 2010). Moreover, some researchers have demonstrated the ability of partially
reprogrammed cells and iPSC lines with genetic and epigenetic aberrancies to pass the test
successfully. This failure to distinguish lines exhibiting normal hESC-like pluripotency
marker expression has led some to call for new standards of pluripotency (Dolgin, 2010;
Williams et al., 2011). Furthermore, the inability of this approach to assess pluripotency in a
quantitative and high-throughput manner exacerbates the need for robust methods of
selecting lines for further testing. A more simplified approach of /in vitro differentiation into
embryoid bodies and analysis for generation of the three embryonic germ layers has been
suggested as an alternate validation approach (Boulting et al., 2011; Okita et al., 2011). An
alternative approach to differentiation has been proposed in which new pluripotent lines can
be compared and contrasted to reference expression maps of 12 hiPSC and 20 hESC lines
that were generated to enable high-throughput characterization (Bock et al., 2011). This
novel approach allows the generation of an expression “deviation scorecard” as an indirect
quality control measure of pluripotency by finding gene expression patterns that uniquely
identify high-quality pluripotent lines. These authors sought to confirm their findings by
comparison to a “lineage scorecard” by assessing lineage-specific expression patterns from
embryoid bodies derived from their reference set of pluripotent lines. They found that the
“lineage scorecard” could accurately distinguish biases in differentiation propensity between
pluripotent lines and identify lines that exhibit impaired differentiation towards neuronal
lineages. Such validation has obvious applications in selecting lines for neurotoxicity testing
by enabling the collection of phenotypically matched hiPSC lines from different subjects
with similar neuronal differentiation propensities, as well as matched epigenetic and
transcriptional profiles. Finally, hiPSCs that exhibit a high degree of spontaneous
differentiation may need to be excluded — a potential explanation for such a phenotype is an
inherent instability in maintaining a normal diploid karyotype.
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4.2 Inconsistency and low-efficiency of neuronal differentiation methods

hiPSCs are in many aspects similar to hESCs and can be differentiated in culture into
multiple cell types including neurons (Chamberlain et al., 2008; Dimos et al., 2008; Ebert et
al., 2009). The availability of robust differentiation protocols to generate a variety of
neuronal types from hiPSCs is a necessary requirement to perform neurotoxicological
studies. This is not always the case in practice unfortunately, and accurate assessment of the
toxicity of a certain compound is frequently hampered by the inconsistency and/or the
inefficiency of the differentiation protocol. While this is true for certain neuronal types (e.g.
mesencephalic dopaminergic neurons), the problem seems sometimes to pertain to the
nature of the hiPSC line used in the differentiation process rather than the differentiation
protocol itself (Hu et al., 2010). One of the important factors that causes low efficiency is
the persistent reactivation of the latent viruses used in the reprogramming process
(Papapetrou et al., 2009). However, subsets of hiPSCs generated by integration-free
conditions have been found to also exhibit low neuronal differentiation efficiencies (Hu et
al., 2010).

The process of differentiating hiPSCs to neurons is carried out through successive stages
that start with forming the neuroectoderm, which marks the early commitment of the stem
cells to the neuronal lineage (Figure 1(4.2a)) (Liu and Niswander, 2005; Mufioz-Sanjuan
and Brivanlou, 2002). In the absence of external signals hESC-derived neuroectoderm
inherently differentiates towards dorsal telencephalic progenitors and eventually to cortical
glutamatergic neurons (Li et al., 2009b). In the presence of certain morphogens, however,
these neuroectodermal cells are further patterned along the ventro-dorsal and rostro-caudal
axes forming region-specific progenitors (Table 1) that give rise later to fully mature
neurons (Li et al., 2009b). The time of exposure to these morphogens and their concentration
are critical factors that determine the fate of neuroectodermal cells. For example, exposure
to FGF8 before SOXI upregulation results in the generation of mesencephalic dopaminergic
progenitors, while forebrain dopaminergic progenitors are typically formed after exposure of
SOX1 positive cells to FGF8 (Yan et al., 2005).

Further maturation of regional specific neuroprogenitors to fully mature neurons follows
protocols based on the same principles of the timely treatment with the right concentration
of the appropriate morphogen (Figure 1(4.2b)). Many neuronal types have been generated
from both hESCs and hiPSCs using several protocols (Table 2) but the efficiency of making
the required cell types is generally low. In addition to that, making terminally differentiated
neurons consumes a considerable amount of time, and the cost of the different chemicals
used in the process is not always affordable for academic researchers.

Recently, fully mature murine neurons have been made by direct conversion of fibroblasts
(Vierbuchen et al., 2010). Following that, attempts have been made to make human neurons
based on the same principle, using lentiviral vector-based gene delivery system to force the
expression of a set of transcription factors peculiar to the final cell type. Indeed, fully mature
and functional glutamatergic and dopaminergic neurons were made directly from fibroblasts,
circumventing the intermediate step of iPSCs induction (Table 3, Figure 1(4.2c)) (Caiazzo et
al., 2011; Qiang et al., 2011). The generated neurons seem to undergo major epigenetic reset
expected to occur during such a switch between two terminally differentiated somatic cells.
The duration of these protocols is significantly short (18 to 21 days) compared to the iPSC-
based protocols, but the efficiency of making the final neuronal type is still low. Clearly
though, direct differentiation methods will not be a viable strategy for studies of
neurodevelopmental toxicity as the cells bypass the normal neurodevelopmental stages of
neuralization, specification and maturation.
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To improve the efficiency of the current protocols for neural differentiation of iPSCs, certain
measures should be considered. Using integration-free iPSC induction methods eliminate the
problem of persistent activity of viral genome and its negative effect on the differentiation
process. Careful and consistent iPSC culture techniques are necessary to watch for iPSC
lines that exhibit aberrant behavior in culture or are found to have abnormal genomes (Neely
et al., 2011). Using small molecules inhibitors of Activin/Nodal and BMP signaling
pathways significantly increases the efficiency of neural differentiation (Chambers et al.,
2009; Morizane et al., 2011). In fact, the variability and inefficiency of iPSCs to
differentiate to the early neuroectodermal stage has been effectively overcome by such a
regimen (Kim et al., 2010a). As mentioned earlier, optimization of the time of treatment and
concentration of the used morphogens is an absolute requirement for an efficient
differentiation protocol. Knowledge of such details is greatly enhanced by a parallel
understanding of the normal development of the nervous system in human embryos.

Measures to reduce the cost and duration of neural differentiation make it possible to
perform more neurotoxicological experiments on neurons that would otherwise be
unaffordable. One strategy has been to come up with inexpensive compounds that could
substitute for their more expensive counterparts used usually in the differentiation process.
An example is the replacement of sonic hedgehog, an important neural morphogen, by the
much cheaper puromorphamine, a purine derivative that activate hedgehog pathway (Sinha
and Chen, 2006). Maintenance and propagation of hiPSC-generated neuroprogenitors that
retain the capability to differentiate to mature neurons is a viable option to shorten the
duration of differentiation and to unify the tested neuronal populations (Li et al., 2011).
Crypopreservation and later thawing of neurprogenitors could be possible as well, although
cell death is observed based on the technique and the used freezing medium (Milosevic et
al., 2005).

4.3 Exposure paradigms

Perhaps one of the most powerful applications of iPSC technology in the field of
neurotoxicology is the ability to assess the response of neurons and neural progenitors to
various toxicants (Figure 1(4.3)). Not only can many different potentially noxious agents be
screened, but also the temporal properties of their administration can be used to simulate
different patterns of potential human exposure. Many neurotoxicants, methylmercury being
a prominent example, show both acute and latent effects. Additionally, they can exhibit
heightened toxicity for specific neurodevelopmental stages, cell types, or time points under
either acute or chronic exposures (Farina et al., 2011; Ni et al., 2011; Weiss et al., 2002).
One advantage of working with iPSCs is that both neural progenitors and terminally
differentiated neurons can be assessed. Furthermore, the influence of exposure on
developing neurons and the adult phenotype of differentiated neurons can be assessed under
a number of exposure paradigms designed to mimic true environmental exposures within a
single experimental model. Thus /7 vitro neuronal differentiation of hiPSCs enables
assessment of interactions between early exposure and subsequent risk of neurodegenerative
phenotypes in response to acute, chronic, latent and multi-hit toxicant exposure paradigms.
A number of toxicants including ethanol, methymercury, PCBs, and cocaine have been
shown to elicit neurodevelopmental toxicity by disrupting neural stem cell differentiation
(Fritsche et al., 2005; Radio and Mundy, 2008; Tamm et al., 2006; Tateno et al., 2004).
Until the advent of iPSCs, these cell types could only be studied through primary culture or
ESC derived neural progenitors, which require great effort to obtain and are not patient-
specific. Thus, the use of hiPSCs is particularly attractive given that differential
susceptibility of iPSC-derived cells from patients of various genetic backgrounds can be
studied. However, it is important to note that the /n vitro model of iPSC-derived neurons is
limited in its capacity to simulate the complex extracellular environment, diversity and
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organization of various neuronal and glial cell types and the connectivity and activity of the
neural circuitry found /n vivo. For example, generation of mixed neuronal-glial cultures may
be required to accurately model neurotoxicity. This approach would require parallel
differentiation of stem cells into neuronal and glial lineages followed by co-culturing both
cell types at the desired time point (Haidet-Phillips et al., 2011). However, the methods to
obtain consistent mixed or single-lineage neuronal or neuronal-glial cultures from /n vitro
differentiation protocols of independent hiPSC lines have yet to be achieved.

Chronic toxicity is known to play a substantial role in many neuropathologies. Chronic
exposure to the heavy metal manganese likely contributes to PD or PD-like pathology in
patients (Aschner et al., 2009; Guilarte, 2010). Acute exposures to manganese are known to
produce a subclinical and clinical movement disorder collectively referred to as manganism;
but despite similarities between manganism and PD, the relationship between chronic
manganese exposure and PD remains unclear (Aschner et al., 2009; Guilarte, 2010; Lucchini
et al., 2009). iPSC-derived neurons and neural progenitors may permit the study of chronic
heavy metal exposures in developing and mature neurons. Such paradigms are useful to
study the effect of exposure to a toxicant over a long period of time, possibly mimicking the
effect of the cumulative toxicity of environmental toxicants on the CNS throughout the age
of the affected individual. Usually the suspected toxicant is applied at low doses whose
effect might not be apparent immediately, like the case in acute exposure paradigms, but
might eventually exhaust the cellular repertoire of defense mechanisms and eventually
manifest as a decrease in the number of viable neuronal subpopulation and/or altered cellular
mechanisms that are crucial for normal function. The duration of exposure varies but is often
limited by the time required to differentiate stem cells to the desired neuronal type.

This approach confers several advantages given that a wide array of cell types can be
assessed via toxicological assays at several time points. Furthermore, the iPSC approach for
chronic exposure toxicity testing is consistent with calls to reduce reliance on vertebrate
animal models (Buzanska et al., 2009; Harrill et al., 2011). However, a major limitation of
hiPSC models for studying chronic neurotoxicants is the lack of endogenous detoxification
mechanisms (e.g. peripheral detoxification mechanisms of the liver, or neuroprotective
mechanisms within the brain by astrocytes and microglia). The lack of such systems in
iPSC-based /n vitro differentiation models are extremely difficult to appropriately account
for experimentally, although they play a major role in modulating toxicity /n vivo. Thus
early applications of hiPSC based models may need to focus on toxicants in which the /in
vivo metabolites are known and their neuronal distribution is understood. As mentioned
above, the use of neuronal-glial mixed cultures could be achieved — however even here our
basic understanding of regional differences in how toxicological mechanisms and
detoxification pathways differ between discrete regions of the brain is insufficient to
accurately model the /7 vivo condition. Nonetheless, cell autonomous mechanisms of
vulnerability to and protection against chronic neurotoxicants is presently accessible to
investigation. Thus genetic differences between individuals that mechanistically act at the
cellular or molecular level of the target will provide insight into patient-specific
toxicological risk assessment in a manner not presently addressable by any other model
system.

Finally, iPSCs have limitations in evaluating repeated toxicant exposures over the extended
lifespan of a given neuronal or glial cell. Although investigators have devised a number of
assays to assess pathological processes in iPSC-derived neurons, it may be difficult to
demonstrate complex phenomena such as hormesis that act over extended periods of time
and rely on undefined cellular functions or interactions. Work has been performed assessing
electrophysiological profiles of iPSC-derived neurons, but conclusions regarding repeated
exposures at a clinically relevant level may be confounded by a number of variables specific
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to iPSC reprogramming (Brennand et al., 2011). Despite these caveats, iPSCs may be able to
be used to study phenomena, such as preconditioning, in circumstances in which the
protective role of an early limited toxicant exposure is not dependent on another cell type.
The exploration of preconditioning and hormesis is particularly valuable in the study of
neurodevelopmental toxicity. It has been established that low-levels of oxidative stress can
lead to hypomethylation and down-regulation of key stress mediators such as heat shock
proteins and DNA methyltransferases (Shutoh et al., 2009). Whether such mechanisms
occur in iPSC-derived neuronal lineages, and mimic the conditions that give rise to these
mechanisms /n vivo, remains to be determined. Nonetheless, even if the set point for such
mechanisms may differ /n vitro from the Jin vivo condition — human-specific and genetic
variation-dependent differences in these mechanisms may still be detectable.

4.4 Coherence of genotype and phenotype

One of the major challenges with hiPSC models is establishing a clear relationship between
genotype and phenotype in cells derived from a given patient. It has been previously
reported that cell lines derived from individual patients can differ based on DNA
methylation pattern and variable gene expression (Boulting et al., 2011; Chin et al., 2009;
Doi et al., 2009; Stadtfeld et al., 2010). This variability is believed to underlie variable
efficiencies of neuronal differentiation between iPSC lines. Another confounding factor that
could disrupt a clear relationship between genotype and phenotype is the presence of
reprogramming vectors in virally reprogrammed cells. Variability between lines has been
difficult to identify early in the differentiation process. Furthermore, no direct relationship
has been noted between expression of pluripotency markers and differentiation capacity
(Boulting et al., 2011). Overcoming this difficulty has been addressed by recent work, which
was able to successfully predict differentiation potential through analysis of epigenetic and
transcriptional differences between lines (Bock et al., 2011; Boulting et al., 2011). In
another comparison of 22 human iPSC lines, it was revealed that there were an average of
five protein-coding point mutations in sampled regions (Gore et al., 2011). These mutations
consisted of splicing, nonsense, and non-synonymous variants that appeared both before and
after fibroblast reprogramming (Gore et al., 2011). Similarly, early passage hiPSCs were
found to contain a significantly higher frequency and degree of mosaicism for copy number
variations compared to late passage hiPSCs or hESCs (Hussein et al., 2011). These de novo
mutations, likely stemming from the reprogramming process itself, may obscure genotype-
phenotype associations behind this mutational noise.

Genetic and epigenetic abnormalities in hiPSCs can arise either during the process of
induction or during the subsequent culture process (Gore et al., 2011; Hussein et al., 2011;
Lister et al., 2011). Genetic abnormalities may be at the chromosomal, sub-chromosomal, or
single-base levels, and their potential occurrence could have crucial implications for the
appropriate use of iPSCs for research purposes. Some studies have suggested a high
mutational load present in many hiPSC lines. It has been proposed that whole genome or
complete exome sequencing may help identify lines with fewer mutational events and
eliminate variability between lines (Gore et al., 2011). The loss of genetic fidelity may be
reflected in aberrancies of cell behavior in tissue culture, abnormal morphology, growth rate
alteration, and frequent differentiation. While most of the genetic variation involves a small
subset of cells, there are recurrent mutational events such as trisomy 12 and trisomy 17 that
convey a selective advantage whereby mutant cells replace euploid population after a few
passages (Meisner and Johnson, 2008). It is thus reasonable to check the karyotype and
genetic integrity of cultured hiPSCs for abnormalities at regular intervals; though at a
significant added expense for research laboratories.
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4.5 Appropriate modeling of epigenetic influence and ‘residual epigenetic marks’

Epigentic state is known to have a powerful influence on chemical toxicity (Fragou et al.,
2011; LeBaron et al., 2010; Perera and Herbstman, 2011). Thus an important consideration
in the application of iPSC technology in the study of neurotoxicology is the status of
epigenetic modifications such as genomic DNA methylation and histone modifications
(Figure 1(4.5)). Given the critical role of epigentic state in development and differentiation,
understanding the epigenetic profiles of hiPSCs is an important component to validating
patient-specific experimental findings. The induction of somatic cells to iPSCs is known to
alter their epigenetic profile (Guenther et al., 2010). The iPSC epigenetic profile, while
similar to that of ESCs, has notable characteristic features. These epigenetic modifications
can have a significant influence on the ability of iPSCs to differentiate into various cellular
subtypes (Kim et al., 2010b). In order to generate a greater understanding of the nature of
the unique epigenetic profile of iPSCs, a recent study generated a whole-genome single-base
resolution DNA “methylome” via bisulphite sequencing (Lister et al., 2011). Investigators
found that iPSC lines were methylated at CG dinucleotide pairs at a higher frequency than
somatic cells, in @ manner similar to that of ESCs (Lister et al., 2011). Furthermore, upon
comparison of the methylomes of iPSCs with that of ESCs, notable unique methylation loci
were identified between cell types. One challenge when analyzing iPSC epigenetics is
distinguishing between methylated regions that are vestiges of the somatic cell from which
they are derived and those that result directly from reprogramming. It has been established
that low-passage number iPSCs contain DNA methylation signatures derived from the tissue
of origin (Kim et al., 2010b). Many of these methylated regions are shared between
individual iPSC lines, suggesting certain loci have an increased susceptibility to de novo
methylation (Lister et al., 2011). Potentially, these high susceptibility regions can be
monitored for stochastic methylation, a valuable tool when characterizing the efficiency of
reprogramming and differentiation of a given line (Lister et al., 2011). Interestingly, a recent
study has noted that iPSCs methylation patterns become similar to ESCs with each
sequential passage number (Nishino et al., 2011). The mechanism of this methylation is
thought to be the result of the convergence of stochastic de novo hyper-methylation in
adjacent genomic regions (Nishino et al., 2011). As the mechanisms of de novo methylation
become revealed, interventions with chromatin-modifying drugs have the potential to
address these concerns. Furthermore, given that fibroblasts are a common somatic tissue
source, the methylation profile of iPSCs used in neurotoxicological assays may need to be
standardized before disease modeling of neurological disease can be directly comparable
between studies.

4.6 Undefined modifiers of toxicity

Perhaps one of the greatest challenges in applying iPSC technology to the field of
neurotoxicology is replicating the toxicological conditions that reflect the insults arising /n
vivo from actual environmental exposures. Influences due to the specific route of exposure,
interactions with other toxicants and environmental modifiers, as well as previous
exposures, nutritional state, or chronic illness of the individual are currently difficult to
account for using /n vitro models, including differentiated neuronal lineages of hiPSCs.
Furthermore, the actions of such undefined modifiers of toxicity may occur across diverse
temporal and spatial axes (Figure 1(4.6)). Thus the environmental, anatomical and
developmental history of the primary target cell of a toxicant may be influenced by previous
exposures, nutritional state, and status of support tissues or neuronal connectivity that is
challenging to model /n vitro. Furthermore, this issue is complicated by potential differences
in the epigenetic status of iPSC derived cells that may not reflect the /n vivo epigenetic state
of the intended neuronal populations being modeled from the individual or human
population being studied. The multi-factorial and synergistic potential of unknown modifiers
to influence both the type and magnitude of toxicological outcomes are likely critical to

Neurotoxicology. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kumar et al.

Page 12

actual disease etiology. Furthermore, it is often of particular interest to examine the role of
neurotoxicants under specific disease states. Similar spatial, temporal, and anatomic
constraints impact neurological disease modeling by hiPSCs as well (Saha and Jaenisch,
2009). Thus undefined modifiers of neurotoxicity are layered upon the additional
complexities of /n vitro disease modeling. However, it should be pointed out that similar
challenges in interpreting experimental data apply to most model systems.

At the present state, effort should be directed toward standardization of iPSC phenotypes
and development of adequate controls and appropriate validation of experimental results.
For example, iPSCs derived from unaffected siblings are valuable controls as they generally
have a similar environmental and genetic background as the patient. Thus, experimental
differences in the sensitivity of phenotypic outcomes to toxicant exposure of differentiated
or differentiating neuronal cells are more likely due to known genetic or epigenetic
differences between the subjects. Furthermore, multiple lines should be generated from each
subject to account for the inherent variability between individual lines.

Aging and senescence is also an important concern when generating iPSCs. It has been
established that fibroblasts derived from older mice have lower efficiency of reprogramming
(Li etal., 2009a). This may be mediated by expressions of genes related to senescence such
as the /nk4b/Arflocus, which is upregulated in biological aging. It has been demonstrated
that the generation of iPSC lines from older patients can be improved by inhibiting
senescence with siRNAs, treating somatic cells with antioxidants, or reprogramming in low-
oxygen conditions (Banito and Gil, 2010; Esteban et al., 2010; Utikal et al., 2009; Yoshida
etal., 2009). An important question, particularly in the study of neurodegenerative diseases,
is whether aging can be reproduced in iPSC-derived cells. Reprogramming of fibroblasts
into iPSCs is thought to reset markers of cellular age such as telomere length (Suhr et al.,
2010). This change in telomere length is transient however, as telomere shortening was
observed in iPSC-derived cells after differentiation (Suhr et al., 2010). Similarly, it has been
established that the “energetic capacity” of cells can be reset through reprogramming, by
reestablishing mitochondrial compliment to a neonatal-like state (Suhr et al., 2010). As
mitochondrial capacity decreases with aging largely due to oxidative stress, these findings
suggest that future studies utilizing iPSCs may focus on replicating the cellular state of older
subjects through prior exposure to reactive oxygen species. Nutritional variables could also
be addressed with a similar approach; simultaneous treatment with naturally occurring
antioxidants or chronic alcohol exposure could give insight into neuroprotective or
neurotoxic roles of various substances. Upon further standardization of patient derived
iPSCs, disease-modifying variables such as developmental history, early-life environmental
exposures, epigenetic status, nutritional state, and age may be able to be accounted for in
toxicological studies.

4.7 Challenges of scale

In the area of neurotoxicology, iPSCs can help address questions regarding why individuals
with similar genetic backgrounds demonstrate differential susceptibility to toxicants. But
before hiPSC-based neurotoxicological approaches can be broadly applied for toxicological
risk assessment and in depth patient-based mechanistic and neuroprotective studies the
critical hurdles of high cost and poor scalability associated with maintenance and analysis of
multiple hiPSC lines simultaneously must be addressed. Significant person-hours are
required to reprogram, validate, differentiate, and toxicologically assess multiple cell lines
from just a single patient. Consequently, a seemingly straightforward study seeking to
explore differences between patients with a given mutation and controls can easily become
overwhelming for even a moderately sized research group. Thus, studies using hiPSCs
remain quite low-throughput at present time, with recent published data comparing simple
measures in no more than 10-20 lines, and even fewer lines for more complex phenotypic
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analysis. However, significant improvements may be within reach by use of robotic
automation and more efficient methodology (Dolmetsch and Geschwind, 2011). Perhaps the
two disciplines that would benefit most from high-throughput hiPSC development are drug
development and toxicology. For example, drug screening would require sufficient cells and
sample size such that thousands of compounds could be screened (Ellis and Bhatia, 2011).

Modern tissue culture protocols are both time consuming and have tremendous batch-batch
variability that may influence downstream assays. One recently proposed approach is the
wide-scale utilization of stirred suspension bioreactors, which dramatically reduce cost and
increase yield of expansion 58-fold (Shafa et al., 2011). iPSCs generated in stirred
suspension bioreactors retain all pluripotency markers and are able to differentiate into all
germ layers. However the aggregation into multicellular structures that occur under this
approach will require adaptation to neuronal differentiation and neural specification methods
that use monolayer iPSC cultures as their starting point. This approach has yet to be widely
adapted in research laboratories owing to its high costs and specialized equipment, but may
represent an important step toward high-throughput assays and commercialization of iPSCs.

Issues regarding scalability are an active area of discussion as it hinders collaboration
between research groups. These issues include: reproducibility of protocols, cell line
nomenclature, intellectual property issues, and lack of a detailed and centralized database of
available hiPSC lines (Luong et al., 2011). There is a strong demand within the field to
establish an iPSC library in conjunction with a clinical database, tissue bank, and genome
wide association studies (GWAS) (Hankowski et al., 2011). Such a database would address
concerns regarding reproducibility and nomenclature, making data directly comparable
across studies.

The rapid development of hiPSC technology has benefited tremendously from the tailwind
of hESC research. Aside from the unique reprogramming method, the reagents,
differentiation protocols, and media are near identical to that of hESCs. However, the
patient-specific nature of hiPSCs has generated a new demand for scaling up these protocols
in a high-throughput manner. Thus, current cost-constraints and difficulties in cross-
institutional collaboration will likely spur rapid innovation in scalability in the near future.
This positive outlook of high-throughput screening utilizing iPSCs should incentivize
investigators interested in toxicological assessment of neurological disease to adapt this
technology as soon as possible.

5. The potential hiPSC technology for personalized medicine and risk
assessment

As discussed above, hiPSCs have a wide-range of potential clinical applications, particularly
in the field of personalized medicine. These applications include generation of cells for
transplantation therapy and as a model of human disease (Hankowski et al., 2011). The
major advantage of iPSCs over other disease models is that it has the potential to model any
disease and toxicological phenotype, especially those that do not currently have an animal
model. Furthermore, hiPSCs permit the study of diseases that are both genetic and
environmental in nature. Thus, for the first time, the study of gene-environment interactions
utilizing cellular subtypes derived from patients afflicted with a given illness is possible.
Data derived from such studies in the future may provide a critical translational link between
model organism-based, computational, and /n7 vitro toxicological data to epidemiological
and other human population studies. Furthermore, this approach is not solely for learning
more about disease pathogenesis, but may be directly utilized in clinical practice. For
example, by using patient-specific iPSC-derived neurons to customize neuroprotective
strategies and environmental safety information for individuals. These future applications
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may also include direct transplantation of patient derived cells, toxicity studies, and drug
efficacy and safety evaluations.

A lofty but often stated goal for hiPSC technology is its potential to provide personalized
neurotoxicological risk assessment. For example, iPSC lines generated from an individual
may enable assessment of individualized sensitivities to common environmental pollutants
enabling targeted prophylactic measures. Likewise, assessment of heightened sensitivity to
particular common toxicological insults (e.g. oxidative stress, mitochondrial dysfunction,
protein misfolding, calcium handling deficits) may enable personalized neuroprotective
strategies to be derived and prescribed. However, a measure of skepticism is warranted
given the novelty of iPSC-associated approaches.

hiPSC technology has the potential to accelerate the pace of drug discovery and improve
understanding of disease pathogenesis. Clinical, genetic and exposure history data of
patients for which hiPSC are generated is especially relevant and should be collected as
thoroughly as possible, abiding by IRB and HIPPA regulations to protect patients’ privacy
(Hankowski et al., 2011). Disease modeling using hiPSCs has already shown promise given
recent success modeling Rett syndrome, Alzheimer’s disease, neuronal lysosomal disorders,
Amyaotrophic lateral sclerosis, schizophrenia, Parkinson’s Disease and others (Brennand et
al., 2011; Lemonnier et al., 2011; Marchetto et al., 2011; Marchetto et al., 2010a; Seibler et
al., 2011; Yagi et al., 2011). In the field of drug discovery, iPSCs have the ability to fill the
information not covered by genome-wide association studies and databases. For example,
novel compounds can be screened on mature cells derived from iPSCs generated from
patients with a given illness. Through this approach, both a toxicity and efficacy profile for a
given therapeutic agent can be generated (Hankowski et al., 2011).

Similarly, toxicity phenotypes can be studied /n vitro by exposing iPSC-derived neurons to
various toxicants and inflammatory factors (Inoue and Yamanaka, 2011; Marchetto et al.,
2010b; Wichterle and Przedborski, 2010). Utilization of hiPSC-based toxicity testing for
drug development, includes the promise of developing high-throughput assays utilizing
iPSC-derived hepatocytes to examine the metabolism of novel compounds (Inoue and
Yamanaka, 2011; Laustriat et al., 2010). The effects of aging on disease-toxicity
relationships may be challenging to model given that iPSC-derived cells present from the
early stages of development. Future efforts can be directed towards inducing cellular injury
and metabolic changes that simulate the effects of aging in this process. Although iPSCs
show promise in the study of neurological disease, one must acknowledge the difficulty of
validating iPSC models of psychiatric illness. Since disorders such as schizophrenia, autism,
and depression have a poorly understood molecular and cellular basis, investigators will face
difficulty defining which iPSC-derived neuronal lines demonstrate the disease-specific
phenotype (Dolmetsch and Geschwind, 2011).

6. Conclusions

The ability of iPSC lines to be isolated from patients with any neurological disease provides
an important tool for characterization of susceptibility to various toxicants.
Neurotoxicological studies of iPSC-derived cells are readily adaptable to existing toxicity
assays, which allows experiments to be controlled against primary neuronal cultures.
Validation of iPSC-based findings will likely be dependent on appropriate validation of the
iPSCs themselves. For example, expressions of surface markers of pluripotency markers
after reprogramming and lineage specific markers during differentiation by
immunocytochemistry or flow cytometry are critical validation steps (\VVojnits and Bremer,
2010). One of the foremost challenges facing neurotoxicological application is residual
epigenetic signatures from reprogramming. Another challenge is the heterogeneous nature of
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cell types generated during differentiation (Anson et al., 2011). Ultimately, these concerns
regarding the quality of the iPSC models necessitate that resulting neurotoxicological
findings be validated in other model systems. Should a differential susceptibility to a
neurotoxicant be identified in iPSC-derived cells, these results will need to be supported by
epidemiological, animal, and human studies for the conclusion to be deemed valid.

The translational value of iPSC-based studies may be helped by identification of the key
determinants and markers of the experimentally introduced genetic and epigenetic
differences that contribute to measurable toxicological and phenotypic variation between
iPSC lines and their derivatives. Controlling for these differences in the iPSC lines used for
studies should minimize experimental noise and increase the coherence of human genotype
— phenotype correlations. At present, since the impact of such experimental variation is
currently unmeasured — it remains to be seen the numbers of iPSC lines per subject or the
numbers of subjects needed to have sufficient statistical power to draw meaningful
conclusions in neurotoxicological studies. However, as more studies are reported in the
literature, a meta-analysis could be performed to evaluate these features and inform
experimental design. One important caveat of iPSC-based neurotoxicological assays is the
inability to completely model the /n7 vivo neuronal environment, including the spectrum of
neuronal network connections and glial interactions. Thus at present only toxicological
phenotypes that can be modeled in a cell autonomous manner, or perhaps simplistic
mutlicellular models, are likely to provide meaningful information. Toxicities that depend
on multi-regional interactions between brain regions or the periphery are not likely to be
captured by iPSC-based modeling. However, when suitable iPSC-based neurotoxicological
assays can be designed such systems may be uniquely powered as a translatable screening
tool to inform and guide resources for appropriate human and animal model /n vivo studies.
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Fig 1. Generation of human induced pluripotent stem cellsfor neurotoxicological studies
Schematic representation of the generation and differentiation of hiPSCs into mature
neurons. Approximate timeline of this process are indicated underneath each stage of
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development. The colored bars indicate the types of toxicological assays and the periods in
which they can be performed. The circled numerical cross-references adjacent to individual
steps or experimental paradigms highlight the sub-chapter in the text discussing specific

technical challenges.

Neurotoxicology. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Kumar et al.

Table 1

Page 25

Representative protocols for differentiation of hiPSC and hESC to region-specific neuroprogenitors.

Target Cell SourceCell  Duration of Differentiation ~Comments References
Neuroectoderm (NE) (Pax6+, iPSC 1-2 weeks >80% of stem cells Hu et al. 2010,
Sox1+) hESC become NE cells. iPSC PNAS.Chambers et al. 2009,
exhibit variable efficiency Nature Biotechnology.
Telencephalic progenitors iPSC 3-4 weeks > 90% of NE cells Zeng et al. 2010, PLoS One.
(Pax6+, FoxG1+) hESC differentiate to this cell Li et al. 2009, Development.
type
Cortical progenitors (Pax6+, iPSC 4 weeks Important stage in the Li et al. 2009, Development.
Emx1+) hESC differentiation to
glutamatergic neurons
Medial ganglionic eminence  iPSC 4 weeks Progenitors of GABAergic  Li et al. 2009, Development.
(MGE) progenitors (Pax6-, hESC interneurons and BFCN
Nkx2.1+)
Lateral ganglionic eminence  iPSC 4 weeks Progenitors of GABAergic  Li et al. 2009, Development.
(LGE) progenitors (Pax6+, hESC projection neurons Aubry et al. 2008, PNAS.
Gsx2+)
Midbrain progenitors iPSC 26 days Early FGF8 treatment is Yan et al. 2005, Stem Cells.
(FoxA2+, Enl+) hESC essential
Hindbrain/Spinal cord iPSC 17 days Early treatment with Zeng et al. 2010, PLoS One.
progenitors (Pax6—, Hoxb4+)  hESC retinoic acid is essential Li et al. 2008, Stem Cells.
Multipotent neural crest iPSC 11 days Cells successfully Menendez et al. 2011, PNAS.
cells (p75+, Hnk+, Ap2+) hESC underwent >25 passages
with retention of
multipotency
Ventral spinal cord iPSC 4 weeks Retinoic acid for Zeng et al. 2010, PLoS One.
progenitor s (Pax6-, Olig2+) hESC caudalizing, and SHH for Li et al. 2008, Stem Cells.

ventralizing, are utilized
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Table 2

Representative protocols for differentiation of hiPSCs and hESCs to mature neurons.

Target Cell Source Cell  Duration of Differentiation ~Comments References
Retinal pigment epithelium iPSC 8-12 weeks 70-80% of terminal Kokkinaki et al. 2011.
(RPE) cells hESC differentiated neurons are Stem Cells. Idelson et al.
RPE 2009, Cell Stem Cell.
Cortical glutamatergic neurons  iPSC 6 weeks 60-70% of stem cells Zeng et al. 2010, PLoS
(VGLUT1+, TBR1+) hESC become VGLUT+ even One. Li et al. 2009,
without added morphogens Development.
Striatal projection GABAergic  hESC 9 to 10 weeks The yield is low (22% MAP Aubry et al. 2008, PNAS.
neurons (DARPP32+) +, of those 36% are GABA+)
Basal forebrain cholinergic hESC 35-40 days SHH is essential in the Bissonnette et al. 2011,
neurons (BFCN) (ChAT+) protocol. Efficiency is high Stem Cells.
(~90% of final neurons)
Midbrain dopamenrgic iPSC ~40 days TH+ cells form 30-60% of Andrezej Swistowski et
neurons (TH+, Girk2+) hESC the terminal neurons. al. 2010, Stem Cells.
Generated TH+ neurons are Myung Soo Cho et al.
functional 2008, PNAS.
Forebrain dopamenergic hESC ~40 days Protocol yields 30% GABA+  Yiping Yan et al. 2005,
neurons (TH+, GABA+) &TH+ neurons in the final Stem Cells.
culture
Spinal motor neurons (HB9+, iPSC 5-8 weeks ~30% of final neurons Li et al. 2005, Nature
ChAT+) hESC exhibit motor neuron markers  Biotechnology. Hu et al.

2009, Nature Protocols.
Karumbayaram et al.
2009. Stem Cells.

GABAergic interneurons These cells differentiate Liu and Zhang 2011. Cel/
alongside glutamatergic, Mol. Life Sci.
projection GABAergic, and
basal forebrain cholinergic

neurons
Astrocytes (S100+, GFAP+) iPSC 180 days Almost 90% of final cultures  Krencik et. al. 2011,
hESC cells are astrocytes in these Nature Biotechnology.
protocols.
Oligodendroglial cells (Olig2+, iPSC 4 months Almost 80% of final cultures ~ Hu et al. 2009, Nature
Nkx2.2+, Sox10+, PDGFR+) hESC cells are oligodendrocytes Protocols.Hu et al. 2010,

PNAS.
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Generation of glutamatergic and dopaminergic neurons by direct conversion from fibroblasts.
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Target Cell Sour ce Cell Duration of Differentiation =~ Comments

References

Human induced neuronal cells (hiN) Fibroblasts 3 weeks 50-60% of final neuron
in culture (~30%) were
VGLUT1+. Study limited
by the functionally
heterogeneous mutations

Qiang et al. 2011,
cell.

M esencephalic dopaminergic neurons  Fetal and 18 days Very low yield (10% of
adult final culture MAP+ and
fibroblasts 6% TH+)

Caiazzo et al. 2011,
Nature.Pfisterer et al.
2011. PNAS.
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