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Abstract Stem cell biology has played a pivotal role in the
field of disease modeling, regenerative medicine, and tissue
engineering. The scope of stem cell research has been further
extended to address the issues associated with toxicity and
biosafety. However, its role in the field of neurotoxicity
(NT) and the emerging field of developmental neurotoxicity
(DNT) is somewhat underrepresented and needs thorough in-
vestigation. Several challenges have hindered the progress of
NT and DNT studies, and there is a dire need for human-
specific high-throughput in vitro system(s) as a tool with bet-
ter predictivity, reliability, and reproducibility. The unique
proliferation and pluripotency of stem cells makes them a
tremendous resource for human material, allowing the predic-
tion of drug toxicity and metabolic effects of chemicals.
Recognizing the growing importance of NT and DNT and
the application of stem cell biology, in this review article, we
provide the diversified approaches of stem cell research which
can be effectively applied to the NT and DNT studies and
provide an update of the recent progress made so far. We
further provide a futuristic approach towards novel stem
cell-based strategies for NTand DNT testing. We have further
discussed the current technologies, role of induced pluripotent
stem cells, the application of three-dimensional (3D) cultures
and role of stem cell-derived organs in the NT and DNT
studies.
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Introduction

Stem cell biology has been a captivating area of research for
biologists across the globe, and it finds many applications in
the field of disease modeling, tissue engineering, and regen-
erative medicine. However, its scope in the field of neurotox-
icity and developmental neurotoxicity has not been thorough-
ly investigated as yet. Neurotoxicity (NT) and developmental
neurotoxicity (DNT) are the emerging fields of neuroscience,
but their progress has been limited by the various challenges
being faced. These challenges arise due to the limited avail-
ability of screening models of human origin. The human brain
tissue which has been exposed to drugs, disease, and
chemicals is difficult to procure [1], and human volunteers
are not easily available. Animal models are less predictive in
nature and require validation in human beings. Conventional
cell culture-based studies are two dimensional (2D) in nature
and are not the true representative of a complex organ system
such as the human brain. In this regard, stem cell technology
can be effectively applied in the field of drug and chemical
testing for the assessment of NT and DNT. With stem cells,
there is a possibility to perfectly replicate a functional envi-
ronment such as that within the brain, while also allowing easy
testing in terms of neurophysiological and biochemical pa-
rameters. Neurotoxicity is generally defined as any adverse
effect on the central nervous system (CNS) or the peripheral
nervous system (PNS) caused by any physical, chemical, or
biological agent [2]. Developmental neurotoxicity refers to the
adverse effects of xenobiotics on the nervous system associ-
ated with exposure during development [3, 4].
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Stem cells have been extensively used for the various tox-
icological studies and many review articles have been written
already. We include some examples below so as to highlight
the importance of stem cells in the field of toxicology.
Laustriat et al. [5] briefly reviewed the unique properties of
pluripotent stem cells as drug discovery models and how they
would bring about a revolution in the preliminary stages of
toxicological and pathological modeling. They further ex-
plored the application of human embryonic stem cells
(hESCs) as powerful disease models and discussed that
PGD-hESCs, i.e., the human embryonic stem cells obtained
from embryos identified during preimplantation genetic diag-
nosis provide models of relevance for studying the patholog-
ical mechanisms of a genetic disease in a much better way
than genetically engineered hESCs. Their review also gave
an insight into the concept of personalized medicine using
patient-specific-induced pluripotent stem cells. Toxicology
testing was discussed with emphasis being on stem cell-
derived hepatocytes and alternate stem cell-derived in vitro
skin models for cosmetic testing. Another review published
by Kellyn S Betts [6] explored the capability of stem cells in
the field of developmental neurotoxicity. This publication
dealt with the limitations of human embryonic stem cells
and presented neural stem cells and neurospheres as the sim-
plest three-dimensional (3D) models for DNT testing. It is
well known that human embryonic stem cells are faced by
many ethical facets and, thus, in this regard, the human cord
blood can serve as a rich source of fetal stem cells.

The group of Kyung-Sun Kang and James E. Trosok [4]
concisely reviewed the various aspects of stem cell biology
and its relevance in the field of toxicology. They provided a
precise overview of the nature of stem cells and the role of
cell-cell interaction in the biology of cancer cells and stem
cells and also familiarized us with the genetic concept which
is instrumental in the process of differentiation and lineage
specification. With the emphasis being on the fundamentals
of stem cell biology, their employment in the field of toxicol-
ogy was briefly explored. It clearly emerged that apart from
embryonic and fetal stem cells, adult stem cells can be effec-
tively used to screen and model organ-specific toxicities as
these cells express the organ-specific markers along with the
stemness markers (Oct 4) and have better lineage specificities.
Adult stem cells will thereby form 3D organoids more effi-
ciently and thus serve as good models for toxicity testing.
Kornelia Szebenyi et al. [7] gave us a concise picture of the
then prevalent hurdles in the field of toxicological and phar-
macological screening and the limitations of the alternate
in vitro models. This group precisely summarized the then
published studies and briefly discussed the application of hu-
man pluripotent stem cells (hPSCs) in the generation of neu-
ronal tissues for disease-specific studies such as the formation
of electrophysiologically active functional dopaminergic neu-
rons from hESCs by manipulating the signaling pathways and

treatment with FGF-8 and sonic hedgehog. This study further
dealt with the aspects of cardiac pharmacology in detail and
gave the application of stem cells in this regard. In 2011,
Sison-Young et al. [8] came up with a detailed review
encompassing pluripotent stem cells for toxicity modeling.
This review gave us ample insight into the very basics of stem
cell toxicology and provided a detailed account of
cardiotoxicity and hepatotoxicity. They also briefly touched
upon the field of neurotoxicity. To further add to literature,
Zeljko J. Bosnjak et al. [1] came up with a review which dealt
with the developmental neurotoxicity of general anesthetics
and alcohol and discussed the potential applicability of stem
cell-derived in vitro models in the form of human neuronal
cell lines. Since then, extensive progress has been made in the
field of in vitro stem cell toxicology, and the field of induced
pluripotent stem cells (iPSCs) which was then in its infancy
has progressed tremendously. Organ-specific toxicities have
been well studied and are well reported; however, in the cur-
rent review, we shall provide an update on the application of
stem cells in the field of neurotoxicity and developmental
neurotoxicity.

The Need for Neurotoxicity and Developmental
Neurotoxicity

The brain is one of the most evolutionary advanced complex
organs in the entire living system. The entire process of brain
development is highly complicated and follows a series of
well orchestrated cellular and molecular events. The brain
starts developing by the end of the third gestational week
and continues up till late adolescence [9]. The mature brain
comprises more than hundred billion neurons and nearly more
than 60 trillion neuronal connections [9]. These numbers are a
mere reflection of the brain’s complexity and clearly indicate
the relevance of any toxic insult incurred on the same. The
central nervous system (CNS) comprises a number of different
cell types such as the oligodendrocytes, microglia, astrocytes,
and the neurons with each cell type assigned with a specific
role and function [10]. Different neurotransmitters released by
the various neurons influence the physiology of the entire
CNS. The complex interactions between these various cell
types are pivotal in maintaining the functionality of the brain.
Neurons are considered the functional units of the brain and
interact with nearly all the other cell types. Astrocytes help the
neurons to migrate to the right positions during brain devel-
opment and help in synaptic assembling. The astrocytes play a
protective role for the neurons in an adult brain and help in the
maintenance of the trophic and ionic balance. The neuronal
pathology and physiology is further regulated by the astro-
cytes as they regulate the calcium levels of the brain.
Myelination is governed by the oligodendrocytes which help
in electrical insulation and allows for rapid transmission along
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the axons. Myelination prevents ion leakage and results in
decreased cell membrane capacitance which leads to the gen-
eration of neuronal impulse. Microglia, too, have a protective
role [9]. The astrocytes and microglia show increased activity
during neuronal damage and secrete a number of neurotoxic
and pro-inflammatory factors such as free radicals and cyto-
kines [9]. It is sometimes stated that neurons are representa-
tives of a human being’s age, and their progressive loss is
directly correlated with aging. Thus, any premature neuronal
loss due to the effect of a toxicant will have serious implica-
tions and clearly cannot be ignored. However, an accurate
model for neurotoxicity and developmental neurotoxicity
must comprise the various cells of the CNS and be a true
representative of the complex in vivo milieu.

Hepatotoxicity, cardiotoxicity, and renal toxicity are well
documented fields; however, the respective organs involved
are comparatively less complex and easier to look into. There
is sufficient literature supporting the use of stem cells in
modeling hepatotoxicity [11–14] and cardiotoxicity [15–18]
as well. However, when the brain is challenged by any form of
toxic insult, the consequence though severe may not be easily
detected. There are negligible reflective markers in the blood
which further make the clinical diagnosis challenging. As the
famous proverb goes that Bprevention is better than cure,^ it is
very important that the reason for neuronal damage and neu-
ronal degradation is pointed out on time. It is a well document-
ed fact that the developing brain in fetuses and children is
highly vulnerable to chemical exposure and is more suscepti-
ble than an adult brain [6, 19]. The doses of chemicals that are
harmless for a mature central nervous system have the poten-
tial to cause severe neurotoxicity to the developing nervous
system [20]. The main reason behind this is that the blood
brain barrier is not entirely functional and well developed;
oxygen levels are low (hypoxic conditions) and mitosis rates
are high [21]. The brain development process comprises many
controlled and well orchestrated steps such as differentiation,
proliferation, migration, synaptogenesis, neuronal network
formation, and neuritogenesis [22]. In order to study and char-
acterize the various aspects of DNT, we first need accurate
models that not only mimic the development process but also
are true representatives of the actual brain development in
utero and in vivo [4, 20]. DNT is still an underrepresented
field. Based on the OECD guideline 426, rodent data is avail-
able for approximately 200 compounds, but there is a need for
human epidemiological data, which is available for only a
minimal number of substances [23].

Developmental neurotoxicity so far has been best studied
in in vivo models and involves the administration of potent
neurotoxins/chemicals/xenobiotics/compounds to pregnant
animals at specific stages of fetal and embryonic development
[7]. Neurotoxicity too has been thoroughly investigated using
in vivo models mainly. High expense incurred and the need
for animal sacrifice limits the scope of in vivo research.

Extrapolation of in vivo results to that of human beings is
further restricted by substantial species differences [7].
Literature supports the fact that drugs and chemicals effective-
ly tested for cardiotoxicity and hepatotoxicity failed during
clinical trials [7]. Keeping these limitations in mind, there is
a dire need for well characterized in vitro models of human
origin which will effectively serve as test systems for neuronal
disease modeling, neuronal developmental process, and, most
importantly, as screening tools for neurotoxicity and develop-
mental neurotoxicity. They not only provide a quick and easy
extrapolation of data but also lessen the moral burden of ani-
mal sacrifice. To retrieve live brain tissues from humans is not
only difficult but also practically unfeasible too [1]. In this
context, human stem cell-based developmental neurotoxicity
models could be one of the best alternatives [7, 24]. In the
forthcoming sections, we shall discuss the application of stem
cells in the field of neurotoxicity and developmental
neurotoxicity.

The Relevance of Stem Cells

Stem cells have a remarkable ability for proliferation, self
renewal, and differentiation [25]. When provided with select
growth factors and culture conditions, they can be differenti-
ated into the various cell lineages [26]. Depending upon the
source of origin, stem cells are categorized as adult stem cells
(ASCs), fetal stem cells (FSCs), and embryonic stem cells
(ESCs) [27]. ESCs are derived from the blastocyst of fertilized
egg and being pluripotent in nature can give rise to the cells of
all the three germ layers of the body, namely the endoderm,
mesoderm, and ectoderm. As compared to FSCs and ASCs,
the differentiation potential of ESCs is best but various ethical
obligations/norms adverse immune responses elicited, and tu-
mor formations limit their widespread use. Fetal stem cells
with their intermediate proliferation and differentiation abili-
ties find widespread application though ethical issues still per-
sist. Our research group has also been using human cord
blood-derived stem cells which are fetal in nature for in vitro
toxicology studies as well as developmental neurotoxicity
studies. These stem cells are advantageous because they do
not form tumors.

Adult stem cells (ASCs) are multipotent and are derived
from the various tissues in the body such as the central ner-
vous system, bone marrow, skeletal muscle, adipose tissue,
and so on. Though the adult stem cells have a limited potential
for growth and differentiation, they find a widespread appli-
cation in autologous transplantations and personalized medi-
cine. Despite being very few in number and difficult accessi-
bility, ASCs are preferable also because they do not pose
many ethical challenges. Neural stem cells (fetal as well as
adult) find a wide range of applications in NTand DNT testing
studies [28, 29]. Classical in vitro toxicology studies employ
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immortalized cell lines and primary cultures. The major limi-
tation with cell lines is that they are genetically transformed
and thus may not represent the normal cell types whereas
primary cultures such as neuronal cultures are post mitotic in
nature and difficult to maintain. Primary cultures have a very
limited lifespan and easily lose their tissue-specific character-
istics over time. In this case, stem cells are one of the best
alternatives because they provide a virgin, nontransformed
source of cells which can be differentiated into any lineage
and serve as potent in vitro models [25]. They can be main-
tained in culture for long durations and can thus serve as good
models for chronic toxicities as well [30].

Differentiating Stem Cells: Classical In Vitro Tool
for NTand DNT Testing

It is well documented that stem cells with their multi
lineage differentiation capacities can be made to differen-
tiate into specific neuronal lineages and will thereby suf-
ficiently mimic cells of the developing brain [31, 32].
Successful differentiation of stem cells into neuronal line-
ages [33–36] is widely reported, and these cells are not
only functional but electrophysiologically active too [37].
In our so far published papers, we have successfully tried
to establish stem cell-based in vitro model systems for the
study of the various aspects of NT and DNT [21] and
have proven that human umbilical cord blood-derived stem
cells (hUCBSCs) such as hematopoietic stem cells and
mesenchymal stem cells when differentiated into neuronal
subtypes serve as one of the classical tools for the same
[38]. These were employed to assess the developmental
neurotoxicity potential of monocrotophos (MCP), a well
known developmental neurotoxin and further used to un-
ravel the signaling cascades and mechanistic aspects in-
volved. . Prior to this our research group also assessed
the MCP-induced neurotoxicity in rat pheochrocytoma
cells-PC12 cell line, an established in vitro neuronal mod-
el. The activation of caspase cascade in response to MCP
exposure in PC12 cells depicted the apoptosis inducing
capacity of MCP in neurons. The observations of this
study and the study conducted using MCP-exposed
hUCBSCs were on similar lines thus establishing the idea
of differentiating stem cells being potent in vitro tools for
NT and DNT testing [39, 40]. Our data also proves that
early differentiating neurons are metabolically more active
and more vulnerable to xenobiotics/compounds and poly-
cyclic aromatic hydrocarbons as compared to the fully
differentiated mature neuronal cells [41, 42]. The conver-
sion of human cord blood CD34+Thy1+ stem cells into
neuronal subtypes under the influence of specific growth
conditions and response of these differentiating cells to
MCP has been depicted in Fig. 1.

Induced Pluripotent Stem Cells (iPSCs): a Potential
Tool to Study NTand DNT

Shinya Yamanaka and his group revolutionized the very ba-
sics of embryology and gave a new face to the biology of
development. They not only challenged but also proved that
the process of differentiation is reversible [43, 44]. In their
historical work published in Cell, 2006, they showed that
pluripotency could be induced in mouse somatic cells. Four
genes encoding transcription factors, i.e., Oct4, Sox2, Klf4
and c-Myc were introduced using retroviral vectors [43, 44].
These were the first induced pluripotent stem cells (iPSCs);
later in 2007, human iPSCs were generated using a similar
technology [45]. Apart from these four above mentioned tran-
scription factors, Lin28 and Nanog could be used in place of c-
Myc and Klf4 to impart pluripotency to human fibroblasts.
Embryonic stem cells due to their inherent ability to self re-
new, divide, and differentiate have been considered as one of
the most suitable treatments for intractable diseases like spinal
cord injury and Parkinson’s disease [45]. However, ethical
conflicts regarding the use of human embryos and immune
rejection post transplantation restrict the scope of embryonic
stem cells. In this regard, iPSC technology provides a relief
and can be employed instead, as a powerful tool for regener-
ative medicine, disease modeling, age-related studies as well
as NT and DNT studies [46, 47]. Disease modeling has been
studied so far using in vivo models, but the imprecise recapit-
ulation of human diseases has limited its scope [48]. For ex-
ample, in the case of amyotrophic lateral sclerosis, many
drugs proved to be therapeutic in rodents but failed to elicit
the same response in human beings [49], thereby confirming
that efficient disease modeling requires cells of human origin
[50, 51].

Nearly a decade ago, the iPSCs technology which seemed
unlikely and farfetched has made a substantial progress and
is being routinely used for the reprogramming of somatic
cells to provide for stem cells in bulk and is also being
employed for toxicity and drug testing studies [52, 53].
Successful reprogramming of fibroblasts into electro physio-
logically functional post mitotic neurons has been accom-
plished [54], and the quest to achieve specific functional
neuronal subtypes continues and has been nearly achieved.
Successful reprogramming of fibroblasts into functional do-
paminergic [55] and glutaminergic neurons [56] has been
accomplished. In 2011, the group of Son et al. [57] success-
fully reprogrammed human and mouse fibroblasts into func-
tional spinal motor neurons but in a way slightly different
from the conventional reprogramming being employed for
iPSC generation. They chose to transform the fibroblasts into
motor neurons with the help of select transcription factors
that were forced to express and thus acted on cells intrinsi-
cally rather than acting extrinsically as in the case of
morphogen-driven reprogramming. Eight well known

Mol Neurobiol (2016) 53:6938–6949 6941



transcription factors were selected which direct formation of
motor neurons during development along with three specifi-
cation factors (Asc11, Brn2, and Myt11) that form induced
neurons from fibroblasts. Repeated experimentation proved
that motor neuron induction was efficiently achieved by sev-
en main factors namely Brn2, Hb9, Asc11, Myt11, Lhx3,
Is11, and Ngn2. These were named the Binduced motor neu-
rons or iMNs^. The resulting iMNs were not only electro-
physiologically active but also expressed channels and recep-
tors to generate transmitter-sensitive excitable membranes.
They functionally resemble spinal motor neurons in their
ability to induce muscle contraction and form synapses with
them, and when grafted in the developing chick spinal cord,
they efficiently migrated to the ventral horn and sent axonal
projections through the ventral root. Sensitivity towards the
amyotrophic lateral sclerosis (ALS) degenerative stimulus
further confirmed the identity of these induced motor neu-
rons. However, the most striking feature that emerged was
that these transforming fibroblasts did not transit or pass

through the proliferative neural progenitor state. This paved
way discovery that factor-defined reprogramming when sup-
plemented with massive gene expression changes can bring
about a more efficient and faster transformation of mouse
and human fibroblasts into spinal motor neurons. If efficient,
rapid, and reproducible production of specific neuronal sub-
types is achieved, accurate target-specific neurotoxicity and
developmental toxicity studies will be performed. Induced
pluripotent stem cells can thus also function as promising
NT and DNT in vitro models can be employed for patient-
specific mechanistic studies [58]. They can provide an in-
sight into the gene-environment interactions and help us re-
solve issues of genetic susceptibility of individuals towards
environmental risks. Personalized developmental
neurotoxicological and neurotoxicological risk assessment
are one of the future goals of the iPSC technology. Few of
the most representative studies investigating the NT and
DNT of drugs/chemicals using stem cells/iPSCs as biological
tool are summarized in Table 1.

Fig. 1 Schematic diagram
represents the conversion of
human cord blood CD34+Thy1+

stem cells into neuronal subtypes
under the influence of specific
growth conditions. Further,
monocrotophos, an
organophosphate pesticide and
known developmental
neurotoxin-induced alterations in
the expression (mRNA and
protein) of markers associated to
stemness, stage-specific neuronal
development and injury, have also
been studied by our research
group
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Transition from 2D to 3D: Provide Better
Possibilities for NTand DNT Studies

It is both interesting and challenging for a biologist to mimic
life in vitro. To see the events of the genesis of life unfold in an
orderly manner within a laboratory has always captured the
imagination of scientists across the globe. Since life is not
two-dimensional (2D) but three-dimensional (3D), therefore,
a recent revolution in the field of life sciences is the 3D cell
culture [59]. Cell culture forms the basis of most of the cell
biology, biochemical, drug development, and pharmacokinet-
ic studies. The various in vitro studies are best represented by
the standard conventional 2D monolayer cell culture systems.

Since, easy handling, maintenance, and simplified growth
conditions make 2D cultures the classical in vitro tool. The
cost incurred is low and ethical issues are minimal. However
useful the 2D cell cultures may be, they can never be the true
representatives of an in vivo model [60]. The exposure given
with various chemicals is effective only on the upper surface
since the cells are in contact with a surface (flasks, petridishes,
etc.). However, the biological scenario inside a live animal is
very different because no cell or organ acts in isolation and the
entire animal body functions in a highly orchestrated manner.
When a toxicant enters the living system it will affect the
different cells of the body in different ways, these are the
terminally differentiated cells of a tissue, the transit amplifying

Table 1 Most representative studies investigating the NT and DNT of drugs/chemicals using stem cells as biological tool

Drugs/chemicals used Type of cells used Study endpoints Study reference

Chemotherapeutic drugs:
paclitaxel and vincristine
or cisplatin

Neurons derived from iPSC
cell line, i.e., iCell neurons

Morphological disruptions,
decreased neurite outgrowth,
decreased cellular viability
and apoptosis

Wheeler et al. 2015 [82]

Clostridial neurotoxins, i.e.,
the tetanus neurotoxin
(TeNT) and botulinum
neurotoxin (BoNT)
serotypes A-/G

Murine embryonic stem cell
derived neurons (ESNs)
which were synaptically
active and well networked

Patch clamp studies revealed loss
of synaptic activity within 20 h
whereas the cell viability was
maintained.

Hubbard et al. 2015 [83]

Antiepileptic drugs as
developmental neurotoxins:
phenobarbital, valproic acid,
lamotrigine, and
carbamazepine

Neurons derived from human
stem cell line, TERA2.cl.SP12

Reduced cell viability; DNA
fragmentation and reduced cell
cycle progression; disrupted cell
differentiation.

Cao et al. 2015 [84]

Isoflurane, ketamine,
sevoflurane (anesthetic
developmental
neurotoxicants)

hESCs-derived NSCc;
ReNcell CX (neural progenitor
cell line

Mitochondrial fragmentation;
disrupted proliferation;
neuroapoptosis and neuronal
death

Bai and Bosnjak et al.
2013 [85]

Methyl Mercury (MeHg),
well known developmental
neurotoxicant

HB1.F3 human neural stem
cells (NSCs)

Signaling pathway studies revealed
Akt1/mTOR signaling was inhibited
by MeHg that caused caspase
dependent apoptosis and autophagy.

Chang et al. 2013 [86]

Methamphetine; popular
recreational drug known
as Bice^; potent neurotoxin

Embryonic stem cell derived
neuronal cells. ESC cell
line Royan

Neural morphology affected and
dendrite outgrowth declined
significantly. Results validated in
parallel via RT-PCR.

Meamar et al. 2012 [87]

Polybrominated (PBDE)
metabolite 6-OH-PBDE-47
as a potent neurotoxin.

Mice primary adult neural
stem/progenitor cells (aNSCs).

Cytotoxicity induced, Proliferation
inhibited and apoptosis induced,
inhibits ERK5 signaling. Adult
neurogenesis disrupted.

Li et al. 2013 [88]

3-Methylcholanthrene (MC) Neurons derived from human
umbilical cord blood
derived stem cells.

Activation of the aryl hydrocarbon
receptor (AHR), interference in
neurogenesis and neuronal
transmission.

Singh et al. 2013 [42]

Dexamethasone (Dex) Murine derived stem cell line C17.2 Decreased cell number; induced G1
arrest; mitochondrial respiratory
chain genes downregulated and
induced apoptosis.

Mutsaers and Tofighi
et al. 2012 [89]

Arsenic and Fluoride; Arsenic
metabolites; co-exposure
with arsenic and fluoride.

Neural progenitor cell line C17.2 Cytotoxicity induced; Apoptosis and
necrosis; Increased intracellular
Ca++ levels, disrupted mitochondrial
membrane potential and ROS
generation.

Rocha et al. 2011 [90]
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cells, the adult stem cells and the cells of the immune system.
Thus any clinical symptom or toxic effect seen is a result of a
complex interplay of the various cells and their interaction
with the provided toxicant. 2D cell cultures are incapable of
recapitulating the structure, function and physiology of live
tissues and neither can they mimic the exact dynamic in vivo
environment [61, 62].

Biochemical and morphological endpoints have been
employed to study the neuro-developmental aspects of the
brain such as proliferation, differentiation, migration, and apo-
ptosis but the functional aspects are still under covered and
scarcely represented. There is a need for studies related to neu-
ronal network formation, neuronal functionality, and inter- and
intracellular signaling involved in NT and DNT testing [22].
Microelectrode arrays (MEAs) serve as one of the potential
in vitro tools for characterizing and assessing the functionality
of neuronal networks, synaptic plasticity, synaptic transmis-
sion, and their response to potent developmental neurotoxins
[63–66]. However, one major limitation of the MEAs is that
they cannot provide path-specific measurements [67]. The net-
work formation assay (NFA) is another potent in vitro tool
employed for NT and DNT studies [68]. Being based on the
principle of cell patterning and display of neurite interconnec-
tions, it can thus be used to predict and screen potent develop-
mental neurotoxins whose mode of actions and molecular tar-
gets are unknown [20]. However, these tools are still confined
within the zone of two-dimensional cell culture.

Neurospheres to Organoid Tissue Niche: a new era
of 3D Models for NTand DNT Studies

The biggest challenge that still remains is to establish high
throughput screening tools so that a number of new and un-
recognized potent neurotoxins can be screened and their toxic
potentials and mechanisms predicted. In 2007, Johns Hopkins
Centre for Alternatives to Animal Testing (Developmental
Neurotoxicity TestSmart program) and The European Centre
for the validation of Alternative methods and the European
Chemical Industry Council joined hands to establish effective
DNT models so as to allow for better risk assessment and
hazard management [69]. This joint venture successfully
established human neurospheres as effective 3D in vitro tools
for DNT testing. Ellen Fritsche of the Environmental Health
Research Institute in Dusseldorf and the University of Aachen
and her group are among the first few to employ neurospheres
(created from neuroprogenitor cells) as powerful in vitro 3D
cell systems [6]. They have shown that neurospheres when
exposed with well known neurodevelopmental toxicants such
as methyl-mercury chloride and mercury chloride result in a
decreased number of nerve cells produced by them, and the
migration process is severely affected as well. Cell migration
during brain development is also affected by polybrominated

diphenyl ether (PBDE) flame retardants. Human neurospheres
mimic many of the biological basic processes of the develop-
ing human brain-like differentiation, proliferation, migration,
and apoptosis, and their interruption by the various develop-
mental neurotoxins will demonstrate DNT [70, 71]. Though,
the neurospheres are the simplest 3D structures that can be
easily used as 3D models, but they are faced by several limi-
tations. They are not representative of the whole organisms
and are metabolically restricted hence unsuitable for pharma-
cokinetic studies [6]. Higher cognitive functions, synaptic
functionality, and network functions are missing.
Neurospheres do not form the cortical layers which are present
in the complex developing brain. Despite these limitations,
neurospheres are an indispensable 3D in vitro tool because
they can be easily grown in culture; as compared to in vivo
studies, time taken is very less that is around 4 weeks for the
assessment of various neuronal functions, and the self orga-
nizing nature of these is instrumental in paracrine functions.
There is a complex interplay between cells which can influ-
ence each other and make the situation more realistic to that of
cells in vivo. However, the quest to achieve better suitable
stem cell-derived 3D model continues.

The establishment of in vitro 3D organogenesis nearly a
decade ago laid the possibility that the generation of whole
organs within a laboratory is not an unachievable process; how-
ever, it is not as easy as it seems to unravel the entire process of
organogenesis in vitro. In the past decade, substantial progress
has been made in the field of 3D tissue culture and artificial
tissue engineering [72, 73]. However, these terms cannot be
used interchangeably because tissue engineering differs from
conventional 3D self-organizing culture in that cells are forc-
ibly made to assume complex structures using artificial scaf-
folds. Self organizing tissues are far superior because they are
governed by the cells’ own internal programs and do not re-
quire any artificial support system [72]. The superior quality of
self-organizing 3D tissues is seen from the fact that when self-
organized human retina was transplanted in SCIDmouse testes,
teratomas were not formed [74]. One of the effective strategies
is to model the events of neurogenesis in laboratory [75].

Pluripotent embryonic stem cells (ESC) have been
employed to give rise to a self-organizing cerebral cortical
structure in vitro. The multilineage capacity of ESCs was
exploited and ESC culture was induced to produce cortical
neuroepithelial progenitors which further led to the formation
of the various layers of the cerebral cortex in a sequential
manner—firstly, layer I neurons then VI, V, IV, and II/III,
respectively [76]. This was a classical case of neural self-
forming tissue but the process was still not the exact mimic
of in vivo development because the apical basal order of the
layers was reversed. Further studies in the field have led to the
entire recapitulation of the neural tube development in vitro
using human embryonic and induced pluripotent stem cells
[75]. The blood brain barrier (BBB) which is an integral part
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of the CNS and pivotal in its physiology and function has also
been generated by combining different cell types such as the
astrocytes, pericytes, neurons, and microglia in co-culture.
Here, again, there is a need for humanized in vitro BBB
models. However, an in vitro BBB model has been generated
using the cells of human origin. The group of Hatherell et al.
[77] has also generated a 3DBBB in vitro model using human
brain vascular pericytes, cerebral microvascular endothelial
cells, and human astrocytes. Another, such in vitro BBBmod-
el comprised a co-culture of the rat E-18 cortical cells along
with rat brain endothelial cells (RBE4); this model formed an
endothelial barrier, possessed tight junctions, and showed
neuro-inflammatory responses [78]. 3D cell culture has not
only progressed in the recent past but also significant achieve-
ments have been made. Neuroepithelial structures have been
generated from embryonic stem cells as well as induced plu-
ripotent stem cells. The formation of these structures closely
mimics and recapitulates the events of embryonic develop-
ment [79]. The cerebral cortex of human beings is considered
one of the most complicated and complex structures in the
course of evolution [80] and its entire recapitulation in vitro
is still a challenging task. However, in the recent past, a suc-
cessful Bcerebral organoid culture^ has been established by
Knobliche and his group which clearly depicts not only the
histological but also the developmental features of the brain as
well. Eight to ten days later, neuronal differentiation was ob-
served and 20–30 days later, embroyoid bodies grew into well
compartmentalized 3D structures with specific layers of the
brain. This model of the human brain is well characterized
with the presence of structures like the forebrain, midbrain,
hindbrain, hippocampus, retina, meninges, and choroid plexus
[80]. Such in vitro 3D brain models provide better possibilities
for all the developmental neurobiologists across the globe.
Once a developing human brain model is established in a
laboratory monitoring and analyzing, the various aspects of
DNTwill be greatly facilitated. With this, there will also be a
possibility to carry out the phase-specific testing of com-
pounds and chemicals. We will thus also be able to carry out
path specific mechanistic studies as well as stage-specific in-
hibitions by the various neurotoxins. Few of the most repre-
sentative studies carried out to derive the organoid structures
from stem cells are listed in the Table 2.

Human Brain on Chip: a Step Forward Towards NT
and DNT Studies

In recent times, the latest approach is to develop micro-
physiological systems which combine various cell types in a
specific 3D configuration to stimulate an organ’s biology and
function, and this has been termed as Bhuman on chip^
models. These models are useful as they provide concise,
compact, and reliable information regarding the response of

a human system to various substances/chemicals and may
serve as sophisticated novel in vitro tools. This project has
been initiated by the National Institutes of Health, the US
Food and Drug Administration and the Defense Advanced
Research Project Agency (DARPA) of the USA. A stepwise
strategy is being followed to achieve the same [81]. First, a
primary culture of rat brain cells is being employed; they are
aggregated to assume a 3D structure and this is being used to
monitor the various DNT pathways. To further increase the
relevance of the model, the cells of human origin particularly
human iPSCs are being used. To create an aggregated human
model, iPSC-derived neurons and astrocytes are being com-
bined. However, the various differentiation protocols are still
being standardized. The neurons and astrocytes thus obtained
are brought in a 3D embryoid body state using special 3D
suspension cultures and conditions. Generation of iPSCs is
very taxing; however, the fact that iPSCs derived neuronal
and glial development recapitulates the brain developmental
stages in utero makes it a lucrative possibility [81].

A comparative study of the rodent and human data is es-
sential to establish the species differences so as to ensure bet-
ter success rates of drug development during clinical trial
phases. The failure rate observed is approximately 95–97 %
for substances during the clinical trial phase [78]. This is pri-
marily due to the different effects observed in humans which
remained unidentified in the preclinical animal tests. Using the
conventional in vivo model systems one cannot take the epi-
genetic background into consideration nor can the effect of
medication history on sensitivity be estimated. However,
iPSCs derived from neurodevelopmental disorder patients
can resolve this issue. In the above mentioned joint project,
i.e., the National Institutes of Health, the US Food and Drug
Administration and the Defense Advanced Research Project
Agency (DARPA) of the USA, the disorders chosen were Rett
syndrome, Down syndrome, and tuberous sclerosis. A com-
parative study will thus provide us with relevant information
regarding the effect of disease-relevant mutations on various
aspects of DNT [78, 81]. These integrated approaches are an
effort to combine the various 2D as well as 3D cell culture
approaches and provide compact humanized stem cell based
in vitro models which shall provide rapid, reproducible, and
reliable insights into the various aspects of NT and DNT.

Summary and Future Perspectives

It is clearly evident from the above discussion that stem cells
are an indispensable tool for toxicology studies. In this review
article, we have briefly summarized the application of stem
cells specifically for the assessment of NT and DNT studies.
We have provided a brief overview of the current prevalent
trends in the field of in vitro toxicology with stem cells at its
core. Stem cell based NT and DNT testing also has its
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limitations. For example, when two-dimensional in vitro stud-
ies are carried out, the complex environment of an organ is
lacking. Cell cultures are isolated systems where there is no
organ system and immunological system. The blood vascula-
ture is lacking and the cellular interactions are minimal. Thus,
these 2D in vitro models can be employed for the preliminary
screening of chemicals and drugs; however, the data obtained
may not be directly applicable to human beings. As we grad-
ually move towards three-dimensional in vitro culture, we see
better possibilities of alternate in vitro models of human ori-
gin. Once good NT and DNT models are established, the
Herculean task of screening and establishing the role of vari-
ous neurotoxins and developmental neurotoxins will be made
achievable. In the future, we shall be in a better position to
correlate the physiology of a toxicant affected organ with the
phenotypic expression as well. The long-term goal will be to
study not only organ-based toxicity but also the organ-organ
interactions. Stem cell-based in vitro models which establish a
direct association between DNT/NT and neurodegenerative
diseases are currently lacking and can be developed any time
soon. Disease correlation with stem cell-derived models for
NT and DNT will help us delve deeper and further into the
molecular and cellular insights. With this review, we wish to
make a small but worthy contribution towards the prestigious

archives. Hopefully, in the near future we shall come up with
some novel innovative 3D human stem cell-based models and
contribute generously towards the emerging field of neurotox-
icity and developmental neurotoxicity. The prevention of NT
and DNT is possible if suitable predictive tools are made
available. Stem cells provide a good source of human material
which can be employed for the development of such in vitro
models where extrapolation of data to human beings would be
directly possible. The prevention and cure of neurotoxicity
and developmental neurotoxicity will ensure a healthier and
longer lived race of Homo sapiens in times to come.
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Table 2 Most representative studies carried out to derive the organoid structures from stem cells

Organoid type Studied functional aspects Used cell type Study Published

Human Lung Organoid (HLO) Well formed epithelial and mesenchymal
compartments; upper airway like
epithelium present with basal cells
and some immature ciliated cells;
RNA sequencing confirmed similarities
with human fetal lung.

Human pluripotent stem cells
(hPSCs)- embryonic and
induced both.

Dye et al. 2015 [91]

Human kidney organoids;
self assembling chimeric
kidney cultures in 3D

hPSCs differentiated into ureteric bud
(UB) progenitor like cells; chimeric
kidney culture; gives rise to self
assembled kidney organoids along
with mouse kidney cells.

Human pluripotent stem cells
(hPSCs)- embryonic and
induced both.

Xia et al. 2014 [92]

Human cerebral organoids Functional ventral telencephalon, choroid
plexus, cerebral cortex and retinal tissues.

Human pluripotent stem cells (hPSCs) Lancaster et al. 2014 [93]

Mouse pancreatic organoids Self organizing embryonic pancreas
comprising well differentiated acinar,
ductal and endocrine cells.

Mouse embryonic progenitor cells Greggio et al. 2014 [94]

Mouse inner ear organoids Inner ear sensory tissue comprising
stem cell derived epithelia with hair
cells, sensory like neurons and
supporting cells

Mouse embryonic progenitor cells Koehler et al. 2014 [95]

Midbrain organoids comprising
long living dopaminergic
neurons.

Electrophysiologically active neurons
and glial cells expressing the various
markers of maturity such as GFAP
(glial fibrillary acidic protein) and
NeuN (neuronal nuclei specific protein).

Size calibrated neurospheres
derived from pluripotent
stem cells

Tieng et al. [96]

Self assembling Human hepatic
organoids

Self organizing organoid with patterned
cluster of cells and vessel like lumen inside.

Human mesenchymal stem cells
(hMSCs) co-cultivated with
human fetal liver cells (GFP-hFLCs)
and human umbilical vein endothelial
cells (KO-HUVECs)

Takebe et al. 2012 [97]
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