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ABSTRACT

The major neuropsychiatric conditions of schizophrenia, affective disorders, and infantile autism
are characterized by chronic symptoms of episodic, stable, or progressive nature that result in sig-
nificant morbidity. Symptomatic treatments are the mainstay but do not resolve the underlying
disease processes, which are themselves poorly understood. The prototype psychotropic drugs are
of variable efficacy, with therapeutic mechanisms of action that are still uncertain. Thus, neuro-
psychiatric disorders are ripe for new technologies and approaches with the potential to revolu-
tionize mechanistic understanding and drive the development of novel targeted treatments. The
advent of methods to produce patient-derived stem cell models and three-dimensional organoids
with the capacity to differentiate into neurons and the various neuronal cellular lineages mark
such an advance. We discuss numerous techniques involved, their applications, and areas that

require further optimization. STEM CELLS TRANSLATIONAL MEDICINE 2017;6:2062—-2070

SIGNIFICANCE STATEMENT

Rapid progress in stem cell biology has the potential to revolutionize various areas of medicine.
The goal of this review is to highlight the potential use of induced pluripotent stem cells to
investigate and treat neuropsychiatric conditions and discuss pitfalls that need to be resolved

along the way.

INTRODUCTION

Neuropsychiatric conditions present a substantial
challenge to study for a variety of reasons. Psychiat-
ric phenotypes may be sporadic or episodic, with
normal periods of baseline functioning in between
episodes (in cyclothymic, bipolar, and major depres-
sive disorders), which can present an obstacle to
accurate characterization [1]. Neuropsychiatric
manifestations often involve higher cognitive proc-
esses that are difficult to study in nonhuman mod-
els. In tandem with the brain’s complexity, the
pathology of the major psychiatric disorders has
been subtle and elusive. The vast genetic, patho-
logic, and neuroimaging literature have yielded sev-
eral conflicting and nonspecific findings. In contrast
to monogenic disorders in which a single gene with
high penetrance is disease-causing, the majority of
neuropsychiatric disorders are polygenic, involving
multiple alleles with relatively small individual
effect sizes, and multifactorial, involving the effects
of multiple genes in combination with environmen-
tal factors, which further complicates their elucida-
tion [2]. Given this range of challenges, it is
perhaps unsurprising that relatively slow progress
has been made in our understanding of the bio-
logic basis of psychiatric conditions relative to other
diagnostic conditions.

Recent progress has come from large-scale
genome-wide association and whole genome
sequencing studies which have begun to reveal
the genetic substrate in the major psychiatric con-
ditions. However, pathophysiological insight
beyond the identification of risk genes requires
elucidation of functional networks and pathways
to unravel disease mechanisms. Until recently,
animal models and post-mortem human brain
provided the primary models for comprehensive
study of neuropsychiatric disorders, despite their
overt limitations. However, over the last decade,
human induced pluripotent stem cell (hiPSC) tech-
nology has emerged to advance the study of neu-
ropsychiatric disease and hold significant
potential to define pathophysiological mecha-
nisms and identify potential therapeutic targets.

Stem cells possess both self-renewal and plu-
ripotent capabilities. After the identification of
embryonic stem cells (ESCs) and embryonic germ
cells derived from the inner cell mass of blasto-
cysts and post implantation embryos, respectively,
the next advance came with the generation of
induced pluripotent stem cells (Fig. 1) from adult
somatic cells from individuals with particular dis-
eases by combinatorial expression of reprogram-
ming factors (3-5). The ability of these cells to

© 2017 The Authors

STEM CELLS TRANSLATIONAL MEDICINE published by Wiley Periodicals, Inc. on behalf of AlphaMed Press


http://orcid.org/0000-0002-2780-1540
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Adegbola, Bury, Fu et al.

2063

Genome
Editing -
- e
hiPSC Isogenic iPSC

NPC Neuron Organoid
AR TR
- cenr i e .

E o bRt v vt
. ' A s
=== S e e LI R TRTR Te A Ta T YaYea YaTa Ya¥a
- YA YaYavataVala MNNCAA
= aE 1 A AL Ao

= r WAAAAD AAAOASA A SYNAPSE
x W Jada¥s ﬁ%}:ﬁ
= e

i
Transcriptome Genome Physiology Morphology

Figure 1.

Patient-derived somatic cells from a patient with neuropsychiatric disease are reprogrammed into hiPSCs via Yamanaka factors.

Patient-specific hiPSCs are then induced to differentiate into NPCs, neurons, and organoids. These disease-relevant cells provide a platform
for research approaches such as transcriptomic, genomic, and biochemical analyses, as well as analyses of neuronal circuit integration, neuro-
nal ion channel properties, neuronal morphology, and other neuronal phenotypes. Abbreviations: hiPSCs, human induced pluripotent stem

cells; NPCs, neural progenitor cells.

produce previously inaccessible tissue such as neurons lies at the
heart of their remarkable benefit to the neurobiology of psychiat-
ric disorders. Crucially, patient-derived hiPSCs provide an alterna-
tive to primary human brain tissue which can be difficult to obtain
and which may lack cell types that can be critical for disease
pathology, solving a previously intractable constraint in the study
of neuropsychiatric disorders [3]. Furthermore, while the exact eti-
ological mechanisms of clinically and genetically heterogeneous
neuropsychiatric conditions might be unknown or difficult to
model, patient-derived hiPSCs inherently recapitulate the genetic
heterogeneity typically found in human patients, and develop-
mental phenotypes in these hard-to-model cases can be deter-
mined in hiPSC-derived neural progenitor cells (NPCs) and
neurons. Similarly, rare Mendelian disorders caused by single-
gene mutations can be modeled using patient-derived hiPSCs.

www.StemCellsTM.com

Since hiPSCs are amenable to CRISPR (clustered regularly inter-
spaced short palindromic repeats)/Cas9 gene editing, isogenic cell
lines that share a genetic background while differing in the pres-
ence or absence of disease-specific mutations can also be devel-
oped to model these single-gene disorders [4]. Controlling for the
genetic background in this way represents a powerful tool to elu-
cidate gene function in a human model system (Fig. 1). Altogether,
these attributes translate into significant potential to revolutionize
the direction of psychiatric research and treatment.

HUMAN INDUCED PLURIPOTENT STEM CELLS TO PRODUCE
PROGENITORS, NEURONS, AND ORGANOIDS

Somatic cells can be converted to a pluripotent state via co-
expression of a variety of reprogramming factors [5, 6]. Initial
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somatic cell populations available to generate hiPSCs include
fibroblasts, peripheral blood cells, and dental pulp cells [6-8].
While fibroblasts are efficiently reprogrammed, the alternative
cells types require less invasive procedures to acquire, offering a
practical advantage when obtaining cells from young patients.

To generate neurons, hiPSCs are typically differentiated into
NPCs, with subsequent differentiation of these cells into neurons
(although direct conversion of hiPSCs to neurons is possible) [9].
The generation of a heterogeneous population of NPCs and neu-
rons may be desirable to assess mutant phenotypes in a variety of
cell types. Recently, techniques to generate neurons with specific
terminal identities have been described via treatment of hiPSCs
with recombinant proteins and/or small molecules that mimic in
vivo patterning in the developing nervous system. Various cell
types that have been generated through this process include exci-
tatory and inhibitory cortical neurons [10, 11], dopaminergic neu-
rons [12], serotonergic neurons [13], Purkinje cells [14], peripheral
motor neurons [15], and hippocampal granule neurons [16].

Recently, a number of methods for generating three-
dimensional (3D) culture systems that mimic early aspects of brain
development have also been established [17-19]. These are vari-
ously known as cerebral organoids, cortical spheroids, or forebrain
organoids (hereafter referred to as “organoids”). The different
names have arisen due to slight variations between different
organoid-generating protocols. These differences mainly lie in the
initial patterning step (or lack thereof) that induces hiPSCs to
become brain cells. This is typically accomplished by pharmacolog-
ically inhibiting or enhancing various molecular signaling pathways
that have been linked with brain development. The addition of
these patterning factors has been used to model specific brain
regions including the cerebellum, hippocampus, and both the dor-
sal and ventral cerebral cortex [17, 20-22]. Organoids generated
without these factors are typically more heterogeneous and can
contain a variety of different brain regions within the same orga-
noid, as shown by immunohistochemistry and single-cell RNA-
sequencing [18, 23]. However, more homogeneous organoids
have recently been produced without extensive drug addition by
using bioengineering techniques [18, 24]. Heterogeneous organo-
ids might also be desirable in their own right to analyze the inter-
actions between cells from a variety of brain regions.

Both patterned and nonpatterned organoids recapitulate
many aspects of embryonic brain development, such as the for-
mation of stereotypical stem cell niches of the developing brain
with corresponding production of various NPC subtypes and the
migration of neurons away from these proliferative niches (Fig. 2)
[26]. Spatial relationships between neurons and progenitor cells
are maintained, allowing for analysis of critical aspects of embry-
onic brain development, such as proliferative zone formation, neu-
ronal migration, and the proliferative capacity of multiple
different NPC subtypes. Importantly, organoids from hiPSCs are
capable of producing outer subventricular zone radial glia (0RG), a
recently identified class of progenitors that is greatly expanded in
humans but rare in rodents [27].

MOLECULAR AND CELLULAR APPROACHES TO DETERMINE
PATHOPHYSIOLOGICAL IMECHANISMS

The full complement of molecular and cellular approaches/
techniques can be applied to hiPSC-derived NPCs and neurons in
order to identify mechanisms underlying neuropsychiatric disease

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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Figure 2. Organoids can recapitulate normal and abnormal brain
development. (A): A human cortical brain section from gestational
week 11.5 displays a SOX2+ VZ and TBR2+ SVZ with Ki67+ prolif-
erative cells present in both areas [26]. (B): An organoid section
labeled with SOX1 and TBR2 antibodies indicates the presence of
progenitor regions with the stereotypical structure found in the
embryonic brain. Note that organoids do not perfectly replicate the
structure of the developing brain, as indicated by the presence of
multiple, smaller proliferative zones in the organoid compared with
one large proliferative region in the developing cortex. (A, B) Scale
bars = 50 um. Abbreviations: SVZ, subventricular zone; VZ, ventricu-
lar zone.

(Table 1). Morphological, histological, physiological and transcrip-
tional characteristics of hiPSC-derived cells can be elucidated by
gene expression profiling (RNA-Seq), chromatin studies (Chip-
Seq), and proteomic analyses, as well as specific analyses of neu-
ronal phenotypes such as neuronal identity, morphology, and
electrophysiology.

It is difficult to accurately measure transcriptional alterations
in primary postmortem tissue due the paucity of available brain
tissue and postmortem RNA degradation. hiPSC models, on the
other hand, can be generated from a large number of patients
and the cells of interest can immediately be processed for
sequencing experiments, ameliorating concerns associated with
post-mortem tissue. Transcriptional alterations and correlated dis-
ease pathology can also be assessed in disease-relevant cell types
such as inhibitory and excitatory neurons, oligodendrocytes, and
so forth. [31, 37, 38]. In addition, culturing and analyzing homoge-
neous cell populations can reduce some of the heterogeneity typi-
cally found in the brain, which can complicate analysis of
transcriptomic data from whole brain tissue.

Another challenge is that brain tissue is not available during
critical times of pathophysiology of neuropsychiatric disorders, or
the timing is unknown. For example, it is likely that many of the
pathophysiological changes in autism occur prenatally [25]. hiPSCs
can be used to generate cell types that are present at high num-
bers during embryonic development, such as NPCs, whose tran-
scriptomic analysis is of great interest for neurodevelopmental
disorders of prenatal development. hiPSC models represent an
efficient and effective way to detect transcriptomic and proteomic
changes in these relevant but difficult-to-obtain cell types.

ChIP-seq analysis can validate transcriptomic profiling by
revealing chromatin signatures and epigenetic changes in path-
ways consistent with altered signaling. Epigenomic profiling may
also be used to investigate downstream targets of mutated genes
[39]. Similarly, proteomic profiling has been undertaken using
hiPSC-derived cells [40]. The small volume and high homogeneity
of cells relative to tissue from animal models constitute an advant-
age to using hiPSCs.

STEM CELLS TRANSLATIONAL MEDICINE
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Table 1. Approaches used in the investigation of human induced pluripotent stem cells (hiPSCs) and hiPSC-derived tissue relating to neuro-

psychiatric disorders

Assay hiPSC NPC Neuron Organoid

Immunohistochemistry / protein assay [28], [29], [30], [31], [36], [29], [30], [36], [29], [30], [31], [38], [33], [34]
[38], [33], [34], (31], [38],

Transcriptomic and epigenomic profiling [28], [30], [31] [36], [31], [25], [34] [36], [28], [29], [30], [31], [38] [34]

Growth / proliferation [34], [29], [31],

Neurite / synapse morphology [36], [31], [38], [33], (34]

Electrophysiology [36], [31], [38], [33], [34], [34]

Biochemical assay / response [31], [33] [36], [38], [40],

Numbers in table refer to references.
Color Legend: Green: Bipolar Disorder.
Blue: Schizophrenia.
Red: Autism.

: Rett syndrome (monogenic, syndromic autism).
Light blue: Fragile X syndrome (monogenic, syndromic ASD).
Purple: Timothy syndrome (monogenic, syndromic ASD).
Abbreviation: NPCs, neural progenitor cells.

Importantly, morphological and physiological analysis of rele-
vant cell types can be correlated with any transcriptomic/proteo-
mic/epigenomic alterations that might be identified. For instance,
whole cell patch clamp recordings can be used to characterize
neuronal circuit formation and electrical properties of hiPSC-
derived neurons [33]. The patch-seq approach combines whole-
cell patch-clamp recording of individual neurons with single-cell
RNA sequencing to correlate electrical activity encoding unique
patterns of neuron activation and connectivity with individual
gene expression signatures [37]. This can distinguish neuron
classes and assess differential cell-specific expression patterns for
risk genes, which can be correlated with individual neuronal phe-
notypes. Morphological characteristics of patient-derived hiPSCs
can be determined using various assays such as neurite outgrowth
assays and immunolabeling [31, 38]. Developmental phenotypes
of hiPSC-derived neurons and NPCs, such as proliferation and dif-
ferentiation, can also be characterized by various in vitro assays
[31]. Analysis of these phenotypes can then be combined with
other molecular techniques described above to identify molecular
pathways that might be responsible for altered disease
physiology.

Relevant differentiated cell types can also be used in various
screens to probe for chemical modifiers of a specific signaling
pathway or cellular phenotype (see below). These screens can be
valuable for finding modulators of particular salience to neuronal
behavior [41]. Microfluidic approaches, which enable precise con-
trol of the cellular microenvironment and allow the systematic
presentation of cues, have various applications conducive to hiPSC
study, such as assays to interrogate the effect of delivered morph-
ogen gradients on developmental trajectories, and assays to
screen for chemotaxic and haptotaxic cues. These microfluidic che-
motaxis assays can reciprocally be used to assess migratory prop-
erties of cells under specific conditions [42], and can also help
distinguish between cell-autonomous and non-cell autonomous
phenotypic effects. In addition, hiPSCs are amenable to gene edit-
ing techniques, enabling the deletion or modification of candidate
target genes and subsequent analysis of their effects on neurologi-
cal phenotypes (Table 1). The concise nature of this review does
not allow detailed exposition of newer techniques such as fluores-
cent in situ sequencing [43], which have potential applications in
answering additional questions in neuron biology.

www.StemCellsTM.com

In general, approaches to organoids mirror those to hiPSCs,
but the 3D nature of organoids and their developmental trajectory
may suggest other investigations. For example, some organoids
may generate functional photosensitive cells that can respond to
light-based stimulation [44], which suggests a possible mechanism
to query neuronal responses to exogenous sensory stimuli, in con-
cert with engineered optogenetic systems.

STEM CELL MODELS OF NEUROPSYCHIATRIC DISORDERS

Schizophrenia

Schizophrenia (SCZD), a non-Mendelian disorder with complex
genetics, is @ major psychiatric condition of young adulthood with
a 1% prevalence. The pathogenesis remains elusive and involves a
wide range of neuroanatomic findings affecting the phenotypes of
various neuronal and glial populations, none of which have yet
proven to be pathognomonic. Attention has particularly focused
on alterations in cellular morphology in the hippocampus and dor-
solateral prefrontal cortex including smaller pyramidal neuron cell
bodies, decreased presynaptic protein markers, diminished den-
dritic spine density, and decreased markers of parvalbumin-
positive GABAergic neurons [45, 46].

SCZD is an ideal disorder to model through stem cell
approaches due to its heterogeneous, complex genetics that are
hard to recapitulate in animal models. In one of the first illustra-
tions of the hiPSC approach in neuropsychiatry, Brennand et al.
[38] directly reprogrammed fibroblasts from SCZD patients (one
childhood onset disorder; two sibling pairs each with a schizo-
phrenic father) into hiPSCs and differentiated these into neurons.
Neuronal connectivity, neurite outgrowth and differential gene
expression were assayed in disease-specific hiPSC neurons. A
recombinant labeled form of the neurotropic rabies virus was
used as a transsynaptic tracer to show decreased neuronal con-
nectivity in SCZD hiPSC neurons, in addition to decreased neurite
number and decreased levels of the excitatory postsynaptic pro-
tein PSD95. In addition, gene expression profiles of SCZD hiPSC
neurons identified altered expression of many components of the
cAMP and WNT signaling pathways. However, levels of other syn-
aptic proteins were unaffected, and electrophysiological activity in
SCZD hiPSC neurons was normal.

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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When compared with previously described SCZD pathologies,
hiPSC SCZD neurons correctly modeled some of these traits
(reduced neural outgrowth and connectivity) but not others (no
observed decrease in synaptic density or function). It remains to
be seen whether these differential findings were patient-specific
to the individuals in the study, or generalizable.

Note that the five patients in this study were comprised of an
individual with childhood SCZD, which is an atypical presentation
of the condition, and two sibling pairs selected from pedigrees
where three of four members were affected with a SCZD spec-
trum disorder (father plus two siblings). Thus, rare Mendelian
forms of SCZD cannot be ruled out. Another study [29] used
hiPSCs derived from carriers of a genetic lesion (translocation or
microdeletion) in DISC1, a locus that segregates in an autosomal
dominant fashion with a broad diagnosis of neuropsychiatric dis-
ease, including SCZD, bipolar disorder (BPD) and major depression,
as well as a narrow diagnosis of SCZD. hiPSC-derived forebrain glu-
tamatergic neurons revealed decreased density of SV2* synaptic
boutons, reduction in the presynaptic marker synapsin 1 and the
postsynaptic marker PSD95, and widespread transcriptional dysre-
gulation affecting synaptic, nervous system, and dendritic tran-
scripts, as well as DISC1-interacting factors, among others. These
findings were correlated with functional synaptic transmission
deficits in DISCI mutant neurons, including decreased frequency
of excitatory spontaneous synaptic currents and DISCI-dependent
presynaptic release defects. DISC1 knock-in of a control line reca-
pitulated the synaptic and electrophysiological deficits, while iso-
genic correction of the DISC1 lesion in patient-derived neurons
reversed the deficits. While the generalizability of the findings
needs to be further established, the authors posit that a common
molecular mechanism underlies a wide spectrum of psychiatric ill-
ness. This will need to be reconciled with the very different pheno-
typic presentations, course, and longitudinal outcomes of these
various neuropsychiatric conditions.

Bipolar Disorder

BPD presents with cyclical episodes of mania and depression, with
intervening periods of return to baseline stability [1]. The cause of
BPD is not well understood but is likely to involve neurotransmit-
ter dysfunction and defects in critical signal transduction path-
ways. There is substantial variability in disease course and
treatment response of BPD. For example, lithium chloride (LiCl)
has been shown to be effective for some BPD patients, but not so
for others [47].

Recently, hiPSCs derived from individuals with BPD were dif-
ferentiated into mostly glutamatergic dentate gyrus neurons and
investigated via patch-clamp recording. This revealed a number of
abnormalities in action potential (AP) firing consistent with hyper-
excitability, such as decreased threshold for APs, and increased AP
number and maximal amplitude [33]. Gene expression profiling of
these neurons showed upregulated mitochondrial gene expres-
sion compared with control neurons. BPD neurons also revealed
enhanced mitochondrial function and smaller mitochondria. LiCl
partly rescued mitochondrial dysfunction by increasing the mito-
chondria size in lithium-responsive neurons. RNA-Seq was per-
formed to detect genes important for the differences in drug
response. This study provides an example of how multilevel (phys-
iological, cellular, transcriptomic, pharmacologic) approaches may
converge on the hiPSC model to provide an integrated under-
standing of disease.

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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Autism

Autism spectrum disorder (ASD) is a neurodevelopmental disorder
characterized by persistent deficits in social communication
across multiple contexts and restricted, repetitive patterns of
behavior, with or without intellectual disability or language impair-
ment [1]. Similar to SCZD, ASD is characterized by both phenotypic
and genetic heterogeneity. Identifiable mutations in a single gene
or set of genes account for a minority of ASD cases (classified as
“syndromic” forms of ASD) [48, 49]. Most instances of ASD are
thought to be caused by a combination of interacting genetic and
environmental factors (referred to as “non-syndromic” or
“idiopathic” ASD); genetic factors include de novo mutations in
risk genes, copy number variations, and deleterious combinations
of common genetic variants [48, 50-52]. More than 100 de novo
risk genes have been identified, that only account for a fraction of
causality [53], and up to half of autism is caused by interaction of
small effect variants in several genes [54].

hiPSC models can effectively recapitulate the heterogeneous
genetic background typical of nonsyndromic ASD that would be
difficult or impossible to generate/study in traditional animal
models. In a recent study from our group, NPCs and neurons were
generated from hiPSC lines derived from nonsyndromic ASD
patients with comorbid macrocephaly [31]. NPCs differentiated
from ASD cell lines displayed increased proliferation associated
with dysregulation of a novel transcriptional cascade, indicating a
potential mechanism for the brain overgrowth observed in the
patients from which these cells were derived. In addition, neurons
derived from ASD cell lines displayed aberrant synaptogenesis and
network synchrony, which resemble physiological alterations/
aberrations typically observed in ASD [34]. This study illustrates
how a clinically relevant phenotype can be used to elucidate unify-
ing pathology at the cellular level that is mechanistically relevant
to disease.

Syndromic forms of ASD, such as Rett syndrome (RTT), Fragile
X syndrome, and Timothy Syndrome have also been effectively
modeled with hiPSCs [55]. For instance, hiPSCs generated from
RTT patients were able to recapitulate a variety of neurological
phenotypes previously identified in this disease, such as smaller
soma size, fewer dendritic spines, lower spontaneous Ca2+ tran-
sient frequency, abnormal excitatory synaptic transmission, and
fewer excitatory synapses [35]. Because these clinically relevant
phenotypes were observed, the authors were then able to test
potential treatments on these cells to determine whether any
phenotypes could be reversed. In this case, candidate drugs, such
as IGF-1, improved the neuronal growth and synaptogenesis in
these derived cells [35].

Initial studies using hiPSCs to model neurological disorders
relied on monolayer culture systems to assess molecular and cellu-
lar phenotypes. These two-dimensional (2D) systems lack the in
vivo spatial relationships between proliferating NPCs and post-
mitotic neurons, and typically do not produce the variety of NPCs
found in the developing brain. As noted above, 3D organoid cul-
ture systems offer a unique opportunity to study embryonic ASD
pathophysiology in human development. In addition to recapitulat-
ing many of the cellular aspects of early brain development, gene
expression in organoids is analogous to gene expression in the cor-
tex during mid-gestation in humans [19, 23, 34, 56], precisely the
time period of enhanced ASD-risk gene expression [57, 58].

Recently, various groups have used organoids to model corti-
cal development in syndromic ASD due to PTEN, MECP2, and

STEM CELLS TRANSLATIONAL MEDICINE
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CACNA1C mutations [20, 59, 60]. In these studies, hiPSC or human
embryonic stem cell (hESC) lines from either affected or nonaf-
fected individuals were generated and differentiated into organo-
ids, along with isogenic hiPSC/hESC lines that either corrected or
introduced deleterious mutations into the original lines, respec-
tively. In one study, PTEN deletion resulted in extensive increases
in progenitor cell proliferation and subsequent increases in size
and surface folding, mimicking the brain enlargement that is often
observed in PTEN-associated ASD [60, 61]. This size increase was
likely caused by enhanced proliferation of NPCs within these orga-
noids, including an aberrantly expanded population of outer radial
glial (oRG) cells, a cell population thought to be critical for expan-
sion of the cerebral cortex in higher-order mammals [60, 62].
Note, however, that excessive cortical folding is not found in
human patients with PTEN mutations. Importantly, organoids
derived from mouse Pten knockout ES cells failed to produce fold-
ing, did not generate oRG cells, and displayed only minor and
transient increases in progenitor cell proliferation compared with
control organoids [61].

Nonsyndromic ASD has also been modeled in organoids [34].
In this study, hiPSCs generated from four patients with nonsyn-
dromic ASD and comorbid macrocephaly along with first-degree
family members were differentiated into organoids. While the
ASD organoids did not recapitulate the macrocephalic phenotypes
found in ASD patients, the transcription factor FOXG1 was overex-
pressed, which was linked to overproduction of inhibitory neurons
and synapses, illustrating the excitatory/inhibitory imbalance
often associated with ASD [34]. The lack of mutations in individual
causative genes prevented the development of isogenic cell lines
in this study. However, transcriptomic analysis of these organoids
identified novel molecular pathways and individual genes that
might play a role development of nonsyndromic ASD.

The ability to detect early developmental phenotypes that
cannot be observed in animal models or monolayer human cul-
tures (such as aberrant proliferation of oRG progenitor cells),
along with the ability to generate relevant nonsyndromic ASD
phenotypes highlight the potential that organoids have to model
human ASD.

PROSPECTS FOR HIPSC TREATMENT OF NEUROPSYCHIATRIC
DISORDERS

It is likely that hiPSCs will be useful in the development of future
therapies for neuropsychiatric conditions by providing a platform
in which to both derive and test novel hypotheses. In the thera-
peutic development process, hiPSCs derived from patients with
well-characterized genetic, phenotypic, and drug response histor-
ies are differentiated into relevant cell populations such as NPCs
or neurons and subsequently subjected to various chemical treat-
ments. Assaying the reaction of these cells to treatment can then
facilitate the determination of drug responses in an individual
patient and/or enables the screening of novel compounds for effi-
cacy, rendering unprecedented power to drug discovery. Initial
studies have highlighted the potential of this process, although
clearly much additional work is needed to efficiently yield novel
therapeutics.

In one initial effort [38], neurons derived from SCZD hiPSC
lines were treated with various antipsychotic medications and
assayed for improvement in neuronal connectivity after 3 weeks
of drug administration. Loxapine, a first-generation antipsychotic,

www.StemCellsTM.com

was the only compound to significantly increase neuronal connec-
tivity in hiPSC-derived neurons from all five study patients. Two
newer generation antipsychotics (Olanzapine and Risperidone)
and an antipsychotic considered the therapeutic gold standard,
Clozapine, did not show this response. This illustrates a current
challenge: choosing the correct phenotype and cell type to mea-
sure drug response. Loxapine is thought to exert its main action
by blocking dopamine 2 receptors to reduce positive symptoms of
psychosis, and is also a potent serotonin 2A antagonist. However,
the SCZD-derived neurons included <10% dopaminergic neurons.
Although neuronal connectivity was decreased in SCZD-derived
neurons, the overall assay may not have completely captured the
appropriate cell type and/or phenotype to accurately determine
drug activity. Note also that schizoid personality disorder, the spe-
cific phenotype in one patient, is not clinically treated with anti-
psychotic therapy. Optimization of concentration and timing of
drug administration, in addition to measuring phenotypes in rele-
vant cell populations, will expand the power of similar studies.

In another study, hiPSC lines were generated from individuals
with BPD that either did or did not respond to LiCl. Neurons
derived from both of these groups displayed a hyperexcitability
phenotype. This was only ameliorated via 1-week chronic applica-
tion of LiCl in cells derived from patients that responded clinically
to LiCl treatment, not those that were unresponsive [33]. Specifi-
cally, in “responder” neurons only, LiCl significantly reduced Na+/
K+ currents, the total number of evoked APs and the frequency
of spontaneous APs. Although neuronal hyperexcitability has not
been causally linked with BPD pathology, these results suggest
that this phenotype in hiPSC-derived neurons may be predictive
of treatment response. In this case, selection of a phenotype that
is predictive of clinical response to medication was critical, and
could be used in the future to test novel therapeutic treatments
of BPD.

This approach has been extended to other neuropsychiatric
disorders, as well. For example, studies have reported that the
candidate molecule IGF-1 can rescue aberrant neuronal pheno-
types in a number of syndromic forms of ASD, such as Phelan-
McDermid syndrome [63] and RTT [35] as well as in nonsyndromic
ASD [31].

High throughput screening can also be used to predict out-
comes of treatment, as well as to identify novel therapies. For
example, a screen using hiPSC-derived dopaminergic neurons
evaluated compounds previously documented to be neuroprotec-
tive to 1-methyl-4-phenylpyridinium or rotenone in nonprimary
cells of human origin or in vivo rodent models [64]. Findings in
this assay broadly correlated with outcomes in human Parkinson’s
disease clinical trials, suggesting the efficacy of small molecule
screens in hiPSC-derived cells to identify novel therapeutic com-
pounds. Other screens have assessed inhibitors of amyloid-f3
toxicity in forebrain GABAergic and glutamatergic neurons [65]
and changes in transcript levels of the target gene (/IKBKAP) in
familial dysautonomia [66]. In addition, neurons derived from
mouse stem cells have been used to identify positive allosteric
modulators of the AMPA receptor [67] and neuroprotective com-
pounds for amyotrophic lateral sclerosis [68].

While displaying a great deal of promise, human hiPSC-
derived platforms used for drug screening require further
improvement. Cells that require time-consuming culturing and dif-
ferentiation procedures may present practical limitations for high-
throughput drug screening. In addition, high-throughput screening
may require homogeneity of cell types, as heterogeneity would
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cause a decline in consistency and meaningfulness of a positive
hit. The hiPSC differentiation process may result in significant
downstream variation in the types of cells that are generated,
depending on the protocol that is used. Also, as described above,
selection of a relevant assay/phenotype is critical in generating
meaningful results. Furthermore, the in vivo development of neu-
rological disorders is almost certainly driven by a confluence of
genetic, environmental, and stochastic processes which subtly
alter the establishment of brain circuits and connectivity. While
these exact conditions are difficult to model precisely in an in vitro
system, microfluidic devices will likely be useful in future models
that attempt to more comprehensively capture the global suite of
in vivo interactions encompassing autocrine, paracrine, and physi-
cal communications between cells. Altogether, the benefits of
using stem cells to model human neurological disorders offers
new and exciting opportunities to refine exiting therapies in addi-
tion to generating new ones.

CURRENT CHALLENGES

A number of additional salient challenges remain in using hiPSCs
to model neuropsychiatric disease. One of the primary difficulties
arises from the natural genetic heterogeneity observed in cell
lines derived from unique individuals. This diversity/heterogeneity
can result in difficulties reprogramming somatic cells from individ-
ual patients to hiPSCs and might also affect the ability of estab-
lished hiPSC lines to differentiate into desired cell populations
[69]. Numerous protocols must often be attempted in order to
successfully generate desired cell populations from individual
hiPSC lines. 3D cultures can be even more heterogeneous, with
high variability in the structure and composition of individual
organoids between cell lines, between individual experiments
using the same cell lines, and even between individual organoids
of the same cell line in the same experiment [70]. Perhaps as a
result, organoids have been shown to recapitulate some pheno-
types of neurological disease but not all of them (e.g., see Autism
section above). More defined differentiation procedures for both
monolayer and 3D culture can alleviate some of these problems.
In addition, the use of genomic editing techniques to generate iso-
genic cell lines with the addition or subtraction of causative muta-
tions in identical genetic backgrounds can also reduce
heterogeneity in hiPSC systems [71].

The ability of hiPSC derived cells/tissue/cultures to accurately
model relevant neurological phenotypes represents another chal-
lenge in using this technology. For example, the interaction of
endocrine and other bodily systems in modulating various pheno-
types cannot be replicated in vitro. Diseases that are caused by
epigenetic mechanisms may not be modeled accurately since the
epigenetic status of cells changes during the reprogramming pro-
cess [72]. In addition, DNA methylation patterns of hiPSCs can
also resemble their source cells, thus pushing hiPSC differentiation
toward the cells of origin [73]. Finally, the 2D culturing environ-
ment is limited in its ability to precisely model conditions that
require cell—cell interactions and the extracellular milieu. Newly
developed 3D-culturing procedures can recapitulate at least some
of these interactions. However, because organoids lack the precise
organization of the animal brain, and do not possess key features
of the brain such as the neurovasculature, current advances in
human hiPSC-based technologies cannot completely replace ani-
mal models for disease modeling.
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Neurological disorders of adult onset/aging are particularly
difficult to model with hiPSCs; hiPSC-derived neurons have tran-
scriptional profiles that are reflective of embryonic-stage neurons
[74, 75], which may make them more suitable for prenatal onset
or neurodevelopmental conditions rather than late onset disease,
although efforts to induce aging-related hiPSC phenotypes have
begun (for example, with progerin) [76]. hiPSC-derived tissue may
not adequately model the adult epigenetic state, as the epigenetic
landscape of hiPSC lines is converted to an early developmental
stage during the reprogramming process [6]. In addition, the man-
ifestation of adult onset neurological disorders might require envi-
ronmental insults accumulated over many years to initiate the
pathological process. Direct differentiation of somatic cells to neu-
rons has been shown to maintain the epigenetic landscape of
older cells, which may help alleviate at least some of the problems
associated with hiPSC reprogramming [77]. However, neuronal
cultures directly differentiated from somatic cells cannot be
expanded, due to their post-mitotic nature. Expansion of somatic
cell cultures (e.g., primary fibroblast culture) is possible but is
more limited than hiPSC culture, restricting the number of experi-
ments that can be performed from one individual’s cells. In addi-
tion, some neurodevelopmental processes that do not typically
occur in the mature brain, such as neurite outgrowth and synapse
formation, must be undertaken after neuronal differentiation
occurs. This might lead to aberrant phenotypes associated with
these abnormal events while having little to do with relevant dis-
ease phenotypes. Furthermore, it can be very challenging or even
impossible to model long-term environmental insults in culture.
New techniques are needed to model these environmental effects
in vitro, which often play a major role in neurological pathology.

CONCLUSION

Work with hiPSCs promises to generate novel insights into patho-
physiology that will generate mechanistic insights into therapeutic
strategies; concurrently, hiPSCs will provide a platform for analy-
ses of potential treatments, via testing compounds with known
pharmacologic profiles on human disease-relevant cells and ana-
lyzing the range of consequent biological responses. Further appli-
cations for hiPSCs can be expected in phenotypic drug screens, as
an analysis platform for high throughput screening; and in person-
alized in vitro therapeutic trials. We are only just beginning to
scratch the surface of these various possibilities. Additional devel-
opment of more refined hiPSC models of neurological disorders
should tap the potential of this technology.
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