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1  Introduction

Psychiatric disorders are among the most challenging human diseases to understand 
at a mechanistic level due to the heterogeneity of symptoms within established diag-
nostic categories, the general absence of focal pathology, and the genetic complex-
ity inherent in these mostly polygenic disorders. Each of these features presents 
unique challenges to disease modeling for biological discovery, drug development, 
or improved diagnostics. In addition, live human neural tissue has been largely inac-
cessible to experimentation, leaving gaps in our knowledge derived from animal 
models that cannot fully recapitulate the features of the disease, indirect measures 
of brain function in human patients, and from analyses of postmortem tissue that 
can be confounded by comorbid conditions and medication history.

Advances in cellular reprogramming of somatic cells have begun to bridge these 
gaps and hold the promise of being a novel translational tool to investigate the cel-
lular and molecular mechanisms that contribute to pathology in disease-relevant cell 
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types. A landmark study in 2007 demonstrated that fibroblasts obtained from human 
adult donors could be reprogrammed into induced pluripotent stem cell (iPSC) lines 
[1], which can subsequently be differentiated into nearly any cell type in body. 
Human derived iPSCs (hiPSCs) are similar to human embryonic stem cells (hESCs) 
that derive from early blastocysts, both of which are capable of generating all the 
tissue and cell types in the body. Long considered the gold standard in stem cell- 
based research, there are several well-validated hESC lines that continue to be used 
in research but these are subject to more regulatory control. Although hiPSC tech-
nology has the potential to revolutionize our study of all human disease, there are 
distinct advantages for psychiatric and neurological disorders that include the abil-
ity to generate hiPSC lines that have the same genetic profile as the patient and the 
ability to generate a renewable source of specific populations of human neurons. In 
this chapter, we will discuss some of the key opportunities and challenges in hiPSC- 
based modeling of psychiatric disorders and highlight representative studies using 
either two- or three-dimensional (2D, 3D) cell cultures that illustrate the potential of 
each of these approaches to address some of the most critical, outstanding questions 
in the field. Although we are focusing on only a few studies to frame the discussion 
of the key issues, it is important to note that there has been a dramatic increase in 
hiPSC research in recent years and there are many valuable studies that we are 
unable to include in this chapter due to space limitations.

2  Genetics and Cohort Selection

Since the initial discovery showing the feasibility of generating hiPSCs, we have 
made great progress in optimizing reprogramming and differentiation protocols but 
both 2D and 3D iPSC-based studies are still labor-intensive and costly. For this 
reason, most studies often include a small number of subjects and therefore the 
choice of donors is critical. Typically, investigators have focused on clinically well- 
defined patients who are either idiopathic, for whom there is no known genetic risk 
factor, or those who harbor a causal or risk-associated genetic variant.
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2.1  Monogenic Disorders

There are a few monogenic autism spectrum disorders (ASD) with known causal vari-
ants, which has been the focus of some of the first hiPSC-based studies of psychiatric 
disorders. For example, Rett syndrome, which is a result of mutations in the X-linked 
gene, MeCP2, is one such disorder and an early study revealed specific synaptic defi-
cits in glutamatergic neurons derived from patient iPSCs, including reduced numbers 
of synapses, spines, and decreases in spontaneous synaptic currents [2]. This study 
was able to provide proof-of-concept support for the use of hiPSCs to model cellular 
pathology in 2D cultures using human neurons with disease- relevant mutations and to 
show that X-inactivation can occur upon neuronal differentiation following repro-
gramming. Furthermore, this study underscores the utility of hiPSC-based models to 
identify clear cellular phenotypes suitable for drug screening. The most prevalent 
monogenic cause of ASD is fragile X syndrome (FXS), which is the result of an 
expanded CGG trinucleotide repeat in the 5′ untranslated region of fragile X mental 
retardation gene 1 (FMR1). If the expansion is greater than 200 repeats, it leads to 
epigenetic silencing via CpG hypermethylation and a loss of the fragile X mental 
retardation protein (FMRP) expression. In one of the first studies to generate iPSC 
lines from FXS patients, instability of the expansion repeat length was observed after 
reprogramming, which correlated with methylation and FMRP expression levels [3]. 
Because the repeat expansion instability occurred even among hiPSC lines from the 
same subject, this study illustrates the importance of validating any expected genotype 
and monitoring any mosaicism in the gene of interest both in the fibroblast population 
before reprogramming and after reprogramming. As with the Rett syndrome study, 
any X-linked gene should also be monitored for X-inactivation, which can be altered 
during reprogramming but should be stable in clonal iPSC lines [4, 5]. Upon differen-
tiation of the FXS hiPSC lines, morphological differences have been observed in FXS 
neurons that exhibit fewer neuronal processes and less complex branching, a pheno-
type consistent with the role of FMRP in mRNA transport from the nucleus to the 
dendrites and activity-dependent synaptic development [3, 6]. Additional studies have 
reported differentiation deficits, as well as impairments in synaptic function and pre-
synaptic vesicle release [7–9]. A recent study used FXS hiPSC-derived neurons, as 
well as hESC-derived neurons in which the FMR1 gene had been knocked out, to 
investigate the role of FMRP in homeostatic plasticity mediated by retinoic acid sig-
naling [10]. Importantly, the authors demonstrated that this form of plasticity is pres-
ent in both hESC- or hiPSC-derived control human neurons, but compromised in FXS 
neurons. They did not, however, observe any of the overt phenotypes reported in other 
studies of deficits in differentiation and development and global synaptic dysfunction. 
Among the many methodological differences that could explain the discrepancy in 
results, the studies on homeostatic plasticity were predominantly performed in Ngn2-
induced glutamatergic neurons that were co- cultured with rodent glial cells and/or 
rodent neurons. This approach suggests a more nuanced and cell-autonomous deficit 
in FXS neurons and perhaps that more severe phenotypes can be partly rescued by 
exposure to non-mutant glial or neural populations, even from other species.
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2.2  Polygenic Disorders

In contrast to these monogenic disorders, most psychiatric disorders are polygenic. 
For disorders such as schizophrenia and bipolar disorder, there are hundreds of risk- 
associated genes that have been identified. In terms of the strength of association, 
genetic risk ranges from rare and highly penetrant variants to cumulative risk scores 
based on multiple common variants [11]. Structurally, risk variants can take many 
different forms, from discrete single nucleotide polymorphisms (SNPs) to large- 
scale copy number variations (CNVs) that include both duplications and deletions 
spanning from a few to hundreds of genes [12]. Adding further complexity, many of 
these risk variants are often associated with more than one disorder. For example, 
the 15q11.2–13.1 CNV has been associated with schizophrenia, ASD, and bipolar 
disorder [13]. Furthermore, some CNVs are associated with diametric risk for dif-
ferent psychiatric disorders based on gene dosage effects. For example, 22q11.2 
microdeletions are associated with increased risk for schizophrenia, whereas dupli-
cations are associated with ASD [14], which is similar to the diametric risk associa-
tions identified for duplications and deletions in 15q11.2 [15].

Ultimately, one of the overarching goals of hiPSC-based research is to determine 
the degree of mechanistic convergence and divergence in the etiopathology within a 
single disorder and across clinically related disorders. This is particularly true for 
polygenic disorders in which patients will likely have distinct underlying genetic 
risk profiles. For schizophrenia, two of the earliest studies to perform comprehen-
sive phenotyping of neurons differentiated from patient-specific hiPSC lines took 
different approaches to cohort selection and together were able to provide some 
information on mechanistic overlap. In one study, the investigators generated hiPSC 
lines from idiopathic schizophrenia patients [16]. Neurons generated from patient- 
specific hiPSC lines, as compared to lines generated from age- and sex-matched 
controls, exhibited several phenotypes including impaired migration, transcriptomic 
dysregulation, and synaptic deficits [16]. This study was among the first to show 
that consistent cellular phenotypes could be observed in neurons derived from a 
cohort of patients who did not share any known genetic or specific environmental 
risk factor.

Using a different strategy for cohort selection, another study focused on a rare 
mutation in DISC1, a gene that has been implicated in risk for multiple psychiatric 
disorders including schizophrenia and major depression [17, 18]. This mutation was 
identified in an American family, Pedigree H, in which some family members har-
bored a four base pair deletion in DISC1. hiPSC lines were generated from family 
members both with and without the mutation, which were analyzed together with 
another control line generated from an individual outside of the family to control for 
genetic background. Several robust cellular phenotypes were observed in forebrain 
glutamatergic neurons harboring the mutation including widespread transcriptional 
dysregulation and impaired synapse development and function [19]. Strikingly, sev-
eral of the cellular phenotypes appeared to be similar to what was observed in the 

K. M. Christian et al.



241

study of idiopathic SZ patients, suggesting a mechanistic convergence of the influ-
ence of different risk factors [20].

Importantly, by focusing on a discrete mutation inDISC1 that is highly amenable 
to gene editing, investigators were able to generate pairs of isogenic cell lines by 
either correcting the mutation in patient lines or introducing the mutation in control 
lines. Investigation of these isogenic lines revealed that many of the cellular pheno-
types could be rescued by repairing the mutation or induced by deleting the four 
base pairs in DISC1 [19]. Although this study demonstrated the power of gene edit-
ing to reveal a causal relationship between a mutation and molecular/cellular phe-
notypes, it is important to note that this type of study cannot establish a causal 
relationship between a mutation and a specific disease, and that a direct mapping of 
cellular phenotype to clinical presentation of symptoms is unlikely. Even mono-
genic disorders are still considered heterogeneous at the level of gene expression 
and clinical symptomatology, illustrating the principle that even when a causal 
mutation and consistent cellular phenotypes have been identified, there can still be 
variability in how the disease manifests among individuals, likely involving other 
environmental, genetic, and epigenetic factors.

Ideally, to determine the causal role of any sequence variant in dysregulated 
cellular processes, it would be best to generate isogenic lines through targeted 
gene editing to either repair disease hiPSC lines or introduce the mutation in 
control lines and to show that the genotype is both required and necessary for the 
given phenotype. Focal- or mono-genetic variants with high penetrance are much 
easier to model with advanced gene editing strategies such as the recently devel-
oped CRISPR/CAS technologies. For disease-associated CNVs or high-risk 
polygenic scores affecting multiple genes, while it is relatively easy to generate 
hiPSC lines directly from patients that express the same genetic changes, it is 
nearly impossible to correct or introduce the variation in its entirety using cur-
rent techniques, particularly for large CNVs that span hundreds of genes and 
diseases with polygenetic factors. On the other hand, manipulating a single gene 
within the CNV or a SNP is much more feasible, which may pinpoint the causal 
gene or genes for any observed cellular phenotype. There has been some success 
in identifying a single gene that may preferentially contribute to certain cellular 
phenotypes relevant to developmental disorders. For example, hiPSCs generated 
from the 15q11.2 microdeletion CNV carriers encompassing only four genes 
were differentiated toward a glutamatergic cortical lineage and deficits were 
observed in the earliest stages of development in the neural progenitors, which 
expressed aberrant adherens junctions and defects in apical polarity [21]. The 
authors identifiedCYFIP1 as the gene within the 15q11.2 CNV that was respon-
sible for the phenotype. This type of structural deficit in cortical progenitors 
could lead to dysregulated formation of the cerebral cortex and potentially con-
tribute to the increased variability observed in some brain regions of schizophre-
nia patients [22] as well as localized irregularities in cortical structure observed 
in ASD patients [23].
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2.3  Pharmacotherapy Response

In contrast to cohort selection based on genotype, an entirely different approach 
based on drug responsiveness was exemplified by a study in which the investigators 
generated iPSC lines from two groups of bipolar patients—those who were respon-
sive to lithium treatment and those who were not [24]. Strikingly, they observed a 
hyperexcitability phenotype in neurons that could be selectively rescued with lith-
ium, but only in the hiPSC lines derived from lithium-responsive patients. This 
finding is a remarkable illustration of how hiPSC models can capture some of the 
heterogeneity at the patient level in terms of treatment efficacy. A similar study used 
pharmacological responsiveness to selective serotonin reuptake inhibitors (SSRIs) 
to stratify patients with major depressive disorder, and found a serotonin-induced 
hyperactivity phenotype only in forebrain neurons derived from hiPSCs generated 
from patients who were resistant to SSRI treatment [25]. This “top-down” approach 
to patient stratification based on drug efficacy and treatment response has proven to 
be a fruitful strategy that has suggested the presence of basal differences in neuro-
modulatory pathways in a subset of patients, or selective rescue of phenotypes by a 
drug in cells derived from drug-responsive patients. Both of these open the door for 
hiPSC-based diagnostic screening and the potential to move toward a personalized 
medicine approach to better predict effective treatments for individuals.

In sum, these studies provide key examples of the importance of subject selec-
tion when designing an iPSC study of psychiatric disorders, regardless of whether 
2D and/or 3D culture conditions will be used. For studies based on genetic variants, 
these should be verified before and after reprogramming and the possibility of iso-
genic controls should be considered when possible to allow for causal studies link-
ing gene function to cellular phenotypes.

3  2D Models and Directed Differentiation

Following cohort selection, another important decision to be made when design-
ing an hiPSC study is the cell type to be investigated. One of the key advantages 
of using 2D models is the ability to generate relatively homogenous populations 
comprised of a desired cell type (Fig. 1a). The earliest studies were not focused on 
generating highly specific cell types, but rather used less restrictive differentiation 
protocols to achieve populations enriched for a particular neurotransmitter sub-
type such as glutamatergic neurons. Typically, differentiation relies on introduc-
ing the same signaling molecules that are present during early development to 
pattern cells toward lineages of different germ layers and then specific tissues and 
regions [26]. Targeted differentiation protocols have dramatically improved since 
the introduction of hiPSC technology; however, achieving 100% purity for any 
specific cell type is still a challenge for the whole stem cell field. The success in 
generating a “pure” population of a particular cell type also depends on how the 
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cell type is defined. For example, there are protocols that produce highly enriched 
populations of forebrain glutamatergic cortical neurons up to ~90% [19]. But this 
glutamatergic population is comprised of different subsets of cells expressing 
markers of individual cortical layers, which may have functionally different prop-
erties relevant to the disorder under investigation. Similarly, there are efficient 
protocols for generating GABAergic neurons, but protocols for generating a spe-
cific subtype of GABAergic cell, e.g. parvalbumin- or somatostatin-expressing 
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Fig. 1 2D and 3D cultures offer different advantages for modeling biological processes relevant 
to psychiatric disorders. 2D cell cultures allow for targeted differentiation of highly enriched popu-
lations of specific cell types (a) with efficient protocols and reproducible results; (b) cells can be 
timelocked during the differentiation process to perform assays in homogenous populations at 
specific developmental stages; (c) 2D cultures are amenable to scaling up to produce large quanti-
ties of cells and for high-throughput phenotypic assays; 3D organoid cultures allow for the self- 
directed fate specification of multiple cell types (d); (e) recapitulation of neural structures of 
specific brain regions; and (f) rudimentary modeling of neural circuits and axonal targeting
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neurons, are less well developed [27]. Advances in single cell biology are also 
beginning to reveal that there may be even more granularity in the potential clas-
sification of cells that are identified and cross- validated by transcriptomic, mor-
phological, and/or electrophysiological analyses [28, 29]. Further complicating 
the picture is the fact that there seems to be a dynamic component to neurotrans-
mitter expression and a switching phenomenon that can occur in the developing 
and adult brain [30]. Despite these caveats, monolayer cell cultures are the most 
efficient method to produce large quantities of relatively pure populations of tar-
get neural cell types for phenotypic analysis.

3.1  Cell-Type-Specific Phenotypes

Using a 2D approach, there have been several key findings in the field of hiPSC- 
based modeling revealing robust cell-type-specific phenotypes associated with par-
ticular disorders that have both provided data to support existing hypotheses and 
generated new mechanistic hypotheses based on unexpected biological insights. For 
schizophrenia, early studies such as those described above largely focused on excit-
atory glutamatergic neurons and observed several overlapping phenotypes related to 
synaptic plasticity and development. In addition, consistent transcriptional dysregu-
lation was observed in cortical excitatory neurons from multiple patient hiPSC lines 
with a mutation in DISC1, consistent with its role as a hub of a large protein inter-
actome with hundreds of binding partners, including transcription factors [19, 31]. 
Interestingly, a recent study identified cell-type-specific DISC1 interactomes with 
enrichment for distinct biological processes in neural progenitor cells and astrocytes 
differentiated from control iPSCs [32]. Cell-type-specific phenotypes had also been 
probed and compared between excitatory and inhibitory neurons from idiopathic 
schizophrenia patient iPSCs. For instance, the protocadherin pathway was identified 
as a locus of dysregulated gene expression only in GABAergic interneurons, but not 
in glutamatergic neurons [33]. Dysregulation of this pathway resulted in deficits in 
dendritic arborization and synapse development of interneurons, a result that was 
further validated with grafted human interneurons in the mouse cortex as well as in 
postmortem brain tissue [33].

Targeting brain regions and cell types implicated in cognitive impairments 
common to psychiatric disorders has led investigators to also focus on the hip-
pocampus. The hippocampus is a critical site for many forms of learning and 
memory and is comprised of three canonical subregions, CA1, CA3, and dentate 
gyrus, which form a trisynaptic loop, as well as afferent connections from the 
entorhinal cortex and efferent projections to other cortical and subcortical 
regions. Subregion-specific differentiation protocols have been developed for 
both dentate gyrus [20] and CA3 neurons [34], allowing for the identification of 
cell-type-specific phenotypes, as well as co-culture systems that can begin to 
model one of the synaptic connections within the trisynaptic circuit. Selective 
deficits in spontaneous and evoked activity were observed in the idiopathic 
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schizophrenia patient-derived CA3 cells [34], which also impacted synaptic 
activity in DG-CA3 co-cultures. In addition to finding a cell- type- specific defi-
cit in this schizophrenia cohort, this study also demonstrates the possibility that 
some aspects of neural circuitry can be modeled in 2D cultures. Together, these 
studies reveal a context-dependent complexity of molecular and cellular pheno-
types and we should be cautious when interpreting data from cell cultures with 
mixed neural cell populations.

3.2  Differentiation as a Phenotype

It is also important to recognize that aberrant differentiation itself may be a pheno-
type that could contribute to disease-relevant pathology. Brain imaging studies, for 
example, have reported a progressive reduction in both gray and white matter in 
schizophrenia patients [35, 36], suggesting that there may be increased neurodegen-
eration but also a deficit in the oligodendrocyte population contributing to the white 
matter volume. When comparing imaging results and hiPSC lines generated from 
six schizophrenia patients and age-matched healthy subjects, reduced white matter 
volume in vivo was correlated with less efficient differentiation of oligodendrocyte 
progenitors and overall fewer oligodendrocytes generated from the schizophrenia 
patient hiPSC lines [37]. This study demonstrates the value of targeted differentia-
tion of a specific cell type to test a hypothesis based on patient observations. And 
this type of focused and hypothesis-driven investigation of a specific cell type is 
more tractable in homogeneous 2D cultures.

Cell-type-specific differentiation deficits have also been observed in hiPSC 
models for Timothy syndrome, a developmental disorder affecting heart, digit 
formation, and other physiological systems, as well as the nervous system, and is 
caused by mutations in CACNA1c. CACNA1c is a gene encoding the voltage-
dependent cardiac L-type calcium channel and has been implicated as a risk fac-
tor for several psychiatric disorders, including schizophrenia and bipolar disorder. 
There is also a high co-morbidity of Timothy syndrome with ASD [38]. After 
differentiating Timothy syndrome hiPSCs toward a neural lineage, a differentia-
tion phenotype was observed in the numbers of cortical neurons derived from the 
Timothy syndrome hiPSCs that expressed deep vs upper-layer cortical markers 
[39]. Specifically, there was an increase in cells expressing upper-layer markers, 
at the expense of cells expressing SATB2, a lower-layer marker that also identi-
fies callosal projection neurons. This observation suggests that there may be a 
shift in the ratio of neurons projecting to subcortical vs callosal structures related 
to Timothy syndrome. Although this study was performed in 2D cell cultures, it 
may still provide clues as to potential structural changes in 3D brain architecture 
and indeed is consistent with several imaging studies of ASD patients showing 
reduced volume of corpus callosum but increased volume of frontal lobe cortical 
thickness [40].
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3.3  Optimization of Differentiation Protocols in 2D

Efforts are ongoing to develop better differentiation protocols to generate highly 
enriched populations of neural cell types relevant to psychiatric and neurological 
disorders. Moving beyond the glutamatergic cortical neurons that were the focus of 
many of the early studies using patient hiPSCs, investigators are now targeting other 
neurotransmitter cell types and various brain regions that may contribute to specific 
symptomatology in patients. Targeted differentiation of dopaminergic neurons has 
been the focus of many groups due to the selective degeneration of this cell popula-
tion in Parkinson’s disease [41–43]. But it is well established that dopaminergic 
signaling is also altered in psychiatric disorders such as schizophrenia and addic-
tion, and many antipsychotic drugs used in clinic target the dopamine system [44]. 
Thus, improved protocols to generate this type of neuron may shed light on the 
cellular phenotype and mechanisms underlying psychiatric disorders, as well as 
additional treatments. Likewise, there are focused attempts to optimize differentia-
tion protocols to obtain relatively pure populations of GABA-expressing cortical 
neurons that arise from the medial ganglionic eminence in the ventral forebrain, a 
neural cell type affected in many disorders [45, 46]. In general, differentiation from 
hiPSC cultures follows the same relative timeline during human fetal brain develop-
ment and GABAergic cells can take many weeks or months to differentiate in cul-
ture. Moreover, the efficiency is still relatively low for some of the latest appearing 
interneuron subtypes, such as parvalbumin-expressing neurons, a subtype that has 
been associated with excitatory–inhibitory balance and several psychiatric disorders 
including schizophrenia, bipolar disorder, and ASD [47, 48]. Other cell types that 
are currently being targeted for directed differentiation include hypothalamic neuro-
peptidergic neurons [49–51], cholinergic neurons [52], and various glial cell types 
[53]. With advanced differentiation protocols, hiPSC-based disease cellular models 
will provide a powerful system to characterize cell autonomous effects as well as 
cell-type-specific molecular and cellular changes that might contribute to disease 
pathology, to identify cell-type-specific biomarkers, and to specify the targets of 
drug action. Moreover, it is also possible to model simple neural networks when 
multiple neural cell types and glial cells are co-cultured.

4  Scalability, Screening, and Homogeneity

Another distinct advantage of iPSC-based 2D cell culture systems is the ability to 
scale up and generate large populations of neurons of a specific cellular age that can 
be grown in a higher-throughput format (Fig. 1c). This is advantageous for both 
diagnostic screening to identify phenotypes among several iPSC lines as well as for 
hypothesis-driven or unbiased screening of large compound libraries to rescue 
established phenotypes for drug discovery.
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With respect to standardizing the culture conditions and cells, a major advantage 
of 2D cell cultures for large-scale screening is the fact that it is easier to synchronize 
cells during proliferation, differentiation, and postmitotic maturation. Antimitotic 
agents can be applied to block cell division and eliminate progenitor cells before 
reseeding to establish a postmitotic population for further differentiation. This abil-
ity to initiate a timestamped differentiation process and expose all cells in a mono-
layer to culture conditions equally allows for targeted investigations of specific 
stages of neuronal development at the population level (Fig. 1b). For example, one 
critical stage of neuronal development involves a change in the ratio of KCC2 (chlo-
ride exporter) to NKCC1 (chloride importer), and thus intracellular chloride levels, 
which mediates a polarity switch in GABAergic signaling from hyperpolarizing to 
depolarizing. In a Rett syndrome study, neurons differentiated from hiPSCs with an 
MECP2 mutation exhibited a deficit in the expression of KCC2 [54]. As a result of 
the sustained low levels of KCC2 expression in these MECP2 mutant neurons, 
GABA remained hyperpolarizing in these cells, reflecting aberrant neuronal matu-
ration and a potential locus for widespread dysfunction caused by an excess of 
depolarizing GABA during an early critical period of development. Observation of 
this particular phenotype is greatly facilitated in 2D cultures in which the entire 
population of cells should be maturing at approximately the same time, making it 
easier to identify aberrations in developmentally and temporally regulated processes.

Once a clear and reproducible cellular phenotype has been discovered, unbiased 
screens to rescue the phenotype can be performed and effective hits could provide 
clues to the underlying biology and mechanisms. As a proof of principle for high- 
throughput drug screening on cellular phenotypes, a recent study using high-content 
imaging identified 108 compounds out of a library of over 4000 that modulate neu-
rite growth [55]. Alternatively, screens can be performed to identify compounds that 
can modulate the expression of the target gene or a specific pathway linked to dis-
eases. For example, among prominent risk genes associated with ASD, SHANK3 
has received attention because it encodes a scaffold protein that is highly expressed 
at the postsynaptic density and is also one of the genes affected by 22q13.3, or 
Phelan-McDermid deletion syndrome. One study employed a two-step approach to 
first identify compounds that increased SHANK3 expression in neurons differenti-
ated from embryonic stem cells, which were then functionally validated in neurons 
derived from patient-specific hiPSCs with a SHANK3 haploinsufficiency [56]. This 
study highlights the potential utility of disease-relevant cellular models for develop-
ing specific disease-modifying treatments. A high-throughput screen has also been 
carried out to identify compounds that would increase FMRP expression in FXS 
patient cells, potentially by reversing the epigenetic silencing of the FMR1 gene 
[57]. Using a fluorescence resonance energy transfer assay, several compounds, out 
of a library of approximately 5000, were identified that led to modest increases in 
FMR1 mRNA. While the increase was below the threshold of clinical relevance, the 
study demonstrated how unbiased screens may be useful to identify novel modula-
tors of target pathways.
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5  3D Models and Neural Architecture

Although the 2D cellular models described above have led to exciting breakthroughs 
and novel biological insight, there are clear limitations of this approach in modeling 
the cellular heterogeneity, neural architecture, and interconnected networks that are 
likely to be critical for understanding the mechanistic bases of psychiatric disorders. 
Several years after the initial study showing that adult somatic cells could be repro-
grammed to pluripotency, laying the foundation for hiPSC-based disease modeling, 
a pioneering study published new methodology for generating complex 3D struc-
tures from self-organizing hiPSCs grown in a spinning bioreactor [58]. This initial 
report showed that this specialized culture condition led to the formation of 3D 
organoids that acquired structural properties reminiscent of different brain regions 
and related tissues. Using a limited differentiation protocol, these early organoids 
were allowed to follow intrinsic and stochastic patterning signals to generate dispa-
rate cell types and heterogeneous structures within a single organoid. Self- 
organization is a hallmark property of organoids and confirms the importance of 
cell–cell interactions in modulating the intrinsic capacities of cells to adopt particu-
lar fates and migration patterns (Fig. 1d). This exciting new technology develop-
ment showed the promise of generating diverse cell types of neural tissue but it was 
difficult to predict which structural arrangements would emerge in each experiment. 
Whereas 2D cell culture approaches typically emphasize homogeneity allowing for 
targeted investigations of a single cell type, 3D organoid approaches promote cel-
lular diversity and heterogeneity, as a function of the self-directed fate specification 
of progenitors and their progeny within a developing system. This reliance on self- 
organization introduces variability not only across hiPSC lines but also among 
organoids from the same line grown under the same conditions. Mechanistic stud-
ies, however, benefit from reproducibility and organoids present a unique challenge 
to ensure unbiased selection of sample regions for quantification and sufficient con-
sistency to identify robust phenotypes and perform drug screens.

Since the initial reports showing highly heterogenous compound tissue organ-
oids, many research groups have made concerted efforts to guide organoid differen-
tiation toward specific brain regions of interest for use as models to investigate 
specific brain disorders [59, 60] (Fig.  1e). Among the first brain-region-specific 
organoids to be extensively characterized was a model of the developing neocortex 
[61]. At the time, it proved to be an optimal model to investigate microcephaly, 
which was the focus of global health crisis related to the reemergent Zika virus. 
Several other brain-region-specific models have since emerged including models of 
the cerebellum [62], hippocampus [63], midbrain [60, 64, 65], motor nerves with 
associated axon fascicles [66] and even assembloids, fusion of two brain-region- 
specific organoids [67, 68].

In addition to brain region specificity, organoids are also better suited to model 
some of the gross structural abnormalities associated with various psychiatric disor-
ders, such as changes in brain volume observed in imaging studies of patients. For 
example, some of the reciprocal chromosomal rearrangements in CNVs in which 
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both microdeletions and duplications have been associated with increased risk for 
psychiatric disorders have also been associated with reciprocal differences in brain 
volume. For CNVs such as 22q11.2, 15q11.2, and 16p11.2, an inverse correlation 
between gene dosage and brain volume in select brain regions has been observed 
[14, 69, 70]. Taking advantage of the organoid model, a recent study tested a spe-
cific hypothesis regarding brain volume abnormalities focused on the 16p13.11 
microduplication CNV [71]. In a small group of patients with the 16p13.11 CNV, 
magnetic resonance imaging revealed a decrease in cortical volume. Strikingly, cor-
related to the imaging studies, smaller overall volumes were observed in cerebral 
organoids generated from those patients’ hiPSCs, compared to those from unaf-
fected family control hiPSCs. In addition, aberrant orientation of radial glial pro-
genitors and deficits in neural progenitor cell proliferation were observed. After 
identifying dysregulation of the NFκB p65 pathway through transcriptomic analy-
sis, pharmacological and genetic rescue targeting this pathway was able to amelio-
rate the proliferation phenotype. Therefore, well-designed experiments using the 
right approach to investigate specific phenotypes observed in patients, in this case 
using organoids to evaluate structural deficits, can lead to new biological insight and 
targets for drug discovery even from a small cohort of patients.

6  Spatiotemporal Influences on Epigenetics 
and Epitranscriptomics

In addition to the risk-associated genetic variants that may be associated with the 
etiopathology of various psychiatric disorders, we are just beginning to understand 
the degree to which gene expression can be dynamically modulated by environmen-
tal factors, epigenetic regulation, gene–gene interactions, and chromosomal archi-
tecture, as well as post-transcriptional [72] and post-translational modifications. All 
of these factors interact to further define the dynamic landscape of protein expres-
sion in a brain region and cell-type-specific manner and can influence susceptibility 
to psychiatric disorders. Brain-region-specific epigenetic profiles have been associ-
ated with psychiatric disorders and trait heritability [73], and cell-type-specific 
chromosomal conformations, for example, have been shown to be associated with 
schizophrenia risk loci in differentiating progenitor cells [74]. This complexity 
makes it extremely challenging to identify individual risk profiles and dissect the 
relative contributions of each component to the emergence of pathology and symp-
tomatology. Brain organoids offer a more holistic approach to modeling the forma-
tion of neural systems and provide a platform to interrogate non-cell autonomous 
influences on the molecular dynamics of developmental processes. In comparison to 
fetal brain tissue at different gestational ages, brain-region-specific organoids can 
recapitulate transcriptional [61] and epigenetic signatures of fetal brain develop-
ment [75], allowing for targeted investigations of early critical windows for long- 
lasting changes in gene expression.
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7  Neural Systems as a Therapeutic Target

It has long been appreciated that the specific patterns of connectivity among neu-
rons are fundamental to brain function. Indeed, several symptomatic domains are 
thought to involve anatomically distributed neural systems, such as the cortico- 
striatal- thalamic loops that are implicated in major depressive disorder, obsessive 
compulsive disorder, and substance abuse disorders [76]. Delineating relevant 
pathology in terms of neural circuits may be a better approach to understanding the 
cell and region-specific biological processes that play a causal role in psychiatric 
disorders, but these systems are more difficult to model in vivo due to potential 
species-specific differences and are also difficult to address therapeutically. Most 
pharmaceutical interventions will have off-target effects arising from the impact of 
drugs on functionally distinct systems that share a common molecular substrate. We 
need better strategies to target specific brain areas or to define a neural system in a 
way that distinguishes it from other circuitry. Although still in the early stages of 
protocol development, 3D cultures hold the promise of being able to dissect cir-
cuitry that may facilitate the development of rationally designed circuit-specific 
therapeutics.

However, we need to first be able to model components of neural circuitry, 
including accurate targeting of afferent and efferent projections of appropriate cell 
types. A major step in this direction are the recent studies showing that organoids, 
or neural spheroids, can be patterned to either a dorsal forebrain (pallium) or ventral 
forebrain (subpallium) identity and then assembled together to model the environ-
ment during fetal brain development when interneurons from the subpallium 
migrate and integrate into cortical circuits in the pallium [67, 68, 77]. These “assem-
bloids” can approximate early migration events during fetal development and 
potentially reveal new phenotypes that would not be observable when analyzing 
region-specific organoids alone (Fig. 1f). Future studies may demonstrate the feasi-
bility of fusing more mature brain regions together to model circuitry in the 
adult brain.

An alternative strategy to evaluate targeting and integration of hiPSC-derived 
neural cell types with appropriate presynaptic and postsynaptic partners is to trans-
plant organoids to animal models to assess long-term survival, maturation, and 
 integration. hiPSC-derived cerebral organoids transplanted to a cortical region in 
the mouse brain can survive for several months and show signs of successful inte-
gration into the local circuitry, including extensive axonal growth and evidence of 
presynaptic targeting of synapses on neurons in the host brain [78]. Importantly, 
these organoids became vascularized within the host brain, allowing circulating 
molecular signals to reach to the inner core of the organoid, which may promote 
long-term survival and maturation.

One challenge in the capacity of organoids to model relevant properties of neural 
systems is the inclusion of all relevant cell types. Following the same temporal 
sequence of cell type differentiation in human brain development, glial cells and 
inhibitory interneurons also emerge later in the developmental trajectory of hiPSC- 
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derived brain organoids. To achieve a more representative distribution of cell types 
that exist in the mature brain, organoids must be cultured for longer periods of time, 
which is still a challenge. Efforts to encourage differentiation of astrocytes and oli-
godendrocytes in 3D cultures have been promising [79, 80]. As opposed to cell 
types that may arise from the same progenitor population and emerge at different 
timepoints, other critical populations may arise from a different embryonic origin 
and need to be co-cultured together with the organoids. Among these populations, 
microglia have garnered significant attention because these cells are the resident 
macrophages of the central nervous system. As resident immune cells, microglia are 
essential to model features of the neuroimmune axis that are not only important for 
infectious disease but are increasingly appreciated for their role in mediating long- 
term effects of stress and other factors that may contribute to psychiatric disorders 
[81]. Several groups have developed differentiation protocols for hiPSC-derived 
macrophages and microglia, which can be co-cultured in both 2D and 3D platforms 
[82] to better model the intact physiological environment.

8  Challenges and Future Directions

A theme that is emerging from the application of new technologies such as single 
cell biology and machine learning is that as we increase both the size of our datasets 
and the resolution of our analytical methods, some of the traditional categorical 
distinctions we have relied on for classification may be more fluid than previously 
thought. This can impact our understanding and investigation of psychiatric disor-
ders at multiple levels. At the clinical level, there has been a growing movement to 
reconsider clinical diagnostic categories. In 2009, the NIMH proposed a new frame-
work for the investigation of mental disorders based on Research Domain Criteria 
(RDoC). Currently, there are six recognized domains of human function that cover 
cognitive, social, and sensorimotor behaviors as well as affective and motivational 
states. The idea behind these domains is to provide another mode of interpretation 
for the constellation of symptoms exhibited by a patient, not to supplant the tradi-
tional diagnostic criteria. Although there are ongoing debates among clinicians 
about how and whether to implement this approach in the clinic [83], the RDoC 
framework can be informative in the design of iPSC studies during patient and 
cohort selection, or in trying to stratify and compare results across studies. At the 
cellular level, there is growing evidence that many of the bedrock criteria tradition-
ally used to determine cell identity may be insufficient to distinguish among func-
tionally discrete populations. Because organoids rely, at least in part, on 
self-organization to generate multiple constitutive cell types for a specific brain 
region, this approach can be less subject to bias about the importance of particular 
cell types. Organoids may be particularly useful for the identification and classifica-
tion of human neural cell types based on single cell sequencing, morphology, and 
electrophysiological analyses in a more physiologically relevant context [84].
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Defining, and achieving, cellular maturity is another challenge for the field. An 
important question is the extent to which organoids that recapitulate early brain 
developmental processes can also represent properties of a fully mature brain. For 
example, some organoid models have been shown to highly correlate with human 
fetal brain development at the structural, transcriptional, and epigenetic levels 
through the second trimester. These models may be able to capture dysregulation of 
early developmental processes that lead to the aberrant formation of neuronal net-
works, which could effectively form a neural substrate for increased susceptibility 
to psychiatric disorders. Indeed, there is an increasing appreciation for the idea that 
there is a developmental component for the majority of psychiatric disorders, which 
makes a developmental model highly relevant, even for later onset disorders. To 
identify effective therapies for adults, though, it is important to ask whether these 
approaches can also model features of the adult brain. Studies using treatment 
responsivity to stratify patient selection and identify cellular phenotypes suggest 
that 2D platforms may be an effective tool to generate populations of cells that can 
be used in diagnostic and therapeutic screening for adult patients. For organoids, 
although the global structure and transcriptional profiles mirror early brain develop-
ment, this stage of development is also a period of heightened synaptogenesis and 
dendritic remodeling, which remain as core features of synaptic plasticity through-
out life. As a model of disease-relevant biological processes, the 3D system can 
provide mechanistic insight into dysregulated plasticity that can affect neural func-
tion in the adult brain.

For both 2D and 3D hiPSC models of psychiatric disorders, it will become 
increasingly important to model the effects of environmental factors to approximate 
gene–environment interactions. Perturbagens may reveal risk gene-associated defi-
cits in intracellular pathways in response to stress or inflexibility at the cellular or 
network level. Environmental factors may include exogenous toxins, drugs of abuse, 
or aberrant levels of endogenous hormones or neuromodulators. In addition to iden-
tifying biological processes that are affected at the cellular level by risk gene vari-
ants, there may be additional phenotypes that emerge in the presence of both a 
risk-associated mutation and exposure to an environmental stressor. And conversely, 
there may be some hiPSC lines that are not affected by the exogenous stressors, 
suggesting a resilience that could be investigated mechanistically. Finally, future 
studies should consider the possibility of sex differences when selecting a patient 
cohort and analyzing the data. Thus far, most studies have not reported any 
 differences in cellular phenotypes in neural cells derived from male or female hiPSC 
lines, but sample sizes are typically small and some phenotypes may require a larger 
cohort size to detect. And given the literature on sexually dimorphic circuitry under-
lying different disorders and symptomatic domains, which can be further modulated 
by stress [85, 86], differences may be more likely to emerge at the structural level, 
which could be easier to detect in 3D cultures.

In sum, 2D and 3D cellular platforms from patient hiPSCs can provide comple-
mentary, and potentially confirmative, data to study psychiatric disorders. 2D cul-
tures are advantageous when investigating a known specific cell type, scaling up for 
higher-throughput phenotypic or drug screens and for generating more mature neu-
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rons. 3D organoids, on the other hand, facilitate the investigation of specific brain 
regions over single cell types and can model features of neural structure, neuronal 
migration, and axonal targeting and interactions between different brain regions, to 
some extent. Both platforms are valuable and can be used at different stages of the 
investigation depending on the current state of knowledge about the biology of the 
disorder, the particular cohort being studied, and whether specific hypotheses are 
being tested or a more unbiased approach to discovery is warranted.
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