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1 Introduction

Human induced pluripotent stem cells (iPSCs) are, in a nutshell, a type of pluripotent stem cell that have been artificially

derived (i.e., induced or “reprogrammed”) from amature (i.e., post-differentiated, non-pluripotent) human cell. Their major

conceptual and practical advance over previously available stem cell technologies is their capacity to be derived from non-

embryonic human tissue—that is, iPSCs can be derived from many types of cells that are easily obtained from adult human

volunteer donors—thus unexpectedly demonstrating that fully mature adult cells can be “reversed” or “reprogrammed” to

behave like embryonic stem cells capable of developing into all cell types of the body, and also significantly ameliorating

ethical concerns of embryonic stem cell technologies in the process. This discovery has revolutionized medical research,

and earned the 2012 Nobel Prize in Physiology or Medicine for its inventor Dr. Shinya Yamanaka, and his predecessor

Dr. John B. Gurdon, who paved the way in 1962 by successfully cloning a frog using the nucleus from an adult frog cell

inserted into a frog egg cell, thus showing that mature adult cells contained all the information necessary for creating any

cells of the organism (Gurdon, 1962; Takahashi et al., 2007; Takahashi & Yamanaka, 2006). That all of the work to be

described here has occurred since Takahashi and Yamanaka’s (2006) pioneering and Nobel prize winning discovery of

iPSC techniques is a testament to just how rapidly this field has grown, and how important it is to personalized psychiatry

and medicine in general (Papapetrou, 2016).

This chapter will begin with a historical and contemporary overview of the importance of iPSC methods and technol-

ogies to personalized psychiatry, followed by a discussion of some of the challenges and opportunities for their application

to personalized psychiatry and medicine. Next we will provide a focused exploration of how iPSC technologies have thus

far been used to model and better understand psychiatric diseases, and finally, we will close by addressing what we consider

to be the key needs and opportunities for maximizing the impact of iPSC research and technology on personalized

psychiatry.
1.1 Psychiatry needs precision medicine

All disease therapies benefit from advances in precision medicine, but psychiatry is one of the medical fields that may need

it the most. The etiology of psychiatric disorders lies in a dynamic combination of genetic predispositions, epigenetic

factors, and brain plasticity. Despite decades of efforts to categorize psychiatric disorders to improve and standardize treat-

ments (e.g., diagnostic and statistical manual of mental disorders, DSM-V), each psychiatric disorder is most accurately

described as a spectrum. The severity and diversity of psychiatric symptoms are unique to individuals, and require person-

alized treatments.

Individual genetic predispositions result in vast phenotypical changes that require specific therapeutics. These findings

have led to the pursuit of precision medicine and pharmacogenomics. The concept of personalized medicine is rooted in the

idea that individuals possess unique genetic, epigenetic, physiological, and molecular predispositions, and therefore

patient-tailored interventions are required for the optimal care of patients, and also to accurately evaluate novel treatment

outcomes in clinical trials. With rapidly increasing accessibility to DNA sequencing and proteomics analysis, precision
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medicine is already becoming routine clinical practice in several areas of medicine, including oncology (Gil, Laczmanska,

Pesz, & Sasiadek, 2018; Schilsky, 2010). Currently, the majority of personalized medicine revolves heavily around symp-

tomatic and DNA profiling. Patient-centric neural cell reprogramming approaches provide new opportunities to implement

precision medicine, and may prove particularly useful in brain disorders. This method can take into consideration patients’

genetic variations, helping us to elucidate the dynamic links between genotype, clinical phenotypes, and neuronal pheno-

types in psychiatric disorders. Herein we examine the use and future of cell reprogramming technologies, specifically

iPSCs, for personalized psychiatry.

Moreover, a difficult challenge in treating psychiatric disorders today is the high degree of variability in drug efficacy

among patients. Despite the availability of a broad range of pharmacological interventions, the heterogeneous nature of

these disorders, along with individual variabilities, result in inconsistent patient outcomes. Trial and error strategies for

identifying effective drugs for patients are standard practice, and it can take months or years to figure out appropriate

treatment regimes. Given the rates of non-compliance and the high-risk nature of some patients with psychiatric disorders,

an extended unmedicated (or suboptimally medicated) time frame may have hazardous consequences (Bockting et al.,

2008; Weich, Nazareth, Morgan, & King, 2007). Inappropriate treatment for an individual may trigger adverse side effects

without significant improvement in symptoms (Kane, Kishimoto, & Correll, 2013; Lim et al., 2012; Liu-Seifert, Adams, &

Kinon, 2005). Ineffective therapeutics also exacerbate economic and societal burdens. The advent of high-throughput

genomic analysis has identified a large amount of inter-individual variation, and highlighted the importance of considering

a patient’s genetics to guide the choice in treatment.
1.2 Limitations of existing (non-iPSC) models

Our current understanding of psychiatric disorders relies heavily on research performed in post-mortem patient brains and

animal models, which, despite clear demonstrated values, have significant shortcomings. Human post-mortem brain tissue

only offers a glimpse into the late stages of a disease, and reveals little of the dynamics or pathogenesis. Animal models

provide valuable insights into the disease pathogenesis, and have been useful in ascertaining the function of particular

causal genes and cellular signaling pathways; however, there is a clear gap between the neurobiology of rodents and

humans, particularly at the psychiatric level (Kaiser & Feng, 2015). Psychiatric symptoms arise from aberrant high order

functioning, or dysfunction in limbic processing, and few symptoms can be outwardly observed and quantified, which

makes accurate diagnosis challenging in humans, and arduous to transpose to rodents. Furthermore, psychiatric disorders

rarely originate from a monogenic cause. Instead, they typically arise from several genetic mutations that synergistically

drive or predispose the underlying pathophysiology (Gratten, Wray, Keller, & Visscher, 2014). Multigenic diseases are

hard to recapitulate in animal models. Because of the shortcomings in past experimental models, slow progress has been

made in translating basic neurobiological findings to improve patient outcomes in psychiatry. New assays of personalized

neuronal tissue, generated from patient-derived iPSCs, provide unprecedented opportunities to overcome the limitations of

animal and postmortem models.
2 iPSC-derived neurons for personalized psychiatry: Opportunities and challenges

2.1 Genetics, epigenetics, and iPSCs in psychiatric disease

Our fundamental understanding of the biological mechanisms underlying psychiatric disorders remains tenuous. To this

date, the field of psychiatry still endures slow translational advances with minimal effective treatments available. Today’s

most widely used antipsychotic drugs, such as chlorpromazine and haloperidol, were the result of serendipitous findings

more than 60years ago, rather than a detailed understanding of the pathophysiology of psychosis (Baumeister, 2013;

Preskorn, 2007; Watmuff et al., 2016). However, progress in human genomics provides new insights into the biological

roots of psychiatric diseases, and has established links with multi-genic polymorphisms (Glatt & Lee, 2016; Licinio &

Wong, 2011; Reynolds, McGowan, & Dalton, 2014; Wong, Dong, Andreev, Arcos-Burgos, & Licinio, 2012; Wong,

Dong, Maestre-Mesa, & Licinio, 2008; Xia et al., 2018). The genetic burden associated with the risk factors for developing

a psychiatric disorder may vary for individuals, but genetic predispositions, coupled with epigenetic influences, are

generally well accepted to constitute the initial causes of most psychiatric disorders, including major depression, bipolar

disorder, autism, and schizophrenia (Gratten et al., 2014; McGuffin et al., 2003; Plomin, Owen, & McGuffin, 1994;

Sullivan, Kendler, & Neale, 2003). An in-depth understanding of genomic studies is very important, and strongly tied with

the use of iPSCs, because the value of iPSC models relies on the presence of genomic predispositions captured in the cells

that contain the full genetic background of the donor. Using monogenic mutant cell lines, or animal models with isogenic
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FIG. 1 Generating live human brain tissue with cell reprogramming technologies. Individual-specific neuronal cells can be generated through iPSC

reprogramming or via direct conversion. Somatic cells taken from patients and healthy controls can be converted to iPSCs via exposure to specific tran-

scription factors (such as Oct4, Sox2, Klf4, and c-Myc) (right-hand pathway). From this stage, iPSCs can be converted to a variety of neuronal and/or glial

subtypes based on exposure to different culture conditions. Alternatively, somatic cells taken from patient biopsies can bypass pluripotency and be directly

converted into neuronal tissue (left-hand pathway). Both pathways allow for direct comparison of neurons derived from both patients and healthy controls

in vitro in a variety of applications.
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controls, are valuable to study a variety of diseases. However, psychiatric disorders are rarely caused by a single highly

penetrant mutation. For this reason, patient-derived iPSCs are particularly attractive for experimentally harnessing the

complex genomic background of brain disorders.

However, because epigenetic factors are thought to play a significant role in psychiatric diseases, one potential disad-

vantage of iPSCs is that the epigenetic, i.e., “memory” of the cells may be “erased” during the reprogramming process (Lee,

Hore, & Reik, 2014; Nashun, Hill, & Hajkova, 2015), to varying degrees dependent upon donor cell type (Kim et al., 2011)

and methodology (Kim et al., 2010). iPSC sister technologies that allow “direct” reprogramming of somatic cells to a trans-

differentiated state without need for a pluripotent cell intermediate (Fig. 1)—e.g., the generation of functional-induced

neurons (iNs) directly from fibroblasts (Vierbuchen et al., 2010)—have been shown to maintain much of the cells’ original

epigenetic “memory” (Yang, Ng, Pang, Sudhof, & Wernig, 2011), and for these reasons may be a useful complementary

method for some personalized psychiatry applications. However, iNs are not without their own limitations and trade-offs

(discussed in Kalman, Hathy, &Rethelyi, 2016; Soliman, Aboharb, Zeltner, & Studer, 2017), as is anymodel system, and to

our knowledge they have not yet been widely applied to psychiatric research. Nonetheless, this similar technology may

have future applications in personalized psychiatry, and therefore we will touch upon it briefly herein.

2.1.1 iPSC technology, step 1: Reprogramming of patient-derived somatic cells
to pluripotent states (iPSCs)

Embryonic stem cells (ESCs) have the potential to become any somatic cell type (Chen & Lai, 2015; Thomson et al., 1998).

However, once ESCs differentiate, they lose their pluripotent capacity. Yamanaka, Takahashi, and colleagues demon-

strated in a landmark study that adult fibroblasts could be reprogrammed into a pluripotent cellular state, which they called

induced pluripotent stem cells (iPSCs) (Takahashi et al., 2007; Takahashi & Yamanaka, 2006). Like ESCs, iPSCs possess

the ability to self-renew and differentiate into any somatic cell type. Pluripotency can be induced in biopsied cells, such as

human fibroblasts, by upregulating four key transcription factors known to have essential roles during early development:
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Oct4, Sox2, Klf4, and c-Myc. The discovery of iPSC technology has generated tremendous hope in the field of medical

research for at least two reasons: (1) iPSCs bypass some of the bioethical and practical limitations surrounding the use of

embryonic tissues and (2) unlike ESCs, iPSCs can be generated from adult individuals, such as psychiatric patients and

matched healthy subjects (Fig. 1).

Since their inception, iPSC reprogramming technologies have undergone continuous revisions and improvements,

including increases in efficacy and quality (Beers et al., 2015; Malik & Rao, 2013). Initially, retrovirus transduction

was used to upregulate the necessary factors for the cells to revert to a pluripotent state. Because retrovirus results in viral

integration into the host genome, several papers have since expanded on different methods of transduction to reduce the

genomic footprint of the reprogramming process, while maintaining or improving efficiency and reliability (Beers et al.,

2015; Carey et al., 2009; Sommer et al., 2009). For example, integration-free methods, such as the Sendai virus, plasmids,

or small molecules, are now more frequently used (Chen et al., 2013; Fusaki, Ban, Nishiyama, Saeki, & Hasegawa, 2009;

Nishimura et al., 2017). Rigorous cell quality control with the additional safeguards and optimizations may increase costs

and the length of the reprogramming process, but are essential for translational applications. Skin cell punch biopsy is most

commonly used to obtain the initial patient-derived somatic cell sample, however, other (non-skin) somatic cell types may

also be used. The choice of primary cell types might be guided by the importance of minimally invasive techniques, espe-

cially when dealing with donors suffering from paranoia and psychosis. Also, because certain cell types used for generating

iPSCs can introduce epigenetic changes that may not be reflective of patient neurons, a tradeoff needs to be evaluated prior

to each study (González, Bou�e, & Belmonte, 2011; Mertens, Marchetto, Bardy, & Gage, 2016).

2.1.2 iPSC technology, step 2: Generating neurons relevant for psychiatric disorders from iPSCs

Neuronal tissue can be generated from iPSCs with several protocols. (Herein, for simplicity, we will refer to neurons so

derived as “iPSC-neurons.”) A popular strategy consists of mimicking, in vitro, the sequence of human neural development

that occurs in the embryo and fetus, from the blastocyst (iPSC embryonic bodies), neural tube (neural rosette-like progen-

itors), and radial glia (neural glia progenitors), to the brain (neurons and astrocytes). Another widely used strategy is the

direct reprogramming of fibroblasts into neurons, which bypasses pluripotency and most neuronal developmental stages.

This latter approach (Fig. 1) significantly reduces the amount of time required to generate neurons, with a tradeoff on other

aspects that we have discussed elsewhere (Mertens et al., 2016) (see iNs in Section 2.1). Both iPSC differentiation and

direct conversion have been used to generate a variety of neuronal subtypes, including GABAergic, glutamatergic, dopa-

minergic, and serotonergic neurons, and glial cells, usually by manipulation of a few key transcription factors and signaling

pathways (Table 1). For example, we developed a protocol to differentiate serotoninergic neurons from human fibroblasts

(Vadodaria et al., 2016), because serotonergic circuits are implicated in major depression, and many other brain disorders,

but had previously been very difficult to recapitulate in vitro. Moreover, advances in stem cell protocols have allowed for

more sophisticated modeling by recapitulating the molecular signatures of various brain regions affected in disease (Arber

et al., 2015; Miskinyte et al., 2017; Sarkar et al., 2018; Shi et al., 2012; Victor et al., 2014; Yu et al., 2014). Cortical neurons

were one of the first regional models generated (Shi et al., 2012), with the cortex, particularly the prefrontal and orbito-

frontal cortices, being heavily implicated in psychiatric disorders.

Since then, several other specialized brain regions important to psychiatric disease pathology have been modeled with

iPSCs. Yu and colleagues used iPSCs to model the hippocampal dentate gyrus, which is responsible for learning and
TABLE 1 Signalling factors used for differentiation into specific neuronal cell types.

Neural cell type iPSC methods iN methods

Dopaminergic FGF2, FGF8, SHH (Ma, Liu, & Zhang, 2011) MASH1, NURR1, LMX1A (Caiazzo et al., 2011)

GABAergic ASCL1, DLX2, NKX2.1, LHX6 (Sun et al., 2016) ASCL1, DLX2 (Yang et al., 2017)

Glutamatergic RA, SMAD inhibition (Shi, Kirwan, Smith,
Robinson, & Livesey, 2012)

BRN2, MYT1L, FEZF2 (Miskinyte et al., 2017)

Serotonergic SHH, FGF4, WNT (Lu et al., 2016) NKX2.2, FEV, GATA2, LMX1B, ASCL1, NGN2 (Vadodaria
et al., 2016; Xu et al., 2016)

Astrocytes FGFs, RA, CNTF (Krencik & Zhang, 2011) NFIA, NFIB, SOX9 (Caiazzo et al., 2015)

Oligodendrocytes RA, PDGF, NT3 (Gorris et al., 2015) SOX10, OLIG2, ZFP536 (Yang et al., 2013)
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memory through adult neurogenesis, and is implicated in nearly all neuropsychiatric disorders. They accomplished this by

blocking Wnt, BMP, and TGF-β pathways (Yu et al., 2014). Like most brain structures, the hippocampus contains an

assembly of neuronal cell types. Progress in refining the neuronal reprogramming toolbox is rapidly making more

neuronal types available to study from various brain regions and subregions. For example, we recently established a pro-

tocol to generate CA3 hippocampal neurons. We then derived and cocultured CA3 and DG hippocampal neurons to

compare the synaptic connectivity of schizophrenic subjects with matched controls (Sarkar et al., 2018). Similarly,

the striatum was modeled using Activin A to drive iPSCs to become striatal projection neurons. Using direct conversion

protocols, the microRNA, miR-9/9*-124, was sufficient to drive fibroblasts to become striatal neurons (Victor et al.,

2014). Despite significant advances, differentiation protocols for many specialized regions that play functional roles

in the pathophysiology of neuropsychiatric disorders remain to be identified, including many regions within the limbic

system.
2.2 Applying iPSCs to personalized psychiatry

2.2.1 Correlating neuronal phenotypes with clinical phenotypes

The current criteria for diagnosis of psychiatric disorders are based on the DSM-V, which relies mainly on psychiatric

evaluation of the patient. Using iPSCs to generate patient neurons allows for physiological, cellular, or molecular charac-

terization of the neurons to identify known pathological characteristics or biomarkers. Over the years, there has been

considerable interest in the use of biomarkers for psychiatric disorders (Chan et al., 2014; Kalia & Costa, 2015;

Razafsha et al., 2015; Roffman, 2011; Scarr et al., 2015; Singh, Kalsan, Kumar, Saini, & Chandra, 2015; Sokolowska

et al., 2015; Wium-Andersen, Vinberg, Kessing, & McIntyre, 2017), though this has often been stifled by limited access

to relevant neuronal tissue. The use of skin biopsies to generate iPSC-neurons allows simple and minimally invasive col-

lection of tissue from affected subjects and matched healthy donors. Comparing the biological and molecular phenotypes of

patient-derived neuronal tissue with healthy tissue may help generate new diagnostic tools and advance precision medicine

for psychiatric disease (Fig. 2A).

2.2.2 Personalized investigations of the molecular neurobiology of psychiatric therapies

Neuronal tissue may also be compared among patients representing a heterogeneous spectrum of clinical phenotypes. For

example, cells from patients who have been refractory to some treatments may be used to better understand the underlying

biological reasons (Fig. 2B). The potential of such a strategy has already been demonstrated with bipolar disorder. In this

study, Mertens et al. showed that lithium was effective in reversing neuronal phenotypes in vitro, only on cells derived

from patients who were clinically responsive to lithium (Mertens et al., 2015; Stern et al., 2018). Only half of bipolar

patients see their symptoms improved by lithium therapy (Nierenberg, 2010), presumably because of diverse neurobio-

logical profiles.

2.2.3 Personalized drug screening with patient-derived neurons

The use of neuronal reprogramming technologies for personalized drug screening may revolutionize the treatment of psy-

chiatric disorders in the future. Psychiatric treatments are often associated with significant side effects. However, the main

problem is that they are only effective in treating a small percentage of subjects, and inmany cases the symptomatic benefits

of the drugs take several months to emerge. For example, the most effective available antidepressants only benefit about

30% of people experiencing a major depressive event, after approximately 3 months of treatment (Fava, 2000; Machado-

Vieira et al., 2010; Trivedi et al., 2006). The next most effective treatments have similar results. This means that it can take

psychiatrists over a year of individual trial and error on their patients to find appropriate therapeutics. Therefore, a better

system for predicting the personalized success of psychiatric treatments is of the utmost importance. Patient-derived neu-

ronal tissues provide the opportunity to perform in vitro preclinical screening of hundreds of drugs in the laboratory setting

to make evidenced-based predictions (Fig. 2C). In the future, psychiatrists may be able to use patient-tissue derived data to

guide the choice of therapy. This may prove life-saving for individuals with psychiatric disorders (Bener, Dafeeah, &

Salem, 2013; Kane et al., 2013).

2.2.4 iPSCs as cell replacement therapies in psychiatry

Another appeal of stem cell technology is the potential for cellular replacement therapies. Since their discovery, iPSC

derived cells have been heavily investigated for use in transplantation and regenerative medicine (Brederlau et al.,
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FIG. 2 Using patient-derived brain cells in-vitro for personalized medicine. (A) Correlating the clinical phenotypes of patients with their neuronal

phenotypes to produce new therapeutics and diagnostics tools. (B) Reprogrammed neurons can be used to distinguish which patients will benefit from

a specific drug (responders) to patients that show little or no benefit from treatment (nonresponders), ultimately improving efficacy of treatments. (C) High

throughput drug screening can be performed on patient- vs healthy control-derived neurons, to provide evidence-based predictions of drug benefits,

side-effects, and/or toxicity to patients.
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2006; Donegan et al., 2017; Singh et al., 2015; Southwell et al., 2014). Though neuropsychiatric disorders were not readily

considered initially, research into the roles of particular neuronal subtypes in several psychiatric disorders has shown that

neuronal loss or aberrant neuronal function are hallmark features of psychiatric disease (Heckers et al., 2002; Kida & Kato,

2015; Perry, Kish, Buchanan, & Hansen, 1979; Qiu et al., 2018). Furthermore, the unique properties of some neuronal cells

make them ideal candidates for this therapy. One example of this is using iPSCs to generate GABAergic interneurons to

then transplant into the brain of patients with schizophrenia. GABAergic interneurons have been shown to have the capacity

to reintegrate into the neural circuitry, and this approach has shown success in treating psychosis in animal models

(Donegan et al., 2017; Southwell et al., 2014; Spatazza, Mancia Leon, & Alvarez-Buylla, 2017; Tang, Stryker,

Alvarez-Buylla, & Espinosa, 2014). Though cell replacement therapy is an exciting prospect, it is rife with challenges.

In order to generate clinical grade cells for transplantation, there are several safety concerns with current techniques that

must first be addressed, including avoiding the use of oncogenes (e.g., c-Myc), and maintaining genomic integrity (Riggs

et al., 2013; Tapia & Scholer, 2016). Though it is possible to generate iPSCs without the use of c-Myc, these methods are far

less efficient, and there is still a link between pluripotency and tumorigenicity (Ben-David & Benvenisty, 2011; Brickman

& Burdon, 2002; Okita, Ichisaka, & Yamanaka, 2007; Riggs et al., 2013).
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2.3 Challenges for optimal use of neuronal reprogramming in personalized psychiatry

In only 10 years, patient-derived neurological iPSC models have come a long way since the initial uncertainty of their

potential to recapitulate complex brain disorders in vitro (Soldner & Jaenisch, 2018). iPSC models of psychiatric diseases

have already begun to generate new biological insights (Bavamian et al., 2015; Cavalleri et al., 2018; Collo et al., 2018).

However, to reap the full benefit of neuronal reprogramming for personalized psychiatry, researchers will need to continue

refining the models and improve aspects such as (1) the timing and duration of cellular reprogramming and analysis, (2) the

quality and safety of the reprogrammed cells, (3) the reproducibility of cellular phenotypes for high-throughput drug

screening, and (4) the scalability for standard clinical practice.

2.3.1 Time to generate neurons

One of the important challenges surrounding the use of human iPSCs in personalized medicine is the amount of time needed

to generate the neurons. This long culturing period may be problematic for their application to guiding treatment decisions

in individualized clinical practice. It takes approximately 4–8months to generate electrophysiologically mature neurons

with iPSC reprogramming (Fig. 3A). Some specialized cell types may require even longer culture periods to reach maturity.

An alternative is to analyze immature neurons instead, which can be done in 2–5months from fibroblasts. Another option is

to use direct reprogramming methods, which skips the pluripotency and neurodevelopmental stages and takes about

2–5months (Fig. 3B). Direct reprogramming may be preferred for faster analysis. However, if a large set of analysis is

required, or if experiments need to be repeated in independent laboratories, the frozen stocks of neuronal progenitors

(NPCs) generated by iPSC reprogramming might become advantageous and save time in the long run. Some psychiatric

disorders may require urgent intervention to prevent life-threatening behaviors, and using cellular evaluation that will take

several months may not be appropriate. However, most psychiatric diseases are chronic. In these latter cases, even lengthy

in vitro neuronal evaluation of a large number of therapeutics would be valuable, for example, as a means to optimize

individual therapies while an initial treatment approach (trial) is underway.

2.3.2 The neurophysiological microenvironment in vitro

The exact culture conditions significantly impact the quality and physiology of the neurons (Bardy et al., 2015; Perry,

Norman, Litzburg, & Gelbard, 2004). Fluctuations in the cellular microenvironment in vitro can lead to changes in cellular

function that are not reflective of neurons in vivo, and may confound translational predictions. Advances in media formu-

lation more representative of neurophysiological conditions will at least partially address this issue (Bardy et al., 2015;

Perry et al., 2004). Significant advances have also been made in generating brain organoid cultures that provide a more

realistic 3D environment (Clevers, 2016; Di Lullo &Kriegstein, 2017; Dyer, 2016; Lancaster &Knoblich, 2014). However,

to this date, brain organoids take even longer to generate, and may introduce a large degree of variability. Although brain

organoids might not be suitable for personalized psychiatry in their current states, further optimization is likely to fulfill

their potential in the future.

2.3.3 Optimizing reproducibility and reducing variability

The reproducibility of disease phenotypes observed with in vitro models remains a challenge. Slight changes introduced by

tissue culture manipulation may be quickly amplified over several months in vitro and affect the final quality of any cell

line, including healthy controls. Therefore, it is absolutely critical that control and experimental cell lines to be compared

are handled identically in every way throughout the culture process, and cell quality checkpoints are required at every step

of the reprogramming. Researchers have access to an array of tools to evaluate the quality of stem cells and neurons. The

most accurate assays include genomic and electrophysiological analyses of the cells. Although such analyses are becoming

more accessible, they remain costly and time-consuming. New faster quality controls will be required to accommodate the

constraints of urgent clinical time-frames. Ultimately, personalized psychiatry with neuronal reprogramming will only be

possible on the premise that robust and reproducible cellular phenotypes exist. As such, some psychiatric diseases with

well-defined cellular phenotypes will be better suited for personalized psychiatry with iPSCs.

2.3.4 The number of patient cell lines

Drug discovery pipelines with patient-derived iPSC models need to integrate a large number of cell lines. However, the

exact number of patients and clones to use is often a matter of debate among researchers. High-throughput platforms might

be able to process a large number of cell lines at once, but the resources needed to maintain cell quality standards and

perform in-depth analyses grow exponentially with the number of lines. Currently, only a minority (�20%) of studies that
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have reported the identification of therapies for neurological disorders using human iPSCs have integrated more than five

patients in their analysis (Avior, Sagi, & Benvenisty, 2016). However, most (�80%) of these same studies focused on

monogenic or chromosomal disorders. Given the diverse etiologies of psychiatric diseases, a larger cohort of psychiatric

patients might be required. Alternatively, smaller subgroups of individuals experiencing very similar clinical phenotypes

might also help increase statistical power.
2.3.5 Scalability

The feasibility of using iPSC models in personalized psychiatry largely depends on a balance among reliability, time, and

cost efficiency. It is unlikely that a method that is too expensive will be used in the clinic. Several papers have proposed

strategies to economically improve scalability (Wang et al., 2017). The less laborious and more time efficient protocols that

can easily be reproduced by independent laboratories will ultimately lead to scalability (Wang et al., 2017).
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3 Using iPSCs for psychiatric disease modeling

Psychiatric disease modeling using iPSCs generally falls into one of two broad categories: (1) Using iPSCs derived from

healthy donors to study the impact of established drugs or therapies on molecular mechanisms known or believed to be

pertinent to the disease under investigation, or (2) Comparing iPSCs between healthy-diseased or diseased-diseased

donors to uncover differences in molecular mechanisms, physiology, phenotypes, and/or response to therapies that

can inform the quest for more targeted or effective treatments for psychiatric disease. It is this latter application, depicted

in Fig. 2, that may yield the most direct or immediate benefits to personalized psychiatry, by uncovering disease-relevant

phenotypic or mechanistic differences between healthy donors and those suffering from psychiatric illnesses (Fig. 2A);

identifying drug responders vs nonresponders, and the pathways that predict drug response, in those with a particular

disease (Fig. 2B); and/or by identifying subtypes or individually unique phenotypes or biology among patients with

the disease (Fig. 2C). This, in turn, will help guide which existing drugs or other therapies may be most effective on

an individual or population basis, as well as identify novel molecular targets and therapies with improved efficacy

and tolerability.

Thus far, a significant portion of the work on iPSCs for modeling psychiatric disease has focused on schizophrenia,

bipolar disorder, and autism spectrum disorder (ASD), and yielded a wealth of information that has significantly advanced

our understanding of these disorders (Table 2). Fewer studies have utilized iPSC technologies to directly explore depression

and anxiety disorders, and these areas are ripe with opportunity and need.Wewill very briefly cover major advances in each

of these areas, and refer the reader to excellent detailed reviews for further discussions.
3.1 iPSCs in bipolar disorder

Bipolar disorder (BD) is a psychiatric illness characterized by emotional highs (mania) and lows (depression) and is the

sixth leading cause of disability worldwide, afflicting about 60 million people (Hoffmann, Sportelli, Ziller, & Spengler,

2018, and references therein), with an estimated prevalence and lifetime prevalence of about 1.5% and 2.4%, respectively

(Yatham et al., 2018). It carries high rates of morbidity and mortality, accounting for 3.4%–14% of suicide deaths, and

roughly 25% of BD patients attempt suicide (Hoffmann et al., 2018; Schaffer et al., 2015). There are few new or specific

therapies for BD, and often around half of BD patients may not be effectively treated by the available medications

(Nierenberg, 2010), making development of more effective BD therapies a critical need.

However, before there were, to our knowledge, any studies comparing iPSCs from healthy vs bipolar disorder (BD)

subjects, as in the kinds of paradigms depicted in Fig. 2, the Haggarty group used iPSCs reprogrammed from a normal

human fibroblast cell line to derive neural progenitor cells (NPCs) in high volume, with the potential to then be subse-

quently differentiated into large numbers of neuronal or glial cells (Zhao et al., 2012). Using this model, they reported

demonstrating for the first time that human iPSC-derived NPCs had a functionally active Wnt/β-catenin pathway with

expected responsivity to the well-established BD therapeutic lithium, and could be used in large numbers in a high

throughput screening (HTS) assay to identify multiple novel and known small molecule compounds that modulated the

Wnt/β-catenin pathway in this model system (Zhao et al., 2012). Lithium inhibits glycogen synthase kinase-three beta

(GSK-3β) to activateWnt/β-catenin signaling (Hedgepeth et al., 1997; Jope, 2003), and as such, these intertwined pathways
are increasingly thought to be integral to BD pathophysiology (Valvezan & Klein, 2012). Hence, this work was an elegant

early example of how some of the challenges of population heterogeneity and low cell numbers were overcome to provide a

robust and scalable method for producing self-renewing and genomically stable NPC precursors, with the potential to be

subsequently differentiated into large numbers of functional post-mitotic neurons (Zhao et al., 2012), and used for exploring

questions relevant to psychiatric disease, particularly BD.

Two years later, the first reports using iPSCs derived from individuals with BD began to emerge. Several studies have

identified changes in gene expression of numerous proteins related to neurodevelopment and synaptic function in iPSC-

derived neurons from BD compared with healthy subjects (Bavamian et al., 2015; Chen et al., 2014; Kim et al., 2015;

Madison et al., 2015; Wang et al., 2014), and a subset of these studies investigated and found that these differences seen

in the BD subjects were partially or largely prevented by lithium treatment (Chen et al., 2014; Madison et al., 2015; Wang

et al., 2014). These findings validate both the utility of iPSCs for modeling BD, and the importance of lithium-responsive

pathways (e.g., Wnt, GSK-3β) in its molecular pathophysiology, and help identify additional novel therapeutic targets.

Other elegant studies have found distinct differences in synaptic function between lithium responsive (LR) and lithium

non-responsive (NR) BD subjects. Mertens et al. found hyperactive synaptic activity in BD, but not healthy iPSC-derived

hippocampal neurons, that could be selectively normalized by lithium (with greater accompanying gene expression

changes) in only LR subjects, but not in NR subjects (Mertens et al., 2015). Moreover, in a follow-up study, this group



TABLE 2 Psychiatric diseases modeled with iPSC technologies, organized by neuronal subtypes and brain regions studied.

Disease Brain region affected Neuronal types affected

Brain region

modeled with iPSCs

Neuronal types

modeled with

iPSCs

Schizo-
phrenia

Hippocampus (Lodge & Grace, 2005; Weiss et al.,
2003)
Cortex (Abi-Dargham, 2004; Pierri, Volk, Auh,
Sampson, & Lewis, 2003)
Prefrontal cortex (Farzan et al., 2010; Volk, Austin,
Pierri, Sampson, & Lewis, 2000)
Ventricles, striatum (Kegeles, Abi-Dargham, Frankle,
et al., 2010; Kessler et al., 2009)

GABAergic (Beasley & Reynolds, 1997; Farzan
et al., 2010; Perry et al., 1979; Volk et al., 2000;
Yoon et al., 2010)
Dopaminergic (Abi-Dargham, 2004; Abi-Dargham
et al., 2000; Bogerts, Hantsch, & Herzer, 1983;
Kegeles et al., 2010; Laruelle, Abi-Dargham, Gil,
Kegeles, & Innis, 1999; Lodge & Grace, 2005)
Glutamatergic ( Javitt, 1987; Olney & Farber, 1995)
Serotonergic
(Stahl, 2018; Xia et al., 2018)

Hippocampus-CA3
(Sarkar et al., 2018)
Hippocampus dentate
gyrus PROX1 (Yu et al.,
2014)
Forebrain (Liu et al.,
2013)

GABAergic
(Brennand et al.,
2011a; Liu et al.,
2013; Sun et al.,
2016)
Dopaminergic
(Brennand et al.,
2011a; Robicsek
et al., 2013)
Glutamatergic
(Robicsek et al.,
2013)

Bipolar
disorder

Amygdala (DelBello, Zimmerman, Mills, Getz, &
Strakowski, 2004)
Prefrontal cortex (Lyoo et al., 2006; Rajkowska, 2000)
Hippocampus (Bertolino et al., 2003; Rajkowska,
2000)
Basal ganglia (Caligiuri et al., 2003)
Thalamus (Caligiuri et al., 2003; DelBello et al., 2004)

Pyramidal (Rajkowska, 2000; Rajkowska, Halaris,
& Selemon, 2001)
Glia (Rajkowska, 2000; Rajkowska et al., 2001)
Serotonergic (Young, Warsh, Kish, Shannak, &
Hornykeiwicz, 1994)

Hippocampus dentate
gyrus PROX1 (Mertens
et al., 2015; Stern,
Santos, et al., 2018)

Hippocampal
dentate gyrus PROX1
(Mertens et al., 2015;
Stern, Santos, et al.,
2018)

William
syndrome

Hippocampal (Meyer-Lindenberg et al., 2005)
Visual cortex (Mobbs et al., 2007)
Orbitofrontal cortex (Meyer-Lindenberg et al., 2005)
Amygdala (Capitão et al., 2011)
Intraparietal sulcus (Meyer-Lindenberg et al., 2005)

Pyramidal (Lew, Brown, Bellugi, & Semendeferi,
2016)

Forebrain
(Chailangkarn et al.,
2016; Khattak et al.,
2015)

Cortical layer V/VI
(Chailangkarn et al.,
2016; Khattak et al.,
2015)

Autism Prefrontal cortex (Goldberg et al., 2011)
Amygdala (Schumann et al., 2004), Primary motor
cortex (Nebel et al., 2014), Cerebellum (Ritvo et al.,
1986; Yip, Soghomonian, & Blatt, 2007)

Purkinje cells (Ritvo et al., 1986; Yip et al., 2007)
GABAergic (Yip et al., 2007)

Forebrain (Karina
Griesi-Oliveira et al.,
2015)

Forebrain (Karina
Griesi-Oliveira et al.,
2015)

Major
depression

Anterior cingulate (Cotter, Mackay, Landau, Kerwin,
& Everall, 2001)
Hippocampus (Klumpers et al., 2010)

Glia (Cotter et al., 2001)
Serotonergic (Åsberg et al., 1984; Coccaro, Siever,
Klar, et al., 1989; Tr€askman, Åsberg, Bertilsson, &
Sj€ustrand, 1981)
GABAergic (Klumpers et al., 2010)
Pyramidal (Cotter et al., 2001)

Midbrain (Vadodaria
et al., 2016)

Serotonergic (Lu
et al., 2016;
Vadodaria et al.,
2016; Xu et al., 2016)

Anxiety Anterior cingulate (Etkin, Prater, Hoeft, Menon, &
Schatzberg, 2010; Thomaes et al., 2013)
Hippocampus (Hettema et al., 2012)
Thalamus (Gim�enez et al., 2012)
Amygdala (Etkin et al., 2010; Schienle, Ebner, &
Sch€afer, 2011)

Serotonergic (Murphy, 1990)
GABAergic (Klumpers et al., 2010)

Midbrain (Vadodaria
et al., 2016)

Serotonergic
(Lu et al., 2016;
Vadodaria et al.,
2016; Xu et al., 2016)
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from Fred Gage’s laboratory found that these hyper-excitable BD neurons had distinctly different electrophysiological

properties in the LR vs NR groups, which enabled highly accurate prediction of a patient’s responsiveness to lithium based

on the electrophysiological “signature” of the neurons derived from their iPSCs (Stern, Santos, et al., 2018). This exciting

and seminal finding is an excellent example of how iPSCs can be used to predict drug responsiveness for personalized

psychiatry. Another seminal study using iPSC-neurons from LR, NR, control, and unrelated psychiatric disease donors

identified collapsin response mediator protein-2 (CRMP2) as perhaps the most critical major molecular player underlying

LR BD pathogenesis (Tobe et al., 2017). We refer the reader to several excellent reviews for very detailed discussions of

these and other studies that have used iPSCs to model BD (Hoffmann et al., 2018; Liu, Lu, & Yao, 2017; Watmuff

et al., 2016).

Studies such as these and others (Oedegaard et al., 2016) utilizing iPSCs to uncover the genetics and functional neu-

robiology of lithium responsivity in BD have provided exceptional insights that should lead to improved therapies in the

coming years, and have reinforced the notion that differing responses to lithium or other mood stabilizers reflect multiple

different disease mechanisms that contribute to BD pathology (Leckband, McCarthy, & Kelsoe, 2012). On the basis of their

findings (Tobe et al., 2017), some even speculate “that cases of bipolar disorder that do not respond to the drug [lithium] are

actually a different disease altogether” (Leckband et al., 2012). Whether this viewpoint will gain traction as more research

unfolds remains to be seen.

3.2 iPSCs in depression and anxiety disorders

Depression and anxiety disorders, respectively, afflicted about 268 and 275 million people globally in 2016, compared with

40 and 21 million people for BD and schizophrenia, respectively (Ritchie & Roser, 2018). That’s about nine times the

number of people affected by depression and anxiety disorders combined, vs BD and schizophrenia combined. Depressive

disorders are also the leading cause of disability worldwide, and a key trigger for suicide, which causes one million deaths

per year, and rising. BD and schizophrenia are indeed devastating and serious disorders, also linked to high suicide rates,

and by no means is it our intent to diminish their significance and toll on public health. At the same time, given these

discrepancies in prevalence, it is perhaps surprising that, to our knowledge, no studies have yet sought to use iPSCs derived

from depressed subjects to model depressive disorders, as has been done for BD and schizophrenia. For example, given the

vast variability in patients’ therapeutic responses to antidepressants, it would be worthwhile to investigate whether

depression-derived iPSC-neurons can be used to model or predict antidepressant response, similar to what has been done

for lithium using BD-derived iPSC-neurons.

This is not to say, however, that no progress has been made using iPSCs to model depression and anxiety disorders.

Several studies have utilized iPSCs derived from healthy subjects to model mechanisms or drug responses relevant to

depression. Using iPSCs from healthy donors differentiated into midbrain dopamine neurons, Collo et al. found that ropi-

nirole and pramipexole—two dopamine D3 receptor agonists used to treat Parkinson’s disease and as adjunctive thera-

peutics for treatment resistant depression—dose-dependently increased dendritic arborization and soma size, likely

through brain-derived neurotrophic factor (BDNF) dependent pathways (Collo et al., 2018). BDNF has been consistently

implicated in depression, particularly treatment resistant depression (TRD), and increased BDNF signaling is believed to be

central to ketamine’s therapeutic effect on TRD (Allen et al., 2015; Haile et al., 2014; Lepack, Fuchikami, Dwyer, Banasr,

& Duman, 2014). This work suggests ropinirole and pramipexole may act through similar mechanisms to benefit treatment

resistant depression, and in fact, this same group, using the same human iPSC-dopaminergic neuron system, demonstrated

similar neuroplasticity effects and mechanisms with ketamine (Cavalleri et al., 2018). Another group used human iPSC

models (again, not from depressed subjects) to explore the potential mechanistic role of fibroblast growth factor 2

(FGF2) and its upstream and downstream mediators, and effects in major depressive disorder (MDD) (Gupta et al.,

2018), and at least two other groups have used iPSC model systems to explore the toxicology of select antidepressants

(Huang et al., 2017; Pei et al., 2016).

However, perhaps the most significant accomplishments to date involving the use human iPSCs in depression research

have been methodological developments (Licinio & Wong, 2016). The serotonin system is integrally involved in

depression and antidepressant actions, yet much like dopamine neurons, primary central nervous system serotonergic

neurons have historically been difficult to reliably culture in large numbers, even from animals, let alone human sources.

Surmounting these obstacles, dopamine neurons have now been cultivated from human iPSCs, and also recently, two

groups independently reportedmethods for generating functionally active serotonergic (5HT) neurons from primary human

fibroblasts (Vadodaria et al., 2016; Xu et al., 2016). Both teams used direct conversion methods (i.e., iN; Fig. 1, Fig. 3B),

with Vadodaria et al. demonstrating that primary human dermal fibroblasts obtained from skin biopsies could be transdif-

ferentiated to 5HT neurons by overexpression of four transcription factors (NKX2.2, FEV, GATA2, and LMX1B), along
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with ASCL1 and NGN2 (Vadodaria et al., 2016). Xu et al. showed that human lung fibroblasts (obtained from three dif-

ferent human lung fibroblast cell lines) could be induced to serotonergic neurons with just four transcription factors—

ASCL1, FOXA2, LMX1B, and FEV (AFLV) (Xu et al., 2016)—three of which were shared with the Vadodaria method,

and one (FOXA2) different. These recently developed methods will, for example, facilitate personalized prediction of drug

response for serotonergic antidepressants, as has been done for lithium in bipolar (Stern, Santos, et al., 2018), and open a

realm of exciting opportunities for understanding and treating depression (Vadodaria, Stern, Marchetto, & Gage, 2018).

3.3 iPSCs in schizophrenia

Both BD and schizophrenia (SCZ) are understood to have complex genetic, epigenetic, and neurodevelopmental origins,

and accordingly, use of iPSCs to model SCZ has largely mirrored the work done with iPSCs in BD. As such, we will not

discuss these studies in great detail here, as they have been touched upon in the preceding sections and tables herein, and

have been thoroughly reviewed elsewhere. However, we will highlight a few general concepts. Several groups have iden-

tified abnormalities in gene expression, neurodevelopment, mitochondrial function, oxidative stress, neuronal connectivity

(typically reduced), neuronal activity, and other elements of synaptic function in iPSC-neurons derived from individuals

with SCZ compared with healthy controls (reviewed in Ahmad, Sportelli, Ziller, Spengler, & Hoffmann, 2018; Liu, Lu, &

Yao, 2017; Watmuff et al., 2016). In these models, a few studies have had success blocking some of their observed effects

with drugs sometimes prescribed for SCZ such as loxapine (Brennand et al., 2011b) or valproate (Paulsen Bda et al., 2012),

but perhaps less reliably so than has been demonstrated for lithium in the BD iPSCs experiments described in the previous

section. For example, of five antipsychotics tested—clozapine, loxapine, olanzapine, risperidone, and thioridazine—only

loxapine ameliorated the reduced neuronal connectivity and altered gene expression seen in the SCZ-derived vs healthy-

derived iPSC-neurons (Brennand et al., 2011b). Intriguingly, this suggests that loxapine’s therapeutic effect in this model

system may be mediated by yet-unknown off-target effects, which in turn may suggest an even greater etiogenic and mech-

anistic complexity for SCZ than previously imagined. Both of these possibilities require further exploration in future exper-

iments such as these using human iPSCs to uncover the neurobiology of SCZ.

3.4 iPSCs in autism spectrum disorder

As defined in the DSM-5, autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by persistent

abnormalities or deficits in social communication and interaction, and restricted and/or repetitive patterns of behavior,

interests, or activities. Intellectual or language disabilities may or may not be present (American Psychiatric

Association, 2013). It is, in effect, a disorder characterized or defined by a pattern of related behaviors or phenotypes,

but that may have multiple causes or etiologies of known (traditionally referred to as syndromic ASD) or unknown (tra-

ditionally referred to as non-syndromic or idiopathic ASD) origin. As with BD and SCZ, most cases of ASD are believed to

arise from an interaction of multiple genetic, environmental, and epigenetic factors; that is, they are nonsyndromic or idi-

opathic ASD. Some cases of ASD arise from known genetic mutations that also cause other identified syndromes, such as

Rett syndrome, Fragile X syndrome, and Timothy syndrome; that is, they are syndromic ASD. However, this “syndromic”

and “nonsyndromic” nomenclature system for ASD can quickly become both complex and blurred, leading some to

propose alternative classification systems (Fernandez & Scherer, 2017). For the purposes of our discussions on iPSCs

and personalized psychiatry herein, a more useful division is simply whether the ASD’s origin is monogenic (i.e., resulting

from a single known gene mutation) or polygenic (resulting frommultiple known or unknown genetic influences) in nature.

Both monogenic and polygenic ASD have been modeled by human iPSCs, yielding useful insights for understanding

ASD disease mechanisms and personalized psychiatry. Using iPSC-neurons derived from patients with monogenic ASDs

such as Rett, Fragile X, Timothy, and Phelan-McDermid syndromes, a number of studies have demonstrated deficits in

iPSC-neuron synaptic architecture and function that often mimic clinical disease phenotypes, and have identified numerous

potential genetic and molecular therapeutic targets that, in some cases, could rescue these aberrant ASD phenotypes

(reviewed in Adegbola, Bury, Fu, Zhang, & Wynshaw-Boris, 2017; Brennand, Simone, Tran, & Gage, 2012; Falk

et al., 2016; Kim, Kim, Oh, Lee, & Kim, 2016; Lim et al., 2015; Marchetto, Brennand, Boyer, & Gage, 2011; Shen,

Yeung, & Lai, 2018; Vitrac & Cloez-Tayarani, 2018). In some respects, studies modeling monogenic ASD may have

the potential to offer the most immediate benefits to personalized psychiatry and medicine, because the iPSCs derived from

these monogenic ASD subjects will, by definition, carry a single identifiable genetic mutation (Yoo, 2015), which may

therefore offer the most direct insights into disease mechanisms and targets that are explicitly responsible for the ASD

phenotype. On the other hand, iPSC studies of polygenic ASD have also identified potential molecular targets for novel

therapeutic intervention (Bury &Wynshaw-Boris, 2018; Liu et al., 2017). One such study has identified TRPC6 (transient
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receptor potential cation channel, subfamily C, member 6) as an attractive potential therapeutic target for non-syndromic

(polygenic) ASD (Griesi-Oliveira et al., 2015). This and other research modeling ASDwith human iPSCs has been covered

in depth elsewhere (Ben-Reuven & Reiner, 2016; Brito, Russo, Muotri, & Beltrao-Braga, 2018). The ongoing challenge for

ASD personalized psychiatry will be to uncover iPSC-neuron phenotypes or characteristics that predict drug response and/

or identify druggable targets that will provide novel treatments for ASD on either a population or individualized basis, as

has thus far perhaps been done most successfully for BD.

4 Conclusions and future directions

Continuing to advance iPSC technology and methods for improved understanding of psychiatric diseases will benefit per-

sonalized medicine in at least three ways: (1) Identifying novel and clarifying known or suspected molecular disease mech-

anisms for developing more targeted and effective therapies, (2) better individualized prediction of response to drug

therapies for psychiatric disease (Stern, Linker, Vadodaria, Marchetto, & Gage, 2018), and (3) conceivably, iPSCs could

ultimately serve as stem cell therapies for severe or refractory psychiatric disease (Chen, Song, & Ming, 2018; Samoilova

et al., 2018). With the exception of Section 2.3.4, most of our discussions herein have focused on the first two areas, while

the latter area has thus far received relatively little attention in the literature, as applicable to psychiatric disease, and would

benefit from further research. The comparative lack of attention to this third area thus far may reflect a perception that

neurorestorative stem cell therapies for psychiatric illnesses are highly invasive and risky treatments of last resort. Yet,

when we consider that large numbers of individuals worldwide suffer from severe and/or refractory forms of psychiatric

diseases such as schizophrenia, bipolar disorder, obsessive-compulsive disorder (OCD), or treatment resistant depression,

for which theymay have found no effective treatment or may be considering ablative surgical options, then neurorestorative

stem cell therapies certainly appear more attractive. And with continued progress in iPSC technologies, they will also

become more feasible as viable treatment options with reasonable risk-reward. Here, experimentation in chimera models

(i.e., transfer of human iPSCs to animal models) will likely prove both necessary and informative for advancing iPSC-based

stem cell therapies for psychiatric diseases. In these endeavors, further progress in three dimensional organoid- and tissue-

based iPSC approaches that better recapitulate native neural architectures (Quadrato, Brown, & Arlotta, 2016), and

including understanding and harnessing the integral role of glia in modulating neuronal development and behavior in iPSC

models (Gonzalez, Gregory, & Brennand, 2017), will be of utmost importance. We expect that these kinds of ongoing

research into the use of iPSCs for modeling and treating psychiatric disease will yield exciting new personalized treatment

opportunities, improved outcomes, and reduction in disease burdens, thus improving individual and global health.
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