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Abstract
The derivation of pluripotent stem cells from somatic tissues has provided researchers with a
source of patient-specific stem cells. The potential applications of this technology are truly
momentous, and include cellular modeling of disease processes, drug discovery, and cell-based
therapy. Here, we review the use of induced pluripotent stem cells (iPSCs) to study CNS disease.
Since the iPSC field is still in its infancy, we also discuss some of the challenges that will need to
be overcome before the potential of this technology to study and to treat neurological and
psychiatric disorders can be fully harnessed.

Introduction
Advances on the molecular underpinnings of brain disease have evolved slowly relative to
other organs. The reasons for this lag are many, such as the intrinsic complexity and the
highly extended time course of brain development that, for critical events such as synaptic
pruning, neuronal maturation, and axon myelination, extends into the second and third
decades of life. An additional challenge to brain disease research is the simple fact that, for
most purposes, biopsy of diseased tissue is not an option.

While imaging and electrophysiological techniques have made amazing progress in
understanding systems-levels aspects of human brain development and function, discovering
the molecular causes of brain disease requires methods that can evaluate the functions and
interactions of specific molecules within distinctly identifiable types of cells. Of course,
animal models continue to provide a wealth of information critical to understanding brain
disease, but these have inherent limitations. Recently, the ability to generate conceivably any
cell type from human embryonic stem cells has opened up a new era in the study, and
perhaps even the treatment, of brain disease [1]. The advent of technology for the derivation
of induced pluripotent stem cell (iPSC) lines, whereby self-renewing, pluripotent stem cells
are generated from somatic cells, expands this era into the realm of patient-derived stem
cells [2,3]. By directing iPSCs into disease-relevant cell types, there is finally an approach
for conducting biopsy-like experiments on living tissue from diseased individuals, with the
added capacity to study the initial development and progression of pathology (Figure 1).
Here, we briefly review progress in the modeling of neurological disease through the use of
iPSCs. Opportunities and challenges associated with extending this progress to the realm of
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neuropsychiatric disorders are then presented. For comprehensive reviews related to
establishing pluripotency and generating tissues, the authors recommend [4,5].

The dawn of a new era: Induced Pluripotent Stem cells (iPSCs)
In 2007, Yamanaka and colleagues successfully derived pluripotent stem cells from human
fibroblasts, marking the first time somatic conversion to embryonic-stem cell state had been
achieved [2,3]. These human `induced' pluripotent stem cells are akin to human embryonic
stem cells (hESCs), possessing to ability to maintain pluripotency and to generate all three
germ layer lineages. In the Yamanaka et al. study, they essentially re-set the fibroblasts to a
pseudo-embryonic stem cell state by transducing them with four transcription factors, Oct4,
Sox2, Klf4, and c-Myc using a retroviral approach. Since this pioneering study, the iPSC
field has grown rapidly as researchers refine the process of directed reprogramming. Due to
concerns associated with viral integration, including the possibility of oncogene reactivation
and the generation of insertional mutations, the field has focused recently on developing
integration-free methods. Some of these include transfection of episomal plasmids, non-
integrating viral vectors including the sendai virus, small molecule inhibitors, and synthetic
RNAs (Figure 1) [3,6–15]. While the non-integrating approaches hold certain advantages,
the reprogramming approach one chooses will ultimately depend on the experimental goal
and available resources. For example, due to their greater efficiency of reprogramming (an
attribute that strongly affects costs), and to their ease of including the expression of marker
protein for identifying iPSC-derived cells in transplant experiments, lentiviral vectors that
contain the reprogramming factors in a single construct are likely to be a mainstay of
preclinical iPSC studies for at least the near-term future.

Disease-specific lines: challenges and potential
The application of iPSC technology to the study brain disorders requires three fundamental
steps. First, the elaboration of goals or hypotheses; is the intent to derive relevant tissues
from individuals with a given disorder, then screen for alterations of signaling systems that
may point to causative underpinnings and/or to foci for treatment? Is the goal to test specific
hypotheses on the nature of the disorder? Such considerations can impact key decisions on
subjects and controls to be studied, source cell type to be harvested, and reprogramming
method to be applied. Second, the derivation of iPSC lines from individuals who suffer from
a disorder. Third, the directed differentiation of these lines to neural cell types that may be
relevant to the disorder. The likelihood of accomplishing the second two steps in a manner
that is meaningful to the first one revolve around several key issues, including the genetics
and penetrance of the disorder and the availability of protocols to derive the relevant cell
types (Table 1). Hence, the disease or disorders currently most amenable to study by iPSC
technology are those that involve single gene (or single chromosomal) abnormalities that
result in highly penetrant phenotypes. In addition, since the study of a neural phenotype will
require either a cell culture or xenograft transplantation approach, disorders most amenable
to study will be those for which a phenotype is present relatively early in development.

Monogenic, early-onset neurological disorders
Recently, several groups have generated disease-specific lines form patients with
neurodevelopmental/neurogenetic diseases including Rett Syndrome [16,17], Fragile X
syndrome [18], Prader-Wiilli/Angelman syndrome [19], Spinal Muscular Dystrophy (SMA)
[20,21], Familial Dysautonomia (FD) [22], and Downs Syndrome [23] (Table 2).
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Rett Syndrome
Rett syndrome is a X-linked autism-spectrum neurodevelopmental disorder caused by
mutation(s) in the methyl CpG-binding protein (MECP2) [24–27]. In 2009, Hotta et al.
derived an iPSC line from an 8-year old Rett patient possessing the heterozygous R306C
missense mutation in MECP2, which disrupts with normal neuronal maturation. MECP2
binds to methylated DNA, thus its function is directly related to epigenetic status. During
reprogramming there is large scale, (but probably incomplete [28]) erasure of epigenetic
marks [29,30]. Whether and how this might interfere with studying a gene that modulates
the chromatin structure is not clear. However, evidence that selective loss of MECP2 in
forebrain GABAergic neurons can phenocopy aspects of autism and Rett's disorder, [31]
enhances the likelihood that an iPSC-mediated approach will shed useful light on this
disorder.

Prader-Willi and Angelman Syndromes
Chamberlain et al. [19] recently derived iPSCs from Angelman (AS) and Prader-Willi
(PWS) Syndrome patients, both of which are neurodevelopmental disorders of genomic
imprinting. Importantly, in this study the authors describe an in vitro system for AS,
measuring AMPA-receptor-mediated spontaneous activity, providing a platform to study
disease mechanism of AS in future studies using AS-iPSCs. Additionally, the PW-iPSC
lines show no disrupted methylamine patterns in the `Prader-Willi imprinting center (PWS-
IC) reprogrammed cells compared to the source fibroblast lines. This study indicated that
genomic imprinting can be refractory to the epigenetic erasure produced during
reprogramming.

Fragile X
Further evidence that the iPSC reprogramming process doesn't necessarily impinge on the
epigenomic status contributing to a diseased state comes from a set of iPSC lines derived
from patients with Fragile X syndrome. Fragile X is a common form of mental retardation
characterized by a lack of expression of the FMR1, a gene that is normally expressed during
the ESC state with silencing during ESC differentiation. Urbach et al. [18] recently derived
three iPSC lines from males affected with Fragile X (FX-iPSCs). This study reports that the
mutant FMR locus in FX-iPSCs is not `re-set' during the reprogramming process. However,
a key finding within this study showed that in general, there are significant epigenetic
differences between hESCs and hiPSCS, which may or may not prove to be a limitation of
using patient-specific iPSC lines and hESCs in comparative studies.

Familial Dysautonomia (FD)
Currently, the most promising use of iPSC technology to study disease pathogenesis in vitro
is with the iPSC lines derived from FD patients. FD is an inherited, autosomal recessive
disorder characterized by progressive deterioration of the autonomic and sensory neurons. In
the case of FD, the observed phenotype has been attributed to the predominant mutation
associated with FD, a reduction in splicing efficiency of IKBKAP [32]. In 2009, Lee et al.
derived iPSC lines from FD patients and demonstrated that FD-iPSC derived neural crest
precursors exhibited reduced splicing efficiency of IKBKAP, a decrease in neurogenesis,
and reduced neuronal migration. This study is a rare case, but probably the first of many, in
which the iPSC lines were used to test a potential treatment, as addition of splicing
inhibitors could partially normalize the disease phenotype.

Spinal Muscular Atrophy (SMA)
Similar to FD, SMA exhibits an in vitro phenotype, notably a decrease in motor neuron
survival. SMA is an autosomal recessive neurogenetic disorder caused by mutations in the
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SMN1 gene resulting in marked reduction in SMN1 protein expression and progressive loss
of motor neurons. Ebert et al. [20] generated iPSCs from patients with Type I SMA
containing partial deletions of the SMN1 gene. In vitro survival studies demonstrate that
there is a progressive loss of the motor neurons in culture.

It is important to point out that one of the potential uses of iPSCs is to use these cells to
identify new drug targets and screen for off-target toxicities of lead compounds. In the case
of drug screening and presumably, setting up high throughput drug screens, it is necessary to
have a robust in vitro phenotype to assay, which in the case of some of the
neurodevelopmental disorders described, appears to be a realistic, achievable goal.

Polygenic, late-onset Disorders
Neurodegenerative Disorders

Disease-relevant cell types and disease-specific iPSCs have been generated from patients
with many of the neurodegenerative diseases including Alzheimer's, Parkinson's disease [33]
[23], Amytrophic Lateral Sclerosis (ALS) [34], and Huntington's Disease [23] (Table 2).
Although there has been a large focus on generating many lines, however, the overriding
issue in all of these disorders is the lack of a defined in vitro phenotype with each disease-
relevant sub-type generated. Despite this progress, it is seemingly useless to model disease
of these complex disorders with a lack of defined phenotype in a dish. In order for iPSCs
cells to prove useful for human disease modeling, in vitro cell conditions must more
accurately recapitulate the environments contributing to the sporadic forms of the diseases.
For example, oxidative stress may play an important role in the etiology of sporadic PD
[35,36], suggesting that patient-derived midbrain dopaminergic cells may show increased
vulnerability to oxidative stress.

Alzheimer's Disease (AD)
Although no reports have been published detailing derivation of patient-specific iPSC
associated with Alzheimer's, a in-depth article on the Alzheimer's Research forum website
http://www.alzforum.org/, reports that efforts are currently underway to generate various
lines from patients with various sporadic and familial dementias, including AD and front
temporal dementia (Part 1, http://www.alzforum.org/new/detail.asp?id=2558). Collectively,
researchers in the field have created lines from patients harboring amyloid precursor protein
duplications, preselenin-1, and tau mutations. These efforts are part of larger consortia
aimed building a compendium of iPSC lines form both sporadic and familial forms of AD.
Due to the protracted delay to onset of AD pathology, and the lack of a specific cell type
involved (i.e. a particular neuron class within a particular brain structure, although
cholinergic cells of N. Basalis are a logical initial target), application of iPSC technology to
AD may be particularly difficult.

Parkinson's Disease (PD)
Perhaps the greatest effort in creating iPSC lines has been within the field of PD. The list of
patient-specific lines created is rapidly expanding with groups deriving lines from patients
with alpha-synuclein triplications, mutations in LRRK2, and mutations in SCNA, as well as
from patients with sporadic forms of PD. Isacson et al. [37] have successfully derived iPSCs
from patients with idiopathic PD, differentiated the cells into functional dopaminergic (DA)
neurons, and performed xenografts into adult rodent striatum. However, this monumental
study is the first account of using human iPSCs for xenograft transplantation studies in an
animal model of PD. As promising as this study is, no phenotype was evident in the PD-
derived cells, thus highlighting the challenge of studying late-onset human disease in this
manner.
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Amyotrophic Lateral Sclerosis (ALS)
Similar to PD, a large-scale consortium headed by both groups at the Harvard Stem Cell
Institute (HSCI) and Johns Hopkins University is focused on creating and cataloging iPSC
lines from both patients with both sporadic and familial ALS, a neurodegenerative disorder
affecting motor neurons. However, like PD and AD, a disease-related phenotype such as
neuronal inclusions or increased apoptosis has yet to be detected.

iPSC Consortia
A useful resource for researchers studying neurodegenerative disorders interested in patient-
specific fibroblast or iPSC lines is the NINDS/Coriell Cell bank repository which receives,
stores, and standardizes the collection of iPSC lines related to ALS, PD, and HD (http://
ccr.coriell.org/sections/collections/NINDS/?SsId=10). The objective of this consortium is to
generate iPSC lines from all familial forms of the 3 major neurodegenerative disorders with
inclusion of cell-specific reporters associated with each disorders. The Harvard Stem Cell
Institute (HSCI) iPSC core is also cataloging lines produced by HSCI scientists and provides
a service to produce disease-specific lines. (http://www.hsci.harvard.edu/node/1005).

Neuropsychiatric disorders
Neuropsychiatric disorders such as schizophrenia and autism appear to largely result from
the combinatorial effects of polygenic risk factors with a significant component of
environmental influence (probably mainly in utero), techniques for addressing this
complicated intermix of effects would be tremendously useful. Although at the time of
writing this review we are aware of no published reports of iPSC lines derived from patients
affected with schizophrenia or autism, given the number of groups that have obtained
funding for making such lines publications are likely to be forthcoming. Particular
challenges to using iPSCs to study complex disorders, those in which gene-gene and gene-
environmental interactions result in considerable variability in the presentation of symptoms,
lies in the variability that may be inherent to the reprogramming process. For example, a
recent report found that comparison of iPSC lines from the same source material, directed by
the same protocol, could show wide variation in the expression of Pax6, an early marker of
neuropithelium [38]. It will thus be critical that whatever measure is being used to compare
neural cells derived from patient and controls, the variability of that measure within multiple
lines derived from the same source must be known.

Summary: Impact of iPSC technology on the study of neurological and psychiatric
disorders

At the moment, the iPSC approach to studying brain disease remains one, overall, of
tremendous promise. However, these are clearly “early days”, and many challenges will
need to be overcome before mechanistic insights for major brain diseases, such as
Alzheimer's disease, schizophrenia, or autism, are generated via iPSC approaches. Perhaps
the most critical challenge lies not within the derivation from a given patient and control
group of reasonably uniform lines of pluripotent cells in a cost-effected manner, but
developing the cell culture and xenograft approaches that will be required to use these lines
for the study of brain disease.

References and recommended reading
1. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, Jones JM.

Embryonic stem cell lines derived from human blastocysts. Science. 1998; 282(5391):1145–1147.
[PubMed: 9804556] *This is the first study to report successful derivation of human ES cells from
blastocysts.

Cundiff and Anderson Page 5

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://ccr.coriell.org/sections/collections/NINDS/?SsId=10
http://ccr.coriell.org/sections/collections/NINDS/?SsId=10
http://www.hsci.harvard.edu/node/1005


2. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka S. Induction of
pluripotent stem cells from adult human fibroblasts by defined factors. Cell. 2007; 131(5):861–872.
[PubMed: 18035408] **In this pioneering study, Yamanaka and colleagues de-differentiated human
fibroblasts to a pluripotent ES-like state. This study opened up an entire new field of stem cell
biology by circumventing the ethical concerns associated with using embryos to derive human ES
cell lines.

3. Wernig M, Meissner A, Foreman R, Brambrink T, Ku M, Hochedlinger K, Bernstein BE, Jaenisch
R. In vitro reprogramming of fibroblasts into a pluripotent es-cell-like state. Nature. 2007;
448(7151):318–324. [PubMed: 17554336]

4. Stadtfeld M, Hochedlinger K. Induced pluripotency: History, mechanisms, and applications. Genes
Dev. 2010; 24(20):2239–2263. [PubMed: 20952534] **A in depth review focuses on the utility of
pluripotent stem cells to study brain development and neurodevelopmental disorders. This review
highlights that in vivo brain development can be recapitulated in vitro and allows for the derivation
of specific neural cell types.

5. Hanna JH, Saha K, Jaenisch R. Pluripotency and cellular reprogramming: Facts, hypotheses,
unresolved issues. Cell. 2010; 143(4):508–525. [PubMed: 21074044] **This comprehensive review
summarizes the mechanisms involved in somatic reprogramming and highlights many of the
unresolved issues associated with this process.

6. Ichida JK, Blanchard J, Lam K, Son EY, Chung JE, Egli D, Loh KM, Carter AC, Di Giorgio FP,
Koszka K, Huangfu D, et al. A small-molecule inhibitor of tgf-beta signaling replaces sox2 in
reprogramming by inducing nanog. Cell Stem Cell. 2009; 5(5):491–503. [PubMed: 19818703]

7. Lyssiotis CA, Foreman RK, Staerk J, Garcia M, Mathur D, Markoulaki S, Hanna J, Lairson LL,
Charette BD, Bouchez LC, Bollong M, et al. Reprogramming of murine fibroblasts to induced
pluripotent stem cells with chemical complementation of klf4. Proc Natl Acad Sci U S A. 2009;
106(22):8912–8917. [PubMed: 19447925]

8. Wernig M, Lengner CJ, Hanna J, Lodato MA, Steine E, Foreman R, Staerk J, Markoulaki S,
Jaenisch R. A drug-inducible transgenic system for direct reprogramming of multiple somatic cell
types. Nat Biotechnol. 2008; 26(8):916–924. [PubMed: 18594521]

9. Kim JB, Zaehres H, Wu G, Gentile L, Ko K, Sebastiano V, Arauzo-Bravo MJ, Ruau D, Han DW,
Zenke M, Scholer HR. Pluripotent stem cells induced from adult neural stem cells by
reprogramming with two factors. Nature. 2008; 454(7204):646–650. [PubMed: 18594515]

10. Yang WC, Patel KG, Lee J, Ghebremariam YT, Wong HE, Cooke JP, Swartz JR. Cell-free
production of transducible transcription factors for nuclear reprogramming. Biotechnol Bioeng.
2009; 104(6):1047–1058. [PubMed: 19718703]

11. Hanna J, Saha K, Pando B, van Zon J, Lengner CJ, Creyghton MP, van Oudenaarden A, Jaenisch
R. Direct cell reprogramming is a stochastic process amenable to acceleration. Nature. 2009;
462(7273):595–601. [PubMed: 19898493] * This study analyzes the kinetics of somatic cell
reprogramming. The authors define two modes of accelerated reprogramming to pluripotency. The
authors postulate that the efficiency of reprogramming can be improved by manipulating these
parameters.

12. Feng B, Ng JH, Heng JC, Ng HH. Molecules that promote or enhance reprogramming of somatic
cells to induced pluripotent stem cells. Cell Stem Cell. 2009; 4(4):301–312. [PubMed: 19341620]

13. Feng B, Jiang J, Kraus P, Ng JH, Heng JC, Chan YS, Yaw LP, Zhang W, Loh YH, Han J, Vega
VB, et al. Reprogramming of fibroblasts into induced pluripotent stem cells with orphan nuclear
receptor esrrb. Nat Cell Biol. 2009; 11(2):197–203. [PubMed: 19136965]

14. Silva J, Barrandon O, Nichols J, Kawaguchi J, Theunissen TW, Smith A. Promotion of
reprogramming to ground state pluripotency by signal inhibition. PLoS Biol. 2008; 6(10):e253.
[PubMed: 18942890]

15. Warren L, Manos PD, Ahfeldt T, Loh YH, Li H, Lau F, Ebina W, Mandal PK, Smith ZD, Meissner
A, Daley GQ, et al. Highly efficient reprogramming to pluripotency and directed differentiation of
human cells with synthetic modified mrna. Cell Stem Cell. 2010; 7(5):618–630. [PubMed:
20888316] ** In this exciting study, the authors report that human fibroblasts can be
reprogrammed into pluripotent stem cells with synthetic modified RNAs. Of note, this method of
somatic reprogramming does not produce an anti-viral response and yields integration-free iPSCs.
This is of particular interest as it pertains to the use of iPSCs for cell based-therapies.

Cundiff and Anderson Page 6

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



16. Hotta A, Cheung AY, Farra N, Vijayaragavan K, Seguin CA, Draper JS, Pasceri P, Maksakova IA,
Mager DL, Rossant J, Bhatia M, et al. Isolation of human ips cells using eos lentiviral vectors to
select for pluripotency. Nat Methods. 2009; 6(5):370–376. [PubMed: 19404254]

17. Marchetto MC, Carromeu C, Acab A, Yu D, Yeo GW, Mu Y, Chen G, Gage FH, Muotri AR. A
model for neural development and treatment of rett syndrome using human induced pluripotent
stem cells. Cell. 2010; 143(4):527–539. [PubMed: 21074045] * In this study, the authors derived
iPSC lines from patients with Rett syndrome. This study is one example of a phenotype related to
the disease-state observed in vitro in a neurological disorder/disease.

18. Urbach A, Bar-Nur O, Daley GQ, Benvenisty N. Differential modeling of fragile x syndrome by
human embryonic stem cells and induced pluripotent stem cells. Cell Stem Cell. 2010; 6(5):407–
411. [PubMed: 20452313]

19. Chamberlain SJ, Chen PF, Ng KY, Bourgois-Rocha F, Lemtiri-Chlieh F, Levine ES, Lalande M.
Induced pluripotent stem cell models of the genomic imprinting disorders angelman and prader-
willi syndromes. Proc Natl Acad Sci U S A. 2010; 107(41):17668–17673. [PubMed: 20876107] *
In this study, the authors derived iPSC lines from patients with AS/PWS and found that PW-IPSCs
show no disruption in the PWS imprinting center suggesting that reprogramming does not result in
global erasure of epigenetic marks as previously described.

20. Ebert AD, Yu J, Rose FF Jr. Mattis VB, Lorson CL, Thomson JA, Svendsen CN. Induced
pluripotent stem cells from a spinal muscular atrophy patient. Nature. 2009; 457(7227):277–280.
[PubMed: 19098894] * Svendsen et al. derived SMA-iPSCs from patients with SMA and observed
a progressive loss in motor neuron survival.

21. Marchetto MC, Winner B, Gage FH. Pluripotent stem cells in neurodegenerative and
neurodevelopmental diseases. Hum Mol Genet. 2010; 19(R1):R71–76. [PubMed: 20418487]

22. Lee G, Papapetrou EP, Kim H, Chambers SM, Tomishima MJ, Fasano CA, Ganat YM, Menon J,
Shimizu F, Viale A, Tabar V, et al. Modelling pathogenesis and treatment of familial
dysautonomia using patient-specific ipscs. Nature. 2009; 461(7262):402–406. [PubMed:
19693009] ** In this study, the authors derived iPSC lines from patients with FD and observed
decreased levels of IKBKAP transcript in FD-IPSC -derived lineages. In addition, a defect in
neuronal differentiation and migration was observed in FD-iPSC-derived neural crest precursors.

23. Park IH, Arora N, Huo H, Maherali N, Ahfeldt T, Shimamura A, Lensch MW, Cowan C,
Hochedlinger K, Daley GQ. Disease-specific induced pluripotent stem cells. Cell. 2008; 134(5):
877–886. [PubMed: 18691744] ** In the study, several disease-specific iPSC lines were derived
from patients with known single-gene associated disorders.

24. Amir RE, Zoghbi HY. Rett syndrome: Methyl-cpg-binding protein 2 mutations and phenotype-
genotype correlations. Am J Med. 2000; 97(2):147–152.

25. Amir RE, Van den Veyver IB, Wan M, Tran CQ, Francke U, Zoghbi HY. Rett syndrome is caused
by mutations in x-linked mecp2, encoding methyl-cpg-binding protein 2. Nat Genet. 1999; 23(2):
185–188. [PubMed: 10508514]

26. Lasalle JM, Yasui DH. Evolving role of mecp2 in rett syndrome and autism. Epigenomics. 2009;
1(1):119–130. [PubMed: 20473347]

27. Nagarajan RP, Patzel KA, Martin M, Yasui DH, Swanberg SE, Hertz-Picciotto I, Hansen RL, Van
de Water J, Pessah IN, Jiang R, Robinson WP, et al. Mecp2 promoter methylation and x
chromosome inactivation in autism. Autism Res. 2008; 1(3):169–178. [PubMed: 19132145]

28. Deng J, Shoemaker R, Xie B, Gore A, LeProust EM, Antosiewicz-Bourget J, Egli D, Maherali N,
Park IH, Yu J, Daley GQ, et al. Targeted bisulfite sequencing reveals changes in DNA methylation
associated with nuclear reprogramming. Nat Biotechnol. 2009; 27(4):353–360. [PubMed:
19330000]

29. Colman A, Dreesen O. Pluripotent stem cells and disease modeling. Cell Stem Cell. 2009; 5(3):
244–247. [PubMed: 19733533]

30. Colman A, Dreesen O. Induced pluripotent stem cells and the stability of the differentiated state.
EMBO Rep. 2009; 10(7):714–721. [PubMed: 19543232]

31. Chao HT, Chen H, Samaco RC, Xue M, Chahrour M, Yoo J, Neul JL, Gong S, Lu HC, Heintz N,
Ekker M, et al. Dysfunction in gaba signalling mediates autism-like stereotypies and rett syndrome
phenotypes. Nature. 2010; 468(7321):263–269. [PubMed: 21068835] ** An intriguing study

Cundiff and Anderson Page 7

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



showing that GABAergic forebrain neurons lacking MeCP2 phenocopy many features observed in
autism and Rett's syndrome.

32. Cuajungco MP, Leyne M, Mull J, Gill SP, Lu W, Zagzag D, Axelrod FB, Maayan C, Gusella JF,
Slaugenhaupt SA. Tissue-specific reduction in splicing efficiency of ikbkap due to the major
mutation associated with familial dysautonomia. Am J Hum Genet. 2003; 72(3):749–758.
[PubMed: 12577200]

33. Soldner F, Hockemeyer D, Beard C, Gao Q, Bell GW, Cook EG, Hargus G, Blak A, Cooper O,
Mitalipova M, Isacson O, et al. Parkinson's disease patient-derived induced pluripotent stem cells
free of viral reprogramming factors. Cell. 2009; 136(5):964–977. [PubMed: 19269371]

34. Dimos JT, Rodolfa KT, Niakan KK, Weisenthal LM, Mitsumoto H, Chung W, Croft GF, Saphier
G, Leibel R, Goland R, Wichterle H, et al. Induced pluripotent stem cells generated from patients
with als can be differentiated into motor neurons. Science. 2008; 321(5893):1218–1221. [PubMed:
18669821]

35. Jenner P. Oxidative stress as a cause of parkinson's disease. Acta Neurol Scand Suppl. 1991;
136(6–15)

36. Zhang Y, Dawson VL, Dawson TM. Oxidative stress and genetics in the pathogenesis of
parkinson's disease. Neurobiol Dis. 2000; 7(4):240–250. [PubMed: 10964596]

37. Hargus G, Cooper O, Deleidi M, Levy A, Lee K, Marlow E, Yow A, Soldner F, Hockemeyer D,
Hallett PJ, Osborn T, et al. Differentiated parkinson patient-derived induced pluripotent stem cells
grow in the adult rodent brain and reduce motor asymmetry in parkinsonian rats. Proc Natl Acad
Sci U S A. 2010; 107(36):15921–15926. [PubMed: 20798034] ** In this study, the authors use
human PD-iPSC-derived cells for xenografts into the striatum of parkinsonian rats. The PD-IPSCs
grafts differentiated into DA neurons, survived, and showed arborization. Parkinsonian rats that
received the PD-iPSC grafts exhibited reduces motor assymmetry.

38. Hu BY, Weick JP, Yu J, Ma LX, Zhang XQ, Thomson JA, Zhang SC. Neural differentiation of
human induced pluripotent stem cells follows developmental principles but with variable potency.
Proc Natl Acad Sci U S A. 2010; 107(9):4335–4340. [PubMed: 20160098] ** This study
demonstrates there is considerable variability in the differentiation potential between iPSC lines,
even lines derived from the same source. Furthermore, the efficiency at which iPSCs differentiate
to a given neural cell type is reduced compared to hESCs

39. Watanabe K, Kamiya D, Nishiyama A, Katayama T, Nozaki S, Kawasaki H, Watanabe Y,
Mizuseki K, Sasai Y. Directed differentiation of telencephalic precursors from embryonic stem
cells. Nat Neurosci. 2005; 8(3):288–296. [PubMed: 15696161]

40. Gaspard N, Bouschet T, Herpoel A, Naeije G, van den Ameele J, Vanderhaeghen P. Generation of
cortical neurons from mouse embryonic stem cells. Nat Protoc. 2009; 4(10):1454–1463. [PubMed:
19798080]

41. Eiraku M, Watanabe K, Matsuo-Takasaki M, Kawada M, Yonemura S, Matsumura M, Wataya T,
Nishiyama A, Muguruma K, Sasai Y. Self-organized formation of polarized cortical tissues from
escs and its active manipulation by extrinsic signals. Cell Stem Cell. 2008; 3(5):519–532.
[PubMed: 18983967] * This study demonstrates ES-derived cortical progenitors self-organize into
apico-basally polarized cortical tissues in vitro. In addition, ES-derived cortical progenitors can be
directed to their respective temporal and spatial cortical identities with the addition of specific
morphogens.

42. Gaspard N, Bouschet T, Hourez R, Dimidschstein J, Naeije G, van den Ameele J, Espuny-
Camacho I, Herpoel A, Passante L, Schiffmann SN, Gaillard A, et al. An intrinsic mechanism of
corticogenesis from embryonic stem cells. Nature. 2008; 455(7211):351–357. [PubMed:
18716623] ** An elegant study showing mouse ES cells cultured in vitro in the absence of
morphogens and in the presence of cyclopamine mimic cortical development in vivo.

43. Kondo T, Sheets PL, Zopf DA, Aloor HL, Cummins TR, Chan RJ, Hashino E. Tlx3 exerts context-
dependent transcriptional regulation and promotes neuronal differentiation from embryonic stem
cells. Proc Natl Acad Sci U S A. 2008; 105(15):5780–5785. [PubMed: 18391221]

44. Conti L, Pollard SM, Gorba T, Reitano E, Toselli M, Biella G, Sun Y, Sanzone S, Ying QL,
Cattaneo E, Smith A. Niche-independent symmetrical self-renewal of a mammalian tissue stem
cell. PLoS Biol. 2005; 3(9):e283. [PubMed: 16086633]

Cundiff and Anderson Page 8

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



45. Li XJ, Zhang X, Johnson MA, Wang ZB, Lavaute T, Zhang SC. Coordination of sonic hedgehog
and wnt signaling determines ventral and dorsal telencephalic neuron types from human
embryonic stem cells. Development. 2009; 136(23):4055–4063. [PubMed: 19906872]

46. Maroof AM, Brown K, Shi SH, Studer L, Anderson SA. Prospective isolation of cortical
interneuron precursors from mouse embryonic stem cells. J Neurosci. 2010; 30(13):4667–4675.
[PubMed: 20357117] ** In this study, a mouse ESC line was modified with an Lhx6-GFP reporter
construct, which allows for the isolation of cortical interneuron precursors. These cells display
morphological, neurochemical, and electrophysiological properties characteristic of mature
interneurons and are capable of migrating when transplanted into mouse cortex.

47. Spiliotopoulos D, Goffredo D, Conti L, Di Febo F, Biella G, Toselli M, Cattaneo E. An optimized
experimental strategy for efficient conversion of embryonic stem (es)-derived mouse neural stem
(ns) cells into a nearly homogeneous mature neuronal population. Neurobiol Dis. 2009; 34(2):320–
331. [PubMed: 19236914]

48. Chatzi C, Scott RH, Pu J, Lang B, Nakamoto C, McCaig CD, Shen S. Derivation of homogeneous
gabaergic neurons from mouse embryonic stem cells. Exp Neurol. 2009; 217(2):407–416.
[PubMed: 19348800]

49. Wataya T, Ando S, Muguruma K, Ikeda H, Watanabe K, Eiraku M, Kawada M, Takahashi J,
Hashimoto N, Sasai Y. Minimization of exogenous signals in es cell culture induces rostral
hypothalamic differentiation. Proc Natl Acad Sci U S A. 2008; 105(33):11796–11801. [PubMed:
18697938]

50. Kawasaki H, Mizuseki K, Nishikawa S, Kaneko S, Kuwana Y, Nakanishi S, Nishikawa SI, Sasai
Y. Induction of midbrain dopaminergic neurons from es cells by stromal cell-derived inducing
activity. Neuron. 2000; 28(1):31–40. [PubMed: 11086981]

51. Park CH, Minn YK, Lee JY, Choi DH, Chang MY, Shim JW, Ko JY, Koh HC, Kang MJ, Kang JS,
Rhie DJ, et al. In vitro and in vivo analyses of human embryonic stem cell-derived dopamine
neurons. J Neurochem. 2005; 92(5):1265–1276. [PubMed: 15715675]

52. Iacovitti L, Donaldson AE, Marshall CE, Suon S, Yang M. A protocol for the differentiation of
human embryonic stem cells into dopaminergic neurons using only chemically defined human
additives: Studies in vitro and in vivo. Brain Res. 2007; 1127(1):19–25. [PubMed: 17123482]

53. Cooper O, Hargus G, Deleidi M, Blak A, Osborn T, Marlow E, Lee K, Levy A, Perez-Torres E,
Yow A, Isacson O. Differentiation of human es and parkinson's disease ips cells into ventral
midbrain dopaminergic neurons requires a high activity form of shh, fgf8a and specific
regionalization by retinoic acid. Mol Cell Neurosci. 2010; 45(3):258–266. [PubMed: 20603216]

54. Cho MS, Lee YE, Kim JY, Chung S, Cho YH, Kim DS, Kang SM, Lee H, Kim MH, Kim JH,
Leem JW, et al. Highly efficient and large-scale generation of functional dopamine neurons from
human embryonic stem cells. Proc Natl Acad Sci U S A. 2008; 105(9):3392–3397. [PubMed:
18305158]

55. Ko JY, Park CH, Koh HC, Cho YH, Kyhm JH, Kim YS, Lee I, Lee YS, Lee SH. Human
embryonic stem cell-derived neural precursors as a continuous, stable, and on-demand source for
human dopamine neurons. J Neurochem. 2007; 103(4):1417–1429. [PubMed: 17854346]

56. Salero E, Hatten ME. Differentiation of es cells into cerebellar neurons. Proc Natl Acad Sci U S A.
2007; 104(8):2997–3002. [PubMed: 17293457]

57. Su HL, Muguruma K, Matsuo-Takasaki M, Kengaku M, Watanabe K, Sasai Y. Generation of
cerebellar neuron precursors from embryonic stem cells. Dev Biol. 2006; 290(2):287–296.
[PubMed: 16406324]

58. Erceg S, Ronaghi M, Zipancic I, Lainez S, Rosello MG, Xiong C, Moreno-Manzano V, Rodriguez-
Jimenez FJ, Planells R, Alvarez-Dolado M, Bhattacharya SS, et al. Efficient differentiation of
human embryonic stem cells into functional cerebellar-like cells. Stem Cells Dev. 2010; 19(11):
1745–1756. [PubMed: 20521974]

59. Lee H, Shamy GA, Elkabetz Y, Schofield CM, Harrsion NL, Panagiotakos G, Socci ND, Tabar V,
Studer L. Directed differentiation and transplantation of human embryonic stem cell-derived
motoneurons. Stem Cells. 2007; 25(8):1931–1939. [PubMed: 17478583]

60. Erceg S, Lainez S, Ronaghi M, Stojkovic P, Perez-Arago MA, Moreno-Manzano V, Moreno-
Palanques R, Planells-Cases R, Stojkovic M. Differentiation of human embryonic stem cells to

Cundiff and Anderson Page 9

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



regional specific neural precursors in chemically defined medium conditions. PLoS One. 2008;
3(5):e2122. [PubMed: 18461168]

61. Carpenter MK, Inokuma MS, Denham J, Mujtaba T, Chiu CP, Rao MS. Enrichment of neurons
and neural precursors from human embryonic stem cells. Exp Neurol. 2001; 172(2):383–397.
[PubMed: 11716562]

62. Wada T, Honda M, Minami I, Tooi N, Amagai Y, Nakatsuji N, Aiba K. Highly efficient
differentiation and enrichment of spinal motor neurons derived from human and monkey
embryonic stem cells. PLoS One. 2009; 4(8):e6722. [PubMed: 19701462]

63. Jiang P, Selvaraj V, Deng W. Differentiation of embryonic stem cells into oligodendrocyte
precursors. J Vis Exp. 2010; (39)

64. Billon N, Jolicoeur C, Raff M. Generation and characterization of oligodendrocytes from lineage-
selectable embryonic stem cells in vitro. Methods Mol Biol. 2006; 330(15–32)

65. Billon N, Jolicoeur C, Ying QL, Smith A, Raff M. Normal timing of oligodendrocyte development
from genetically engineered, lineage-selectable mouse es cells. J Cell Sci. 2002; 115(Pt 18):3657–
3665. [PubMed: 12186951]

66. Kerr CL, Letzen BS, Hill CM, Agrawal G, Thakor NV, Sterneckert JL, Gearhart JD, All AH.
Efficient differentiation of human embryonic stem cells into oligodendrocyte progenitors for
application in a rat contusion model of spinal cord injury. Int J Neurosci. 2010; 120(4):305–313.
[PubMed: 20374080]

67. Kishi N, Macklis JD. Mecp2 is progressively expressed in post-migratory neurons and is involved
in neuronal maturation rather than cell fate decisions. Mol Cell Neurosci. 2004; 27(3):306–321.
[PubMed: 15519245]

68. Shahbazian MD, Zoghbi HY. Rett syndrome and mecp2: Linking epigenetics and neuronal
function. Am J Hum Genet. 2002; 71(6):1259–1272. [PubMed: 12442230]

69. Swaab DF, Purba JS, Hofman MA. Alterations in the hypothalamic paraventricular nucleus and its
oxytocin neurons (putative satiety cells) in prader-willi syndrome: A study of five cases. J Clin
Endocrinol Metab. 1995; 80(2):573–579. [PubMed: 7852523]

70. Albrecht U, Sutcliffe JS, Cattanach BM, Beechey CV, Armstrong D, Eichele G, Beaudet AL.
Imprinted expression of the murine angelman syndrome gene, ube3a, in hippocampal and purkinje
neurons. Nat Genet. 1997; 17(1):75–78. [PubMed: 9288101]

71. Dindot SV, Antalffy BA, Bhattacharjee MB, Beaudet AL. The angelman syndrome ubiquitin ligase
localizes to the synapse and nucleus, and maternal deficiency results in abnormal dendritic spine
morphology. Hum Mol Genet. 2008; 17(1):111–118. [PubMed: 17940072]

72. Fasano CA, Phoenix TN, Kokovay E, Lowry N, Elkabetz Y, Dimos JT, Lemischka IR, Studer L,
Temple S. Bmi-1 cooperates with foxg1 to maintain neural stem cell self-renewal in the forebrain.
Genes Dev. 2009; 23(5):561–574. [PubMed: 19270157]

73. Baraban SC, Southwell DG, Estrada RC, Jones DL, Sebe JY, Alfaro-Cervello C, Garcia-Verdugo
JM, Rubenstein JL, Alvarez-Buylla A. Reduction of seizures by transplantation of cortical
gabaergic interneuron precursors into kv1.1 mutant mice. Proc Natl Acad Sci U S A. 2009;
106(36):15472–15477. [PubMed: 19706400] ** The authors demonstrate that mouse embryonic
MGE cells transplanted into neonatal mouse cortex reduce electrographic seizure activity in a
mouse model of epilepsy.

74. Martinez-Cerdeno V, Noctor SC, Espinosa A, Ariza J, Parker P, Orasji S, Daadi MM, Bankiewicz
K, Alvarez-Buylla A, Kriegstein AR. Embryonic mge precursor cells grafted into adult rat striatum
integrate and ameliorate motor symptoms in 6-ohda-lesioned rats. Cell Stem Cell. 2010; 6(3):238–
250. [PubMed: 20207227] ** In this study, rat embryonic MGE cells transplanted into adult rat
striatum differentiated into GABAergic neurons, migrated, and integrated into striatal circuitry.
Furthermore, 6-OHDA lesioned rats transplanted with MGE cells showed a reduction in motor
deficits.

Cundiff and Anderson Page 10

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Using human iPSCs to study and treat neurological and psychiatric disorders
Somatic cells from patients or controls can be harvested from several tissue types (i.e.
fibroblasts, lymphocytes, keratinocytes) and reprogrammed into iPSCs using ectopic
expression of transcription factors, small molecule inhibitors, or synthetic modified-RNAs.
Patient-specific pluripotent stem cells can then be directed to disease-relevant cell types for
use in mechanistic studies and cell-based therapies. Examples of these could be myelinating
oligodendrocytes for multiple sclerosis or ALS, or GABAergic interneurons for seizure
disorders [73] or Parkinson's disease [74].
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Table 1

Derivation of CNS cell types from Pluripotent Stem Cells (mouse* and human**)

CNS Cell Type References

Dorsal forebrain precursors/neurons [39–44]* [45]**

Ventral forebrain precursors/neurons [46–48]*

Rostral-hypothalamic neurons [49]*

Midbrain dopaminergic neurons [50]* [51–55]**

Cerebellar precursors/neurons [56,57]* [58]**

Spinal motor neurons [59–62]**

Oligodendrocytes [63–65]* [66]**
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Table 2

Summary of iPSC lines

Neurological Disease Neuronal Population(s)
Primarily Affected

Genetics of Inheritance Mutated gene/protein
associated with familial
forms

iPSC line comments

Rett Syndrome Differentiated neurons [67,68] X-linked dominant De novo:
~95% Germline-Xq28

MeCP2: several mutations • Derived and
differentiated
into neurons
[16]

• Observed in
vitro phenotype-
reduced spine
density, altered
calcium
signaling [17]

Prader-Willi Syndrome (PWS) Hypothalamic neurons [69] X-linked imprinting 15q11-q13 paternal deletion • PWS-iPSCs: No
disruption of
imprinting
center [19]

Angelman Syndrome (AS) Global: Regulation of spine
development and synaptic
plasticity [70] Hippocampal
and cerebellar neurons [71]

Maternal imprinting 15q11-q13 maternal
deletion UBE3A

• Potential in
vitro system:
measuring
AMPA-receptor
mediated
activity [19]

Fragile X Global X-linked dominant FMR1 CGG repeat
truncation

• [18]

Familial Dysautonomia (FD) Sensory and autonomic
neurons

Autosomal recessive lKβK4P q19 T-C intron 20
most common

• FD-iPSCs:

• Reduced
IK(3KAP
splicing
efficency [22]

Spinal Muscular Atrophy
(SMA)

Motor neurons Autosomal recessive SMN2 • SMA-iPSCS:

• Progressive loss
of motor neuron
survival [20]

Downs' syndrome Global Trisomy 21 • No in vitro
phenotype
indentified

Alzheimer's Disease (AD) Cortical neurons
Hippocampal neurons

Dominant Aβ precursor protein
Apolipoprotein E
Preselenin 1,2

• No in vitro
phenotype
identified

Parkinson's Disease (PD) DA neurons Autosomal dominant/recessive LRRK2
PARK 1 – 11

• PD-iPSCs
xenografted into
animal model of
PD;

• No in vitro
pheotype
identified
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Neurological Disease Neuronal Population(s)
Primarily Affected

Genetics of Inheritance Mutated gene/protein
associated with familial
forms

iPSC line comments

• Several Lines
generated

• [23,33,37]

Amyotrophic Lateral Sclerosis
(ALS)

Motor neurons Autosomal dominant SOD1 • No in vitro
phenotype
identified [72]

Huntington's Disease (HD) Cortical-striatal neurons Autosomal dominant HTT • No in vitro
phenotype
identified

• Several lines in
queue (Coriell)
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