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The remarkable advances in cellular reprogramming have made it possible to generate a renewable source of human neurons from
fibroblasts obtained from skin samples of neonates and adults. As a result, we can now investigate the etiology of neurological diseases at
the cellular level using neuronal populations derived from patients, which harbor the same genetic mutations thought to be relevant to the
risk for pathology. Therapeutic implications include the ability to establish new humanized disease models for understanding mecha-
nisms, conduct high-throughput screening for novel biogenic compounds to reverse or prevent the disease phenotype, identify and
engineer genetic rescue of causal mutations, and develop patient-specific cellular replacement strategies. Although this field offers
enormous potential for understanding and treating neurological disease, there are still many issues that must be addressed before we can
fully exploit this technology. Here we summarize several recent studies presented at a symposium at the 2011 annual meeting of the
Society for Neuroscience, which highlight innovative approaches to cellular reprogramming and how this revolutionary technique is
being refined to model neurodevelopmental and neurodegenerative diseases, such as autism spectrum disorders, schizophrenia, familial
dysautonomia, and Alzheimer’s disease.

Introduction
Recent advances in stem cell biology have led to technologies to
reprogram somatic cells from the adult human to a state of plu-
ripotency (Takahashi and Yamanaka, 2006; Takahashi et al.,
2007; Yu et al., 2007; Park et al., 2008), or directly to neurons
(Ambasudhan et al., 2011; Caiazzo et al., 2011; Pang et al., 2011;
Pfisterer et al., 2011; Qiang et al., 2011; Yoo et al., 2011). The first
reported lines of reprogrammed cells, termed induced pluripo-
tent stem cells (iPSCs), were originally generated by introducing
four transcription factors, including Oct3/4, Sox2, c-Myc, and
Klf4, into mouse embryonic or adult fibroblasts using retrovi-
ruses (Takahashi and Yamanaka, 2006). When cultured under
the same conditions used for embryonic stem cells, some of these

somatic cells were reprogrammed into cells exhibiting a pluripo-
tent phenotype, expressing pluripotent markers and capable of
differentiating into cells from the three germ layers. Subse-
quently, several groups demonstrated that this strategy can also
be used to reprogram human fibroblasts into pluripotent iPSCs
(Takahashi et al., 2007; Yu et al., 2007; Park et al., 2008). The field
of cell reprogramming is moving forward at an unprecedented
pace, with the development of many different reprogramming
approaches. For example, ongoing research has begun to explore
the use of different sets of reprogramming factors, application of
chemical/small molecules to substitute for some genetic repro-
gramming factors, and foreign DNA integration-free methods
(Juopperi et al., 2011). Furthermore, specific sets of reprogram-
ming factors have been identified to reprogram somatic cells into
a more restricted stem cell state, or even directly to a cell type
originating from a different germ layer, such as from fibroblasts
to neurons (Vierbuchen et al., 2010). Disease-specific iPSCs have
also been derived from patients, and proof-of-principle studies
have demonstrated the potential of using this special type of stem
cell for therapeutic development (Juopperi et al., 2011).

These groundbreaking discoveries have redefined how we
think about the modeling, treatment, and prevention of human
diseases. Stem cell-based therapeutic strategies can be broadly
categorized as follows: (1) a platform for the discovery of novel
bioactive compounds through molecular dissection of the patho-
genic process; or (2) a source for cellular replacement and tissue
engineering through in vivo transplantation. On both of these
fronts, much progress is being made, and the results will greatly
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enhance our understanding of the causal basis of many diseases.
Advantages of using reprogrammed cells include the ability to
investigate genetic contributions to cellular pathology with
patient-specific cell sources, the generation of targeted cell pop-
ulations, and the opportunity to model developmental pathology
in a tractable and reproducible system. Despite the enormous
promise, there are many challenges to be overcome before we can
fully exploit the potential of this technology to engineer novel
therapeutic strategies. The symposium will present the latest
progress in the evolution of cellular reprogramming applications
to understand disorders of the nervous system.

Modeling neurodevelopmental disorders with a delayed onset
Dysregulation of neurodevelopmental processes can have pro-
found and pervasive effects on the cognitive and physical abilities
of affected individuals. Identifying the underlying etiology of
these disorders can be extremely challenging due to the potential
for a cascade of secondary effects that become difficult to disso-
ciate from the primary pathology (Uhlhaas and Singer, 2010).
The functional integrity of neural networks depends on the for-
mation of effective and selective synaptic connections, and many
of these networks are interdependent. Thus, the disruption of one
neural system can lead to aberrant development in another. Like-
wise, mild perturbations of neuronal response properties can
propagate during activity-driven development, resulting in a per-
vasive dysregulation. Exacerbating this complexity, many neuro-
developmental diseases are not linked to mutations at a single
genetic locus. Instead, most disorders show a heritable degree of
risk associated with multiple genetic loci, and this risk can be
further modulated by epigenetic regulation and environmental
factors (Keller and Persico, 2003; Harrison and Weinberger,
2005; Herbert, 2010). Derivation of iPSCs from patient fibro-
blasts provides a new platform to systematically investigate the
genetic influence on disease pathogenesis.

Autism spectrum disorders (ASDs) comprise a wide range of
neurodevelopmental diseases in which different combinations of
genetic mutations may contribute to the symptoms (Geschwind,
2009; Weiss et al., 2009). Rett syndrome (RTT) is a rare example
of an ASD in which a single X-linked gene, MECP2, has been
identified as playing a causal role in the development of the dis-
ease (Amir et al., 1999). Because of the relatively straightforward
genetic link, RTT is a useful model system to investigate cellular
development in the context of mutations known to contribute to
disease manifestation. Recently, Muotri and colleagues devel-
oped a culture system using iPSCs derived from RTT patients’
fibroblasts (Marchetto et al., 2010). RTT patients’ iPSCs are able
to undergo X-inactivation and generate functional neurons.
Neurons derived from RTT-iPSCs exhibited fewer synapses, re-
duced spine density, smaller soma size, altered calcium signaling,
and electrophysiological defects when compared to controls in
culture. Cumulative effects of altered spontaneous and activity-
driven response properties suggest that network formation is
compromised in RTT iPSC-derived cultures. Despite the variable
expression of mutant MeCP2 due to X-inactivation, the defects
were observed in all neurons differentiated from patient-derived
iPSCs, indicating a non-cell-autonomous effect. One of the puz-
zling hallmarks of RTT is the symptomatological latency during
early development. Typically, female RTT patients develop nor-
mally until 6 –18 months of age, at which point they undergo
developmental regression. By tracking the development of neu-
ronal cultures derived from RTT patients, it was possible to
identify a putative prodromal period in which a phenotypic
disturbance is apparent at the cellular level during early neuronal

development. These data thus provide evidence of an unexplored
developmental window in RTT syndrome, before disease onset,
when potential therapies could be successfully used and there can
be a diagnostic readout of the efficacy of early intervention. To
test the effects of drugs in rescuing synaptic defects, Muotri and
colleagues investigated a nonspecific growth factor, IGF1, and
observed a partial rescue of the RTT phenotype through an in-
crease in synaptic number. Even more promising were the results
from an antibiotic that impairs ribosomal proofreading, genta-
micin, thus allowing for the expression of full-length MeCP2
levels in neurons with a nonsense mutation. This treatment re-
stored the efficacy of glutamatergic synapses and may be a viable
strategy for therapeutic intervention. By creating a model system
based on a disease with a clear genetic association, they have
developed an approach that can be applied to other ASD patient-
derived iPSCs to reveal common molecular and cellular path-
ways. Finally, some of the neuronal phenotypes described by the
Muotri laboratory were independently confirmed (Kim et al.,
2011), indicating that iPSCs derived from RTT patients can be a
robust model to investigate this disease.

Schizophrenia (SZ) is a neuropsychiatric disorder with an
even more prolonged latency of symptomatological onset, de-
spite convergent evidence that suggests a neurodevelopmental
origin of pathophysiology (Weinberger, 1987). Different from
RTT, but similar to the vast majority of ASDs, schizophrenia is a
complex genetic disorder with multiple identified risk factors.
Among these, Disrupted-in-Schizophrenia 1 (DISC1) has
emerged as a widely studied susceptibility gene, which plays a
multifaceted role in neuronal development (St Clair et al., 1990;
Millar et al., 2000; Ross et al., 2006; Duan et al., 2007; Kim et al.,
2009; Mao et al., 2009). Ming and colleagues recently reported the
derivation of iPSCs from siblings with a 4 bp deletion in the
DISC1 locus and a diagnosis of SZ (Chiang et al., 2011). Impor-
tantly, this study demonstrates the successful generation of adult
patient-derived iPSCs using an episomal vector approach to
avoid integration of foreign DNA into the host genome (Mar-
chetto et al., 2009; Yu et al., 2009).

Reprogramming of somatic cells, such as dermal fibroblasts,
was initially achieved through viral vectors, which carry the risk
of insertional mutations, residual transgene expression, and tu-
morigenesis. Ideally, the induced state of pluripotency should
resemble as closely as possible the endogenous state during hu-
man embryogenesis. One of the significant concerns in the field
of iPSCs is whether and how the methods of induction are im-
printed on the resultant stem cells (Gore et al., 2011; Hussein et
al., 2011; Lister et al., 2011). Residual traces of the manipulation
or epigenetic memory related to the donor cell may compromise
the potential and quality of differentiation. Although some of
these concerns may be independent of the transcription factor
delivery strategy, episomal vectors do allow for integration-free
reprogramming that minimizes the risk of many complications.

Patient-derived iPSCs will be enormously beneficial to the
systematic investigation of complex genetic influences on disease
risk and development. In conjunction with animal models used
to identify the molecular pathways associated with risk genes, we
can begin to evaluate the impact of genetic variability on cellular
function and vulnerability to pathology. DISC1 is a prime exam-
ple of a risk-associated gene, implicated in both SZ and ASD, that
has been shown to regulate many aspects of neuronal develop-
ment, including morphology, migration, and dendritic complex-
ity in rodent models (Ming and Song, 2009; Christian et al.,
2010). Although these data provide a compelling and plausible
explanation of how this risk gene may contribute to developmen-
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tal pathology, there are still significant questions to be answered
with respect to the human disease state. First, human DISC1 has
multiple isoforms, and there is only an �60% homology with
mouse Disc1 (Ma et al., 2002). Patient-derived iPSCs are an in-
valuable tool to create renewable populations of neurons that will
harbor the same genetic mutations and may reveal novel func-
tions of this gene in human neuronal development. Second, be-
cause SZ is a late-onset neurodevelopmental disease, there are
outstanding questions regarding the role of environmental fac-
tors in triggering the emergence of symptoms. Investigating the
development of neuronal populations with patient-specific mu-
tations will allow us to identify compromised cellular functions
that may render the neurons more vulnerable to environmental
insult, which can be modeled in vitro. Third, an alternative, but
not mutually exclusive, hypothesis of disease induction is that the
presence of multiple genetic risk factors may take on causal prop-
erties that cannot be attributed to any single mutation. Because
DISC1 is identified as a susceptibility gene in only a subset of
patients with schizophrenia, it may be best understood as a con-
textual regulator of neuropathology. For example, DISC1 is cen-
tral to a large interactome that has demonstrable effects on
neuronal development (Camargo et al., 2007), and it is possible
that DISC1 interacts synergistically with other genes and envi-
ronmental factors to increase the effective risk for schizophrenia
(Abazyan et al., 2010). In diseases with complex heritability and
multiple identified risk factors, there is much work to be done to
understand what constitutes the critical threshold for disease in-
duction. Using DISC1 as a model to explore multivariate causes
of disease-specific pathology, the generation of patient-derived
iPSCs allows us to begin to document the role of genomic context
in determining the impact of risk gene variation.

Pharmaceutical and genetic rescue of neuronal phenotypes
One striking recent example to demonstrate the potential of
iPSCs in modeling human disease and screening of drug candi-
dates comes from the generation of patient-derived neural crest
lineages in familial dysautonomia (FD) (Lee and Studer, 2011).
FD is a rare disorder in which a single point mutation in the I-k-B
kinase complex-associated protein (IKBKAP) gene accounts for
99.5% of all known cases. Symptoms of the disorder are severe
gastrointestinal, respiratory, and cardiovascular problems and
reflect pervasive autonomic neuron dysfunction. Using a lentivi-
ral vector approach, Studer and colleagues have generated FD
patient-derived CNS and PNS precursors, hematopoietic, endo-
thelial, and endoderm cell types to investigate the extent of pre-
viously reported tissue-specific splicing (Slaugenhaupt et al.,
2001). They did find evidence of tissue-specific differential
IKBKAP splicing when compared to expression of WT transcript,
but further work will be necessary to identify cell-type-specific
splicing in the neural crest lineage. Interestingly, they also found
a reduction in ASCL1 at the mRNA and protein level in the FD-
iPSC lines. Mash1, the mouse ortholog of ASCL1, has been shown
to have a robust effect on neuronal development, and knock-out
of this gene in mice prevents the generation of autonomic neu-
rons (Guillemot et al., 1993). In FD-iPSC lines, ASCL1� neurons
differentiated from neural crest precursors revealed a signifi-
cantly delayed time course of development, which appears con-
sistent with the symptomatology in the human disease.

To investigate the potential for pharmaceutical rescue and
putative therapeutic targets, Studer and colleagues screened a
small set of candidate compounds identified in earlier studies
using FD lymphoblast cell lines (Anderson et al., 2003a,b; Slau-
genhaupt et al., 2004). Interestingly, the plant hormone kinetin

was able to rescue several FD-iPSC phenotypes, including splic-
ing and impaired production of autonomic neurons. Further
analysis of treatment parameters should reveal novel information
relevant for potential therapeutic application. Other options to
rescue the phenotypes conferred by IKBKAP loss of function
include genetic manipulation through BAC transgenesis or
knock-in of the wild-type allele through homologous recombi-
nation. Because of the causative nature of the single point muta-
tion, FD patient-derived iPSCs provide an ideal platform to
develop advanced techniques for stem cell-based genetic rescue.

Challenges for implementing reprogramming in
drug development
One of the most exciting new prospects provided by cell repro-
gramming is the possibility to conduct large-scale screens and
develop therapeutic compounds directly on the neural cell types
affected by the individual disease. The challenges associated with
such an industrial application are significant. To screen hundreds
of thousands of compounds, the systems used need to be scalable
and robust enough to enable high-throughput analysis, including
amenability to freezing and thawing as well as scalability in mul-
titier formats suitable for automated processing. Considering
that the readouts will be based on a comparison between cells
derived from patients and healthy donors (or gene-corrected
cells), the systems further need to be highly standardized. Ideally,
one would like to define a standard population of expandable
neural stem or progenitor cells, which can be derived from vari-
ous pluripotent sources with little or no variability. At the same
time, such a neural stem/progenitor cell population should still
exhibit sufficient plasticity to be converted into different neuro-
nal and glial cell types— depending on the disease to be targeted
by the approach. Finally, the population should be easily accessi-
ble to genetic modification, which is, e.g., crucial for equipping
the cells with suitable reporter systems.

Brüstle and colleagues have recently succeeded in generating
such a population from both human embryonic stem cells (hESCs)
and iPSCs. These long-term self-renewing neuroepithelial-like stem
cells (lt-NES cells) can be stably expanded across �100 passages
while maintaining a stable neuronal and glial differentiation po-
tential. They represent an early neuroepithelial stage as reflected
by an ability to grow in neural rosette architectures. Neurons
generated from lt-NES cells have been shown to interact synap-
tically with each other and, upon transplantation, with the host
tissue. Most importantly, they retain some responsiveness to dif-
ferentiation cues, and established combinations of morphogens
can be used to induce midbrain dopamine and spinal cord mo-
toneurons (Koch et al., 2009). Interestingly, the biological prop-
erties and gene expression patterns of lt-NES cells derived from
different hESCs and iPSCs are remarkably similar— even if the
pluripotent sources used for their generation show different pro-
pensities for neural differentiation. These observations suggest
that lt-NES cells could serve as a kind of “standard” population
for comparative studies on disease-specific and control cells
(O. Brustle, unpublished work). Endowed with strong prolif-
eration potential, lt-NES cells are easily amenable to genetic
modification and subsequent selection—an advantage that
circumvents the necessity of prior genetic modification and
subsequent neural differentiation of pluripotent cells. Disease-
specific mutants can be directly introduced at the neural stem cell
state, and the strong proliferation capacity readily enables the
generation of bulk quantities of neurons and glia for biochemical
studies and compound screening (O. Brustle, unpublished
work). Although the generation of proliferative populations
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amenable to genetically introduced reporter systems is an essen-
tial first step, one of the significant challenges that lie ahead is the
development of reliable and efficient methods to isolate specific
populations of cells using approaches such as fluorescence-
activated cell sorting. Enrichment of targeted neuronal popula-
tions is critical for the investigation of disease-specific pathology,
but there are also many outstanding questions as to how best to
study these populations over time. It is likely that the critical
insights from disease-specific models of neural pathology will be
due to a convergence of information from long-term culture,
transplantation, and an explicit investigation of cell-autonomous
and non-cell-autonomous effects, all of which will depend on
optimizing high-throughput strategies to generate relevant neu-
ronal populations.

Young neurons for modeling late-onset disorders?
The majority of neurodegenerative disorders do not become ap-
parent until late in life. In contrast, neural precursors, neurons,
and glia derived from pluripotent cells typically represent early
stages of nervous system development. To serve as a useful tool in
modeling diseases of older age, human neuronal cells have to be
deployed in a manner focused on pathogenic driver mechanisms
rather than the end stage of neuronal degeneration. A common
denominator in many neurodegenerative disorders is abnormal
protein processing and aggregation. These changes may be based
on genetic predisposition, such as expanded polyQ stretches in
proteins affected in polyglutamine disorders. In these diseases,
abnormal protein processing is a daily event, and it is only after
years and decades of life that these changes finally induce degen-
eration of the neuronal target population affected by the disease.
Thus, attempts to model established late-stage markers of degen-
eration, such as inclusion bodies, cytoskeletal changes, and neu-
ronal death, using cell-based models might not be the most
promising route. In this context, hESC and iPSC-derived neu-
rons rather permit a developmental “replay” and molecular dis-
section of pathogenic driver mechanisms, providing a unique
window of opportunity to study neurodegenerative diseases in a
“presymptomatic” phase preceding neuronal degeneration.

Direct programming as a shortcut to neuronal disease
modeling
An innovative approach with much potential to optimize the
efficiency of generating neurons is the direct conversion of fibro-
blasts using defined transcription factors. In addition to in-
creased efficiency, it may be possible to retain age-specific
features of the source fibroblasts or accelerate the differentiation
process, both of which could be helpful to expedite the investiga-
tion of aging-associated dysfunction (Chambers and Studer,
2011). Wernig and colleagues systematically investigated the po-
tential of 19 genes known to play a role in neural development or
epigenetic reprogramming and were able to identify a pool of five
critical genes (Brn2, Myt1l, Ascl1, Zic1, and Olig2) with the po-
tential to convert mouse fibroblasts to cells that behave like func-
tional neurons (Vierbuchen et al., 2010). These induced neuronal
(iN) cells not only expressed an array of neuronal markers and
displayed a neuronal morphology but, importantly, possessed
two principal functional properties of neurons: the ability to gen-
erate action potentials and the ability to form presynaptic and
postsynaptic connections. Further investigation revealed that just
three of those five factors are sufficient to induce fully functional
iN cells: the basic helix loop helix transcription factor Ascl1 alone
was sufficient to induce neuronal features, but the addition of
Brn2 and Myt1l increased the efficiency of conversion and en-

hanced the complexity of the neuronal properties. Neurons gen-
erated from direct reprogramming of either mouse embryonic or
tail-tip fibroblasts were able to form functional synapses and gen-
erate trains of action potentials. The vast majority of these iN cells
were glutamatergic, and the rest expressed markers consistent
with an inhibitory or peripheral nervous system phenotype. In
contrast to iPSC reprogramming, the conversion efficiencies
were high (reaching �20% in embryonic fibroblasts) and rapid.
The first neuronal markers were expressed as early as 3 d after
induction of the reprogramming factors and after 2 weeks, syn-
aptically competent cells were identified. For translational appli-
cations, it is essential that this method also be effective in human
cells. Somewhat surprisingly, the same factors that were sufficient
to convert mouse fibroblasts were only sufficient to induce neu-
ronal markers and gross neuronal morphology, but no convinc-
ing functional properties, using human fibroblasts. In a further
systematic screen, another basic helix loop helix transcription
factor, Neurod1, was identified that enabled the generation of
functional iN cells from human embryonic and postnatal fore-
skin fibroblasts in conjunction with the three other factors (Pang
et al., 2011). Similar to human ESC and iPSC differentiation sys-
tems, the maturation of neurons required extended periods of
time in culture compared to mouse cells. This observation is
consistent with the slower development of the human nervous
system. Recently, these results were corroborated and extended
by another group who found a synergistic effect of the expression
of the microRNAs miR-9/miR-124 and the transcription factors
Neurod2, Ascl1, and Myt1l in the presence of an HDAC inhibitor
to facilitate the generation of iN cells from human neonatal and
adult fibroblasts (Yoo et al., 2011). Demonstrating the applica-
bility of direct reprogramming in a disease context, iN cells were
also recently generated from fibroblasts obtained from familial
and sporadic Alzheimer’s patients using the five transcription
factors initially identified in the mouse study (Qiang et al., 2011).
Importantly, significantly altered production of amyloid-� pep-
tides was observed compared to control cells, illustrating the ca-
pacity of iN cells to retain disease traits. Rapid and efficient
generation of patient-specific neuronal populations through di-
rect reprogramming may ultimately yield many advantages in the
screening of pharmaceutical compounds as well as providing a
source of cellular material suitable for transplantation.

Conclusions and future research
The advent of cellular reprogramming has opened up vast new
territory in the search for effective treatments of neurological
disease. We have the opportunity to develop patient-specific
treatments and begin to understand the genetic complexities un-
derlying many neural disorders. Many of the challenges that were
identified at the outset of this field of research are being directly
addressed through the refinement of techniques and the devel-
opment of innovative and novel approaches. Integration-free
iPSCs and direct reprogramming may circumvent many of the
complications arising from insertional mutagenesis and tumori-
genic properties of pluripotent stem cells. Modeling of mono-
genic diseases, such as FD and RTT, may provide the most
straightforward path to developing high-throughput screens of
novel bioactive compounds for therapeutic intervention. In ad-
dition, FD and RTT patient-derived iPSCs can facilitate the de-
velopment of advanced techniques for genetic rescue of disease
phenotypes. In combination with whole-genome analysis of in-
dividual patients, SZ patient-derived iPSCs may provide an ex-
cellent model to explore how prominent risk genes functionally
interact to result in a suprathreshold level of cellular vulnerability
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that leads to disease induction. Recapitulation of neuronal devel-
opment in a rigorous and reproducible system will also allow for
the targeted investigation of the impact of environmental factors
on cellular function. High-throughput screening of potential
therapeutic compounds will greatly benefit from the recent gen-
eration of a population of neuroepithelial-like stem cells, which
provides a standardized and renewable cellular source to generate
disease-relevant neuronal populations. Together, these recent
advancements in cellular reprogramming have made it possible
to approach human disease modeling using relevant human cell
types. Studies of induced human neurons from patients, gener-
ated through either direct conversion or derived from induced
pluripotent stem cells, will give us valuable insight into disease
mechanisms and will facilitate cellular replacement and drug
discovery.
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