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Abstract
Neurodegenerative diseases represent a growing public health challenge. Current medications treat
symptoms, but none halt or retard neurodegeneration. The recent advent of pluripotent cell biology
has opened new avenues for neurodegenerative disease research. The greatest potential for
induced pluripotent cells derived from affected individuals is likely to be their utility for modeling
and understanding the mechanisms underlying neurodegenerative processes, and for searching for
new treatments, including cell replacement therapies. However, much work remains to be done
before pluripotent cells can be used for preclinical and clinical applications. Here we discuss the
challenges of generating specific neural cell subtypes from pluripotent stem cells, the use of
pluripotent stem cells to model both cell-autonomous and non-cell-autonomous mechanisms of
neurodegeneration, whether adult-onset neurodegeneration can be emulated in short-term cultures
and the hurdles of cell replacement therapy. Progress in these four areas will substantially
accelerate effective application of pluripotent stem cells.

Neurodegenerative diseases represent a large group of heterogeneous disorders in which
specific neuronal subtypes degenerate and die1. In most cases, these disorders arise for
unknown reasons and progress relentlessly1. According to the 2005 report from the World
Health Organization (WHO), neurodegenerative disorders such as Alzheimer’s disease,
other dementias and Parkinson’s disease made up more than 14% of the global burden of
neurological illnesses2, and their incidence is expected to rise as the life expectancy in
industrialized countries rises. Current drugs provide only limited benefit by alleviating
certain symptoms. Moreover, their chronic use is often associated with serious side effects,
and none seems to modify the natural course of these diseases. Clearly, the development of
efficacious preventative or protective therapies is impeded by our limited knowledge of the
neurobiology of these grave conditions and the lack of more faithful assay systems.

Recent advances in cell biology have fueled the prospect that perhaps the difficulty in
unraveling the disease mechanisms that underpin neurodegenerative disorders—due in part
to the limited access to human nerve cells—could finally be overcome thanks to the
availability of pluripotent stem cells. Indeed, these kinds of human cells can, in principle, be
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differentiated into any fetal or adult cell types, including degenerating neural cells. To date,
only two methods have been validated for the generation of human pluripotent cells: the
derivation of human embryonic stem (ES) cells from the inner cell mass of preimplantation
embryos that have been discarded from in vitro fertilization clinics, and the conversion of
somatic cells, such as skin fibroblasts, into induced pluripotent stem (iPS) cells by genetic
manipulations3,4. Routinely, iPS cells are generated using a cocktail of overexpressed
transcription factors transferred to the recipient cells by transfection or viral vector infection;
improved methods that avoid genetic modification of donor cells are under development5–7.

Comparisons of ES and iPS cells (see ref. 8 for detailed discussion) demonstrate that these
cell types are genetically and epigenetically similar albeit not identical. They share the
ability to self renew indefinitely while maintaining the potential to differentiate into cells
from lineages of all germ layers (Fig. 1). The undisputed advantage of iPS cells over ES
cells is the possibility of modeling neurological diseases by deriving pluripotent cells
directly from somatic cells of affected individuals (Fig. 1). Pluripotent stem cells have
already been derived from individuals carrying inherited defects9–12, as well as from those
with other common neurological disorders such as sporadic Parkinson’s disease13,14, thus
offering the unprecedented opportunity to gain insights into disease mechanisms and to
search for new drugs using human disease-specific cell lines (Fig. 1). iPS cells may also
provide the chance to obtain a renewable source of healthy cells to treat neurological
disorders (Fig. 1), a view that is supported by the demonstration that human pluripotent cell–
derived dopaminergic neurons alleviate some of the locomotor abnormalities seen in a rat
model of Parkinson’s disease13,15. Below, we will discuss areas in which pluripotent cells—
especially iPS cells—show the greatest promise for therapy and consider the challenges that
need to be addressed before the full clinical potential of these cells can be realized.

Modeling neurodegenerative disease
The discovery of causal genes in neurodegenerative diseases has triggered much excitement
because it offers the opportunity to generate animal models of specific forms of these human
diseases (Fig. 1). As stressed before16, the rationale for studying these rare genetic forms of
neurological disorders is the expectation that the phenotypic similarity between the familial
and sporadic forms of neurological disorders reflects shared pathogenic mechanisms and
biochemical pathways. However, major gaps remain in our understanding of the molecular
pathways that provoke neuronal degeneration, and the question remains whether
therapeutically significant insights will be gained from the study of these animal models.

In this context, iPS cells derived from humans with inherited neurological disorders may
provide invaluable tools for elucidating the mechanisms by which the disease-causing gene
products kill neurons in the human cellular context and at endogenous levels of expression
(Fig. 1). iPS cells derived from affected individuals may also provide a unique opportunity
to gain insights into the neurobiology of the more frequent sporadic (or complex multigenic)
forms of neurodegenerative diseases (Fig. 1). However, our ability to effectively use iPS cell
technology depends on two important conditions. First, we need to be able to direct the
differentiation of iPS cells into clinically relevant populations of neural cells. This includes
not only the neurons that degenerate, but also non-neuronal cells that contribute to the
pathogenesis in a non-cell-autonomous manner, as discussed below. Second, we need to
recapitulate in vitro key aspects of neuronal degeneration in a time frame that is conducive
to pathophysiological studies and, eventually, to drug screening. Neither of these goals is
trivial.

Wichterle and Przedborski Page 2

Nat Neurosci. Author manuscript; available in PMC 2011 March 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Unraveling the complexity of neurological disorders
The CNS is an organ of unparalleled cellular complexity. Developmental studies have
revealed that neuronal identity is specified by a series of time-dependent patterning signals
that activate transcriptional programs progressively restricting developmental potential of
neural progenitors and maturing neurons. These programs control not only the principal
neuronal properties such as neurotransmitter phenotype, but also migratory behavior,
dendritic arborization patterns, axonal pathfinding preferences, electrophysiological
properties and synaptic specificity17. Such a complex stepwise process of neuronal identity
specification is exemplified by spinal motor neuron development. After neural induction,
nascent neuro-ectoderm is diversified into forebrain, midbrain, hindbrain and spinal cord
territories. Spinal cells exposed to the ventralizing signal Sonic hedgehog acquire a generic
motor neuron progenitor identity18 that is further refined in response to rostro-caudal
patterning signals, retinoic acid, fibroblast growth factor (FGF) and growth differentiation
factor-11 (refs. 19–21). The result is specification of hundreds of distinct motor neuron
subtypes along the rostro-caudal aspect of the spinal cord, each showing a unique cell body
position and axon pathfinding trajectory to innervate appropriate muscle group and to
establish the functional motor system17,18.

Considering the iterative developmental process that underlies specification of neuronal
identity in vivo, in vitro recapitulation of programs that accurately reflect normal brain
development may be challenging. Yet protocols for the specification of dopaminergic
neurons and cholinergic spinal motor neurons, the main neuronal subtypes affected in
Parkinson’s disease and ALS, respectively, have been successfully applied to the
differentiation of iPS cells10,13,22. Neuralized stem cells were shown to respond correctly to
rostro-caudal patterning signals, including FGF, Wnt proteins and retinoic acid, to acquire
the identity of forebrain, midbrain or spinal tissue23,24. Similarly, neural cells can be
patterned along the dorso-ventral axis using bone morphogenetic proteins and Sonic
hedgehog25. But although in vitro generated motor neurons and dopaminergic neurons adopt
characteristic molecular and functional properties, it remains unclear whether they also
acquire ultimate neuronal subtype identities and whether they can be considered faithful
replicas of endogenous neurons. Only detailed characterization of nerve cells implanted into
the developing nervous system will reveal whether these in vitro–generated cells can
functionally replace their in vivo neural counterparts. Nevertheless, the above studies
indicate that application of patterning factors to pluripotent cells in vitro is sufficient to
trigger the execution of developmental genetic programs that control the progression of
dividing neural progenitors into defined postmitotic neurons and glia in a manner
indistinguishable from normal embryonic development. Although we are far from
understanding all signals and genetic programs controlling differentiation of each individual
CNS cell type, these initial studies provide impetus for believing that differentiation of
pluripotent stem cells can be programmed by rational application of developmentally
relevant signals.

It is therefore reasonable to expect in the near future that the methods to derive the most
clinically relevant neural cell types from pluripotent stem cells in vitro will improve
significantly. But it is unlikely that the differentiation methods will yield pure populations of
the desirable cells, thus necessitating the development of methods for the purification of the
cells of interest. These methods will rely on our ability to manipulate human pluripotent
cells genetically to express selectable markers under the control of cell type–specific
promoters, or on identification of unique combinations of cell surface epitopes that would
facilitate fluorescent or magnetic cell sorting26,27. Alternatively, the efficiency of the
specific cell derivation might be improved by rational programming of cell differentiation
with a combination of extrinsic patterning signals and overexpression of endogenous
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transcription factors specifying progenitor or postmitotic neuronal identity. Such approach
was successfully applied to improve the efficiency of dopaminergic neuron production from
both human and mouse pluripotent stem cells28,29. From a clinical perspective, being able to
generate large number of purified neurons of particular identity may have far-reaching
implications. For instance, significant neuronal subtype diversity and differential sensitivity
to degeneration are characteristic of neurodegenerative disorders1. In ALS, for example,
motor neurons from the anterior horn of the lumbar spinal cord degenerate more than those
innervating the extraocular muscles or belonging to Onuf’s nucleus30. Likewise, in
Parkinson’s disease, the substantia nigra dopaminergic neurons die to a greater extent than
those in the neighboring ventral tegmental area16. Thus, generation of individual, well
characterized neuronal subtypes from pluripotent stem cells may be a prerequisite for our
attempts to unravel the molecular determinants of differential neuronal vulnerability to a
disease process and to devise effective disease-modifying drug therapies.

The non-cell-autonomous contribution to neuronal death
Initial studies of neurodegenerative diseases were consistently ‘neuron-centrist’ in that they
all focused on the cell-autonomous changes in neurons that lead to a selective
neurodegeneration. These studies yielded valuable insights into our understanding of the
neurobiology of diseases by showing, for example, an increased sensitivity of specific
neurons to several stressors, including oxidative stress, nitric oxide exposure and apoptotic
signaling pathways30. However, the involvement of non-neuronal cells, such as astrocytes or
microglia, in the overall neurodegenerative process is increasingly recognized. Studies on
chimeras, composed of mutant and wild-type cells or animals in which genetic defects were
genetically attenuated in subsets of neurons or non-neuronal cells, argue for a significant
non-autonomous contribution to the disease processes31. Subsequently, a series of in vivo
and in vitro studies has provided compelling evidence that mutant non-neuronal cells can
transmit the neurodegenerative phenotype to wild-type neighboring neurons32–34.

Such non-cell-autonomous pathogenic scenarios can be challenging to investigate from a
molecular standpoint, in part because it is difficult to model them in vitro, as reconstruction
of glial-neuronal interactions or entire neuronal networks may be necessary. Nonetheless,
this has been achieved in mouse models of ALS, whereby astrocytes carrying a mutated
form of the superoxide dismutase-1 (SOD1) gene were shown to mediate a toxic activity
that kills both wild-type and mutant SOD1 mouse motor neurons as well as human ES cell–
derived motor neurons30. But although overexpression of mutant SOD1 in human astrocytes
results in motor neuron toxicity35, it has not been established whether astrocytes derived
from humans with ALS carrying only a single copy of the mutated gene would show a
similar degree of toxicity. Here, for example, is where iPS cells derived from individuals
with ALS carrying a SOD1 mutation10 could be decisive in resolving this outstanding issue
through their differentiation into astrocytes by adapting protocols for astrocytes derivation
from mouse ES cells36. Thus, the pluripotency of iPS cells derived from affected
individuals may enable us to tease out the nature and the sequence of the non-cell-
autonomous insults that lead to neuronal degeneration.

In contrast to the well recognized diversity of neuronal subtypes, less is known about the
molecular and functional diversity of glial cells. Are only particular subtypes of glial cell
involved in the neurodegenerative process? We believe that in vitro coculture model systems
made of different disease-relevant cell types derived from iPS cells will be at the forefront of
the research in neurodegeneration in the coming years, as they hold the promise to produce
important insights into the disease mechanisms of neurodegeneration and to provide new
biomarkers and targets for therapeutic intervention.
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Cell-based models for identification and testing of therapies
Derivation of iPS cells from people with neurodegenerative diseases and their differentiation
into clinically relevant cell types are only the first steps on the road to successful therapy. As
many neurodegenerative disorders are adult onset, identification of disease-related
phenotypes in short-term in vitro settings might be a particular challenge, unless it turns out
that the ontogenic age of the iPS cell derivatives matches that of the donor rather than that of
embryonic cells (Fig. 1). Of possible relevance to this issue is the observation that, thus far,
disease-related cellular phenotypes have been observed in iPS models only of developmental
neuropathologies: spinal muscular atrophy and familial dysautonomia11,12. iPS-derived
motor neurons from a child with spinal muscular atrophy recapitulated some of the
hallmarks of this fatal pediatric paralytic disorder, including selective motor neuron deficit
and a reduced expression of the survival motor neuron (SMN) protein12. Familial
dysautonomia is a severe genetic disorder of the autonomic and sensory nervous systems
due to a tissue-specific splicing defect that leads to a decreased amount of the transcript
encoding IκB kinase complex–associated protein. This defect was recapitulated in neural
crest precursor cells derived from iPS cells of three people with familial dysautonomia11.
Although these results are encouraging, confirmation that the observed phenotypes are truly
related to the disease requires a repair of the gene defects, and, in both studies, this key
rescue experiment was missing. We argue that, in future studies of human disease models
using iPS cells, such rescue experiments should become the norm, as genetic differences
among the human population and, hence, among affected and control iPS cell lines, are
enormous.

In contrast to the models of neurodevelopmental disorders, no disease-related phenotypes
have been thus far reported in iPS cells from adult-onset diseases such as ALS or
Parkinson’s disease10,37. Perhaps here the disease phenotype may never manifest itself
under basal cell culture conditions, but it may be revealed by challenging the neural cells
with stressors such as nitrogen or oxygen reactive species, proinflammatory factors or even
toxins. Identification of new and more effective and relevant stressors eliciting early
neuronal phenotypes in models of adult-onset neurologic diseases will therefore be an
important goal for future research.

Once disease-specific phenotypes are identified and translated into robust cell-based assays,
the most consequential use of iPS cells derived from affected individuals will be the
screening of candidate drugs by, for example, high-throughput platforms (Fig. 1). Such
efforts at drug discovery will be greatly facilitated by the virtually unlimited supply of
pluripotent cells and their derivatives. Another potential advantage in using iPS technology
is that the new drugs will have already been tested on human cells, which may facilitate the
identification of better therapies and accelerate their translation to the clinic.

In the past, even the most promising disease-modifying therapies discovered using animal
models of neurological diseases have failed in clinical trials. Perhaps here is where iPS cells
also have a major and immediate medical role. Cohorts of human subjects are markedly
heterogeneous both clinically and genetically (for example, in age of onset, types and loci of
mutation, type and body distribution of the manifestations, and disease progression).
Furthermore, the response to treatment can be highly variable from patient to patient. This
makes it hard to detect beneficial effects unless their magnitude is large. As such, we can
imagine patient selection being performed on the basis of in vitro testing using disease-
relevant cell types derived from iPS cells of diverse genetic backgrounds. This may allow
the selection of patients whose iPS-derived cells have shown a beneficial response to a drug
before moving forward in a clinical trial or having the drug prescribed. Alternatively,
patient-derived iPS cells may be used to develop patient-specific drugs tailored for a
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particular genetic and clinical profile. A similar predictive approach could apply to the issue
of adverse effects. Serious but often patient-specific hematologic, liver or cardiac toxicity is
often the cause of participant dropout from clinical trials and of discontinuing treatment in
patients. In this case, disease-relevant cell types derived from patients could be used to
predict, in a dish, toxicity of a given drug—a bit like the use of antibiograms in infectious
medicine, which is a method of testing the sensitivity of an isolated bacterial strain to
different antibiotics.

Restorative neurology and stem cells
Use of pluripotent or multipotent cells for restoration of damaged neural networks in a broad
range of neurological disorders is one avenue that holds tremendous promise from a
translational medicine perspective and is one of the strongest forces driving research in stem
cell biology (Fig. 1). Several preclinical studies have generated encouraging data showing
that stem cells and their derivatives can improve function and mitigate neurodegeneration in
a variety of experimental models of neurological disorders38. How close, however, are we
with these types of stem cell replacement therapy to an actual clinical application?

There are several ways in which pluripotent cells may contribute to tissue repair not only in
neurological diseases such as Parkinson’s disease or ALS, but also in ischemic and
traumatic injuries of the CNS. First, there is the possibility that the replacement of damaged
neurons, astrocytes or oligodendrocytes in the adult mammalian CNS could be achieved by
endogenous neurogenesis, as self-renewable neural cells are found in discrete regions of the
adult CNS39. In the intact adult CNS, neurogenesis outside the subventricular zone of the
lateral ventricle wall or the subgranular zone of the hippocampal dentate gyrus seems to be
extremely limited, if not nonexistent40. However, in a model of forebrain transient ischemia
in adult rats, neural progenitor cells were found to proliferate in response to CNS injury and
then to migrate to the damaged hippocampus and give rise to new mature neurons41.
Although this neurogenic activity, even in response to injury, was meager, it was
successfully enhanced by the infusion of FGF41. Thus, finding ways to modulate adult
neurogenesis may be pivotal to any efforts aimed at repairing damaged neural networks with
endogenous stem cells. Perhaps the greatest challenge for clinical use of endogenous stem
cells is their limited developmental potential. Although potency of endogenous stem cells
can be broadened in response to injuries42, it is unlikely that all principal degenerating nerve
cells causing disorders such as Alzheimer’s disease, Parkinson’s disease or ALS can be
generated without resorting to genetic reprogramming of endogenous progenitors3,43.

An alternative possibility is to attempt to repair damaged CNS networks by using exogenous
pluripotent cells and their derivatives for transplantation. For the past few decades, a large
body of literature on grafting fetal neural cells or tissues into the adult CNS, especially for
Parkinson’s disease, has been published44. Having said this, one should not underestimate
either the risks or the complexities of such reparative strategies45, including the much-
discussed risk of tumor formation. For instance, among the host of outstanding questions
regarding the use of pluripotent cell derivatives here is the fact that both ES- and iPS-
derived neural cells will be placed inside the damaged or injured CNS. The diseased
parenchyma may thus constitute a hostile environment, which can challenge the proper
integration and even survival of the transplant within the host CNS. Even in sporadic
neurological disorders, the disease phenotype may be communicated to neighboring wild-
type cells, as suggested by the report that pathological proteinaceous inclusions can be
observed in wild-type, healthy fetal ventral midbrain neurons after transplantation into the
affected striatum of patients with Parkinson’s disease46. Furthermore, in the case of known
genetic defects, patient-specific iPS cells and their derivatives may not be usable off the
shelf in absence of ex vivo gene therapy to restore a normal cellular function. This
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prerequisite may be accomplished using homologous recombination47, human artificial
chromosomes48 or zinc-finger nucleases26, but, if this is even technically feasible, it seems
very labor intensive, raising concerns about whether iPS-based autologous cell replacement
therapy could ever be offered to patients on a large scale.

Assuming that pluripotent cell derivatives, once engrafted, maintain their fate and their
required functional phenotypes, some goals for such cell therapies still may be more realistic
than others. For instance, as shown in experimental models of Parkinson’s disease13, if the
goal is merely to restore the local concentration of the lost production of a neurotransmitter,
then implantation of any kind of pluripotent cell derivatives with the capacity to release the
missing neurotransmitter may suffice to provide clinical benefit, in absence of a genuine
circuitry restoration. If the goal is to actually repair the neural circuit with either endogenous
or exogenous stem cells, then the most significant hurdle will be the regrowth of projections
to the proper target structure in a manner that respects the somatotopic organization of the
network. The mechanical barrier caused by disease- or injury-related gliosis and the
presence of inhibitors of axonal regrowth49 can also undermine the restoration of damaged
neuronal networks in the adult CNS. These are some, but certainly not the only, pressing
issues that must be overcome before cell replacement therapy is attempted in
neurodegenerative, ischemic and traumatic CNS disorders to avoid the harmful results that
have plagued other therapeutic strategies that were, at times, hailed as breakthroughs of
modern medicine.

Looking forward
Despite the need for a more detailed characterization of iPS cells and for improvement in the
methodologies for iPS cell derivation without stably integrated exogenous genes, iPS cells
are already greatly influencing the way in which we approach the preclinical study of
neurological disorders. Although cell replacement therapy might be theoretically the most
direct therapeutic application of pluripotent cells, the time is not yet ripe for this type of
reparative neurology. It is our opinion that the possibility of using human pluripotent cells,
especially iPS cells, for in vitro applications of clinical importance may be a near-term
attainable goal. We believe that the greatest potential for iPS technology resides in its
sensible application toward the modeling and studying of neurodegenerative diseases,
leading eventually to the development of new therapeutic approaches.
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Figure 1.
Pluripotent cells are obtained either directly from ES cells or indirectly from somatic cells
such as skin fibroblasts transformed into iPS cells by exposure to transcription factors. Both
ES and iPS cells can be coaxed into a variety of neural cell types. Once produced and, if
necessary, purified, these neural cells could be used for disease modeling if the ES cells
originate from embryos that carry the disease-causing defect, or if the iPS cells derive from
an individual with the disease. These neural cells could also be used for reparative therapies.
However, in this case, neural cells deriving from normal ES cells may trigger a rejection
reaction (owing to their allogeneic nature with respect to the host), and neural cells deriving
from patient iPS cells may have to undergo ex vivo reprogramming of the disease-causing
defect before being used.
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