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Abstract

Aging in the central nervous system is associated with progressive loss of function which is exacerbated by neu-
rodegenerative disorders such as Alzheimer’s and Parkinson’s diseases. The two primary cell replacement strategies
involve transplantation of exogenous tissue, and activation of proliferation of endogenous cells. Transplanted tissue
is used to either directly replace lost tissue, or to implant genetically engineered cells that secrete factors which pro-
mote survival and/or proliferation. However, successful application of any cell replacement therapy requires know-
ledge of the complex relationships between neural stem cells and the more restricted neural and glial progenitor cells.
This review focuses on recent advances in the field of stem cell biology of the central nervous system, with an
emphasis on cellular and molecular approaches to replacing cells lost in neurodegenerative disorders. 
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Introduction

The human brain has the capacity to age graceful-
ly, retaining relatively normal function for almost
a century. However, the more prevalent course is
the appearance of age-related neurodegenerative
disorders, such as Alzheimer’s disease (AD),
Parkinson’s disease (PD) or stroke. As the mean
human population age continues to increase,
research has focused on potential cellular and
molecular mechanisms to expand maximum lifes-
pan and alleviate, and possibly prevent, the
appearance of devastating neurodegenerative dis-
eases. Much attention has been given to the recent
advances in stem cell therapies, which offer the
potential to replace lost tissue in the aging brain.
In the stem cell field, the cell replacement strate-
gies can be divided into exogenous (i.e., trans-
plantation of stem cells) and endogenous (i.e.,
stem cells reentering the cell cycle to replace lost
cells) therapies. This review will focus on recent
advances in the field of stem cell biology of the
central nervous system, with an emphasis on cel-
lular and molecular approaches to replacing cells
lost in neurodegenerative disorders. We will first
discuss alterations in brain structure and function
that are associated with aging, including diseases
that commonly affect the aging brain. We will then
briefly examine the biology of neural stem cells
during development and during aging. Finally, we
will focus on recent advances in the field of stem
cell biology, which offer hope for alleviating neu-
rodegenerative disorders associated with aging.

Changes in the brain during aging

In order to understand the role of neural progeni-
tor cells (NPCs) and neural stem cells (NSCs) in
aging, one must first understand the process of
aging in the human brain. As with other organs,
there is a progressive decline in functional capac-
ity of the brain that accompanies aging. A distinc-
tion can be made between primary aging (the
gradual loss of function in the non-diseased state),
and secondary aging (the progressive functional
decline resulting from age-related disorders,
which will be discussed in the next section). In
the central nervous system (CNS), primary aging

is associated with altered morphology and con-
nectivity which alters normal function. In the
absence of disease, there is a moderate reduction
in the number of neurons in many areas of the
brain during aging [1]. Post-mortem studies indi-
cate an approximate reduction of 5% in brain
weight and volume per decade after 40 years of
age [1]. There is also evidence of shrinkage in
several brain areas, including the frontal cortex
[2, 3], the striatum [4] and midbrain structures
such as the locus coeruleus and substantia nigra
[5, 6], as well as an increase in lateral ventricle
and sulcal volume as a result of atrophy [7].
Overall, however, it is thought that most neurons
remain in the brain for the lifetime of an individ-
ual, with the exception of discrete brain regions
which are continually replenished with new neu-
rons (i.e., the olfactory bulb and dentate gyrus of
the hippocampus). Structural changes associated
with aging include loss and reorganization of
synapses, retraction and expansion of dendrites,
and glial cell reactivity [8, 9]. 

On the cellular level, aging of the CNS is
accompanied by a number of changes which
impair cellular function, including elevated levels
of oxidative stress and associated oxidative dam-
age to proteins and DNA; impaired cellular
metabolism; and accumulation of lipid and protein
by-products, such as lipofuscin and advanced gly-
cation end products [10]. Mitochondrial function
declines with age, and is associated with an
increase in damage to mitochondrial DNA as a
result of oxidative damage and lack of effective
DNA repair [11, 12]. A variety of signal transduc-
tion pathways are altered, affecting release of neu-
rotransmitters and growth factors which results in
impaired neuronal excitability and plasticity.
While these changes generally do not themselves
cause neurodegeneration, they create a permissive
environment in which neurons are predisposed to
neurodegenerative diseases, such as AD and PD.
Additionally, several alterations seen in the aging
brain are often enhanced in the diseased brain. For
example, protein oxidation is even greater in
brains from patients with AD and PD as compared
to age-matched controls [13]. 

The most remarkable changes in the brain may
be the alterations in cognition and plasticity which
occur with aging. As compared to younger indi-
viduals, older adults show different patterns of
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brain area activation when performing cognitive
tasks with some tasks reorganized in a manner
which suggests rearrangement to optimize perfor-
mance [14]. However, there is also substantial evi-
dence for loss of brain function as individuals age,
most notably resulting in impairment of functions
such short-term memory. There is also evidence of
age-related impairment of repair capacity follow-
ing injury or disease. In the normal adult brain,
most CNS repair strategies involve reorganization
of existing circuitry (by mechanisms such as com-
pensation and redundancy). In select regions, such
as the olfactory bulb and hippocampus, there is the
possibility of neuronal replacement through the
generation of new neurons. However, these cases
are the exception to the normal reaction to physi-
cal injury, which generally involves proliferation
of astrocytes and formation of a glial scar. Thus,
under normal circumstances, neuronal replace-
ment is not a normal response to injury or disease.
In the aging brain, there is evidence that the limit-
ed repair capacity is inhibited even more than in
the normal adult brain, especially when neurode-
generative disease is evident. 

Even in the absence of disease, the decline in
brain function with aging may have important
implications for the process of aging itself.
Several lines of evidence suggest that the CNS
may control lifespan [15]. The hypothalamic-pitu-
itary axis may be involved, as mice with mutations
resulting in abnormally small pituitary glands [16]
or decreased levels of growth hormone [17] expe-
rience longer lifespan than normal mice. In the
Caenorhabditis elegans, worms with mutations in
insulin-like signaling pathways (notably the
insulin receptor and phosphatidylinositol-3-kinase
homologs daf-2 and age-1) expand lifespan [18,
19]. The effect of these mutations is cell-specific,
such that expression of wild-type daf-2 or age-1 in
mutant C. elegans reverses the elongated lifespan
effect when the proteins are expressed in neurons,
but not in muscle or intestinal cells [20]. If the
brain does regulate lifespan in humans, then loss
of brain function during aging may be a determi-
nant factor in the observed decline in function
associated with secondary aging. The decline in
function is worsened in the presence of neurode-
generative disease, thus therapy which alleviates
primary and/or secondary aging is a primary goal
in aging research. In the next section, we will

briefly describe the primary neurodegenerative
disorders associated with aging which may benefit
from stem cell based therapy.

Diseases of the aging brain

Three of the most prevalent age-related neurode-
generative disorders are AD, PD and stroke.
Although there are other neurodegenerative disor-
ders which are associated with aging, these tend to
have a genetic basis; for example, the trinucleotide
disorder Huntington’s disease is an inherited dis-
order. While these diseases are associated with
aging, they do not result from the aging process
itself and will not be addressed in this review. AD,
PD and stroke share the common feature that spe-
cific populations of neurons are affected in each
disorder. In AD, a disorder which affects memory
and cognition, the primary regions affected are the
hippocampus, cerebral cortex and amygdala. In
PD, a disease characterized by motor dysfunction,
there is selective loss of dopaminergic neurons in
the substantia nigra. In stroke, which occurs with
occlusion or rupture of a cerebral blood vessel,
there is selective loss of neurons from the
region(s) supplied by that blood vessel. Thus, each
disease offers a relatively discrete target for poten-
tial therapies. Additionally, each disease can be
mimicked both in vitro and in vivo through a vari-
ety of models. Animal models of AD include pre-
senilin-1 knock-in mice, as well as various
mutants of presenilin-1, tau and amyloid process-
ing protein (APP). To mimic PD, selective loss of
dopaminergic neurons can be produced by admin-
istration of 6-hydroxydopamine (6-OHDA) or 1-
methyl- 4-phenyl-1,2,3, 6-tetrahydropyridine
(MPTP). Additionally, transgenic mice expressing
mutant human α-synuclein exhibit loss of
dopaminergic neurons and behavioral abnormali-
ties resembling those seen in PD. Stroke can be
induced through transient or permanent occlusion
of the middle cerebral artery in rodents. Thus, the
animal models needed to test stem cell-based ther-
apies already exist and, in most cases, have been
well characterized. 

Traditional therapy for each of these diseases
has focused on pharmacological therapeutics, with
generally poor results. During AD, there is marked
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atrophy of the cerebral cortex with a dispropor-
tionate loss of cholinergic neurons. Traditional
therapy has sought to enhance cholinergic func-
tion with cholinesterase inhibitors, such as tacrine.
However, clinical trials revealed little to no
improvement in cognitive function with this ther-
apy. In PD, therapy has focused on drugs which

enhance dopaminergic function. The primary ther-
apy is L-dopa, which is converted to dopamine in
the striatum. Although L-dopa is the most widely
used therapeutic agent for PD, its effectiveness
diminishes after 3-5 years of continuous treat-
ment. In stroke, treatment usually focuses on min-
imizing the secondary damage following reperfu-
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Fig. 1   Generalized outline of the lineage relationship between stem cells and differentiated cells of the central nervous
system.  As cells become more specialized, the different types of progeny they can produce becomes more restricted,
such that multipotent stem cells are capable of producing all cell types, while neuron restricted precursors (NRPs) and
glial restricted precursors (GRPs) produce only neurons and glia, respectively.  Note that expansion of cellular pools can
occur at several stages of development, allowing for division of multiple types of "stem cells" simultaneously.



sion of the injured area using agents such as crea-
tine and antioxidants; however, treatments which
are successful in experimental animals are gener-
ally not effective in humans, with the possible
exception of controlled hypothermia [21].

In the early stages of each of these diseases-
AD, PD and stroke- there is a relatively discrete
population(s) of neurons which is affected, mak-
ing these diseases ideal targets for cell replace-
ment therapy using stem cells. The question facing
modern medicine is how best to use stem cells to
produce functional recovery in neurodegenerative
disorders. In recent years it has been noted that the
adult brain has the capacity to replace lost neurons
in several select regions of the CNS, such as the
olfactory bulb and the hippocampus. Additionally,
stem cells have been described in the fetal brain
and the adult human subependymal zone, hip-
pocampus and cortex. Estimations of the number
and proliferative capacity of these cells suggests
the possibility that therapy through replacement of
lost cells by mobilizing endogenous stem cells or
transplantation of exogenous cells may be a realis-

tic therapeutic approach. In order to best use these
cells, however, we must first understand their
basic biological properties.

Stem cells and the brain

Biology of neural stem cells

For decades, scientific dogma maintained that the
adult mammalian nervous system was incapable of
creating new neurons. However, the demonstration
of neurogenic regions in the adult human brain led
to an explosion of research in the area of adult neu-
rogenesis. It is becoming evident, however, that
neurogenesis involves not only multipotent stem
cells but also a variety of other cell precursors, as
observed during normal development in the CNS.
During the course of neural development, there is a
progressive restriction of developmental potential,
from the multipotent stem cell to the final differen-
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Fig. 2   As brain development progresses from prenatal to adult, there is a progressive restriction in the localization
of NSCs which is accompanied by a general decrease in the proliferative capacity of these cells.  In the adult and
aging brain, there is also an increase in the potential types of cells which can divide following appropriate stimula-
tion, ranging from quiescent adult stem cells to non-neural cells such as microglia and hematopoietic stem cells.
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tiated cell (Figure 1). For the purposes of this
review, a stem cell is defined as any cell capable of
both self-renewal through symmetric divisions
and production of non-stem cells through asym-
metric divisions. As cells develop from embryon-
ic stem (ES) cell to differentiated cell, there are a
number of intermediate cells which are restricted
in their developmental potential. These cells are
distinct from cells whose developmental fate has
already been determined, which are labeled as pre-
cursor cells. Neural stem cells (NSCs) are defined
as cells which can generate all three major types of
cells in the CNS:  neurons, astrocytes and oligoden-
drocytes. In general, NSCs are more restricted in
their differentiation potential as compared to the
multipotent ES cells. It is important to note that
while NSCs have been identified in both fetal and
adult tissue, there are notable differences between
the properties and localization of stem cells derived
from these tissues (Figure 2). For example, FGFR4
is a marker for stem cells in fetal tissue [22] but is
not detectable on adult stem cells. Additionally,
within the CNS there are specific subclasses of neu-
ral stem cells which exhibit self-renewal and the
capacity to differentiate into different types of neu-
rons, but are relatively restricted in the types of dif-
ferentiated cells they produce. For example,
pluripotent neuroepithelial cells derived from
human fetal spinal cord are limited in their lineage
potential, generating neurons and astrocytes but not
oligodendrocytes [23]. Cells can also be limited in
their differentiation capacity depending on the
region from which they are originally isolated. For
example, stem cells derived from the mesen-
cephalon generate dopaminergic neurons more
readily than other precursor populations [24].
Similarly, retinal stem cells produce retinal cells
more easily than stem cells derived from the fore-
brain or spinal cord. Thus, these “stem cells” are not
capable of easily producing any cell type, but are
included in the definition of “stem cell” because of
their ability to self-renew and generate several
types of differentiated progeny. 

Cells with a more restricted potential than
NSCs, termed precursor cells, have also been
described in the human CNS. Cells that are com-
mitted to becoming glial cells or neuronal cells
are labeled as glial restricted precursors (GRPs)
or neuronal restricted precursors (NRPs), respec-
tively. Using these definitions, GRPs and NRPs

have been identified in fetal and adult tissue.
Neuronal precursors have been described in the
adult subventricular zone [25] and the hippocam-
pus [26, 27]. These cells generally express
polysialated NCAM (PSA-NCAM), which is
expressed by NRPs and immature neurons, and
can be used to isolate NRPs from human fetal tis-
sue [28]. Like stem cells, cells expressing PSA-
NCAM appear to have different properties,
including expression pattern and capacity for self-
renewal, in the fetus as compared to the adult,
although the physiological basis for this observa-
tion is not yet understood [29]. Similarly, cells
which are restricted to oligodendrocyte lineage
have been described in adult human white matter
[30, 31]. These cells express the cell-surface pro-
tein A2B5 which can be used to select for these
cells in culture [32], yielding cells that are similar
to the rodent O2A cell. Astrocyte restricted pre-
cursor cells have also been isolated through
sequential passaging of multipotent stem cells
derived from cultured human spinal cord tissue
[23]. Astrocyte precursors have not yet been
directly isolated from human tissue, however at
least two different types are evident in rodents
[33, 34]. Astrocytes are themselves interesting in
terms of self-renewal and differentiation capacity.
Astrocytes are normally quiescent in vivo; how-
ever, they are capable of reentering the cell cycle
and dividing indefinitely. Even more interesting is
recent data suggesting that astrocytes are capable
of dedifferentiating then re-differentiating into
neurons in culture [35, 36].

Thus, neural tissue in both the fetal and adult
human CNS is comprised of multiple classes of
dividing cells, including multipotent NSCs,
restricted precursors and astrocytes which are
capable of dedifferentiating and reentering the
cell cycle. Theoretically, these cells are an
endogenous source of new cells to replace cells
that are lost during injury or disease. In reality,
however, the potential of these cells is not real-
ized in the adult CNS under most conditions. A
major question currently facing the stem cell field
is how to utilize these cells to replace lost cells
either by promoting the proliferation, differentia-
tion and survival of endogenous cells, or by trans-
planting new cells into damaged areas. For either
approach to be successful, however, requires an
understanding of the relationship between cell
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lineages and the factors that influence develop-
mental fate.

Regulation of stem cell proliferation, 
differentiation and survival

Under normal conditions, there are several possible
outcomes for a neural stem cell. Stem cells may
remain quiescent and not undergo division, or may
undergo programmed cell death (apoptosis) and
cease to exist. Alternatively, stem cells may reenter
the cell cycle and proliferate to generate new stem
cells (through symmetric divisions) or differentiat-
ed progeny and undifferentiated stem cells (through
asymmetric divisions). Further, a stem cell may
“mature” into a different type of stem cell (i.e., a
fetal stem cell may become an adult stem cell), cre-
ating a diverse set of possible outcomes for initia-
tion of stem cell division. The final outcome
depends on the information received by the stem
cell in the form of hormones, growth factors, etc.,
and is influenced by factors such as cell density,
energy metabolism, receptor expression, and cross-
talk between signaling pathways [37]. 

A number of factors have been identified which
affect NSC and NPC proliferation, differentiation
and survival both in vitro and in vivo. During devel-
opment, several factors regulate cell proliferation
and fate. For example, bone morphogenic proteins
(BMPs) suppress neural differentiation in the

embryo, which can be antagonized by noggin,
thereby promoting neurogenesis [38]. A similar
function of BMPs and noggin has been identified in
the adult subventricular zone (SVZ) [39]. Growth
factors, most notably epidermal growth factor
(EGF) and fibroblast growth factor (FGF), promote
proliferation of NSCs and precursor cells. In the
cortical SVZ, EGF promotes gliogenesis while FGF
promotes neuronal differentiation [40, 41]. Brain-
derived neurotrophic factor (BDNF) may promote
neural differentiation and survival in the hippocam-
pal dentate gyrus and cerebral cortex [42, 43].
Cytokines also play a role in determining cell pro-
liferation and fate. Leukemia inhibiting factor (LIF)
and ciliary neurotrophic factor (CNTF), which acti-
vate a heterodimer comprised of a gp130 receptor
and a partner receptor (the LIF receptor or CNTF
receptor, respectively), have different actions
depending on the developmental stage of the NSC.
In mouse ES cells, LIF or CNTF is essential for
maintenance of neural stem cells in an undifferenti-
ated state [44-47]. However, in both the developing
and adult mouse CNS, activation of the gp130
receptor promotes gliogenesis through differentia-
tion and/or survival of astrocytes [48-50]. The same
factors can also promote the generation and sur-
vival of oligodendrocytes in vitro [51-53]. Thus, the
effect of factors which affect NSCs and NPCs reg-
ulation must be considered in the context of the
stage of development of the cell (ES cell vs. lineage
restricted precursor). 
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Table 1.   Mechanisms underlying aging in the central nervous system. Although there is little information regard-
ing the effect of stressors on neural stem cells, it can be hypothesized that age-associated changes which affect somat-
ic cells may potentially affect NSCs. Age-related changes in NSCs, such as decreased proliferative capacity in neu-
rogenic regions, may also occur independently of these processes.

Processes underlying aging in the central nervous system: somatic and stem cells

DNA damage and instability 
Altered protein synthesis and degradation 
Mitochondrial instability and mutations 
Decreased telomerase expression and activity 
Elevated free radical production and decreased free radical scavenging 
Accumulation of somatic mutations 



Stem cells and the aging brain

In the adult mammalian brain, stem cells are local-
ized in two areas:  the subventricular zone (SVZ) of
the lateral ventricle and the subgranular layer
(SGL) of the hippocampal denate gyrus. Cells in the
SVZ follow the rostral migratory stream (RMS) to
become interneurons in the olfactory bulb, while
cells in the SGL migrate a short distance to differ-
entiate into hippocampal granule neurons [54, 55].
Stem cells of the SVZ spread across most of the lat-
eral wall of the lateral ventricle, while stem cells of
the SGL are limited to the thin SGL. As a result of
the greater number of stem cells in the SVZ, this
region has been characterized to a greater extent
than the SGL. However, NSCs comprise such a
small percent of the cells in both adult neurogenic
regions that deriving a pure population for studies
in vitro is difficult. It can be predicted that stem
cells will be affected by many of the same process-
es which affect somatic cells during aging (Table
1). Preliminary evidence suggests that stressors
which accompany aging, such as increased oxida-
tive stress and DNA damage, may be more damag-
ing to stem cells than somatic cells, and that dam-
age which occurs to NSCs early in development
may affect NSCs present in the adult brain. For
example, prenatal stress inhibits neurogenesis and
affects learning and memory in the adult hippocam-
pus [56], suggesting a heightened vulnerability of
NSCs to damage caused by stress. However, there
is little information regarding NSC vulnerability to
age-related changes in the adult brain. 

What is known is that NSCs can be induced to
reenter the cell cycle following exercise [57-59],
exposure to an enriched living environment [60,
61], or following injury caused by cerebral
ischemia [62] or severe seizures [63]. However, the
capacity for neurogenesis diminishes with age,
even in the absence of disease. In the aging rat hip-
pocampus, bromodeoxyuridine (BrdU) incorpora-
tion by neuronal progenitor cells is decreased com-
pared to younger adult rats as a result of decreased
proliferation [64]. The loss of proliferative capacity
and thus replenishment of hippocampal granule
neurons may contribute to age-related deficits in
memory and learning, which are mediated by the
hippocampus. The loss of proliferation in the hip-
pocampus was not found in other neurogenic
regions, such as the lateral ventricle wall, suggest-

ing a specific age-related impairment in the hip-
pocampus [64]. Hippocampal neural progenitors
retain the ability to proliferate, as demonstrated by
the restoration of hippocampal neurogenesis fol-
lowing adrenalectomy in aged rats [65]. Thus, age-
related memory impairment may be reversible
through re-activation of endogenous stem cells. 

Stem cells may actually play a limited role in
age-related diseases of the brain, such that part of
the neural damage observed during the disease pro-
cess may be attributed to the loss of stem cells’ abil-
ity to divide. Stem cells are vulnerable to many of
the same age-related factors which affect somatic
cells, such as stress and free radicals. Preliminary
evidence indicates that NSCs may play a role in the
pathogenesis of AD. For example, amyloid beta-
peptide, which plays a role in the pathology of AD,
also inhibits proliferation and promotes apoptosis
of human cortical stem cells in culture [66].
Interestingly, the most common predictor of onset
of AD is loss of smell [67, 68]. Patients with early-
onset AD exhibit as much as a 75% loss of neurons
in the anterior olfactory nuclei neurons [69]. Under
normal conditions, NSCs in the SVZ migrate to the
olfactory bulb to become interneurons, thus the loss
of smell may result from loss of proliferation of
these precursor cells. If a general feature of AD is
the loss of proliferation of NSCs, then loss of pro-
liferation in the SGL of the hippocampus may con-
tribute to the observed loss of memory in AD. This
is suggested by the decreased proliferation of neu-
ral precursors in models of AD, which may be exac-
erbated by the general loss of proliferation in the
SGL which accompanies aging. However, the exact
role of NSCs in AD has yet to be fully elucidated.

Stem cells may also play a limited role in the
response to injury or disease in the aging brain.
Division of NSCs has been implicated as contribut-
ing to the recovery period following a stroke [70].
Recent evidence suggests that latent stem cells
begin proliferating following an ischemic episode,
and in fact may explain the partial functional recov-
ery following blood vessel occlusion. In rats receiv-
ing a middle cerebral artery occlusion, cells prolif-
erate in the SVZ and migrate to the site of injury,
where they express neuronal markers and send pro-
jections to appropriate target regions [71]. Although
the number of cells which are replaced is small
(approximately 0.2% of total striatal neurons), this
finding gives hope that methods which promote
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proliferation of these cells may aid in the recovery
of neuronal number and function following stroke.
To date, there is no evidence that loss of stem cell
proliferative capacity contributes to the onset of
PD, or that endogenous NSCs proliferate in
response to cell loss associated with PD. However,
neural stem cells have recently been identified in
the adult substantia nigra which produce glia in
vivo, and neurons, astrocytes and oligodendrocytes
in vitro [72]. These cells can differentiate into neu-
rons when transplanted into the hippocampus but
not the substantia nigra, suggesting that manipula-
tion of the environment in the substantia nigra to
favor neurogenesis may allow endogenous stem
cells to divide and replace neurons lost in PD.
However the reality of this hypothetical scenario
has not yet been examined. 

Stem-cell based therapeutics

Stem cells have a number of potential applications
in treating neurodegenerative diseases (Figure 3).
Cells lost during disease can be replaced by divi-

sion of stem cells already present in the brain
(endogenous source), or by transplantation of new
cells into the damaged region (exogenous source).
Stem cells which have been genetically engineered
to secrete factors which promote cell survival
and/or growth, such as growth factors or other pro-
tective agents, can be transplanted into the damaged
area to slow the rate of degeneration and promote
growth of new neurons. Finally, stem cells may
actually play a role in the disease process of some
neurodegenerative disorders, making them a useful
tool for studying the mechanisms underlying the
disease process itself. In the next section, we will
examine the potential use of stem cells in the aging
brain.

Stem-cell based therapeutics:  
exogenous

When the body cannot replace damaged tissue
through generation of new cells, one therapeutic
approach is the transplantation of exogenously pro-
duced cells. For this method to be successful, the
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Fig. 3   Stem cells have several potential uses for treating neurodegenerative disorders.  Stem cells themselves can
replace damaged cells through division of endogenous NSCs or transplantation of exogenous NSCs.  Stem cells that
have been genetically engineered to secret protective and/or growth-promoting factors, such as bFGF, BDNF and
GDNF, can activate new growth while slowing the disease progression.  Stem cells can also be used to study the
mechanisms underlying the disease process itself.
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transplanted cells must 1) survive the transplanta-
tion; 2) differentiate into appropriate cell pheno-
type(s); and 3) make appropriate, functional con-
nections with host tissue. In the case of cells trans-
planted into the diseased brain, the cells must also
be able to survive and function in the dysfunctional
environment created by the disease itself.
Compared to transplantation into more homoge-
nous tissue with better proliferative capacity, such
as the liver and the hematopoietic system, trans-
plantation into the CNS is even more complicated,
given the intricate nature of connections between
various populations of neurons. In the diseased
brain, transplantation is complicated even further
by the inhospitable environment created by the
pathology of the disease itself, and the often diffuse
nature of neurodegenerative diseases.

One common approach is to culture stem cells
prior to transplantation to increase the number of
cells available for transplantation. Stem cells can be
grown for prolonged periods of time, during which
time their genetic makeup can be manipulated to
add or delete genes. Once transplanted, stem cells
can migrate a great distance in both intact and dam-
aged brains [73], and can differentiate into appro-
priate cells for the host tissue. However, there are
several issues which must be resolved before cell
replacement using stem cells can become a standard
therapy. Once cells have become transplanted, it is
difficult to regulate the final phenotype of the cells
following differentiation in vivo. In instances where
a specific cell type is needed for functional recov-
ery (such as the need for new dopaminergic neurons
in Parkinson’s disease), it may be more appropriate
to introduce a more restricted precursor which will
develop into a neuron rather than a multipotent
stem cell which could potentially develop into glia.
Additionally, there is increasing evidence that stem
cells themselves vary between populations, depend-
ing on the source tissue, thus necessitating tissue-
specific lineages of stem cells for cell replacement
therapy.

Despite the potential obstacles to using trans-
planted cells to replace lost tissue, there is evidence
that such methods can produce significant recovery
in rodent disease models. For example, transplanta-
tion of passaged stem cells results in recovery of
physiological and behavioral function in rodent
models of Parkinson’s disease and stroke, as dis-
cussed below. 

Transplantation of 
embryonic cells and tissue 

Much of the controversy over stem cell replace-
ment therapy centers on the use of ES cells to
replace lost tissue. ES cells are pluripotent cells
isolated from the inner cell mass of blastocysts,
which give rise to every cell in the mature organ-
ism. ES cells differ from stem cells, which are
multipotent but are generally considered to have a
more restricted potential than ES cells, such that
the development of stem cells tend to be restrict-
ed to the types of cells usually present in the
donor organ. While there have been tentative
advances in the use of adult-derived stem cells of
the hematopoietic system, the ability of cells to
transdifferentiate (i.e., de-differentiate into a
more primitive cell, then differentiate into a com-
pletely different type of cell) remains controver-
sial. In fact, recent reports in Nature suggest that
transdifferentiation is actually a result of stem
cells fusing with more mature cells to create an
abnormal hybrid [74, 75]. More promising work
has been done using ES cells to replace cells lost
in Parkinson’s disease. More mature cells, such as
fetal midbrain precursor cells, can integrate into
the CNS, form functional dopaminergic neurons
and alleviate Parkinson’s-like symptoms in the rat
[76]; however, the ability of these cells to gener-
ate dopamine-secreting neurons is variable and
unreliable. ES cells, on the other hand, have the
capacity to proliferate extensively and can gener-
ate functional dopaminergic neurons in vitro [77].
When an enriched population of neural stem cells
is transplanted into the striatum of rats lesioned
with 6-OHDA, a commonly used animal model
for Parkinson’s disease, the cells integrate into the
injured area and develop into neurons which
exhibit properties expected of midbrain neurons
[77].

Transplant studies in humans with PD have
had varying degrees of success and failure.
Clinical trials have focused on transplantation of
human fetal mesencephalic tissue, which is high-
ly controversial given the need for six to seven
human fetuses needed per patient.
Transplantation of less tissue is generally unsuc-
cessful in terms of therapeutic effect, thus there is
a need for a large amount of tissue for transplan-
tation. The success of symptom amelioration also
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varies from improved function to no change to
worsening of symptoms. While transplantation of
human fetal tissue can reduce bradykinesia and
rigidity, there is little to no improvement in gait
and tremor [78, 79]. Disturbingly, some patients
receiving grafts develop abnormal movements
(termed “runaway dyskinesias or dystonia”) as a
complication following surgery [80].
Additionally, the survival rate of cells following
transplantation is generally poor, and is usually
not sufficient to reach the minimum number of
surviving cells to have a positive effect [81].
Given the recent success in rat models of PD [77],
future clinical trials are likely to focus on use of
human ES cells as an alternative to using fetal tis-
sue to replace cells lost in PD.

Transplantation of exogenous cells in animal
models is also showing some promise in treating
ischemia following stroke. Following injury,
NSCs can travel great distances from the site of
implantation to the site of disease or injury. For
example, transplanted NPCs rapidly migrate to
the site of active gliomas in the adult rodent brain,
even when the transplantation site is in the con-
tralateral hemisphere [82]. A number of studies
suggest that transplantation of NSCs in rodents
results in partial replacement of cells lost during
ischemic injury, and can result in partial recovery
of motor and cognitive function. Functional
recovery following transplantation of NSCs has
been observed in both young [83] and adult [84]
animals, as evidence by increased numbers of
neurons in the infarct site, and improved perfor-
mance in tasks such as the Morris water maze. 

In contrast to the large number of studies of
NSCs in PD, there have been no studies to date
which examine the feasibility of using NSCs to
repair AD-associated neuronal loss. One problem
associated with cell replacement strategies in AD
is the diffuse nature of cellular damage as the dis-
ease progresses. A more significant problem is the
hostile environment created by the disease. AD
patients exhibit elevated oxidative stress, which
can induce apoptosis in NSCs derived from the
SVZ [85]. Amyloid beta-peptide, a self-aggregat-
ing protein present in amyloid plaques associated
with AD, inhibits NSC proliferation and differen-
tiation [66], suggesting that exogenous cells
transplanted into the AD brain may not survive to
replace damaged cells.  

Stem-cell based therapeutics: 
endogenous

Mobilization of endogenous stem cells to replace
damaged tissue represents a less invasive route of
therapy than transplantation of foreign cells/tissue
and avoids the problems associated with a limited
supply of donor cells. Several lines of evidence sug-
gest that this approach is possible. First, many stud-
ies point to the existence stem cells throughout the
brain [86, 87]. Second, there is substantial evidence
that that neural stem cells respond to environmental
cues which stimulate neurogenesis, such as dietary
restriction, exercise, hormone therapy and growth
factor infusion. While studies have focused on the
two primary neurogenic regions (the SVZ and
SGL), neurogenesis has been observed in the cor-
tex; however, some regions, such as the spinal cord,
appear to be inherently less responsive.  

Growth factors

The adult brain is continuously generating new neu-
rons [88, 89], although the capacity to generate new
neurons diminishes with age. One strategy for cell
replacement in neurodegenerative disorders is pro-
moting proliferation of endogenous stem cells by
infusing biologically active agents in vivo, or pro-
moting the survival of stem cells of the constitu-
tively dividing population and/or the cells that are
induced to divide upon injury. In order for this
method to succeed, endogenous stem cells must not
only proliferate and travel to the point of injury,
they must also differentiate into an appropriate phe-
notype which makes appropriate, functional con-
nections and survive in the host tissue. As with
transplanted tissue, these cells must overcome the
additional complication of survival in diseased tis-
sue.

NSCs respond to a variety of growth factors and
cytokines which affect proliferation, differentiation
and survival of these cells. In particular, growth fac-
tors have been examined as potential “activators” of
cell replacement. One growth factor, basic fibrob-
last growth factor (bFGF), promotes neurogenesis
both in vitro and in vivo. Infusion of bFGF into the
ventricles for 14 days results in proliferation of pro-
genitor cells in the SVZ without evidence of prolif-
eration in the hippocampus [90]. Four weeks fol-
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lowing factor withdrawal, many of the newborn
cells had migrated into the olfactory bulb and dif-
ferentiated into phenotypes resembling local
interneurons, suggesting that bFGF promoted neu-
rogenesis. Interestingly, NSCs which appear early
in development respond only to FGF; as develop-
ment proceeds, loss of FGF or FGF receptors leads
to a loss of stem cell proliferation [22, 91, 92].
NSCs which appear later in development require
either FGF or epidermal growth factor (EGF) to
proliferate [93, 94]. As cells become more restrict-
ed in their developmental potential, the growth fac-
tor requirement tends to become more specialized;
for example, GRPs respond to platelet-derived
growth factor (PDGF) [95], while NRPs respond to
factors such as sonic hedgehog (Shh), FGF and neu-
rotrophin-3 (NT-3) [96-98]. Thus, cell proliferation
may be stimulated by administration of appropriate
growth factor; however, some growth factors, such
as FGF, act on multiple cell types, which may cause
both the desired proliferation and proliferation of
non-desirable cells.

Growth factors may also be used to prevent the
cognitive decline associated with aging. One inter-
esting approach has been to transplant NPCs which
have been genetically engineered to secrete growth
factors which promote neurogenesis. In one model,
rat NSCs engineered to overexpress nerve growth
factor (NGF) were transplanted into rats following
middle cerebral artery occlusion. Forty-eight hours
following the insult, the transplanted cells had
migrated to the area of the infarct. More important-
ly, the loss of neurons due to ischemic damage was
less severe in the animals that had received trans-
plants, as compared to control animals [99]. In
another study, nerve growth factor (NGF) was used
to prevent the cognitive decline observed in aging.
Aged rats demonstrate cognitive deficits which are
accompanied by atrophy of forebrain, reminiscent
of changes observed in humans. NPCs engineered
to secrete NGF were transplanted into middle-aged
rats with no observable cognitive defects. When the
cognitive ability of the rats receiving the transplant-
ed cells was compared to age-matched controls at 9
months following the surgery, the rats receiving the
NSCs had cognitive function similar to younger
adult rats, and showed no evidence of forebrain
cholinergic neuron atrophy [100]. Growth factors
can also be used to create a favorable environment
for the survival of cells which are replaced by new

cell divisions. For example, brain-derived neu-
rotrophic factor (BDNF) has been examined for its
potential neurogenic activity. Following intraven-
tricular injection of BDNF, newly formed neurons
were observed in the striatum, septum, thalamus
and hypothalamus; however, the phenotype and
functional ability of these cells has not yet been
investigated [101]. Similarly, transplantation of
cells overexpressing glial cell-line derived neu-
rotrophic factor (GDNF) protects against loss of
dopaminergic neurons in the 6-hydroxydopamine
mouse model of PD [102]. 

Promoting survival of stem cells which are acti-
vated by the injury itself may prove an effective
therapy for patients who have suffered a stroke.
Several recent papers suggest that following occlu-
sion of a cerebral artery, the endogenous stem cell
population is activated, resulting in division and
migration of cells into the damaged area. Following
ischemic brain injury in the rat, there is extensive
division of NPCs in the SGL and extensive replace-
ment of hippocampal pyramidal neurons, suggest-
ing that the capacity to replace damaged tissue
already exists [70]. Infusion of bFGF and EGF into
the lateral ventricle did not protect against cell
death following the ischemic event, but did increase
the number of neurons in the CA1 region which
were replaced by endogenously recruited stem
cells. Most importantly, the newly generated neu-
rons displayed similar electrophysiological proper-
ties as cells normally found in that region, and the
animals treated with neurogenesis-promoting
growth factors exhibited enhanced recovery of cog-
nitive ability. 

While treatment with growth factors is a poten-
tial therapeutic approach, it is limited by the fact
that most cells will proliferate for a certain number
of divisions, then cease dividing despite continued
stimulation, a limitation termed the Hayflick limit
[103]. NSCs exhibit a slowed proliferation rate with
prolonged time in culture (our unpublished obser-
vations). The limited responsiveness to growth fac-
tor stimulation is true not only for NSCs but for
restricted precursors as well. For example, oligo-
dendrocyte restricted precursors proliferate in
response to platelet-derived growth factor (PDGF)
but will eventually differentiate into mature oligo-
dendrocytes despite continued exposure. NSCs in
the aging brain exhibit a decreased ability to prolif-
erate under normal conditions [64], thus the ability
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of growth factors to stimulate proliferation may
also be inhibited in the aging brain. In the peripher-
al nervous system, adult NSCs are less responsive
than embryonic NSCs to proliferation stimulated by
growth factors [104]. However, the ability of
growth factors to promote proliferation in the aged
brain has not yet been examined sufficiently. 

Telomeres as control point 
in number of cell divisions

An alternative approach to using growth factors to
stimulate NSC proliferation is activation of pro-
cesses which normally participate in cell prolifera-
tion, such as cell cycle proteins. This approach tar-
gets proteins normally involved in cellular prolifer-
ation and differentiation, such as cell cycle proteins.
Potential targets are telomeres and the enzyme
which catalyzes telomere lengthening, telomerase.
Telomeres have long been recognized as being
important for maintaining genomic stability by cap-
ping the ends of chromosomes and preventing
degradation of DNA. However, it has become
increasingly clear that telomere length provides a
biological clock which regulates the number of cell
divisions a cell can undergo before becoming qui-
escent. The number of cell divisions which can
occur in vitro depends on the number of cell divi-
sions which have occurred rather than the actual
passage of time, which translates into a molecular
mechanism for regulating the loss of proliferative
capacity. In fibroblasts in culture, progressive short-
ening of telomeres results in a biological clock
which regulates the entry into replicative senes-
cence [105]. Telomere length is maintained by the
enzyme telomerase, which adds a six-base DNA
sequence (TTAGGG) to the ends of telomeres.
Telomerase is comprised of a catalytic subunit
(TERT) and an RNA template component (TR).
Telomerase activity is high throughout develop-
ment and is maintained during adulthood in highly
proliferative cells, such as germline and cancer
cells, but is otherwise inactive or absent in most
adult somatic tissue following differentiation.
Forced expression of hTERT in normal, telomerase
negative cells causes the cells to become immortal-
ized, while causing elongation of telomeres and
extension of cellular lifespan [106], suggesting a
tight relationship between TERT activity and prolif-

eration. As aging progresses, repression of telom-
erase activity results in telomere shortening and
replicative senescence, thereby limiting the number
of cell divisions to a finite number before perma-
nent growth arrest. Thus, telomere length regulates
cellular senescence, making telomerase a crucial
component in the aging process. 

Indirect evidence suggests that stem cells may
have higher telomerase activity than senescent
cells. Most cells in the body reach replicative senes-
cence after a certain number of divisions, thereby
limiting the amount of time a cell line can be main-
tained in culture. However, some stem cells can
undergo cell division for a much longer time peri-
od, replicating much beyond the normal lifespan of
somatic cells. ES cells in particular have been
observed to have extremely long lifespans in vitro,
maintaining the ability to divide for several years in
culture. In the hematopoietic system, stem cells
express low to moderate levels of telomerase which
is theoretically linked to their ability to divide when
other somatic cells have become senescent in the
adult [107]. Theoretically, NSCs in the adult brain
would have higher telomerase activity than non-
dividing neurons, however this question has not yet
been addressed. While the developing brain has
high telomerase activity, mature neurons and glia
lack telomerase activity. The embryonic murine
brain has significant levels of telomerase activity
[108-110] which is down-regulated by day 16 post-
birth [111]. However, recent studies indicate that
stem cells retain telomerase activity, even in the
nervous system. In cortical stem cells, telomerase
activity appears to be restricted to neural progeni-
tors, with no measurable activity in glial precursors
[112]. Further, telomerase activity is highly corre-
lated with periods of neurogenesis in the develop-
ing cortex and cerebellum, and is undetectable in
primary cultures of cortical astrocytes, suggesting a
role in neurogenesis but not gliogenesis [112].
Interestingly, telomerase activity is up-regulated in
cortical neural progenitor cells in response to bFGF
[112], suggesting a link between growth factors
which regulate neural development and telomerase
activity. This is substantiated by the correlation
between the telomerase activity and bFGF expres-
sion during brain development.

Several studies suggest that changes in telomere
length and telomerase activity can drastically alter
the onset and maintenance of an “aging phenotype”.
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Telomeres in certain tissues are shorter in older peo-
ple than younger people [105, 113, 114]. In several
human diseases which are characterized by early
onset of aging and reduced lifespan, there is evi-
dence of accelerated shortening of telomeres (i.e.,
Werner’s syndrome and Down’s syndrome) or
shortened telomere length (Hutchinson-Gilford
syndrome). In Werner’s syndrome, forced expres-
sion of telomerase causes dermal fibroblasts
derived from patients with Werner’s syndrome to
become immortalized and exhibit lengthened
telomeres [115]. There is also substantial evidence
that cellular senescence is a naturally occurring
phenomenon during human aging in vivo. Several
lines of evidence suggest that cellular senescence
contributes to many of the pathological changes
observed in aged individuals [116, 117]. In normal
human fibroblasts obtained from older adults, there
is evidence of decreased growth capability [118]
and shortening of terminal restriction fragments of
telomeres [114]. Experimental models substantiate
a role for telomere length in the aging process. Mice
engineered to have no telomerase activity (though
knockout of the mTR gene) have short telomeres,
and exhibit many symptoms normally associated
with aging, including cell growth arrest and
decreased capacity to respond to stress in highly
proliferative organs [119, 120]. In these mice,
telomere shortening in hepatic cells contributed to
end-stage organ failure in an experimental model of
cirrhosis which was partially reversed using aden-
ovirus-mediated gene therapy resulted in improved
hepatic function [120], indicating a direct link
between telomerase activity and organ health.  

The rate of telomere shortening is sensitive to
stresses which accompany aging, such that stressed
cells experience replicative senescence earlier than
unstressed cells, resulting in a shorter replicative
lifespan. The triple-G structure of telomere results
in high sensitivity to insults such as ultraviolet irra-
diation [121], alkylation [122] and oxidative stress
[123]. Oxidative stress has recently been implicated
in promoting the acceleration of telomere loss and
reduced lifespan in several biological systems.
Experiments suggest that maintenance of a low rate
of telomere shortening in human fibroblasts is high-
ly dependent on superoxide dismutase [124].
Interestingly, shortened telomere length is now
being linked to several age-related diseases which
are believed to have oxidative stress as a causative

factor, including vascular dementia [125] and
atherosclerosis [126]. Accordingly, it has been
hypothesized that telomere length may reflect both
the cumulative effect of oxidative stress and normal
reduction of telomere length, providing a link
between oxidative stress and the aging process
[127]. Increased oxidative stress accompanies
aging in the human brain, and is associated with
Alzheimer’s disease. While it has not yet been test-
ed experimentally, one can hypothesize that oxida-
tive stress associated with Alzheimer’s disease may
underlie at least part of the lack of cell replacement
by NSCs observed in this disease. In vitro experi-
ments suggest that Aβ1-42, which causes oxidative
stress in neurons, can also cause loss of stem cell
proliferation [66]; however, the relationship
between the oxidative stress and telomerase activi-
ty in NSCs has not yet been examined.

While telomere length appears to play a central
role in determining cellular aging, it should be kept
in mind that telomeres are only part of the overall
picture. Mice have longer telomeres (50-150 kb)
than humans (10-15 kb), but a much shorter lifes-
pan (∼2 years vs. ∼80 years, respectively).
Approximately 70% of immortalized human somat-
ic cell lines [128] and 90% of human cancer cell
lines [129] exhibit in vitro telomerase activity, sug-
gesting that the progression into cellular senescence
cannot be entirely attributed to this enzyme.
Additionally, many telomerase-negative cells are
capable of maintaining normal telomere lengths
[130], indicating potential telomere-lengthening
activity in non-telomerase enzymes. 

Overcoming obstacles to cell division

Mammalian neurons exit the cell cycle during the
embryonic period, entering an extended period of
mitotic quiescence termed the G0 phase, during
which the cells do not progress through the cell
cycle. Once a neuron has matured, it cannot prolif-
erate even when stimulated by compounds or
growth factors which promote cell cycle progres-
sion in cells which can temporarily enter G0, such
as fibroblasts. Stem cells that are quiescent are tran-
siently held at G0 and are capable of re-entering the
cell cycle following appropriate stimulation. As
noted above, there is a limit to the number of divi-
sions a proliferative cell will undergo before
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becoming senescent, differentiating or dying [103].
Cellular senescence results from cells permanently
exiting the cell cycle. Once cells have entered G0,
they are generally incapable of re-entering the cell
cycle and, indeed, activation of DNA replication in
terminally differentiated neurons often leads to
apoptosis [131]. As previously described, telomere
length plays a critical role in determining the num-
ber of replications a cell will undergo before with-
drawing from the cell cycle. However, there are
also a number of proteins and transcription factors
which regulate the cell cycle itself which are poten-
tial therapeutic targets for maintaining the prolifer-
ative capacity of cells [132]. Among the best known
pro-proliferation pathways is the ras/raf/mek/erk
protein kinase pathway. In rodents, activation of
this pathway shortens the G1-S transition time,
while in Drosophila the same pathway promotes
proliferation by affecting the G2-M transition
[133]. This pathway is coupled to cell cycle via
interactions with p53 and the retinoblastoma tumor
suppressor (Rb) and E2F families of proteins. Rb
proteins target the transcription factor E2F to pro-
mote cell proliferation and growth. E2F proteins
promote cell cycle progression via interaction with
the promoter region of many of the genes involved
in DNA replication, including dihydrofolate reduc-
tase, DNA polymerase α and thymidine kinase, and
genes involved in cell growth, including c-myc,
cdc2 and E2F1 [132]. In multipotent stem cells, the
p120/E2F pathway plays a critical role in maintain-
ing self-renewal capability, as p107 expression lev-
els is upregulated in rapidly growing, undifferenti-
ated NSCs but decline during neuronal differentia-
tion [134]. Several cdk inhibitors, such as p15, p16
and p27, mediate suppression of cell proliferation
by inhibiting activation of the Rb protein [135].
Differentiation of the embryonic carcinoma cell
line NTera2 into postmitotic neurons is associated
with elevated expression of p15 and p16, suggest-
ing that these proteins promote neuronal mitotic
quiescence [136]. Thus, a number of proteins are
involved in neural proliferation and differentiation
which could be targeted to promote neurogenesis. 

Theoretically, promotion of NSC division and
differentiation would allow for the production of
new neurons. This could be achieved by overex-
pression of proteins which promote growth, such as
E2F proteins, or inhibition of cell cycle inhibitors,
such as p15 and p16. However, the effect would

have to be specifically targeted to NSCs without
affecting local, postmitotic neurons. Reentry into
the cell cycle induces apoptosis in post-mitotic neu-
rons which involves activation of proteins normally
involved in the cell cycle, such as cdk4 and cdk6
[137]. Further, stimulation of proliferation may not
be sufficient to replace new neurons if the sur-
rounding environment is not permissive to cell sur-
vival. In AD, there is evidence for re-expression of
proteins normally expressed during development
[138], suggesting that proliferative signals may
already be present during the disease, but other fac-
tors, such as oxidative stress, may be inhibiting the
survival of proliferating NSCs or, conversely, may
be pushing cells into apoptosis. Thus, neural stem
cells that have become quiescent with age may
respond to cell-cycle activation by dying rather than
proliferating. Another potential problem with this
approach is the potential for generating tumors if
cells lose the ability to exit the cell cycle. Loss of
cell cycle regulation is a common feature in cancer-
ous cells, and involves many of the same proteins
involved in normal cell cycle regulation. Any ther-
apeutic approach utilizing cell cycle proteins will
have to address these problems in order to be suc-
cessful.

Conclusion

Based on current data, several strategies have
emerged for repairing damage associated with age-
related neurodegenerative disorders. In Parkinson’s
disease, transplantation of exogenous tissue is a
promising strategy, despite the observed problems
in human studies to date. The recent discovery of
NSCs in the adult substantia nigra offers the poten-
tial use of these cells for endogenous repair strate-
gies [72]. Transplantation of exogenous tissue is
showing some promise also for treating ischemic
damage following stroke. In stroke and AD, each
disease causes activation of endogenous NSCs, as
indicated by activation of cell cycle proteins and/or
proliferation of NSCs. However, in each disease
there is limited cell replacement, possibly due to
limited survival of new cells, thus any cell replace-
ment strategy will have to address not only cell pro-
liferation but also cell survival. In sum, NSCs offer
a potential therapeutic strategy for some of the most
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devastating neurodegenerative disorders which
afflict the aging brain. As with any disease, the
development of new therapies relies heavily on a
thorough knowledge of the biology of the system
being studied, and the ramifications of alterations of
that system during disease. The dynamic nature of
the signaling pathways, combined with differences
in cell populations based on location and degree of
differentiation, creates a complex scenario for
determining which pathways are critical for NSC
regulation. While the general outline of signaling
pathways which affect NSC proliferation, differen-
tiation and survival is beginning to become more
clear, there remains a great deal to be learned before
basic research can be translated from the bench to
bedside. However, the intense amount of research
being done in this area offers the promise of valid
therapeutics in the foreseeable future for many neu-
rodegenerative diseases associated with aging.
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