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ABSTRACT: Aging is associated with a decline of locomotor, sensory and cognitive performance in
humans and experimental animals. The rate and pattern of organismal senescence may be regulated in
part by changes in multiple genes involved in multiple processes. While this theory is supported by genetic
data in lower organisms, a lack of direct experimental evidence in higher organisms has contributed to a
broader acceptance of the "stochastic aging'" model, in which accumulating, random damaging biological
events play an important role. However, these insults alone cannot account for the inexorable
deterioration and loss of function that characterizes aging. The higher the complexity of a system, the less
obvious is the effect of genetic regulation on aging and the life span, indicating that epigenetic factors play
an important role in aging. Most importantly, we present evidence that aging systems do retain some
capacity for regeneration and functional recovery after injuries to the central nervous system like cerebral

ischemia.
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Aging, a systems-biology approach

Organismal senescence refers to the changes that take
place in whole organisms with advancing age. Aging is
generally characterized by a declining ability to respond
to stress, increasing homeostatic imbalance, and an
increased risk of aging-associated diseases that
ultimately culminates in death.

Mechanistically, organismal senescence is caused by a
gradual, lifelong accumulation of multifaceted molecular
and cellular damage. Various types of impairment have
been proposed to accumulate with age, either due to an
increase in damage, or a decrease in repair or clearance
with time [1]. However, no theory satisfactorally
explains all of the changes that define the aging process.

Although some changes typically occur with aging,
they occur at different rates and to different extents.

With the continuing increase in life expectancy in
industrialized countries, new approaches are required to
illuminate the complexity of the aging process and its
implications for age-associated diseases. In the following
we review several key aspects of organismal senescence.

Genetic effects on lifespan

Differences in maximum lifes pan among species
correspond to different "rates of aging™ that are in part
due to inherited differences in the rate of aging. These
genetic differences affect a variety of physiological
processes, including the efficiency of DNA repair,

antioxidant enzymes, and rates of free radical
production.
One long-standing observation concerning the

physiological decline that accompanies aging is its
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variability—for instance some people age better than
others [2] and therefore the rate and pattern of
organismal senescence may be regulated in part by
changes in multiple genes involved in multiple
processes. Therefore one of the current models - the
programmed aging model - holds that aging is caused by
genetically programmed cell death. While this theory is
supported by genetic data in lower organisms, a lack of
direct experimental evidence in higher organisms has
contributed to a broader acceptance of the “stochastic
aging" model, in which random biological events play an
important role. Unbiased gene expression profiling of the
entire genome is a valuable tool for the study of complex
biological phenomena such as aging. Using this
technology it is now possible to analyze in detail gene
expression at the systems level. In the past decade with
the advent of high-throughput technologies, biology has
migrated from a descriptive science to a predictive one.
A vast amount of information on metabolism has been
produced. A large number of specific genetic/metabolic
databases and computational systems have been
developed. Data concerning fundamental processes like
gene regulation, metabolic pathway control, and signal
pathway control and cell differentiation are available via
the internet, which makes it possible for biologists to
perform in silico analysis of metabolism.

Recently it has been reported that the levels of gene
expression in individual cardiomyocytes become more
variable with age [3]. Furthermore, the tendency toward
increased variation is not restricted to a specific set of
genes, implying that aging is governed by stochastic
events such as genetic mutations [4]. However, increases
in expression variation are small, implying that
organismal senescence is still not a simple correlate of
changes in gene expression at the cellular level in higher
organisms.

Genetic components of aging have been identified in
model organisms, particularly the budding yeast
Saccharomyces cerevisiae, the worm Caenorhabditis
elegans and the fruit fly (Drosophila melanogaster).
Study of these organisms has revealed the presence of at
least two conserved aging pathways. One of these
pathways involves the gene Sir2, a NAD'-dependent
histone deacetylase. Extra copies of Sir2 are capable of
extending the lifespan of both worms and flies, but
systemic treatment with an activator of Sir2, resveratrol,
does not reproducibly increase lifespan in either species
[5]. Caloric restriction increases the activity of Sir2,
suggesting that resveratrol treatment might mimic the
effects of caloric restriction. More NAD" is available
upon reduction of available glucose by caloric
restriction, and this in turn leads to Sir2 activation in the
cell. Whether the Sir2 homologues in higher organisms

have a role in lifespan is unclear, but the human SIRT1
protein has been shown to deacetylate p53, Ku70, and
the forkhead family of transcription factors. SIRT1 also
can regulate substrates such as CBP/p300, and
deacetylate specific histone residues. RAS1 and RAS2
also affect aging in yeast and have a human homologue,
and RAS2 overexpression extends lifespan in yeast.
Other genes regulate aging in yeast by increasing the
resistance to oxidative stress. Superoxide dismutase, an
enzyme that protects against the effects of mitochondria-
generated free radicals, can extend yeast lifespan in the
stationary phase when overexpressed.

In higher organisms, aging is likely to be regulated
in part through the insulin/IGF-1 pathway. Mutations
that affect insulin-like signaling in worms and flies, or
the growth hormone/IGF1 axis in mice, are associated
with extended lifespan. In yeast, Sir2 activity is
regulated by the nicotinamidase PNC1. PNC1 is
transcriptionally upregulated under stressful conditions
such as caloric restriction, heat shock, and osmotic
shock. By converting nicotinamide to niacin, the enzyme
removes nicotinamide, thereby inhibiting the activity of
Sir2. A nicotinamidase found in humans, known as
PBEF, may serve a similar function, and a secreted form
of PBEF known as visfatin may help to regulate serum
insulin levels. It is not known, however, whether these
mechanisms also exist in humans, since there are
obvious differences in biology between humans and
model organisms. Gene expression is imperfectly
controlled, and it is possible that random fluctuations in
the expression levels of many genes contribute to the
aging process, as suggested by a study of such genes in
yeast [6]. Furthermore, individual cells that are
genetically identical can have substantially different
responses to extracellular stimuli, and markedly different
life spans, indicating that epigenetic factors play an
important role in gene expression.

Stem cells and tissue aging

With age, degenerative changes are accompanied by a
gradual decline in the regenerative properties of most
tissues.

The question arises as to whether this is due to the
intrinsic aging of stem cells or, rather, to the impairment
of stem-cell function in the aged tissue environment.
Since stem cells are necessary to repair ongoing wear in
tissues, their loss of function is an important contributor
to degenerative aging. Consequently, inefficient
replacement of worn-out cells in adult tissues due to the
declining function of stem cells over time may be a
primary cause of human aging.
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Tissue maintenance in the adult organism requires a
constant supply of new cells to replace differentiated
cells lost to stress and damage or destroyed as part of the
normal cell death program. This replacement is made
possible through the activity of tissue-specific dedicated
stem cells (exemplified by stem cells for blood, hair
follicles, and brain), facultative stem cells (e.g., oval
cells of the liver that produce hepatocytes after injury),
or fully differentiated cells, which can undergo self-
duplication when required for tissue maintenance (e.g.,
hepatocytes and pancreatic § cells) [7,8].

Tissues with high cellular turnover (such as blood,
skin and gut) have a prominent stem-cell compartment
and, consequently, have high regenerative capacity.
Tissues with low cellular turnover but high regenerative
potential might use different strategies to ensure
effective repair after an acute injury. In skeletal muscle,
for example, differentiated myofibres are unable to
proliferate to generate new tissue, so muscle must rely
on resident stem cells for all turnover and repair [9]. For
the liver, it seems that differentiated hepatocytes can
proliferate sufficiently to mediate effective tissue
remodelling, repair and replacement under normal
conditions [10], whereas stem cells might be recruited
after severe injury [11].

Finally, tissues with low turnover and low
regenerative potential, such as the heart and brain, might
have resident stem cells that mediate only limited tissue
repair. Currently there is considerable interest in
harnessing the potential of stem cells in the brain [12]
and heart [13] for therapeutic purposes.

Cellular aging vs organismal senescence

All cells experience changes with aging. They become
larger and are less able to divide and reproduce. Among
other changes, there is an increase in pigments and fatty
substances inside the cell. Many cells lose their ability to
function, or they begin to function abnormally. However,
to what extent cellular aging plays a role in organismal
senescence is not known and is an active area of
investigation. However, mechanisms of aging intrinsic to
cells are likely to exist [14].

The evolutionary purpose of cellular senescence is
unclear, but a strong hypothesis is that it may be an anti-
cancer defence. Somatic cells that have divided many
times will have accumulated DNA mutations and would
therefore be in danger of becoming cancerous if cell
division continued [15]. In 1961 Leonard Hayflick and
Paul Moorhead noticed that human cells derived from
embryonic tissues can only divide a finite number of
times in culture [16]. This phenomenon is known as
Hayflick's limit. In some tissues, such as those of the

immune system, decreased proliferative ability may play
arole in age-related degeneration [17].

Cancer cells are usually immortal. In about 85% of
tumors, this evasion of cellular senescence is the result
of up-regulation of telomerase genes [18]. This simple
observation suggests that reactivation of telomerases in
healthy individuals could greatly increase their cancer
risk. Recently, the role of telomeres in cellular
senescence has aroused general interest. The successive
shortening of the chromosomal telomeres with each cell
cycle might provide a mechanism for cellular
senescence, thus contributing to aging. Support for this
hypothesis comes from studies showing telomere
shortening in a variety of human tissues as a
consequence of aging and chronic disease. Studies in
telomerase-deficient mice have given the first
experimental support that telomere shortening limits the
replicative potential of organs and tissues in vivo.
However in telomerase-deficient mice, telomere
shortening also increased tumour incidence due to the
induction of chromosomal instability [19].

A long-standing controversy concerns the relevance of
cellular senescence to tissue aging in vivo. First,
telomere shortening, the principal known mediator of
cellular senescence in proliferating cells, does occur in
many human tissues. However, it is not clear whether
this results in cellular senescence or in some other cell
fate (e.g., crisis) [20]. Additionally, mice lacking
telomerase do not immediately show accelerated aging
[19].

Organismal Aging and Neuroendocrine Integration

Lifespan can be increased by altered endocrine
signalling in a group of cells or a single tissue, which
indicates that crosstalk between tissues, can coordinate
aging of the organism.

Genetic alterations, in some cases in only a subset of
cells or tissues, can modulate lifespan through endocrine
signals. The insulin/IGF1 signalling pathways of worms
and flies are the best-studied models of endocrine
regulation of lifespan. The steroid hormone
pregnenolone or its metabolites and the bile-acid-like
deoxycholic acid have now been added to the list of
hormones that are known to regulate lifespan in worms.
In mammals, IGF1 is well established as an endocrine
regulator of aging, and insulin appears to act in specific
tissues to regulate lifespan. KLOTHO might be an anti-
aging hormone that modulates insulin/IGF1 signalling
and the activity of FGF23 on its receptors [21].

Organismal Aging and Regenerative Medicine
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The age-related decline in integrity and function of
differentiated adult tissues is a hallmark of aging and
may be due to reduction in the number or regenerative
potential of resident stem cells.

Rejuvenation of aged progenitor cells by exposure to a
young systemic environment

Muscle-specific stem cells

Declining stem cell function during aging contributes to
impaired tissue function. Muscle-specific stem cells
(satellite cells) are responsible for generating new
muscle in response to injury in the adult.

However, aged muscle displays a significant reduction
in regenerative abilities and an increased susceptibility to
age-related pathologies. Satellite cell activation and cell
fate determination are controlled by the Notch signalling
pathway that is initiated by the rapid increase in
expression of the Notch ligand, Delta, following injury.
In aged muscle, this upregulation of Delta is blunted and
thus satellite cell activation is markedly diminished.

The extent to which muscle regeneration in aged mice
is modulated by changes in the extracellular environment
has been recently addressed by several studies. For
example, exposing aged mice to factors present in young
serum by parabiotic pairing (that is, a shared circulatory
system) rejuvenates the satellite cell response and reveals
that transplants of aged muscle tissue into a muscle bed
regenerate well in a young host but badly in an aged host
[22,23].

Most importantly, parabiotic pairings restored the
activation of Notch signalling as well as the proliferation
and regenerative capacity of aged satellite cells. The
exposure of satellite cells from aged mice to serum from
young mice enhanced the expression of the Notch ligand
Delta, increased Notch activation, and enhanced
proliferation in vitro. Furthermore, heterochronic
(young-aged) parabiosis increased the proliferation of
aged hepatocytes and restored the cEBP-alpha complex
to the levels seen in young animals.

Another study addressed the potential of aged satellite
cells to proliferate and regenerate when grown in culture.
The results show that a minority of cultured aged
satellite cells are still capable of generating large clusters
of progeny containing both differentiated cells and new
cells of a quiescent satellite-cell-like phenotype
characteristic of self-renewal. Parallel in vivo
engraftment assays showed that, despite the reduction in
Pax7(+) cells, the satellite cell population associated
with individual aged myofibers could regenerate muscle
and self-renew as effectively as the larger population of
satellite cells associated with young myofibers.

These results suggest that (i) the age-related decline of
progenitor cell activity can be modulated by systemic
factors that change with age [23]; and (ii) a
subpopulation of stem cells retain their intrinsic potential
throughout life. Therefore, it may be that even aged stem
cells are capable of maintaining and repairing aged
tissues if provided with optimal environmental cues [23,
24,25]

Brain-specific stem cells

There is a growing body of evidence that neural stem
cells reside in certain regions of the adult central nervous
system where neurogenesis occurs throughout the
lifespan. Neurogenesis occurs mainly in two areas of the
adult brain: the subgranular zone of the hippocampal
dentate gyrus and the subventricular zone.

The addition of new, stem or progenitor cell-derived
granule cells to the dentate gyrus declines considerably
during aging. In a study addressing age-related
alterations in the migration, survival and neuronal fate
choice of newly born cells in F344 rats, the extent of
new cell production was found to decrease dramatically
by 15 months of age, but to exhibit no change thereafter
[26].

Systemic stimulation of neurogenesis and its
implications for behavioral recovery after brain
injury.

Systemic exercise and neurogenesis

Neurons are spontaneously recruited in the intact,
healthy adult hippocampus, but the variables that affect
their survival are not always clear.

Human and other animal studies demonstrate that
exercise targets many aspects of brain function and has
broad effects on overall brain health [27]. Aging is an
important  determinant of adult  hippocampal
neurogenesis as the  proliferation of neural
stem/precursor cells (NSCs) declines dramatically before
15-18 months of age. Compared with 3-mo-old mice, the
numbers of mitotic cells and neuronal progenitor cells
decreased dramatically by middle age and remained at
low levels after middle age.

Nevertheless, continued exercise reportedly reduces
the age-dependent decline in adult neurogenesis [28] and
alters the brain chemistry of adult and aging brains
toward an environment that is favorable to NSC
proliferation, survival, and maturation [29]. Likewise, in
a study of young mice, voluntary exercise after radiation-
induced injury of the hippocampal stem cell pool
restores cellular morphology of neuronal progenitors and
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ameliorates long-term behavioural changes [30,31].
However, the exercise-related regulation of adult
hippocampal neurogenesis is a qualitative rather than a
quantitative event. Recently it has been proposed that it
is physical activity in the context of cognitive challenges
that is of benefit to the brain [30,31]. The mechanisms
underlying the modulatory effect of exercise are not yet
clarified but exercise was found to have a primary effect
on cerebral blood volume (CBV), and the CBV changes
were found to selectively correlate with improved
cardiopulmonary and cognitive function [33]. Another
mechanism implicates running-induced proliferation of
transiently amplifying progenitor cells that in turn led to
an increase in the number of more mature cells [28].

Stem cell stimulation

Similar to findings on stem cells in aged muscle, there is
evidence of a latent precursor and stem cell population in
the adult hippocampus and the subventricular wall,
which can be activated by neural activity and injuries
like stroke.

Brain ischemia in aged animals

Age-related brain injuries including stroke, are a major
cause of physical and mental disabilities. Because the
latent NSC population also resides in the aged animal
[32], studying the basic mechanism underlying
functional recovery after stroke in aged subjects it is of
considerable clinical interest.

Stroke models using aged animals are clinically more
relevant than stroke models in young animals

Aging is associated with a decline of locomotor,
sensory and cognitive performance in humans [34, 35]
and animals [36-38], part of which is due to age-related
functional decline of the brain. Studies of brain ischemia
in experimental animals have demonstrated the
neuroprotective efficacy of a variety of interventions, but
most of the strategies that have been clinically tested
failed to show benefit in aged humans. One possible
explanation for this discrepancy between experimental
and clinical studies may be the role that age plays in the
recovery of the brain from insult. Indeed, age-dependent
increased conversion of ischemic tissue into infarction
suggests that age is a biological marker for the variability
in tissue outcome in acute human stroke [39].

Although it is well known that aging is a risk factor
for stroke and Alzheimer’s disease [40-43], the majority
of experimental studies of stroke have been performed
on young animals, and therefore may not fully replicate
the effects of ischemia on neural tissue in aged subjects

[44-47]. In this light, the aged post-acute animal model is
clinically most relevant to stroke rehabilitation and
dementia cellular studies, as recommended by the
STAIR committee [48] and more recently by the Stroke
Progress Review Group [49].

Over the past 10 years suitable models for stroke in
aged rats have been established. All are based on middle
cerebral artery occlusion (MCAO). MCAO has been
produced with permanent [45,46,50-52] or transient
occlusion for 30-120 min using a thrombus, or through
intraluminal filament occlusion [50,53,54] or by using a
hook attached to a micromanipulator to interrupt the
blood flow under Laser Doppler control [44], or by
permanent occlusion of distal branches of the MCA [55].
Long-term hypoxia-ischemia could also be induced by
permanent ligation of only of the common carotid
arteries [53].

The nearly universal approach of causing ischemia in
young rats with filamentous models of occlusion fails to
account for the unique physiology of an aged animal.
Although it utilizes a method for induction of ischemia
that is facile and reproducible, it differs greatly from the
pathophysiology of clinically relevant ischemia [56].

Aged ischemic rats have higher mortality rates but not
necessarily larger infarcts.

Generally, the mortality rate in aged rats is higher than
that of young rats, particularly if the occlusion is
produced by an embolus (47% vs. 9%) [55]. The
intraluminal filament method or photothrombosis cause,
by comparison, lower (20-24%) post-stroke mortality
rates [44,49,52,57]

In humans, there is no difference in infarct size with
age [58-59]. Data on infarct size in aged rats is
contradictory, suggesting that aged rats do not
necessarily have larger infarcts. Some studies found an
age-related increase in cerebral infarct size [51,57,60] ,
whereas others did not [44,50,55-56, 61].

Aged ischemic animals recover more slowly than young
animals and to a more limited extent

Aged individuals recover less well from stroke [58]
and rehabilitation aims at improving the physical and
cognitive impairments and disabilities of patients with
stroke. Therefore studies on behavioral recuperation after
stroke in aged animals are necessary.
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Figure 1. Time course for recovery of both aged and young rats. All animals had diminished
performance on the first post-surgical day, a state partly attributable to the surgery itself. As
expected, young animals showed a more accelerated recovery pattern. The extent of recovery was
also dependent on the complexity and difficulty of the behavioral tests assessed. The time course
graph is accompanied by a chart depicting the most prominent events occurring at the tissue level
during this period, together with the factors promoting these events. Thus, while neuronal death is
more extensive in the aged rats, astroglial scar formation seems to dominate when considering

young animals group.

Various experimental settings have been used to
assess the recovery of sensorimotor functions,
spontaneous activity and memory after ischemia in aged
rats. Overall, the results indicate that aged rats have the
capacity to recover behaviorally after cortical infarcts,
albeit to a lesser extent than their young counterparts
[45,47,49,57,60,61]. It should be kept in mind, however,
that before stroke aged rats are already impaired as
compared to young animals, and show significantly
decreased performance in some tests like spontaneous
activity [56] and Morris water-maze [62].

A summary of the time course of recovery from stroke
in aged versus young rats is shown in Fig. 1. First, all
rats had diminished performance on the first post-
surgical day, part of which was attributable to the
surgery itself. Second, aged rats started to recover after a

delay of 3-4 days, depending on the difficulty of the
testing. Similar findings have been reported recently for
post-stroke recovery of senescence-accelerated mice
[63]. Third, the extent of recovery was dependent on the
complexity and difficulty of the test. For example, aged
rats had difficulty mastering

complex tasks of neurological status (including motor,
sensory, reflex, and balance testing), rotarod, adhesive
removal test (somatosensory function), and Morris water
maze [50,56,62], but were not impaired in simpler tasks
such as foot-fault test score and corner test score. Fourth,
the performance level in aged rats depends on the infarct
size, i.e., functional impairments in animals with the
large infarcts (20% tissue loss) were more severe than
functional impairments in animals with 4% tissue loss
[49].
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Figure 2. Overview of major genetic events in the ipsilateral hemisphere associated with functional

recovery after stroke in young and aged rats.

Neurobiology of tissue recuperation after stroke in 20
mo-old animals

Poor recovery may reflect the combination of more
aggressive activation of factors leading to infarct
progression  (neuronal  degeneration,  apoptosis,
phagocytosis), factors impeding tissue repair (astroglial
scar, neurite inhibitory proteins), and neurotoxic factors.

At the same time, the response of factors promoting

brain plasticity and growth may be diminished with age.
Growth promoting factors include growth-asssociated
proteins, GAP43 and CAP23, the growth-promoting
transcription factor c-jun, the growth-promoting cell
guidance molecule L1, the CDKS5 inhibitor p21,
microtubule-associated proteins MAP1B and MAP2, the
immature neuron marker doublecortin, and the stem cell
marker nestin [64-67]. Tissue damage is due mainly to
inflammatory  interactions  involving  cytokines,
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chemokines, leukocytes, and neurotoxic factors like the
C-terminal fragment of R-amyloid (A-beta) [44,61,65,68-
70]. Both timing and magnitude of expression of these
factors is dysregulated in the post-ischemic aged rat
brain.

The regenerative potential of the brain appears to be
competent up to 20 months of age

To explore the potential of aged animals to initiate
regenerative processes following cerebral ischemia, we
studied the expression of the juvenile-specific
cytoskeletal protein, microtubule associated protein 1B
(MAP1B); the adult-specific protein, microtubule-
associated protein 2 (MAP2); and the axonal growth
marker, R1ll-tubulin, in male Sprague-Dawley rats at 3
months and 20 months of age.

Focal cerebral ischemia, produced by reversible
occlusion of the right middle cerebral artery, resulted in
vigorous expression of both MAP1B in the penumbra of
3 month- and, to a lesser extent, 20 month-old rats, at
14d following stroke [64,65]. Similarly, MAP2 protein
and mRNA were upregulated in the peri-infarct area to
almost the same extent in young and middle aged rats.
Somewhat lower levels of expression were noted for the
axonal growth marker, Blll-tubulin, in the peri-infarct
area of middle aged rats as compared to young rats.
Collectively, these results suggest that the regenerative
potential of the brain at the structural level is competent
up to 20 months of age.

Recent studies confirm that mechanisms for self-
repair in the young brain also operate in the 20 mo-old
brain. For example, stroke causes increased numbers of
new striatal neurons despite lower basal cell proliferation
in the subventricular zone in the 20 mo-old brain [71-
72]. However, despite conserved proliferative activity in
the subventricular zone, the number of neurons that
reach the injury site is quite modest, as was shown
recently for doublecortin-positive neurons in the infacted
area of 20 mo-old rats [73]. One possible explanation is
that subventricular zone-derived nestin-positive cells do
not cross the corpus callosum barrier, and therefore
cannot contribute to generation of neurons in the
neocortex. Indeed, current evidence indicates that the
great majority of newly formed cells in the adult brain
are non-neuronal [74-76].

Recent studies also indicate that the molecular profile
of growth-promoting genes is very different between 22
to 24 mo-old and 2 to 4 mo-old F334 male rats during
the axonal sprouting response to central nervius system
lesions. 22 mo-old rodents activate most growth-
promoting genes at later timer-point following stroke
than do 3 mo-old animals. This includes a delayed

induction of GAP43, CAP23 and the growth-promoting
transcription factor c-jun. The growth-promoting cell
guidance molecule L1 and the CDKS5 inhibitor p21 are
actually down-regulated during the axonal sprouting
process in 22 mo-old rodents compared with a robust and
early upregulation of these two molecules in 3 mo-old
animals [66-67] .

Brain regeneration and stroke therapy using stem
cells

The major factors involved in the loss of regenerative
ability of the aged brain are (i) the age-related decrease
in neurogenesis and (ii) the imposition of inhibitory
factors in the local environment which are required in the
adult to ensure adequate migration of neuronal
precursors toward the damaged region.

In mammals the two main regions of post-natal
neurogenesis are the subventricular zone in the wall of
the lateral ventricle and the subgranular zone of the
hippocampal dentate gyrus. For therapeutic purposes,
endogenous neurogenesis may need to be supplemented
by transplantation of neuronal progenitor cells. However,
little is known regarding the effect of the environment on
neural stem cell transplants in the aged brain.

The use of stem cells to replace neurons lost after
stroke offers a novel approach to treatments aimed at
improving recovery of tissue and function [77-78].
Such a treatment might utilize the endogenous reserves
of stem cells located in the subventricular zone or the
subgranular zone of the hippocampus. One major
concern, however, with any therapy designed to boost
neurogenesis following stroke is that the capacity of the
organism to produce new neurons may be diminished in
18 to 20 mo-old animals [77,79-84] .

A countervailing cause for optimism is that a variety
of treatments, such as environment enrichment [85],
administration of growth factors [86] and epileptic
seizures [87] can increase the production of new
neurons in 18 mo-old animals, although at a lower level
than in younger animals. Even more encouraging is a
recent study demonstrating the same degree of post-
stroke neurogenesis in the striatum of 15- and 3 mo-old
animals [72]. Even though this study reported lower
levels of neuron production in 15 mo-old animals in the
subgranular and subventricular zones, the report of
equivalent levels in the striatum indicates that the
potential for self-repair following stroke persists in the
15 mo-old brain. While the use of the organism’s own
stem cells has many advantages, this technique is in its
infancy, and the field still awaits an unambiguous proof
of principle.
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Another experimental approach that has received
considerably more attention is the use of external sources
of stem cells. One important question is the type of cells
that should be used. Both fetal [88] and murine stem cell
lines [89-90] have been used successfully as grafts to
improve functional deficits after experimental stroke in
the rat. Adult stem cells, such as those derived from
human umbilical cord blood, have also proved
efficacious [91-94].

The appropriate route of stem cell administration must
also be determined. One approach is transplantation
either into the lesioned hemisphere, the contralateral
hemisphere, or both. Other possible targets for stem cell
administration are the striatum [72,89], the cortical
parenchyma, or the cerebral ventricles [90]. Following
unilateral stroke, the grafted stem cells appear to be
attracted both to the site of damage and to the
corresponding contralateral region, suggesting the
existence of both local repair processes and those
involved in plastic changes in contralateral motor
pathways [90].

An additional route of administration of stem cells is
via the circulation, either intravenously [92,95-97] or by
injection into the carotid artery [55]. Little is known
regarding the effect of the environment on differentiation
of neural stem cell transplants and transplanted
immortalized hippocampal cell lines delivered to the
cortex, striatum and hippocampus of 15 to 18 mo-old
rats [98]. One study has shown that upon transplantation
immortal Maudsley hippocampal stem cell line
colonized the aged rat brain and adopted both astrocytic
and neuronal morphologies.  Functionally, the
transplanted stem cells improved cognition which
deteriorates with advanced age [98].

In another study [99] human fetal cells were
transplanted into the lateral ventricle of aged rats. The
injected cells displayed extensive incorporation into the
aged host brain with improvement of cognitive score
assessed by the Morris water maze at 4 weeks after
transplantation. Fetal hippocampal cells transplanted into
kainic acid-lesioned CA3 region of the hippocampus of 3
mo-, 15 mo- and 24 mo old animals showed that grafts
into both 15 mo- and 24 mo old animals had diminished
cell survival (30% of injected cells) compared to similar
grafts into the young adult hippocampus (72% cell
survival) [100]

However, the extent of cell survival of CA3 grafts
pre-treated with a combination of neurotrophic factors
(brain-derived neurotrophic factor and neurotrophin-3)
and the caspase inhibitor acetyl-tyrosinyl-valyl-alanyl-
aspartyl-chloro-methylketone was significantly enhanced
in both 15 mo- and 24 mo old animals hippocampus (51-
63% cell survival).

The field of stroke therapy using stem cells is a new
but promising area and it is hoped that studies to be
carried out in the near future may validate a general
therapeutic approach.

Neurogenesis after stroke in aged rats

Stroke induces cell proliferation  within  the
subventricular zone, migration of newly born immature
neurons into peri-infarct tissues and long-term survival
and maturation of a small number of cells with a mature
neuronal phenotype and ultrastructural evidence for
synapses [101-105] .

Post-stroke neurogenesis appears to divert migratory
immature neurons from their normal path to the olfactory
bulb, the rostral migratory stream (RMS) [102]. Recent
research has begun to describe the cellular environments
that may lead to post-stroke neurogenesis and immature
neuron migration. In the ischemic striatum, immature
neurons, identified through their staining for the
microtubule-associated protein doublecortin, are found
in association with astrocytes. Activated astrocytes in the
ischemic striatum secrete stromal-derived factor-1 (SDF-
1) and this induces immature neuron migration into this
area [106]. SDF-1 induces neuronal migration during
development in the hippocampus, cortex and cerebellum
[107-109].

Post-stroke neurogenesis also occurs in close
association with the vasculature. Newly born immature
neurons can be found associated with blood vessels after
stroke [102,105,110]. Xenotransplants of stem/
progenitor cells also home to the ischemic tissue and
associate with blood vessels after stroke [111-112]. In
peri-infarct cortex, newly born neurons migrate into the
region near the stroke site and form a tight physical
association with blood vessels in the first week after
stroke in a neurovascular niche in peri-infarct cortex.
This vascular/neuroblast association occurs with blood
vessels that are actively remodeling after stroke, and
undergoing angiogenesis. Pharmacological blockade of
angiogenesis after stroke reduces the number of
immature neurons that are present in peri-infarct cortex
by almost 90% [102]. Thus angiogenesis is causally
linked to neurogenesis after stroke. This finding of a
neurovascular niche for neurogenesis after stroke is
supported by the many growth factors or
pharmacological agents that appear capable of inducing
both of these processes together, such as VEGF,
erythropoietin, FGF2, statins and phosphodieseterase
type 5 inhibitors [46,113-115].

Angiogenesis, neurogenesis and axonal sprouting
occur in common areas of peri-infarct tissue after stroke
and may form a unique regenerative triad that supports
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neural repair in this disease. Studies in stroke have
defined specific receptor-ligand signaling systems that
link angiogenesis and neurogenesis. As noted above,
blocking angiogenesis severely reduces post-stroke
neurogenesis. Angiogenic blood vessels in peri-infarct
cortex secrete SDF-1 and angiopoietin-1 in the first week
after stroke. Administration of SDF-1 or Ang-1
stimulates neuroblast migration into peri-infarct cortex,
and blockade of their receptors, CXCR4 and Tie2,
blocks or disperses the migration of immature neurons
after stroke [102]. Erythropoietin (EPO) and VEGF also
mediate neurovascular coupling of angiogenic blood
vessels and migrating neuroblasts. EPO is induced in
blood vessels and astrocytes in peri-infarct tissue after
stroke [116] and promotes post-stroke neurogenesis
[115]. Pharmacological doses of EPO also promote
angiogenesis and neurogenesis after stroke [46]. VEGF
is induced in peri-infarct tissue after stroke and may be
secreted by angiogenic blood vessels. VEGF receptor
blockade downregulates and exogenous VEGF promotes
post-stroke neurogenesis [113]. VEGF is also produced
by neurons and astrocytes in peri-infarct cortex [46,113]
and is strongly bound to the extracellular matrix, so the
exact cellular communication pattern involved in VEGF
signaling in stroke remains to be determined.

Axonal sprouting after stroke in aged rats

Stroke induces a novel pattern of ischemic damage and
neural repair in the 20 mo-old compared to the 3 mo-old
brain. Using small cortical stroke in the barrel field of
the rat, it has been shown that there is no difference in
stroke size or degree of apoptotic cell death between
young and aged animals [66].

There is also no difference in the number of surviving
neurons in the ischemic border zones between aged and
young adults. However, aged animals have greater
oxidative DNA damage and a reduced expression of the
neuroprotective protein HSP70 in peri-infarct cortex
[66]. These two findings indicate that peri-infarct tissue
in aged individuals has increased cell injury and reduced
neuroprotective responses. Peri-infarct tissue may thus
be more susceptible to factors in stroke that lead to
increased stress or cell injury, such as fever, changes in
blood pressure or alterations in blood vessel collaterals.
This vulnerability in peri-infarct tissue may explain the
controversy between different experimental stroke
studies, with some stroke studies finding greater stroke
size in 15 to 22 mo-aged individuals and others finding
no difference in stroke size between 3 mo-old and aged
animals. Minor variations in experimental technique
between different stroke models, strains of animals or

within laboratories may lead to changes in the stress and
extent of cell death within peri-infarct cortex.

On a cellular level there are at least two main
processes of neural repair after stroke: post-stroke axonal
sprouting and neurogenesis. Both processes contribute to
neuronal reorganization in peri-infarct cortex. Axonal
sprouting after stroke not only occurs within peri-infarct
cortex [66] and between cortical hemispheres on the side
of the infarct [117] but also from cortex contralateral to
the infarct, into peri-infarct cortex, ipsilateral striatum,
red nucleus and cervical spinal cord [102,118-120].
Axonal sprouting after stroke requires a molecular
growth program [121-123] in which a neuron must
respond to injury, then elaborate a growth cone, extend
and axon and establish new synapses. This type of
molecular growth program involves cytoskeletal
reorganizing proteins, guidance and cell adhesion
molecules, intracellular growth cone signaling molecules
and specific transcription factors. Recent studies indicate
that the molecular profile of growth-promoting genes is
very different between aged and young adult during the
sprouting response. The environment of peri-infarct
cortex also contains molecular systems that exert a
powerful negative effect on axonal sprouting [117].

Among these systems, the 22 mo-old brain has a
unique upregulation of two molecules compared with the
3 mo-old: ephrin-A5 and myelin associated glycoprotein
(MAG) [106]. These two molecules are important for
axonal sprouting in cortical development and for the
switch in growth inhibition during postnatal maturation.
The unique upregulation of ephrin-A5 and MAG in the
aged peri-infarct cortex suggest that these molecules may
in part mediate the age-associated decrease in axonal
sprouting, and provide potential targets for neural repair
after stroke.

Gene expression after stroke in aged rats

3 mo-old Sprague Dawley rats recover much better than
18 mo-old rats within 2 weeks after stroke [49] and brain
plasticity may underlie the rapid recovery from ischemic
damage. Activation of the contralateral hemisphere may
help recovery as well [124-125], as has been
hypothesized for humans [126-127]. However, other
investigators suggest that activation in the contralateral
cortex is negatively correlated with functional recovery
and may actually contribute to functional impairment as
a result of unbalanced inhibition between hemispheres
[128-129].
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Figure 3. Overview of major genetic events in the contralateral hemisphere associated with
functional recovery after stroke in young and aged rats.

In animals, progressive brain damage accelerated
axonal sprouting in the healthy contralateral hemisphere
[130]. After unilateral damage to the forelimb
representation region in the sensorimotor cortex (SMC)
in 3-5 mo-old rats, the cortex contralateral and
homotopic to unilateral SMC lesions undergoes a major
restructuring of dendrites and synapses [1].

DNA array technology provides insight into the
underlying mechanisms of brain repair and regeneration
after stroke. Using focal cerebral ischemia as a model,
key molecular events and several induced genes have
been described [131-135]. These studies provided
evidence that focal cerebral ischemia induces
transcriptional activity of a variety of genes related to
stress response, inflammation, and acute and delayed cell
death. Although the contralateral hemisphere could play
a pivotal role in recovery after stroke, these studies do

not provide data on genes that are regulated following
stroke in the contralateral, healthy hemisphere of young
and aged rats.

A recent study employed cDNA arrays containing
genes coding for DNA damage and apoptosis, cell and
axonal injury, inflammation and scar formation, growth
and neuroprotective factors, and axono- and
dendritogenesis [136]. The major transcriptional events
observed in the periinfarct region of 18 mo-old rats after
stroke were: (i) upregulation of DNA-damage-related
and downregulation of anti-apoptosis-related genes; (ii)
strong upregulation of genes associated with
inflammation and scar formation; (iii) reduced level of
expression of genes important for neuronal survival (iv)
reduced or absent expression of genes required for
neurogenesis. The major transcriptional events observed
in the contralateral (unlesioned) hemisphere of both
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young and aged after stroke were: (v) own regulation of
axonal growth- and dendritogenesis-related genes; (vi)
reduced or absent expression of genes required for
neurogenesis [136].

To conclude, reduced transcriptional activity in the
healthy, contralateral hemisphere in conjunction with an
early upregulation of DNA damage-related genes and the
early induction of proapoptotic genes in the periinfarct
area of 18 mo-old rats are likely to account for poor
neurorehabilitation after stroke in aged rats. These
conclusions are summarized in Fig 2 and in Fig. 3.
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