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A

ging is unmistakable and undeniable in mammals. Interestingly,
mice develop cataracts, muscle atrophy,
osteoporosis, obesity, diabetes and cognitive deficits after just 2–3 postnatal years,
while it takes seven or more decades for
the same age-specific phenotypes to
develop in humans. Thus, chronological
age corresponds differently with biological age in metazoan species and although
many theories exist, we do not understand what controls the rate of mammalian aging. One interesting idea is that
species-specific rate of aging represents
a ratio of tissue attrition to tissue regeneration. Furthermore, current findings
suggest that the age-imposed biochemical changes in the niches of tissue stem
cells inhibit performance of this regenerative pool, which leads to the decline
of tissue maintenance and repair. If
true, slowing down stem cell and niche
aging, thereby promoting tissue regeneration, could slow down the process
of tissue and organismal aging. In this
regard, recent studies of heterochronic
parabiosis provide important clues as to
the mechanisms of stem cell aging and
suggest novel strategies for enhancing
tissue repair in the old. Here we review
current literature on the relationship
between the vigor of tissue stem cells
and the process of aging, with an emphasis on the rejuvenation of old tissues by
the extrinsic modifications of stem cell
niches.

The Puzzles of Stem Cell Aging
Organ systems are interconnected anatomically and physiologically, perhaps
explaining why there is a general concordance of the rate of tissue aging in
an individual. An emerging unified
theme suggests that the aging of a tissue is generally caused by decline in the
regenerative capacity of its resident stem
cells. Moreover, recent data suggests that
biochemical changes in the niches of tissue stem cells are responsible for such
regenerative declines in old mammals.
Consequentially, experimental “youthful” modifications of stem cell niches
have been shown to boost the regenerative performance of tissue stem cells in
the old, leading to healthier tissues. The
youthful modifications of stem cell niches
have been successfully achieved through
heterochronic tissue transplants,1,2 where
old stem cells are exposed to young tissue
niches by being transplanted there and
through heterochronic parabiosis, where
old stem cells are exposed to a youthful
environment by virtue of the effects of
the young circulation.3-5 Interestingly, for
many tissues (muscle, liver, brain, bone),
the regenerative potential of the aged stem
cells was determined by the age of the
niche or environment rather than by the
age of the stem cells themselves, such that
young local and/or systemic environments
promoted effective regeneration by the old
stem cells.3 The same studies have also
shown that aged niches inhibit the regenerative capacity of young stem cells.4,5
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Together, these data reveal that in an old
mammal, tissue stem cells retain youthful potential and are capable of effective
tissue repair, but that their performance
can be acutely and reversibly inhibited by
molecular changes in local and systemic
niches.
In addition to the proof of principle,
these studies have also helped to identify
key molecular and cellular mechanisms
that account for the good performance of
tissue stem cells in the young, but not in
the old, organism. In skeletal muscle, such
improved molecular understanding has
been convincingly used for experimental
rejuvenation of regenerative capacity of
satellite cells for both old mice (in vitro
and in vivo) and humans (in vitro).5,6 The
ways to rejuvenate muscle regeneration
are numerous and include physiological
approaches, such as heterochronic parabiosis, and more molecular approaches, such
as the exposure of aged muscle cells to the
soluble proteins, including those secreted
by embryonic stem cells.4,6,7 Molecularly
defined conditions, such as forced activation of Notch, inhibition of TGFβ/
pSmad3 and inhibition of Wnt were all
shown to boost the regenerative performance of aged muscle stem cells and lead
to tissue rejuvenation.4,8-10
Age-specific changes in the crosstalk
between tissue-specific stem cells and their
niches are certainly not unique to skeletal
muscle and have been also demonstrated
for liver and brain in studies on heterochronic parabiosis that have paved the way
to molecular dissection of the key agedependent signaling pathways regulating
regeneration of these tissues.3,5 In this
regard, recent work on the heterochronic
intervention into the age-specific decline
in neurogenesis identified several molecules that accumulate with age in the old
circulation of mice and humans and are
capable of inhibiting regenerative capacity
of neural stem cells.5

functional changes imposed on the stem
cells by the aged environment in which
they reside.11,12 Clearly, isolation of tissue
stem cells and analysis of their characteristics either biochemically or functionally can reveal cell-intrinsic changes that
accompany the aging process but would
include those imposed by the aged environment. Therefore, when considering
in vivo heterochronic studies that result
in apparent stem cell rejuvenation, the
molecular mechanisms that underlie those
changes may be directly transmitted to
the stem cells by circulating factors or may
be indirectly transmitted to stem cells by
cells in their local environment.
Importantly, our ability to re-create the
correct stem cell niches/environments in
vitro is critically lacking, which precludes
studying adult stem cells or expanding
them for therapeutic purposes or harnessing their regenerative potential. This particular challenge results from the fact that
the molecular determinants of the local
and systemic niches of organ stem cells
that regulate the regenerative responses
are poorly understood; hence, stem cells
cannot yet be provided with the optimal
niches in vitro or upon transplantation
into tissues in need of repair. Additionally,
until technology allows the use of resident stem cells in a particular tissue for
regenerative medicine, we are constrained
to using stem cells obtained from other
sources (e.g., embryonic, reprogrammed,
donor-derived). Even gene-corrected or
engineered tissue-derived cells have typically been grown for many cell divisions in
culture. This means that most therapeutic
cells go from one environment to another
to which they are unaccustomed. In cell
therapy experiments, by far the most common response of a given cell to its new
environment is rapid death (typically
by apoptosis), even in an immunosuppressed host. It is this “shock” of a different and temporarily unsupportive niche
into which the therapeutic cells are placed
which is thought to be the primary reason
why the vast majority of donor cells fail
in tissue regeneration and die. Therefore,
a major current limitation of stem cell
therapeutics is the inability to coordinate
the therapeutic cell with a functional stem
cell niche.

Unique Angles of Studies
of Somatic Stem Cell Aging
One unique aspect of the study of somatic
stem cell aging is related to a property that
defines a stem cell, namely, the ability of
that cell to self-renew during cell division.
One consequence of this property is the
fact that a stem cell in an aged individual
represents a kind of “cellular continuum”
with the parent stem cell that was initially born during the process of development. This reflects that fact that stem
cells experience both replicative aging,
by which dividing cells change based on
their replicative history, and also chronological aging, which is more easily understood as age-related changes that occur
in non-dividing, postmitotic cells, such
as neurons, cardiomyocytes and skeletal
myofibers.11,13 Both as part of the cellular
continuum of the self-renewing stem cell
lineage and also because so many stem
cells persist for prolonged periods in nondividing quiescent states, the chronological aspects of cellular aging are germane to
stem cell aging. Therefore, the rejuvenation of stem cells would, in theory, require
restoration of youthful status, both in
terms of replicative processes (such as
the restoration of telomere length) and
in terms of chronological processes (such
as the clearance of protein aggregates) in
addition to changes that could accompany
either (such as the acquisition of mitochondrial and genomic DNA mutations).
A related unique aspect of stem cell
aging is linked to the known phenomenon
of asymmetry of cell divisions, which is,
in fact, a key undisputed property of both
embryonic and adult stem cells.14 During
the asymmetric cell division, one daughter cell self-renews with the properties of
stemness, while the other daughter cell
becomes more differentiated.15 Notably,
macromolecules (proteins, DNA and
mRNA) as well as organelles may localize asymmetrically during the asymmetric
stem cell divisions, and, moreover, it has
been suggested that the more differentiated daughter cell inherits “older” organelles and misfolded proteins, thus the
self-renewed stem cell becomes “younger”/
healthier after such asymmetric divisions.16,17 Such a conclusion fits well with
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Conceptual Challenges
for the Study of Stem Cell Aging
In general, studies of cellular aging in vivo
are challenging because of the difficulty
of distinguishing intrinsic age-related
changes in the stem cell themselves vs.
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Figure 1. Aging and rejuvenation of adult myogenesis. In young muscle, injury upregulates the Notch ligand, Delta-like 1, which activates Notch
signaling. Active Notch promotes a G0 to G1 transition in muscle stem cells after an injury; interplay between Notch and Wnt controls myogenic cell
proliferation and differentiation. In old muscle, which regenerates poorly, in addition to a suppression of activation of Notch pathway following injury,
there is also an excess of signaling via the TGFβ and Wnt pathways, leading to a suppression of myogenesis and a promotion of fibrosis. Notch, Wnt
and likely other signaling pathways are regulated by systemic niche/circulatory milieu, such that in the aged environment, systemic signals contribute
to the activities that inhibit myogenesis and promote fibrosis. By contrast, in the setting of heterochronic parabiosis, young systemic factors restore
more youthful states and are able to rejuvenate the aged stem cells and stem cell niches to promote enhanced muscle regeneration.
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the relative ease of “rejuvenation” of organ
stem cells in heterochronic parabiosis: if
these cells remain intrinsically younger
than their niches, they should be prone to
the productive regenerative responses in
the biochemical milieu that is typical of a
young organism.
With respect to DNA, the idea of the
asymmetric segregation of DNA strands
in the asymmetrically dividing stem cells
remains controversial. This hypothesis,
originally called the “immortal DNA
strand hypothesis,” was proposed by
Cairns as a mechanism to ensure genome
stability in stem cells that frequently and
rapidly replicate their DNA in tissues with
high turnover, for example, skin and intestine.18 Several earlier studies had provided
evidence of non-random segregation of
chromosomes in vastly phylogenetically
divergent organisms.19-21 In recent times,
several laboratories have addressed the
validity of the Cairns hypothesis in such
diverse experimental systems as mouse
intestinal epithelium, skeletal muscle,
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hematopoietic system, hair follicle, mammary tissue as well as fly male germline
cells.22-28 Although, some of these studies
suggested that there is indeed preferential
segregation of older DNA template strands
of all chromosomes to the self-renewing
stem cells (muscle, mammary, intestinal
and colon), other studies have observed
random segregation of sister chromatids
during the asymmetric divisions of organ
stem cells (blood, hair follicle, intestinal,
germline). While the phenomenon of the
non-random segregation of DNA strands
manifests in some tissue stem cells, the
reason for such asymmetry is not well
understood, and the age-related details are
entirely unknown.
Aging of Muscle:
A Stem Cell Paradigm
A significant part of our molecular understanding of stem cell aging has come from
the studies in skeletal muscle (Fig. 1). In
young and old tissue, muscle stem cells

are quiescent and associate with postmitotic multinucleated muscle fibers.29
When young muscle fibers are injured,
they upregulate the Notch ligand Delta,
inducing the proliferation of muscle stem
cells at the vicinity of muscle injury.8,30,31
Overexpression of Notch rescues the
defect in satellite cell proliferation in
Syndecan 3-knockout mice, thus further
supporting the pivotal role this myogenic
regulator.32 By contrast, in old mice or
humans, injured muscle fibers fail to activate the Delta/Notch pathway, and, consequentially, satellite cells fail to engage
in tissue regeneration.8,10 Interestingly,
TNFα inhibits activation of Notch-1
and, hence, causes a defect in satellite
cell proliferation, which has implications
for chronic inflammation that frequently
accompanies tissue aging.33 In young
muscle, Notch continues to be active in
the expanding myogenic progenitor cells,
where it prevents their precocious differentiation into fusion-competent myoblasts and myotubes by counteracting the
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Wnt signaling pathway.9,34,35 In old muscle, Wnt pathway becomes prematurely
hyperactive, causing the lack of myogenic
responses and promoting scarring and
inflammation.4 Additionally, muscle fibers
and serum from aged mice and humans
have excessive TGFβ1, which signals
through pSmad3 to induce CDK inhibitors in old muscle stem cells, exacerbating the lack of Notch and thwarting cell
proliferation.9,10 Recent work on transcriptional profiling of young vs. aged muscle
provided yet another confirmation to the
role of Notch, Wnt and TGFβ pathways
in regulation and aging of myogenesis.36
Youthful calibration of Notch, Wnt
and TGFβ/pSmad rescues the deficiency
of repair of old muscle, while experimental
“aging” of these pathways hinders repair
of young muscle, firmly establishing that
the regenerative capacity of muscle stem
cells is determined not so much by their
intrinsic age, but rather by the extrinsically induced intensities of these signal
transduction pathways.3,4,8-10,37 Expression
of Delta, activation of Notch and correct
timing of Wnt activation are all restored to
aged muscle niche when old mice are connected in heterochronic parabiosis with
young mice.3,4 These findings suggest
a paradigm that biochemical and functional aging of the niches of tissue stem
cells is regulated systemically, and, hence,
the niches and consequentially the tissue
regenerative responses can be rejuvenated
by the systemic administration of specific
molecular cues that are present in the
young circulation. In theory, similar niche
rejuvenation would be required for productive regenerative responses of young
cells and tissues that are transplanted into
older individuals.

forms of learning and memory. Indeed,
an age-specific decline in cognition is
thought to be due to the diminished activity of the hippocampus, which, in turn,
is thought to be caused by impaired neurogenesis.38,39 Adult neurogenesis can
be enhanced by the external cues, e.g.,
environmental enrichment and physical
exercise.40,41 Moreover, a number of studies have suggested that the experimental
changes in local and systemic niches of
neural stem cells are capable of reversing
the age-related decline in hippocampal
neurogenesis.42,43
Poor immune responses, anemia and
an increased incidence of certain leukemias in the old are clearly associated with
the aging of hematopoietic stem cells
(HSC), which become skewed toward
formation of myeloid and away from
lymphoid lineages.44 Interestingly, HSCs
have been experimentally rejuvenated by
the down-modulation of mTOR, demonstrating that their age-specific alterations
are not irreversible.45 Furthermore, while
numerous intrinsic age-imposed changes
have been identified in HSCs at genetic
and epigenetic levels,44,46 it has been also
shown that it is the HSC niche that regulates the performance and aging of these
stem cells, including the state of quiescence, the accumulation and repair of
DNA damage, the protection from oxidative damage and the modification of signal
transduction.47,48
The aging of bone morphogenesis that
leads to osteoporosis and poor fracture
repair is caused by an imbalance between
the bone formation and bone resorption,
which, in turn, results from the age-specific changes in the properties of mesenchymal stem cells, MSCs.49,50 Recently,
one of the key age-dependent alterations
that causes the defect in bone lineage
formation by MSCs was shown to be the
downregulation of c-Maf, which, interestingly, has been linked to a prominent
feature of old cells, e.g., oxidative stress.51
Similar to what was reported for aging of
skeletal muscle,8 it was also shown that
while the frequency of MSCs derived
from the bone marrow of old mice is similar to that of young mice, the regenerative
bone-forming capacity of the old MSCs is
markedly lower than that of young cells.
Notably, a young extracellular matrix

rejuvenated the bone forming properties
of the old MSCs.52
Heterochronic Transplantation
The rationale for heterochronic transplantation studies is to rigorously test the idea
of intrinsic vs. extrinsic mode of stem cell
aging by assaying the regenerative performance of young and old stem/progenitor
cells in chronologically mismatched tissues. For example, young muscle fibers or
minced muscle tissue containing satellite
cells were isolated from young rodents
and are placed into muscle defects of aged
hosts; conversely, muscle cells derived
from old donors are transplanted into
muscle of young hosts.2 These seminal
experiments demonstrated that the age
of the host, rather than the age of the
donor, dictated the success in tissue regeneration, which, in those early studies, was
correlated with the efficiency of immune
response and wound clearance.2 Such
findings prompted future work on deciphering the age-dependent molecular cues
by which muscle environment regulates
satellite cell responses in young vs. aged
mammals and were extrapolated further
in studies of heterochronic parabiosis.
Heterochronic cell transplantation
has been also performed with bone marrow cells, which has an inherent caveat
of a mandatory niche irradiation. Since
recipient mice die, if transplanted HSCs
fail to engraft and produce blood lineages, young and old bone marrow cells
and HSCs undergo positive selection in
both young and old hosts, where only the
best outcomes leading to host survival
can be analyzed in detail. Additionally,
irradiated bone marrow niches are most
definitely altered in their physiology and
biochemistry,53 and, hence, are quite different from natural young and old niches.
Nevertheless, experiments where competitive reconstitution of blood lineages
was examined by transplanting young
and old bone marrow cells into young vs.
old hosts suggested that the aged HSCs
are nearly as efficient as young HSCs
when transplanted into a youthful environment.1 In a more recent study, one of
the key age-dependent phenotypes, e.g.,
a lack of functional B cells, was rescued
in old mice in vivo by the transplantation
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Is Aging of Other Adult Tissues
a Stem Cell Paradigm?
Experimental evidence suggests that in
several other tissues (brain, blood, bone)
the decline of regenerative potential of
adult stem cells accounts for tissue aging
and, similar to the situation in muscle,
such declines are caused (at least partly) by
the aging of the niche. New neurons are
generated in mammalian hippocampus
throughout adult life and integrate into
neuronal circuitry, contributing to certain

www.landesbioscience.com

Cell Cycle

2263

of young bone marrow, demonstrating
that young bone marrow niche complete
with young HSCs is functional in the
aged mammalian host.54 The rejuvenating
effects of young bone marrow are not limited just to hematopoiesis, as recent work
has shown that transplanted young bone
marrow enhanced bone morphogenesis in
old mice, which was due to the activity of
the young inflammatory cells.55 Agreeing
with and extrapolating these studies,
young and old mice that were reconstituted with old bone marrow manifested
diminished recovery from the transverse
aortic constriction as compared with the
animals transplanted with the young bone
marrow.56
Heterochronic Parabiosis
The rationale for heterochronic parabiosis is to provide a proof of principle to the
idea that there is a systemic regulation of
tissue aging. To establish parabiosis, two
animals (typically, mice or rats) are surgically connected through a large flap of
skin, thereby establishing functional vascular anastomoses (joined circulation) in
approximately one week. Two animals of
the same age (young-to-young and old-toold) are the control isochronic pairs, while
young-to-old pairs are the experimental
heterochronic parabionts. Additionally,
a mock parabiosis can be set up, where
animals are connected by restraints but
do not have common blood circulation.
One parabiont can be transgenic for a
reporter gene (e.g., GFP), which enables
the confirmation of blood chimerism and
tests whether heterochronic blood cells
or alternatively endogenous tissue stem
cells contributed to tissue regeneration.3,5
Parabiosis can be maintained for variable
time (weeks to years) and has been historically used to answer a number of such
diverse questions, such as, what is the etiology of tooth decay, and what is the role
of the immune system in fighting cancer.57
In 1864 Paul Bert published the first
description of the surgical joining of
two rats in parabiosis, which he compared with “Siamese twins,” in his “Sur
la Greffe Animale.”58 In the first heterochronic parabiosis research that was
published much later, approximately 50
y ago, McKay and colleagues examined

the hypothesis that aging has a systemic
component and tested whether the blood
of young rodents can prolong lives of old
rodents.59 In these studies, the number of
joined animals was small, but data suggested that collagen and bones were rejuvenated in heterchronically parabiosed
old rats, while those of the young partner
were unchanged or slightly older. This
work was followed in 1972, when Ludwig
and colleagues published a study in which
old rats that were joined in heterochronic
parabiosis with young rats lived four to five
months longer, which is ~20% increase in
longevity.60 In many of these early experiments, the old animals shared circulation
with a young animals for years; thus, they
both continued to age, and at times, several young rats were connected to one old
rat in an attempt to have the prevalence of
young blood, but complicating the answer
as to whether aged circulation has a negative effect on young organism.59,60

in brains of heterochronic parabionts is
similarly improved for the old mouse and
is decreased for the young mouse.5 These
studies allowed further evaluation of the
parabiotic effect by the demonstration of
direct injection of serum from old mice
intravenously into young mice mimicked
the effects of aging on neurogenesis. Not
only was stem cell proliferative activity
modulated by heterochronic parabiosis
and heterochronic serum administration,
but physiological correlates of memory
that are subserved by neurogenesis were
likewise modified.
In all these studies, isochronic parabionts were not significantly different
in their tissue regeneration as compared
with the non-parabiotic young and old
mice and the rejuvenation of old tissues
was achieved through the much-improved
regenerative performance of the aged tissue stem cells and not by the blood cells
from the young partner. Similarly, there
was no evidence of blood cell contribution from old partner to the regeneration
of young tissues. These studies demonstrated that a broad improvement in tissue
maintenance and repair can be promoted
in an old mammal by “young” systemic
factors through boosting the regenerative
capacity of tissue stem cells and suggested
that aged circulation might have “negative” molecular regulators of stem cell
responses.
Remarkably, these heterochronic parabiosis studies also revealed that the biochemical pathways, which are known
to regulate tissue regeneration and to
become altered by the aging process, are
calibrated to their “youthful” productive
signaling strength in the aged stem cells
of multiple lineages, including muscle,
liver and brain, that are exposed to young
circulation.3-5 Importantly, systemic intervention into Wnt signaling was shown to
mimic the effects of heterochronic parabiosis and rejuvenate muscle repair.4 In
proteomic analysis of blood from young
and old mice and from heterochronic
parabiotically paired mice, a limited set
of serum chemokines and cytokines were
identified that correlated with the agerelated changes in neurogenesis.5 Further
analysis showed that the injection of individual proteins, specifically CCL11, could
either phenocopy the effect of the aging
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Recently, our improved understanding
of stem cell aging prompted a new wave
of studies that revisited the effect of heterochronic parabiosis on the aging phenotypes but with a new focus on tissue
regenerative capacity and the key regulatory molecules, which are responsible for
the parabiotic effects. Beginning about
10 years ago and first published in 2005,
we resurrected the use of heterochronic
parabiosis for the study of cellular aging
and applied this specifically to the study
of stem and progenitor aging. The body
of this work has been instrumental in
establishing that extrinsic age-specific factors present in blood serum regulate the
regenerative responses of tissue stem cells
in muscle, liver and brain.3-5 In these studies, in heterochronic parabionts, the old
muscle tissue regenerated after an injury
as well as young tissue, while young muscle tissue experienced somewhat diminished regenerative capacity.3,4 Similar
age-specific effects of systemic milieu were
observed in livers of heterochronically
connected mice, where old liver regeneration was improved, while young liver
regeneration was diminished.3 Recent
work demonstrated that neurogenesis
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of organ dysfunction. Promisingly, experimental activation of tissue stem cells in the
old is predicted to gradually rejuvenate the
niche. Hence, eventually, old tissues are
predicted to become younger, and experimental intervention into stem cell performance will be less needed. Studies of
heterochronic parabiosis illuminated the
role of systemic factors in broad mechanisms of stem cell aging and suggested
several promising therapeutic molecules
that can be delivered through circulation
and can rejuvenate tissue maintenance
and repair. Future work on comprehensive
molecular dissection of the age-specific
changes in local and systemic niches of
tissue stem cells would enable tunable
niche rejuvenation ,which is predicted to
delay or reverse the onset of tissue aging
(Fig. 2).
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Figure 2. The role of the stem cell niche in stem cell performance. (A) The young niche induces
productive stem cell responses and, as a result, young tissues regenerate efficiently. (B) By contrast, the old niche inhibits stem cell responses. Rather than effective tissue regeneration, there
is sustained inflammation and resulting fibrosis, perhaps further suppressing stem cell function
and leading to apoptosis, senescence or aberrant cell fate. (C) Promisingly, exogenous molecules
that boost the regenerative responses of tissue stem cells, perhaps in part by rejuvenating the
aged niche, promote effective repair of aged tissues, overriding the inhibitory influence of the old
niches.
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