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ABSTRACT

Stem cells have a fascinating biology and offer great prospects for therapeutic applications, stimulating
intense research on what controls their properties and behavior. Although there have been significant
advances in our understanding of how local microenvironments, or niches, control the maintenance and
activity of stem cells, it is much less well understood how stem cells sense and respond to variable external,
physiological, or tissue environments. This review focuses on the multidirectional interactions among
stem cells, niches, tissues, and the systemic environment and on potential ideas for how changes in this
network of communication may relate to the aging process.

IN spite of their small numbers and considerable
stealth, stem cells have a tremendous impact on the

biology of multicellular organisms. Endowed with self-
renewal ability and multipotency, stem cells maintain
tissues that undergo rapid turnover, regenerate dam-
aged tissue, and ensure optimal tissue and organ
function. Many layers of regulation in response to local,
systemic, and environmental factors govern stem cell
behavior (Drummond-Barbosa 2005; Morrison and
Spradling 2008). Evidence from several systems also
suggests that stem cell functional output is altered
during aging (Rando 2006; Jones 2007; Sharpless and
Depinho 2007), although causal relationships and
molecular underpinnings are poorly understood. To
effectively wield these double-edged swords for thera-
peutic interventions, itwillbeessential to furtherexplore
their regulation and function using the combined power
of multiple model organisms.

STEM CELLS RECEIVE LOCAL NICHE SIGNALS

Although the theoretical existence of a specialized
microenvironment, or niche, that controls stem cell
activity was proposed 3 decades ago (Schofield 1978), a
strong experimental basis for the niche concept came
from more recent studies of Drosophila melanogaster
germline stem cells (GSCs). In the anterior region of
the ovary, each germarium houses two to three GSCs
anchored via E-cadherin-containing adherens junctions
to somatic cap cells and in close proximity to terminal
filament cells (Figure 1A). Bone morphogenetic pro-
tein (BMP) signals are expressed in the somatic niche

and act directly on GSCs to repress differentiation and
maintain stem cell fate (Wong et al. 2005). Janus kinase–
signal transducer and activator of transcription (JAK–
STAT) signaling controls BMP signal production in the
niche (Lopez-Onieva et al. 2008; Wang et al. 2008). At
the tip of the testis, five to nine GSCs, each surrounded
by a pair of somatic cyst stem cells, maintain close
contact with a dome-shaped apical hub composed of
tightly packed somatic cells (Figure 1B). The hub-
produced ligand Unpaired (Upd) stimulates JAK–STAT
signaling in both stem cell types, which is required for
their maintenance (Wong et al. 2005). Surprisingly,
ectopic JAK–STAT activation in somatic but not germ
cells is sufficient to induce overproliferation of GSCs
and somatic stem cells. Zfh-1, a transcriptional repressor
induced by JAK–STAT signaling, is required in somatic
stem cells for their maintenance, and its forced somatic
expression induces their overproliferation and, non-cell
autonomously, that of GSCs (Leatherman and Dinardo

2008). Analogously, the germarium contains a popula-
tion of escort stem cells that are in close association with
GSCs and require JAK–STAT signaling for their pro-
liferation and for GSC maintenance (Decotto and
Spradling 2005). BMP signaling is also directly required
for GSC maintenance and bam repression in the testis
(Wong et al. 2005).

There have also been advances toward defining stem
cell niches in other systems (Morrison and Spradling

2008). In Caenorhabditis elegans adult hermaphrodites,
germ cells in the distal regions of each gonad arm define
a self-renewing population blocked from entry into
meiosis via their Notch-mediated interaction with so-
matic distal tip cells (Wong et al. 2005). Transplantation
assays have demonstrated the existence of GSCs (or
spermatogonial stem cells) in the mammalian testis1Author e-mail: daniela.drummond-barbosa@vanderbilt.edu
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(Figure 1C) (Wong et al. 2005). Large somatic Sertoli
cells closely associate with GSCs and other undifferen-
tiated spermatogonia next to the basement membrane
in the seminiferous tubules. Sertoli cells produce glial
cell-line-derived neurotrophic factor (GDNF), which is
required for GSC maintenance (Wong et al. 2005).
Recent studies revealed that undifferentiated spermato-
gonia are preferentially localized to regions adjacent to
the vascular network and associated interstitial cells
underlying the basement membrane (Yoshida et al.
2007), suggesting a vascular niche for GSCs. Neural
stem cells (NSCs) reside in the subventricular zone
(SVZ; Figure 1D) and in the subgranular zone (SGZ;
Figure 1E) of the hippocampus and, in both regions,
neural precursors are astrocytes that self-renew and
generate neuroblasts (Riquelme et al. 2008). Lineage-
tracing studies demonstrated that NSCs in the SVZ are
heterogeneous (Merkle et al. 2007). Astrocytes are also
key components of the NSC niche, which includes
blood vessels, a basal lamina, and axon terminals
(Riquelme et al. 2008). Recently, a pinwheel niche
architecture of cerebrospinal-fluid-contacting ependy-
mal cells encircling clustered apical surfaces of astro-
cytes that also extend long basal processes to blood
vessels has been described (Mirzadeh et al. 2008).

In other cases, the niche remains undefined. Satellite
cells are sandwiched between the basal lamina and the
muscle fiber (Figure 1F) and generate myogenic pre-
cursor cells (Morrison and Spradling 2008). Notch
signaling is required for maintaining satellite stem cells,
and lineage tracing and transplantation studies have
shown that one-tenth of satellite cells behave as stem
cells. Planar division frequently results in two stem cells,
while apical–basal division results in one stem cell and
one committed daughter (Morrison and Spradling

2008). In the mammalian skin, different types of stem
cells reside in different microenvironments (Figure
1G). Epidermal stem cells reside in the basal layer of
the epidermis, while hair follicle stem cells reside in the
bulge at the base of the permanent portion of the
follicle (Morrison and Spradling 2008). Wnt and
BMP signaling play critical roles in regulating bulge
stem cells during hair follicle growth cycles (Morrison

and Spradling 2008). Melanocyte stem cells, whose

Figure 1.—Stem cell niches. (A) Drosophila germarium il-
lustrating GSCs in their niche, formed by cap cells, terminal
filament cells, and escort stem cells (top left). Escort stem cell
and GSC progeny are shown in light green and pink, respectively.
Confocal images (top right and bottom) showing germaria
from control, decapentaplegic (dpp) mutant, and dpp-overexpressing
females. dpp encodes a BMP signal. GSCs (arrowheads) are
lost in dpp mutants. Arrows point to differentiating germ-cell
cysts. Increased numbers of GSC-like cells (arrowhead) result
from high Dpp levels. Bar, 10 mm. Confocal images (top right
and bottom) were reproduced from Figure 1D and Figure 4, A
and G, in Xie and Spradling (1998). (B) Male Drosophila
GSCs in their niche, comprising the hub and somatic stem
cells. (C) Seminiferous epithelium in the mammalian testis.
GSCs and their progeny (pink) are closely associated with Ser-
toli cells, and GSCs reside in proximity to the vasculature and
interstitial cells. (D) The subventricular zone showing astro-
cytes that function both as NSCs and as niche components.
NSCs are closely associated with ependymal cells, blood ves-
sels, a specialized basal lamina, and axon terminals. (E)

The subgranular zone depicting NSCs in close association
with blood vessels. In D and E, NSC progeny are shown in
pink. (F) Satellite stem cell (red) in the mammalian muscle.
Satellite stem cells and committed satellite cells (pink ovals)
reside sandwiched between the muscle fiber and the basal
lamina. The depicted satellite stem cell has recently divided
to produce one stem cell and one committed daughter. (G)
Mammalian hair follicle and part of epidermis. Hair follicle
stem cells reside in the bulge (bulge stem cells), and separate
populations of stem cells reside in the basal layer of the epi-
dermis and in the sebaceous gland (SG). (H) HSC in the
bone marrow. HSCs reside in close proximity to the inner
bone surface and to specialized blood vessels.
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progeny produce melanin that is transferred to hairs,
are located near hair follicle stem cells and respond to
Steel/Kit signaling (Nishimura et al. 2002). Most hema-
topoietic stem cells (HSCs) reside in the bone marrow at
or near the inner bone surface (endosteum) (Figure 1H)
and although osteoblasts lining the endosteum appear to
play a niche role, many HSCs localize adjacent to
specialized blood vessels (sinusoids) (Morrison and
Spradling 2008).

STEM CELLS RESPOND TO SYSTEMIC SIGNALS

It seems intuitively obvious that stem cells must
respond to environmental and systemic signals to adjust
cell production to varying demands. Several examples
illustrate the responsiveness of stem cells to tissue-
extrinsic factors, although the underlying mechanisms
remain poorly understood. A well-studied example is
the response of ovarian stem cells to diet and insulin
signals in Drosophila. On a protein-rich diet, GSCs and
follicle stem cells (and their descendants) have high
division rates, whereas on a protein-poor diet, these
rates are reduced; this process requires insulin signaling
(Drummond-Barbosa and Spradling 2001). Brain-
derived insulin-like peptides have been shown by
genetic mosaic analysis to directly stimulate GSCs to
control their proliferation (Lafever and Drummond-
Barbosa 2005). In contrast, daf-2/insulin receptor
mutations in C. elegans have been reported not to affect
proliferation of germ cells in a wild-type background,
although this conclusion was based on comparisons of
the total number of phosphohistone H3 (a mitotic
marker)-positive cells per gonad arm (Pinkston et al.
2006). Intriguingly, insulin signaling has an additional,
separate role in controlling GSC maintenance via the
niche in Drosophila (H. J. Hsu and D. Drummond-
Barbosa, unpublished results). Notch signaling con-
trols cap cell number (Ward et al. 2006; Song et al.
2007). Insulin-like peptides regulate Notch signaling to
maintain cap cell numbers, and they also promote
cap cell–GSC association at least in part via E-cadherin
(H. J. Hsu and D. Drummond-Barbosa, unpublished
results). This illustrates the profound impact that the
systemic environment can have on both stem cell activity
and the niche that controls stem cell fate.

NSCs also sense and respond to injury or physiolog-
ical changes. For example, in adult rodents, focal
cerebral ischemia leads to increased proliferation of
neural progenitors in the SVZ and SGZ, including
those far from the area of infarction (Jin et al. 2001;
Zhang et al. 2001; Arvidsson et al. 2002; Parent et al.
2002). Insulin-like growth factor-1 (IGF-1) is a key
diffusible factor mediating this response because anti-
IGF-1 antibodies significantly inhibit ischemia-induced
proliferation in the SVZ and SGZ in vivo (Yan et al.
2006). Low estradiol levels increase the number of
newborn neurons in the dorsal region of the SVZ

following stroke injury, and this effect requires the
estrogen receptors a and b (Dubal et al. 2006; Suzuki

et al. 2007). It is unclear, however, what cells are the
direct IGF-1 or estradiol targets. Effects of androgens
on normal adult neurogenesis in the dentate gyrus
have also been reported, although this is due to
increased cell survival (Spritzer and Galea 2007).
Moderate estrogen levels stimulate cell proliferation
and neurogenesis in the female rat hippocampus, and
progesterone antagonizes this effect (Tanapat et al.
1999, 2005). Pregnancy stimulates the proliferation of
SVZ NSCs via prolactin (Shingo et al. 2003). Pregnancy
and postpartum also influence neurogenesis in the
dentate gyrus, although specific effects on NSCs have
not been directly examined. Low thyroid hormone
levels lead to reduced proliferation of neural precur-
sors in the SVZ (Lemkine et al. 2005). The location of
NSCs near blood vessels is conducive to exposure to
systemic signals. NSCs are also near axon terminals,
and neuronal activity or signals from neuroblasts can
influence NSC activity (Riquelme et al. 2008). Never-
theless, dissecting the network of direct and indirect
inputs into NSCs and their contributions to neuro-
genesis will require the manipulation of gene function
in specific cell types followed by the analyses of in-
dividual steps of neurogenesis.

Pregnancy and lactation in mice influence the hair
cycle because estrogens and prolactins inhibit anagen
induction in telogen and catagen induction in anagen
(Paus et al. 2008), although it is unclear whether stem
cells are directly affected. Insulin acts as a major growth
factor for human hair follicle by inducing IGF-1. IGF-1
and IGF-2 double knock-out and IGF-1 receptor knock-
out mice have epidermal hypoplasia and reduced hair
follicle number (Liu et al. 1993), while transgenic mice
expressing IGF-1 in the hair follicle have altered
follicular proliferation and differentiation and abnor-
mal hair growth cycle (Weger and Schlake 2005). It
remains unclear, however, which cells are directly
controlled by insulin or IGF-1 or how these signals are
integrated with other local factors controlling hair
follicle biology.

Other stem cell systems also respond to systemic
signals. Follicle-stimulating hormone promotes GDNF
expression, which controls GSCs in the testis (Tadokoro

et al. 2002). Growth hormone stimulates NSC and
mammary stem cell proliferation, and testosterone in-
duces increased satellite cell numbers (Sinha-Hikim et al.
2003). SVZ cell proliferation requires thyroid hormone
and its a-receptor (Lemkine et al. 2005). Estrogen
controls mammary stem cell proliferation via paracrine
signals (Lamarca and Rosen 2008). In many of these
examples, it remains to be demonstrated that stem cell
numbers or activity are affected (as opposed to those of
subsequent progenitors). Nevertheless, they likely repre-
sent the ‘‘tip of the iceberg’’ of systemic influences on
stem cells.
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STEM CELLS RESPOND TO THE
SURROUNDING TISSUE

The aforementioned examples show that systemic
signals can influence stem cells, but each tissue itself
also has the capacity to modulate the activity of its stem
cells. As mentioned above, NSCs proliferate at higher
rates in response to focal ischemia. Similarly, in mam-
malian testes depleted of differentiating germ cells,
GSC proliferation is vastly increased (Tadokoro et al.
2002). Satellite stem cells are activated in response to
injury to generate myoblasts that differentiate into
muscle (Luo et al. 2005). Delta is induced within 24 hr
of a muscle injury and activates Notch to induce satellite
cell proliferation and increased premyoblast numbers.
Which specific satellite cell subpopulations require
Delta or Notch remains to be determined. Satellite cells
respond to exercise-induced physiological stimuli in a
similar manner (Adams et al. 2002; Parise et al. 2008).

Not only stem cell activity level but also stem cell be-
havior changes according to the needs of the surround-
ing tissue. Lineage-tracing studies have shown that hair
follicle bulge stem cells do not normally contribute to
the epidermis; however, after epidermal injury, bulge
stem cells respond rapidly to generate short-lived cells
that migrate from the bulge to the epidermis and toward
the center of the wound (Figure 2) (Ito et al. 2005).

Hair follicles are formed from epidermal cells in the
repaired region, and lineage analysis shows that these
epidermal cells are not derived from hair follicle stem
cells. Wnt signaling regulates this process because
inhibiting Wnt abrogates new hair follicle formation,
while overexpressing Wnt increases new hair follicle
number (Ito et al. 2007). Analogous flexibility of stem
cell progeny fate is also apparent in the brain. Normally,
SVZ NSCs generate new interneurons that populate the
olfactory bulb; however, upon damage to the mouse
cerebral cortex, neurogenesis increases and neuroblasts
migrate to the site of injury (Magavi et al. 2000; Parent

et al. 2002; Goings et al. 2004; Sundholm-Peters et al.
2005). In the Drosophila ovary, each GSC normally
divides asymmetrically to self-renew and to form a more
differentiated cystoblast; upon GSC loss, however, the
remaining GSC can divide symmetrically to generate two
GSCs (Xie and Spradling 2000). The plasticity of stem
cell behavior hinted at by the findings above is fascinating
and holds great therapeutic promise. How is tissue
damage sensed by stem cells to modulate cell production?
How is the fate of their daughters altered? Do stem cells
actively redirect the fate of their progeny? What are the
cellular and molecular mechanisms involved? Could we
modulate this process for therapeutic purposes? These
are some key questions to be addressed.

STEM CELLS INFLUENCE THE
SURROUNDING TISSUE

Not only do stem cells respond to changes in the
tissue, but also the surrounding tissue may sense stem
cells. The absence of GSCs can lead to regeneration of
GSCs from dedifferentiation as differentiated cells move
into the niche in the Drosophila testis (Figure 3)
(Brawley and Matunis 2004). Under certain condi-

Figure 3.—Dedifferentiation of spermatogonial cysts to re-
generate GSCs in the Drosophila testis. (A) In stat92EF/
stat92E 06346 testes at the restrictive temperature for 2 days,
Bam-positive cysts surround the hub (anti-armadillo, red, as-
terisk). (B) After a 2-day recovery at the permissive tempera-
ture, Bam-negative GSCs reappear around the hub. Fusomes
are also shown in red (1B1), DNA in blue (DAPI), and four- to
eight-cell cysts are shown in green (anti-Bam-C). Bars, 10 mm.
Images were reproduced from Figure 2, C and D, in Brawley

and Matunis (2004).

Figure 2.—Response of bulge cells to wounding. (A and
A9) Bulge-derived cells, labeled in blue, are largely restricted
to hair follicles at 2 days after wounding. (B and B9) At 5 days
after wounding, blue streaks indicate that bulge-derived cells
move centripetally within wounded area. A and B show gross
appearance, and A9 and B9 show the histology of the wound.
Arrows indicate leading edge of reepithelialization. Dashed
lines delineate epidermis. Bars in A and B, 500 mm; in A9
and B9, 25 mm. Images were reproduced from Figure 4, A,
B, E, and F, in Ito et al. (2005).
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tions, dedifferentiation also occurs in females (Kai and
Spradling 2004). An empty niche can also affect other
cell types within a tissue. Forced differentiation of GSCs
in Drosophila females results in gradual changes in the
niche surroundings, bringing follicle cell progenitors
into the vacant niche. These incoming somatic cells
receive BMP signals and divide within the invaded niche
(Kai and Spradling 2003). In agametic Drosophila
testis, cyst cells, which are normally quiescent, continue
to proliferate and adopt the hub cell fate, suggesting that
either germ cells restrict cyst cell proliferation and fate
or cyst cells become exposed to signals not normally
available to them in the absence of germ cells (Gonczy

and Dinardo 1996). In mutant mice that lack tail hair
follicles (and bulge stem cells), tail wound reepithelial-
ization is delayed, but eventually occurs from the
surrounding epidermis (Langton et al. 2008). In mouse
testes depleted of germ cells (including GSCs) by
busulfan treatment, GDNF expression increases four-
fold (Ryu et al. 2006). Finally, somatic stem cells in the
Drosophila testis give rise not only to cyst cells, but also to
hub cells, showing how a stem cell can directly impact its
own niche (Voog et al. 2008).

Are stem cells passive in the communication with the
tissue, merely adjusting their activity levels according to
tissue demands? Do stem cells influence their tissues
strictly by virtue of the progeny that they produce or the
signals normally destined for them that become avail-
able to other cells upon their absence? Or is it possible
that stem cells have a more direct/active role in the
tissue where they reside, potentially via secreted or
membrane-bound factors? In fact, intestinal stem cells
in Drosophila express Delta and, when they divide to
generate a stem cell and an enteroblast, Delta is rapidly
downregulated in the enteroblast. The intestinal stem
cell Delta signal activates Notch in the enteroblast, and
stem cell Delta levels determine whether the enteroblast
differentiates into an enterocyte (high Delta) or enter-
oendocrine cell (low Delta) (Ohlstein and Spradling

2007). Transcriptome analyses revealed that bulge stem
cells express many secreted or membrane-bound fac-
tors, including known signaling molecules such as
EphrinB1 and Fgf1 (Morris et al. 2004; Tumbar et al.
2004). In the HSC transcriptome, signaling molecules,
including secreted ligands, are conspicuously present
(Ivanova et al. 2002). Microarray analysis of Drosophila
GSCs show expression of secreted factors (Kai et al.
2005), and Delta has been proposed to function in GSCs
(Ward et al. 2006). Moreover, as described below, GSCs
negatively modulate life span in C. elegans (Arantes-
Oliveira et al. 2002). Thus, perhaps more effort should
be put into studying how stem cells influence their
surrounding cells, tissues, and organs, not just in terms
of cell production for tissue maintenance or repair, but
also in terms of active signaling mechanisms that may
trigger chain reactions that impact organismal physiol-
ogy as a whole.

STEM CELL FUNCTION DECLINES WITH AGING

Stem cell number or activity decreases during organ-
ismal aging. As discussed below, the cause/consequence
relationship between changes in stem cell number or
function and aging is unclear. First, however, I will
describe the correlation between organismal aging and
stem cell aging and review the potential mechanisms
involved in stem cell decline. GSCs proliferate more
slowly and are gradually lost in aging Drosophila females
and males ( Jones 2007). The numbers of HSCs, NSCs,
or satellite cells do not appear to decline with age, but
their activity becomes compromised (Geiger and Van

Zant 2002; Conboy et al. 2003; Hattiangady and
Shetty 2008). In contrast, impaired melanocyte stem
cell self-renewal underlies hair graying (Sharpless and
Depinho 2007), while numbers of GSCs are significantly
decreased in older mouse testes (Ryu et al. 2006; Zhang

et al. 2006). Although the mechanisms involved are
poorly understood, it is clear that both intrinsic and
extrinsic factors contribute to the changes exhibited by
stem cells with aging, as discussed below.

Some evidence suggests that stem cells age intrinsi-
cally. Overexpression of superoxide dismutase, an
antioxidant enzyme, in Drosophila GSCs extends their
life span (Pan et al. 2007). Colonies arising in host testes
from GSCs derived from 2-year-old mouse donors with
atrophied testes are smaller than those of younger mice,
suggesting intrinsic aging of GSCs (Zhang et al. 2006).
Another study, however, showed no age-dependent
difference in colony size (Ryu et al. 2006). Depending
on the strain of mice, HSCs from old individuals are at a
significant disadvantage relative to young HSCs in
competitive repopulation or serial transplantation as-
says (Geiger and Van Zant 2002). Several mechanisms
have been proposed to explain the intrinsic aging of
stem cells, including exhaustion of their proliferative
potential, telomere shortening, accumulation of DNA
damage, or epigenetic alterations (Rando 2006).

Aging of the niche has also been proposed to con-
tribute to the decline in stem cell function with age. In
Drosophila ovaries, the number of cap cells decreases
and BMP signaling from the niche to GSCs is impaired
with age, while the E-cadherin-mediated association
between GSCs and cap cells weakens. Increasing niche
expression of BMP signals, strengthening the GSC–niche
association, or expressing superoxide dismutase in the
niche can prolong GSC life span and increase their
proliferation rates (Pan et al. 2007). In older Drosophila
testes, hub cells display lower levels of E-cadherin and of
Upd, whereas Upd overexpression in the niche main-
tains GSCs in aging males (Boyle et al. 2007). Similarly,
in aging mouse testes, expression of GDNF in Sertoli cells
is markedly reduced (Ryu et al. 2006) and GSCs can be
consecutively transplanted to the testes of young males
for extended periods of time (Ogawa et al. 2003; Ryu

et al. 2006), underscoring a major role of aging of the
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niche in GSC function decline. Old HSCs are also able to
reconstitute blood in serial-transplantation experiments,
although their effectiveness varies with the mouse strain
(Geiger and Van Zant 2002; Warren and Rossi 2008).
Finally, in the SGZ, there is a correlation between de-
creased neurogenesis and a decline in vascular niches
(Hattiangady and Shetty 2008), although causality
has not been tested.

Given the remarkable ability of stem cells to sense and
respond to external stimuli, it is not surprising that the
physiological changes that result from aging can also
impact stem cells and their niches. As discussed above,
insulin-like peptides control cap cell number via Notch
signaling in the niche, and they also control how
effectively cap cells associate with GSCs in Drosophila
(H. J. Hsu and D. Drummond-Barbosa, unpublished
results). As females age, systemic insulin-signaling levels
decline (H. J. Hsu and D. Drummond-Barbosa, un-
published results). Remarkably, excess insulin-like pep-
tides suppress the normal process of GSC loss that
occurs with age, while a poor diet enhances GSC loss,
demonstrating how changes in systemic signals can
potentially impact the GSC niche during the aging
process (H. J. Hsu and D. Drummond-Barbosa, un-
published results). Several reports suggest that insulin
secretion or sensitivity decline in aging humans (Shimizu

et al. 1996; Chang et al. 2006a,b; Szoke et al. 2008); it is
possible that this also impacts certain stem cell popula-
tions. In old mice, muscle regeneration is impaired due
to insufficient levels of Notch signaling in satellite cells,
and forced activation of Notch is sufficient to restore
efficient regeneration of older muscle (Conboy et al. 2003).
Intriguingly, exposure of old muscle to the systemic en-
vironment of a young mouse in heterochronic para-
biosis is sufficient to restore Notch signaling and
efficient satellite cell activation in older muscle (Figure
4) (Conboy et al. 2005), suggesting potential parallels
with the Drosophila ovary.

GERMLINE STEM CELLS, INSULIN SIGNALING,
AND LONGEVITY ARE CONNECTED

As reviewed above, changes in intrinsic factors, the
niche microenvironment, or the systemic environment
can lead to an aged phenotype of stem cells. Conversely,
changes in stem cell function may also have an impact
on the physiological status of an individual, possibly
creating positive or negative feedback loops during
aging. The best-known example is the reported negative
effect that GSCs exert on longevity in C. elegans.

Ablation of the germline leads to life-span extension
in C. elegans, and this effect requires DAF-16/FOXO, a
transcriptional factor that acts as a negative downstream
effector of the insulin pathway, and a nuclear hormone
receptor, DAF-12 (Guarente and Kenyon 2000). Al-
though lack of germline due to mutations in the early
acting genes tudor, germ cell-less, or oskar does not extend

life span in Drosophila (Barnes et al. 2006), another study
suggests that the effect of the germline on longevity may
be evolutionarily conserved (Flatt et al. 2008). Loss of
germ cells due to forced bam expression leads to life-
span extension and also to alterations in systemic insulin
signaling, suggesting active communication between
the germline and other tissues (Flatt et al. 2008).

Caloric restriction also leads to increased longevity in
many organisms, possibly due in part to reduced in-
sulin/IGF signaling (Guarente and Kenyon 2000).
Mutation of the daf-2/insulin receptor gene or of other
insulin pathway components doubles the life span of C.
elegans hermaphrodites (Guarente and Kenyon 2000).
In Drosophila, mutation of dinr/insulin receptor or
chico/insulin receptor substrate or ablation of insulin-
producing cells also extends life span (Giannakou and
Partridge 2007). Recent evidence suggests that this is
also the case in mammals (Bartke 2000; Baba et al.
2005; Taguchi et al. 2007). A prospective follow-up
study in humans found that, in women, reduced insulin
signaling appears to correlate with lower body height
and improved old age survival (van Heemst et al. 2005).

Reproduction is also tightly linked to diet and
physiological status (Gong 2002; Loucks 2007; Pinelli

and Tagliabue 2007). Despite this apparent intersec-

Figure 4.—Exposure to a young systemic environment re-
stores muscle stem cell activation and regeneration in aged
mice. (A and A9) In isochronic parabiosis between two aged
mice, muscles do not regenerate well after hind-limb injury,
showing prominent fibrosis 5 days later. (B and B9) In con-
trast, heterochronic parabiosis between young and aged mice
significantly enhances the regeneration of muscle in the old
partner. Nascent myotubes can be recognized because they
maintain centrally located nuclei and express embryonic my-
osin heavy chain (eMHC). A and B show hematoxylin and eo-
sin staining. A9 and B9 show eMHC (red) and Hoechst dye
(blue, nuclei). Images were reproduced from part of Figure
1A in Conboy et al. (2005).
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tion, however, several lines of evidence suggest that the
extension of life span in insulin pathway mutants is not
simply due to effects on reproduction. Ablation of
somatic gonad precursors along with the germline does
not increase life span in C. elegans (Guarente and
Kenyon 2000). There is also a temporal separation of
requirements of daf-2/insulin receptor for reproduc-
tion and longevity. On the basis of RNA interference
(RNAi) treatment, reduction in insulin signaling during
adulthood is required and sufficient for extending life
span. In contrast, initiating daf-2 RNAi treatment in
hatchlings, but not in adults, impairs reproduction
(Dillin et al. 2002). One caveat of these experiments,
however, is that the effectiveness of the RNAi treatment
in the germline (or whatever tissue requires daf-2 for
reproduction) may be lower in adults relative to young
larvae; therefore, the possibility that daf-2 functions in
adults to control reproduction cannot be ruled out.
Nevertheless, these results clearly show that it is possible
to create conditions that separate extension of life span
from impairment of reproductive function. In Drosoph-
ila, effects of dFOXO overexpression on longevity could
also be uncoupled from reproduction (Hwangbo et al.
2004; Giannakou et al. 2007). Honeybee queens are
long lived and fertile, whereas workers are short lived
and sterile (Corona et al. 2007). Not only can longevity
and reproduction be uncoupled, but also the effect of
diet on longevity does not stem solely from what is
ingested. In Drosophila, yeast odorants can reverse the
life extension afforded by a restricted diet, whereas
impairment of olfaction due to the Orb83 mutation
results in life-span extension in the absence of dietary
restriction (Libert et al. 2007).

Intriguingly, GSCs are responsible for the effects of
the germline on longevity in C. elegans because genet-
ically blocking the production of differentiated germ
cells does not extend life span, whereas forcing GSCs to
differentiate does, and GSC overproliferation shortens
life span (Arantes-Oliveira et al. 2002). These findings
suggest that GSCs communicate with other cells/tissues
to control aging. In fact, a screen for genes required for
the extended longevity of animals lacking a germline
resulted in the identification of kri-1, which controls
DAF-16 nuclear localization in the intestine likely in
response to a lipophilic hormone (Berman and Kenyon

2006). Thus, GSCs may control longevity independently
of their role in gamete production per se. Moreover, part
of the effect of diet and insulin signaling on longevity
may occur via the modulation of GSCs/germ cells,
which in turn may produce secreted/humoral factors.
As described above, insulin signaling controls Drosoph-
ila female GSCs, and the GSC loss and decreased activity
observed with aging may at least partially be explained
by reduced insulin signaling (Lafever and Drummond-
Barbosa 2005; H. J. Hsu and D. Drummond-Barbosa,
unpublished results). Although this has not been
addressed experimentally, it is conceivable that part of

the effects of reduced insulin signaling in extending life
span in Drosophila result from lower GSC numbers, and
that the natural decrease in insulin signaling over time
represents a feedback mechanism to prolong life span
once the peak period of reproduction is past. To
understand the potential role of GSCs on life-span
control will require that many questions be addressed.
Are the germline effects on life span specific to GSCs in
Drosophila? Is a complete absence of GSCs necessary for
an impact on longevity or would less drastic decreases in
GSC numbers be sufficient for an effect? How well
conserved is the role of the germline or GSCs across
species, including humans (in which males, but not
females, have GSCs)? How are the effects of GSCs in-
tegrated with those of other factors controlling longevity?

HOW DO SOMATIC STEM CELLS
IMPACT LONGEVITY?

Declines in stem cell function and/or number are
clearly associated with aging, but causal relationships
are largely unknown. In other words, does aging lead to
stem cell decline, or does stem cell decline lead to
aging? A less often asked question is, would stem cell
decline always promote aging, as our intuitions suggest,
or could stem cell decline in some instances counteract
the aging process? As discussed above, GSCs in C.
elegans, and possibly in Drosophila, exert a negative
effect on longevity. However, unlike many other stem
cell types, GSCs are required for reproduction, a process
not essential for survival of a particular individual. An
important question, therefore, is whether the negative
effects of GSCs on longevity are a peculiarity of the
germline, or whether they could reflect a function
shared by some other stem cell types.

One possibility is that, with the exception of GSCs,
decreases in stem cell function lead to reduced longev-
ity. Intrinsic aging of stem cells (Figure 5A), their niches
(Figure 5B), or the systemic environment (Figure 5C)
would result in decreased stem cell function, impaired
tissue function, and further systemic aging. For exam-
ple, HSC activity is required for blood cell production,
and blood cells have immune functions, carry oxygen to
tissues, and enable blood clotting; declines in any of
these functions would be expected to decrease longevity
(Geiger and Van Zant 2002). Another possibility,
albeit counterintuitive, is that small decreases in stem
cell function may actually promote longevity. Excessive
stem cell activity may result in uncontrolled prolifera-
tion as tumors, and this would clearly tend to shorten
life span. For example, ectopic Wnt signaling induced
by overexpression of the Wnt1 ligand or of an activated
form of b-catenin, which is highly oncogenic, increases
progenitor cell numbers and activity in mouse mam-
mary epithelium (Liu et al. 2004). A variant of this
general possibility is that factors that increase stem cell
function may have a deleterious effect on longevity.
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Ames Dwarf mice are long lived and have low levels of
circulating growth hormone and IGF-1 (Sun et al. 2005);
however, they have a local increase in IGF-1 in the
hippocampus and an increase in neurogenesis, suggest-
ing that there could be mechanisms to circumvent this
potential problem. But could stem cells perhaps have
more subtle or indirect negative effects on longevity?

For example, could maintenance of young-equivalent
levels of stem cell function in older individuals not only
increase the risk of cancer, as has been proposed
(Sharpless and Depinho 2007), but also overtax an
older physiological environment to sustain a high rate
of cell production and elevated tissue performance in
multiple tissues? In that case, the decrease in stem cell
function in response to an older physiological environ-
ment would actually serve as a negative feedback
mechanism and slow down the aging of the organism.
Alternatively, whether or not the effect of decreased
stem cell function would positively or negatively impact
longevity may vary with the stem cell type (Figure 5D).
Further research will be required to determine the
causal relationships between physiological changes and
stem cell function during aging and to determine what
the impact of those changes on organismal longevity is
for different types of stem cells. As discussed above,
multiple mechanisms contribute to stem cell aging.
Perhaps because different stem cell types have distinct
specific requirements for their maintenance and func-
tion, they also appear to have different susceptibility to
intrinsic or extrinsic aging. It is therefore very likely that
not all stem cells age simultaneously or in a similar
fashion—some may simply respond to an aged environ-
ment, others may intrinsically age and thereby poten-
tially contribute to the age-induced physiological
changes, or a combination of these factors (Figure
5D). Given the complexity of the network of interac-
tions (Rando 2006), the large number of stem cell types
supporting tissues with diverse functions, very fine,
tissue-specific genetic manipulation will be required to
address whether or not the more global physiological
changes that stem cells respond to during aging (stem
cell extrinsic aging) originate from intrinsic changes in
subsets of stem cells (intrinsic stem cell aging).

CLOSING THOUGHTS

Stem cells participate in a web of multidirectional
interactions with their niches and tissues of residence,
the systemic environment, and external factors. Stem
cells not only respond to multiple stimuli, but also have
an impact on the organism; it is therefore important to
consider each stem cell interaction in both directions.
By producing cells, stem cells influence tissue activity
and function, which in turn determines both the level of
demand for resources and the generation of beneficial
cells or factors. But stem cells may also be active beyond
their role in the production of cells, perhaps via the
secretion of factors. A detailed cellular and molecular
map of all the interactions for each type of stem cell,
combined with tools for manipulating particular inter-
actions and measuring aging parameters, will help
reveal the relationships between various stem cell types
and the aging process. Are stem cells major determi-
nants of aging because of their role in maintaining

Figure 5.—Models of how stem cell function affects and is
affected during aging. (A) Intrinsic stem cell aging may be a
predominant factor leading to aging of the organism. (B) Ag-
ing of the niches may significantly contribute to aging by af-
fecting stem cell activity. (C) Aging of the systemic environment
may drive aging of stem cells. (D) Complex interactions are
likely to drive aging. It is possible that different stem cells age
at different rates and via different mechanisms and that the im-
pact that their aging has on the aging of the organism as a whole
varies according to their specific function. Different shapes rep-
resent distinct types of stem cells and niches. Gray color repre-
sents aging of stem cells, niches, and the systemic environment.
See text for details.
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tissue function? If this is the case, organisms age as a
consequence of stem cell function decline resulting
from changes in intrinsic factors or in the niche. Or is
maintenance of high levels of stem cell function over
time deleterious because of elevated cancer risk or an
increased demand for resources imposed by excessive
tissue activity? In this case, reductions in stem cell
activity and/or numbers, at least in some tissues (such
as the germline and, perhaps, additional tissues), could
prolong life. Or is stem cell function not a major
determinant of aging, but some of the changes involved
in aging also happen to affect niche/stem cell activity,
showing a simple correlation instead of a causal relation-
ship? Or, as seems more logical, is there a combination of
all possibilities above, with the particular role of stem
cells in aging varying according to the particular stem
cell type or the function of the tissue they support?
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