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Age and activity might be considered the two antagonistic key regulators of adult neuro-
genesis. Adult neurogenesis decreases with age but remains present, albeit at a very low
level, even in the oldest individuals. Activity, be it physical or cognitive, increases adult
neurogenesis and thereby seems to counteract age effects. It is, thus, proposed that activi-
ty-dependent regulation of adult neurogenesis might contribute to some sort of “neural
reserve,” the brain’s ability to compensate functional loss associated with aging or neuro-
degeneration. Activity can have nonspecific and specific effects on adult neurogenesis.
Mechanistically, nonspecific stimuli that largely affect precursor cell stages might be
related by the local microenvironment, whereas more specific, survival-promoting effects
take place at later stages of neuronal development and require the synaptic integration of the

new cell and its particular synaptic plasticity.

ge and activity might be considered the two

antagonistic key regulators of adult neuro-
genesis. Whereas adult neurogenesis declines
with age (which is at least the common per-
ception), different kinds of “activity” positively
regulate adult neurogenesis. A reciprocal inter-
action between these two mechanisms exists.
Aging influences activity, and activity affects ag-
ing processes.

Aging is a principal determinant of life and
as such cuts across all biological, psychological,
and sociological domains. The very essence of
aging is difficult to conceptualize because it is a
uniquely omnipresent variable. Aging can, thus,
only be addressed in a transdisciplinary ap-
proach, especially if the consequences of aging
on complex brain functions are to be studied. In

the context of adult neurogenesis research, “ag-
ing” has largely been equaled with the biology of
long time scales. Implicit in this understanding
is that age-dependent changes essentially reflect
a unidirectional development in that every-
thing builds on what has occurred before. In
this sense, aging can also be seen as continued
or lifelong development. This idea has limita-
tions but is instructive with regard to adult neu-
rogenesis, because adult neurogenesis is neuro-
nal development under the conditions of the
adult brain. The age-related alterations of adult
neurogenesis themselves have quantitative and
qualitative components. So far, most research
has focused on the quantitative aspects. But
there can be little doubt that qualitative changes
do not simply follow quantitative changes (e.g.,
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in cell or synapse numbers), but emerge on a
systems level and above when an organism ages.

The observation that adult neurogenesis is
regulated by activity relates to this idea. From
a behavioral level down to a synaptic level, ac-
tivity increases adult neurogenesis. This regula-
tion does not seem to occur in an all-or-nothing
fashion but rather influences different stages of
neuronal development differently.

To date, the biology of aging has emphasized
aspects of molecular and cellular biology, and
haslooked at entire organisms only if, for exam-
ple, longevity was studied. With respect to adult
neurogenesis, only one multilevel experiment
including morphology and behavior has been
conducted, and, even in that study, only three
time points were investigated (Driscoll et al.
2006). A more complete theory of adult neuro-
genesis across the life span will require close
reference to concepts on many levels of research,
including systems biology, behavioral and cog-
nitive neuroscience, and developmental and
cognitive psychology.

Recent years have brought fundamentally
new insight in how brain function and structure
are linked. This mutual interaction is one key
meaning of “plasticity” The term “plasticity,”
despite all of its importance for modern neuro-
biology and psychology, remains elusive. But
the concept is important because it states that
one cannot see cognitive function independent
of the underlying structure (and also vice versa).
In this context, adult neurogenesis has become a
topic of particular attraction.

The observation that adult neurogenesis
is regulated by activity cannot be considered
independent of a functional theory (see Toni
and Schinder 2015 for detailed discussion). If
“activity” means “functionally relevant activity”
(which remains to be proven) the regulation be-
comes part of the function because learning and
structural change are tightly and causally linked.
This is what is meant by plasticity: the reciprocal
interaction between structure and function. In
other words, the functional theory should incor-
porate the idea of the reciprocal effect of func-
tion on neurogenesis, inasmuch as a concept
of “regulation” cannot exist without an idea of
what the entire process is leading to functionally.

AGE EFFECTS ON ADULT NEUROGENESIS

Even Altman’s first description of adult hippo-
campal neurogenesis in 1965 contained a para-
graph on the noticeable decrease in cell genesis
within months after birth (Fig. 1) (Altman and
Das 1965). Kaplan later reported that adult neu-
rogenesis would occur in old rodents, but did
not include a detailed quantitative analysis (Ka-
plan and Bell 1984; Kaplan 1985). The first stud-
ies to specifically look at age effects on adult
neurogenesis came from Seki and Arai (1995)
and Kuhn, Gage, and colleagues (1996), and
the analogous report for mice in 1998 (Kemper-
mann et al. 1998b). The same year saw Eriks-
son’s groundbreaking study on neurogenesis
in aging humans: he presented evidence for
adult hippocampal neurogenesis in individuals
as old as in their early seventies (Eriksson et al.
1998). Since then, adult neurogenesis is accept-
ed as a lifelong process. The carbon-14 birth-
dating technique, discussed in detail in Berg-
mann et al. (2015), has finally revealed that
adult hippocampal neurogenesis is actually sub-
stantial (Spalding et al. 2013). The data suggest-
ed that about one-third of the granule cell
population in adult humans shows a very slow
turnover. In short-lived animals, such as mice
and rats, such turnover has not become evident,
and it appears that new neurons that survived
the first weeks of their existence would stay for
the rest of the life or for at least a very long time
(Kempermann et al. 2003). The proportion of
one-third of newly born cells is, however, con-
sistent with an estimate from a lineage-tracking
study in mice (Ninkovic et al. 2007).

Although the amount of adult neurogenesis
in humans turned out to be bigger than as-
sumed (Goritz and Frisen 2012; Spalding et al.
2013), the absolute numbers are still very low.
The big question is what the functional contri-
bution of so few new neurons over so long pe-
riods can be. Any comprehensive concept has to
bring together the acute functional contribu-
tions of newly generated, highly plastic neurons
and the more-or-less lasting changes they intro-
duce to the network.

Information on age effects on neurogenesis
in the olfactory system has not received as much
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Figure 1. Age effects on adult hippocampal neurogenesis. Even in the inaugural paper of the field, the original
description by Altman and Das (1965) of adult hippocampal neurogenesis contained data revealing how
strongly postnatal and adult neurogenesis decrease with age. Today, absolute numbers can be assigned to the
different time points, revealing that, throughout most parts of the adult life, hippocampal neurogenesis ranges
on a minute scale. (From Altman and Das 1965; reprinted, with kind permission, by Joseph Altman and John

Wiley and Sons © 1965.)

attention as for the hippocampus (but see the
review in Brann and Firestein 2014). Although,
in 1997, Tropepe, van der Kooy, and colleagues
reported that the aging subventricular zone
(SVZ) contained fewer precursor cells than in
younger rats (Tropepe et al. 1997), only in 2004
was a direct in vivo study published (Enwere
et al. 2004). Luo and colleagues finally gave a
complete account of the structural and neuro-
genic changes in the aging SVZ in 2006 (Luo
et al. 2006). Ex vivo, precursor cells from the
adult SVZ showed longer cell-cycle times with
increasing age (Tropepe et al. 1997), but this was
questioned by others (Luo et al. 2006).

In both neurogenic systems, aging seems to
result in a reduced number of precursor cells,
most notably a decline in the number of tran-
siently amplifying cells, and a decrease in cell
proliferation (Seki 2002; Garcia et al. 2004; Luo
et al. 2006). It is not quite clear whether this is
also true for the more quiescent stem cells from

which the progenitor cells might reappear if ad-
equately stimulated. Maslov et al. (2004) report-
ed a twofold decrease in the number of putative
stem cells in the SVZ (based on the expression of
G,-phase-specific proliferation marker Mcm?2
that presumably allows a distinction between
the relative quiescent and the more proliferative
transient amplifying cells) and a corresponding
reduction in theyield of neurospheres that could
be obtained from the aging SVZ. Luo et al.
(2006) did not find a decrease in astrocyte-like
cells in the SVZ or even an increased number of
astrocytes touching the ventricular lumen. It
is exactly this contact that has previously been
identified as a hallmark of the putative stem
cells in the SVZ (Doetsch et al. 1997).

Encinas and colleagues (2011) have pro-
posed that the hippocampal potential for
neurogenesis becomes exhausted with age, the
precursor cells turning into nonneurogenic as-
trocytes. As a caveat, however, the study has been
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performed under conditions in which the mice
were not challenged to lead an active life. The
decrease mightjust represent the consequence of
negligence as in the old saying “use it or lose it.”

A key facet of aging might be inflammatory
processes. These often relate to microglial acti-
vation (Gebara et al. 2013). Pharmacological
inhibition of microglia with minocycline in-
creased neurogenesis (Monje et al. 2003; Koh-
man et al. 2013) and exercise reduced microglial
counts (Ehninger and Kempermann 2003; Ge-
bara et al. 2013). The exact role of microglia in
this context still needs to be elucidated (Su et al.
2014).

The age-related loss is not uniform across
the population of precursor cells. Sox1-positive
cells, for example, which form a subset of the
hippocampal precursor cells, are comparatively
well preserved (Kuipers et al. 2014).

For rodents, the decrease in adult hippo-
campal neurogenesis appears to be almost hy-
perbolical, with a very strong decline early in life
and a rather low but persistent level for the re-
mainder of the life span (Ben Abdallah et al.
2010). Barker and Wojtowicz suggested that,
in other rodent species, the decrease might be
more linear (Barker et al. 2005). This remains
to be confirmed in larger comparative experi-
ments, but indicates that genetic factors deter-
mine the impact of aging on adult neurogenesis.

Although aging is often called a strong (or
even the strongest) negative regulator of adult
neurogenesis, the term “regulator” is actually
problematic in the context of aging. It is undis-
puted that neurogenesis decreases with age and,
in old age, adult neurogenesis occurs at only a
small fraction of the level in early adulthood;
but the decline does not seem to be “regulated”
but rather the by-product of many age-related
changes of other sorts (Kempermann 2011).
This range of impact makes aging a particularly
complex variable.

MECHANISMS UNDERLYING THE
AGE-RELATED DECLINE IN ADULT
NEUROGENESIS

Besides the presence or absence of the precursor
cells, the decline of neurogenesis in the senes-

cent brain might be caused by a loss of extrinsic
signals, a reduced responsiveness of the aging
precursor cells to normal signaling, or both.
Senescence of the precursor cells in the neuro-
genic zones has, to date, only been investigated
in one study; an increase of p16INK4a, a cyclin-
dependent kinase inhibitor linked to cellular
senescence, was associated with the age-related
loss of precursor cells in the SVZ but not in the
hippocampus (Molofsky et al. 2006). This re-
gional discrepancy with respect to cellular sen-
escence might be attributable to the different
cellular composition and stem-cell features in
the two neurogenic regions (Seaberg and van
der Kooy 2002) but requires further work.
One characteristic of stem cells is the expres-
sion of telomerase that prevents telomere short-
ening under sustained proliferation (Lee et al.
1998). Telomerase activity has been linked to
the regulation of adult neurogenesis, but no study
focusing specifically on age effects has been pub-
lished (Caporaso et al. 2003). However, at least in
an animal model of schizophrenia, exercise re-
constituted telomerase activity to physiological
levels, possibly implying that control of this aging
mechanism is somehow involved in the antago-
nism of age and activity (Wolf et al. 2011).
Adult neurogenesis requires a specific mi-
croenvironment, the so-called niche, which pro-
vides the signals that are needed to maintain
and control the proliferation and differentiation
of the precursor cells (Palmer et al. 2000; Mer-
cier et al. 2002; Seki 2003). Precursor cells and
their niche form a functional unit. The neuro-
genic niche consists of the precursor cells and
their progeny, glia and endothelial cells, pos-
sibly immune cells and macrophages, and an
extracellular matrix, surrounded by a shared
basal membrane. Within the neurogenic niche,
cell—cell contacts, paracrine signaling of neuro-
transmitters, neurotrophic factors, and growth
factors, as well as synaptic contacts, control neu-
rogenesis. It has been proposed that the decline
in precursor cell activity in the aging hippocam-
pus is a result of increased precursor cell quies-
cence caused by changing niche properties
(Hattiangady and Shetty 2008). One underlying
concept is that the niche structure is important
for homeostatic maintenance of neurogenesis
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and that, during aging, this interdependence
might get out of balance (Silva-Vargas et al.
2013).

One instrumental factor that has been
found to decrease is WIP1, which is upstream
of Dickkopf 3 in the Wnt pathway. Transgenic
up-regulation of WIP1 prevented impaired
neuronal differentiation in aged mice (Zhu et
al. 2014). Conversely, the related protein Dick-
kopf 1 increases with age and its loss prevents
the age-dependent decline. Regulatable deletion
of Dickkopf 1 in the precursor cells increased
both self-renewal and maturation of the proge-
ny (Seib et al. 2013). Related to this has been the
observation that Wnt-mediated regulation of
mitotic factor survivin is changed in the aging
niche and might explain part of the effect (Mi-
randa et al. 2012).

Also, changes in growth factor levels might
underlie changes in neurogenesis as a conse-
quence of disease or aging. Neurotrophic fac-
tors, growth factors, and their receptors are
abundant during development and decline
with age (Wise 2003; Shetty et al. 2005; Cha-
dashvili and Peterson 2006). Growth factors
have a strong influence on precursor cell prolif-
eration and neuronal differentiation and, thus,
might be important mediators of cellular plas-
ticity in aging (Cameron et al. 1998; Kwon 2002;
Hattiangady et al. 2005; Shetty et al. 2005). The
aged mouse brain retains the capacity to re-
spond to the neurogenesis-stimulating effects
of growth factors (Lichtenwalner et al. 2001;
Jin et al. 2003; Sun et al. 2005).

Although some factors decrease with age,
others, such as cell-cycle regulator transforming
growth factor 81 (TGF-B1), might increase.
Overexpression of TGF-B1 in old mice inhi-
bited the proliferation of early precursor cells
(Buckwalter et al. 2006).

The age-related increase in serum glucocor-
ticoids has been proposed as the main culprit
for the age-dependent loss of new neurons (Ca-
meron and McKay 1999) (we will discuss them
below), when a synthesis is attempted between
the findings of age dependency and activity ef-
fects on adult neurogenesis.

Serum factors of young mice infused into
aged mice “rejuvenated” the niche; among the

Activity and Aging in Adult Neurogenesis

specifically identified factors was GDF11, which
also positively affected blood vessels in the brain
(Katsimpardi et al. 2014). These results high-
light the complex interaction of cell-intrinsic
and -extrinsic mechanisms, both with respect
to the aging process itself and also the paths
toward its (partial) reversal. Increasingly, in-
flammatory factors are recognized as critical in
this context, mostly suggesting that age is asso-
ciated with more “inflammation,” but the pic-
ture is far from clear (Mendelsohn and Larrick
2011; Villeda and Wyss-Coray 2013).

PRINCIPLES OF ACTIVITY-DEPENDENT
REGULATION OF NEUROGENESIS

Brain development originates from a genetic
program that unfolds during the fetal period
and early postnatally, and becomes increasingly
influenced by regulatory influences from the
outside world. Although the general pattern of
brain anatomy is genetically controlled and not
affected by activity, the details of network for-
mation, especially on the synaptic level, are ac-
tivity dependent.

Similarly, the general flow of adult neuro-
genesis is determined genetically. The general
pattern of neurogenic regulation brings about
the idea that regulation of adult neurogenesis
might be divided into a less-specific phase of
precursor cell proliferation and a specific phase
of selective survival (Kempermann et al. 1997a,
2004a, 2006; Winner et al. 2002; Kronenberg et
al. 2003). In a genetic study, we have found that
most of the net neurogenic regulation is deter-
mined by the control of survival and not of the
expansion phase (Kempermann et al. 2006).
The fine regulation on the quantitative and pre-
sumably the qualitative level, however, occurs in
coordination with parameters of activity. Both
cell proliferation and survival are influenced by
or even depend on activity.

With regard to activity on a behavioral level,
one can grossly distinguish between physical
exercise and cognitive stimulation (Fig. 2). Phys-
ical exercise robustly increases the proliferation
of precursor cells in the hippocampus (but
not in the olfactory bulb) (Brown et al. 2003),
thereby expanding the population of progenitor
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Figure 2. Different types of activity differently affect adult hippocampal neurogenesis. Whereas presumably
nonspecific stimuli, such as physical activity, increase the proliferation of precursor cells in the dentate gyrus,
presumably more specific stimuli like the exposure to a complex environment (environmental enrichment)
preferentially increases the survival of newborn cells (the figure is a schematic rendering of data from Van Praag

et al. 1999).

cells that is available for further neuronal mat-
uration and functional integration (Van Praag
et al. 1999; Kronenberg et al. 2003). It has
sometimes been postulated that the particular
type of physical activity might influence the
results, because in studies on the effects of
water-maze training on neurogenesis, a yoked
control that swam for the same time as the
groups in the learning test had no signs of in-
creased neurogenesis (Van Praag et al. 1999;
Ehninger and Kempermann 2006). However,
in those studies, swimming lasted only a few
minutes per day; from these data, the conclu-
sion that swimming is less efficient than run-
ning is not justified (Ra et al. 2002). Voluntary

wheel running and forced exercise in treadmill
paradigms thus remain the best-studied par-
adigms of physical exercise in rodents with
respect to their effects on adult neurogenesis
(Van Praag et al. 1999; Trejo et al. 2001; Ra
et al. 2002; Kronenberg et al. 2003, 2005; Kim
et al. 2004; Naylor et al. 2005). The effects of
voluntary wheel running on hippocampal neu-
rogenesis were even transmissible from the ex-
ercising pregnant mouse to her offspring (Bick-
Sander et al. 2006).

The initial stimulus that mediates the ef-
fects of running on the precursor cells is not
known. After prolonged exercise, a shift in
cell-cycle length has been observed (Farioli-
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Vecchioli et al. 2014), which was absent in the
very first phase (Fischer et al. 2014).

In contrast, stimuli that supposedly are
more specific to hippocampal function have
no or a limited effect on cell proliferation but
recruit new neurons for long-term survival (Fig.
2). This distinction, however, is strain depen-
dent and, thus, presumably again subject to ge-
netic determination (Kempermann et al. 1998a).
We have used environmental enrichment to
show this survival-promoting effect (Kemper-
mann et al. 1997b, 2002; Kempermann and
Gage 1999; Kronenberg et al. 2003); others
have shown such results with specific stimuli,
such as learning tasks (Gould et al. 1999; Do-
brossy et al. 2003; Leuner et al. 2004; Hairston
et al. 2005). Also, the induction of long-term
potentiation, the putative electrophysiological
correlate of learning, increased neurogenesis in
the adult hippocampus (Bruel-Jungerman et al.
2006). Olfactory enrichment had analogous ef-
fects on precursor cells migrating to the olfac-
tory bulb from the SVZ but no parallel effect in
the hippocampus (Rochefort et al. 2002).

The activity-dependent recruitment for
long-term survival mostly takes place once
the cells have exited from the cell cycle and
have made first synaptic contacts (Brandt et al.
2003; Kempermann et al. 2004a; Tashiro et al.
2007). Environmental enrichment during this
critical period in the development of a new neu-
ron would provide the appropriate behavioral
stimulus for the selective recruitment. In ro-
dents, this time window appears to be relatively
narrow and might amount to not more than 2
to 3 wk (Gould et al. 1999; Greenough et al.
1999; Dobrossy et al. 2003; Leuner et al. 2004;
Hairston et al. 2005; Ehninger and Kemper-
mann 2006). The steep decline in survival after
exit from the cell cycle suggests that most of the
recruitment actually occurs very early. This im-
plies that, quantitatively, the activity-dependent
selection occurs well before the cells are finally
integrated into the existing network. Although
dendrites are extended early after exit from the
cell cycle (Plumpe et al. 2006), dendritic spines
first appear only 2 to 3 wk later (Zhao et al.
2006). It seems that the regulatory synaptic
drive that reaches the cells even on a progenitor

Activity and Aging in Adult Neurogenesis

level is y-aminobutyric acid (GABA)ergic and
responsible for the subsequent neurodevelop-
mental events (Tozuka et al. 2005; Wang et al.
2005; Ge et al. 2006). Learning, for example,
affects the shape of the dendritic tree that forms
during the maturation stage (Tronel et al. 2010).

The effects of exercise and environmental
enrichment are additive (Fabel et al. 2009),
which indicates that increasing the potential
for neurogenesis is sufficient to increase the ac-
tual use of the recruitable cells in the case of
cognitive stimulation.

From the fact that in the course of their
individual development, new neurons in the
adult hippocampus go through a phase of in-
creased synaptic sensitivity (and a reduced
threshold for the induction of long-term poten-
tiation) (Wang et al. 2000; Schmidt-Hieber et al.
2004; Garthe et al. 2009), it has been inferred
that during this particular phase the new cells
might also serve a particular function, presum-
ably distinct from their lasting function once
they are fully integrated into the network. On
the other hand, one might argue that the in-
creased synaptic sensitivity serves the preferen-
tial recruitment of the new cells into the existing
network rather than a function of its own. The
hypothesis is that transient and persistent func-
tion are linked and that the former serves the
latter (Kempermann et al. 2004b).

In long-term experiments, both environ-
mental enrichment and voluntary wheel run-
ning had additional effects that had not been
apparent in more acute settings. In both para-
digms, survival-promoting effects acted on the
precursor cells themselves and not only on their
progeny (Kempermann and Gage 1999; Kem-
permann et al. 2002; Kronenberg et al. 2006).
Long-term wheel running had both pro-prolif-
erative and survival-promoting effects, the lat-
ter resulting in an increased potential for neu-
rogenesis that went unused in the absence of
additional specific (cognitive) stimuli (Kronen-
berg et al. 2006). Under running there is a last-
ing switch toward increased differentiation
and maturation (Merkley et al. 2014), further
suggesting that the exercise stimulus lastingly
changes cellular programs. Long-term exercise
is effective with respect to morphological indi-
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cators as well as functional readout if applied in
the midlife of a mouse (Marlatt et al. 2012).
Physical activity remains effective into old age
(van Praag et al. 2005).

Similar to voluntary physical exercise, chem-
ically induced seizures as a model of pansynap-
tic activation led to an increase in cell prolifera-
tion in the adult hippocampus (Bengzon et al.
1997; Parent et al. 1997; Parent and Lowenstein
2002). Thereis also a nonspecific response in cell
proliferation in cases of various types of pathol-
ogy throughout the brain. All of these mightlead
to an initial increase in net neurogenesis but
arguably this increase will not last. Acute effects
of nonspecific stimuli “wear off” (Kralic et al.
2005; Kronenberg et al. 2006). From a functional
perspective this seems plausible: nonspecific,
pro-proliferative stimuli would lead to a tran-
sient increase in a potential for new neurons,
but additional survival-promoting stimuli, pre-
sumably more specific to hippocampal func-
tion, would be necessary. Net regulation of adult
neurogenesis is, thus, dependent on the activity-
dependent control of two regulatory stages: ex-
pansion and selective survival. Transient expan-
sion of the precursor pool apparently occurs
under many circumstances of increased “activi-
ty” in a very general sense. Somewhat surpris-
ingly then, it turned out to be sufficient to
increase the number of available new neurons
by inhibiting their apoptosis to observe a func-
tional benefit (here with respect to “pattern sep-
aration”) (Sahay et al. 2011).

The fact that nonspecific activity has any
lasting effect at all seems surprising (Kemper-
mann et al. 2010). Why should physical activity
have any functionally relevant consequences on
the hippocampal network? For a rodent, “cog-
nition” is inseparable from locomotion. An an-
imal discovers the world by moving in it. Learn-
ing is to a large degree spatial learning and
navigation. Only with the development of lan-
guage did cognition independent of locomo-
tion become possible. If adult neurogenesis
thus allows an activity-dependent adaptation
of the neuronal network in the hippocampus,
locomotor activity would reflect movement in
the environment. Increased locomotion might
(not alone but prominently) be a sign of in-

creased exploration. Increased activity in the
sense of locomotion might, thus, generally be
indicative of situations of increased likelihood
of novel and complex cognitive stimuli. Physical
activity would, thus, not by itself provide spe-
cific hippocampus-relevant stimuli that induce
net neurogenesis but be associated with a great-
er chance to encounter specific relevant stimuli.
Only in the laboratory situation can we separate
these two conditions.

Supporting this idea is the observation that,
in a large group of mice in an enriched environ-
ment, variability in adult hippocampal neuro-
genesis increased. Levels of adult neurogenesis
correlated with a longitudinally acquired behav-
ioral parameter called “roaming entropy,” which
is a measure of territorial coverage and, hence, a
proxy for exploration (Freund et al. 2013).

MECHANISMS OF ACTIVITY-DEPENDENT
REGULATION

Precursor cells in the neurogenic niches of the
adult brain might be able to directly sense ac-
tivity and translate this stimulus into the initi-
ation of a program of neuronal development.
Deisseroth and colleagues reported that even
short-lasting and mild depolarization of hippo-
campal precursor cells in vitro caused long-last-
ing increases in the number of newly generated
neurons. In the proliferating cells, a fast up-reg-
ulation of NeuroD was found, accompanied
by a down-regulation of transcription factors
favoring glial development (Deisseroth et al.
2004). The effect was dependent on N-methyl-
p-aspartate (NMDA) receptor signaling and
mediated by calcium signaling. The potential
relevance of NMDA receptors for the control of
adult neurogenesis had been noted early (Ca-
meron et al. 1995; Nacher and McEwen 2006)
and might provide an interesting conceptual
link between synaptic plasticity and adult neu-
rogenesis as an example of cellular plasticity.
Given the possibility that systemic factors
might be involved in the activity-dependent
control of adult neurogenesis, one has tried ear-
ly to identify circulating factors that would
mediate the up-regulating effects of exercise on
neurogenesis. For both insulin-like growth fac-
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tor 1 (IGF-1) and vascular endothelial growth
factor (VEGF), the argument has been made
that either factor could serve as sole mediator
between exercise and neurogenesis (Trejo et al.
2001; Fabel et al. 2003). Blocking IGF-1 or
VEGEF prevented the exercise-induced increase
in adult hippocampal neurogenesis. Because
both factors have been implied as important
for neurogenesis in general, the interpretation
of these results is ambiguous; they rather show
that both factors are necessary for the regulation
of neurogenesis but do not prove that they are
sufficient. In fact, the two claims are mutually
exclusive.

Fibroblast growth factor 2 (FGF-2), which is
necessary to grow hippocampal precursor cells
in vitro (Palmer et al. 1995), is another key can-
didate for mediating activity-dependent effects
across the life span (Jin et al. 2003), because
FGF-2 can act systemically (Wagner et al. 1999),
is proneurogenic in the adult brain (Kuhn et al.
1997), declines with age (Shetty et al. 2005),
is up-regulated in activity paradigms (Bick-
Sander et al 2006), and FGF-2 receptor expres-
sion is prominent in the neurogenic zones of the
adult and aged rodent brain (Chadashvili and
Peterson 2006).

The exercise-induced increase in adult neu-
rogenesis was also absent in mice lacking tryp-
tophane hydroxylase 2 and, thus, do not have
cerebral serotonin (Klempin et al. 2013) and
after inhibition of endocannabinoid signaling
(Wolf et al. 2010). The involvement of other
neurotransmitter systems seems plausible.

Hormones constitute the key regulatory
system that has been investigated as a potential
link between age effects on neurogenesis and its
activity-dependent regulation. To date, most in-
formation is available on the effects of glucocor-
ticoids. Acute stress decreases the proliferation
of precursor cells and seems to do so through
the action of corticosterone (Mirescu and Gould
2006). Stress elevates glucocorticoid levels and
stimulates glutamate release in the hippocam-
pus. This leads to a down-regulation of precur-
sor cell proliferation in the adult dentate gyrus
(Gould et al. 1997; Gould and Tanapat 1999).
The stress-induced effects of glucocorticoids
have been linked to age-related cognitive prob-

Activity and Aging in Adult Neurogenesis

lems in humans (Heffelfinger and Newcomer
2001; Magri et al. 2006). In animal models,
the effects of chronic stress and chronically
high levels of corticosterone on adult neurogen-
esis have been rather difficult to assess, and
the data do not yet provide a clear picture. A
number of chronic stress models did not show
changes in adult neurogenesis (Heine et al.
2004b, 2005). In addition, the activity-based
models of increased levels of adult neurogene-
sis, voluntary wheel running and environmen-
tal enrichment, are associated not with lower
but with higher serum levels of corticosterone
(Van Praag et al. 1999). Nevertheless, adult neu-
rogenesis in tree shrews was more vulnerable to
chronic psychosocial stress in old rather than in
young animals (Simon et al. 2005).
Age-related cognitive decline as well as the
age-dependent decrease in adult neurogenesis
might be attributable to chronically increased
glucocorticoid levels even in the absence of
stressful experience, because a dysregulation of
the hypothalamic pituitary adrenal (HPA) sys-
tem might lead to increased serum corticoste-
rone levels (Koehl et al. 1999; Sapolsky 1999).
The age-related reduction in adult neurogenesis
might be a result of the increased corticosteroid
levels in older age (Cameron and McKay 1999),
although some conflicting data exist (Heine
etal. 2004a). Corticosteroid receptor expression
increases on precursor cells in older age, possibly
making them more sensitive to corticosterone
action (Garcia et al. 2004). Interestingly, the ex-
pression pattern did not change under voluntary
wheel running or environmental enrichment.
Even a brief treatment with glucocorticoid re-
ceptorantagonist mifepristone increased hippo-
campal neurogenesis and improved cognition
in old rats (Mayer et al. 2006). The prevention
of glucocorticoid-mediated effects in aging rats
maintained higher neurogenesis levels (Came-
ron and McKay 1999; Montaron et al. 2006).
Because both environmental enrichment and
physical activity are associated with increased
rather than decreased levels of corticosteroids,
however, the interaction might be more complex
than these data alone suggest. Not unexpectedly,
one study found that acute stress, for example,
interfered with the up-regulating effect of wheel
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running on adult neurogenesis (Stranahan et al.
2006). Activity-dependent control thus stands
in regulatory competition with other factors,
not only on the behavioral but also on the mech-
anistic level.

Sex hormones, both female and male, can
influence adult neurogenesis (Galea et al. 2006;
Tatar et al. 2013). In the hippocampus of female
rodents, cell proliferation peaks during the
estrogen-high-proestrous phase (Tanapat et
al. 1999). Exogenous application of estradiol
led only to a transient increase in cell prolif-
eration, presumably because a compensating
feedback mechanism might exist (Ormerod
et al. 2003). The different female sex hormones
show complex interactions and differential
effects (Chan et al. 2014). Estrogen has neuro-
protective properties, and estrogen deficiency
during menopause can be associated with cog-
nitive dysfunction. Estrogen substitution thera-
py in postmenopausal women might have a
positive effect on these problems, but no
consistent link between hormone-replacement
therapy and cognitive performance has been
found (Hogervorst et al. 2002; Low and Anstey
2006). In songbirds, a fundamental link be-
tween testosterone signaling (including via
synapses) and the control of adult neurogenesis
has been described (Goldman and Nottebohm
1983; Louissaint et al. 2002; Brenowitz 2014).

In mammals, sex hormones presumably
play a largely modulatory role on neurogenesis.
Estrogen and IGF-1 interact in the promotion of
neuronal survival (Garcia-Segura et al. 2000).
Furthermore, estrogen might act through a se-
rotonin-mediated pathway to stimulate precur-
sor cell proliferation in the adult dentate gyrus
(Banasr et al. 2001). Related to this might be the
finding that previous sexual experience was as-
sociated with greater levels of adult neurogene-
sis (and partly cognitive test performance) in
rats (Glasper and Gould 2013).

PATHOLOGICAL AGING,
NEURODEGENERATION, AND ADULT
NEUROGENESIS

In pathological aging, changes to cognitive
functions exceed the level that is considered to

be normal, and specific pathological events can
be detected. Neurodegenerative disease is de-
fined by an age-dependent progressive loss of
neurons owing to the accumulation of mis-
folded proteins (e.g., a synuclein in Parkinson’s
disease [PD] or amyloid B in Alzheimer’s dis-
ease [AD]). In a wider sense, neurodegenerative
disease includes secondary degeneration, such
as in inflammatory disorders or ischemia.

Enthusiasm about adult neurogenesis has
led to the speculative idea that neurodegenera-
tion might only represent the flip side of neu-
ronal development and regeneration. Neurode-
generative disorders might be a consequence of
a lack of neuroregeneration rather than an in-
crease in degeneration per se. The underlying
assumption is that, under normal conditions,
degeneration and regeneration and cell death
and birth were in equilibrium. Under patholog-
ical conditions, this equilibrium might become
disturbed and lead to the manifestations of the
disease. There is very little evidence that this
concept applies in a fundamental sense, al-
though adult neurogenesis responds to a wide
range of pathologies, and stem-cell biology
has raised new hopes for regenerative medicine
with respect to aging-related disorders, because
stem cells embody the potential for regenera-
tion, most notably in stroke (Kokaia and Lind-
vall 2012; Chen et al. 2014). In contrast, it might
be the physiological function of the new neu-
rons that is influenced or impaired by aging and
that, if adequately preserved, adult neurogene-
sis might contribute to the compensation of
age-dependent functional losses. In the course
of neurodegenerative disorders, there is an in-
crease in a specific degenerative pathology, not
just a reduction in regeneration.

Despite being exceptional and rare in old
age, adult neurogenesis might be of profound
functional significance because it occurs at a
strategic bottleneck location in the hippocam-
pus (Kempermann 2002). A failure of adult
hippocampal neurogenesis might contribute
to different types of age-related neurologi-
cal and psychiatric disorders (Steiner et al.
2006), most notably major depression (Jacobs
et al. 2000), neurodegenerative disorders like
AD (Jin et al. 2004), and the cognitive decline
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associated with PD (Hoglinger et al. 2004).
In a mouse model of Down syndrome (DS)
(Ts65Dn), adult neurogenesis in the olfactory
bulb was normal in young mice but decreased
with age, presumably through a depletion of
the precursor cell population (Bianchi et al.
2014).

Genetically induced neuronal cell loss in the
hippocampus, especially CA1, induced neuro-
genesis in the dentate gyrus. Perhaps not sur-
prisingly in this setup, no functional recovery
was observed for the lesion-induced behavioral
impairments (Yeung et al. 2014).

Nevertheless, the result is in line with other
reports: that damage to the brain can induce
adult neurogenesis but that a benefit can only
be expected for the contributions the new neu-
rons make to the function of the dentate gyrus.

In addition, adult neurogenesis might rep-
resent the tip of the iceberg of a much larger
spectrum of cellular plasticity. The recent in-
crease in knowledge about NG2 cells that might
turn out to constitute a previously unrecog-
nized entity of cells with precursor cell proper-
ties indicates that, in terms of cellular plasticity,
the adult brain contains still largely uncharted
terrain (Mallon et al. 2002; Nishiyama et al.
2002). The fact that, in the adult brain, cellu-
lar regeneration after damage is scarce might
have misled us to believe that it was absent in
general. There are, thus, aspects of activity-de-
pendent plasticity related to neural precursor
cell biology that are independent of neurogen-
esis in the canonical neurogenic regions of the
adult brain.

THE INTERACTION BETWEEN EFFECTS
OF AGING AND ACTIVITY ON ADULT
NEUROGENESIS: THE NEUROGENIC
RESERVE HYPOTHESIS

The decrease in adult hippocampal neurogene-
sis over the course of life is paralleled by a loss
in certain aspects of cognitive performance
(Driscoll et al. 2006; Gil-Mohapel et al. 2013).
However, even in old age, enrichment and exer-
cise stimulate adult neurogenesis and test per-
formance. This clearly suggests that the parallel
decline is amenable to interventions.

Activity and Aging in Adult Neurogenesis

The cognitive or neural reserve theory pro-
poses that neuronal networks that are strength-
ened by constant cognitive challenges can with-
stand degeneration and functional loss to a
greater extent than less-trained networks (Satz
1993; Stern 2002). Cognitive reserve thus de-
scribes the ability of the brain to recruit com-
pensatory neuronal networks in the case of
degeneration or age-related loss. The cognitive
reserve hypothesis might explain the large inter-
individual differences in coping with the symp-
toms of dementia in neurodegenerative diseases
and the variable relation between neuropatho-
logical findings and clinical manifestation of the
disease. Cellular plasticity and adult neurogen-
esis might contribute to these effects. In fact, the
neural reserve might (among other aspects) rep-
resent the interaction between age effects and
activity effects in the control of neurogenesis.

The neural reserve hypothesis can be tested
in the animal model of environmental enrich-
ment. Environmental enrichment leads to an
increase in adult hippocampal neurogenesis,
and this effect is seen even in old animals where
the baseline level of adult neurogenesis is very
low (Kempermann et al. 1998b). Long-term en-
vironmental enrichment for the second half of
the life of a mouse led to a sustained induction
of adult neurogenesis (in contrast to effects that
might be seen only after acute exposure), sug-
gesting that living in a challenging environment
has lasting consequences on the potential for
cellular hippocampal plasticity (Kempermann
et al. 2002).

In line with the results discussed in the
previous paragraphs, adult hippocampal neu-
rogenesis might, thus, contribute to a structural
or neural reserve that if appropriately trained
early in life might provide a compensatory
buffer of brain plasticity in the face of increasing
neurodegeneration or nonpathological age-re-
lated functional losses.

Environmental enrichment, for example,
had positive effects on symptoms and the cause
of disease in murine models of AD (Arendash
et al. 2004; Wolf et al. 2006). Despite stable AR
plaque load enrichment improved learning and
memory performance in aged amyloid precur-
sor protein (APP) transgenic mice. The effect
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was not apparent in APP transgenic mice with
access to a running wheel. The enhancement
of cognitive function was paralleled by a hippo-
campal-specific increase of neurotrophic fac-
tors and increased neurogenesis (Wolf et al.
2006).

Despite such suggestive findings, there is
still only limited information on the activity-
dependent parameters that help to prevent the
age-dependent decrease in adult neurogenesis
and maintain cellular plasticity. A number of
more or less “usual suspects,” such as cortico-
sterone (Cameron and McKay 1999; Montaron
et al. 2006), IGF-1 (Lichtenwalner et al. 2001),
vitamin A (Touyarot et al. 2013), melatonin
(Ramirez-Rodriguez et al. 2012), and also exer-
cise (Kronenberg et al. 2006) and enrichment
(Kempermann et al. 2002), dominate the dis-
cussion, but as yet relatively little is known about
the intracellular signaling pathways that me-
diate, modulate, and coordinate those effects.
Blood-borne factors from young mice were
able to rejuvenate the neurogenic niche in older
mice and, among these, GDF11 was sufficient to
elicit such response (Katsimpardi et al. 2014).

A common downstream pathway might be
brain-derived neurotrophic factor (BDNF) sig-
naling (Marlatt et al. 2012; Hsiao et al. 2014),
but for the specificity of this assumption see
the discussion above. BDNF signals through
the cAMP-response element-binding protein
(CREB), which is a key factor controlling neu-
ronal survival, learning, and memory, and of
plasticity in the nervous system. Fittingly, the
hippocampal expression of CREB decreases
with age (Kudo et al. 2005). CREB is expressed
by PSA-NCAM-positive progenitor cells and
their postmitotic progeny in the adult hippo-
campus (Nakagawa et al. 2002a) and the activa-
tion of CREB increases many aspects of adult
neurogenesis, including proliferation, survival,
and dendritic maturation (Nakagawa et al.
2002b; Fujioka et al. 2004). However, intracel-
lular signaling from numerous pathways con-
verges on CREB, so that CREB action can only
be understood in the context of larger networks
of regulatory mechanisms. In a related con-
text, a comprehensive model of transcriptional
mechanisms that distinguish successful from

*

unsuccessful aging in the hippocampus has
been proposed (Lund et al. 2004; Pawlowski
et al. 2009) but remains to be applied to adult
neurogenesis.
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