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Adult hippocampal neurogenesis is an unusual case of brain plasticity, since new neurons (and
not just neurites and synapses) are added to the network in an activity-dependent way. At the
behavioral level the plasticity-inducing stimuli include both physical and cognitive activity. In
reductionistic animal studies these types of activity can be studied separately in paradigms like
voluntary wheel running and environmental enrichment. In both of these, adult neurogenesis
is increased but the net effect is primarily due to different mechanisms at the cellular level.
Locomotion appears to stimulate the precursor cells, from which adult neurogenesis originates,
to increased proliferation and maintenance over time, whereas environmental enrichment, as
well as learning, predominantly promotes survival of immature neurons, that is the progeny of
the proliferating precursor cells. Surprisingly, these effects are additive: boosting the potential
for adult neurogenesis by physical activity increases the recruitment of cells following cognitive
stimulation in an enriched environment. Why is that? \We argue that locomotion actually serves
as an intrinsic feedback mechanism, signaling to the brain, including its neural precursor cells,
increasing the likelihood of cognitive challenges. In the wild (other than in front of a TV), no
separation of physical and cognitive activity occurs. Physical activity might thus be much more
than a generally healthy garnish to leading "“an active life” but an evolutionarily fundamental
aspect of “activity,” which is needed to provide the brain and its systems of plastic adaptation
with the appropriate regulatory input and feedback.
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INTRODUCTION

hippocampal neurogenesis. New neurons are gener-

A healthy mind in a healthy body is a proverbial
common place but biologically poorly understood.
Why and how activity is good for the brain is a
question of fundamental impact for the mental
health of an aging society. “Activity” falls — broadly
speaking — into two major categories: physical
and cognitive. Both affect brain structure and
function, which has been shown in a particularly
interesting case of cell based brain plasticity: adult

ated throughout life in this region providing the
functional backbone for learning and memory.
Recent animal and human studies have proposed
the hippocampus and neurogenesis a prime target
in diseases like depression and dementia.

In animal experiments, both voluntary exercise
(wheel running) as well as the classical paradigm
of environmental enrichment stimulate adult
hippocampal neurogenesis but apparently do so
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Adult neurogenesis

Adult neurogenesis is the process of
neuronal development originating from
neural precursor cells resident in the
adult brain and resulting in the
physiological integration of new
neurons. In rodents and primates, adult
neurogenesis takes place in the olfactory
bulb and in the hippocampus.

by different means. While exercise has a strong
inducing effect on precursor cell proliferation,
environmental enrichment promotes the survival
of newborn neurons. This leads to a simplified
model implying that a generic “activity” stimulus
like locomotion would induce precursor cells to
divide and increase the number of cells which
are potentially available for further neuronal
development, whereas the more cognitive, and
hence more specific stimulus resulting from the
exposure to environmental complexity and nov-
elty recruits cells from this pool of new cells for
lasting functional integration. This simple model
is plausible and explains many observations but
actually represents only part of the full picture.
First, both types of activity do have overlapping
effects on adult neurogenesis and the distinc-
tion is less clear-cut than the model assumes.
The reductionistic experimental paradigms might
thus reduce too much of the existing complexity.
But second and even more important, what has
remained largely unresolved is the relationship
and potential interplay between the two types of
activity. The present review deals with this issue by
elaborating on thoughts presented in an experi-
mental study on the topic, published in Frontiers
in Neurogenesis (Fabel et al., 2009).

FUNCTIONAL AND CLINICAL RELEVANCE

The relationship between physical and cogni-
tive activity is not merely an academic question
for scientists in biology and neuroscience deci-
phering the regulation of adult neurogenesis.
Because of the medical implications of “activity”
for mental health, adult neurogenesis has become
the recent focus of many research areas, includ-
ing psychology and psychiatry (Sibley and Etnier,
2003; Angevaren et al., 2008). The current con-
cepts in the field suggest that adult hippocampal
neurogenesis is central to the functionality of
the dentate gyrus. New neurons add a particular
level of plasticity to the network and do so in
a dynamic, highly regulated manner. The new-
born cells go through a period of increased syn-
aptic plasticity, and under normal conditions, all
long-term potentiation (LTP) measurable in the
dentate gyrus originates from these newborn cells
(Wang et al., 2000; Schmidt-Hieber et al., 2004;
Saxe et al., 2006; Garthe et al., 2009). Only after
a pharmacological release of the strong physio-
logic inhibition, the LTP of the older granule cells
becomes visible. One key function of the dentate
gyrus is pattern separation (Kesner, 2007). The
new neurons help avoiding an interference of
new memories with similar, already stored older
ones in area CA3, a phenomenon referred to as
catastrophic interference (Aimone et al., 2006,

2009; Wiskott et al., 2006; Appleby and Wiskott,
2009). As a consequence there appear to be lasting
changes in the network due to the integration of
the new neurons. Thus, the transient increased
plasticity provided by adult neurogenesis leads
to a lasting modification of the network. We have
hypothesized that the new neurons thereby allow
an activity-dependent adaptation of the mossy
fiber connection between the dentate gyrus and
CA3 based on previous levels of activity and
experience (Kempermann, 2002). The strength
of this network at this bottleneck structure would
be optimized in terms of its ability to differen-
tiate between highly similar and partially over-
lapping input patterns. Such ability significantly
increases an animal’s behavioral performance in
the context of environments where non-promi-
nent but task-specific constraints undergo sub-
stantial changes over time. An individual with
a low level of activity would not only have less
structural plasticity at a given time but also could
not gain lasting benefit from this plasticity. And
finally, as we will see, even such machinery that
could provide more new neurons in the future is
not prepared for such level of challenge, if pre-
vious activity has been low. One concrete ben-
efit from the lasting network changes occurring
over time might be an improved flexibility, e.g.,
in situations requiring the integration of novel
important information into known, already expe-
rienced contexts (Garthe et al., 2009). In spatial
behavioral tasks, this situation is partly revealed
in so-called “reversals.” In such a reversal learning
session the goal position, critical for mastering
the task is changed but the more general spatial
and emotional context remains stable. Changing
the goal position requires the cognitive graph
formed previously to be changed, too. In such a
case most of a graph’s nodes could remain stable,
but all memories relating to the old goal posi-
tion need to be updated — while kept separately
from the previously learned ones, because they
have been proven to be effective in guiding the
animal’s behavior. Despite positive results gained
from studies assessing the short-term effects of
adult neurogenesis, those specifically targeting
long-term benefits are as yet lacking.

In any case, although currently no unifying
theory exists about the function of adult hippoc-
ampal neurogenesis, there can be little doubt that
the new neurons do contribute to the functionality
of the dentate gyrus. Consequently, failing func-
tion of the hippocampus and the dentate gyrus
has been linked to a number of disorders, most
notably dementias as well as major depression
and schizophrenia (Jacobs et al., 2000; Santarelli
etal.,2003; Reif et al., 2007; Sahay and Hen, 2007).
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Enriched environment

Enriched environments are “the
complex combination of social and
inanimate stimulation” (Rosenzweig
and Bennett, 1996) and consist of a
large group of animals living in a big
cage with exchangeable tunnels, bridges,
and toys. This condition is usually
compared to the rather Spartan
conditions of regular laboratory
housing.

Given the increasing evidence for a causal link
between adult hippocampal neurogenesis and
functionality, it is only a small step to the idea
that disturbed adult neurogenesis might explain
atleast the hippocampal aspects of the pathology
in these cases. Finally, and most relevant for the
present context: in all three disorders clinical evi-
dence suggests that the individuals level of over-
all activity, either physical or cognitive, at least
partly counteracts the impairment (Wilson et al.,
2002; Sagatun et al., 2007; Daley, 2008; Scarmeas
etal., 2009; Pajonk et al., 2010). We thus propose
that this beneficial, largely preventive and partly
also restorative effect of activity can to a relevant
degree be explained by the activity-dependent
functional contribution of adult-born neurons.

ENRICHED ENVIRONMENTS

The classical model to study the impact of “experi-
ence” on the brain in animal studies is “enriched
environment.” In the context of studying the
principles underlying basic rules of learning
Donald Hebb explored how early experience
influenced cognitive abilities later in life. He
compared rats in standard laboratory cages with
rats he had taken home and found long-lasting
positive effects on learning and memory (Hebb,
1947; Hymovitch, 1952).

Research on the effects of “enriched environ-
ments,” in the late 1950s to the mid-1970s became
a central paradigm in developmental psychology
because it allowed researchers to experimentally
address fundamental questions such as the rela-
tive contributions of inheritance and education?
From a biological point of view this is largely
equivalent to asking for the respective contribu-
tion of genes and environment to development.
The genetic influence can, for example, be kept
constant by examining inbred strains of mice or
rats. Molecular biology and genetic research allow
the direct study of the interaction between genes
and environment, together constituting develop-
mental plasticity.

Mark Rosenzweig and E. L. Bennett and their
colleagues published an impressive body of stud-
ies beginning in the 1960s in which they showed
the wide range and dynamic changes in numer-
ous measures describing the brain of animals
exposed to environmental enrichment (Bennett,
1976; Rosenzweig and Bennett, 1996; Rosenzweig,
2003). Animals living in an enriched environ-
ment are compared with animals living under
the usual, rather plain conditions of laboratory
housing. This simple manipulation has far-reach-
ing effects on the brain and its function. Most
notably, they made the conceptual link between
“activity,” or experience, and gross alterations in

brain structure. They showed that environmental
enrichment profoundly and broadly influences
the anatomy and physiology of the brain.

In contrast to common belief, environmental
enrichment is more than just a reversal of oth-
erwise prevailing impoverishment of laboratory
housing. Although environmental enrichment
brings laboratory animals closer to feral condi-
tions, it provides animals, as Lamberto Maffei
and colleagues have pointed out, with “a kind of
challenge-free interaction with a stimulating sur-
rounding.” And they go on: “We might speculate
that, although the activity of mice and rats in the
wild is mostly driven by necessity, in an enriched
environment it is usually prompted by a combina-
tion of curiosity and play” (Sale et al., 2009). The
important point here is that enriched environ-
ments are poor mirrors of the feral conditions.
An enriched environment is a designed world,
aiming at providing a particular, mostly cogni-
tive challenge that is also relevant to living in the
wild but this would be embedded into a larger
context. As we will see below, we believe that one
of the key contextual parameters that is lacking in
the laboratory situation is the amount of physical
activity that is demanded from an animal in the
wild. This does not necessarily and per se alter
the parameters of interest: for example, highly
similar levels of adult hippocampal neurogenesis
have been found in wild vs. laboratory-bred rats
of different strains (Epp et al., 2009).

In 1997 we reported that mice living in an
enriched environment had more new hippoc-
ampal granule cells than controls (Kempermann
et al., 1997). Although in a still rather loose way,
the positive regulation of adult neurogenesis
was thereby linked to hippocampal function.
Cognitive activation “made” new neurons. This
pro-neurogenic effects of environmental enrich-
ment was even maintained into old age, where
from an extremely low baseline level of adult
neurogenesis the relative increase was even larger
than in younger animals (Kempermann et al.,
1998b, 2002).

Although some as yet unexplored strain dif-
ferences (and hence genetic variation) exist
(Kempermann et al., 1998a), this effect was due
to a survival-promoting effect on the progeny of
the dividing precursor cells but not to increased
divisions of the precursor cells (Brandt et al,
2003; Kronenberg et al., 2003; Steiner et al., 2008).
Nevertheless, over longer periods of time, envi-
ronmental enrichment affected the number of
precursor cells (Kronenberg et al., 2003), result-
ing in an apparent increase in cell proliferation in
long-term experiments (Kempermann and Gage,
1999; Kempermann et al., 2002).
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Historically, most enriched environments
contained running wheels, blurring the distinction
between the two paradigms. Only direct compari-
son of both paradigms reveals how different they
actually are. This has not been explored for many
questions, but in the case of adult neurogenesis
the differences are striking. Physical activity alone
certainly does not explain the effects of envi-
ronmental enrichment (van Praag et al., 1999b;
Kronenberg et al., 2003; Steiner et al., 2008).

A COMPLEXITY AND NOVELTY HYPOTHESIS
OF ENVIRONMENTAL ENRICHMENT
Environmental enrichment arguably represents a
complex set of cognitive (and possibly affective)
stimuli. Much in the spirit of the theory-driven
1970s a “developmental” theory of environmental
enrichment has sometimes been contrasted with
the “learning theory” favored by Rosenzweig. The
two theories, however, do not necessarily target
the same aspects. In fact, R.A. Cummins emphasis
on development aimed at answering the ques-
tion, why and how the response to enrichment
changes with developmental stage (Cummins
etal., 1977).

The relevant key stimuli might be complexity
and novelty (Kempermann, 2002; Kempermann
etal.,2004), which are experienced by free explo-
ration. For mice and rats living in the wild, this
exploration is intricately linked to physical activ-
ity. They have to move through their world in
their search for food, mates, and shelter. The
reductionist setting of the experimental enriched
environment (without running wheels) largely
strips the locomotive aspect from the experi-
ence of complexity and novelty. Critically, the
changes occurring in an enriched environment
add a degree of uncertainty to the life of the ani-
mal. Watters (2009), approaching the question
from the perspective of keeping animals in zoos,
has suggested that according to learning theory
the motivation of the animal “to perform” is best
maintained when reward is uncertain and that
consequently, the best enriched environment is
one of dosed uncertainty. Uncertainty contains
a component of novelty, which is a powerful
cognitive stimulus for laboratory animals as for
humans. In the olfactory bulb, exposure to nov-
elty (by exposing mice to novel odorants) appears
to be a key regulator of olfactory neurogenesis
(Veyrac et al.,, 2009). Enhanced responsiveness
to novel events in aged humans (i.e., the dura-
tion and size of the P3 event-related potential
in the EEG), was linked to improved perform-
ance in neuropsychological tests, in particular
those containing attention/executive functions
(Daffner et al., 2006).

Our enriched environments have not been
optimized for the aspects of uncertainty and
novelty but it is clear that in terms of predict-
ability they are less stable than standard housing
conditions. The environmental enrichments used
do not simply provide more space — they generally
allow the expression of a much wider range of
spatial and social behaviors. The increased spa-
tial complexity allows for an increased explora-
tory behavior, learning about new objects and
configurations or display of more naturalistic
behavioral patterns such as marking, sheltering
and defense of territories. Thus, despite being
exposed to a highly controlled, artificial situation
rodents living in an environmental enrichment
develop social hierarchies with all accompany-
ing behaviors like aggression, defense and social
avoidance. Together, this spatial and social context
provides lots of opportunities for learning asso-
ciations between places, social rules, and events,
all of which having a strong hippocampal com-
ponent. If learning is coping with novelty and
change over time, the experience of an enriched
environment grants a variety of opportunities for
continued learning (Greenough, 1976; Renner
and Rosenzweig, 1987).

Consistent with this idea, learning stimuli such
as training in the Morris water maze had similar
survival-promoting effects on adult hippocampal
neurogenesis as environmental enrichment and
did so during particular critical time windows,
roughly at the time when the new neurons had
made dendritic and axonal connections and last-
ing for 2-3 weeks (Gould et al., 1999; Leuner et al.,
2004). It is not clear, if and how environmental
enrichment affects even later stages of neuro-
nal development, after the cells have become
fully functional. At that advanced stage a similar
survival-promoting effect has been proposed and
has been described under particular experimental
situations, (Tozuka et al., 2005; Ge et al.,2007; Kee
et al., 2007; Tashiro et al., 2007) but has not yet
been unambiguously confirmed.

In yet other experiments, however, even the
early learning-induced survival effects were not
observed (van Praag et al., 1999b; Ambrogini
et al., 2004; Ehninger and Kempermann, 2006).
Enriched environments affect adult neurogenesis
also well before the new neurons are integrated
(Steiner et al., 2008). Although there are clear
differences in the experimental design between
these studies, in particular with respect to a sen-
sitive period of the new neurons, the question
of whether learning per se can directly recruit
new neurons into function in the end remains
open. In favor of this hypothesis is the observa-
tion that the induction of LTP as the presumed
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electrophysiological correlate of learning induces
adult hippocampal neurogenesis in vitro (Babu
et al., 2009) and in vivo (Bruel-Jungerman et al.,
2006).

THE NEUROGENIC MAINTENANCE EFFECT OF

ENVIRONMENTAL ENRICHMENT

The recruitment effect of environmental enrich-
ment draws from a pool of potentially recruitable
cells. These are primarily the early postmitotic
neurons. But if applied over prolonged periods of
time, environmental enrichment had additional
effects on the precursor cells (Kempermann and
Gage, 1999), consistent with the idea that the pre-
cursor cells themselves can sense neuronal activity
and translate it into regulation of adult neuro-
genesis (Deisseroth et al., 2004; Babu et al., 2009).
Precursor cell proliferation was maintained at a
higher level than in controls. Indeed, short-term
experiments showed that even then, environmen-
tal enrichment affects precursor cells, mostly at
the more advanced and neuronally determined
level (Steiner et al., 2008). This all suggests that
somehow the machinery underlying adult neu-
rogenesis at the precursor cell level “learns” how
much activity to expect and to adjust the level
of available proliferating precursor cells. General
features of “activity” might be a straightforward
way to relate this information, although more
complex feedback mechanisms from the more
advanced levels of neuronal development to the
precursor cells are conceivable.

VOLUNTARY WHEEL RUNNING

Laboratory rodents make extensive use of a run-
ning wheel in their cage and run as much as
5-8 km a night, probably equivalent to their dis-
tances covered in the wild (van Praag et al, 1999a;
Chappell et al, 2004). Generally, voluntary physi-
cal activity has been a very robust stimulus for
adult hippocampal neurogenesis in rodents from
birth to oldest age (van Praagetal., 1999a,b, 2005;
Kronenberg et al., 2003; Bick-Sander et al., 2006;
Steiner et al., 2008; Wu et al., 2008; Kannangara
et al., 2010). Running can at least in part reverse
the massive decrease in neurogenesis observed
in aged animals (Kronenberg et al., 2006).
Furthermore, running improves learning (as
detected in the water maze task) in aged animals
(van Praagetal., 2005). The fact that wild mice did
not show an increase in adult neurogenesis after
exposure to a running wheel in the laboratory
(Hauser etal.,2009) might simply reflect a ceiling
effect. Running acutely increases precursor cell
proliferation at the level of the type-2 progenitor
cells and this short-term effect wears off over a
number of weeks (Kronenberget al., 2003; Steiner

etal.,2008).In addition, there is a linked effect on
the consecutive stages of neuronal development
and also a survival-promoting effect, especially
over prolonged periods of training (Kronenberg
et al., 2006; Snyder et al., 2009). Long-term run-
ning maintained precursor cell proliferation at
an elevated level. Presumably in the absence of
appropriate survival-promoting stimuli, however,
this increased potential was not translated into an
increase in net neurogenesis. This suggested that
physical activity is a necessary but not sufficient
mechanism to sustain adult neurogenesis in the
long run. There is an activity-dependent compo-
nent in the regulation of adult hippocampal neu-
rogenesis that is not related to physical exercise
itself, because circadian phase, and thus activity in
amore general sense also correlates with levels of
adult hippocampal neurogenesis (Holmes et al.,
2004). The effects on adult neurogenesis cannot
be distinguished from those of environmental
enrichment in a clear-cut manner: depending on
the time-scales of the experiments the two para-
digms show different degrees of overlap in their
effect on adult neurogenesis. But more impor-
tantly, they show distinct differences, in particular
when compared side-by-side.

When rats ambulate, this has an impressive,
very direct effect on LTP as the electrophysiologi-
cal correlate of learning (Leung et al.,2003). And in
wheel-running mice LTP was also increased (van
Praag et al., 1999a). Theta rhythms triggered by
repetitive motor movements, might underlie this
finding. The direct link between theta waves (or
other endogenous oscillations) and the regulation
of adult neurogenesis has not yet been made but
the cholinergic input from the medial septal area,
which is known to regulate hippocampal theta
promotes precursor cell proliferation in the den-
tate gyrus (Cooper-Kuhn et al., 2004; Itou et al.,
2010). In addition, in co-cultures of precursor
cells with hippocampal neurons, chemical induc-
tion of LTP (by adding glycine in magnesium-free
media) caused oscillating synchronous synaptic
activity in the neurons, which in turn induced
the precursor cells to differentiate into neurons
(Babu etal.,2009).In line with this consideration,
neuronal activity and neurotransmitter signaling
through, most notably N-methyl-p-aspartate
(NMDA) receptors, might mediate at least part
of the neurogenesis effect of physical activity. At
least in cell culture, NMDA dependent pathways
are involved in the activity-dependent control
of adult neurogenesis (Deisseroth et al., 2004;
Babu et al., 2009). In vivo studies with NMDA
antagonists point into the same direction (Nacher
and McEwen, 2006; Nacher et al., 2007; Petrus
et al., 2008).
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The idea of neural or cognitive reserves
The neural reserve is the range of
compensation that a brain has to
functionally compensate impairments
due to disease or trauma. The theories
were first devised to account for the fact
that for example in cases of dementia
no simple correlation exists between the
amount of neuropathological signs and
the degree of cognitive impairment.

The neurogenic reserve

The idea of the neurogenic reserve takes
up the “neural reserve hypothesis” in
the context of adult neurogenesis and
maintains that the ability to generate
new hippocampal neurons provides a
potential for lifelong cognitive flexibility
and adaptability.

THE EFFECTS OF PHYSICAL ACTIVITY AND
ENVIRONMENTAL ENRICHMENT ARE
ADDITIVE

Sequentially combining the potential-increasing
effects of physical activity with the survival
promoting effect of environmental enrichment
revealed that the two effects are indeed addi-
tive (Fabel et al., 2009; Figure 1). A stimulated
potential yielded even more new neurons than
the baseline potential despite the fact that only a
subset of new cells survives.

The important consequence of this lat-
ter observation is that the size of the potential
somehow seems to determine the extent of the
net effect at the end of the day. It thus seems
that although proliferation is a poor predictor
of net neurogenesis, maintenance of proliferat-
ing precursor cells is a good way of obtaining a
larger neurogenic response to the same stimu-
lus. Whether or not such “larger neurogenic
response” is indeed also functionally more use-
ful remains to be shown, but as function triggers
the recruitment, such assumption can at least be
safely made.

The experiment confirmed two previous
observations. First, 5 weeks after cessation of
exercise, neurogenesis from precursor cells
activated during the last days of running was
elevated. This tells us that there is indeed a pro-
neurogenic effect of exercise, even if no specific
stimulus is added. Second, because proliferat-
ing cells were labeled before animals entered
the enriched environment, the increase in adult
neurogenesis after enrichment was confirmed
to be a true survival effect. No previous non-
specific activation (beyond the stimuli present
in the control condition of regular laboratory
housing) is necessary.

THE “NEUROGENIC RESERVE HYPOTHESIS"
Obviously, activity cannot rescue progeny from
precursor cells that have already been lost.
Precursor cells can only be replaced up to the
proliferative potential of the remaining cells. The
difficult key experiment to do would be a repopu-
lation study to tease out the limits of this proc-
ess. Even though at old age the activity-induced
proliferation of precursor cells was much greater
than at young age, the overall absolute level was
much lower (Kempermann et al., 1998b, 2002).
Continued stimulation beginning early, in con-
trast, maintained the potential but is obviously
dependent on the level of precursor cell prolifera-
tion (and the number of precursor cells) at the
time when training starts. The consequence from
this observation is that a lack of activity early in
life can only be partly compensated later.

Our hypothesis is that continued activity main-
tains the potential for adult neurogenesis and
thereby creates a “neurogenic reserve” that is a
pool of potentially recruitable neurons that would
allow a sustained adaptability of the hippocampal
network (Kempermann, 2008). Previous experi-
ence and activity level would be used as predictor
for levels of experience and activity to be expected
in the future. The neurogenic reserve would be
optimized in size to the amount of novelty and
complexity that an animal is likely to experience.
This optimization process would suggest that
the expensive machinery for adult neurogenesis
is only maintained if there is likelihood that it is
needed. The finding that the effects of exercise
and enrichment on adult neurogenesis are addi-
tive is direct experimental evidence in support of
the “neurogenic reserve hypothesis.” Obviously,
though, more research needs to be done. A long-
term experiment would have to show a similar
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10d running, 5w standard housing

NEN]

10d running, 5w enrichment

1 2 3 4 5 6 7 8 9 10 |11

Phase 1 (10d) Phase 2 (35d)

Additive effect of exercise r 1200 g
plus enrichment \ i 3
- 1000 &
Proneurogenic effect of L S
exercise 5 weeks before ©
— 80 &
Survival-promoting L 2]
effect of enrichment ™S g
- 600 @
L 2
[0
C
— 400 ©
[0}
r e}
45 %
— 200 =

— 0

FIGURE 1 | The schematic summarizes the experimental design and the key finding of our study on the additive
effects of exercise and environmental enrichment on adult neurogenesis (Fabel et al., 2009).
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effect on much longer time-scales, and the con-
crete functional outcome of this manipulation
needs to be addressed. Finally, one would have to
show that the early reserve-building intervention
is indeed superior to later attempts for training-
induced compensation.

ATTEMPT OF A SYNTHESIS

In animals, most if not all aspects of cognition
are inseparable from locomotion and physical
activity. Exploration, spatial navigation, and most
types of learning accessible in a rodent are based
on its movement in the outer world. Search for
food, shelter, and mates are physical activities,
requiring mental input to be successful on both a
phylogenetic and ontogenetic scale. Consequently,
the fact that running induces neurogenesis will be
less counterintuitive if one appreciates physical
activity as a basis for cognition. This idea is also
in line with other hypotheses developed for food-
caching birds (Grodzinski and Clayton, 2010)
and squirrels (Johnson et al., 2010), in which the
navigational challenge is interpreted as one key
stimulus for the development (and evolution) of
particular cognitive traits.

An important question is, whether this asso-
ciation is preserved in humans. Several epidemio-
logical and intervention studies suggest so (Sibley
and Etnier, 2003; Angevaren et al., 2008). Among
them a study with the incredible N of 1.2 million:
in conscripts for the Swedish military, cardiovas-
cular fitness (but not muscle strength) correlated
significantly with intelligence (Abergetal., 2009).
There is also direct evidence now that physical
exercise results in measurable changes in hippoc-
ampal volume (Erickson etal.,2009; Pajonk et al.,
2010), but adult neurogenesis obviously could not
be studied in humans.

There is no linear dose effect in the effect of
running on adult neurogenesis: although in acute
settings more running led to more proliferation,
even low amounts of exercise induced cell prolif-
eration (Holmes et al., 2004). We had speculated
in that study that activity “per se” would be suf-
ficient to lead to some induction. One study even
suggested that the presence of the running wheel
alone had already some effect (Bednarczyk et al.,
2010). In line with that research is the suggestion
that size of the territory of an animal does not
seem to show a good correlation with the level
of adult neurogenesis (assuming that larger ter-
ritories would require more locomotion; Amrein
etal., 2004, 2007). See also related discussions in
Barker et al. (2005) and Amrein et al. (2008).

The artificial separation of exercise and
enrichment is experimentally useful and mean-
ingful but distracts from the fact that both are

in fact inseparable. All brain output is motoric
but input and output structures are linked closer
than the concept of “associative areas” in the
brain suggested. Consequently, the link between
sensory and motor activity ultimately takes place
at the level of single neurons. Research on adult
neurogenesis adds a new facet to this insight
by demonstrating that something similar also
occurs in adult hippocampal precursor cells and
their progeny.

Physical activity would be an intrinsic behav-
ior-based signal to the brain (and hippocampus)
implying that the likelihood of cognitive challenge
isincreased. In addition, one could speculate that
running long distances increases the chance to
encounter new environments increasing the need
for spatial orientation and memory like wild ani-
mals that need to find the way back to their safe
shelter. In the wild, physical movement through
environments is a necessary prerequisite for spa-
tial exploration and, hence, the establishment of
spatial representations encoded in the hippoc-
ampus (e.g., place cells). Accordingly, from the
point of view of spatial learning, physical activ-
ity is required for providing relevant sensory
information to the animal that is then used to
construct a representation of the environment in
the hippocampus.

Despite being reductionistic “enriched envi-
ronments” are immensely complex experimental
paradigms. To isolate the contribution of physi-
cal activity is comparatively straightforward. It
remains a far greater challenge to unravel the role
of other factors such as social interaction, novelty,
stress, etc., within that complexity.

The hippocampus would use physical activity
and locomotion as surrogate indicator of cogni-
tive demand rather than relying on analyzing the
density and probability of cognitive stimuli them-
selves. Physical activity as a measure of overall
brain activity is a very simple way of converting
environmental complexity and assessment of the
need for cognition into a plain biological param-
eter that — one is inclined to say — even a stem cell
can understand.

If further confirmed, this idea has obvious
implications for our judgment of which kind of
activity we deem useful or “healthy.” If physical
activity and its consequences are evolutionarily
inseparable from cognition, training to improve
cognition will inevitably benefit from, if not
depend on physical exercise.
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