Hippocampal Neurogenesis and Ageing
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Abstract Although significant inconsistencies remain to be clarified, a role for
neurogenesis in hippocampal functions, such as cognition, has been suggested by
several reports. Yet, investigation in various species of mammals, including
humans, revealed that rates of hippocampal neurogenesis are steadily declining
with age. The very low levels of hippocampal neurogenesis persisting in the aged
brain have been suspected to underlie the cognitive deficits observed in elderly.
However, current evidence fails to support the hypothesis that decrease of neu-
rogenesis along normal ageing leads to hippocampal dysfunction. Nevertheless,
current studies are suggestive for a distinct role of hippocampal neurogenesis in
young versus adult and old brain.
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1 Age-Related Neurogenesis Decrease

Although the presence of neurogenesis in the adult central nervous system has
been documented in several species of mammals already in the mid-1960s (see for
examples early works from Altman and Das 1965a, b, 1966, 1967), true excite-
ment in adult neurogenic processes arose following the confirmation that neuro-
genesis also takes place in the human adult brain, even beyond the seventh decade
(Eriksson et al. 1998). Based on these and other observations, intense effort has
been deployed in the recent years to take advantage of the neural stem cells’
population sustaining adult neurogenesis to develop regenerative intervention
against neuronal loss.

Since the early reports regarding adult neurogenesis, a plethora of studies
mainly conducted in rodents revealed that rates of neurogenesis are not steady.
Instead, various physiological and molecular regulators have been shown to sig-
nificant up- and down-regulate neurogenesis by acting on neural stem and pro-
genitor cell proliferation, differentiation and/or maturation (for a review see Ming
and Song 2011). Importantly, of all adverse physiological factors acting on neu-
rogenesis, ageing is probably the most potent one. The first detailed report from
Kuhn and colleagues revealed that the decrease in hippocampal neurogenesis
during ageing is so pronounced that in the dentate gyrus of 21-month-old rats the
number of newly added neurons represented only 10 % of the amount detectable in
younger rats of 6 months of age (Kuhn et al. 1996). Kuhn and others demonstrated
in follow-up studies that the number of newly generated neurons is steadily
declining with ageing.

The pronounced age-related decrease in rates of hippocampal neurogenesis
observed by Kuhn and colleagues has been meanwhile documented in a broad
range of mammalian species, from rodents to human and non-human primates
(Amrein et al. 2011; Cameron and McKay 1999a; Couillard-Despres et al. 2009;
Gould et al. 1999; Leuner et al. 2007; Lucassen et al. 2010). According to a
metaprojection across species, approximately 5 % of all granular cells are pro-
liferating in the mammalian dentate gyrus shortly after birth (Amrein et al. 2011).
However, the frequency of proliferating granular cells already declined below
0.5 % within the first 3 months of life according to a logarithmic mode. Moreover,
according to the projections of Amrein and colleagues, the pace of decrease of
hippocampal neurogenesis is similar across species, irrespective to their lifespan.
In consequence, by the time humans transit from adolescence to adult life, pro-
liferating cells in the dentate gyrus would represent < 0.1 % of all granular cells.
Hence, the comparatively low level of neurogenesis observed in adult human and
primates, as compared to adult rodents, does not imply that postnatal neurogenesis
became less relevant along evolution, but simply reflects the longer duration of
neurogenesis decrement.

The presence of neurogenesis in the hippocampus constitutes an exquisite form
of neuronal plasticity. As compared to other forms, such as synaptic rearrange-
ment, it requires more resources and is more complex in its implementation.
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Therefore, it can be assumed that the hippocampus has special plasticity
requirement justifying such an investment. Importantly, the bottleneck of neuro-
genesis’ rate lays on a population of neural stem cells, which are by definition
unspecialised cells and remain mostly quiescent.

Along ageing, the number of neural stem cells being caught in cell division
decreases drastically. Two non-exclusive phenomena could be at the origin of this
marked decline. First, the population of neural stem cells might get progressively
exhausted due to cell death or differentiation into a specialised cell type. Although,
it might be possible to compensate the net output of neurogenesis temporarily by
increasing the proliferation of newly generated neuronal precursors or by
improving the survival rate of new cells, with the disappearance of neural stem
cells, neurogenesis inexorably tappers off. Alternatively, or in addition, the
decrease in neurogenesis might be due to unfavourable alterations of the cellular
and molecular stem cell niche composition, thereby gradually decreasing the
likelihood of stem cells to initiate mitosis with age. In this situation, reinstatement
of an adequate environment, for example through a pharmacological intervention,
would restore neurogenesis to levels normally associated with youth.

Although the identity of the “real” adult neural stem cell remains elusive, in the
dentate gyrus, this function has been ascribed to a group of radial astrocytes (also
referred to as type-1 or B cells) spanning the granular layer (Alvarez-Buylla et al.
2002; Kronenberg et al. 2003). Comparison of immunohistological preparations
from mouse or rat at different ages reveals that this cell population progressively
vanishes (Encinas and Sierra 2012; Encinas et al. 2011). The dispute about the
existence of adult neural stem cell maintenance along ageing and the potential to
replenish the stem cell population was recently reinflamed by two reports, that came
to diametrically opposite conclusions (Bonaguidi et al. 2011; Encinas et al. 2011).

According to a model presented by Encinas and colleagues, adult neural stem
cells can be conceived as “disposable stem cells” (Encinas et al. 2011; Encinas
and Sierra 2012). This model predicts that once neural stem cells enter prolifer-
ation, they undergo successive divisions, generally limited to 2-3 cell cycles, to
generate proliferative neuronal precursors. Thereafter, they would terminally dif-
ferentiate into mature astrocytes. Encinas could not detect evidence for symmet-
rical division of neural stem cells, i.e. “self-maintenance”. In contrast, Bonaguidi
and colleagues presented data showing that neural stem cells could, although
seldom, divide symmetrically, thereby supporting the tantalising hypothesis that
stem cell population might eventually be replenished by a stimulation of neural
stem cells promoting symmetrical division (Bonaguidi et al. 2011). A previous
report using retroviral infection to follow the fate of Sox2+ cells in the dentate
gyrus came to a similar conclusion (Suh et al. 2007). Although Encinas could not
exclude that a small population of infrequent proliferating neural stem cells with
the capacity of self-renewal might exist, current evidence suggests that under
physiological conditions the loss of neural stem cells along ageing is constant and
irremediable.

Supplemental decrease of neurogenesis can be observed during neurodegener-
ative disorders. However, although some age-dependent processes might lead to
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neurodegenerative disorder, the latters should not be regarded as accelerated forms
of ageing, but discrete physiological disorders. Hence, whereas specific neuronal
populations are lost during neurodegenerative disorders, e.g. pyramidal neurons of
the CA1 region in the hippocampus of individuals suffering of Alzheimer’s disease,
no significant granular or pyramidal neuronal loss could be detected along normal
ageing in the dentate gyrus and the Ammon’s horn (West 1993; West et al. 1994).

Many significant differences in the microenvironment surrounding the neuro-
genic regions can be documented between the young and the aged brains. Altered
levels of neurotransmitter release, the higher corticosteroid concentrations or
accumulation of molecules typically associated with inflammation and allergy
constitute only few examples of factors that could inhibit neurogenesis and impair
hippocampal functions (Cameron and McKay 1999b; Huber et al. 2011; Nichols
et al. 2001; Popa-Wagner et al. 2011; Villeda et al. 2011). For example, in cases of
stress and ageing, high levels of corticosteroids are thought to inhibit neurogenesis.
The fact that adrenalectomized rats, young or old, displayed significant increases
of hippocampal neurogenesis supports this assumption (Cameron and McKay
1999b; Spanswick et al. 2011). However, exposition of mice to an enriched
environment has been also reported to strongly augment levels of neurogenesis,
although levels of corticosterone were threefolds higher than in standard-housed
animals (Kempermann et al. 2002). Clearly, regulation of neurogenesis is a
complex process summing multiple components. In addition, it must be kept in
mind that factors modulating neurogenesis can also act on mature neurons and
glia, and thereby profoundly influence hippocampal functions in a neurogenesis-
independent fashion.

2 Age-Related Neurogenesis Decrease and Cognition

Should we be concerned by the age-related decrease of neurogenesis within our
hippocampi? Whereas the role of neurogenesis in olfaction got somewhat marginal
for human survival, processes carried out in the hippocampus, namely cognition
and emotion, are the very essence of who we are. At the level of cognitive
performances, it is well documented that, on average, human and animal models at
advanced age have poorer scores than young adults. However, if neurogenesis
levels were directly linked with cognitive performances, the most rapid and pro-
nounced cognitive decline would be observed in first life interval, meaning before
puberty, rather than in the elderly population. Several studies attempted to deci-
pher the complex correlation between the age-associated decrease of neurogenesis
and the aged-dependent cognitive performance weaknesses. However, no definite
evidence has been provided so far that neurogenesis decline in normal ageing
causes cognitive deficits.

Despite the fact that ageing is associated with a severe decrease in the rate of
hippocampal neurogenesis, in rats, careful analysis in the course of normal ageing
ruled out significant neuronal loss (Rapp and Gallagher 1996). In their report,



Hippocampal Neurogenesis and Ageing 347

Rapp and Gallagher used unbiased stereology to quantify the number of neurons
within the different hippocampal structures in groups of young and old rats. The
latter group was further stratified into groups of good and bad learners according to
learning and memory tests (e.g. Morris Water Maze). Yet, despite significant
differences in test performances between the three groups analysed, Rapp and
Gallagher could not detect any significant difference in the number of neurons as a
function of age or cognitive status in the hippocampal regions investigated. Similar
histological studies performed in tissues from aged human also came to the con-
clusion that the number of hippocampal neurons within the dentate gyrus and the
Ammon’s horn remains stable during normal ageing, although decreases were
observed within the hilus and in the subiculum (West 1993; West et al. 1994).
These observations substantiate other reports suggesting an equilibrium between
cell death and the addition of new neurons within the hippocampus (Biebl et al.
2000; Cameron and McKay 1999b). Hence, the age-associated decrease of hip-
pocampal neurogenesis is most likely compensated by a proportional decrease of
cell removal through apoptosis, therefore resulting in a “neuronal steady state”.

Over more than a decade, several studies aimed to elucidate the function of
hippocampal neurogenesis via a targeted depletion of the latter. These studies have
been conducted almost exclusively in young animals, which typically display high
levels of hippocampal neurogenesis. The first depletion strategies attempted were
rather coarse, e.g. cytotoxic agents or X-rays irradiations (see for example Madsen
et al. 2003; Shors et al. 2001). The reported learning deficits resulting from these
neurogenesis eradications were received with interest, yet with some scepticism
because treatments used provoked additional damages and inflammation apart
from depleting neurogenesis. Following these pioneer studies, however, numerous
works addressed the role of hippocampal neurogenesis using increasingly refined
neurogenesis deletion methods and elaborated behavioural testing (for an
exhaustive review Deng et al. 2010). Despite all experiments, no clear conclusion
on the function of adult hippocampal neurogenesis in cognition can be drawn to
date. Although many studies reported correlation between cognitive deficits and
total or partial ablation of hippocampal neurogenesis, important discrepancy
remains.

Taken that confounding side effects cannot be ruled out for any intervention
aiming to deplete neurogenesis, investigation of animal models in which hippo-
campal neurogenesis is naturally low or absent constitutes an elegant alternative.
The cyclin D2 knockout mouse, that lacks adult neurogenesis, is an example of
such a useful animal model. However, caution in the interpretation of behavioural
tests in this model must be taken since the deletion of cyclin D2 also affects
the overall brain development (Jaholkowski et al. 2009; Jedynak et al. 2012;
Kowalczyk et al. 2004). In the hippocampus of the cyclin D2 deficient mouse line,
only 10 % of the expected number of neuronal precursors (DCX+ cells) can be
detected. Noteworthy, the integration of the few neuronal precursors as new
mature neurons appears to be completely abolished. Surprisingly, according to a
battery of learning-dependent paradigms used by Filipkowski and colleagues, the
absence of hippocampal neurogenesis did not overtly affect learning or anxiety
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levels in these knockout mice as compared to their wild-type littermates (Jahol-
kowski et al. 2009; Jedynak et al. 2012). Nevertheless, significant abnormalities in
the cyclin D2 deficient mice were detected in some learning-independent behav-
ioural tests, such as nest construction, exploration and motor activities. Taken
together, the analysis of the cyclin D2 deficient mouse model strongly suggests
that learning is not dependent on the creation of new neuronal circuitries generated
in the course of adult neurogenesis. However, it cannot be excluded that normal
hippocampal function is supported by the few neuronal precursors present or that
more refined behavioural testing would be required to put the cognitive deficits in
evidence.

As the cyclin D2 knockout mouse model is also an artificial model, one might
rather consider “natural” models of neurogenesis deficiency. For example, some
species of shrews and bats are particularly interesting in this respect. Although
neurogenesis at the subventricular zone appears to remain life-long in these spe-
cies, hippocampal neurogenesis can be detected only very early in adulthood and
vanishes afterward (Amrein et al. 2007; Bartkowska et al. 2008). Despite the
absence of hippocampal neurogenesis, these animals can adapt to an environment
in constant mutation, and can memorise precisely the new locations of food sup-
plies, which are spread over large territories in cases of bats. Hence, it appears
from these animal models deficient in hippocampal neurogenesis that the gener-
ation of new neurons is not required for learning, and in particular spatial learning
such as frequently assessed in laboratory setting using variants of the Morris Water
Maze task.

Evidence thus indicates that neurogenesis is not essential for learning, yet it
might still act as a facilitator. Immature neurons are more readily excitable upon
stimuli as compared to their mature counterpart (Couillard-Després et al. 2006;
Ge et al. 2007; Schmidt-Hieber et al. 2004). During adult hippocampal neuro-
genesis, immature neurons are generated in the granular layer of the dentate gyrus,
which is the entryway of signals in the hippocampal formation. Hence, due to their
strategic position, neuronal precursors could have a significant impact on the
sensitivity and response intensity of the dentate gyrus to incoming signals.

Over the last years, several groups developed abstract and biology-based
computational models to investigate the roles of the dentate gyrus and neuro-
genesis in hippocampal functions. One process repeatedly ascribed to the dentate
gyrus is the so-called pattern separation (see Aimone and Gage 2011 and Yassa
and Stark 2011 for reviews). Pattern separation consists in the generation of
contrasted outputs from similar incoming inputs to allow the hippocampus to
recognise but distinguish similar, yet different inputs. With ageing, in animal
models as well as in human, the efficacy of pattern separation appears to gradually
diminish, i.e. greater differences between similar inputs are required to properly
recognise the later as “similar” and not “same” (Yassa et al. 2011). The extent of
the dentate gyrus’ contribution to pattern separation is currently a matter of
debates. Nevertheless, it is very unlikely that pattern separation of the constant
flow of inputs is performed by the very few new neurons residing in the adult
dentate gyrus. Nevertheless, considering their high excitability and their
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insensitivity to GABAergic inhibition, the immature neurons could in spite of their
poor activation specificity maintain the dentate gyrus and the downward hippo-
campal circuitry away from an inhibitory stare by “overreacting” to the inputs.
Moreover, in contrast to a model system bearing a subpopulation of resident
neurons having properties similar to those of young neurons, the solution based on
continuous neurogenesis offers the possibility to modulate the number of inter-
vening immature neurons according to the needs.

Along the same line, in a recent in vitro experiment, Stephens and colleague
reported that the addition of immature neurons into a mature and stable network
led to a rejuvenation of the network activity pattern as a whole (Stephens et al.
2011). According to this study, the activity pattern adopted by the network fol-
lowing addition of immature neurons would facilitate synaptic plasticity and the
establishment of LTP, two processes tightly linked to memory formation. There-
fore, implantation of neuronal precursors should not, or not only, be regarded as a
mean to establish new networks, but also as functional modifier for mature hyp-
oactive or even damaged networks (Stephens et al. 2011). It is worth notice that
during ageing, the quantitative decrease of neurons production might be partly
compensated by their slower maturation, which de facto prolonged the duration of
high excitability of the few new cells in the system (Nyffeler et al. 2010; Rao et al.
2005). In 3-month-old mice for example, we reported the presence of NeuN, a
marker for mature neurons, in roughly 90 % of granular neurons generated
4 weeks before (Couillard-Després et al. 2006). In contrast, this proportion of
NeuN-expressing young neurons was decreased to 8 % when labelling was per-
formed in 20-month-old mice (Kempermann et al. 2002).

3 Neurogenesis Relevance in the Aged Brain

Hence, although neurogenesis rates are continuously decreasing with age, cognitive
performances remain rather constant during the adulthood in human and animal
models, only showing decline in advanced ages. For example, Cuppini and col-
leagues investigated groups of rats having 2, 5 and 12 months of age using trace fear
conditioning, which assesses hippocampal-dependent learning (Cuppini et al. 2006).
As expected, levels of hippocampal neurogenesis was significantly reduced in
the two older groups of rats, as compared to the 2-month-old rats, with reduction
roughly representing 50 and 95 %, respectively. Notwithstanding the massive
depletion of hippocampal neurogenesis in older rats, no significant differences in
their test performance could be detected between the three groups (Cuppini et al.
2006). Intriguingly, a decrease of approximately 50 % of hippocampal neurogenesis
in young adult rats via the application of a cytostatic agent, methylazoxymethanol
(MAM), resulted in a significantly poorer test performance (Shors et al. 2001). How
can this behavioural discrepancy be explained? Are poorer performances resulting
from a broad cytotoxic effect upon MAM application, or do young and old animals
differ in their requirement of neurogenesis for hippocampal functions?
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As the functions of adult neurogenesis are not yet deciphered, speculation on
the consequence of neurogenesis modulation such as during ageing is particularly
precarious. Evidence accumulated so far from the various investigations on hip-
pocampal neurogenesis argues against the simple correlation “the more, the bet-
ter”. Moreover, the fact that sites of integration for newly generated neurons are
also sites of apoptosis, suggests that mere addition of supernumerary neurons does
not constitute the aim of adult neurogenesis. Instead, the possibility to integrate
new neurons could enable the continuous selection for neurons that are func-
tionally better suited for the current spectrum of tasks to be accomplished and can
be envisaged as the capacity of original circuitries to become gradually optimised.

In order to better pinpoint the impact of neurogenesis on hippocampal function,
it is advantageous to minimise the number of intervening variables, such as age or
treatment and rely only on the interindividual variation of neurogenesis rates. Using
such a strategy, Bizon and colleagues came in 2004 to the astonishing observation
that the levels of neurogenesis in the population of older rats were inversely pro-
portional to their learning index, i.e. good learners had less hippocampal neuro-
genesis than bad learners (Bizon et al. 2004). In a more recent report, this finding
was readdressed by Nyffeler and colleagues who looked at ongoing neurogenesis
by quantifying the population of neuronal precursors expressing DCX in rats of
three different age groups (3, 6 and 24 months of age) (Nyffeler et al. 2010). At first
sight, comparing all groups at once, a correlation appeared between learning per-
formance and higher neurogenesis levels. However, following partition of rats
within their respective age groups a completely different picture arose. Hence,
replotting the data generated by Nyffeler, Lazic observed that direct correlation
between learning and neurogenesis could only be detected in the 3-month-old rat
group, whereas in the 6- and 24-month-old groups, an inverse correlation was
observed, consistent with the report of Bizon and colleagues (Lazic 2010).

Once more, do requirements in neurogenesis for adequate hippocampal func-
tion differ in young and old individuals? Although the cellular composition of the
hippocampus appears to remain relatively stable from the time point at which
development is completed up to an advanced age, the young hippocampus can still
be considered as immature system since it “lacks experience”. A similarity could
be perceived with the immune system. In addition to the cellular development of
the hippocampus, further maturation will result from the constant flow of inputs
coming from the environment. The hippocampal circuitry will “learn”, will get
functionally optimised to the needs and will progressively accumulate experience.
In this respect, neurogenesis would enable the possibility to select, out of the
newly generated population, neurons better suited for hippocampal function. This
process might be critical in young immature individuals, but dispensable in the
older and already optimised hippocampus.

Similar to the neuronal content, the overall thickness of the molecular layer
remains constant over most of the life span, but undergoes qualitative changes.
Hence, in aged rats, a significant reduction of the medial molecular layer
(incoming projections from the medial entorhinal cortex) to the benefit of the inner
molecular layer (commissural/associational inputs arising from hilar neurons) was
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reported (Rapp et al. 1999). These track volumetric changes along ageing reflect
the synaptic reorganization and permanent rewiring of the hippocampus. It is
tempting to conclude that along ageing, processing of incoming inputs will
increasingly involve association to previously acquired memory. Investigation of
the dynamic of such hippocampal circuitry rewiring in species showing very low
or no adult neurogenesis might reveal if this constitute a common strategy to
overcome the decreased number of immature neurons production.

Similar functional rewiring was suggested by a recent fMRI investigation
comparing two groups composed of men with 20 or 60 years of age (Burgmans
et al. 2010). Although these two groups were shown to have equivalent cognitive
performance according to the tests employed, differences were observed in cortical
activation patterns during memory processing. Hence, the aged group revealed in
fMRI a weaker activation of the medial temporal areas, as compared to the 20-
year-old candidates, whereas the ventral and prefrontal cortex, as well as in some
additional frontal and parietal regions presented a stronger activation (Burgmans
et al. 2010; Grady 2008). One could speculate that individuals of 60 years of age
relied for the execution of cognitive challenges more heavily on association with
previously acquired experiences.

It is noteworthy that in numerous studies stronger challenge of the cognitive
resources in youth and adulthood appears to lower the risk of cognitive decline
during ageing, and reciprocally lower educational attainment is consistently
associated with higher risks of dementia (e.g. Tervo et al. 2004). One interpretation
could be that intense cognitive stimulation during the phase of high neurogenesis
levels would permit a thorough optimisation of hippocampal processing and allow
to mask longer functional deficits associated with pathological processes. This
postulation would be in line with the cognitive and the neurogenic reserve
hypotheses. The cognitive reserve hypothesis states that optimised neuronal cir-
cuitries have greater functional capacities and are less susceptible to disruption per
se and/or can better compensate for dysfunctional elements (Kempermann 2008;
Stern 2006). On the other side, the neurogenic reserve hypothesis implies that the
generation of new neurons constitutes a cellular plasticity to incessantly optimise
the hippocampal circuitry according to the demand. As younger individuals are
relatively “inexperienced” as compared to elders, there is a stronger need for
optimisation of input processing and therefore more need for neurogenesis. Once
optimised, the network remains more efficient over long periods of time for the
processing of similar inputs. Following a context change, e.g. enriched environ-
ment, neurogenesis can be stimulated, even in the aged hippocampus (Kemper-
mann et al. 1998). Therewith, increased neurogenesis provides new resources for
greater cellular plasticity as required in the new situation. However, as the neu-
rogenesis levels are constantly decreasing along ageing, the reserve available for
optimisation inexorably thins out as well.

In any case, interpretation of such a correlation between risk of dementia and
educational attainment must be taken with great care. Hence, persons susceptible
to develop dementia might be already biased against intensive cognitive chal-
lenges long before the appearance of the first symptomatic manifestation.
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Since the first reports on age-related neurogenesis decrease, many strategies
have been envisaged to counteract neurogenesis decline with pro-neurogenic
approaches. In light of actual evidence, however, the pertinence and potential
benefit of such treatment must be questioned. The common finding of a decrease in
neurogenesis in ageing mammals supports the idea that it does not represent a
major evolutionary disadvantage (Amrein et al. 2011). Moreover, would an undue
increase of neurogenesis in the aged brain be detrimental to a system that has been
optimised over a long period of time? Usefulness of targeted neurogenesis stim-
ulation might be limited to pathological situations in which neuronal loss and
dysfunction are involved and require mending. As for normal ageing, it might
simply be the best to make good use of available resources today in order to
optimise our brain for tomorrow.
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