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This review addresses the role of serum insulin-like growth
factor 1 (IGF1) as one mechanism of adult neural plasticity,
specifically, its regulation of hippocampal neurogenesis
among other plasticity-related processes. It is suggested that
IGF has been reused advantageously both for the control of
energy expenditure as a function of the organism’s activity
and to protect, repair, and plastically modulate the brain.
Moreover, because as the main source of IGF1 in the adult
organism is outside the brain and its presence in this organ
is a function of the activity, IGF1 becomes an ideal factor to
induce plastic/neuroprotective functions as a function of the
organism’s activity. The link for this point of view comes from
the original function of IGF1 during ontogeny/phylogeny, the

promotion of cell survival and control of neural cell num-
bers, whereas one of the IGF1 functions in the adult brain is
the control of hippocampal neurogenesis. The investigation
of the IGF1 role as mediator of exercise effects suggests that
many but not all the effects of physical activity are mediated
by IGF1. These investigations have contributed to delimit
the role of IGF1 as mediator of exercise actions, but at the
same time are unveiling new roles for serum IGF1 inside the
brain.

Keywords: physical/cognitive activity; insulin-like growth fac-
tor 1; cognitive reserve; neural plasticity; newborn immature
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very single cell or tissue has the capability to
change some of its molecular, morphological, and
functional features to cope with an ever-changing
world. Specifically, neural plasticity is the capacity of
reorganization of the neural tissue during the entire
lifespan of the individual (Garcia-Segura 2009). The
cerebral capability for plastic changes ranges from
modifications at the morphological level (number, loca-
tion, and function of synaptic intercellular contacts;
the length of neuronal dendrites; the function of glial
cells and processes; neuron size or shape), at the level
of the functional properties of these cells (modifica-
tions in the receptive fields of neurons), or changes in
the organization of the neural tissue such as regional
blood flow or cellular replacement (the ability of some
brain regions to generate newborn cells able to differ-
entiate, mature, and work integrated in a preexisting
circuit in the same way the existing cells do, with or
without new roles).
An important aspect of neural plasticity is the modu-
lation by physical and cognitive activity. If neural plasticity
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is the ability of the brain to change faced with a changing
environment or endogen milieu, and embrace from synap-
tic plasticity to neuronal replacement, this neural plastic-
ity in turn has flexible limits, so the neural tissue has the
ability to change the margins and general properties of the
plasticity itself, what is called metaplasticity (see below).
Moreover, when neural plasticity is achieved in time by
means of physical and cognitive activities, that is, the
individual’s experience, the brain would gain resilience to
neurodegeneration by means of new neural resources.
These resources confer capabilities to cope with new and
highly complex situations, what is called cognitive reserve
(Carro and Torres-Aleman 2006; Katzman and others
1988). The component of neural plasticity consisting of
neuronal replacement is therefore called neurogenic
reserve (Kempermann 2008).

Both forms of brain plasticity, changes in cell shape
and cellular replacement, contribute to the functional
plasticity of the nervous tissue (Garcia-Segura 2009).
Nevertheless, what makes the brain a particularly differ-
ent tissue regarding the capability for change is the
metaplasticity. The concept of metaplasticity was first
raised to account for the synaptic metaplasticity, as the
ability of variation in the way synapses exhibit functional
synaptic plasticity (Abraham and Bear 1996; Deisseroth
and others 1995). Accordingly, the concept of neural
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metaplasticity has been coined for “both morphological
synaptic plasticity, neuronal and glial replacement, and
the associated changes in angiogenesis, over long times-
cales and depending on the biological context and on the
previous history of plasticity” (Garcia-Segura 2009).

Neural plasticity has an adaptive purpose, because a
higher capacity of adaptation of the brain to challenging
environments is an evolutionary advantage considering
the function of the brain, compared with the function
and the necessity of plastic adaptation of the lung or
kidney, for example. Besides, by controlling metaplastic-
ity (adapting the threshold for brain plasticity during life
to the precise homeostatic needs of each moment
[Garcia-Segura 2009]), the organisms would gain an
additional adaptive handicap. This knowledge might be
very useful to recover the operation when it becomes lost
after disease and/or aging, or even to promote this capac-
ity when it is insufficient to cope with the insult-induced
damages.

Plasticity in the adult brain has long been recog-
nized and reported. A huge number of tasks and brain
areas able to experience adaptability and/or reorganiza-
tion have been identified, the cerebral cortex, hippoc-
ampus, hypothalamus, or cerebellum being good
examples. In this way, the topographical map of the
monkey somatosensory cortex was one of the first long-
lasting plastic systems to be described (Merzenich and
others 1983; Wall and others 1983; for a recent review,
see Navarro and others 2007), the plasticity in the
hypothalamus is closely related with everyday function-
ing of the neuroendocrine system (Gahr 2004; Langle
and others 2002), the hippocampus-dependent spatial
memory-associated synaptic plasticity is an extensively
investigated model of neural plasticity (for a recent
review, see Bast 2007), and the cerebellum has long
been recognized as one of the best models for activity-
dependent plasticity (Jorntell and Hansel 2006).
Recently, neural stem cells and neurogenesis in the
adult brain have also been suggested as one powerful
and interesting system for neural plasticity (Parent
2007), because neuronal replacement is the most dras-
tic aspect of brain reorganization in adult vertebrates
(Garcia-Segura 2009).

Therefore, investigation of all these mechanisms of
brain physiology (plasticity, metaplasticity, and cogni-
tive reserve) will help us to understand key aspects of
both neuroprotection and neurodegeneration.

Mechanisms Mediating
Neural Plasticity in the Adult Brain

The mechanistic comprehension of the molecular and
cellular changes of the adult brain to environmental
changes, lesions, or aging, is necessary not only for the
understanding of the brain function, but also for the

design of novel therapies. We know that the main
actors leading the neural plasticity processes are the
formation of new neurons and new glia, the factors
secreted by these cells, the axonal sprouting and den-
dritogenesis, and the formation of new synapses. All
these actors are regulated through distinct and specific
gene expression patterns. It is beyond the scope of this
review to list extensively the literature about the mech-
anisms of brain plasticity. We will focus on some of the
main mechanisms mediating the physical/cognitive
activity-induced plasticity, because the organism’s activ-
ity is the main factor driving the changes underlying
the cognitive reserve. It is relevant to note that much of
the information about molecules mediating plasticity
has been obtained by analyzing the damaged or lesioned
brain, as well as neurodegenerative diseases. Many, but
not all, proteins involved in brain plasticity are acti-
vated only after the brain homeostasis becomes com-
promised after neural damage or neurodegenerative
diseases (reviewed by Nithianantharajah and Hannan
2006; Wieloch and Nikolich 2006). The data about the
functioning of plasticity genes and molecules point to
different properties of reparative versus protective plas-
ticity. However, many other molecules are directly
involved in all plastic events, pointing to basic mecha-
nisms operating to mediate the adaptability of the
brain.

An increasing number of molecules and genes have
been involved in activity-induced plasticity. The growth
factor cascade, including insulin-like growth factor 1
(IGF1), brain-derived neurotrophic factor (BDNF),
and vascular endothelial growth factor (VEGF), requires
a preeminent mention (Cotman and others 2007).
Growth factors are necessary mediators of the effects
of physical activity and environmental enrichment in
brain plasticity. IGF1 is a key factor in the neurobiology
of exercise, because it shows brain area—specific, tempo-
ral rank—sensitive, and behavioral task—dependent fea-
tures (Llorens-Martin and others 2008) in response to
exercise (we will deal more deeply with IGF1 in the
next section). In the same way, neurotrophins like
BDNF and NGF have been directly involved in the
plasticity induced after environmental enrichment in
several brain regions including hippocampus (Ickes
and others 2000; Pham and others 1999; Torasdotter
and others 1998; Youngand others 1999). Neurotrophins
are activity-dependent regulators of adult brain plastic-
ity through its actions on the canonical tyrosine kinase
Trk receptors. The BDNF-TrkB signaling at glutama-
tergic synapses (reviewed by Soule and others 2006)
promotes synaptic consolidation by an Arc (activity-
regulated cytoskeleton—associated protein)—dependent
mechanism concomitantly with a number of BDNF-
regulated genes involved in LTP or spine morphogenesis
like Ca®/calmodulin—dependent protein kinase 11

(a-CaMKII). BDNF controls protein synthesis probably
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through stimulation of translation by means of TrkB-
coupled PI3k-dependent phosphorylation of 4E-BP, a
binding protein that controls the availability of elF4E
(the eukaryotic initiation factor 4E), a rate-limiting
step for translation of most mRNAs, and also by means
of ERK/MAPK-dependent phosphorylation of elF4E
(Soule and others 2006).

As for VEGF, its activation is linked to recruitment
of immune cells like T cells and activated microglia
(Ziv and others 2006) concomitantly with neuronal
replacement-mediated plasticity. The actions of the
growth factors in brain plasticity are both reparative and
protective. The former function can be induced by com-
mon activators, for example, erythropoietin (EPO). EPO
stimulates angiogenesis, neurogenesis, and is neuropro-
tective probably because it increases the levels of BDNF
and VEGF (Wang and others 2004). In a similar way,
glial-derived neurotrophic factor (GDNF) mediates the
beneficial effect of enrichment on motor function (Young
and others 1999), and g-csf (granulocyte-colony stimu-
lating factor) is a lesion-inducible gene that promotes
neurogenesis (Schneider and others 2005).

Another aspect closely related with enrichment-
associated plasticity is the modulation of the synaptic
strength. An enriched environment induces increased
expression of synaptophysin and PSD-95 (postsynaptic
density protein 95 kDa; Nithianantharajah and others
2004). The neurotrophin BDNF induces the expression
of the vesicle proteins synaptophysin and synaptobrevin
at nerve terminals facilitating vesicle docking. The
increase in the density of docked vesicles facilitates
high-frequency tetanic stimulation contributing to the
modulation of LTP (Lu and Chow 1999), and PSD-95
participates on dendritic spine maturation through a
mechanism dependent on a spine-resident actin-bind-
ing protein, drebrin A. Drebrin A is responsible for
recruiting F-actin and PSD-95 in filopodia, resulting in
spine formation (Sekino and others 2007). Another
molecule activated after enrichment is DARPP-32 (the
dopamine and cAMP-regulated phosphoprotein of 32
kDa). DARPP-32 is a protein phosphatase inhibitor
highly expressed in medium-sized spiny neurons that par-
ticipates in the integration of synaptic signals (reviewed
by Le Novere and others 2008).

Experience-driven changes in brain include both
modifications of the synaptic connectivity of the cir-
cuits in a local synapse-specific manner (Malinow and
Malenka 2002), and the induction of activity-depend-
ent gene expression (reviewed in Flavell and Greenberg
2008). This neuronal activity-regulated gene expres-
sion consists of both the activation of immediate early
genes and activity-regulated neurotrophin genes like
bdnf. c-fos is an immediate early gene up-regulated in
response to many physiological stimuli (Morgan and
others 1987). Induction of c-fos is critical for the adap-
tive responses to experience, including synaptic plastic-
ity, learning, and memory (Fleischmann and others

2003). The links between some of the factors summa-
rized here have been long recognized, as, for example,
between c-fos and CREB (Flavell and Greenberg 2008).
Increased phosphorylation of CREB has been described
in the effects of enrichment on neuroprotection and
plasticity (Young and others 1999). Homer is another
immediate early gene involved in neural plasticity
(Andreasson and Kaufmann 2002) and closely related
with the organism’s activity, because of the coupling of
its activation with the cellular activity during both the
resting and the active periods (Marrone and others
2008).

Other classical plasticity-associated groups of mol-
ecules like the NMDA- and AMPA-receptor subunits
show modified expression after enrichment (Naka and
others 2005; Tang and others 2001). Both LTP and
LTD require the activation of NMDARs (N-methyl-p-
aspartate receptors). In turn, influx of Ca** via NMDARs
triggers expression of AMPARs (0-amino-3-hydroxy-5
methylisoxazole-4-proprionic acid receptors). AMPARs
are mainly responsible for the basal excitatory postsyn-
aptic potential (EPSP). NMDARs are regulated by the
Src-family of protein kinases and phosphatases.
Nevertheless, electrical activity increases locally the
number of NMDA receptor binding sites and decreases
GABA, receptor subunits. This neurotransmitter exci-
tation in turn promotes axonal sprouting and neural
plasticity (Ben-Ari and Represa 1990).

One family of molecules strongly involved in plas-
ticity is the cell-adhesion molecules (CAMs), including
NCAM, L1-CAM, cadherins, neuroligins, and integrins
(reviewed by Gerrow and El-Husseini 2006). A number
of these plasticity-related genes have been involved
with activity in gene expression profile studies (Rampon
and others 2000). For example, the expression of
integrin a4 (Pinkstaff and others 1999), but also
PSD-95, and proteins involved in synaptogenesis like
the GTPase RhoA (Tashiro and Yuste 2004), the
cytoskeletal protein dynactin (Martin and others 1999),
and the actin-binding cortactin (Naisbitt and others
1999), are all increased by physical/cognitive activity.
Synapsin I and II are neuron-specific phosphoproteins
associated with the membranes of synaptic vesicles,
involved in the formation and maintenance of synaptic
contacts (Ferreira and Rapoport 2002). Synapsins are
up-regulated by physical activity (Griesbach and others
2007, 2008).

In the same way, the family of molecules involved
in the equilibrium between anabolic/catabolic proc-
esses appears relevant for the plastic capabilities of
the brain, as, for example, growth-promoting factors
like GAP-43 and growth-inhibitory factors like aggre-
can, versican, or brevican. In the same way, statins
(HMGCOoA reductase inhibitors) and phosphodieste-
rase-5 inhibitors stimulate angiogenesis and synaptogen-
esis after stroke (Chang and others 2003; Zhang and
others 2005; reviewed by Wieloch and Nikolich 2006).
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Finally, hormones have been suggested as one preferential
mechanism to control this neural plasticity. Moreover,
hormones can modulate even metaplasticity, by “adapting
the threshold for brain plasticity during life to the precise
homeostatic needs of each moment” (Garcia-Segura
2009).

As for metaplasticity, two main mechanisms have
been described. The alteration to the threshold between
net depression and potentiation in synaptic strength
has been described as one possible mechanism in hip-
pocampal neurons (Bach and others 1995; Mayford
and others 1995). Another more general mechanism
has also been suggested in the way of events involving
the mean activity of a great population of synapses
(Bienenstock and others 1982). The former is a synapse-
specific mechanism relying on the properties of calcium-
calmodulin—dependent kinase II (revised by Deisseroth
and others 1995). The molecular mechanisms underly-
ing these changes in synaptic features have been traced
to NMDA receptor—dependent synaptic plasticity
(Bortolotto and others 1994) and rises in postsynaptic
[Ca*'] (reviewed by Abraham and Bear 1996).

In this way, it is noteworthy that the physical activ-
ity is a physiological stimulus providing the brain with
peripheral trophic support. IGF1 is a critical mediator
for the beneficial effects of physical activity on brain
function, and in this way the mediator mechanisms
including IGF1 form part of the phenotypic expression
of the exercise-driven genome (Booth and others 2002).
Circulating IGF1 is a growth factor mostly produced by
the liver (Butler and LeRoith 2001), although body
growth does not depend on it since serum IGFI-
deficient animals (LID) show normal body size (Yakar
and others 1999). However, LID mice show not only
specific metabolic defects as expected based on previ-
ous observations (for example, insulin-resistance devel-
oped in aging), but also a wide range of neurological
complications (Trejo and others 2004, 2007, 2008),
pointing to crucial roles of blood-borne IGF1 on brain
function. Therefore, because IGF1 is one of the more
interesting factors mediating neural plasticity and
metaplasticity, we will discuss this factor more exten-
sively in the next section.

The Role of IGF1 on the Adult Brain

IGF1 is an important modulator of brain function
(Torres-Aleman 1999), both during development
through the classical role of promoting neuronal sur-
vival and in the adult life through a number of pleio-
tropic actions ranging from neuroprotection to neural
plasticity (Torres Aleman 2005). IGF1 modulates neu-
ral plasticity through the regulation of the level of activ-
ity of neural circuitries and the strength of the synapses.
The control of such actions relies on the amount of
neurotransmitter released by the neurons participating

in those circuitries, the abundance of postsynaptic neu-
rotransmitter receptors, and the intrinsic excitability of
postsynaptic neurons (Torres Aleman 2005). Besides,
recently IGF1 has also been implicated in the control
of hippocampal LTP and learning, and synaptic plastic-
ity through its trophic effects on central glutamatergic
synapses (Trejo and others 2007), and in the regulation
of the other major aspect of brain plasticity, namely
neuronal replacement (Trejo and others 2001, 2008).
Nevertheless, IGF1 might play also activity-independ-
ent roles, because the blockade of the serum IGF1 is
able to alter the memory of tasks not modulated by
exercise (LLorens-Martin M, and others, 2008, unpub-
lished data).

In this way, the IGF1 actions on the brain are a
relevant part of the mechanisms operating the cogni-
tive reserve, that is, the ability of the brain to increase
its functional resources in direct proportion to its activ-
ity (Richards and Deary 2005). Synaptic plasticity is
one main actor to display such cognitive reserve, and in
this context, the role of IGF1 on both synaptic plastic-
ity and hippocampal neuronal replacement appears
especially relevant. In this way, serum IGF1 is needed
in the adult brain for both basal hippocampal neuro-
genesis and exercise-induced increases of neurogenesis
(Trejo and others 2001), but also for synaptic plasticity
and cognition.

The processes related to synaptic plasticity modu-
lated by the IGF1 have been reviewed extensively else-
where (Aberg and others 2006; Davila and others 2007;
Torres-Aleman 1999), consisting of a wide list of spe-
cific actions in the brain including modulation of neu-
rotransmitter actions (Jones and Clemmons 1995; Seto
and others 2002), a critical role in glucose metabolism
and nutrient homeostasis (Taguchi and White 2008),
the modulation of cerebral blood flow (Gillespie and
others 1997), and arteriolar and vessel densities
(reviewed by Aberg and others 2006). IGF1 increases
astrocyte intercellular gap junctional communication
(Aberg and others 2003), it promotes and maintains
dendritic arborization (Cheng and others 2003), regu-
lates the rate of neurogenesis in a dose-dependent
manner (see below), and increases oligodendrogenesis
(Aberg and others 2007). Many of these aspects have
been reported responding to IGF1 after experience- or
activity-induced events, like physical exercise, enriched
environment, learning, and memory. All these actions,
together with the above-mentioned evidence about the
role of IGF1 modulating diverse membrane channels,
many neurotransmitter receptors, and neurotransmit-
ter release, point to a control of critical aspects of neu-
ronal excitability and, therefore, of the neuronal
integrative capacities (Davila and others 2007).
Nevertheless, the actions of IGF1 on neural precursor/
stem cells range from a shortening of the length of the
cell cycle in neuron progenitors to influence on the
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growth of all neural cell types (reviewed by Ye and
D’Ercole 2006).

All these effects are mediated by the IGF-I recep-
tor (IGF-IR), a member of the growth factor tyrosine
kinase receptor family that signals through the PI3k-
Akt pathway and the MAPK cascade (LeRoith and
Roberts 1993). IGF-I actions are regulated, in turn, by
IGF-binding proteins (Jones and Clemmons 1995).

Nevertheless, IGF1 plays roles related to the right
operation of basic energy regulatory loops, besides the
actions related to cognition and brain plasticity (reviewed
by Fernandez and others 2007). It is important to note
that both the IGF1 actions on metabolism/homeostasis
and the actions on brain plasticity are mediated by the
same receptor and the above-mentioned common sig-
nal transduction pathways.

The open debate about the roles of the IGF1 from
different sources is far from being settled. The role of
peripheral IGF1 has been recently strengthened by
evidence demonstrating that although serum IGFI1-
deficient mice show a strong brain phenotype (Lopez-
Lopez and others 2004; Trejo and others 2007, 2008),
forebrain-specific deletion of IGF1 displays only minor
detectable brain changes (Davila and others 2007).
This evidence shows that serum IGF1 influences dif-
ferent aspects of learning, memory, and behavior. This
“body-to-brain” signaling via peripheral IGF1 will con-
tribute to the suggested importance of the “endocrine
milieu” in higher brain function (Fernandez and others
2007).

In view of all this, we can conclude that one of the
most outstanding features of neural plasticity and
metaplasticity involving IGF1 is the adult hippocampal
neurogenesis that we will deal in the next section.

Adult Hippocampal Neurogenesis

The regeneration of the central nervous system and the
neuronal replacement in the brain has long been con-
sidered nonexistent or negligible (Ramén y Cajal 1913).
Although this statement still appears valid for the
majority of brain regions, we know now that there exist
at least two constitutive neurogenic regions in the adult
brain (Ortega-Perez and others 2007), the subventricu-
lar layer of the lateral ventricles (generating cells that
populate the olfactory bulbs) and the subgranular zone
of the hippocampal dentate gyrus (generating granule
neurons that populate the granule cell layer). There
also exists some sparse evidence about potentially neu-
rogenic areas along the walls of the third and fourth
ventricles. Finally, reactive neurogenesis has been
suggested after lesion-induced neuron loss in the cer-
ebral cortex, striatum, and pyramidal cell layers of the
hippocampus.

It is noteworthy that the neurogenic regions in the
adult brain have been found along the complete verte-
brate phylogeny. Electric (Zupanc 2006) fishes,
amphibia (Beazley and others 1998), reptiles (Lopez-
Garcia and others 1988), birds (Nottebohm 2002), and
mammals (Kempermann 2008), including primates
(Gould and others 1999) and humans (Eriksson and oth-
ers 1998) all have adult neurogenesis. However, the
adult neurogenesis is not understood at present as a
phylogenetic atavism, but rather as a challenging fea-
ture of adult brains (for a review, see Kempermann
2008).

Abundant literature has accumulated in recent years
about the pattern of molecular development of this cell
population. Granule neurons specifically express the
transcription factor Prox1. The life cycle of the new neu-
ron (reviewed by Duan and others 2008) begins as a
precursor cell actively proliferating and expressing Mash1,
Id3, Hes5, and Notch1 (Pleasure and others 2000). They
also express NeuroD1 at the first steps of differentiation,
subsequently also coexpressing neurogeninl and neuro-
genin2. This first step has three successive stages called
type I, type II, and type III cell, during which the cells
also express GFAP, Nestin, and Sox2, respond to the
mitogenic action of Sonic hedgehog (Lai and others
2003), to EGF, bFGF, and LIF, and are sensitive to tonic
GABAergic activation. After this period, they begin to
express doublecortin (DCX) and PSA-NCAM, a stage
while it is called immature neuron. As the differentiation
process progresses, NeuroD1 expression begins to disap-
pear in favor of the expression of NeuroD2. The imma-
ture neuron can migrate a short distance and progressively
differentiate into a growing axon leading to the hilus
and a growing dendritic tree leading to the dentate
molecular layer. During this stage, the cells respond to
the regulatory/modulator actions of IGF1 (Llorens-
Martin and others 2008), VEGF (During and Cao 2006),
and BDNF (Schmidt and Duman 2007; Vaynman and
Gomez-Pinilla 2006). After two to three weeks of age the
afferent perforant axons from enthorrinal cortex, as well
as commissural axons from hilar mossy cells, begin to
make contact with the growing dendrites, signaling the
last step in the maturation of the newborn neurons.
During this stage, the cells express calretinin and then
calbindin, and NeulN, and gain sensitivity to glutamater-
gic and GABAergic innervation. This maturation pattern
replicates the ontogenetic pattern of a mature granule
neuron (Esposito and others 2005). However, this proc-
ess is strongly regulated not only because the final pur-
pose of adult neurogenesis is to raise new mature granule
neurons, but also because the immature neurons may
play some roles. We know much, but not enough, about
the function of the new neurons in the adult brain. We
do know that newborn neurons are functional (van Praag
and others 2002), and their axons establish synapses with
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Figure 1.

Serum insulin-like growth factor 1 (IGF1) entrance into the brain as a function of the organism’s activity. Serum IGF1 appears to

act as a sensor for the intensity of physical and cognitive activity. Increasing levels of activity influence brain function through increasing
levels of serum IGF1 signaling into the brain. This variable signaling can be achieved through variable levels of either blood IGF1 concentra-
tion, by modulating IGF1 entrance into the brain, the levels and function of IGF binding proteins inside the brain, or finally, by modulating the
differential sensibility of brain regions to capture the incoming IGF1 and the response of the canonical signaling transduction pathways.
Whatever the way, IGF1 contributes to sustain the function of the neural tissue through the modulation of the energy expenditure (causing
cell exhaustion) and, at the same time, through the modulation of neural plasticity (and also neuroprotection). The higher the activity, more
resources are required to process the information and more plasticity will be needed, and more cell exhaustion is generated and more neu-

roprotection will be useful.

hilar interneurons, mossy cells, and CA3 pyramidal cells
and release glutamate as their main neurotransmitter
(Toni and others 2008). However, controversial literature
has accumulated recently about the function of these
neurons after different manipulations to eliminate or
reduce the basal rate of hippocampal neurogenesis. We
will deal in the next section with this issue considering its
relation to behavior and neural plasticity.

We can reasonably conclude that the formation of
new cell subpopulations with new connections inside
a mature neural circuit with a strict regulatory system
is an outstanding form of plasticity. Indeed, because
every new cell and connection of this subpopulation
can, in addition, suffer the other plastic processes
described in the previous sections, such as modulation
of dendritic arborization and synaptic plasticity, the
metaplasticity of the hippocampal neurogenesis can
reach the maximum.

Next we will revise the most recent ideas about
how IGF1 can modulate neural plasticity through its
actions on adult hippocampal neurogenesis.

IGF1 and Adult Hippocampal Neurogenesis,
Mediators of Neural Plasticity

IGF1 is involved, as mentioned above, in the control of
the energy metabolism, in the control of the cell survival
and the cell number, and, in addition, in the adult with
the induction of neuroprotection, the modulation of
cognition, and the regulation of the adult hippocampal
neurogenesis. These functions, together with the fact
that IGF1 is synthesized in adult organisms mostly out-
side the brain, make serum IGF1 an ideal signaling fac-
tor of the organic activity for the brain. The organism’s
activity (physical and cognitive) is the main trigger of
neural plasticity, and the higher the activity, the higher
the necessity for adaptive changes in the properties and
functioning of the neural cells to cope with a challenging
environment. Therefore, it is not surprising that IGF1 is
a main factor signaling physical activity to the brain by
inducing this plasticity (Fig. 1). It is tempting to specu-
late about the phylogenetic mechanism that made IGF1
and its actions on hippocampal neurogenesis one of the
ways of induction of neural plasticity in the adult brain
as a response to the increase in physical activity.
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Figure 2. A connection between the success of reproduction, diet consumption, aging/longevity, and neural performance exists by means
of a trade-off between activity versus maintenance and repair, and an associated mechanistic link: the common signaling pathways. Processes
in A represent the situation of an organism using its energy resources to ensure food or sex. This situation along lifespan implies normal aging.
Processes in B represent the situation of an organism when the success of reproduction is not ensured: Energy resources can be reallocated
to repair and maintenance leading to increased longevity. Under normal conditions, both processes are compensated through the action of
one family of molecules mediating the two mechanisms in a regulatory loop (C): Insulin and insulin-like signaling pathways (IIS) mediate in
both the energy expenditure associated with physical/cognitive activities required for lifespan performance (this implies a specific rate of cell
exhaustion and aging), and brain plasticity and neuroprotection (as a mechanism to compensate cell exhaustion and brain aging). If reproduc-
tion is jeopardized, energy resources can be used for different processes and cell exhaustion decreases, diminishing the requirement of

plasticity and neuroprotection.

The energy regulatory mechanisms are highly con-
served through phylogeny. These mechanisms consist-
ently support the organism’s activity through catabolic
pathways that ultimately promote toxicity, and finally,
aging. The higher the activity of an organism, the faster
it accumulates oxygen reactive species and toxicity. The
lifespan of the organisms is in this way linked to the
activity of the individual. However, this is a strongly
regulated process. When successful reproduction of
the organism is jeopardized (for example, during a
period of food shortage), the signaling pathways sus-
taining metabolism become down-regulated to mini-
mize the exhaustion of the organism, intending to
augment the possibilities of reproduction by extending
the lifespan waiting best times (Kirkwood and Shanley
2005). This is the probable reason because dietary
restriction increases lifespan (Prolla and Mattson
2001). Insulin and IGF1 signaling are directly involved
in the metabolic regulatory mechanisms throughout
phylogeny. Therefore, it is not surprising that experi-
mental reduction of the insulin and IGF1 signaling also
extend lifespan (Kenyon 2001; Fig. 2). The gene
sequences encoding IGF peptides are highly conserved
among vertebrate species, and IGFs are found in species
whose ancestors diverged 550 million years ago (LeRoith

and Roberts 1993). Recently, a number of studies also
point to a decreased aging in models of reduced or silent
insulin and IGF1 signaling, due to diminished neurotox-
icity, as demonstrated measuring proteotoxicity in non-
neural tissue of invertebrate organisms (reviewed in
Cohen and Dillin 2008).

However, abundant literature has long demon-
strated the neuroprotective actions of IGF1 in adult
brains (reviewed by Aberg and others 2006) together
with roles in cognition (Trejo and others 2007).
Therefore, it is not surprising either that experimental
reduction of the IGF1 signaling induced a strong brain
phenotype including decreased synaptic plasticity,
impaired learning and memory, and alterations in anxi-
ety (Ding and others 2006; Llorens-Martin and others
2008; Svensson and others 2006; Trejo and others
2007). It is noteworthy that some of the mouse models
of genetic silencing or blockade of insulin-like signaling
course with impaired cognition besides extended
lifespan (for example, brain-specific knockout of IRS2;
Taguchi and others 2007; Martin and others, 2008,
unpublished data) whereas other models have not been
behaviorally analyzed.

This controversy unavoidably leads to the conclu-
sion that the aging mechanisms are not exactly the
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ONTOGENY/PHYLOGENY

CONTROL
CELL
NUMBER

Figure 3. Advantageous reuse of insulin-like growth factor (IGF) functions. The signaling transduction pathway of IGF is highly conserved
through phylogeny, and it is maintained during brain development and in the adult organism. The cell survival and the control of neural cell
numbers appear as a main consequence of IGF signaling, both in lower organisms and neural development. In adult brain, IGF1 also plays
a role in controlling neuron number and survival, together with roles in plasticity. Consequently, it is not surprising that an outstanding role
of IGF1 in controlling cell survival and differentiation takes place in hippocampal neurogenesis that constitutes a recapitulation of ontoge-

netic events inside adult mature circuits.

same in different tissues, and more important, that
inside the brain, cellular exhaustion as measured by
neurotoxicity might be dissociated in some unknown
way from normal neuronal functioning and plasticity
as measured by the animal’s behavior and neuroprotec-
tion-associated parameters. The simplest explanation
for this discrepancy might be that the IGF1-signaling
system has been phylogenetically adapted to serve two
apparently opposite functions, namely the mainte-
nance of energetic consumption (leading to cell
exhaustion and aging) and neuroprotection and brain
plasticity (assuring cognition processes in normal con-
ditions). Both actions are linked by the organism’s
activity. If the activity of the animal is reduced to real-
locate resources due to jeopardized reproduction or
food shortage (see above), IGF1 signaling is reduced,

both because a diminished activity implies a decreased
demand for information processing and memory stor-
age, and because a reduced activity increases lifespan
by reducing cell exhaustion. IGF1 signaling is the
mediator of both kinds of actions mediated by com-
mon signal transduction pathways, as mentioned
above. In this way, IGF1 becomes the ideal humoral
factor to translate the stimuli of exercise to several
organs, especially brain. Some of the actions of IGF1
in the adult brain (survival and control of cell num-
bers) resemble those ones during development and
those ones the IGF family plays in lower organisms,
while some other functions are specific (Fig. 3). The
particular roles IGF1 play in each case will be regu-
lated depending on the cell state, time, and the brain
region, and therefore, a specific and complex coupling
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of the IGF1 signaling pathways to downstream regula-
tory loops must exist.

Such a functional adaptation of IGF1 roles makes
special sense in relating to adult hippocampal neuro-
genesis, because neuronal replacement is probably the
most relevant aspect of neural plasticity and metaplas-
ticity induced by the organism’s activity. This argument
relies on the functional role of the adult hippocampal
neurogenesis, although this function is still far to be
fully understood. Controversial evidence has been
reported in the recent years. The works by Shors and
others (2001, 2002), Santarelli and others (2003),
Meshi and others (2006), Saxe and others (2006),
Trejo and others (2008), Zhang and others (2008),
Dupret and others (2008), and Imayoshi and others
(2008) have reported contradictory results. Summariz-
ing, spatial learning and memory (at least in the most
complex forms) appears impaired in many models of
decreased neurogenesis, whereas the effect on fear
conditioning (especially the contextual forms) depends
completely on the approach considered. Other behav-
iors are still not corroborated by different works. It
is noteworthy that the anxiolytic effects of environmen-
tal enrichment appeared not dependent on neurogen-
esis, but those of physical exercise were dependent.
Considering all this evidence, we can assume a func-
tional role of the new neurons participating in spatial
learning and memory and some forms of anxiety-
related behaviors strongly supported. Therefore, taking
into account the changeable morphological and elec-
trophysiological characteristics of the newborn neu-
rons, it is reasonable to think that the adult
hippocampal neurogenesis has a major role in the neu-
ral plasticity related to learning and memory.

Little is known about how these cells perform the
role of participating in learning and memory. It is
beyond the scope of this review to tackle this issue, but
it will serve to state that several theoretical models of the
operation of these immature neurons exist (recently
reviewed by Kempermann 2008). The hypothesis by
Aimone and others (2006) establishes that the new neu-
rons might work by helping to distinguish the temporal
pattern of two separate events. The rate of new and
complex information entering the brain along time
might be a distinguishing criterion between low- and
high-demanding processes of neural plasticity. For the
former, a less complex environment could be coped
with by plasticity processes without modifying the cell
numbers. On the contrary, higher demanding environ-
ments might need variations in the number of neurons
to accomplish the task of establishing temporal pat-
terns between separate events, at least for hippocam-
pus-dependent tasks. We could say that high-challenging
environments might need plastic resources beyond the
capacity of the existing cells, recruiting resources
involving the newborn dentate neurons. Besides, this

rate of entering information is one of the factors sup-
porting the notion of neurogenic/cognitive reserve,
because the faster the entering information accumu-
lates, the higher the plastic changes would be. Therefore,
adult hippocampal neurogenesis can be envisaged as a
mechanism allowing the brain to respond to different
degrees of environmental challenge by modulating the
plastic capability to the change itself, what is called
metaplasticity (Garcia-Segura 2009).

A different model postulates, on the other hand,
that the key point for understanding the role of adult
hippocampal neurogenesis is rather the homeostatic
mechanisms by which an increasing number of new
neurons making new connections are able to stabilize
new memories into a preexisting circuit (reviewed by
Meltzer and others 2005), which is a counterintuitive
concept. In this way, a compensatory mechanism
between an increased number of firing newborn neu-
rons and the excitability of CA3 pyramidal neurons
might exist. This process is called synaptic scaling, a
good example of these homeostatic systems. Growth
factors like IGF1 might contribute to establish and
maintain the balance of these features of the synaptic
connections, because of its above mentioned specific
actions on the interneuronal connectivity. For example,
it has been recently shown that IGF1 plays a role in
balancing the excitatory/inhibitory signals in the den-
tate gyrus (as measured by the VGlut1/GADG6 ratio of
synaptic buttons in the inner molecular layer [Trejo
and others 2008]), with relevant consequences for the
hippocampus-dependent behavior.

It is obvious that the signaling of the organism’s
activity to the brain is both humoral regarding physical
activity, and also directly neural during physical and
cognitive activities, because every physical activity
implies a cognitive activity unavoidably associated. In
this way, it is noteworthy that the adult hippocampal
neurogenesis is highly sensitive to neural activity,
probably through an intricate neural plexus populating
the subgranular zone (SGZ) where both the dentate
precursors reside and the immature neurons differen-
tiate. Much evidence supports these interactions
between neural activity and the SGZ, being the
GABAergic input and some other transmitter systems,
prominent actors of this neurogenesis-activity link (for
a recent review, see Ge, Pradhan, and others 2007). In
this way, recent evidence points to the ambient GABA
levels inside the dentate gyrus as a sensor of the
dynamic neuronal network activity (Ge, Yang, and oth-
ers 2007), and GABA signaling might be considered the
final step where the different mechanisms indicating
activity meets to inform both precursors and immature
neurons. An extensive plexus of connections inside the
dentate gyrus endorses this possibility, together with the
fact that many of the processes in the vicinity of the
SGZ penetrate this layer and run in close proximity to
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the soma and processes of the immature newborn neu-
rons, such as, for example, the distal parts of the mossy
cell dendritic processes ending in the SGZ close to the
newborn granule cells (Hontecillas-Prieto, L, and Trejo,
JL, 2008, unpublished results). A putative connection
and the functional meaning of these contacts must still
be demonstrated.

Therefore, both serum IGF1 and the SGZ plexus
act as activity sensors for the brain, with the response
being an increase in neural plasticity and neuronal
replacement. The link becomes reinforced because
serum IGF1, in turn, influences the AHN rate.
Nevertheless, other factors contribute to neural plastic-
ity as a response to activity, such as the cyclic/stationary
hormonal changes (Garcia-Segura 2009) or variations
of interindividual social interaction (Adamec and others
2005; Korzan and Summers 2007). Whatever the ori-
gin, the activity-induced actions in the brain can be
mediated by a number of molecules. Mounting evidence
supports an emerging point of view about the conver-
gence and the synergy between IGF1, BDNEF, and
VEGF in mediating the exercise effects (Cotman and
others 2007), as a part of a growth factors cascade in
which all growth factors are necessary but not sufficient
(reviewed by Llorens-Martin and others 2008).

It is relevant to note that the involvement of the
adult hippocampal neurogenesis as an activity-sensitive
mechanism of neural plasticity is not definitely circum-
scribed to the function of the future mature neurons.
The specific function of the immature neurons is still a
matter of intense debate. One point of view established
that the fate of the new neurons born in the adult den-
tate gyrus was the maturation and insertion into a
neural circuit, to perform the same roles of the older
granule neurons (Van Praag and others 2002). Several
recent reports have supported a complementary, not
exclusive point of view. According to this view, the
immature neurons would also have an additional role
while maturing, because of the specific electrical prop-
erties they display (Ge, Yang, and others 2007; Schmidt-
Hieber and others 2004; Song and others 2002; Wang
and others 2000; and for a recent review, see Ge,
Pradhan, and others 2007). Besides, the number of
immature neurons exhibited controllable plasticity by
the physical/cognitive activity (Llorens-Martin and oth-
ers 2006, 2007). The fact that the immature neurons
may play some role before completing maturation, and
that such a role may be relevant for the hippocampal
function (Kempermann 2008), has prompted us to
describe this way of working as “functional immatu-
rity,” better than the old view of immature functioning.
It is the survival and growth of this immature subpopu-
lation of newborn cells that might be influenced by
activity-induced serum IGF1 signaling. Further investi-
gations are still needed to demonstrate this issue. Some

insights into the response of the immature neuron sub-
population to levels of activity have been made recently.
Environmental enrichment increases adult neurogene-
sis (Brown and others 2003; Kempermann and others
2002), and it has been reported that the enrichment-
induced increase in the number of immature neurons is
not a consequence of a generalized increment in cell
survival, but an action on cell populations of a specific
age (Llorens-Martin and others 2007). Besides, enrich-
ment increases the number of new neurons responding
to reexposure to the same environment but not to a dif-
ferent experience (Tashiro and others 2007). This evi-
dence points first to a critical period during an immature
stage of new neurons sensitive to activity and experience
when increases in the survival can occur, and second, to
the capability of the dentate gyrus to change neural
representations of the experience as a function of previ-
ous ones. This is the way through which experience
might exert a long-term influence on learning- and
memory-related dentate gyrus functioning (Tashiro and
others 2007). In this way, serum IGF1 may serve as an
activity sensor mediating the effects of the exercise in a
maturation stage-dependent manner, because the block-
ade of serum IGF1 in both sedentary and exercised
animals modulates the number of immature granule
neurons, depending on the differentiation stage of the
newborn cells (LLorens-Martin M, and others, 2008,
unpublished data).

The complexity of the mediation of physical activ-
ity effects by IGF1 and adult hippocampal neurogene-
sis has begun to be unveiled only in the last years.
Although the exercise-induced effects of serum IGF1
on neurogenesis have long been demonstrated (Trejo
and others 2001), recent work has shown that serum
IGF1 has a direct role in cognition (Trejo and others
2007), and at the same time reveals that some long-
term behavioral effects of exercise are IGF1 independ-
ent. Some of these roles have been demonstrated by
using genetic models of reduced circulating IGF1.
Specifically, serum IGF1-deficient mice showed a
greater susceptibility to brain injury and lack of neuro-
protection by exercise (Trejo and others 2004) and a
blockade of exercise-induced vessel remodeling (Lopez-
Lopez and others 2004). Nevertheless, their brains dis-
play a wide array of disturbances, ranging from a lack of
synaptic plasticity and unbalanced excitatory/inhibitory
synaptic buttons (Trejo and others 2007), reduced neu-
rogenesis (Trejo and others 2008), and amyloidosis
(Carro and others 2002). Furthermore, these mice
responded to neither physical exercise against amyloido-
sis, nor to the beneficial effects of exercise on neuronal
plasticity and neurogenesis. Consequently, these mice
were insensitive both to the memory-enhancing effects
of exercise in hippocampus-dependent learning and
memory tasks, and to the anxiolytic effects of exercise
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Figure 4. Many but not all the effects of exercise are mediated by serum insulin-like growth factor 1 (IGF1), although it plays some role not
related to the organism’s activity. As examples, physical exercise can influence behavior through the IGF1-independent modulation of a small
number of morphological (and supposedly functional) changes in the hippocampus, whereas serum IGF1 influences some parameters of the
immature subpopulation of newborn neurons (hippocampal neurogenesis) independently of the activity status of the individual.

(Llorens-Martin and others 2008; Trejo and others
2008). On the contrary, depressive-like behaviors
appear IGF1 independent in response to exercise in
serum IGF1-deficient mice. This evidence prompted us
to go more deeply into the investigation of IGF1-
dependent and independent mechanisms of the effects
of physical activity in the brain. In this way, the exer-
cise-induced increase in the dendritic spine density in
hippocampus is IGF1 independent (Glasper and oth-
ers, 2008, unpublished data) in both CA1 and dentate
gyrus. Moreover, some effects of exercise on the neuro-
genic subpopulation appear to be IGF1 independent,
because the exercise-induced increase in the survival of
an intermediate stage of differentiating neurons is not
mediated by IGF1, but survival of newborn neurons in
different maturation stages is affected by exercise in an

IGF1-dependent manner (LLorens-Martin M, and oth-
ers, 2008, unpublished data; Fig. 4).

Most of the evidence about an activity-dependent
role IGF1 plays inside the brain points to long-term,
hippocampus-associated, and learning- and anxiety-
related actions. It is not a coincidence that these
actions have been significantly correlated with adult
hippocampal neurogenesis. These findings define more
clearly the role of serum IGF1 as a mediator of exer-
cise, revealing a very complex regulatory system of the
effects of activity on brain.

Conclusion

The capacity of the brain for reorganization during adult
life is an amazing feature. Mainly because the higher the
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activity of the organism, the more drastic are the changes
in the structure, connectivity, and the neuronal opera-
tion. The mechanisms by which this is achieved are
beginning to be unveiled. What is especially relevant is
the ability of a circulating growth factor like IGF1 to
respond to physical activity, by recruiting serum IGF1
to play both energy- and cognition-related roles. The
higher the activity, the higher the energy consumption
and the demands for information/memory processing.
But also the higher the cell exhaustion. IGF1 appears to
serve both roles through a common signaling pathway.
Probably for that reason, IGF1 has also been adapted to
gain neuroprotective roles.

IGF1 modulates the adult hippocampal neurogene-
sis by controlling crucial aspects of proliferation and
survival of the precursor cells and the immature differen-
tiating neurons. Consequently, IGF1 participates in the
modulation of hippocampus-dependent behaviors like
the spatial learning and memory, and anxiety. Together
with its actions on synaptic plasticity, this makes IGF1 a
mediator of the activity-induced neural plasticity. This
way IGF1 contributes to control a relevant part of the
hippocampal circuit and also to promote a flexible capac-
ity to respond to different degrees of activity, what is
called metaplasticity. Moreover, by adjusting the survival
of the newborn neurons to the demands of information
processing linked to the activity of the organism, IGF1 is
a mediator factor of the cognitive reserve.

The investigation of the mediator factors of the
effects of physical/cognitive activity in the brain are
beginning to make sense both because modern life
favors sedentary nature and because normal and patho-
logical aging is associated with decreased activity. The
activity-induced signaling inside the brain can be closely
related with neuroprotection, as well as can be associ-
ated with lifespan. A detailed analysis should be made to
determine the neuroprotective versus aging effects of
insulin-like signaling. In this paradigm, the investigation
of the IGFI-dependent and independent effects of
physical activity, as well as the activity-dependent and
independent signals triggering the IGF1 actions in the
brain, merit further attention.

Acknowledgments

The authors thank Gonzalo Sdnchez-Tejeda (Cajal
Institute, Madrid) for his invaluable help with the
graphic design of the figures. MLL-M was supported by
a predoctoral I3P fellowship from the CSIC. This work
was funded by grant number BFU2007-60195/BFI1

from Ministerio de Educacién y Ciencia to JLT.

References

Aberg ND, Blomstrand F, Aberg MA, Bjorklund U, Carlsson B,
Carlsson-Skwirut C, and others. 2003. Insulin-like growth

factor-I increases astrocyte intercellular gap junctional
communication and connexin43 expression in vitro. ]
Neurosci Res 74:12-22.

Aberg ND, Brywe KG, Isgaard J. 2006. Aspects of growth
hormone and insulin-like growth factor-I related to neu-
roprotection, regeneration, and functional plasticity in
the adult brain. ScientificWorldJournal 6:53-80.

Aberg ND, Johansson UE, Aberg MA, Hellstrom NA, Lind ],
Bull C, and others. 2007. Peripheral infusion of insulin-
like growth factor-I increases the number of newborn
oligodendrocytes in the cerebral cortex of adult hypophy-
sectomized rats. Endocrinology 148:3765-72.

Abraham WC, Bear MF. 1996. Metaplasticity: the plasticity
of synaptic plasticity. Trends Neurosci 19:126-30.

Adamec RE, Blundell J, Burton P. 2005. Neural circuit
changes mediating lasting brain and behavioral response
to predator stress. Neurosci Biobehav Rev 29:1225-41.

Aimone JB, Wiles J, Gage FH. 2006. Potential role for adult
neurogenesis in the encoding of time in new memories.
Nat Neurosci 9:723-7.

Andreasson KI, Kaufmann WE. 2002. Role of immediate
early gene expression in cortical morphogenesis and plas-
ticity. Results Prob Cell Differ 39:113-37.

Bach ME, Hawkins RD, Osman M, Kandel ER, Mayford M.
1995. Impairment of spatial but not contextual memory
in camkii mutant mice with a selective loss of hippocam-
pal LTP in the range of the theta frequency. Cell
81:905-15.

Bast T. 2007. Toward an integrative perspective on hippocam-
pal function: from the rapid encoding of experience to
adaptive behavior. Rev Neurosci 18:253-81.

Beazley LD, Tennant M, Stewart TM, Anstee SD. 1998. The
primary visual system of adult lizards demonstrates that
neurogenesis is not obligatorily linked to central nerve
regeneration but may be a prerequisite for the restoration
of maps in the brain. Vision Res 38:789-93.

Ben-Ari Y, Represa A. 1990. Brief seizure episodes induce
long-term potentiation and mossy fibre sprouting in the
hippocampus. Trends Neurosci 13:312-8.

Bienenstock EL, Cooper LN, Munro PW. 1982. Theory for
the development of neuron selectivity: orientation spe-
cificity and binocular interaction in visual cortex. ]
Neurosci 2:32-48.

Booth FW, Chakravarthy MV, Spangenburg EE. 2002.
Exercise and gene expression: physiological regulation of
the human genome through physical activity. ] Physiol
543(Pt 2):399-411.

Bortolotto ZA, Bashir ZI, Davies CH, Collingridge GL. 1994.
A molecular switch activated by metabotropic glutamate
receptors regulates induction of long-term potentiation.
Nature 368:740-3.

Brown ], Cooper-Kuhn CM, Kempermann G, Van Praag H,
Winkler J, Gage FH, and others. 2003. Enriched envi-
ronment and physical activity stimulate hippocampal
but not olfactory bulb neurogenesis. Eur J Neurosci
17:2042-6.

Butler AA, LeRoith D. 2001. Minireview: Tissue-specific ver-
sus generalized gene targeting of the Igfl and Igflr genes
and their roles in insulin-like growth factor physiology.
Endocrinology 142:1685-8.

Carro E, Torres-Aleman I. 2006. Serum insulin-like growth
factor I in brain function. Keio ] Med 55:59-63.



146 The Neuroscientist / Vol. 15, No. 2, April 2009

Carro E, Trejo JL, Gomez-Isla T, Leroith D, Torres-Aleman 1.
2002. Serum insulin-like growth factor I regulates brain
amyloid-beta levels. Nat Med 8:1390-7.

Chang CF, Lin SZ, Chiang YH, Morales M, Chou ], Lein P,
and others. 2003. Intravenous administration of bone
morphogenetic protein-7 after ischemia improves motor
function in stroke rats. Stroke 34:558—64.

Cheng CM, Mervis RF, Niu SL, Salem N Jr, Witters LA,
Tseng V, and others. 2003. Insulin-like growth factor 1 is
essential for normal dendritic growth. J Neurosci Res
73:1-9.

Cohen E, Dillin A. 2008. The insulin paradox: aging, proteo-
toxicity and neurodegeneration. Nat Rev Neurosci
9:759-67.

Cotman CW, Berchtold NC, Christie LA. 2007. Exercise
builds brain health: key roles of growth factor cascades
and inflammation. Trends Neurosci 30:464—72.

Davila D, Piriz J, Trejo JL, Nunez A, Torres-Aleman 1. 2007.
Insulin and insulin-like growth factor I signalling in neu-
rons. Front Biosci 12:3194-202.

Deisseroth K, Bito H, Schulman H, Tsien RW. 1995. Synaptic
plasticity: a molecular mechanism for metaplasticity.
Curr Biol 5:1334-8.

Ding Q, Vaynman S, Akhavan M, Ying Z, Gomez-Pinilla F.
2006. Insulin-like growth factor I interfaces with brain-
derived neurotrophic factor-mediated synaptic plasticity to
modulate aspects of exercise-induced cognitive function.
Neuroscience 140:823-33.

Duan X, Kang E, Liu CY, Ming GL, Song H. 2008.
Development of neural stem cell in the adult brain. Curr
Opin Neurobiol 18:108-15.

Dupret D, Revest JM, Koehl M, Ichas F, De Giorgi F, Costet
P, and others. 2008. Spatial relational memory requires
hippocampal adult neurogenesis. PLOS One 3:E1959.

During MJ, Cao L. 2006. VEGF, a mediator of the effect of
experience on hippocampal neurogenesis. Curr Alzheimer
Res 3:29-33.

Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM,
Nordborg C, Peterson DA, and others. 1998. Neurogenesis
in the adult human hippocampus. Nat Med 4:1313-7.

Esposito MS, Piatti VC, Laplagne DA, Morgenstern NA,
Ferrari CC, Pitossi FJ, and others. 2005. Neuronal dif-
ferentiation in the adult hippocampus recapitulates
embryonic development. ] Neurosci 25:10074-86.

Fernandez S, Fernandez AM, Lopez-Lopez C, Torres-Aleman
I. 2007. Emerging roles of insulin-like growth factor-I in
the adult brain. Growth Horm Igf Res 17:89-95.

Ferreira A, Rapoport M. 2002. The synapsins: beyond the
regulation of neurotransmitter release. Cell Mol Life Sci
59:589-95.

Flavell SW, Greenberg ME. 2008. Signaling mechanisms
linking neuronal activity to gene expression and plasticity
of the nervous system. Annu Rev Neurosci 31:563-90.

Fleischmann A, Hvalby O, Jensen V, Strekalova T, Zacher C,
Layer LE, and others. 2003. Impaired long-term memory
and Nr2a-type NMDA receptor-dependent synaptic plas-
ticity in mice lacking C-Fos in the CNS. J Neurosci
23:9116-22.

Gahr M. 2004. Hormone-dependent neural plasticity in the
juvenile and adult song system: what makes a successful
male? Ann N'Y Acad Sci 1016:684-703.

Garcia-Segura LM. 2009. Hormones and brain plasticity.
Oxford University Press.

Ge S, Pradhan DA, Ming GL, Song H. 2007. GABA sets the
tempo for activity-dependent adult neurogenesis. Trends
Neurosci 30:1-8.

Ge S, Yang CH, Hsu KS, Ming GL, Song H. 2007. A critical
period for enhanced synaptic plasticity in newly gener-
ated neurons of the adult brain. Neuron 54:559-66.

Gerrow K, El-Husseini A. 2006. Cell adhesion molecules at
the synapse. Front Biosci 11:2400—19.

Gillespie CM, Merkel AL, Martin AA. 1997. Effects of insu-
lin-like growth factor-1 and Lr3igf-I on regional blood
flow in normal rats. J Endocrinol 155:351-8.

Gould E, Reeves AJ, Fallah M, Tanapat P, Gross CG, Fuchs
E. 1999. Hippocampal neurogenesis in adult old world
primates. Proc Natl Acad Sci U S A 96:5263-7.

Griesbach GS, Gomez-Pinilla F, Hovda DA. 2007. Time
window for voluntary exercise-induced increases in
hippocampal neuroplasticity molecules after traumatic
brain injury is severity dependent. ] Neurotrauma 24:
1161-71.

Griesbach GS, Hovda DA, Gomez-Pinilla F, Sutton RL.
2008. Voluntary exercise or amphetamine treatment,
but not the combination, increases hippocampal brain-
derived neurotrophic factor and synapsin I following
cortical contusion injury in rats. Neuroscience 154:
530-40.

Ickes BR, Pham TM, Sanders LA, Albeck DS, Mohammed
AH, Granholm AC. 2000. Long-term environmental
enrichment leads to regional increases in neurotrophin
levels in rat brain. Exp Neurol 164:45-52.

Imayoshi I, Sakamoto M, Ohtsuka T, Takao K, Miyakawa T,
Yamaguchi M, and others. 2008. Roles of continuous
neurogenesis in the structural and functional integrity of
the adult forebrain. Nat Neurosci 11:1153-61.

Jones JI, Clemmons DR. 1995. Insulin-like growth factors
and their binding proteins: biological actions. Endocr Rev
16:3-34.

Jorntell H, Hansel C. 2006. Synaptic memories upside down:
bidirectional plasticity at cerebellar parallel fiber-purkinje
cell synapses. Neuron 52:227-38.

Katzman R, Terry R, Deteresa R, Brown T, Davies P, Fuld P,
and others. 1988. Clinical, pathological, and neurochem-
ical changes in dementia: a subgroup with preserved
mental status and numerous neocortical plaques. Ann
Neurol 23:138-44.

Kempermann G. 2008. The neurogenic reserve hypothesis:
what is adult hippocampal neurogenesis good for? Trends
Neurosci 31:163-9.

Kempermann G, Gast D, Gage FH. 2002. Neuroplasticity in
old age: sustained fivefold induction of hippocampal neu-
rogenesis by long-term environmental enrichment. Ann
Neurol 52:135-43.

Kenyon C. 2001. A conserved regulatory system for aging.
Cell 105:165-8.

Kirkwood TB, Shanley DP. 2005. Food restriction, evolution
and ageing. Mech Ageing Dev 126:1011-6.

Korzan W], Summers CH. 2007. Behavioral diversity and
neurochemical plasticity: selection of stress coping strate-
gies that define Brain Behav Evol
70:257-66.

social status.



IGF1 and Neurogenesis on Brain Plasticity / LLorens-Martin and others 147

Lai K, Kaspar BK, Gage FH, Schaffer DV. 2003. Sonic hedge-
hog regulates adult neural progenitor proliferation in
vitro and in vivo. Nat Neurosci 6:21-7.

Langle SL, Poulain DA, Theodosis DT. 2002. Neuronal-glial
remodeling: a structural basis for neuronal-glial interac-
tions in the adult hypothalamus. ] Physiol Paris
96:169-75.

Le Novere N, Li L, Girault JA. 2008. Darpp-32: molecular
integration of phosphorylation potential. Cell Mol Life
Sci 65:2125-7.

LeRoith D, Roberts CT Jr. 1993. Insulin-like growth factors.
Ann N'Y Acad Sci 692:1-9.

Llorens-Martin M, Torres-Aleman I, Trejo JL. 2006.
Pronounced individual variation in the response to the
stimulatory action of exercise on immature hippocampal
neurons. Hippocampus 16:480-90.

Llorens-Martin M, Torres-Aleman I, Trejo JL. 2008. Growth
factors as mediators of exercise actions on the brain.
Neuromol Med 10:99-107.

Llorens-Martin MV, Rueda N, Martinez-Cue C, Torres-
Aleman 1, Florez J, Trejo JL. 2007. Both increases in
immature dentate neuron number and decreases of
immobility time in the forced swim test occurred in paral-
lel after environmental enrichment of mice. Neuroscience
147:631-8.

Lopez-Lopez C, Leroith D, Torres-Aleman 1. 2004. Insulin-
like growth factor I is required for vessel remodeling in
the adult brain. Proc Natl Acad Sci U S A 101:9833-8.

Lopez-Garcia C, Molowny A, Garcia-Verdugo JM, Ferrer 1.
1988. Delayed postnatal neurogenesis in the cerebral
cortex of lizards. Brain Res 471:167-74.

Lu B, Chow A. 1999. Neurotrophins and hippocampal synap-
tic transmission and plasticity. ] Neurosci Res 58:76-87.

Malinow R, Malenka RC. 2002. AMPA receptor trafficking
and synaptic plasticity. Annu Rev Neurosci 25:103-26.

Marrone DF, Schaner M]J, McNaughton BL, Worley PF,
Barnes CA. 2008. Immediate-early gene expression at rest
recapitulates recent experience. ] Neurosci 28:1030-3.

Martin M, lyadurai SJ, Gassman A, Gindhart JG Jr, Hays TS,
Saxton WM. 1999. Cytoplasmic dynein, the dynactin
complex, and kinesin are interdependent and essential for
fast axonal transport. Mol Biol Cell 10:3717-28.

Mayford M, Wang J, Kandel ER, O'Dell TJ. 1995. CAMKII
regulates the frequency-response function of hippocam-
pal synapses for the production of both LTD and LTP.
Cell 81:891-904.

Meltzer LA, Yabaluri R, Deisseroth K. 2005. A Role for circuit
homeostasis in adult neurogenesis. Trends Neurosci
28:653-60.

Merzenich MM, Kaas JH, Wall ], Nelson R], Sur M, Felleman
D. 1983. Topographic reorganization of somatosensory
cortical areas 3b and 1 in adult monkeys following
restricted deafferentation. Neuroscience 8:33-55.

Meshi D, Drew MR, Saxe M, Ansorge MS, David D, Santarelli
L, and others. 2006. Hippocampal neurogenesis is not
required for behavioral effects of environmental enrich-
ment. Nat Neurosci 9:729-31.

Morgan JI, Cohen DR, Hempstead JL, Curran T. 1987.
Mapping patterns of C-Fos expression in the central nerv-
ous system after seizure. Science 237:192-7.

Naisbitt S, Kim E, Tu JC, Xiao B, Sala C, Valtschanoff J,
and others. 1999. Shank, a novel family of postsynaptic

density proteins that binds to the NMDA receptor/
PSD-95/GKAP complex and cortactin. Neuron 23:
569-82.

Naka F, Narita N, Okado N, Narita M. 2005. Modification of
AMPA receptor properties following environmental
enrichment. Brain Dev 27:275-8.

Navarro X, Vivo M, Valero-Cabre A. 2007. Neural plasticity
after peripheral nerve injury and regeneration. Prog
Neurobiol 82:163-201.

Nithianantharajah J, Hannan AJ. 2006. Enriched environ-
ments, experience-dependent plasticity and disorders of
the nervous system. Nat Rev Neurosci 7:697—709.

NithianantharajahJ, Levis H, Murphy M. 2004. Environmental
enrichment results in cortical and subcortical changes in
levels of synaptophysin and PSD-95 proteins. Neurobiol
Learn Mem 81:200-10.

Nottebohm F. 2002. Why are some neurons replaced in adult
brain? ] Neurosci 22:624-8.

Ortega-Perez 1, Murray K, Lledo PM. 2007. The how and
why of adult neurogenesis. ] Mol Histol 38:555-62.
Parent JM. 2007. Adult neurogenesis in the intact and epilep-

tic dentate gyrus. Prog Brain Res 163:529—40.

Pham TM, Soderstrom S, Winblad B, Mohammed AH. 1999.
Effects of environmental enrichment on cognitive func-
tion and hippocampal NGF in the non-handled rats.
Behav Brain Res 103:63—70.

Pinkstaff JK, Detterich J, Lynch G, Gall C. 1999. Integrin
subunit gene expression is regionally differentiated in
adult brain. ] Neurosci 19:1541-56.

Pleasure SJ, Collins AE, Lowenstein DH. 2000. Unique
expression patterns of cell fate molecules delineate
sequential stages of dentate gyrus development. ] Neurosci
20:6095-105.

Prolla TA, Mattson MP. 2001. Molecular mechanisms of
brain aging and neurodegenerative disorders: lessons
from dietary restriction. Trends Neurosci 24(11 Suppl):
S21-31.

Ramén y Cajal S. 1913. Estudios sobre la degeneracion y
regeneracion del sistema nervioso. Madrid: Moya.

Rampon C, Jiang CH, Dong H, Tang YP, Lockhart D],
Schultz PG, and others. 2000. Effects of environmental
enrichment on gene expression in the brain. Proc Natl
Acad Sci U SA 97:12880-4.

Richards M, Deary IJ. 2005. A life course approach to cogni-
tive reserve: a model for cognitive aging and develop-
ment? Ann Neurol 58:617-22.

Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa
S, and others. 2003. Requirement of hippocampal neuro-
genesis for the behavioral effects of antidepressants.
Science 301:805-9.

Saxe MD, Battaglia F, Wang JW, Malleret G, David D],
Monckton JE, and others. 2006. Ablation of hippocampal
neurogenesis impairs contextual fear conditioning and
synaptic plasticity in the dentate gyrus. Proc Natl Acad
Sci U S A 103:17501-6.

Schmidt HD, Duman RS. 2007. The role of neurotrophic
factors in adult hippocampal neurogenesis, antidepres-
sant treatments and animal models of depressive-like
behavior. Behav Pharmacol 18:391-418.

Schmidt-Hieber C, Jonas P, Bischofberger J. 2004. Enhanced
synaptic plasticity in newly generated granule cells of the
adult hippocampus. Nature 429:184-7.



148 The Neuroscientist / Vol. 15, No. 2, April 2009

Schneider A, Kruger C, Steigleder T, Weber D, Pitzer C,
Laage R, and others. 2005. The hematopoietic factor
G-CSF is a neuronal ligand that counteracts programmed
cell death and drives neurogenesis. J Clin Invest
115:2083-98.

Sekino Y, Kojima N, Shirao T. 2007. Role of actin cytoskele-
ton in dendritic spine morphogenesis. Neurochem Int
51:92-104.

Seto D, Zheng WH, McNicoll A, Collier B, Quirion R, Kar S.
2002. Insulin-like growth factor-I inhibits endogenous
acetylcholine release from the rat hippocampal forma-
tion: possible involvement of GABA in mediating the
effects. Neuroscience 115:603—12.

Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel T, Gould E.
2001. Neurogenesis in the adult is involved in the forma-
tion of trace memories. Nature 410:372-6.

Shors TJ, Townsend DA, Zhao M, Kozorovitskiy Y, Gould E.
2002. Neurogenesis may relate to some but not all types
of hippocampal-dependent learning. Hippocampus
12:578-84.

Song HJ, Stevens CF, Gage FH. 2002. Neural stem cells from
adult hippocampus develop essential properties of func-
tional CNS neurons. Nat Neurosci 5:438—45.

Soule J, Messaoudi E, Bramham CR. 2006. Brain-derived
neurotrophic factor and control of synaptic consolidation
in the adult brain. Biochem Soc Trans 34(Pt 4):600—4.

Svensson J, Diez M, Engel J, Wass C, Tivesten A, Jansson JO,
and others. 2006. Endocrine, liver-derived IGF-I is of
importance for spatial learning and memory in old mice.
J Endocrinol 189:617-27.

Taguchi A, Wartschow LM, White MF. 2007. Brain IRS2
signaling coordinates life span and nutrient homeostasis.
Science 317: 369-72.

Taguchi A, White MF. 2008. Insulin-like signaling, nutrient
homeostasis, and life span. Annu Rev Physiol 70:191-212.

Tang YP, Wang H, Feng R, Kyin M, Tsien JZ. 2001. Differential
effects of enrichment on learning and memory function in
NR2b transgenic mice. Neuropharmacology 41:779-90.

Tashiro A, Makino H, Gage FH. 2007. Experience-specific
functional modification of the dentate gyrus through adult
neurogenesis: a critical period during an immature stage.
J Neurosci 27:3252-9.

Tashiro A, Yuste R. 2004. Regulation of dendritic spine motil-
ity and stability by Racl and Rho kinase: evidence for two
forms of spine motility. Mol Cell Neurosci 26:429-40.

Toni N, Laplagne DA, Zhao C, Lombardi G, Ribak CE, Gage
FH, and others. 2008. Neurons born in the adult dentate
gyrus form functional synapses with target cells. Nat
Neurosci 11:901-7.

Torasdotter M, Metsis M, Henriksson BG, Winblad B,
Mohammed AH. 1998. Environmental enrichment results
in higher levels of nerve growth factor MRNA in the rat
visual cortex and hippocampus. Behav Brain Res
93:83-90.

Torres-Aleman 1. 1999. Insulin-like growth factors as mediators
of functional plasticity in the adult brain. Horm Metab Res
31:114-9.

Torres Aleman I. 2005. Role of insulin-like growth factors in
neuronal plasticity and neuroprotection. Adv Exp Med
Biol 567:243-58.

Trejo JL, Carro E, Garcia-Galloway E, Torres-Aleman I.
2004. Role of insulin-like growth factor I signaling in
neurodegenerative diseases. ] Mol Med 82:156—62.

Trejo JL, Carro E, Torres-Aleman I. 2001. Circulating insu-
lin-like growth factor 1 mediates exercise-induced
increases in the number of new neurons in the adult hip-
pocampus. ] Neurosci 21:1628—34.

Trejo JL, Llorens-Martin MV, Torres-Aleman 1. 2008. The
effects of exercise on spatial learning and anxiety-like
behavior are mediated by an IGF-I-dependent mechanism
related to hippocampal neurogenesis. Mol Cell Neurosci
37:402—11.

Trejo JL, Piriz J, Llorens-Martin MV, Fernandez AM, Bolos
M, Leroith D, and others. 2007. Central actions of liver-
derived insulin-like growth factor I underlying its pro-
cognitive effects. Mol Psychiatry 12:1118-28.

Van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD,
Gage FH. 2002. Functional neurogenesis in the adult
hippocampus. Nature 415:1030—4.

Vaynman S, Gomez-Pinilla F. 2006. Revenge of the “sit”: how
lifestyle impacts neuronal and cognitive health through
molecular systems that interface energy metabolism with
neuronal plasticity. ] Neurosci Res 84:699-715.

Wall JT, Felleman DJ, Kaas JH. 1983. Recovery of normal
topography in the somatosensory cortex of monkeys after
nerve crush and regeneration. Science 221:771-3.

Wang L, Zhang Z, Wang Y, Zhang R, Chopp M. 2004.
Treatment of stroke with erythropoietin enhances neuro-
genesis and angiogenesis and improves neurological func-
tion in rats. Stroke 35:1732-7.

Wang S, Scott BW, Wojtowicz JM. 2000. Heterogenous prop-
erties of dentate granule neurons in the adult rat. J
Neurobiol 42:248-57.

Wieloch T, Nikolich K. 2006. Mechanisms of neural plastic-
ity following brain injury. Curr Opin Neurobiol
16:258—-64.

Yakar S, Liu JL, Stannard B, Butler A, Accili D, Sauer B, and
others. 1999. Normal growth and development in the
absence of hepatic insulin-like growth factor I. Proc Natl
Acad Sci U S A 96:7324-9.

Ye P, D’Ercole AJ. 2006. Insulin-like growth factor actions
during development of neural stem cells and progenitors
in the central nervous system. ] Neurosci Res 83:1-6.

Young D, Lawlor PA, Leone P, Dragunow M, During MJ.
1999. Environmental enrichment inhibits spontaneous
apoptosis, prevents seizures and is neuroprotective. Nat
Med 5:448-53.

Zhang CL, Zou Y, He W, Gage FH, Evans RM. 2008. A role
for adult TLX-positive neural stem cells in learning and
behaviour. Nature 451:1004—7.

Zhang S, Boyd ], Delaney K, Murphy TH. 2005. Rapid revers-
ible changes in dendritic spine structure in vivo gated by
the degree of ischemia. ] Neurosci 25:5333-8.

ZivY, Ron N, Butovsky O, Landa G, Sudai E, Greenberg N,
and others. 2006. Immune cells contribute to the main-
tenance of neurogenesis and spatial learning abilities in
adulthood. Nat Neurosci 9:268-75.

Zupanc GK. 2006. Neurogenesis and neuronal regeneration
in the adult fish brain. ] Comp Physiol A Neuroethol Sens
Neural Behav Physiol 192:649-70.



