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In the mid-sixties, the discovery by Altman and co-workers of neurogenesis in the adult brain
changed the previous conception of the immutability of this organ during adulthood sustained
among others by Cajal. This discovery was ignored up to eighty’s when Nottebohm demon-
strated neurogenesis in birds. Subsequently, two main neurogenic zones were characterized: the
subventricular zone of the lateral ventricle and the subgranular layer of the dentate gyrus. Half
century later, the exact role of new neurons in the adult brain is not completely understand.
This book is composed by a number of articles by leaders in the filed covering from an historic
perspective to potential therapeutic opportunities.
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The Editorial on the Research Topic
50th Anniversary of Adult Neurogenesis: Olfaction, Hippocampus, and Beyond

In the mid-sixties a novel discovery faced the traditional idea on the immutability of the adult
brain. Up to then, scientist assumed that once the brain has reached its maturity neurons can die,
but nor regenerate—e.g., “Once the development was ended, the founts of growth and regeneration
of the axons and dendrites dried up irrevocably. In the adult centers, the nerve paths are something
fixed, ended, and immutable. Everything may die, nothing may be regenerated. It is for the science of
the future to change, if possible, this harsh decree” (Cajal, 1914). In 1965, Altman and Das published
their seminal article (Altman and Das, 1965), although Altman had already suggested this idea years
earlier (Altman, 1962, 1963). This discovery was neglected up to 80’s when Fernando Nottebohm
demonstrated adult neurogenesis in the avian brain related (Nottebohm, 1981). In the following
decade, two main niches of adulthood neurogenesis were characterized in the mammalian brain:
the subventricular zone of the lateral ventricle from where neuroblasts migrate to the olfactory bulb
and the subgranular layer of the dentate gyrus for turnover of hippocampal granule cells.

Since then, a number of experimental data have tried to unravel the role of bulbar and
hippocampal newly-born neurons. Among others, adult neurogenesis has been related to learning
and memory, but its exact function in the pre-existing circuits is far from clear and the relevance
of glial-neuronal interactions has been only envisaged. It has been demonstrated that neurogenic
rate and morphology of adult-born neurons can be regulated by external factors such as sensory
stimuli, exercise, -sexual- experience, and stress through given molecular pathways. This rate can
be altered during disease, particularly in stroke, epilepsy Down syndrome and neurodegenerative
disorders, and its potential therapeutic capacity is being investigated even though this neurogenic
capacity still needs to be further explored in human brain.

This Research Topic addresses half-century advances on all these topics from a multidisciplinary
point-of-view. We suggest readers to begin with the editorial of a related Research Topic by
Peretto and Bonfanti, to follow with a historical view (Bonfanti), and a number of articles from
worldwide leaders in the field. Vicario-Abejon’s group (Nieto-Estevez et al.) has reviewed the
action of IGF-I signaling in a variety of in vitro and in vivo models, focusing on the maintenance
and proliferation of NSCs/progenitors, neurogenesis, and neuron integration in synaptic circuits.
Mira’s laboratory (Vilar and Mira) focused on the current understanding of neurotrophin
modulation of adult neurogenesis, identifying both expected and unexpected functions for
the neurotrophin protein family of ligands. De Marchis’ group (Bonzano et al.) reviewed
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the emerging aspects related to dopaminergic cells heterogeneity,
molecular determinants of adult born dopaminergic neurons,
their plasticity and function in the olfactory bulb. Kohl’s
laboratory (Salvi et al.) provides evidence that species and
the specific strain largely matter when investigating effects
of the generation of new neurons in neurogenic and non-
neurogenic regions following dopamine agonists treatment.
Avila’s group (Llorens-Martin et al.) has focused their review
on the morphological alterations of the dendritic tree of
newborn neurons both in the physiological process and in
neurodegeneration, while Tsuboi’s laboratory (Yoshihara et al.)
reviewed the molecular mechanisms that underlie the sensory
input-dependent development of newborn interneurons and
the formation of functional neural circuitry in the olfactory
bulb.

Lépez-Mascaraque’s team (Figueres and Lopez-Mascaraque)
addressed the distribution and neurochemical identity of adult
olfactory bulb interneurons targeted at either embryonic or
postnatal ages with a ubiquitously expressed transposable
reporter vectors encoding eGFP. Raineteau’s group (Azim et al.)
discusses the role of a strict spatial coding of segregated NSCs
populations during oligodendrogenesis. Kuo’s laboratory (Adlaf
et al.) emphasizes the relevance of how neural circuit-level
input can be a distinct characteristic defining postnatal/adult
NSCs from non-neurogenic astroglia. Ortega’s group (Ortega and
Costa) reviewed the state-of-the-art of live imaging as well as
the alternative models that currently offer new answers to critical
questions. Saghatelyan’s laboratory (Gengatharan et al.) analyzes
the pivotal role of astroglial cells in adult neurogenesis. Suarez’s
group (Pérez-Martin et al.) suggested a potential modulatory role
for PPARalpha in the age-induced neurogenesis decline. Paredes’
laboratory demonstrated that while mating behavior influences
the process of olfactory bulb neurogenesis (Corona et al.), sexual
behavior induces long-lasting plastic changes in the olfactory
bulb (Unda et al.).

Malgrange’s group (Marlier et al.) reviewed stroke-induced
adult neurogenesis, from a cellular and molecular perspective,
to its impact on brain repair and functional recovering.
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Parent’s laboratory (Korn et al.) reveals the Importance of adult
neurogenesis in maintaining network stability and suggesting
that this circuit is a potential target for anti-epileptogenic
interventions. Encinas’ team (Pineda and Encinas) discusses
the mechanisms by which neuronal hyperexcitation influences
hippocampal neurogenesis. Varea’s group (Lopez-Hidalgo et al.)
shows a reduction in the number of proliferating cells in trisomic
mice, although the final number of neurons integrated in the
system is the same in Ts65Dn, a Down syndrome mice model.
Lazarov’s laboratory (Hollands et al.) discussed the association
between impairments in adult hippocampal neurogenesis and
cognitive deficits leading to Alzheimer’s disease. Martinez-
Marcos team (De la Rosa-Prieto et al.) characterizes the
neurogenic process in the olfactory bulb of APP/PS1 mice
analyzing the neurogenic and neurodegenerative rates of new
and preexisting interneuron populations. Finally, Trejo’s team
(Gradari et al.) hypothesizes on adult neurogenesis as a physical
substrate for hormetic, biphasic dose-responses to exercise on
cognition and mood.

Fifty years after the birth of adult neurogenesis, the health
of this field is very good, as demonstrated by this Research
Topic, covering hot aspects of this area of Neuroscience.
The data emerging from these 22 contributions addressed
issues of fundamental importance for understanding how
neural cells could be integrated into existing functional
brain circuits. Furthermore, these contributions point to
the fact that much more knowledge is still needed in
basic features of adult neural cell genesis. The number of
unexplored aspects of this field appears to be so measureless
that we conclude that this is a healthy 50-years-old baby
field. Hopefully, at the 75th anniversary, our field will
be mature enough to cover the translational edge of this
topic.
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After five decades of research in adult neurogenesis (AN) it is far from easy to make a balance. If
this field was a movie genre, brain repair goals would be a dreary mystery (with cell replacement
therapies approaching fantasy), opportunities would be high quality science fiction, and limits
could well belong to a hopeless thriller. Though apparently depicting a pessimistic screenplay,
these aspects actually represent very exciting plots in which the only pitfall had been the attitude
of those main characters (the scientists) who, starting with the re-discovery of AN (Paton and
Nottebohm, 1984; Lois and Alvarez-Buylla, 1994), looked for neuronal cell replacement. The
chimera of regenerative outcomes led to an exponential burst of studies: more than 7500 articles
on PubMed with the keyword “adult neurogenesis.” Why such an interest many years after the first
demonstration of AN (Altman and Das, 1965)? Maybe because the first isolation of neural stem cells
(NSCs) took place in the same period (Reynolds and Weiss, 1992), thus making it possible to figure
out continuous replenishment of new neurons throughout a brain’s life (Gage, 2000; Alvarez-Buylla
et al,, 2001). At the same time, the possibility to play in vitro with the NSC plasticity (Galli et al.,
2003) might explain why the AN articles in PubMed become 23,000 when the keyword “neural
stem cell” is employed.

REVISITING THE HISTORY OF AN

Most AN review articles start with Altman’s pioneering studies, disregarded at the time by most
neurobiologists and then upgraded to the death of a dogma (Gross, 2000). What is more difficult
to find is a critical evaluation of what happened after the nineties. Briefly, an intense phase of AN
characterization contributed to persuade the scientific community that stem cells actually persist
in the adult mammalian brain (Palmer et al., 1997; Doetsch et al., 1999), making the integration
of new neurons a real phenomenon producing anatomical and functional changes (Gage, 2000;
Alvarez-Buylla et al., 2001; Lledo et al., 2006). The stem cell niches of two main neurogenic sites
(subventricular zone and hippocampal dentate gyrus) were identified and progressively defined
in their structure and regulation (Figure 1). On these solid bases, a sort of gold rush-like fever
aiming at demonstrating new sites of AN grew exponentially (Gould et al., 1999, 2001; Zhao et al.,
2003; Dayer et al.,, 2005; Shapiro et al., 2007). Yet, some of the “alternative” neurogenic regions
were subsequently denied by independent studies (references in Bonfanti and Peretto, 2011; Nacher
and Bonfanti, 2015). In parallel, it was shown that neurogenesis can be induced by different types
of injury or disease (lesion-induced, reactive neurogenesis), either by mobilization of cells from
the neurogenic sites (Arvidsson et al., 2002) or by local activation of parenchymal progenitors
(Magnusson et al., 2014; Nato et al., 2015; Figure 1). Nevertheless, though large numbers of
neuroblasts can be produced in response to stroke or inflammation (Arvidsson et al., 2002; Ohira
et al., 2010; Magnusson et al., 2014; Nato et al., 2015), the mechanisms of such responses as well as
the ultimate fate of the newborn cells remain largely unknown, as acknowledged by leading experts
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in the field (Lindvall and Kokaia, 2015). In addition, only limited
spontaneous recovery occurs (Sohur et al., 2006; Bonfanti, 2011)
and some promising results published on megahit journals have
not been reproduced (Magavi et al., 2000; Nakatomi et al., 2002).
Finally, the huge effort for obtaining regenerative outcomes by
using exogenous sources of stem/progenitor cells has also led,
until now, to scarce results in terms of reliability and effectiveness
(Li et al,, 2010), although some therapeutic perspectives might
come from the use of stem cell-derived dopaminergic cells in
Parkinson disease (Barker et al., 2015).

How can we find an explanation for recurrent failures
in obtaining cell replacement from AN? Maybe the answer
resides in a psychological attitude: the initial burst of optimism
affecting scientists with the biased vision that “new neurons
equals brain repair” persisted too long under translational
pressures, in forgetfulness of a basic fact: the mammalian
central nervous system (CNS) evolved to be substantially
nonrenewable, relatively hardwired, non-self repairing (Weil
et al., 2008). Further proof come from examples of spontaneous
“parenchymal” (non-canonical) neurogenesis detectable in other
mammals: the outcome of these newly-produced neurons is
quite different from that performed in canonical NSC niches
(Feliciano et al., 2015) since “transient” neural cells are mostly
produced (Gould et al., 2001; Luzzati et al., 2014). More recently,
some neurogenic activity has been shown in the hypothalamus,
starting from tanycytes harbored within a germinal layer-derived
zone, linked with feeding regulation and energy balance, and
responding to external stimuli (Migaud et al.,, 2010). Yet, low
levels of neurons are generated in basal conditions, and their final
outcome is far from clear.

Hence, if regarding AN as a “full biological process”
(from NSC activation to neuronal integration), all neurogenic
phenomena occurring out of the hippocampus and olfactory
bulb should be classified as “incomplete” (Bonfanti and Peretto,
2011), both spontaneously-occurring and reactive neurogenic
events appearing as “unwanted hosts” in the mature brain tissue
(Figure 1K).

THE BIG QUESTIONS IN AN

By putting together data learned over 50 years of AN research
with CNS evolutionary history, it appears clear that: (i) AN
has lost most of its capacity for brain repair in mammals
with respect to other vertebrates (Grandel and Brand, 2013),
its role being largely restricted to physiological plasticity of
specific systems (Peretto and Bonfanti, 2014); (ii) this feature
might not primarily depend on the availability of stem cells
(AN does exist in mammals!) rather on CNS structural, cellular,
molecular organization, as a result of its postnatal development
and immunological responses (Bonfanti, 2011). Hence, one big
question concerns the intermix of biological events leading to
such a loss of regenerative capacity.

Many scientists working in the field focus on the question:
how NSCs divide and regulate their quiescent/active state
in vivo? (in the perspective of modulating—usually intended as
“increasing”—their mitotic activity and neuronal fate). These
actually are crucial points in NSC basic biology. Yet, beside

the common viewpoint considering the neurogenic potential of
NSCs to be beneficial, the fact is emerging that having more
new neurons or synapses is not always better (Tang et al., 2014;
e.g., hippocampal AN can be implicated in memory erasure,
Akers et al., 2014; Kitamura and Inokuchi, 2014). By contrast,
I consider as essential questions: whether, how, when different
types of progenitor cells can produce a progeny which can
actually survive and functionally integrate in the brain regions
in which they are needed, out of the two canonical niches.
Even within the niches, specific subsets of progenitors occupying
precise topographical subregions produce only selected neuronal
types for selected tissue domains (Obernier et al., 2014), thus
confirming that mature brain neurogenic plasticity occurs only
within restricted bounds. Also in gliogenesis, the amount of
oligodendrocyte precursor cells (OPCs) generated daily in the
adult CNS (Young et al,, 2013; Boda and Buffo, 2014) clashes
with the slow rate of myelin turnover, suggesting that only a small
fraction of them actually integrate. Moreover, they appear able
to sustain remyelination after acute lesion or disease but not in
chronic phases (Franklin, 2002).

A fundamental issue regards the molecular and cellular
features which make the mature mammalian brain environment
refractory to substantial reshaping or repair, both in physiological
and pathological states, with respect to the permissive conditions
existing in non-mammalian vertebrates (Kyritsis et al., 2014;
Figures 1],K). Unfortunately, the tools at present available to
address such aspect are scarce. One possible way could reside
in neurodevelopmental studies aimed at unraveling how the
embryonic, permissive tissue environment shifts to mature, more
restrictive conditions (Peretto et al., 2005), taking into account
that a regulated balance of stability and plasticity is required
for optimal functioning of neuronal circuits (Abraham and
Robins, 2005; Akers et al., 2014). This approach could open new
landscapes from the re-expression of developmental programs
(Sohur et al., 2012) to the cutting edge frontier of homeosis
(Arlotta and Hobert, 2015).

Another fundamental question remains substantially
unanswered (and often skipped by scientists hurrying in search
for reparative roles of AN): concerns the function of AN
(Figure 1M). It seems clear that AN can play a physiological role
in memory and learning, yet rapid adaptation of hippocampal
neurogenesis to experimental challenges appears to be a
characteristic of laboratory rodents, whereas low or missing
AN in bats and dolphins argues against a critical role in spatial
learning (Amrein and Lipp, 2009). Wild mammals show species-
specific, rather stable hippocampal neurogenesis, which appears
related to demands that characterize the niche exploited by a
species rather than to acute events in the life of its members
(Amrein, 2015). It is worthwhile to remember that AN itself
should not be considered as a “function,” rather a tool the brain
can use to perform different functions (see also Hersman et al.,
2016). As stated by Anderson and Finlay (2014), “Mounting
evidence from allometric, developmental, comparative, systems-
physiological, neuroimaging, and neurological studies suggests
that brain elements are used and reused in multiple functional
systems.” They suggest that “this variable allocation can be seen
in neuroplasticity over the life span,” and that “the same processes
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FIGURE 1 | Graphic representation of multifaceted aspects and new opportunities arisen in neurobiology by the study of adult neurogenesis (AN).
Circled L indicate when substantial limits are also present. (A) An image originally referring to brain hemisphere asymmetry (http://thebiointernet.org/training- of-right-
brain-hemisphere-and- intuitive-information-sight-in-bratislava/) is used here to represent the new vision of brain plasticity after AN discoveries; beside remarkable
limits still existing in brain repair (pale pink), most opportunities involve new forms of structural plasticity with respect to the old dogma of a static brain (rainbow
(Continued)
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FIGURE 1 | Continued

colors). (B) Canonical sites of AN, harboring well characterized stem cell niches (Tong and Alvarez-Buylla, 2014; Vadodaria and Gage, 2014). (C) Different types and
locations of non-canonical neurogenesis do occur in various brain regions, depending on the species (Luzzati et al., 2006; Ponti et al., 2008; Feliciano et al., 2015).
(D) NSCs are astrocytes originating from bipotent radial glia cells (Kriegstein and Alvarez-Buylla, 2009); (E) the occurrence of stem cells in the brain gives rise to
(theoretically endless) in vitro manipulations. (F) Parenchymal progenitors are less known; most of them are gliogenic, yet some are responsible for
species-specific/region-specific, non-canonical neurogenesis, and some others can be activated after lesion (G) (Nishiyama et al., 2009; Feliciano et al., 2015; Nato
et al., 2015). (H) The outcome of canonical and non-canonical neurogenesis is different, only the former leading to functional integration of the newborn neurons
(Bonfanti and Peretto, 2011); blue dots: synaptic contacts between the new neurons and the pre-existing neural circuits. (l) Strictly speaking, AN should be restricted
to the continuous, “persistent” genesis of new neurons, which is different from “protracted” neurogenesis (delayed developmental processes, e.g., postnatal genesis
of cerebellar granule cells, postnatal streams of neuroblasts directed to the cortex; Luzzati et al., 2003; Ponti et al., 2006, 2008), and “transient” genesis of neuronal
populations within restricted temporal windows (e.g., striatal neurogenesis in guinea pig; Luzzati et al., 2014). (L) Reactive neurogenesis can be observed in different
injury/disease states both as a cell mobilization from neurogenic sites and as a local activation of parenchymal progenitors (Arvidsson et al., 2002; Magnusson et al.,
2014; Nato et al., 2015). (J) Evolutionary constraints have dramatically reduced the reparative role of AN, involving tissue reactions far more deleterious than in
non-mammalian vertebrates (Weil et al., 2008; Bonfanti, 2011). (K) Failure in mammalian CNS repair/regeneration is likely linked to mature tissue environment, clearly
refractory to new neuron integration outside the two canonical NSC niches and relative neural systems; this fact confines AN to physiological/homeostatic roles, which
remain undefined in terms of “function.” (M) The role of AN strictly depends on the animal species, evolutionary history and ecological niche; its rate and outcome is
affected by different internal and external cues; although not being strictly a function, AN can impact several brain functions (Voss et al., 2013; Aimone et al., 2014;
Amrein, 2015). (N) Different anatomy, physiology, and lifespan in mammals do affect AN rate and outcome; periventricular AN is highly reduced in large-brained
mammals (Sanai et al., 2011; Paredes et al., 2015; Parolisi et al., 2015). (O) Studies on AN carried out by using markers of immaturity (e.g., DCX and PSA-NCAM)
have revealed other forms of plasticity (non-neurogenic), being well represented in large-brained mammals (Gomez-Climent et al., 2008; Bonfanti and Nacher, 2012).

r, rodents; h, humans; d, dolphins; nm, non-rodent mammals. Drawings by the Author.

are evident in brain evolution (interaction between evolutionary
and developmental mechanisms to produce distributed and
overlapping functional architectures in the brain).” That is to say:
brain evolution is an ultimate expression of neuroplasticity, and
more systematic information about evolutionary perspectives is
needed to set out the question of the normal functionality of new
neurons.

ASTROCYTES AND OTHER, WIDELY
RAMIFIED, OPPORTUNITIES

The most counterintuitive discovery in half a century of AN
research concerned the central role of astrocytes as primary
progenitors for neuron production (Alvarez-Buylla et al., 2001).
Across the years, new roles for these glial cells progressively
emerged in different steps of the AN process, from maintenance
of the NSC niche, through substrate for migration and functional
integration of the newlyborn neurons (Sultan et al., 2015), to
that of parenchymal progenitors activated by lesion (Magnusson
et al, 2014; Nato et al, 2015). The regional and temporal
heterogeneity of astrocytes should be among the big issues
for future investigation of brain plasticity (Bayraktar et al.,
2015), but this is only one example indicating how deeply
different is our vision of brain structure and function before
and after AN discovery. More recent breakthroughs concern
the modulatory effects of lifestyle on AN (e.g., how exercise
protects and restores the brain; Voss et al, 2013), and many
emerging roles of the new neurons in impacting brain functions
such as social interaction, reproduction, memory, learning,
pattern separation, overgeneralization of sensory stimuli, and
anxiety disorders (Leuner and Gould, 2010; Sahay et al., 2011;
Feierstein, 2012; Kheirbek et al., 2012; Figure 1M). Furthermore,
a vast range of “bystander effects” acting through paracrine or
immunemodulatory mechanisms can exert beneficial effects by
modifying the microenvironment at the injury site through the
release of chemokines/cytokines (Martino et al., 2011; Kokaia
et al., 2012; Pluchino and Cossetti, 2013). Other ramifications

involve the big chapter of widespread gliogenesis (Nishiyama
et al., 2009), whose effects are not limited to glial cell renewal,
since bystander functions are also emerging for OPCs (Boda and
Buffo, 2014; Birey et al., 2015). Yet, in the complex intermix of
interactions involved in AN, most processes remain ill-defined
as “ghost outcomes” of the stem cell activity (including the
transient existence of the progeny), thus being worthwhile of
further investigation.

Finally, unexpected trends are emerging from comparative
studies showing how the spatial and temporal extent of AN
dramatically decreases in large-brained, long-living species (e.g.,
humans and dolphins; Sanai et al., 2011; Parolisi et al., 2015;
Patzke et al.,, 2015) with respect to small-brained, short-living
rodents (Paredes et al., 2015; Figure IN). The use of markers
usually expressed in newly born neurons (e.g., doublecortin)
led to reveal the existence of immature, non-newly generated
cells (Gomez-Climent et al., 2008) which are more abundant in
large-brained species (Luzzati et al., 2009; Bonfanti and Nacher,
2012; Figure 10). This fact opens new hypothesis about the
evolutionary choices in terms of structural plasticity among
mammals, again underlining the importance of comparative
studies (Lindsey and Tropepe, 2006; Bonfanti et al., 2011).

CONCLUSION

Even if we are still far from healing most brain lesions and
neurodegenerative diseases, we have gained a fully new vision
of brain plasticity (Figure 1A). In AN history, it seems that
scientists have made serious sins in their approach. Yet, there
are many reasons for forgiveness linked to the extremely
innovative character of their work aimed at unraveling the
dynamic nature of a brain tissue constrained within limits
of invariability imposed by evolution. Five decades after
the first demonstration of AN we still need to place it in
the domain of basic research aimed at unraveling cellular,
molecular, and evolutionary aspects of an extremely complex
biological process. Maintaining a substantial independence from
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translational pressures (what implies hard work of teaching the
values of fundamental research to grantmakers) could lead to
higher achievements: the understanding of brain function and
plasticity.

Looking back to its origin and forward to its future, the AN
research field is maybe one of the best movies ever shot in the
neurosciences, with passion and love for the unknown prevailing
at the beginning of the story, then gradually shifting to magical
realism toward the end.
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The generation of neurons in the adult mammalian brain requires the activation of
quiescent neural stem cells (NSCs). This activation and the sequential steps of neuron
formation from NSCs are regulated by a number of stimuli, which include growth factors.
Insulin-like growth factor-I (IGF-I) exert pleiotropic effects, regulating multiple cellular
processes depending on their concentration, cell type, and the developmental stage
of the animal. Although IGF-I expression is relatively high in the embryonic brain its levels
drop sharply in the adult brain except in neurogenic regions, i.e., the hippocampus (HP)
and the subventricular zone-olfactory bulb (SVZ-OB). By contrast, the expression of
IGF-IR remains relatively high in the brain irrespective of the age of the animal. Evidence
indicates that IGF-I influences NSC proliferation and differentiation into neurons and
glia as well as neuronal maturation including synapse formation. Furthermore, recent
studies have shown that IGF-I not only promote adult neurogenesis by regulating NSC
number and differentiation but also by influencing neuronal positioning and migration as
described during SVZ-OB neurogenesis. In this article we will revise and discuss the
actions reported for IGF-I signaling in a variety of in vitro and in vivo models, focusing
on the maintenance and proliferation of NSCs/progenitors, neurogenesis, and neuron
integration in synaptic circuits.

Keywords: IGF-I, neurogenesis, proliferation, survival, differentiation, maturation, migration, IGF-IR

INSULIN-LIKE GROWTH FACTOR I (IGF-I)

IGF-I belongs to the insulin family which is divided in two groups of peptides: one includes insulin
and the IGFs and the other relaxin and insulin-like hormones. In the insulin group, each peptide
binds to a specific receptor with high affinity, although it can also bind to the other receptor with
low affinity (Table 1). Furthermore, the insulin receptor and the IGF-I receptor (IGF-IR) can form
heterodimers with similar affinity for both growth factors (Hernandez-Sanchez et al., 2008). The
IGF-IR has the higher affinity for IGF-I but its affinity is 10 times lower for IGF-II and 250 times
lower for insulin (Versteyhe et al., 2013). In addition, there are at least seven IGF-binding proteins
(IGFBPs) that increase the half-life of the peptide by preventing its proteolysis and modulating the
interaction with the receptor (Table 1; Ocrant et al., 1990; Hwa et al., 1999; Bondy and Cheng, 2004;
Agis-Balboa et al., 2011; Fernandez and Torres-Aleman, 2012; Agis-Balboa and Fischer, 2014).
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TABLE 1 | The insulin group of growth factors.

Ligand  Receptor Binding proteins
Insulin Insulin receptor (IR: high Not known
affinity) and IGF-IR (low
affinity)
IGF-I IGF-IR (high affinity), IR (low IGFBP1-5 (high affinity) and
affinity), and IGF-IIR (very low IGFBP6-7 (low affinity)
affinity)
IGF-II IGF-IIR (high affinity), IGF-IR IGFBP6-7 (high affinity) and IGFB1-56

(low affinity), and IR (very low
affinity)

(low affinity)

The mature IGF-I is a single polypeptide chain of 70 amino
acids (7.5kDa) with 57 amino acids being identical in mammals,
birds, and amphibians (Liu et al, 1993; Russo et al., 2005;
Annunziata et al, 2011). The IGF-IR is a tyrosine kinase
receptor characterized by tetramers, which are composed of two
o subunits and two B subunits (Russo et al., 2005; Annunziata
etal., 2011; Vogel, 2013).

EXPRESSION OF IGF-1 AND IGF-I
RECEPTOR

IGF-I is abundantly produced during embryonic development
in many tissues, but its expression is markedly reduced during
postnatal life. In the adult individual, IGF-I is mainly synthesized
in the liver via a process regulated by the growth hormone (GH).
Furthermore, there is a small local production in tissues including
brain regions such as the SVZ, the OB, the HP, and the cerebellum
(CB; Rotwein et al., 1988; Ye et al., 1997). In the brain, IGF-I can
be synthesized by neurons independently of GH action (Bartlett
et al,, 1991, 1992; Bondy and Cheng, 2004; Russo et al., 2005;
Fernandez and Torres-Alemdn, 2012). Systemic IGF-I can pass
from the blood to the cerebrospinal fluid through the lipoprotein
receptor-related protein 2 (LRP2). In addition, IGF-I can cross
the blood-brain-barrier by binding to the IGF-IR present on
endothelial cells and later it is picked up either by astrocytes to
be transferred to neurons or directly by neurons (Nishijima et al.,
2010; Fernandez and Torres-Aleman, 2012). Therefore, IGF-I can
act in the brain in an endocrine, paracrine or autocrine manner.

IGF-IR  expression begins early during embryonic
development in regions that include the cortex, OB, HP,
CB, hypothalamus (HT), and spinal cord (Bondy et al., 1990).
Postnatally, IGF-IR levels are slightly reduced and in the adult,
its expression is clearly detected in the SVZ, OB, HP, CB, and
the choroid plexus (Bondy and Cheng, 2004; Russo et al., 2005;
Fernandez and Torres-Alemaén, 2012).

IGF-I/IGF-IR SIGNALING PATHWAYS

The specific IGF-I binding to IGF-IR triggers the auto
phosphorylation of the receptor and the activation of the
insulin receptor substrates (IRS). These activated IRSs are auto-
phosphorylated and in turn activate the intracellular signaling
pathways including PI3K and MAP kinase pathways (Liu

et al., 1993; Bondy and Cheng, 2004; Bateman and McNeill,
2006; Fernandez and Torres-Aleman, 2012; Puche and Castilla-
Cortézar, 2012).

The phosphatidylinositol 3-kinase (PI3K) phophorylates
the serine/threonine protein kinase (Akt) through the
phosphoinositide-dependent protein kinase (PDK). Phospho-
Akt promotes the translocation of the glucose transporters to
the plasma membrane affecting cell metabolism (Bondy and
Cheng, 2004; Fernandez and Torres-Aleman, 2012). Another
Akt substrate is the mammalian target of rapamycin (mTOR).
mTOR1 activates p70S6K, regulating protein synthesis while
mTOR?2 activates a series of kinases (including Akt), affecting
proliferation, cell migration, and positioning (Hurtado-Chong
et al., 2009; Iwanami et al., 2009; Onuma et al., 2011; Fernandez
and Torres-Aleman, 2012; Paliouras et al., 2012; Pun et al., 2012).
Akt also promotes the activation of fork head transcription
factor (FOXO), which regulates cell proliferation, oxidative
stress and apoptosis (Bateman and McNeill, 2006; Fernandez
and Torres-Aleman, 2012; O’Kusky and Ye, 2012). Moreover,
Akt can activate the cAMP responsive element binding protein
(CREB) regulating the transcription of genes involved in cell
cycle progression, survival, and differentiation. The binding
of IGF-I to the IGF-IR can also promote the activation of Son
of sevenless (SOS) triggering the phosphorylation of RAS,
which in turn promotes the activation of MAPK. Later, MAPK
produces the phosphorylation of ERK inducing proliferation of
multiple cell types (Baltensperger et al., 1993; Skolnik et al., 1993;
Bateman and McNeill, 2006; Cundift et al., 2009; Fernandez and
Torres-Alemén, 2012).

IGF-1 FUNCTIONS
Body and Organ Growth

IGF-1 is a pleiotropic factor involved in multiple processes, so its
actions are different depending on its concentration, the cell type,
and the developmental stage of the animal.

IGF-I is necessary very early during pregnancy because it
promotes embryo implantation in the uterus (O’Kusky and Ye,
2012). Later, IGF-I is important for the proper prenatal growth
and postnatal survival of the animal. This fact is reflected in the
smaller size of the global Igf-I Knockout (KO) mice and Igf-
Ir KO mice compared to their control littermates after birth.
The liver-specific Igf-I-deficient (LID) mice have a similar body
size compared to the control animals, suggesting that IGF-I
affects tissue growth in an autocrine or paracrine manner (Yakar
et al., 2002). Interestingly, exogenously administrated IGF-I can
compensate for most autocrine/paracrine actions of this growth
factor (Wu et al., 2009). The large majority of global Igf-I KO
mice die soon after birth due to insufficient lung maturation,
although the death rate depends on the mouse strains (Liu
et al., 1993; Moreno-Barriuso et al., 2006; Kappeler et al., 2008;
Hurtado-Chong et al., 2009; Pais et al., 2013). The muscles, brain,
bones and skin are affected by the lack of IGF-I, as reflected by
the muscle hypoplasia and the reduced brain size, ossification,
and skin thickness found in the KO mice (Baker et al., 1993; Liu
et al., 1993; Powell-Braxton et al., 1993; Beck et al., 1995; Pichel
etal., 2003). This phenotype is also observed in the few surviving

Frontiers in Neuroscience | www.frontiersin.org

February 2016 | Volume 10 | Article 52 | 15


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Nieto-Estévez et al.

IGF Signaling in Neurogenesis and Synaptogenesis

postnatal KO mice which show a reduction in body and brain
size, lower development of ossification centers, infertility, and
deafness (Baker et al., 1993; Wang et al., 1999; Yakar et al., 2002;
Fernandez-Moreno et al., 2004; Cediel et al., 2006; Stratikopoulos
et al., 2008; Hurtado-Chong et al., 2009; Wu et al., 2009; O’Kusky
and Ye, 2012; Rodriguez-de la Rosa et al., 2015).

In humans, mutations in the IGF-I and IGF-IR genes cause
growth retardation including microcephaly (Roback et al,
1991; Woods et al.,, 1996; Walenkamp et al., 2005, 2013; van
Duyvenvoorde et al., 2010; Burkhardt et al., 2015). Furthermore,
the congenital deficiency of IGF-I or IGF-IR are features of the
Laron syndrome, which also includes growth hormone receptor
(GHR) deficiency and/or the alteration of molecules of the
GH and IGF-I signaling pathways. Patients with this syndrome
experience less growth after birth and this becomes more severe
with age, leading to smaller brain size, smaller heart, less muscle
development, among other deficits (Puche and Castilla-Cortazar,
2012). Although short stature is a common feature of the
individuals bearing IGF-I and/or IGF-IR mutations, a recent
study has described intragenic deletions of the IGF-IR associated
to a developmental delay and intellectual disability of five people
that do not have a significant short stature (Witsch et al., 2013).

During central nervous system (CNS) development and
adult neurogenesis, the IGF-I/IGF-IR system regulates the
proliferation and survival of neural progenitors, as well as
the generation, differentiation, and maturation of neurons in
multiple ways (Beck et al., 1995; Cheng et al., 2001; Pichel et al.,
2003; Russo et al., 2005; Hurtado-Chong et al., 2009; Fernandez

and Torres-Alemadn, 2012; O’Kusky and Ye, 2012; Chaker et al.,
2015). These aspects are discussed in depth below (Figure 1).

CELL PROLIFERATION

IGF-I promotes proliferation of neural cells by interacting with
the IGF-IR which may activate the PI3K/Akt or the MAP
kinase pathways (Otaegi et al., 2006; Mairet-Coello et al., 2009;
Vogel, 2013; Yuan et al., 2015). During embryonic development,
IGF-I promotes the proliferation of neuroepithelial progenitor
cells both in vitro (Hernandez-Sanchez et al., 1995; Arsenijevic
et al., 2001; Vicario-Abejon et al., 2003; Cui and Almazan, 2007;
Magarifos et al., 2010; Ziegler et al., 2012) and in vivo (Popken
et al., 2004; Ye and D’Ercole, 2006; Hu et al., 2012). This positive
effect of IGF-I on cell proliferation was also observed postnatally
and in the adult brain (Aberg et al., 2000, 2003; Trejo et al.,
2001; Gago et al., 2003; Popken et al., 2004; Kalluri et al., 2007;
Kouroupi et al., 2010; Pérez-Martin et al., 2010; Yuan et al., 2015),
although enhanced proliferation was not found in the adult HP
of an astrocyte-conditional IGF-I overexpressing mouse (Carlson
et al,, 2014). In contrast, mice that overexpress IGF-I under the
regulation of the Nestin promoter, active in neural progenitors,
show an increase in brain size both at E18 and postnatally
(Popken et al., 2004) due to a shorter cell cycle produce by the
decrease in the G1 phase length (Hodge et al., 2004).

During OB development, IGF-I can stimulate the proliferation
of stem and progenitor cells as observed in embryonic olfactory
bulb stem cells (eOBSCs) cultures where the addition of IGF-I
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increases the number of proliferative cells and of neurospheres
compared to untreated cultures. However, when eOBSCs were
isolated from Igf-I KO embryos, there was no difference in the
percentage of BrdUT cells compared to wildtype (WT) cells
(Vicario-Abejon et al,, 2003). In contrast, a decrease in the
number of cells in the M phase of cell cycle was observed in
the SVZ of Igf-I adult KO mice (Hurtado-Chong et al., 2009;
Figure 1).

IGF-I also affects cell proliferation in the dentate gyrus (DG)
of the HP (Figurel). In fact, in cultures of adult rat DG
progenitor cells an increase in the number of dividing cells was
found after IGF-I treatment (Aberg et al., 2003). In addition,
when mice were administered with IGF-I peripherally, more
BrdU™ cells in the DG were detected (Aberg et al.,, 2000). A
similar effect was observed after physical exercise, a condition
that enhances IGF-I entry into the brain (Trejo et al, 2001,
2008; Glasper et al., 2010; Fernandez and Torres-Aleman, 2012).
However, in the Igf-I KO mice the lack of IGF-I produced an
increase in the number of proliferative cells in DG (Cheng et al.,
2001) whereas both GH/IGF-I deficiency and deleting the IGF-
IR in neural progenitors did not specifically affect proliferation
in the postnatal-adult DG (Lichtenwalner et al., 2006; Liu et al.,
2009).

In sum, the majority of these findings have shown that an
increase in the IGF-I levels promotes cell proliferation both
in vitro and in vivo. However, deleting this growth factor and/or
its receptor in KO mouse has produced contrasting effects that
are not completely elucidated yet (Figure 1). The expression of
insulin, IGF-II and of truncated IGF-I-related peptides in the
KO mice might partially explain the discrepancy obtained in
different studies. Although the majority of truncated peptides are
thought to be non-functional, we cannot completely exclude that
in certain KO mice lines they could affect the results described.
The development of new technologies such as the CRISPR-Cas9
system, which allows the complete deletion of specific genes, and
the generation of double or triple KO mouse lines could help to
understand the effect of the deletion of IGF-I or its receptor in
cell proliferation during adult neurogenesis.

CELL SURVIVAL

Evidence indicates that IGF-I promotes cell survival by inhibiting
apoptosis both in vivo and in vitro. These effects have been
observed in neural progenitors and in multiple neuronal types
such as cortical cells, motoneurons, Purkinje cells, or optic neural
progenitor cells (Gago et al., 2003; Vicario-Abejon et al., 2004;
Hodge et al., 2007; Croci et al., 2010; Aburto et al., 2012; Lunn
et al., 2015). In the DG, the lack of IGF-I or IGF-IR causes
a decrease in neuronal survival under basal conditions (Cheng
et al., 2001; Lichtenwalner et al.,, 2006; Liu et al., 2009) or
after ischemia (Liu et al., 2011) whereas IGF-I overexpression
rescued neuronal survival in the lesioned HP (Carlson et al., 2014;
Figure 1).

Moreover, IGF-I could prevent neuronal death in
neurodegenerative diseases such as Alzheimer, regulating
the accumulation of amyloid-B, and Tau proteins (Carro

et al., 2002; Puche and Castilla-Cortdzar, 2012). In fact, IGF-I
enhances the transport of amyloid-p carrier proteins such
as albumin and transthyretin, promoting its degradation
(Carro et al, 2002). Moreover, this factor activates Akt
which inhibits GSK3f, preventing Tau hyperphosporilation
(Bondy and Cheng, 2004). In addition to the accumulation
of amyloid-p and phosphorylated Tau proteins, the cognitive
decline found in Alzheimer’s patients might be attributable
to decreased dentate gyrus neurogenesis. In contrast, an
increase in IGF-I levels enhances neurogenesis (see below)
and ameliorates the age-related cognitive malfunction in the
brain. Therefore, restoring hippocampal neurogenesis by
IGF-I may be a strategy for reversing age-related cerebral
dysfunction. However, other studies have reported that IGF-I
can promote the production of amyloid-p (Araki et al.,, 2009)
and that knocking-out IGF-IR in neurons of a mouse model of
Alzheimer’s disease (AD) favors amyloid-f clearance probably
by preserving autophagy and improves spatial memory (Gontier
et al., 2015). This potential neuroprotective effect of reducing
IGF-I/IGF-IR signaling has also been proposed for spinal
muscular atrophy (SMA; Biondi et al,, 2015). Therefore, the
role of IGF-I in AD and motor neuron disease requires further
investigation.

IGF-I can also prevent the gradual loss of other physiological
functions associated with aging produced by oxidative stress and
DNA damage, among others (Puche and Castilla-Cortdzar, 2012).
However, some Igf-I deficient mice, which have low levels of
circulating IGF-I, exhibit an increased lifespan possibly due to
alterations in energy metabolism and a transient enhancement
in neurogenesis (Sun et al., 2005; Sun, 2006; Junnila et al., 2013;
Chaker et al., 2015). These mice show an upregulation of local
IGF-Ilevels in the hippocampus which could explain the increase
in neurogenesis (Sun et al., 2005). All these data reveal that the
effect of circulating and local IGF-I may be different but the full
mechanisms have not been elucidated.

CELL MIGRATION

IGF-I is also involved in the regulation of the migration of
certain cell types. In neuroblastoma cell line cultures, IGF-I
stimulates cell migration (Puglianiello et al., 2000; Russo et al.,
2005). The first demonstration that IGF-I regulates cell migration
and positioning in vivo was described by Hurtado-Chong
et al. through Igf-] KO mice and explant cultures (Figure 1).
These studies showed that IGF-I is necessary for the exit of
neuroblasts from the SVZ to the OB and for the radial neuronal
migration in the OB (Hurtado-Chong et al., 2009). These effects
were mediated by the activation of the PI3K pathway and
by phosphorylation of the reelin signal transducer, homolog 1
(Dabl; Hurtado-Chong et al., 2009). These findings indicate
that IGF-I promotes adult neurogenesis not only by regulating
NSC number and differentiation but also by directing neuronal
positioning and migration (Figure 1). Successively, IGF-I has
been related to the migration of doublecortint immature
neurons in the SVZ-RMS, dorsal root ganglion neurons and
cerebellar neurons in rodents, and neural crest cells in the
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zebrafish (Onuma et al,, 2011; Xiang et al., 2011; Li et al., 2012;
Maucksch et al., 2013).

NEURONAL GENERATION,
DIFFERENTIATION, AND MATURATION

The IGF-I/IGF-IR system regulates the differentiation and
maturation of neurons generated from NSCs and progenitors
both during embryonic development and in the adult brain
largely via the PI3K/Akt pathway (Aberg et al., 2000; Brooker
et al., 2000; O’Kusky et al., 2000; Trejo et al., 2001; Vicario-
Abején et al, 2003; Otaegi et al., 2006; Carlson et al.,, 2014;
Zhang et al., 2014; Yuan et al., 2015). Furthermore, IGF-I also
influences the development of astrocytes and oligodendrocytes
(Ye and D’Ercole, 2006; O’Kusky and Ye, 2012). Indeed, IGF-I
promotes the differentiation of neural progenitors into mature
oligodendrocytes that produce myelin (Carson et al., 1993; Ye
etal., 1995; Gago et al., 2003; Hsieh et al., 2004) and stimulates the
proliferation and differentiation of astrocytes under physiological
conditions and after injury (Cao et al., 2003; Ye et al., 2004).

In Igf-I and Igf-IR KO mice, a reduction in the number
of neurons during embryonic development and postnatal-adult
neurogenesis in SVZ-OB and HP has been described (Baker et al.,
1993; Liu et al., 1993, 2009; Powell-Braxton et al., 1993; Beck
etal., 1995; Hurtado-Chong et al., 2009). When IGF-I was added
to eOBSCs in culture, it produced an increase in the number
of neurons, astrocytes and oligodendrocytes, whereas there was
a decrease in the differentiation of eOBSCs isolated from the
Igf-I KO mice (Vicario-Abejon et al., 2003; Otaegi et al., 2006).
In the postnatal-adult OB of Igf-I KO animals, reductions in
the number of interneuron populations were observed, possibly
due to the altered neuroblast exit and migration from the SVZ,
as mentioned above (Hurtado-Chong et al., 2009). By contrast,
animals that overexpress Igf-I exhibit an increase in the number
of neurons in the HP (O'Kusky et al., 2000; Popken et al., 2004;
Carlson et al., 2014; Figure 1).

In addition to its role in the main neurogenic adult brain
regions IGF-I also increases neurogenesis in the hypothalamus.
After intra-cerebroventricular treatment with IGF-1, the number
of neurons and astrocytes labeled with BrdU was significantly
increased in the whole hypothalamus (Pérez-Martin et al,
2010). A similar effect of this growth factor was also found in
hypothalamic cell cultures and explants (Torres-Aleman et al.,
1990; Pérez-Martin et al., 2010).

IGF-I may regulate neuronal maturation, affecting axonal and
dendritic growth, and establishing synapses in different brain
areas independently of cell survival (O’Kusky et al., 2000; Cao
et al., 2011; Figure 1). Thus, Igf-I KO animals have a lower
development in the peripheral nerves (Gao etal., 1999), an altered
innervation of the sensory cells of the organ of Corti (Camarero
et al,, 2001) and a lower density of spines in neurons of layers
II-IIT of the cortex (Cheng et al., 2003). In the OB of Igf-I KO
mice, the pattern of the axonal projections of sensory olfactory
neurons is altered, because IGF-I acts as a chemoattractant for
axonal growth cones (Scolnick et al., 2008). In the HP, IGF-I is
involved in the establishment of neuronal polarity and the initial

growth of the axonal cone, through the Akt pathway (Laurino
et al., 2005; Sosa et al.,, 2006). Although the structure of the
CB is preserved in E18.5 Igf-I KO mice (Vicario-Abejon et al.,
2004), it has been shown that IGF-I promotes the establishment
of cerebellar synapses whereas lack of IGF-I facilitates its removal
during postnatal development (Kakizawa et al., 2003). Likewise,
IGF-I overexpression in transgenic mouse promotes dendrite
growth and synaptogenesis in the DG (O'Kusky et al., 2000;
Carlson et al., 2014).

Exercise produces an increase in the IGF-I levels in
adults which then stimulates an increase in the density of
spines in the basal dendrites of CAl pyramidal neurons
but does not affect either the granule neurons in the
GD or the CA3 pyramidal neurons (Glasper et al, 2010).
Similarly, when IGF-I is administered by ventricular infusion
no effect was observed in the number of synapses in CA3
(Poe et al., 2001). However, a decrease in the serum IGF-
I levels causes a reduction of glutamatergic boutons in the
HP (Trejo et al, 2007). This finding suggests that IGF-
I entry to the HP can promote synapse formation and/or
maintenance and as such can be beneficial for spatial learning
and to reduce anxiety-like behavior (Llorens-Martin et al,
2010; Baldini et al., 2013). In contrast, it has been recently
reported that the suppression of IGF-IR signaling in KO
mice enhances olfactory function in aged males but not in
females, adding new levels of complexity to the understanding
of the role of IGF-I/IGF-IR in the regulation of neurogenesis,
synaptogenesis and function in the adult brain (Chaker et al,
2015; Figure 1).

CONCLUSIONS AND FUTURE
PERSPECTIVES

The IGF-1 affects the proliferation of progenitor cells, the
survival of both progenitors and neurons, differentiation, and
maturation of neurons in the neurogenic areas of the adult
brain (Figure 1). In addition it regulates neuronal positioning
and migration in the SVZ-OB. However, the studies performed
have reported that the action of IGF-I signaling could be
different or even opposite depending on the experimental
approach used, the point in development and/or cell type
affected. The production of cell-specific transgenic mouse
lines, double KO for IGF-I and IGF-IR in combination with
new technologies such as CRISPR-Cas9, optogenetics, and
pharmacogenetics might contribute to the deeper understanding
of the role and mechanisms of action of IGF-I/IGF-IR signaling
during postnatal-adult neurogenesis. They also could help
to elucidate the role of local and systemic IGF-I in this
process and to identify new molecules regulated by this growth
factor.
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The subventricular zone (SVZ) of the anterolateral ventricle and the subgranular zone
(SG2) of the hippocampal dentate gyrus are the two main regions of the adult mammalian
brain in which neurogenesis is maintained throughout life. Because alterations in adult
neurogenesis appear to be a common hallmark of different neurodegenerative diseases,
understanding the molecular mechanisms controlling adult neurogenesis is a focus of
active research. Neurotrophic factors are a family of molecules that play critical roles
in the survival and differentiation of neurons during development and in the control of
neural plasticity in the adult. Several neurotrophins and neurotrophin receptors have been
implicated in the regulation of adult neurogenesis at different levels. Here, we review the
current understanding of neurotrophin modulation of adult neurogenesis in both the SVZ
and SGZ. We compile data supporting a variety of roles for neurotrophins/neurotrophin
receptors in different scenarios, including both expected and unexpected functions.

Keywords: adult neurogenesis, neural stem cell, neurotrophin, p75NTR, TrkB, BDNF, NT3

INTRODUCTION

Neurotrophins (NTs) are implicated in the maintenance and survival of the peripheral and central
nervous systems and mediate several forms of synaptic plasticity (Chao, 2003; Ceni et al., 2014;
Hempstead, 2014; Lu et al., 2014). Nerve growth factor (NGF) was the first discovered member of
the family (Cohen et al., 1954), which also includes brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT3), and neurotrophin 4/5 (NT4/5) (reviewed recently in Bothwell, 2014).
Neurotrophins were first identified as survival factors for developing neurons, but are pleiotropic
molecules that can exert a variety of functions, including the regulation of neuronal differentiation,
axonal and dendritic growth, and synaptic plasticity (Bothwell, 2014).

NTs interact with two distinct receptors, a cognate member of the Trk receptor tyrosine kinase
family and the common p75 neurotrophin receptor (p75NTR), which belongs to the tumor necrosis
factor receptor (TNFR) superfamily of death receptors (Friedman and Greene, 1999; Huang and
Reichardt, 2003). Tropomyosin receptor kinase (Trk) receptors belong to the family of receptor
tyrosine kinases (reviewed in Deinhardt and Chao, 2014) and contain an extracellular domain at
which the NT binds, a single transmembrane domain, and an intracellular domain (ICD) with
tyrosine kinase activity. Three different Trks have been identified in mammals: TrkA, TrkB, and
TrkC. NGF is the preferred ligand for TrkA, BDNE and NT4/5 are preferred for TrkB, and NT3
for TrkC. These specificities are not absolute, and NT3 is also a ligand for TrkA and TrkB. In
addition to full length (FL) receptors, splice variants containing either deletions in the extracellular
domain or intracellular truncations including the kinase domain have been described. These
receptor molecules may influence ligand specificity, restrict its availability by internalization, or
act as dominant-negative modulators. Splice variants of TrkB, designated T1 and T2, are expressed
at high levels in the mature brain (Klein et al., 1990).
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While Trk receptors bind only to mature neurotrophins,
p75NTR also interacts with pro-neurotrophins, increasing the
complexity of its signaling. Upon pro-NGF binding, cell
death is induced by a complex consisting of p75NTR and
sortilin (Hempstead, 2014). Similarly, pro-BDNF induces axon
pruning of hippocampal neurons in culture (Hempstead,
2015). Although, Trk signaling is involved in survival and
differentiation (Reichardt, 2006; Deinhardt and Chao, 2014),
p75NTR participates in several signaling pathways (Kraemer
et al,, 2014) governed by the cell context and the formation
of complexes with different co-receptors and ligands, such
as sortilin/pro-NGF in cell death (Nykjaer et al., 2004) and
Nogo/Lingo-1/NgR in axonal growth (Wang et al.,, 2002; Mi
et al,, 2004). p75NTR also undergoes shedding and receptor
intramembrane proteolysis (RIP), resulting in the release of
its ICD, which itself possesses signaling capabilities related to
migration, proliferation, and transcriptional modulation (Jung
et al., 2003; Kanning et al., 2003; Skeldal et al., 2012). Two
different isoforms of p75NTR have been described, a long
isoform and a short isoform (Naumann et al., 2002). These
isoforms differ based on the presence or absence of the NT
binding domain, respectively.

In recent years, NTs and their receptors have emerged as
important regulators of adult neurogenesis. The production of
new neurons persists throughout life in two regions or niches of
the mammalian brain in which neurotrophins are also present:
the subependymal or subventricular zone (SVZ) adjacent to the
lateral ventricles, and the subgranular zone (SGZ) of the dentate
gyrus in the hippocampal formation. Neurogenesis persists in
these specialized areas owing to the existence of a population of
neural stem cells (NSCs) that retain the capacity to proliferate
and generate new neurons via a series of intermediate progenitor
cells. NSCs can also give rise to glial cells. In both the SVZ and
SGZ, these NSCs are largely regulated by local signals emanating
from other niche cell types such as astrocytes or endothelial cells.
In addition, SVZ-NSCs contact the ventricular lumen and are
regulated by signals within the cerebral spinal fluid (CSF), and by
signals released by ependymal cells. Neuroblasts and immature
neurons born in the SVZ are exposed to signals from the rostral
migratory stream (RMS) during their journey to the olfactory
bulb (OB), where they terminally integrate.

Here, we review the current understanding of the role of
neurotrophins and their receptors in the regulation of adult
neurogenesis, as well as the underlying mechanisms. We discuss
the main findings pertaining to the two main neurogenic
niches of the adult brain, the SVZ and the SGZ. We also
highlight unexpected findings that have expanded the traditional
perspective of neurotrophin function.

EXPRESSION PATTERN OF
NEUROTROPHINS AND THEIR
RECEPTORS IN THE NEUROGENIC
NICHES OF THE ADULT SVZ AND SGZ

The expression of NTs by local cells in the rodent SVZ niche
is generally very low, although some ligands such as BDNF can

be detected by immunohistochemistry (Figure 1A; Galvao et al,,
2008). In addition, several NTs are expressed in the choroid
plexus (CP), which secretes CSF components that become readily
accessible to SVZ-NSCs, the so-called type B cells. The most
abundantly expressed neurotrophin in the CP is NT4 (Galvao
et al., 2008). NT3 is also released by CP capillaries and by
endothelial cells (Delgado et al., 2014). In primates, NGF and
BDNF are expressed by SVZ astrocytes while NT3 is found in
ependymal cells (Tonchev, 2011). BDNF is mainly detected in the
rostral migratory stream (RMS) and the OB (Maisonpierre et al.,
1990; Bath et al., 2008; Galvao et al., 2008; Snapyan et al., 2009;
Bagley and Belluscio, 2010). In the RMS, BDNF is synthesized by
the endothelial cells of blood vessels that outline the migratory
stream for new neurons (Snapyan et al., 2009). In the OB, the
BDNF ligand is largely concentrated in the mitral and glomerular
layers (Bergami et al., 2013). The cellular source of BDNF in
the OB is yet to be clarified. Recently, Bergami et al. suggested
that both local glutamatergic neurons (mitral and tufted cells)
and long projecting neurons from the anterior olfactory nucleus
(AON) and piriform cortex (PC) are the main sources of BDNF
in the OB (Bergami et al., 2013).

The expression pattern of neurotrophin receptors in the
adult mouse SVZ, as revealed by RT-PCR (Galvao et al., 2008),
indicates that TrkB is the most abundant receptor, although
TrkC is also present (Figure 1A). Despite some controversy, the
prevailing view is that in both the mouse and rat SVZ truncated
TrkB-T1 is expressed in ependymal cells and in type B cells
(Chiaramello et al., 2007; Bath et al., 2008). This includes the
BrdU-retaining cells that correspond to the slowly dividing NSCs.
Type B NSCs also express TrkC, but not TrkA (Delgado et al.,
2014). Maturing neuroblasts in the RMS appear to express the
truncated form of TrkB, but express TrkB-FL upon entering the
OB (Kirschenbaum and Goldman, 1995; Gascon et al., 2005;
Bath et al, 2008; Snapyan et al., 2009; Bagley and Belluscio,
2010; Bergami et al., 2013). By contrast, p75NTR is expressed
in intermediate progenitors (type C cells) of the SVZ and in
neuroblasts (type A cells) of the SVZ/RMS (Galvao et al., 2008).
Intriguingly, in rats a larger proportion of SVZ cells express
p75NTR, although this receptor does not significantly co-localize
with type B markers such as GFAP and appears to be largely
confined to EGFR™ type C progenitor cells, with some low level
expression in PSA-NCAM™ or DCX™ neuroblasts (Giuliani et al.,
2004; Young et al., 2007). This suggests that p75NTR may play
a greater role in the regulation of SVZ progenitor proliferation
in rats than in mice, and that neurotrophin signaling in the two
species may differ slightly. In primates, TrkA is present in SVZ
astrocytes and immature neurons, TrkB is detected in astrocytes
and neural progenitors, and TrkC is found in ependymal cells
(Tonchev, 2011).

Neurotrophic factors and their receptors are abundantly
expressed in the hippocampus, with an expression pattern
that differs markedly to that of the SVZ (Figure 1B). For
instance, NT3 is produced at very high levels in the dentate
gyrus and is mainly expressed in neurons (Maisonpierre et al,,
1990; Lauterborn et al., 1994; Shimazu et al., 2006). BDNF is
also strongly expressed (Li et al., 2008). Both BDNF mRNA
and protein expression are particularly high, with mossy fiber
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FIGURE 1 | Expression patterns of neurotrophins and their receptors in the adult SVZ-RMS-OB and SGZ. (A) Right. In the SVZ, NT3 is released into the
CSF by the choroid plexus and is produced by the endothelial cells of blood vessels. BDNF is also present in the SVZ. Truncated TrkB-T1 is expressed in ependymal
cells and in NSCs. NSCs also express TrkC. p75NTR is found in transient amplifying intermediate progenitors and in neuroblasts. Middle. In the RMS, BDNF is
synthesized by the endothelial cells of blood vessels that outline the migratory stream. Neuroblasts express truncated TrkB-T1 and p75NTR. Left. In the OB, BDNF is
concentrated in the mitral and glomerular layers. Immature neurons entering the OB acquire the expression of TrkB-FL, which is detected in granule cells (GC) and in
periglomerular cells (PGC). (B) In the dentate gyrus, high levels of NT3 and BDNF are produced by mature neurons. BDNF is also produced by newly generated
neurons. Mossy fiber axons of dentate granule neurons display strong BDNF immunoreactivity. TrkB is expressed in NSCs with radial morphology (Type 1 cells).
Proliferating progenitors (Type 2 cells) have low TrkB levels. Young neurons and more mature granule neurons re-acquire high levels of TrkB expression. Parvalbumin
(PV)-positive interneurons also express TrkB. p75NTR is expressed in newborn cells initiating axon growth, before entry of the axon fibers to the CA3 area, and is
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axons of dentate granule neurons displaying strong BDNF
immunoreactivity due to anterograde transport (Conner et al.,
1997). BDNF is also likely expressed in non-neuronal cells
(Murer et al, 2001). In the adult macaque brain, the highest
levels of BDNF are found in the hippocampus, indicating that
BDNF also plays an important role in SGZ neurogenesis in

non-murine species (Mori et al., 2004). TrkB appears to be
broadly expressed: its expression is high in NSCs with radial
morphology and low in proliferating progenitors, while young
DCX™ neurons and more mature granule neurons re-acquire
high levels of TrkB expression (Donovan et al., 2008). By
contrast, p75NTR expression is observed in a very narrow
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time window during the course of SGZ neurogenesis. Retroviral
tracing experiments indicate that p75NTR expression is mainly
confined to newborn cells between 3 and 7 days after retroviral
injection (Zuccaro et al., 2014); these correspond to cells
initiating the growth of the axon and dendritic processes, before
axonal fibers reach the CA3 area (Zhao et al.,, 2006). At this
stage, p75NTR is asymmetrically enriched at the initiation
site of axon fibers and in proximal axon segments. In more
mature neurons p75NTR expression is decreased and the
asymmetric distribution of the receptor is lost (Zuccaro et al.,
2014). Interestingly, p75NTR (but not TrkA) appears to be
also localized in the primary cilia of dentate gyrus granule
neurons, a specialized structure that acts as a sensory organelle
and is involved in signal transduction (Chakravarthy et al,
2010).

FUNCTIONAL SIGNIFICANCE OF
NEUROTROPHINS AND THEIR
RECEPTORS IN THE SVZ

The few studies that have analyzed the effects of BDNF
in the postnatal and adult SVZ have yielded mixed results.
Galvao and coworkers reported that BDNF infusion reduces
SVZ proliferation in both mice and rats. However, species-
specific differences do exist; BDNF infusion and adenoviral
vector-mediated overexpression of BDNF have no effect on OB
neurogenesis in mice, or attenuate it in the long term (Galvao
et al., 2008; Reumers et al., 2008), but have been shown in some
studies to increase the number of new OB neurons in rats (Zigova
et al.,, 1998; Benraiss et al., 2001; Henry et al., 2007).

Abundant data implicate BDNF in neuroblast migration along
the RMS, although it remains to be established which receptor
(TrkB-FL, TrkB-T1, or p75NTR) mediates this activity. In acute
slice preparations, BDNF expressed by endothelial cells promotes
neuronal migration along the RMS via p75NTR expressed on
neuroblasts (Snapyan et al., 2009). BDNF/TrkB signaling may
also contribute to the modulation of neuroblast migration
(Bagley and Belluscio, 2010). However, grafting studies in which
SVZ cells from TrkB knockout (TrkB-KO) and wild type (WT)
mice were transplanted into the SVZ of adult WT mice suggest
that TrkB is not essential at a cell-autonomous level for the
migration of newly generated OB neurons (Galvao et al., 2008).
In line with these observations, Bergami and colleagues observed
no changes in the RMS migration of adult-born neurons from
TrkBlo*/1°X mice, in which the TrkB-FL is deleted in progenitors
by Cre expression (Bergami et al., 2013).

BDNF and TrkB participate in the long term survival and
maturation of specific interneuron subpopulations of the OB.
Berghuis et al. reported that loss of BDNF decreases the number
and complexity of parvalbumin®™ (PV™) cells in the external
plexiform layer (Berghuis et al., 2006). Other authors have shown
that periglomerular tyrosine hydroxylaset (TH') dopaminergic
neurons are more sensitive to TrkB loss (Galvao et al., 2008;
Bergami et al., 2013). TrkB deletion compromises the survival
of THT neurons, an effect that is accompanied by an increase
in the number of calretinin™ (CR') neurons, suggesting that

TrkB regulates the balance between different classes of adult-
born neurons (Bergami et al.,, 2013). As mentioned above, both
local and long projecting neurons are sources of BDNF in the
OB (Bergami et al., 2013). This may explain the existence of a
BDNF expression gradient, which results in differences in BDNF
availability, and the heterogeneous distribution of apoptotic
TrkB-KO neurons in the OB (Bergami et al., 2013). Experiments
with the mutant BDNF variant Val66Met suggest that activity-
dependent BDNF release is required to ensure the survival of
newly born OB neurons (Bath et al., 2008).

Using conditional knockout mice, Bergami and coworkers
performed an in-depth analysis of the late role of TrkB-FL in
OB neurogenesis. They elegantly showed that while newborn
TrkB-FL-deficient neurons of the granule cell layer (GCL) have
normal dendritic trees, the spine density of these neurons
is compromised. By contrast, in newborn TH', TrkB-FL-
deficient neurons of the periglomerular cell layer both dendritic
arborization and spine growth are impaired, further highlighting
the TrkB-dependency of this neuronal subpopulation. Notably,
phospholipase C-y signaling appears to mediate the effects of
TrkB on spine growth, while Shc/PI3K signaling is involved in
dendritic branching (Bergami et al., 2013).

The role of p75NTR in the SVZ remains to be established.
p75NTRY cells are present in the SVZ and in the RMS in
young and adult animals (Giuliani et al., 2004; Gascon et al,
2007; Young et al., 2007; Galvao et al., 2008). The Bartlett group
identified a small population of precursor cells that express
high levels of p75NTR and respond to BDNF (Young et al,
2007), in agreement with previous findings (Bibel et al., 2004).
In p75NTRP*! . knockout animals, which lack the full-length
receptor but express the short isoform, these authors observed
a reduction in the number of PSA-NCAM™ SVZ migrating
neuroblasts and a decrease in OB size in vivo, suggesting a role
of p75NTR in the migration and possibly survival of mature
neurons in the OB (Young et al., 2007). However, these findings
were subsequently challenged by those of another group (Bath
et al., 2008), who failed to detect such differences. A recent study
reported that p75NTR is expressed in migrating neuroblasts and
responds to vasculature-secreted BDNF (Snapyan et al., 2009).
Taken together, the available data suggest that p75NTR plays a
dual role in OB neurogenesis, regulating proliferation in the SVZ
by controlling the production of neuronal precursors (Young
et al,, 2007; Bath et al., 2008), and regulating migration of RMS
neuroblasts en route to the OB (Snapyan et al., 2009).

In addition to neurotrophin signaling via p75NTR, amyloid
peptide AP appears to regulate the proliferation of neural
progenitors and adult neurogenesis via p75NTR (Sotthibundhu
et al., 2009). Exogenous and endogenous stimulation of SVZ
precursor cells by AP promote neurogenesis (Sotthibundhu
et al,, 2009). This effect is dependent on p75NTR expression
by precursor cells, and can be blocked by preventing the
proteolytic processing of p75NTR (Sotthibundhu et al., 2009).
Overstimulation of p75NTR™ neural progenitor cell division by
AP in early life may result in premature depletion of the stem
cell pool and a rapid decline in basal neurogenesis later in life
(Sotthibundhu et al., 2009), as shown for instance in models of
aging in which AP levels are increased (Diaz-Moreno et al., 2013).
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Recent studies have shown that the role of neurotrophins
in adult neurogenesis is even more complex than previously
thought. Delgado and coworkers revealed an unprecedented role
of NT3 in regulating the quiescent state of adult SVZ-NSCs
(Delgado et al., 2014). They found that NT3 released by brain
endothelial cells and choroid plexus capillaries is bound by NSCs,
promoting their quiescence. Furthermore, by infusing NT3 into
the lateral ventricle they obtained evidence suggesting that NSCs
take up the neurotrophin via receptors located in their primary
cilium, which acts as a sensor for ligands circulating in the
CSF. The proliferative rate of NSCs was increased in young (2-
month-old) Ntf3 heterozygous mice, in which NT3 expression
is reduced. These mice also showed increased numbers of
BrdU-retaining stem cells. A similar phenotype was observed
in conditional Ntf3 knockout mice in which NT3 expression is
specifically abolished in blood vessels. Interestingly, the cell fate
of NSC progeny appeared not to depend on NT3 levels; the
proportion of newly generated oligodendrocytes in the corpus
callosum and that of newly generated neurons in the OB were
similarly increased in Ntf3 heterozygous mice in response to the
increase in NSC activity. In line with this observation, the authors
detected increases in all specific OB interneuron subpopulations
analyzed, further supporting the view that neuronal subtype
identity is independent of NT3. In older (8-month-old) animals,
NSCs prematurely differentiated into astrocytes, leading to NSC
loss. These findings suggest that a decrease in the availability of
NT3 results first in hyperproliferation, followed by premature
exhaustion of the NSC pool. From a mechanistic standpoint,
NT3 activates the nitric oxide synthase isoform eNOS in NSCs,
resulting in production of the second messenger NO and
cytostasis.

FUNCTIONAL SIGNIFICANCE OF
NEUROTROPHINS AND THEIR
RECEPTORS IN THE SGZ

In the dentate gyrus NT3 facilitates learning and memory,
possibly by stimulating neuronal differentiation and/or the
survival of newly born cells (Shimazu et al., 2006). Conditional
Ntf3-knockout mice in which the gene encoding NT3 is deleted
in the brain throughout development show normal proliferation
in the SGZ, a reduction in the number of newly generated NeuN "
granule neurons, and an increase in the proportion of cells that
do not express differentiation markers, pointing to a role of
NT3, and perhaps also its preferred receptor TrkC, in maturation
(Shimazu et al., 2006).

The p75NTR receptor also regulates hippocampal
neurogenesis (Catts et al., 2008). In p75NTREXIH—kn0ckout
animals, which lack the full-length receptor but express the short
p75NTR isoform, a reduction in the number of neuroblasts
and newborn neurons in the dentate gyrus is paralleled by
an increase in the death of newly born cells and impaired
performance of hippocampus-dependent behavioral tasks (Catts
et al,, 2008). However, p75NTRF*IV -knockout mice, in which
both the long and short isoforms are deleted, show an increase
in the number and complexity of DCX" newborn neurons and

a decrease in cell death (Poser et al., 2015). These contradictory
findings may be explained by the differing levels of expression
of the short isoform between the two mouse models, although
a detailed study of the expression of the short isoform in the
mouse hippocampus has yet to be performed. The artifactual
overexpression of the p75 ICD in p75NTREXIV knockout mice
(Paul et al., 2004) may also explain the different hippocampal
phenotypes found in the two p75NTR-knockout strains. The
analysis of adult neurogenesis in newly developed conditional
mouse models, in which both the short and long p75NTR
isoforms are cleanly deleted (Boskovic et al., 2014; Zuccaro et al.,
2014), may shed some light on these discrepant findings. A
study of p751°%/1% animals by Zuccaro and coworkers focused
on axon growth, and demonstrated that polarized expression of
p75NTR specifies the future axon in newly generated neurons of
the adult SGZ (Zuccaro et al., 2014). These authors also found
that the injection of lentiviruses transducing shRNA against
p75NTR increases the proportion of new neurons lacking an
axon, and that axogenesis in p75'°/1°% animals is impaired by the
conditional deletion of the receptor in progenitors.

The overall importance of BDNF/TrkB in adult hippocampal
neurogenesis is clear. For example, neurogenesis is attenuated by
BDNF knockdown in the dentate gyrus using lentiviral-mediated
RNAI (Taliaz et al., 2010), but increased in response to exogenous
BDNF injection (Scharfman et al., 2005). Nonetheless, there is
less of a consensus as regards the participation of BDNF/TrkB
in certain aspects of neurogenesis, such as the proliferation
of progenitor cells and the survival of new neurons. TrkB is
required for normal proliferation and neurogenesis in the SGZ,
although conflicting results have been reported. Conditional
deletion of TrkB in hippocampal NSCs reduces SGZ proliferation
in postnatal day 15 (P15) animals and in adults, but has no
effect on overall cell survival (Li et al., 2008). Animals with
impaired TrkB activation (TrkB-T1-overexpressing mice) display
an increase in proliferation and a reduction in survival (Lee
et al., 2002; Sairanen et al,, 2005). In vitro, BDNF promotes
the proliferation of hippocampal neural progenitor cultures in a
TrkB-dependent manner (Li et al., 2008).

In BDNF germline heterozygous mice, both increases
(Sairanen et al., 2005) and decreases (Lee et al., 2002) in
proliferation have been reported, as measured 1 day after
BrdU injection. Studies using conditional knockout mice in
which mature hippocampal neurons lack the BDNF gene
have also been inconclusive, with some authors describing
increased proliferation of SGZ progenitor cells (Chan et al,
2008) and others reporting no alteration (Choi et al., 2009).
These conflicting results have not yet been explained, although
it is possible that developmental and/or behavioral differences
between the strains used in the aforementioned studies may
contribute to the divergent findings. The functional role of BDNF
in the survival of new neurons in the adult dentate gyrus is a
matter of some debate. Impairment of basal levels of survival
in BDNF heterozygous mice has been reported in some studies
(Sairanen et al., 2005) but not in others (Rossi et al., 2006).
Survival of newborn cells is also slightly attenuated in mice in
which BDNF is deleted in granule neurons (Choi et al., 2009; Gao
et al., 2009).
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A greater consensus has been reached however regarding
the role of BDNF/TrkB signaling in dendrite morphogenesis
in newborn SGZ neurons (Bergami et al., 2008; Wang et al,
2015). Dendrite and spine growth is markedly altered in adult-
born granule neurons of TrkB!°/1% mice, in which TrkB-FL
is deleted in progenitors via Cre expression (Bergami et al,
2008). Moreover, TrkB-deficient neurons show impaired synaptic
plasticity, and a proportion of these newly generated neurons
die during the transition from immature to more mature stages.
In line with these findings, a dramatic reduction in dendritic
spine density has been described in the dentate gyrus of BDNF
heterozygous mice (Zhu et al., 2009), and dendritic development,
synaptic formation, and synaptic maturation are all impaired in
postnatal-born granule neurons in BDNF conditional knockout
mice (Gao etal., 2009). BDNF has also been shown to regulate late
phases of neuronal differentiation, and dendritic development
of adult-generated granule neurons is compromised in BDNF
conditional mutants (Chan et al., 2008).

A recent study showed that dendrite growth is decreased in
response to BDNF deletion in adult-born hippocampal neurons
using retroviral vectors, and increased by BDNF overexpression
(Wang et al., 2015). This effect appears to be largely autocrine, as
BDNF deletion in newborn neurons only gives rise to dendritic
abnormalities similar to those observed in conditional knockout
mice in which BDNF is deleted throughout the entire forebrain.
This is consistent with the full restoration of normal dendritic
development in adult-born cells of BDNF conditional knockouts
in which BDNF is selectively re-expressed (Wang et al., 2015).
The autocrine production of the neurotrophin may depend
on neuronal activity due to excitatory synaptic inputs onto
the developing dendrites of the newborn neurons, or due to
the earlier excitatory action of GABA released by interneurons
(Wang et al., 2015). Interestingly, BDNF expression is highly
complex and the protein can be translated from different mRNA
species harboring either a short or a long 3’ untranslated
region (3’ UTR), the latter of which targets BDNF mRNA to
dendrites for local translation. BDNF translated from this long
3’ UTR mRNA in dendrites indirectly promotes the maturation
of adult-born neurons, via GABAergic interneurons in the
dentate gyrus (Waterhouse et al., 2012). Bdnfdo/Kox mice, in
which the long 3" UTR is truncated, show increased progenitor
proliferation and impaired differentiation and maturation of
newborn hippocampal neurons. Similar results have been
obtained in mice with selective deletion of TrkB in parvalbumin
(PV)-expressing GABAergic interneurons. These results indicate
that locally synthesized BDNF in the dendrites of granule
neurons promotes differentiation and maturation of progenitor
cells in the SGZ at least in part by enhancing GABA release from
PVT GABAergic interneurons (Waterhouse et al., 2012).

A fascinating aspect of the regulation of adult hippocampal
neurogenesis by NTs is the connection between BDNF and the
modulation of hippocampal neurogenesis by external stimuli, a
topic that has been extensively studied in recent years (reviewed
recently in Vivar et al, 2013 and Aimone et al., 2014). Adult
neurogenesis in the dentate gyrus is enhanced by voluntary
exercise, exposure to an enriched environment, and chronic
antidepressant administration. Interestingly, many studies have

shown that physical exercise increases hippocampal expression
of BDNF (and NGEF but apparently not NT3; Cotman and
Berchtold, 2002; Berchtold et al., 2005; Vaynman and Gomez-
Pinilla, 2005; Cotman et al., 2007; Vivar et al., 2013). This
increase correlates with the beneficial effects of exercise. For
instance, long-term voluntary running increases BDNF levels
while improving spatial memory and hippocampal neurogenesis
(Marlatt et al., 2012). Eight months of forced exercise prevents the
age-related impairments in both plasticity and BDNF expression
in the dentate gyrus (O’Callaghan et al., 2009). Five weeks
of treadmill running increases BDNF and TrkB expression,
enhances NSC proliferation, and promotes the maturation and
survival of immature neurons (Wu et al., 2008). TrkB ablation
in adult hippocampal NSCs also blocks the effect of voluntary
exercise on proliferation and neurogenesis (Li et al., 2008).
Specific deletion of BDNF in mature hippocampal neurons has
only a modest impact on the exercise-mediated increase in SGZ
proliferation, suggesting that additional sources of BDNF are
involved in this process (Choi et al., 2009). Interestingly, BDNF
deletion in adult-born granule cells abolishes the increase in
dendritic growth induced by running (Wang et al., 2015). This
suggests that the effects of exercise on dendritic growth depend
on autocrine BDNF signaling occurring in the newly generated
neurons.

Environmental enrichment (EE) also increases hippocampal
BDNF levels (but not NGF expression) in long term but not
short term EE paradigms (Ickes et al.,, 2000; Kuzumaki et al.,
2011). Up-regulation of BDNF in EE is caused by histone
modifications of the BDNF promoter (Kuzumaki et al., 2011).
As regards the role of this neurotrophin in EE, it has been
reported that hippocampal neurogenesis is not increased in
BDNF heterozygous mice placed in an enriched environment for
8 weeks. In the same EE setup, wild-type and NT4-knockout
mice show a two-fold increase in hippocampal neurogenesis,
pointing to BDNF as a central player in the EE-mediated
induction of neurogenesis (Rossi et al., 2006). However, more
recent studies have challenged this view. The positive effect of
EE on proliferation is unaffected in a different model using
mice with reduced hippocampal BDNF levels, such as those with
conditional ablation of BDNF in mature hippocampal neurons
(Choi et al.,, 2009). Moreover, conditional deletion of BDNF
in mature neurons impairs dendritic development of DCX™
immature neurons in mice in standard housing (Chan et al,,
2008; Choi et al., 2009), a defect rescued by EE (Choi et al.,
2009). Altered dendritic spine density in the dentate gyrus of
BDNF heterozygous mice is also partly rescued by EE (Zhu et al.,
2009), suggesting that EE can modulate dendritic development
even in mice with low BDNF levels. Recent findings suggest that
BDNF levels are increased in EE only when running wheels are
accessible to the animals, indicating that physical exercise may be
the critical factor required to trigger BDNF overexpression in EE
(Kobilo et al., 2011).

Antidepressants also increase BDNF/TrkB expression in the
hippocampus (Nibuya et al., 1995; Russo-Neustadt et al., 2000;
Sairanen et al., 2005), and their behavioral effects are mimicked
by BDNF infusion (Shirayama et al., 2002). TrkB ablation in
adult hippocampal NSCs blocks the increase in proliferation
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and neurogenesis that occurs in response to antidepressants (Li
et al., 2008). Moreover, chronic antidepressant administration
impairs the survival of newly generated SGZ neurons in
BDNF heterozygous mice and in transgenic mice expressing the
dominant negative TrkB-T1 isoform (Sairanen et al., 2005).

CONCLUDING REMARKS

In recent years a large number of studies have investigated the
role of NTs in adult neurogenesis, identifying both expected and
unexpected functions for this protein family of ligands and their
receptors. A recurrent theme has been the prominent role of
BDNF/TrkB in dendrite and spine morphogenesis, both in the
OB and the dentate gyrus. Furthermore, p75NTR has been linked
to progenitor proliferation and migration in the SVZ-RMS and to
axon initiation in the SGZ. N'T3 appears to play a very early role
in the SVZ as a modulator of NSC quiescence and a late role in
the dentate gyrus, where it likely regulates maturation/survival
of newly generated neurons. Despite these advances, several
key questions remain unanswered. For instance, the function of
pro-neurotrophins and their regulation by external stimuli has
been scarcely addressed. Cross-talk between N'Ts and other niche
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The olfactory bulb (OB) is a highly plastic brain region involved in the early processing of
olfactory information. A remarkably feature of the OB circuits in rodents is the constitutive
integration of new neurons that takes place during adulthood. Newborn cells in the
adult OB are mostly inhibitory interneurons belonging to chemically, morphologically
and functionally heterogeneous types. Although there is general agreement that adult
neurogenesis in the OB plays a key role in sensory information processing and
olfaction-related plasticity, the contribution of each interneuron subtype to such functions
is far to be elucidated. Here, we focus on the dopaminergic (DA) interneurons: we
highlight recent findings about their morphological features and then describe the
molecular factors required for the specification/differentiation and maintenance of the
DA phenotype in adult born neurons. We also discuss dynamic changes of the DA
interneuron population related to age, environmental stimuli and lesions, and their
possible functional implications.

Keywords: olfactory bulb, dopaminergic neurons, tyrosine hydroxylase, adult neurogenesis, COUP-TFI,
juxtaglomerular neurons, odor enrichment, odor deprivation

INTRODUCTION

In mammals, dopaminergic (DA) neurons are classified in distinct neuronal cell groups (from
A8 to A16) based on their substantial diversity (Bjorklund and Dunnett, 2007). DA neurons in
the olfactory bulb (OB) belong to the A16 group and represent the major DA system in the
forebrain (Cave and Baker, 2009). Olfactory DA cells are reliably identified by the expression of
tyrosine hydroxylase (TH), the rate-limiting enzyme of catecholamine biosynthesis, since they
represent the only catecholaminergic cell type found in the OB (Cave and Baker, 2009). TH-
positive cells are mostly localized in the OB glomerular cell layer (GL; Figure 1A), where they
account for nearly 10% of all juxtaglomerular cells (JGCs; Parrish-Aungst et al., 2007). TH-
positive JGCs express glutamic acid decarboxylase (GAD), the rate-limiting enzyme for GABA
biosynthesis, and co-release dopamine and GABA on their post-synaptic targets (Liu et al.,
2013). Their electrophysiological properties have been extensively characterized (Pignatelli et al.,
2005, 2009, 2013; Borin et al, 2014). TH-positive cells establish synaptic contacts with the
afferent olfactory receptor neuron terminals and/or with external tufted cells and form extensive
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TH-GFP/TH/COUP-TFI

FIGURE 1 | Olfactory bulb dopaminergic interneurons. New image from previously published experiments (Bovetti et al., 2013; Bonzano et al., 2014). (A)
Photomicrograph showing a coronal section of the olfactory bulb (OB) in a 2-month-old wild-type mouse. DA cells immunopositive for TH (green) are mostly confined
within the OB glomerular layer (GL). (B) BrdU-positive adult born DA cell (arrow) in a representative confocal image of the OB GL double-stained for BrdU (red) and TH
(green) in a mouse that received BrdU at 2 months of age and analyzed 42 days after. B’ shows higher magnification and re-slicing of the BrdU/TH double positive
cell. (C) Multiple labeling of the OB GL in a 2-month-old TH-GFP transgenic mouse line (Sawamoto et al., 2001). GFP (green) is expressed under the control of TH
promoter; TH-immunopositive cells are shown in blue and COUP-TFI immunopositive nuclei in red. C1 shows higher magnification of a cell that is triple labeled for
GFP/TH/COUP-TFI (white arrow) and a cell that is double labeled for GFP and COUP-TFI (white arrowhead). C2 shows higher magnification of a cell that is double
labeled for GFP and TH (yellow arrow). C3 shows a cell that is triple labeled for GFP/TH/COUP-TFI (white arrow) and a cell that is GFP-positive only (yellow
arrowhead). (D) Venn diagram showing the overlap of the labeling for TH-GFP, TH and COUP-TFI immunoreactivity based on our previously published data (Bovetti

et al., 2013). A fraction of TH-GFP positive cells is negative for both TH and COUP-TFI. As previously reported these cells are likely immature DA neurons not
expressing yet TH protein (Pignatelli et al., 2009). There is a high overlap between TH-GFP/TH/COUP-TFI labeling indicating that COUP-TFI expression is tightly
associated with the DA phenotype. Scale bar in A = 500 um. Scale bar in B and C = 50 pm. Scale bar in inset B’=10 um. Scale bar in inset C1 = 10 um and refers
to C2 and C3. ONL, olfactory nerve layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer; GcL, granule cell layer;

RMS, rostral migratory stream of the OB.

COUP-TFI

interglomerular connections (Kiyokage et al., 2010; Kosaka
and Kosaka, 2011), participating to the early steps in odor
information processing that occur in the input layer of the OB.
Accordingly, a recent study demonstrated a key function for
DA cells in implementing gain control and reducing correlation
of odor representations in the main output neurons (i.e.,
mitral/tufted cells) (Banerjee et al., 2015). In line with a central
role for DA cells in the encoding of odor stimuli, several studies
support the impact of the DA system in fundamental features

of odor-driven behaviors (Kruzich and Grandy, 2004; Pavlis
et al., 2006; Tillerson et al., 2006; Wei et al., 2006; Serguera
etal., 2008; Lazarini et al., 2014). Moreover, olfactory dysfunction
is associated to pathological states affecting the DA system,
such as in Parkinson disease (Doty, 2012). Although olfactory
dysfunction in PD patients could also involve OB DA cells, recent
data in rodents indicate this is mostly attributable to depletion
in the DA nigro-olfactory projection system (Hoglinger et al.,
2015).
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Olfactory DA neurons have attracted significant attention
over the years, because they are involved in substantial activity-
dependent plasticity, regulating the level of TH expression and
dopamine release according to the sensory input (Nadi et al.,
1981; Baker et al., 1983, 1984; Cummings et al., 1997). Moreover,
DA cells are constantly generated throughout life and recent
reports pointed to a specific integration of this juxtaglomerular
cell population in the GL circuits in an activity-dependent
manner (Sawada et al., 2011; Bonzano et al., 2014). Because
of their continuous generation throughout life, DA cells are
also regarded as a potential target to exploit adult neurogenesis
for dopamine system repair in the brain (see Cave et al,
2014). Here we focused on emerging aspects related to DA
cells heterogeneity, molecular determinants of adult born DA
neurons, their plasticity and function in the OB.

OLFACTORY DA INTERNEURONS BELONG
TO TWO MAIN MORPHOLOGICALLY
DISTINCT CELL POPULATIONS

The view that DA cells in the OB consist of distinct types emerged
many years ago from the immunohistochemical identification
of two different categories of TH-positive neurons in the
rat and mouse OB (Haldsz et al, 1981; Baker et al., 1983;
McLean and Shipley, 1988). Based on their soma size and
location, TH-positive cells were initially classified either as
small periglomerular cells (PG, soma diameter about 5-10 pum),
positioned in the GL and representing the large majority of
olfactory DA cells, or large external tufted cells (ET, soma
diameter about 10-15 wm), positioned mostly at the boundary
between the GL and the external plexiform layer (EPL) and
rarely found within the EPL. Interestingly, DA cells belonging
to the larger type are born earlier during development than
the smaller ones (McLean and Shipley, 1988), possibly from
local OB progenitors in the E13.5 mouse embryo (Vergaiio-
Vera et al.,, 2006), before precursors from the main germinal
niches for OB interneurons (i.e., LGE, pallium, and septum) start
to populate the OB and differentiate into multiple interneuron
subtypes (Bovetti et al, 2007; Alvarez-Buylla et al., 2008).
Furthermore, Kosaka and Kosaka (2009) showed that adult
subventricular zone (SVZ) progenitors do not contribute to
the generation of the larger type of DA cells, indicating this
population does not undergo the neuronal turnover typical of
most GL interneurons, including small-medium sized DA cells
(Bovetti et al., 2009).

Morphometric investigation of TH-positive neuronal
projection in the GL has successively revealed that DA cells
extend processes into multiple glomeruli (Kosaka and Kosaka,
2008; Kiyokage et al.,, 2010), suggesting that they should be
more appropriately classified as short-axon (SA) cells instead
of PG and ET cells, whose processes are mostly confined to
one single glomerulus (Pinching and Powell, 1971; Kiyokage
et al,, 2010). Importantly, Kiyokage et al. (2010) described two
distinct types of SA TH-positive cells, oligoglomerular and
polyglomerular, based on their process extension and average
number of contacted glomeruli. The vast majority of DA cells

falls within the first category (i.e., oligoglomerular), having
processes spanning a relatively short region of the GL and
contacting in average nearly 6 glomeruli. Polyglomerular cells
show more extensive projections, contact in average nearly 40
glomeruli and are likely to correspond to the large DA cells
previously described to establish long-range interglomerular
connections by Kosaka and Kosaka (2008). An additional feature
that allows differentiating distinct types of olfactory DA cells
is the presence/absence of an axon. Both in vivo (Kosaka and
Kosaka, 2011) and in vitro (Chand et al., 2015) studies clearly
indicated that larger DA cells possess an axon initial segment
(AIS), reminiscent of an axonal process, while the other, smaller
in size do not.

Overall, most evidences point to the existence of two main
morphologically and possibly functionally separate populations
of olfactory DA cells, of which only one (i.e., small/medium-
sized DA neurons) undergoes continuous neurogenesis during
adulthood (Figure 1B).

MOLECULAR DETERMINANTS OF THE DA
PHENOTYPE IN THE ADULT OLFACTORY
BULB

The generation of OB interneuron subtypes has been
demonstrated to depend on a transcriptional code that is
regulated in a spatio-temporal manner (Bovetti et al., 2007;
Alvarez-Buylla et al., 2008). Distinct progenitor lineages
differentially contribute to the generation of TH-positive cells
during development or in adult mice. By means of genetic fate
mapping Kohwi et al. demonstrated that while in neonates
OB TH-positive cells only marginally (4%) derive from Emx1-
expressing pallial progenitors, in adult age 42% of TH-positive
OB interneurons are derived from this lineage (Kohwi et al.,
2007). A prominent pallial origin of postnatal/adult DA
interneurons is further supported by data obtained through
adenoviral-mediated labeling of regionally restricted radial glial
stem cells, showing that TH-positive neurons largely derive from
progenitors located in the dorsal portion of the SVZ (Merkle
et al.,, 2007). Several transcription factors (TFs), namely Pax6,
DIx2, Id2, KlIf7, ER81, Sall3, Nurrl, and Meis2 (Saino-Saito et al.,
2004, 2007; Hack et al., 2005; Kohwi et al., 2005; Brill et al., 2008;
Havrda et al., 2008; Cave et al., 2010; Caiazzo et al., 2011; Heng
et al, 2012; Agoston et al, 2014; Vergaio-Vera et al., 2015)
have been shown to be required for proper differentiation of
olfactory DA neurons. Here we will limit the review to those
TFs whose function in the control of olfactory DA fate has
been directly demonstrated in adult born neurons (Table1).
Among these, Pax6 and DIx2 play a major role (Hack et al,
2005; Kohwi et al., 2005; Brill et al., 2008; de Chevigny et al.,
2012). The use of retroviral-mediated overexpression of DIx2
in neuronal precursors along the rostral migratory stream
(RMS) provided data supporting a cell-autonomous role for this
TF in promoting specification of adult born neurons toward
DA fate (Brill et al., 2008). Similar results, implying increased
generation of DA interneurons, were previously described
by over-expressing the TF Pax6 in adult neuronal precursors
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TABLE 1 | Transcription factors involved in the control of adult born olfactory DA fate specification and maintenance.

Conditional KO
(Emx1-Cre*COUP-TFIfl/fl)

Unspecific to adulthood

Decrease in TH+ cell
population; decrease
in the % of TH+ on
BrdU adult born OB
INs (42dpBrdU); no
changes in DA cell
survival

TF % of JGC type % of TF+ Experimental strategies Phenotype References
among TF+ among TH+
cells cells Type of approach Cellular/area targets
Pax6 TH78% 95% - RV stereotaxic injection RMS/SVZ (adult born) Increase in adult born Hack et al., 2005
CR 2% (overexpression) TH+ cells
CB 10% (14/21/90 dpi)
-RV stereotaxic injection RMS (adult born) Decrease in adult born Hack et al., 2005
(loss of function) TH+ cells
(21 dpi)
-Transplantation of dLGE Recipient: wt adult SVZ Decrease in TH+ cells Kohwi et al., 2005
Pax6-deficient E16.5 among grafted cells
progenitors (40 dpt)
-Conditional KO (Dat-Cre* Unspecific to adulthood Decrease in TH+ cells; Ninkovic et al.,
Pax6efl/fl) (mature DA cells) 2010
Decrease in DA cell
survival
—Pa><6+/SeyDey Unspecific to adulthood Decrease in adult born Curto et al., 2014
TH+ cells; decrease
in DA cell survival
(15-60 dpBrdU)
-Pax6-ORF-GFP plasmid Postnatal lateral SVZ Increase in TH+ cells de Chevigny et al.,
electroporation (15 dpe) 2012
- Ectopic Pax6 expression in
lateral SVZ
DIx2 TH unknown Virtually all -RV stereotaxic injection RMS (adult born) Increase in TH+ cells Brill et al., 2008
CR none (overexpression) paralleled by
CB unknown decreased CR+ cells
(21-56dpi)
Meis2 Unknown 89% - - - Allen et al., 2007
exactly
94% -RV stereotaxic injection RMS (adult born) Loss of adult born Agoston et al.,
(loss of function) TH+ cells (21/60 dpi) 2014
COUP-TFI TH 70% 80% -LV stereotaxic injection RMS (adult born) Decrease in adult born Bovetti et al., 2013
CR 1% (loss of function) TH+ cells (60 dpi);
CB 2% no changes at 30 dpi

Bovetti et al.,
2013; Zhou et al.,
2015

TH, tyrosine hydroxylase; TF, transcription factor; CR, calretinin; CB, calbindin; dpi, day(s) post injection; dpBrdU, day(s) post BrdU injection(s); dpe, day(s) post electroporation; dpt,
day(s) post transplantation; RV, Retroviral vector; LV, Lentiviral vector; RMS, Rostral Migratory Stream,; SV.Z, Sub Ventricular Zone; dLGE, dorsal Lateral Ganglionic Eminence.

migrating along the RMS (Hack et al., 2005). In addition, by
increasing Pax6 protein level in the lateral wall, where normally
Pax6 protein is absent due to post-transcriptional inhibition
by mir-7a, the acquisition of the DA phenotype in the OB is
favored (de Chevigny et al., 2012). Moreover, the effect of DIx2
overexpression is totally abrogated in the absence of Pax6 and
functional direct interaction/cooperation between DIx2 and Pax6
is needed to instruct DA fate in adult mice (Brill et al., 2008).
A critical co-factor for Pax6 and DxI2 function in exploiting
DA fate commitment in adult born OB interneurons has been
recently identified in Meis2, a member of the three amino

acid loop extension class of atypical homeodomain-containing
transcription factors (Agoston et al, 2014). Meis2, together
with Pax6 and DIx2, is needed to determine the differentiation
toward a DA phenotype over the CR one by directly interacting
with TH regulatory sequences (Agoston et al., 2014). Besides
the instructive role for Pax6 in DA fate commitment in OB
interneuron precursors, Pax6 is also critically involved in OB
DA cell maintenance. Indeed, by conditionally deleting Pax6
in mature DA cells Ninkovic et al. (2010) identified Pax6 as
a positive controller of mature DA cell survival through the
positive regulation of crystallin oA in the adult OB.
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Recently, we have identified a distinct, yet central, role in the
maintenance of the DA phenotype of adult born OB interneurons
for the orphan nuclear receptor COUP-TFI (Bovetti et al,
2013). Among juxtaglomerular interneurons in the adult mouse
OB, COUP-TFI expression is exclusively found in DA cells,
with nearly 80% of mature TH-positive cells (Figures 1C,D)
and 90% of Pax6-positive cells double positive for COUP-TFL.
Interestingly, the expression of COUP-TFI is mostly confined
to DA cells generated during late postnatal/adult life, and
is regulated by the sensory input. Indeed, odor deprivation
through naris occlusion induces COUP-TFI down-regulation
jointly with TH down-regulation in olfactory DA cells. Moreover,
we observed a net impairment in TH expression in fully mature
cells following ablation of COUP-TFI function in either a) DA
interneuron progenitors by means of conditional COUP-TFI
deletion in the Emxl-lineage or b) post-mitotic adult born
neurons by lentiviral-mediated approach in vivo (Bovetti et al.,
2013). These findings strongly indicate a role for COUP-TFI in
TH expression regulation, as also recently confirmed by another
study (Zhou et al., 2015). Importantly, COUP-TFI ablation on
DA cells does not affect the acquisition and maturation of the
DA phenotype, but impairs immediate early gene expression (i.e.,
egr-1; Bovetti et al., 2013). Overall, these data, together with the
apparent lack of consensus binding sites for COUP-TFI on the
TH promoter, strongly indicate that COUP-TFI regulates TH
expression in OB cells through an activity-dependent mechanism
involving immediate early gene induction and strongly argue
for a maintenance rather than establishment function of COUP-
TFI in the DA commitment. Thus, besides the role of TFs such
as Pax6, Meis2, and DIx2 that are directly involved in OB DA
fate determination within adult SVZ neural stem cell/precursors,
COUP-TFI must be part of a distinct transcription factor
program that is central for the maintenance of the DA cell
identity over time.

EXPERIENCE-DEPENDENT PLASTICITY
OF OLFACTORY DA NEURONS: A DUAL
MECHANISM INVOLVING TH-EXPRESSION
REGULATION AND ADULT
NEUROGENESIS

Several lines of evidence support the notion that olfactory
DA neurons are unique among OB neurons, being particularly
susceptible to sensory stimuli. A first level of experience-
dependent plasticity of DA cells consists in the regulation of
TH expression and consequently dopamine production/release,
according to the sensory input. Indeed, TH expression in
DA cells is strongly and reversibly down-regulated in animals
subjected to odor deprivation by either chemical or surgical
sensory deafferentation of the OB (Nadi et al.,, 1981; Kawano
and Margolis, 1982; Baker et al., 1983), or naris occlusion (Baker
et al, 1993). This effect does not seem to be restricted to
a specific DA cell population (see above; Baker et al., 1983)
and applies to both pre-existing and adult generated neurons
(Bovetti et al., 2009; Bastien-Dionne et al., 2010). In parallel

to TH down-regulation, odor deprivation also induces down-
regulation of GADG67, which is selectively co-expressed by
DA cells, but not of GAD65, which is mainly expressed by
other juxtaglomerular cell types (Parrish-Aungst et al., 2011).
Although the view that olfactory DA neurons are exposed to
modulation of their transmitter phenotype by the olfactory input
has long been recognized (Baker et al,, 1983, 1984; McLean
and Shipley, 1988), the molecular mechanisms underlying this
phenomenon are just beginning to emerge. A direct link among
the expression of immediate early genes, increased neuronal
activity and TH expression in the GL has been previously
hypothesized (Jin et al., 1996). As reported above, we recently
identified a role for DA cell responsiveness to sensory stimuli
for COUP-TFI, whose depletion in adult generated DA cells
induces both reduced immediate early gene and TH expression
(Bovetti et al., 2013). Moreover, recent studies highlighted the
involvement of epigenetic regulatory mechanisms in the activity-
dependent modulation of the neurotransmitter phenotype in OB
interneurons (Banerjee et al., 2013).

Besides TH expression regulation, sensory activity can
significantly impact on the composition of the DA population
through modulation of adult neurogenesis. Indeed, manipulation
of the sensory input by either odor deprivation or enrichment
elicits, respectively, decreased or increased survival of adult
generated juxtaglomerular interneurons (Bovetti et al., 2009), as
previously demonstrated for granule cells (Rochefort et al., 2002;
Mandairon et al., 2006). Increasing evidence points to DA cells
as a selective cellular target for sensory-dependent modulation of
adult neurogenesis in the GL of the OB. Using a paradigm of naris
occlusion in adult mice, Sawada et al. (2011) found that among
different neurochemical types of juxtaglomerular cells, TH-
positive DA cells were the only one to show increased apoptosis.
Interestingly, mice in which the naris was reopened showed
increased integration of new DA cells after a 4 weeks recovery
phase that compensate for the selective loss of DA cells due to
previous deprivation. A restorative role of adult neurogenesis
has been also demonstrated in another experimental paradigm in
which a selective DA neuronal loss, induced by local treatment
with 6-hydroxydopamine (6-OHDA) in the dorsal OB, was
followed by a full recovery of DA cells (Lazarini et al., 2014).
Regulation of DA cell generation in adulthood is not limited
to restorative conditions but occurs also in basal physiological
condition and in response to sensory enrichment. Interestingly, a
net and selective increase in the glomerular DA population with
age has been reported in a long term two-photon imaging study
in vivo (Adam and Mizrahi, 2011). Although the meaning of
these age-dependent changes in the DA population is unknown,
these data reinforce the idea that a certain plasticity of the DA
population is required for OB circuit functions. In a recent
study from our group (Bonzano et al., 2014), a paradigm
of prolonged (2 months) olfactory enrichment with different
aromatic fragrances, which has been previously shown to affect
OB neurogenesis (Rochefort et al., 2002; Bovetti et al., 2009)
and olfactory memory (Rochefort et al., 2002), resulted in a
selective increase in the TH-positive DA population, due to
increased neurogenesis, without changes in calretinin (CR)- and
calbindin (CB)-positive neurons (Bonzano et al., 2014). These
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results further support that adult neurogenesis does not reflect
a simple turnover of the whole GL interneuron population, but it
can finely modulate specific OB neuron subpopulations (i.e., DA
cells) with particular functions in odor processing.

CONCLUSION AND FUTURE
PERSPECTIVE

In the adult OB, DA cells are unique in term of their plasticity
in response to sensory inputs. Although their involvement in
mechanisms underlying the adaptation of the olfactory system to
changes in sensory experience is well established, many aspects
remain still unknown. The heterogeneity of DA cell population
in term of morphology, connections (Kosaka and Kosaka, 2008;
Kiyokage et al., 2010; Chand et al., 2015), origin (McLean and
Shipley, 1988; Vergano-Vera et al., 2006; De Marchis et al., 2007;
Kohwi et al., 2007; Merkle et al., 2007) and renewal (Kosaka and
Kosaka, 2009) further complicate the understanding of DA cell
role in odor coding, processing and plasticity. New molecular
and optical approaches able to selectively target adult born DA
interneurons will hopefully bring new insights in unraveling their
role in olfactory physiology. The precise in vivo readout of cell
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While adult neurogenesis is considered to be restricted to the hippocampal dentate gyrus
(DG) and the subventricular zone (SVZ), recent studies in humans and rodents provide
evidence for newly generated neurons in regions generally considered as non-neurogenic,
e.g., the striatum. Stimulating dopaminergic neurotransmission has the potential to
enhance adult neurogenesis in the SVZ and the DG most likely via Do/Dg dopamine (DA)
receptors. Here, we investigated the effect of two distinct preferential Do/D3 DA agonists,
Pramipexole (PPX), and Ropinirole (ROP), on adult neurogenesis in the hippocampus and
striatum of adult naive mice. To determine newly generated cells in the DG incorporating
5-bromo-2’-deoxyuridine (BrdU) a proliferation paradigm was performed in which two
BrdU injections (100 mg/kg) were applied intraperitoneally within 12 h after a 14-days-DA
agonist treatment. Interestingly, PPX, but not ROP significantly enhanced the proliferation
in the DG by 42% compared to phosphate buffered saline (PBS)-injected control mice.
To analyze the proportion of newly generated cells differentiating into mature neurons, we
quantified cells co-expressing BrdU and Neuronal Nuclei (NeuN) 32 days after the last of
five BrdU injections (50 mg/kg) applied at the beginning of 14-days DA agonist or PBS
administration. Again, PPX only enhanced neurogenesis in the DG significantly compared
to ROP- and PBS-injected mice. Moreover, we explored the pro-neurogenic effect of both
DA agonists in the striatum by quantifying neuroblasts expressing doublecortin (DCX)
in the entire striatum, as well as in the dorsal and ventral sub-regions separately. We
observed a significantly higher number of DCX* neuroblasts in the dorsal compared to
the ventral sub-region of the striatum in PPX-injected mice. These results suggest that
the stimulation of hippocampal and dorsal striatal neurogenesis may be up-regulated by
PPX. The increased generation of neural cells, both in constitutively active and quiescent
neurogenic niches, might be related to the proportional higher D3 receptor affinity of PPX,
non-dopaminergic effects of PPX, or altered motor behavior.

Keywords: adult neurogenesis, dentate gyrus, striatum, dopamine agonist, dopamine receptor, neuroblast,
doublecortin, Parkinson’s disease
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Dopaminergic Stimulation of Hippocampal and Striatal Neurogenesis

INTRODUCTION

The generation of new neurons in the adult forebrain persists in
the subgranular zone (SGZ) of the dentate gyrus (DG) and the
subventricular zone (SVZ) of the lateral ventricles throughout
the mammalian lifespan (Sanai et al., 2004; Ming and Song,
2005; Spalding et al., 2013), including non-human primates and
humans (Eriksson et al., 1998; Ngwenya et al., 2006; Jabes et al.,
2010; Spalding et al., 2013). Several extrinsic factors regulate
proliferation and survival of neural precursor cells (NPCs)
such as growth factors, hormones, and neurotransmitters in
the “classical” constitutively active neurogenic niches (Brezun
and Daszuta, 1999; Kulkarni et al., 2002). In this regard, the
neurotransmitter dopamine (DA) plays a pivotal role (Winner
et al., 2006; Berg et al., 2011) since dopaminergic fibers directly
target hippocampal and SVZ NPCs (Hoglinger et al, 2004).
Dopaminergic neurons in the midbrain, particularly from the
substantia nigra pars compacta (SNc) and the ventral tegmental
area (VTA) innervate the hippocampal formation, as well as
the striatum (Bjorklund and Dunnett, 2007; Hoglinger et al.,
2014). The SGZ is mainly targeted by dopaminergic projections
of the caudal SNc (Hoglinger et al., 2004). In rodents, neurons
of the SNc project toward the dorsal and lateral striatum in a
topographically ordered medial-to-lateral arrangement forming
the ascending nigrostriatal pathway (Perrone-Capano and Di
Porzio, 2000). The previously defined non-neurogenic region,
the striatum, possesses the ability to generate neuroblasts
in response to cerebral ischemic stroke or traumatic injury
and in corresponding animals models (Luzzati et al, 2011;
Nato et al., 2015). Furthermore, striatal neurogenesis has also
been observed in adult non-human primates, such as the
squirrel monkey (Bedard et al, 2002). An indication for the
generation of new neurons in the striatum also derives from
a study in humans using a birth dating approach based on
the incorporation of nuclear-bomb-test-derived '4C in the DNA
of proliferating cells. Strikingly, a postnatal turnover of cells
was observed in the human striatum post-mortem (Ernst et al.,
2014).

Adult hippocampal neurogenesis is severely impaired in
neurodegenerative diseases, in particular Parkinson’s disease
(PD), the second most common neurodegenerative disorder
(Maj et al, 1997). One of the well-known hallmarks in PD
is the loss of dopaminergic neurons in the SNc with the
consecutive reduction of dopaminergic projections to the DG
and the striatum (Bernheimer et al., 1973; Hoglinger et al., 2004).
Although, the current treatment in PD is mainly constituted

Abbreviations: 6-OHDA, 6-hydroxydopamine; BDNE, brain derived growth
factor; BrdU, 5-bromo-2’-deoxyuridine; cAMP, cyclic adenosine monophosphate;
d, days; DA, dopamine; DAB, 3,3'-diaminobenzidine; DCX, doublecortin; DG,
dentate gyrus; D.Str., dorsal striatum; GCL, granule cell layer; GDNE glial cell
derived neurotrophic factor; HD, Huntington’s disease; i.p., intraperitoneal; LED,
levodopa equivalent dose; NA, not applicable; NeuN, neuronal nuclei; NPCs,
neural precursor cells; PB, phosphate buffer; PBS, phosphate buffered saline;
PD, Parkinson’s disease; PFA, paraformaldehyde; PKA, protein kinase A; PPX,
pramipexole; ROP, ropinirole; SEM, standard error of the mean; SGZ, subgranular
zone; SNc, substantia nigra pars compacta; SVZ, subventricular zone; TBS,
Tris-buffered saline; V.Str., ventral striatum; VTA, ventral tegmental area; wks,
weeks.

by levodopa and/or DA agonists to alleviate the diminished
dopaminergic tone within the striatum, a better understanding
of the micro-environmental signals regulating the generation
of NPCs will provide the possibility to regionally increase the
neural pool in the hippocampal formation and possibly in
quiescent neurogenic areas like the striatum. DA agonists act
by binding to different subsets of postsynaptic DA receptors
classified into two groups based on their intracellular signaling
properties, the D;- and the D,-like family. D; and D5 receptors,
belonging to the D;-like family, are coupled to G-proteins and
thereby enhancing cyclic adenosine monophosphate (cAMP)
levels, whereas D,, D3 and Dy classified as D,-like receptor,
exert an opposite effect on cAMP resulting in decreased protein
kinase A (PKA) activity (Missale et al., 1998). Pramipexole (PPX)
is a Dj-like selective, non-ergolinic DA agonist with 5- to 7-
fold higher affinity selectivity for the D3 receptor compared
to the D, receptor and minimal activity on the D4 receptor
(Mierau et al., 1995; Dooley and Markham, 1998). Ropinirole
(ROP), another non-ergolinic DA agonist, has also a selectivity
for D,-like family receptors, but exhibit less specificity for the
D3 receptor in comparison to PPX (Tanaka et al., 2001). In
rodents D,-like family receptors are anatomically distributed
in telencephalic regions receiving dopaminergic afferents from
the VTA (A10), such as the hippocampus and the whole
striatum as observed by in situ hybridization and by qPCR
analysis of RNA extracted from hippocampal and striatal regions
(Sokoloff et al, 1990; Bouthenet et al., 1991; Mu et al,
2011).

Several in vivo studies focused on dopaminergic stimulation
of adult neurogenesis within the SVZ or the SGZ in rodents
with dopaminergic lesions (Winner et al., 2006; Chiu et al,
2015). Initially, there was evidence that levodopa restores
proliferation of NPCs within the SVZ after 6-hydroxydopamine
(6-OHDA) lesioning (Hoglinger et al., 2004). Furthermore, the
proliferation of NPCs was reduced in the SVZ of 6-OHDA-
lesioned rats (Winner et al, 2006), and consequently, PPX
administration induced the proliferation of NPCs in the SVZ of
6-OHDA lesioned rats (Winner et al., 2009). Recently, treatment
of levodopa and PPX restored decreased neurogenesis in the
DG and periglomerular layer of the olfactory bulb in mice
with bilateral intra-nigral 6-OHDA lesions (Chiu et al., 2015).
Since these studies were performed in lesioned animals only,
we explored the effects of the DA agonists, PPX and ROP,
frequently used for the treatment in PD patients, on adult
neurogenesis in the hippocampal SGZ and striatum of adult naive
mice.

MATERIALS AND METHODS

Animals

Naive female C57BL/6 mice aged 3 months (obtained from
Charles River Laboratories International, Inc.) were housed in
a 12h light/12 h dark cycle and had free access to food and
water. All experiments were carried out in accordance with
the European Communities Council Directive of November,
24th 1986 (86/609/ EEC) and were approved by the local
governmental commission for animal health.
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Experimental Design

Proliferation of NPCs and the survival of newly generated
neurons in the DG were analyzed using three weight- and
age-matched groups of animals [proliferation group: phosphate
buffered saline (PBS), n = 5; PPX and ROP, n = 6; survival
group: PBS, n = 5; PPX and ROP, n = 7]. For both
designs, PPX, ROP, or PBS was administered by intraperitoneal
injections (i.p., dissolved in 100 1 PBS) once per day for 14
consecutive days: animals received either PPX 0.3 mg/kg or
ROP 3.0mg/kg; the control animals were injected with 0.5%
PBS only. The dose selection for PPX and ROP was based
on previous studies where PPX treatment in a dose range
between 0.1 and 1 mg/kg for up to 2 weeks was able to restore
lesion-induced dopaminergic deficits in mice on a functional,
biochemical, and structural level (Anderson et al., 2001; Jabes
et al., 2010). Furthermore, ROP treatment for up to 1 week
with doses between 0.5 and 3 mg/kg attenuated lesion-induced
dopaminergic deficits in mice (lida et al., 1999; Park et al,
2013). In addition, we referred to the levodopa equivalent
dose (LED) representing an estimation of the DA agonist dose
able to produce a similar antiparkinsonian effect as 100 mg
of levodopa in humans. The standardized LED for PPX and
ROP are 1 and 5mg, respectively (Yamada et al., 1990). The
2-week treatment period with DA agonists was also based on
previous studies reporting chronic DA agonist administration
being more effective in enhancing adult neurogenesis than acute
administration (Winner et al., 2009; Onoue et al., 2014; Takamura
etal., 2014).

To label proliferating cells in the forebrain, 5-bromo-2’-
deoxyuridine (BrdU) was injected i.p. twice on day 15 (100 mg/kg
body weight; Figure 2A, proliferation paradigm). At day 15,
animals were deeply anesthetized and transcardially perfused
with 4% paraformaldehyde (PFA; Sigma) in 100 mM phosphate
buffer (PB), pH 7.4. In order to detect the survival of newly
generated cells in the DG, BrdU was administered once daily for
the first 5 days (50 mg/kg, given in a volume of 100 pl) of the 14-
days DA agonist treatment in a second cohort of mice, and after
2 weeks animals were perfused at day 37 (Figure 3A, survival
paradigm).

Tissue Processing

Dissected brains were post-fixed in 4% PFA/PBS for 24 h,
placed in a solution of 30% sucrose in PBS and cut into 40-pm
coronal and sagittal sections using a sliding microtome (Leica,
Germany) on dry ice. The sections were stored in cryoprotectant
(ethylene glycol, glycerol, 0.1 M PB pH 7.4, 1:1:2 by volume)
at —20°C until further processing for immunohistochemistry
or -fluorescence.

Immunohistochemistry and -Fluorescence

Immunostainings were performed as previously described (Kohl
etal.,2012). In order to detect BrdU, tissues were pre-treated with
formamide and HCI in order to denature DNA. Free-floating
sections in Tris-buffered saline (TBS: 0.15 M NaCl, 0.1 M Tris-
HCI, pH 7.5) were treated with 0.6% H,O; for 30 min. Following
several washes in TBS, sections were blocked in 3% donkey
serum and 0.1% Triton-X100 (Sigma) diluted in TBS for 1 h and

incubated with primary antibodies in blocking solution overnight
at 4°C. The primary antibodies used were monoclonal rat anti-
BrdU (1:500, AbD Serotec, Oxford, UK), monoclonal mouse anti-
Neuronal Nuclei (NeuN; 1:500, Millipore, Billerica, MA, USA),
and polyclonal goat anti-DCX (1:250, Santa Cruz Biotechnology,
CA, USA). For immunohistochemistry, tissues were treated
with biotin-conjugated species-specific secondary antibodies
followed by incubation with avidin-biotin-peroxidase complex
(1:100) and 3, 3’-diaminobenzidine (DAB) substrate (both Vector
Laboratories, Burlingame, CA, USA). For immunofluorescence,
donkey-derived anti-mouse and anti-rat secondary antibodies
were used conjugated with Alexa-568 and Alexa-488 or biotin
(1:500, Dianova, Hamburg, Germany), respectively (all 1:1000,
Invitrogen, Carlsbad, CA, USA). For all antibodies, control
stainings without primary antibody showed no signal.

Counting Procedures

Slides were blind-coded and all counting procedures were
performed on 40-pum sagittal sections. Every 6th section (240-pm
interval) was selected and processed for immunohistochemistry.
To analyze the number of BrdUT cells in the granule cell
layer (GCL) of the DG, BrdU-labeled cells were exhaustively
counted on each section excluding the uppermost focal plane
(exclusion plane) and the obtained values multiplied by 6,
as an estimation of the total number of BrdU™ cells, both
for the proliferation and survival paradigm (Williams and
Rakic, 1988). All counting procedures and measurements of
reference DG volumes (measured in mm?) were conducted on a
light/fluorescence microscope (Zeiss Axiolmager M2, Gottingen,
Germany) equipped with a semi-automatic stereology system
(Stereoinvestigator, MicroBrightField, Colchester, VT, USA) as
previously described (Kohl et al., 2012). The subsequent densities
of BrdU" cells were calculated by dividing the number by
the DG volume for each animal. To quantify the number of
DCX* neuroblasts in the entire striatum and consequently in
the dorsal and ventral sub-regions, we used sections at the
following coordinates: interaural lateral 1.44 and 1.08 mm. By
using this approach, the boundaries between the dorsal and
ventral striatum are anatomically well-defined by the anterior
commissure (see Figure 1, adopted from Franklin and Paxinos,
2013). The identical procedures as above described were applied
for the assessment of DCX™ cell numbers and striatal volumes.
All bright-field images were obtained using the same microscope,
as previously described.

To estimate the differentiation into a neuronal phenotype,
every 12th section was stained for BrdU and NeuN by
immunofluorescence and examined using a confocal laser
microscope (ZEISS LSM780, Gottingen, Germany) equipped
with a 40x PL APO oil objective and a pinhole setting that
corresponds to a focal plane of 2 pm or less. In the DG, 40
to 50 BrdU™ cells from each animal were analyzed, randomly
selected, and examined by moving through the z-axis of each
cell in order to exclude false double labeling. BrdU" cells were
counted (newborn cells) and cells positive for both BrdU and
NeuN (BrdU™/NeuN™ double-positive cells, newborn neurons)
were assessed. The ratio of BrdUT/NeuN™ double positive
cells by BrdU™T cells was determined. Applying the ratio of
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FIGURE 1 | Topographical map of sagittal sections of adult mice
adopted from Franklin and Paxinos (2013). Regions analyzed within this
study are marked and include the dorsal and ventral striatum. Sections
analyzed between interaural lateral 1.44 and 1.08 mm. D.Str., dorsal striatum;
V.Str., ventral striatum.

BrdUt/NeuN™ cells to the density of BrdU™ cells the number
of newborn neurons was calculated. Fluorescent images were
obtained using the identical confocal laser microscope (40x APO
objective).

Statistical Analysis

All values are expressed as mean =+ standard error of the mean
(SEM). Statistical analysis was performed using one-way ANOVA
comparisons between treatment groups followed by Tukey’s
post-hoc analysis (Prism 5; GraphPad, San Diego, CA, USA).
For the analysis of DCX™ neuroblasts in the sub-regions of the
striatum, we used a classical linear regression with a square root
transformation of the dependent variable. Significance threshold
was assumed at p < 0.05.

RESULTS

PPX, but Not ROP Administration Results
in Increased Proliferation of NPCs in the
Hippocampal DG

In order to investigate the effect of two different DA agonists on
NPC proliferation in the adult DG, we compared the density of
newborn cells between PPX-, ROP-, and PBS-injected animals.
The groups were daily injected with PPX, ROP, or PBS for 14
days followed by two BrdU administrations at the same day prior
to perfusion (Figure 2A). We quantified the number of BrdU™
cells in the DG and calculated their density. PPX significantly
increased the number of BrdU™ cells compared to PBS-injected
mice by 42% [PPX: 15421.3 & 544.2, ROP: 12722.9 + 129.4, PBS:
10864.2 + 827.1, F 14y = 17.65, p < 0.001; Figures 2B-D;
Table 1]. In contrast, there was no significant effect on the
number of BrdU™ cells after administration of ROP (p > 0.05;
Figures 2B,E; Table 1). In addition, there was no effect of both
DA agonists on the DG volume [PPX: 0.183 % 0.01, ROP: 0.174
£0.01, PBS: 0.198 £ 0.02, F(», 14y = 0.569, p > 0.05].

PPX Doubles Adult Neurogenesis in the
Murine DG

Next, we analyzed whether 14 days of administration with
PPX or ROP has a pro-neurogenic effect by determining the
survival of newborn neurons in the DG 32 days after the
last BrdU injection (Figures 3A,C-E). Therefore, we quantified
the density of surviving new DG cells and determined the
number of cells colabelling BrdUT and the mature neuronal
marker NeuN™ in the DG. Interestingly, we observed that the
percentage of NeuN/BrdU double-labeled cells was significantly
increased in PPX-injected mice compared to ROP and PBS
[PPX: 88% =+ 0.99, ROP: 73% =+ 1.25, PBS: 70% =+ 0.93,
Fo 16y = 7641, p < 0.05]. However, there was no effect of
ROP compared to PBS-injected mice. Calculating the density of
newborn neurons (BrdUt/NeuN™), PPX significantly enhanced
hippocampal neurogenesis by 91% in comparison with PBS-
injected mice [PPX: 11468.0 £ 1254.0, ROP: 7369.0 4= 797.8, PBS:
6014.0 &= 928.2, F(; 15) = 7.305, PPX vs. PBS p < 0.01, PPX
vs. ROP p < 0.05; Figures 3B,F-H; Table 1]. In contrast, the
administration of ROP did not result in an increased number
of new neurons compared to PBS-injected mice (p > 0.05;
Figure 3B). Again, DG volumes were not different between
groups [PPX: 0.152 £ 0.01, ROP: 0.151 + 0.01, PBS: 0.150 +
0.008, F5, 15) = 0.008, p > 0.05].

PPX Predominantly Promotes the
Generation of DCX* Neuroblasts in the

Dorsal Striatum

We further investigated whether chronic DA agonist treatment
influences the number of neuroblasts within the striatum.
We quantified the number of DCX* cells in the striatum of
animals from the survival paradigm. We observed that PPX
and ROP had no significant effect on the total number of
neuroblasts in the entire striatum compared with PBS-treated
mice [PPX: 257.1 £ 63.1, ROP: 157.7 & 23.3, PBS: 1344 +
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FIGURE 2 | Increased cell proliferation in the murine DG after chronic administration with PPX, but not after ROP treatment. (A) Proliferation paradigm.
3-month-old C57BL/6 received either i.p. PPX, ROP or PBS for 14 days. At day 14, animals were i.p. injected with BrdU (100 mg/kg) twice to label proliferating cells.
Mice were perfused at day 15. (B) Quantification of BrdU™ cells in the DG revealed an increased density of proliferating cells after PPX compared to ROP and PBS.

Representative stainings of BrdUt cells in the DG of PBS- (C), PPX- (D), and ROP-injected animals (E). Error bars represent mean -+ SEM. One-way ANOVA followed
by Tukey’s post-hoc test, *p < 0.05. Scale bar: 50 pm (C-E).
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FIGURE 3 | PPX only increases the generation of new neurons in the murine DG. (A) Survival paradigm. At the beginning, 3-month-old animals received PPX,
ROP or PBS i.p. for 14 days. During the first 5 days, all mice were i.p. injected with BrdU (50 mg/kg). Animals were perfused 32 days after the last BrdU injection. (B)
Hippocampal neurogenesis (calculated density of BrdUt/NeuN* neurons) was increased after PPX compared to PBS. No change in DG neurogenesis was observed
after ROP treatment. Representative stainings of BrdU™ in the DG of the hippocampus of PBS (C), PPX (D), and ROP (E) treated mice show a significant increase in
PPX-injected animals compared to ROP- and PBS-injected controls. Confocal microscopy depicts double-labeled BrdUT (green)/NeuN™ (red) neurons in the

hippocampal DG of PBS (F), PPX (G), and ROP-injected mice (H). Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post-hoc test, *p < 0.05.
Scale bars: 20 pm (C-H).

13.9, F3, 16) = 2.237, p > 0.05; Figures 4A-D; Table 1]. To  ventral striatum, we analyzed the number of DCX™ cells in both
detect whether the dorsal striatum, being highly innervated by = sub-regions separately (Figure 1). To analyse the impact of PPX
dopaminergic projections of the SN¢, was affected by PPX or ~ and ROP simultaneously on the subregions (dorsal striatum,
ROP administration to a greater extent in comparison to the = PPX: 185.1 &= 41.6, ROP: 104.6 £ 16.5, PBS: 103.2 £ 6.1; ventral
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TABLE 1 | Summary of PPX and ROP treatment on hippocampal and striatal neurogenesis.

PBS PPX ROP

Hippocampal neurogenesis
Proliferation DG: density of BrdU* cells

10864.2+827.1

154213 + 544 2###.++ 12722.94+129.4

Newly generated neurons DG: density of BrdUT/NeuN™ cells 6014.0+928.2 11468.0 + 1254,0%#.+ 7369.0+797.8
Striatal Neuroblasts

DCXT cells overall 134.44+13.9 257.1+£63.1 167.7+23.3

DCXT dorsal striatum 103.2+6.1 185.1 +41.6% 104.6+16.5

DCXt ventral striatum 31.2+10.5 72.0+23.6 53.1+24.1

PPX induced an increased number of dividing cells compared to ROP (by 21%) and PBS (by 42%) in the DG. A significant increased survival of newly generated neurons, identified by
BrdU/NeuN co-labeling, was observed in the DG of PPX-injected mice in comparison to ROP (56%) and PBS (91%). PPX-injected mice showed a non-significant increase of DCX*
neuroblasts in the entire striatum compared to PBS- or ROP-injected mice. Data is shown as mean + SEM. Comparison between groups in the DG and the entire striatum was
performed by one-way ANOVA followed by Tukey’s post-hoc test and in the dorsal and ventral striatum by using a classical linear regression. BrdU, 5-bromo-2'-deoxyuridine; NeuN,

neuronal nuclei, DCX: doublecortin.

### Significance level p < 0.001 compared to PBS; " Significance level p < 0.01 compared to PBS; *Significance level p < 0.05 compared to PBS; **Significance level p < 0.01

compared to ROP; *Significance level p < 0.05 compared to ROP,

striatum, PPX: 72.0 £ 23.6, ROP: 53.1 & 24. 1, PBS: 31.2 £
10.5; Figure 4E), we fit a linear regression model on the number
of DCXT cells. To gain normality in the dependent variable a
square root transformation was used. The effect of region was
significant with a coefficient of —4.73 (sd = 1.00, p < 0.001,
reference category: dorsal). In the categorical variable treatment
(reference category: PBS) the effect of PPX was significant with
a coeflicient of 3.01 (sd = 1.28, p = 0.0246), while the effect of
ROP was not significant with a coefficient of 0.606 (sd = 1.28,
p = 0.639). The intercept of the model was 9.88. The volumes
of the entire striatum did not differ significantly between groups
[PPX: 3.065 £ 0.233, ROP: 2.788 £ 0.313, PBS: 2.962 + 0.471,
F(Z, 16) = 0201,p > 005]

DISCUSSION

The chronic administration of the non-ergoline D,/D3-receptor
agonist PPX is able to strongly stimulate cell proliferation as
well as adult neurogenesis in the hippocampal DG of naive
mice. In contrast, the D2/D3-receptor agonist ROP shows no
pro-neurogenic effects, neither on cell proliferation nor on the
survival of newly generated DG neurons. Moreover, PPX only
resulted in an increased number of DCX™ neuroblasts in the
dorsal striatum suggesting a specific PPX mediated effect in the
mouse forebrain, both for constitutively active and quiescent
neurogenic niches.

While increasing experimental evidence supports the pro-
neurogenic effect of dopaminergic compounds such as levodopa
or DA agonists for enhancing adult neurogenesis in the SVZ
(Van Kampen et al., 2004; Borta and Hoglinger, 2007; Winner
et al, 2009) their role in stimulating adult hippocampal
neurogenesis is rather limited. In the present study we observed
that mice injected with PPX (0.3 mg/kg) over 14 days showed
an increase of proliferating cells by 42% in the hippocampal
DG compared to PBS-injected controls. In contrast, chronic
ROP administration (3 mg/kg) failed to stimulate hippocampal
cell proliferation. So far, two studies examined the effect

of DA agonists on cell proliferation in the hippocampus in
naive rats: Onoue and colleagues described a reduction of
proliferating BrdU™ cells in the SGZ by 34% after administration
of PPX for 14 days in Wistar rats using a higher dosage
of PPX (1mg/kg; Onoue et al, 2014; Table2). Another
study observed no changes in SGZ proliferation of Sprague
Dawley rats following PPX administration for 21 days at two
different dosages (0.3 or 1mg/kg; Takamura et al, 2014).
These apparent discrepancies between the present and previous
studies in enhancing adult hippocampal neurogenesis after
chronic PPX administration may be very likely explained by
species differences related to distinct characteristics of the
hippocampal neurogenic niche of mice and rats. Interestingly,
there is a species difference in relation to the duration
necessary for the maturation of new DG neurons (Snyder et al.,
2009).

Besides analyzing the effect of PPX on the proliferation of
hippocampal NPCs, the aim of this study was to determine
whether these newly generated cells were able to differentiate
toward a neuronal lineage. Here, we observed that PPX
administration significantly enhanced the proportion of neuronal
differentiation resulting in an increased density of newly
generated neurons by 91% in the DG of adult naive mice
compared to PBS-injected controls. Again, ROP administration
failed to enhance hippocampal neurogenesis. The present effect
of PPX on the survival and differentiation of newly generated
neurons in the DG is in contrast to the previous study by
Takamura et al. in rats where PPX at two different dosages (0.3
and 1 mg/kg) failed to enhance the survival of newly generated
cells (Takamura et al., 2014). However, the D3-receptor DA
agonist SKF38393 increased the survival of newly generated cells
by 53%, however without determining the cellular phenotype
(Takamura et al., 2014). While the majority of previous findings
are in contrast to the present study (see Table 2), it is very
likely that in particular species differences may account for the
divergent response to chronic DA agonist administration. This
notion is supported by our previous study in 6-OHDA lesioned
Sprague-Dawley rats, where chronic PPX administration was
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FIGURE 4 | PPX induces the generation of neuroblasts in the dorsal compared to the ventral striatum. Representative stainings of DCX* cells in the
striatum showing a low number of neuroblasts in the PBS (A) and in the ROP group (C), and a higher number in the PPX group (B). Insert displays the region of
interest with DCX* cells at higher magnification. (D-E) Quantification of DCX* neuroblasts in the entire striatum, and separately in the dorsal vs. ventral striatal
sub-regions. No significant difference in the number of DCX™ cells was observed in the entire striatum for all groups (One-way ANOVA followed by Tukey’s post-hoc
test). In contrast, the analysis of striatal sub-regions by using a linear regression model revealed a significant effect of PPX, but not with ROP treatment. Please note
that the regression model was calculated based on the square root transformed numbers of DCX neuroblasts, whereas the untransformed numbers are displayed in
E. Error bars represent mean 4+ SEM. Scale bars: 50 pm (A=C), 10 um (insert). D.Str, dorsal striatum; V.Str, ventral striatum.
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TABLE 2 | Overview of studies addressing the effects of DA agonists on hippocampal neurogenesis in naive rodents.

Study Species/background, BrdU dosage/paradigm Treatment Proliferation Survival
age, gender
Present study C57BL/6 mice; 2 x 100 mg/kg 24 h before 0.3mg/kg PPX 14d 1d:42% 1 (BrdU) 32d:91% 1+
12 wks, female perfusion or 5 x 50mg/kg 32 d (BrdU/NeuN)
bef rfusi
Siors pertusion 3mg/kg ROP 14d  1d: o BrdU) 2do
(BrdU/NeuN)
Onoue et al., Wistar rat; male 4 x 75mg/kg 6 h before 1mag/kg PPX 14d 1d: | 34.2% (BrdU) NA
2014 perfusion
Takamura Sprague-Dawley 1 x 75 mg/kg 24 h before 0.3 or 1 mg/kg PPX 21d 1d: « (BrdU) 23 d: < (BrdU)
etal, 2014 rat; 7 wks, male perfusion or 21 d before
us
pertusion 100r 30mg/kg SKF38393  21d  1d: < (BrdU) 23 d: 53% 1
(Brdu)

Values indicate the percentage increase or decrease of BrdU* and BrdU*/NeuN* cells in the DG compared to the control groups of the respective studies. The age of the animals
at the beginning of the experiments is given. <; no effect vs. control, 4. increased effect vs. control; |}.: reduced effect vs. control. NA, not applicable, d, days, wks: weeks, BrdU,

5-bromo-2'-deoxyuridine; NeuN, neuronal nuclei.

not able to enhance adult neurogenesis in the hippocampal
DG (Winner et al., 2009). In support of this striking species
difference in regard to the response to dopaminergic stimuli,
a very recent study showed that PPX administration rescued
an impaired DG neurogenesis in 6-OHDA lesioned mice (Chiu
et al., 2015).

PPX, but not ROP had a strong pro-neurogenic effect on adult
hippocampal neurogenesis in mice although both compounds

are Dj-like selective DA agonists. One possible explanation
for the different efficacy between both DA agonists may be
related to the distinct receptor binding profile of PPX with its
proportional higher affinity to the D3 receptor. In addition,
the chosen dosage for ROP may be too low, although recovery
of dopaminergic parameters after lesioning has been observed
in the range of 0.5-2.0mg/kg in mice (Iida et al., 1999; Park
et al,, 2013). Furthermore, Li and colleagues demonstrated
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that PPX administered both at a low (0.1 mg/kg) or high
dosage (0.5 mg/kg) showed neuroprotective effects in a murine
PD model with an impaired ubiquitin-proteasome system (Li
et al., 2010). Interestingly, pretreatment with the D3 receptor
antagonist U99194 blocked the PPX-mediated neuroprotection
implying a selectivity of PPX for the D3 subtype (Li et al., 2010).
However, there is also evidence for the selectivity of ROP for
the D3 subtype over human D, and D4 receptors based on
radio-ligand binding studies (Eden et al.,, 1991). Alternatively,
the effect of DA agonists on proliferation and differentiation
of hippocampal NPCs may be mediated by non-dopaminergic,
pro-neurogenic mechanisms, e.g., the stimulation of distinct
growth factors such as brain derived growth factor (BDNF) and
glial cell derived neurotrophic factor (GDNF; Du et al., 2005),
or altered physical activity (Yamada et al,, 1990; Maj et al,
1997).

The recent discovery of adult neurogenesis in the human
striatum and previously in the rodent striatum showed that
the generation of new neurons takes place in regions generally
considered as non-neurogenic (Bedard et al., 2002; Dayer et al.,
2005; Ernst et al., 2014; Inta et al., 2015). In the present study,
we addressed the question whether the DA agonists, PPX or
ROP, promote the generation of DCX" neuroblasts in the
striatum of naive adult C57BL/6 mice. Indeed, we observed
DCX™ neuroblasts throughout the striatum possibly constituting
an endogenous cellular pool with the potential to further
differentiate into neurons under physiological conditions, in the
context of a compromised striatal microenvironment or upon
specific exogenous stimuli. Interestingly, the number of DCX*
neuroblasts was significantly higher in the dorsal compared to
the ventral sub-region of the striatum in the PPX group only.
This dorsal-ventral gradient may reflect the fact that the dorsal
striatum receives the majority of dopaminergic projections from
the SNc¢ (Haber, 2014).

Previously, a 10-fold increase in the number of BrdU™ cells
was observed in the dorsal striatum of adult Sprague-Dawley
rats following the intraventricular administration of the Dj-
receptor agonist 7-hydroxy-N,N-di-n-propyl-2-aminotetralin
(Van Kampen et al., 2004). However, systemic treatment with
PPX both in 6-OHDA and PBS medial forebrain bundle injected
rats did not increase the number of DCX™ neuroblasts in the
dorsal striatum (Winner et al., 2009). At present, it is still an
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Newborn neurons are continuously added to the hippocampal dentate gyrus throughout
adulthood. In this review, we analyze the maturational stages that newborn granule
neurons go through, with a focus on their unique morphological features during
each stage under both physiological and pathological circumstances. In addition,
the influence of deleterious (such as schizophrenia, stress, Alzheimer’s disease,
seizures, stroke, inflammation, dietary deficiencies, or the consumption of drugs of
abuse or toxic substances) and neuroprotective (physical exercise and environmental
enrichment) stimuli on the maturation of these cells will be examined. Finally, the
regulation of this process by proteins involved in neurodegenerative and neurological
disorders such as Glycogen synthase kinase 3B, Disrupted in Schizophrenia 1 (DISC-1),
Glucocorticoid receptor, pro-inflammatory mediators, Presenilin-1, Amyloid precursor
protein, Cyclin-dependent kinase 5 (CDK5), among others, will be evaluated. Given the
recently acquired relevance of the dendritic branch as a functional synaptic unit required
for memory storage, a full understanding of the morphological alterations observed in
newborn neurons may have important consequences for the prevention and treatment
of the cognitive and affective alterations that evolve in conjunction with impaired adult
hippocampal neurogenesis.

Keywords: neurogenesis, hippocampus, morphology, neurodegeneration, neuroprotection, retrovirus, golgi,
newborn granule neuron

Despite increasing knowledge regarding the developmental steps that control the proliferation,
differentiation, and integration of adult-born granule neurons in the hippocampal circuit,
the regulatory genes required for morphological maturation and neurite growth of newborn
granule cells remain largely unknown. Given that alterations in adult hippocampal neurogenesis
(AHN) may be key components in hippocampus-associated neurological diseases, such as major
depression (Malberg et al., 2000; Santarelli et al., 2003), schizophrenia (Suh et al., 2013), Alzheimer’s
disease (AD) (Perry et al., 2012), and epilepsy (Lothman et al., 1992), understanding the molecular
mechanisms underlying neuronal migration, neurite extension, and dendrite pathfinding of
newborn neurons will be crucial if headway is to be made in the prevention and treatment of
neurological and neurodegenerative diseases.

In this review, the fundamental aspects regulating the establishment of the classical morphology
of the hippocampal granule neuron will be evaluated under physiological conditions. Pathological
aspects will be also discussed. Given the recently acquired relevance of the dendritic branch as a
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Morphological Changes of Hippocampal Granule Neurons

functional synaptic unit needed for memory storage
(Govindarajan et al, 2011), alterations in the appropriate
branching, structure, and pathfinding of neurites might have
far-reaching effects on the synaptic integration and activity
of these newborn neurons, phenomena demonstrated to be
dysregulated in the aforementioned disorders.

VARIATIONS IN THE MORPHOLOGY OF
NEWBORN GRANULE NEURONS UNDER
PHYSIOLOGICAL CONDITIONS

Morphological Maturation of Newborn

Granule Neurons

Under physiological conditions, the generation of newborn
neurons in the adult brain of vertebrates occurs mainly in two
regions, namely the subventricular zone of the lateral ventricles
and the subgranular zone (SGZ) of the hippocampal dentate
gyrus (DG) (Kempermann et al, 1998). Adult hippocampal
neurogenesis (AHN) occurs in several vertebrate species,
including humans (Eriksson et al., 1998; Spalding et al., 2013).
In the latter, AHN is quantitatively much more important
than adult neurogenesis in the subventricular zone. In addition,
while a net age-related reduction of AHN occurs in rodents,
in humans only a modest decline in turnover rate has been
reported (Spalding et al., 2013), thus supporting the predominant
role played by the hippocampus in cognitive processing in our
species (Spalding et al., 2013). The maturational stages that
newborn neurons go through before becoming fully mature
can be identified on the basis not only of the expression of
specific molecular markers but also of unique morphological
features, as shown in Figure 1A. In the DG, Type-1 cells have a
triangular soma and a single apical prolongation that enters the
granule cell layer (GL), branching sparsely in the inner molecular
layer (IML), where it disperses into many small processes
(Kempermann et al., 2004). After dividing asymmetrically,
radial-glia-like progenitor (or Type 1) cells give rise to a
transiently amplifying population of intermediate neuronal
precursors (Type 2 cells). From an electrophysiological and
morphological perspective, the transiently amplifying progenitor
stage comprises a heterogeneous population of cells. During
their initial stages of differentiation (Type-2 cells), they have
flabby short processes oriented tangentially and an irregularly
shaped dense nucleus. However, during more advanced stages
of differentiation, such as the neuroblast stage (Type-3 cells),
the greatest morphological and electrophysiological changes
occur, and the expression of neuronal markers progressively
increases. At the end of this stage, cells are oriented vertically
and they present a rounded or slightly triangular nucleus and
a clearly visible apical dendrite (Kempermann et al., 2004). By
means of retroviral labeling of newborn neurons, Zhao et al.
demonstrated that the apical dendrite of these cells reaches
the IML and the edge of the molecular layer (ML) at 10 and
21 days post-injection, respectively (Zhao et al, 2006). The
complexity of the dendritic tree of immature newborn neurons
increases sequentially during subsequent maturational stages.
Dendritic spines can be observed for the first time around 16

days after retroviral injection (Zhao et al, 2006). Excitatory
synapses appear around the third week of cell life (Kelsch
et al., 2008). Once dendritic spines have formed, their number,
volume and complexity progressively increase until reaching a
plateau at 8-10 weeks of cell age (van Praag et al., 2002). At
the end of this maturational process, newborn neurons are fully
integrated into tri-synaptic circuits and are electrophysiologically
and morphologically indistinguishable from surrounding mature
granule neurons (Zhao et al., 2006; Llorens-Martin et al., 2015).
Mature granule neurons generally have only one primary apical
dendrite emerging from the soma and which is vertically oriented
toward the ML. This dendrite remains poorly bifurcated until
it reaches the ML, where it branches extensively in order to
receive its main afferents, namely the perforant pathway from
the Entorhinal cortex (EC). We refer to this characteristic
morphology of granule neurons as “Y-shape,” which contrasts
with the other shapes present in several pathological conditions,
as will be further commented. In this regard, it is noteworthy that,
under physiological conditions, the length of the primary apical
dendrite is generally inversely correlated to the position that the
cell occupies in the GL. Thus, cells whose nuclei are placed in the
outer third of the GL have much shorter primary apical dendrites
than cells located in the inner section of this layer. While
this empirical observation has been systematically reported in
the literature, it has received little attention. However, whether
migration to the outer sections of the GL is accompanied by and
related to the retraction of the primary apical dendrite merits
further study. The shortening of the primary apical dendrite
should be considered a physiological difference between newborn
granule neurons and those generated during development (which
are generally located in the outer third of the GL) and should not
be confused with the pathological shortening of that occurs in
some pathologies. As pointed out by Redila et al., cells with more
than one primary apical dendrite appear almost exclusively in
the outer third of the GL under physiological conditions and do
not seem to correspond to adult-generated neurons but rather to
old granule neurons generated during development (Redila and
Christie, 2006).

Figure 1 shows the characteristic morphology of the stages of
granule cell development previously mentioned (Figure 1A), as
well as the representative Sholl’s analysis of the dendritic tree of
these retrovirally labeled cells at various ages (Figure 1B). As can
be observed, the most outstanding outgrowth of the dendritic tree
occurs between 2 and 4 weeks after retroviral injections.

During differentiation, newborn neurons progressively
lengthen their axons [the mossy fibers (MFs)] and send them
toward the CA3 (Zhao et al,, 2006) and CA2 (Llorens-Martin
et al., 2015) hippocampal regions. Kohara et al. (2014) have
recently demonstrated that mature granule neurons establish
functional synapses not only with CA3 but also with CA2
pyramidal neurons. We have further confirmed these results
and also shown that newborn neurons also establish synapses
with the pyramidal neurons in CA2. The time-course of this
latter connection follows a similar one to that observed for CA3
(Zhao et al., 2006; Llorens-Martin et al., 2015). The first axonal
processes appear in the hilus 10 days after retroviral injection
and subsequently reach CA3 and CA2 at 12-13 days (Zhao et al.,
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FIGURE 1 | Morphological maturation of newborn granule neurons under physiological conditions. In (A) the different morphological stages newborn
neurons go through before becoming mature are shown. Type-1 cells have a triangular soma and a single apical prolongation that enters the granule cell layer,
branching sparsely in the inner molecular layer, where it disperses into many small processes (pale blue triangles). Type-1 cells divide asymmetrically and give rise to
transient amplifying progenitors. During their initial stages of differentiation, Type-2 cells have short processes oriented tangentially (yellow triangles) and an irregularly
shaped dense nucleus. However, during more advanced stages of differentiation such as the neuroblast stage (Type-3 cells), the greatest morphological changes
occur. At the end of this stage, cells are oriented vertically and present a rounded or slightly triangular nucleus and a clearly visible apical dendrite (white triangle).
Immature newborn neurons sequentially increase the complexity of their dendritic trees (purple triangles) during subsequent maturational stages until they are
indistinguishable from surrounding mature granule neurons. (B) Newborn neurons progressively enlarge their axons and send them toward the CA3 and the CA2
regions (pink triangles). In (C) the Sholl’s analysis of 1-, 2-, 3-, 4-, and 8-, week-old newborn granule neurons is shown. Dendritic branching progressively increases
with age. The greatest morphological changes occur between 2 and 4 weeks post-injection. H, Hilus; GL, Granule cell layer; ML, Molecular layer. Yellow scale bar:

£ 1 Week post-injection
® 2 Weeks post-injection
-4 3 Weeks post-injection
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8 Weeks post-injection

Number of Crossings

Distance to soma (um)

2006; Llorens-Martin et al., 2015). Figure 1C shows how the
axons of mature granule neurons labeled with GFP-expressing
retroviruses reach the CA3 and CA2 regions.

Differences among Mammalian Species

As previously commented, the dendritic tree of rodent granule
neurons has a “Y-shape.” The lack of basal dendrites in mature
granule neurons is a hallmark of these cells in rodents under
physiological conditions (Seress and Pokorny, 1981; Shapiro
et al., 2005). In fact, granule cells with basal dendrites appear
to be a recent formation in phylogeny. In this regard, their
morphological variability is greater in humans (Seress and
Mrzljak, 1987) than in rats and primates (Seress and Frotscher,
1990; Frotscher et al.,, 1991; Senitz and Beckmann, 2003). In
rats, only up to 2% of granule cells show basal dendrites (Seress
and Pokorny, 1981; Spigelman et al., 1998). In primates, 10%
of these cells present these structures (Seress, 1992; Seress and
Ribak, 1992), while 30% of granule cells from human control
subjects show basal dendrites (Seress and Mrzljak, 1987; Senitz
and Beckmann, 2003). As an exception, the presence of basal
dendrites in rodent granule neurons has been described only in
very immature neurons (Ribak et al., 2004) and in organotypic
hippocampal cultures. In the latter case, it has been proposed

that these structures are due to deafferentation caused by
hippocampus sectioning (Heimrich and Frotscher, 1991).

Regarding the morphology of granule neurons in the human
brain, in 1987, two simultaneous studies by de Ruiters et al. and
Flood et al. were published, in which the morphology of these
cells in non-demented aged subjects was described (de Ruiter
and Uylings, 1987; Flood et al., 1987). Using Golgi staining, these
authors indicated that, as in rodents, inverted-cone morphology
is typical of human granule neurons. They showed that the
highest branching of the dendritic tree occurs in the inner third
of the ML. Although the presence of basal dendrites did not
take place in all the subjects studied, the presence of thick basal
dendrites full of spines was found to be a common feature of
granule neurons. In a later study, Einstein et al. (1994) labeled
granule neurons intracellularly with Lucifer Yellow and further
confirmed the previous results obtained with Golgi staining,
corroborating the presence of numerous spines of distinct shapes
in the apical dendrites of these cells. In addition, Senitz et al.
described four types of granule neuron in humans on the basis of
the positioning and branching of the dendrites (Lauer et al., 2003;
Senitz and Beckmann, 2003). In addition, Flood et al. reported
age-related dendritic shortening in very elderly humans (Flood
et al,, 1985, 1987).
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In non-human primates, the morphology of granule neurons
has received little attention. Kohler et al. reported significant
differences in the timing of the maturation of newborn neurons
in Macaque monkeys compared to rodents (Kohler et al., 2011).
Whereas newborn granule neurons in rodents complete their
morphological maturation within 8-10 weeks (Zhao et al., 2006),
these authors demonstrated that 4th and 5th branching order
dendrites occur only after 11 or 23 weeks of maturation in
the newborn granule neurons of the Macaque monkey (Kohler
et al,, 2011). Figure 2 shows the appearance of the Golgi-stained
DGs of the mouse (Figure 2A), Capuchine monkey (Figure 2B),
Chimpanzee (Figure 2C), and human (Figure 2D). It should be
noted that murine granule neurons lack basal dendrites, whereas
chimpanzee and human ones present numerous ramified basal
dendrites with abundant spines.

Only a few other species of mammals have received attention
regarding the morphology of granule neurons. For example, the
granule neurons of megachiropteran bats (flying fox) have been
reported to be more similar to those of primates than to those
of rodents (Buhl and Dann, 1990). The main difference observed
between these bats and rodents is that the latter have functional
basal dendrites in granule neurons, while these structures are
largely absent in the former under physiological conditions.

FIGURE 2 | The morphology of granule neurons among different
mammalian species. In (A) the morphology of a Golgi-impregnated murine
granule neuron is shown. The total lack of basal dendrites, as well as the
presence of one single primary apical dendrite and one axonal process (red
triangle) can be observed. In the Capuchine monkey, a great variability of
morphologies is observed. A representative neuron lacking basal dendrites
and having one apical dendrite and one axonal process is shown

(B). Conversely, one of the most remarkable morphological features of the
granule neurons of the Chimpanzee (C) is the presence of basal dendrites
(green triangle). The same feature can be observed in human granule neurons
(D), in which a profusely branched basal dendrite emerges from the bottom of
the cell soma and ramifies in the hilus. H, Hilus; GL, Granule cell layer; ML,

Molecular layer. Yellow scale bar: 50 pm.

REGULATION OF THE MORPHOLOGICAL
MATURATION OF NEWBORN NEURONS
BY NEUROPROTECTIVE STIMULI

In general terms, neuroprotective stimuli such as physical
exercise or environmental enrichment promote morphological
maturation of newborn granule neurons, as will be further
discussed in this section.

Physical Exercise
Physical activity is one of the most potent stimulators of
AHN (van Praag et al, 1999ab). It exerts anti-depressant
(Bjornebekk et al., 2005; Duman, 2005) and anxiolytic (Duman
et al, 2008; Trejo et al., 2008; Salam et al, 2009) actions
and stimulates hippocampal-dependent memory (Cotman and
Berchtold, 2002; Parle et al., 2005; van Praag et al., 2005; Creer
et al., 2010). These beneficial effects have been observed not
only in young (van Praag et al., 1999b; Llorens-Martin et al.,
2006) but also in aged (Kronenberg et al., 2006; Hollmann et al.,
2007; Fabel and Kempermann, 2008) individuals, and physical
exercise has been proposed as a co-adjuvant for the treatment
of several neurodegenerative and mood disorders (Cotman
and Engesser-Cesar, 2002), since it delays the progression of
the disease in several animal models (Adlard et al., 2005)
and human patients (Cotman and Berchtold, 2002; Hoffmann
et al, 2013). Among the hypotheses aiming to explain the
beneficial effects exerted by physical activity on the brain,
the “neurotrophic hypothesis of physical exercise” postulates
that these favorable actions critically depend on the increase
in the levels of growth factors that it induces (reviewed in
Llorens-Martin et al,, 2008). Physical activity increases the
levels of brain-derived neurotrophic factor (BDNF) (Neeper
et al, 1995, 1996; Oliff et al., 1998), insulin-like growth
factor I (Trejo et al, 2001), vascular-endothelial growth
factor (VEGF) (Fabel et al, 2003), and nerve growth factor
(NGF) (Chae et al, 2012), among others. In the adult
hippocampus, running stimulates neuron precursor proliferation
(van Praag et al,, 1999b; Olson et al., 2006), a process that
is mediated by an increase in the circulating levels of IGF-
I (Trejo et al, 2001), VEGF (Fabel et al., 2003; During
and Cao, 2006), and BDNF (Vaynman et al, 2004). The
downstream molecular pathways triggered by these factors
converge in the stimulation of the AKT pro-survival pathway
and, interestingly, in the inhibition o