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Abstract

During the late 60°s, the experiments with brain lesions in rats,
suggested the possibility of neurogenesis in the adult brain. Three
decades later, the conceptual link between adult neurogenesis and
stem cells was proposed. We now know that the adult mammalian
brain may have the ability to regenerate through adult neural
stem cells (NSCs). Here are briefly reviewed classical and current
theories in adult neurogenesis, NSCs and neurogenic niches.
Experiments in developmental biology have shown different
neurogenic regions according to the capacity of neurogenesis and
its presence in different species. Advances in the methodology
such as optogenetics and gene reprogramming, allowing the
manipulation of different conditions, will guide the discovery of
new signaling pathways and interactions, to better understand
some aspects recently discussed such as the variation of cell cycle
length and the influence of disease conditions, cell heterogeneity
and DNA changes. New discoveries in adult neurogenesis, NSCs
and neurogenic niches and the developing of new technological
tools should guide the NSCs-based therapy, such as gene
reprogramming and the insertion of transposable elements (TEs)
controlling flanking genes, causing a functional impact for different
conditions.
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Introduction

The cortex of lizards is a useful model to study and understand
adult neurogenesis and regeneration mechanisms. Comparative
studies in different species showed that lizards had an increase
of the brain size with age, due to the proliferation of zinc-positive
synapses and dendritic growth in the telencephalon [1,2]. In another
set of experiments, induced neuronal degeneration triggered reactive
neurogenesis and complete functional regeneration programs. In
these experiments, the chemical lesion of the medial cortex produced
the proliferation of the cells of the ependymal region and the
subsequent migration and differentiation of neuroblasts up to the
cortex for the complete regeneration of the zone. The neuroblasts
progressively replaced dead neurons and new medial cortex was
indistinguishable from a normal one [1,3,4].

Nevertheless, to accomplish the same feat on mammals, seemed
an intricate issue. Progress in this matter had its starting point

during the late 60 s, when the experiments with brain lesions in rats,
suggested the possibility of neurogenesis in the adult brain [5]. Three
decades later, the conceptual link between adult neurogenesis and
stem cells was proposed [6]. We now know that the adult mammalian
brain may have the ability to regenerate through adult neural stem
cells (NSCs). Here are briefly reviewed classical and current theories
in adult neurogenesis, NSCs and neurogenic niches. Finally, are
described NSCs-based therapies for spinal cord injury (SCI) and
amyotrophic lateral sclerosis (ALS) disease.

Discovering Adult Brain Neurogenesis

During the past 19" century to early 20%, neurogenesis was
restricted to the early stages of embryonic development. The central
evidence was the lack of neurons with mitotic activity after birth
in the mammalian brain [7-9]. Later Altman proposed that the
neuroblasts might arise from non-differentiated precursor cells, thus,
neural precursor cells generate newborn cells that differentiate and
add new neurons to the existing population in the adult mammalian
brain. This was proposed after the experiments in rats reviewed
between 1962 and 1977. In autoradiographic studies, he showed that
the chemical lesion in the brain of the rat resulted in the proliferation
of newborn cells population of glia and some neuroblasts that were
labeled with (H?) thymidine, a cellular marker of proliferation [5,10-
14].

After this publication, many experiments tried to find these
results but reproducibility of the (H®) thymidine experiments
was not possible and the hypothesis of newborn neurons in the
adult mammalian brain was controversial. First experiments with
(H?) thymidine in non-human primates described a slow glial cell
proliferation but failed to confirm adult neurogenesis [15,16].
Absence of adult neurogenesis in humans was supported by the idea
that the brain of primates may be uniquely specialized in lacking the
capacity for neuronal production in the adult stage. Prolonged period
of interaction with the environment would require a stable set of
neurons to retain acquired experiences in their synaptic connectivity
[16].

Experiments carried out for the study of the brain events that
control learning in canaries found opposite conclusions. Nottebohm
used canaries as a model because of theirs ability of altering theirs
songs; the process that he described was analogous to the acquisition
of language in humans [17-19]. Descriptive studies of the brain of
canaries showed a correlation between the complexity of the song
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and the size of specific forebrain regions controlling the songs,
arguing that learned information required space for neurogenesis.
Final acceptance of adult neurogenesis in mammals came after
the evidence in late 90's of neuroblasts in the human brain. The
experiments used postmortem tissue from the hippocampus of
cancer patients who received bromodeoxyuridine (BrdU) marker, a
thymidine analog that is incorporated into the DNA of dividing cells
and can be detected immunohistochemically in the progeny. Tissue
of all patients showed that the SGZ of the hippocampus contained
BrdU positive nuclei cells with the typical morphology of granule cell
neurons. The study concluded that human hippocampus retains the
ability to generate new neurons throughout life [20].

Now it seems clear that neurogenesis in the adult brain implies
the coordinate control of proliferation, migration and differentiation
of NSCs in the neurogenic niches for the production of neurons and
play an essential physiological role in memory and learning tasks, and
neurodegenerative diseases, in conjunction with the beneficial effects
of exercise and environmental enrichment in the neurogenic niches.

Through studies in animal models of neurodegenerative diseases
such as Alzheimer, impaired neurogenesis and age-related cognitive
decline on hippocampus were found. Behavioral experiments showed
that aging was associated with structural alterations and functional
deficits on hippocampus [21]. Also, physical activity may induce adult
hippocampal neurogenesis in aged mice [22,23] and the exposure
to enriched environment induced plasticity of neuronal cells and
neurogenesis [21,23-25].

Finally, new perspectives in normal health conditions and
disease and the limits of adult neurogenesis in mammal species are
now evaluated in the context of the comparative studies. Among
rodents, non-human primates and carnivores it is observed an overall
exponential decline in the quantity and function of neurogenesis and
neurogenic niches; in species with longer life expectancies such as
non-human primates and carnivores, neurogenesis and neurogenic
niches were less abundant [2,26]. Thus, three groups of neurogenic
regions with distinctive neurogenesis functions are proposed. Those
regions that are constant between the different species and that display
complete neurogenesis such as the subventricular zone (SVZ) and the
subgranular zone(SGZ); those regions relatively constant in different
species and with different degrees of neurogenesis depending on
the species such as the striatum and cortex; and those regions with
the presence of neurogenesis depending on the species such as the
cerebellum in rodents. Differences between regions and animal
species correspond to different degrees and types of plasticity adapted
to different tissue environments and functional demands [27,28].

Adult Neural Stem Cells (NSC’s) Activity

Neurogenesis in the adult brain implies the coordinate control
of proliferation, migration and differentiation of NSCs in the
neurogenic niches for the production of neurons. NSCs activity and
multipotency are controlled by the combination of a wide variety of
intrinsic and extrinsic mechanisms in the neurogenic niche, such as
cell cycle regulators and signaling pathways.

Cell cycle inhibitors (CKIs) are proteins that inhibit cyclin-
dependent kinases, regulating the G1 stage of the cell cycle [29].
Experiments with the selected deletion of CKIs proteins in normal
and disease conditions showed that CKIp21 and CKIp27 proteins are
expressed in rapid neural progenitor cells whereas CKIp57 proteins in
radial glial cells and NSCs [30,31]. Thus, deletion of CKIp57 proteins
allowed cell cycle progression and neurogenesis, not only in young
adult mice but also in aged mice [31]. In vivo experiments with the
selective labeling of NSCs in mice embryos also showed that, these
CKIp57 NSCs were slowly dividing populations of neural progenitor
cells in the embryonic ganglionic eminence, that later became adult
quiescent NSCs [32]. The studies conclude that adult quiescent NSCs
slowed their cell cycle, and were set aside as a reserve pool early in
brain development, when other NPCs were dividing rapidly to build
the brain [31-33].

A wide variety of signaling pathways regulate NSCs activity
during embryonic development and later their maintenance in
the adult neurogenic niches [34-37]. NOTCH signaling pathway
induces maintenance and differentiation of NSCs. Upon activation
of NOTCH by its receptor DELTA, the NOTCH intracellular domain
(NICD) is transferred to the nucleus where it forms a complex with
the DNA binding protein RBPJK and the coactivator Mastermind-like
(MAML) [38-39]. During embryonic development, inactivation of
RBPJK leads to a decrease in cell proliferation because dividing NSCs
prematurely differentiate into neuroblasts. In contrast, in neurogenic
niches, inactivation of RBPJK leads to an increase in cell proliferation
because slowly dividing or adult quiescent NSCs become rapidly
transit-amplifying progenitor cells [38]. Thus, the NICD-RBPJK-
MAML complex induces the expression of bHLH transcriptional
repressors, such as HES1, HES5 and HES3. These HES factors bind to
specific DNA elements repressing the expression of target proneural
genes such as ASCL1/MASH1 and NEUROGENIN2, which activate
the transmembrane protein NOTCH in neighboring cells inhibiting
neuronal differentiation [38-41]. Inhibition of neighboring cells
is called lateral inhibition, a cell interaction process that prevents
simultaneous differentiation, thereby achieving its prolonged
maintenance [38].

Recently it was discovered that the expression of BHLH
transcriptional repressors have an oscillating activity in BHLH factors.
These results were obtained by optogenetic approach experiments,
which induced gene expression by blue light illumination control [41].
Sustained light illumination induced ASCL1 expression that promoted
neuronal fate determination and inhibits its cell-cycle progression,
whereas oscillatory light illumination induced ASCL1 oscillatory
expression that maintains proliferating neural progenitor cells.
Thus, the multipotent state correlates with oscillatory expression of
several fate determination factors, whereas the differentiated state
correlates with sustained expression of a single factor [38,39,41].
Taken together, these results indicate that the BHLH transcriptional
repressor HES regulates the expression of the proneural factor ASCL1
in an oscillatory versus sustained activity, which in turn regulates the
proliferation of NSCs and the subsequent processes of neuronal fate
determination. Additionally, because of its influence in proliferation
and fate determination and differentiation, ASCLLI is also a central
component of direct reprogramming of mouse and human fibroblasts
to induced neural stem cells, a promising approach for human disease
modeling and regenerative medicine [39].

WNT signaling increase neurogenesis, by contrast, its blockage
reduces neurogenesis in vitro and abolishes almost completely in
vivo [42]. The molecular mechanism of canonical WNT signaling
pathway causes accumulation of B-catenin in the cytoplasm and its
translocation into the nucleus to activate transcription factors to
the T-Cell Factor/Lymphoid Enhancer Factor (TCF/LEF) family.
In addition, WNT pathway may be involved in the activation of
NEURODI transcriptional factor. This protein is a member of
BHLH transcriptional factors, which activate the NEUROD gene;
NEURODI has overlapping DNA-binding site for SOX2 and TCF/
LEF, thus, the activation of this gene implies activation of the
canonical WNT pathway and removal of SOX2 repression. This
signaling pathway was demonstrated in experiments in mice where
WNT signaling expression, together with the removal of SOX2,
triggered the expression of NEURODI [43]. In addition, WNT
signaling directly induce proneural genes such as NEUROG2 and
PROXI1 in intermediate progenitors [37,44].

Sonic hedgehog (SHH) and Bone Morphogenetic Proteins
(BMPs) signaling act antagonistically through the modulation of
EGF [45]. NSCs increase proliferation in response to higher than
normal endogenous SHH levels. BMPs are part of the Transforming
growth TGF families of proteins, during embryonic development, if
ectodermal cells are exposed to BMPs, they assume an epidermal fate
[36]. In the neurogenic niches, loss of BMPs signaling leads to an over
proliferation of NSCs that ultimately depletes the population [37,46].
Activation of EGFR by EGF leads to the phosphorylation of SMAD1
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in the linker region, silencing BMP signaling, whereas the EGFR
activates SHH [46]. On the whole, activation of NOTCH and WNT
signaling leads to maintenance of the neural stem cell population
and neurogenesis, whereas inactivation of NOTCH induces rapid
neuronal differentiation and depletes the NSCs population. In
contrast, BMPs and SHH may act in opposite manners, BMP signaling
inhibits neuronal differentiation and promotes gliogenesis, whereas
endogenous SHH signaling enhances neurogenesis and the number
of NSCs.

In addition to the mechanisms described above, epigenetic
mechanisms such as DNA methylation, histone modifications and
non-conding RNAs also influence NSCs activity [47]. Lately there is
a discussion on epigenetic mechanisms related to the heterogeneity
and the individual neuronal diversification in the brain, called

transposable elements (TEs) [48]. There are two major classes of TEs,
distinguished by their mechanism of transposition, DNA transposons,
which move via cut-and-paste mechanism and are generally
thought to be extinct in higher eukaryotes and RNA transposons
or retrotransposons, which move via a copy-and-paste mechanism
using RNA. Barbara McClintock, who discovered the TEs, and with
these studies she won the Nobel Prize in Physiology and Medicine
(1983) described two main functions, as insertional mutagens and
as controlling elements that regulate the expression of nearby genes
[49,50]. Retrotransposition-mediated events are not only confined
to germ cells, but can produce somatic alterations in the brain and
cancer; furthermore, it is not known whether transposon expression
is a cause or a consequence of aging or of neurodegenerative disease
[49]. Thus, almost half of mammalian genomes are comprised of

in neural stem cell niches models from the cited literature of the current review.

Figure 1: Neurogenic niches in the adult mammalian brain. The microenvironment of neural stem cell (NSCs) include a basal lamina, vasculature structures
and support cells. The subventricular zone (SVZ) is the layer along the lateral ventricle. In the subventricular zone (SVZ) type B cells (NSCs-astrocytes) divide to
give rise to type C cells (rapidly dividing transit amplifying immature progenitors), which in turn divide, forming a cluster that generates type A cells (neuroblasts).
The SGZ is a germinal layer between the dentate gyrus and the hilus in the hippocampus. NSCs generate D1 cells (progenitors), which divide to generate D2
cells. D2 cells reach the granule layer becoming D3 cells (neuroblasts), which mature into new granule neurons. Artwork by Lina Maria Delgado-Garcia inspired
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retrotransposons, namely, Long-Interspersed Elements (LINEIs),
which are the only known active and autonomous elements in the
genome with the ability to mobilize and change locations in the
genome [50]. In vitro experiments with adult rat NSCs showed that
LINE-1 retrotransposed in neuronal precursors derived from the
hippocampus. The resulting retrotransposition event altered the
expression of neuronal genes, which, in turn, may influence neuronal
cell fate [48].

Neurogenic Niche Microenvironment

As mentioned, neurogenic niches such as the SVZ and the
SGZ are brain regions with complete neurogenesis throughout life,
possible because of presence of NSCs and an appropriate cellular
microenvironment to stimulate self-renewal and multipotency
(Figure 1) [27,28,51].

The SVZ is the layer along the lateral ventricle. There are three
main cell types in the SVZ neurogenic niche: neuroblasts (Type A
cells), NSC-SVZ astrocytes (Type B cells) and rapidly dividing transit
amplifying immature progenitors (Type C cells). Type B and C cells
are precursor cells, of those, Type B cells are the primary precursors
or NSCs that divide to give rise to Type C cells or rapidly dividing
transit amplifying cells or proliferating progenitors, which in turn
generate migratory Type A cells or neuroblasts [52-57]. Neuroblasts
of the SVZ join the network in the rostral migratory stream (RMS)
to reach the olfactory bulb, where differentiate into granular and
glomerular neurons [52-57]. In the olfactory bulb, primary sensory
neurons project to glomeruli where they synapse onto mitral and
tufted cells, which in turn relay information to the olfactory cortex,
periglomerular neurons provide lateral inhibition between individual
glomeruli, whereas granule cells provide lateral inhibition between
mitral and tufted cells [47].

The SGZ is a germinal layer between the dentate gyrus and the
hilus in the hippocampus. NSCs generate D1 cells, which divide to
generate D2 cells or neuroblasts. D2 cells reach the granule layer
becoming D3 cells, which mature into new granule neurons [57-59].
Granule neurons synapses onto hilar basket interneurons, each of
which inhibit mature dentate granule cells. Granule cells also synapse
onto hilar mossy cells, which also innervate many mature dentate
granule cells on the contralateral dentate gyrus [47].

NSCs cellular microenvironment includes, a basal lamina for cell
anchoring, extracellular matrix, which modulates the adhesiveness
and activity of signaling molecules, vasculature structures and a single
layer of ependymal cells to support and capture proteins secreted by
the choroid plexus into the cerebrospinal fluid [52-59]. Tenascin-C,
collagen-1, heparin sulfate proteoglycans, chondroitin sulfate
proteoglycans and integrins are part of basal lamina and extracellular
matrix [35]. Signaling molecules modulate gene expression acting
at different stages of the stem cell lineage. Different in vivo and in
vitro experiments, primarily involving extirpation or transplantation
of different portions of immature and mature nervous system
recognized that neurogenesis depends on the signals of growth factors
such as EGF, FGF, IGF1, TGF, VEGF and LIF to regulate cell cycle
and differentiation [51-62]. EGF can support in vitro proliferation
of immature glial and neuronal progenitors from the adult mouse
SVZ [60]. FGF-2 is effective to support the survival and proliferation
of embryonic and adult rat SGZ progenitors in vitro and has been
identified in vivo [51]. In vivo and in vitro experiments showed
LIF stimulates neuronal differentiation from explants of the spinal
cord primordium cells and dissociated culture [61]. Thus, SVZ and
SGZ neuroblasts are integrated into preexisting neural circuits for
remodeling and play an important role in higher brain functions such
as cognitive activities.

Conclusions and Prospects for Brain Repair in Spinal
Cord Injury and Amyotrophic Lateral Sclerosis
Neurogenesis in the adult brain, NSCs and neurogenic niches

are issues discussed in several articles under different points of view.
Since the discovery of adult neurogenesis and NSCs in mammals,

experiments in developmental biology have showed different
neurogenic regions according to the capacity of neurogenesis
and its presence in different species. Now, it seems important to
identify the population in these regions and the characteristics of its
microenvironment. Other important points are the aspects of the
intrinsic and extrinsic regulation of NSCs activity and the function of
neurogenic niches in normal health conditions and disease. Advances
in methodologies such as optogenetics and gene reprogramming,
allow the manipulation of different conditions and will guide the
discovery of new signaling pathways and interactions, to better
understand some aspects recently discussed such as the variation
of cell cycle length and the influence of disease conditions, cell
heterogeneity and DNA changes.

New discoveries in adult neurogenesis, NSCs and neurogenic
niches and the developing of new technological tools should guide
NSCs-based therapy, such as gene reprogramming and the insertion
of transposable elements (TEs) controlling flanking genes, causing a
functionally impact for different conditions.

Spinal cord injury (SCI) and amyotrophic lateral sclerosis (ALS)
are two devastating motor and sensory central nervous system
conditions with poor regenerative potential. SCI results in motor and
sensory deficits secondary to disrupted neuronal circuits been theirs
remyelination a challenging topic. NSCs-based therapies for SCI aims
to stimulate residents NSCs or generate neuroblasts and also give
neuroprotection, acting by reducing endogenous toxic substances,
inhibiting inflammatory reactions and/or releasing growth factors
and neurotrophic substances [63,64]. Clinical trials in large animal
models such as dogs showed that NSCs transplantation is feasibly
and has therapeutic potential, producing functional improvement
by long-term neurotrophic and neuroprotective effects in the
neurogenic niche [65]. Clone 01 of human fetal NSCs derived from
fetal spinal cord differentiated toward motor neuronal, astroglial and
oligodendroglial phenotypes in the injured spinal cord and promoted
functional recovery in the rat. In early and later stages, significant
improvement in motor and sensory tests were mediated by the
increased expression of neurotrophic factors, reduction of neurite
growth-inhibitory substances, enhancement of the remyelination of
the axons and the production of extracellular matrix permissive to
regeneration [63].

ALS is a devastating neurodegenerative disorder in which the loss
of upper and lower motor neurons produces progressive weakness
and eventually death [66-68]. ALS is an inherited neurodegenerative
disease mainly identified by SOD1 gene mutation, which produces
progressive loss of motor function. In SOD1 transgenic models,
application of NSCs grafts at multiple levels of spinal cord showed
improvement of motor function, due to these results it was recently
established the first phase I human-clinical trial. Results of the phase
I showed that cervical transplantation of NSCs in the lumbar spinal
cords of 12 ALS patients is feasible and well-tolerated, additional
results showed that some cells differentiated into neurons, while
others maintained their stem cells phenotype [68,69]. The fact that
NSC produce new elements that can integrate within some regions of
the mature brain, replacing lost neurons in pre-existent neural circuits,
appears extremely fascinating in the perspective of regenerative
therapeutic approaches. For the near future manipulation of NSCs
after SCI and ALS for replacing lost elements seem very hard to be
realized, neuroblasts themselves may not be useful to directly repair
the brain, but the use of the intrinsic and extrinsic factors of theirs
microenvironment to give neuroprotection seems a more handley
approach.
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