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Abstract

New neurons are generated throughout adulthood in two regions of the brain, the olfactory bulb
and dentate gyrus of the hippocampus, and are incorporated into the hippocampal network
circuitry; disruption of this process has been postulated to contribute to neurodegenerative diseases
including Alzheimer’s disease and Parkinson’s disease. Known modulators of adult neurogenesis
include signal transduction pathways, the vascular and immune systems, metabolic factors, and
epigenetic regulation. Multiple intrinsic and extrinsic factors such as neurotrophic factors,
transcription factors, and cell cycle regulators control neural stem cell proliferation, maintenance
in the adult neurogenic niche, and differentiation into mature neurons; these factors act in
networks of signaling molecules that influence each other during construction and maintenance of
neural circuits, and in turn contribute to learning and memory. The immune system and vascular
system are necessary for neuronal formation and neural stem cell fate determination. Inflammatory
cytokines regulate adult neurogenesis in response to immune system activation, whereas the
vasculature regulates the neural stem cell niche. Vasculature, immune/support cell populations
(microglia/astrocytes), adhesion molecules, growth factors, and the extracellular matrix also
provide a homing environment for neural stem cells. Epigenetic changes during hippocampal
neurogenesis also impact memory and learning. Some genetic variations in neurogenesis related
genes may play important roles in the alteration of neural stem cells differentiation into new born
neurons during adult neurogenesis, with important therapeutic implications. In this review, we
discuss mechanisms of and interactions between these modulators of adult neurogenesis, as well
as implications for neurodegenerative disease and current therapeutic research.
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INTRODUCTION

After the discovery of neurogenesis in the adult human brain, there were many studies of
adult neurogenesis over two decades to identify the underlying genetic and environmental
mechanisms. In 1998, the presence of adult-born neurons in the dentate gyrus of the human
hippocampus had been identified by using cancer patients who had received the labelled 5-
bromo-2’-deoxyuridine (BrdU) in hippocampal neurons [Eriksson et al., 1998]. By
measuring the concentration of nuclear bomb-test-derived 14C in genomic DNA in the adult
human brain, Spalding et al. [2013] found that neurons are added in the hippocampus per
day corresponding to an annual turnover of 1.75% of the neurons within the renewing
fraction, with a modest decline during aging. Alterations in adult neurogenesis have been
associated with neurological and psychiatric disorders. Enhanced understanding of the
contribution of biological processes and genetic factors related to neurogenesis could lead to
novel therapeutic strategies for neurodegenerative disease progression as well as many other
conditions.

Numerous intrinsic and extrinsic factors affect the processes of adult neurogenesis, including
the proliferation of neural progenitor cells, fate determination of neural progenitor cell
progenies, and the differentiation, migration, and maturation of adult neurons. Following
these processes, adult—born neurons integrate into the complex circuitry of the olfactory bulb
and hippocampus [Zhao et al., 2008; Suh et al., 2009]. Although the hippocampus plays a
crucial role in the formation of episodic and spatial memory and is associated with many
neurodegenerative diseases [Squire, 1992; Sahay and Hen, 2008; Deng et al., 2010], we
focus on hippocampal adult neurogenesis in this review.

NEUROGENESIS ROLE IN COGNITION

In the mammalian brain, adult neurogenesis occurs in two main regions: the dentate gyrus of
the hippocampus, which is important for memory formation and cognitive functions, and the
subventricular zone (SVZ) of the olfactory bulb, which is important for the sense of smell
[Oomen et al., 2014; Ernst and Frisen, 2015]. Newborn neurons added to hippocampal
circuitry during adult neurogenesis are important for the stimulation of spatial memory and
learning [Barnea and Nottebohm, 1994; Gould et al., 1999]. Spatial memory is defined as
pattern separation, the ability to discriminate among similar experiences [Yassa and Stark,
2011]. The dentate gyrus and CAS3 regions of the hippocampus are implicated in spatial
memory function and the capacity for pattern separation and are associated with learning
new information. These cognitive functions have all been shown to decrease with age.
Integration of new neurons into the existing hippocampal neural circuitry and environmental
and behavioral factors modulating adult neurogenesis play important roles in hippocampal-
dependent learning and memory [Yu et al., 2014].
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Although there are a number of studies showing adult neurogenesis involvement in the
formation of spatial memory and learning, the results are somewhat controversial. Genetic
ablation of GFAP-expressing (GFAP+) neural progenitor cells did not impair a
hippocampal-dependent learning or memory task, while it did inhibit contextual fear
conditioning [Saxe et al., 2006]. In contrast, rats treated with the DNA methylating agent
methylazoxymethanol acetate (MAM) toxin for proliferating cells showed a reduction in the
formation of newborn neurons in the dentate gyrus, which was associated with impaired
hippocampal-dependent memory formation, but not contextual fear conditioning [Shors et
al., 2001].

New neurons generated by adult neurogenesis in the granule layer of the dentate gyrus
within the hippocampus play a crucial role in the development of memory and learning
[Lopez-Virgen et al., 2015]. There is delayed maturation of the adult-generated granule cells
in the dentate gyrus [Overstreet-Wadiche et al., 2006]. After 1 week of differentiation,
newborn neurons’ apical dendrites reach the molecular layer and their axonal projections
reach to the CA3 region, and spines form 16 days after division. Dendritic spines express
glutamate receptors and the TrkB receptor for BDNF on their surface to regulate the survival
of the spines [Ngo-Anh et al., 2005; Kaneko et al., 2012]. Dendritic and axonal outgrowth
accompany the maturation of the neurons. Spine density increases in the 4th week post-
division. The hippocampal-dependent Morris water maze test showed that 4-28-days-old
newborn neurons are required for the formation of long-term hippocampus-dependent spatial
memory [Snyder et al., 2005]. Differential synaptic connectivity of the hippocampus along
the septo-temporal axis disrupts the septal and temporal connections of the hippocampus and
negatively effects learning and memory [Bannerman et al., 2004]. By 2 months, structurally
modified highly dynamic and plastic spines are regulated by neuronal activity [Zhao et al.,
2006]. Synaptic connectivity and excitability of new neurons in the adult hippocampus are
stimulated by bHLH transcription factors such as Neurodl1 and Neurod2 during adult
neurogenesis and memory formation. A recent study showed that Neurod1 overexpression in
dividing neural stem cells (NSCs) leads to differentiation of the new neurons, and inhibits
memory deficits and rescues memory impairment in APP/PS1 mice [Richetin et al., 2015].
Adult hippocampal neurogenesis is highly involved in memory formation and learning
which has important implications for neurodegenerative disease.

CELL TYPES IN ADULT NEUROGENESIS

In the adult brain, two important regions where neural stem cells are retained are responsible
for adult neurogenesis, the SVZ and the subgranular zone (SGZ) of the hippocampal dentate
gyrus. In the SVZ, B1 cell residues line the border between the striatum and lateral ventricle;
this subpopulation of cells possesses astroglial properties and acts as NSCs. B1 cells give
rise to intermediate progenitors, which divide and generate the neurons destined for the
olfactory bulb [Kriegstein and Alvarez-Buylla, 2009]. Unlike B1 cells in the SVZ, which lie
in the ventricular wall and have processes that contact the cerebrospinal fluid (CSF), radial
astrocytes in the SGZ reside deeper in the brain parenchyma in the granule cell layer of the
dentate gyrus, which does not have contact with the ventricular system, and act as NSCs,
also known as type 1 cells. Radial astrocytes generate intermediate progenitors (type2a and
type 2b cells), which differentiate into type 3 cells, or immature granule cells. Radial
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astrocytes have three main domains. The side of the radial astrocytes known as the proximal
domain faces the hilus and has contact with blood vessels and lateral processes, which also
contact the other radial astrocytes. The second domain is the intermediate domain, which
includes the cell body and main shaft. The intermediate domain of the radial astrocytes
interacts with intermediate progenitor cells and granule cells. This second domain is
important for cell-cell interactions of NSCs with their progeny and for detection of local
neural activity and signaling from granule cells. The third domain is the distal domain,
which is highly branched and contacts with other granule cells, axons, and synapses in the
molecular layer [Seri et al., 2004; Merkle et al., 2014]. Briefly, the primary progenitor cells
are known as Type-I or B-type cells. They divide to produce intermediate stage progenitors
(Type-11, Type-I11l, or D-type cells), which then undergo further rounds of cell division to
generate post-mitotic immature granule neurons. These glutamatergic neurons then integrate
into the dentate gyrus as functional components of the hippocampal circuitry [van Praag et
al., 2002; Ge et al., 2006; Hevner et al., 2006]. Regulatory signals from the peripheral
environment play a crucial role in identifying neural progenitor fate to become neurons or
astrocytes [Musaelyan et al., 2014] (Fig. 1).

Neural progenitor cells in the SVZ of the lateral ventricle migrate through the rostral
migratory stream and become granule and perigranular neurons of the olfactory bulb,
whereas the neural progenitor cells in the SGZ differentiate and integrate into the local
neural network as granule cells of the hippocampus in the adult human brain [Eriksson et al.,
1998; Deng et al., 2010; Spalding et al., 2013; Ernst et al., 2014]. NSCs in the SGZ and SVZ
undergo self-renewal to provide a lifelong supply for the mature hippocampal dentate gyrus
granule neurons and olfactory bulb, respectively. In both regions, NSCs lead to neural
progenitor cells, which are limited in proliferation and differentiate into neurons or glia
[Zhao et al., 2006].

Although there are many differences between adult SVZ and SGZ neurogenic niches, NSCs
in both, like glial radial stem cells in the embryo, express GFAP, nestin, and Sox2, and they
directly contact blood vessels. There is overlap between expression of these markers from
different neural cell types and they might be responsible for the generation of the
heterogeneous neural cell types [Zhao et al., 2008; Morrens et al., 2012]. The NSC
population in the SVZ generates neurons and oligodendrocytes, whereas the NSC population
in the SGZ generates neurons and astrocytes. Adult progenitors line the hilar side of the
granule cell layer of the dentate gyrus where SGZ astrocytes lead to intermediate
progenitors. These progenitors mature into granule neurons of the dentate gyrus and send
axonal projections to the CA3 region [Markakis and Gage, 1999; Lledo et al., 2006]. GABA
plays an important role in progenitor differentiation into newborn neurons and regulation of
neuronal network activity and synaptic integration of proliferation in the SGZ; GABA-
releasing neuroblast progeny of the SVZ stimulate differentiation through GABAergic
synaptic input into progenitor cells [Liu et al., 2005]. After these progenitors differentiate to
immature neurons, the dendrites of the newborn dentate gyrus cells become more complex
and spread deeper into the molecular cell layer [Zhao et al., 2006; Van Deerlin et al., 2010].

Adult hippocampal neurogenesis begins with the proliferation of neural progenitor cells in
the SGZ zone. Although a small population of neural progenitor cells differentiate into glia,
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most of the neural progenitor cells differentiate into dentate granule cells within the
hippocampus and undergo the process of morphological and physiological maturation [Zhao
et al., 2006; Sahay and Hen, 2008].

NEUROGENESIS ROLE IN THE HIPPOCAMPUS

The hippocampus is the most important region for learning and episodic/spatial memory.
Within the hippocampus, the dentate gyrus provides a steady level of neurogenesis
throughout life. Intrinsic and extrinsic regulatory factors affect the proliferation,
differentiation, maturation, fate determination, and survival of newborn cells in the dentate
gyrus [Bruel-Jungerman et al., 2007]. Pyramidal and granule cells comprise most of the cells
in the hippocampus. The hippocampus receives a large number of sensory inputs uni-
directionally from neocortical regions, which leads to the regulation of hippocampal
formation. The granule cell population in the dentate gyrus is smaller than the pyramidal cell
population in the CA3 region of the hippocampus, encodes the information from the
entorhinal cortex, and projects to the CA3 region [Jung and McNaughton, 1993; O’Reilly
and McClelland, 1994; Leutgeb and Leutgeb, 2007]. CA3 projects a signal to CA1 that
changes the inputs in a more linear fashion from the entorhinal cortex to the CA3 region.
CA1 subsequently projects the signal into the subiculum and entorhinal cortex [Guzowski et
al., 2004]. This neuronal signaling flow plays an important role in the formation of memory
and learning [Williamson and Bilbo, 2013]. NSCs in the dentate gyrus also differentiate into
the astrocytes between the granule cell layer and the hilus, which support hippocampal-
dependent memory function [Williamson and Bilbo, 2013].

MODULATORS IN ADULT NEUROGENESIS

Recent studies have highlighted five important modulators of neurogenesis, including
signaling transduction pathways, the vascular and immune systems, metabolic factors, and
epigenetic regulation (Fig. 2) [Faigle and Song, 2013; Hussaini et al., 2014; Laussu et al.,
2014]. The alteration in these modulators during adult neurogenesis may be related to the
development of neurodegenerative diseases. A more complete understanding of the role and
function of each modulator in regulating NSC fate and integration as neurons in the SGZ
and olfactory bulb may provide crucial insights leading to new therapies for neurological
diseases in humans.

MODULATORS OF ADULT NEUROGENESIS

Signaling Transduction in Adult Neurogenesis

Several essential signaling transduction pathways regulate proliferation and differentiation
of NSCs, as well as migration and survival of the new-born neurons and their integration
into the neuronal circuitry network in the adult brain. In this section, we discuss key
signaling pathways Wnt, Notch, Sonic hedgehog (Shh), and Eph:ephrin, which modulate
different stages of adult neurogenesis.

Wnt signaling—Wnt signaling regulates adult hippocampal neurogenesis on molecular,
cellular, and behavioral levels. It has been shown that stem cells in the adult hippocampus
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express receptors and signaling molecules that correspond to Wnt proteins. Astrocytes and
the hilar cells of the dentate gyrus express Wnt-3, and promote neuroblast proliferation and
neuronal differentiation into hippocampal granule neurons through Wnt signaling-mediated
activation of NeuroD1 [Garrido et al., 2002; Kuwabara et al., 2009]. NeuroD1 is required for
the survival and the maturation of adult neurons. NSC proliferation and cell fate
determination is controlled by Wnt signaling in hippocampal neurogenesis [Lie et al., 2005].
In the Wnt signaling pathway, B-catenin is necessary for the expression of Wnt target genes.
The expression level of p-catenin by NSCs in the dentate gyrus of the hippocampus affects
proliferation of stem cells, as well as axonal and dendritic development. Wnt signaling
protects neurons from injury by neurotoxins such as amyloid- accumulation in AD. For
example, Wnt activation of Protein Kinase C (PKC) inhibits GSK-3p activity, which plays
an important role in the phosphorylation and degradation of p—catenin and inhibits apoptosis
of the progenitor cells [Garrido et al., 2002; Toledo et al., 2008; Zhang et al., 2011a].
Another Wnt signaling pathway component, survivin, increases adult neurogenesis in the
dentate gyrus of the hippocampus during traumatic brain injury [Zhang et al., 2013]. On the
other hand, it has been shown that the Wnt/p-catenin signaling pathway promotes neuronal
proliferation, but not differentiation, via Disrupted in Schizophrenia 1 (DISC1), which is an
inhibitor of GSK-3p, in the adult hippocampus [Mao et al., 2009]. However, another Wnt
family member, Wnt-7A, is activated by the nuclear orphan receptor TIx and enhances
proliferation and self-renewal of NSCs via the canonical Wnt signaling pathway in adult
neurogenesis [Qu et al., 2010]. To sum up, the canonical Wnt signaling pathway, including
Whnt-3, Wnt-7A, GSK-3, and TIx, may induce progenitor cell proliferation and survival in
the dentate gyrus of the hippocampus.

Notch signaling—Notch signaling is important for the maintenance and differentiation of
NSCs in adult neurogenesis [Louvi and Artavanis-Tsakonas, 2006; Faigle and Song, 2013].
Notch signaling activates the expression of bHLH transcription factors such as Hes1, Hes3,
and Hes5, which suppresses proneuronal gene expression and promotes maintenance of
NSCs by inhibiting differentiation of NSCs in the SVZ [Imayoshi et al., 2010]. Likewise,
Notchl is necessary for the self-renewal and maintenance of neural stem and progenitor
cells in the dentate gyrus of the hippocampus [Ables et al., 2010]. Notch signaling and
EGFR signaling regulate the balanced interaction between NSCs’ and progenitor cells’
number and self-renewal in the SVZ region [Aguirre et al., 2010]. Notch signaling is
necessary for the maintenance of undifferentiated cells, whereas EGFR promotes the
proliferation and migration of progenitor cells [Hitoshi et al., 2002]. Although Notch1 and
EGFR are substrates of ADAM 10, which prevents amyloid-p production, the well-known
hallmark of AD, by proteolysis of the alpha site of the amyloid precursor protein (APP),
there is strong link between Notch signaling and AD pathology as well as hippocampal
neurogenesis [Haass and Selkoe, 1993; Hartmann et al., 2002; Woo et al., 2009].

There are also connections between Wnt signaling and Notch signaling during neurogenesis.
FGF2 causes accumulation of B-catenin by inhibiting GSK-3. p—catenin accumulation
leads to proliferation and maintenance of NSCs by activating LEF/TCF transcription factors.
Then, B-catenin and Notchl make a complex with anti-neurogenic Hes1 and enhance Hesl
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expression, which inhibits the differentiation of the progenitor cell population [Shimizu et
al., 2008].

Sequential signaling through Notch1 and erbB receptors plays an important role in glial cell
differentiation [Patten et al., 2003]. ErbB4 and neuregulin-1 and -2 receptors are expressed
by immature neuroblasts as well as astrocytes and ependymal cells. When ErbB4 binds to
neuregulin ligands, it drives progenitor cells proliferation and migration of neuroblasts in the
SVZ. However, ErbB4 controls the formation and maintenance of glial cells and
differentiation of glial cells via activation of Notchl signaling from granule cells in the
astroglia [Patten et al., 2003]. As a result, Notch signaling is involved in the regulation of
NSC proliferation, maintenance, and cell fate determination.

Sonic hedgehog signaling—Sonic hedgehog signaling (Shh) plays a crucial role in
differentiation of cell types and the formation of neurons during adult neurogenesis [Ericson
et al., 1995]. Shh receptor Patch is expressed by the progenitor cells of the dentate gyrus as
well as pyramidal cells in the CA1 through CAS3, and drives hippocampal formation during
adult neurogenesis. Shh controls the proliferation of progenitor cells in the dentate gyrus
during hippocampal neurogenesis [Traiffort et al., 1999; Lai et al., 2003]. Smoothen (Smo),
the other Shh receptor, is expressed in the adult hippocampus [Traiffort et al., 1998]. Smo
knockout mice show a significant reduction of proliferation of NSCs and progenitor cells in
the dentate gyrus of the hippocampus and SVZ [Machold et al., 2003; Han et al., 2008].
Both Patchl and Smo are located on the primary cilia on the GFAP+ stem/progenitor cells,
and primary cilia control the proliferation of Type2a progenitor cells without affecting the
amplification of Type 1 radial NSCs in adult hippocampal neurogenesis, which is important
for spatial learning [Amador-Arjona et al., 2011].

Eph:ephrin signaling—Eph:ephrin signaling, especially via receptor EphB1-B3 and
ligand Ephrin-B1-B3, plays an important role in the migration of neuroblasts to the olfactory
bulb and increases the proliferation of NSCs in the SVZ in adult neurogenesis [Conover et
al., 2000] EphB1 is expressed in NSCs in the SGZ and controls proliferation, migration, and
polarity of the neural/progenitor cells during hippocampal neurogenesis [Chumley et al.,
2007]. A knockout mice study showed that Ephrin-A2 and Ephrin-A3 inhibit progenitor cell
proliferation by activating Ephrin-A7-mediated signaling in the SVZ and SGZ regions [Jiao
et al., 2008]. In addition, Ephrin-B2 is expressed in astrocytes, while corresponding EphB4
receptors are expressed in NSCs, and Ephrin-B2:EphB4 signaling activates p-catenin
independently of Wnt signaling and increases the regulation of proneuronal transcription
factors as well as inducing neuronal differentiation of progenitor cells in the dentate gyrus of
the SGZ [Pasquale, 2005; Ashton et al., 2012]. EphB receptors are expressed in dendrites
and play roles in the maturation and plasticity of synapses, regulating spine and synapse
formation [Klein, 2009; Laussu et al., 2014]. Ephal has also been identified as a risk gene
for Alzheimer’s disease (AD) [Lambert et al., 2013]. Alteration in EphA4 and EphB2 have
been shown to cause memory impairment in an AD mouse model [Simon et al., 2009],
highlighting the importance of this signaling pathway in neurogenesis processes and its
relevance to neurodegenerative disease.
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Several signaling pathways including Wnt, Notch, Shh, and Eph: ephrin, regulate self-
renewal, proliferation, and differentiation of NSCs, as well as migration of neuroblasts and
integration of newborn neurons in the adult brain. Addressing the roles of these crucial
signaling mechanisms in NSC regulation and integration into hippocampal network circuitry
may lead to targeted new therapies for currently intractable human neurological disorders.

Vascular System and Angiogenesis

The vasculature plays an important role in stem cell niche regulation and maintenance in
neurogenesis. Angiogenesis, the development of new vascular networks with existing
vessels, is linked with neurogenesis since angiogenesis is stimulated by angiogenic genes
expressed in neural progenitor cells [Teng et al., 2008]. NSCs are deliberately distributed
around blood cells in the brain to facilitate access to circulating signaling molecules, growth
factors, and nutrients. The vascular beds of the SVZ and SGZ support adult neurogenesis.
Although a three-dimensional niche including NSC and transit-amplifying cells resides close
to SVZ blood vessels and increases the vascular contact to other cells in the SVZ, radial
astrocyte residues in areas near blood vessels and endothelial cells promote neural
progenitor stem cell proliferation, neuronal differentiation, and survival by expressing pro-
angiogenic factors such as FGF, VEGF, IGF-1, which enhance neurogenesis and
neuroprotection in the SGZ [Cameron et al., 1998; Palmer et al., 2000; Goldberg and
Hirschi, 2013]. Angiogenesis and neurogenesis are combined in the hippocampus; up to
37% of the cells in the SGZ are endothelial precursors. Neural progenitors and angioblasts
proliferate together in the clusters associated with the microvasculature of the SGZ. The
cells in this cluster express VEGF receptors, while the tissue surrounding this cluster
expresses VEGF. Furthermore, newly generated capillaries express BDNF, which promotes
the recruitment and migration of newborn neurons [Monje et al., 2002]. Exercise induces
angiogenesis as well as neurogenesis in the hippocampus by increasing the expression of
NGF and BDNF [Kempermann et al., 1998]. However, more research is needed to elucidate
the factors modulating endogenous stem cell mobilization out of the stem cell niche. Some
studies show that activated microglia and astrocytes express cytokines such as MCP-1, SCF,
CXCL12, and VEGFA to attract NSC migration; NSCs express the compatible receptors
CCR2, SCF receptor c-kit, CXCR4, and VEGFR, respectively, during disease processes
such as stroke and brain tumor [Imitola et al., 2004; Sun et al., 2004; Schmidt et al., 2005;
Yan et al., 2007]. Additionally, microvessel entorhinal cortex cytokine expression profiles
show that many growth factors, chemokines, adhesion molecules, and extracellular matrix
proteins such as PDGF-BB, RANTES, I-TAC, NAP-2, GROa, Ang-2, and M-CSF are
secreted by the entorhinal cortex to promote chemo-attraction of NSCs [Schmidt et al.,
2009]. Many vascular and angiogenic factors regulate neurogenesis in the adult brain; better
understanding of the vascular compartment of the NSC niche may provide therapeutic
insights for neuronal diseases.

Metabolic Factors and Their Role in Adult Neurogenesis

Adult neurogenesis is regulated by metabolic growth factors such as VEGF, BDNF, IGF-1,
FGF2, IGF, and PDGF. As it is mentioned below, these growth factors play important roles
in neural stem/progenitor cell proliferation, migration, cell fate determination, and
maturation into new neurons.
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VEGF—VEGF signaling plays an important role in NSC proliferation, survival, and neural
progenitor migration and maturation [Wittko et al., 2009]. VEGF is a glycoprotein and is
necessary for angiogenesis and vascularization. There are four isoforms belonging to the
VEGF gene: VEGF-A, VEGF-B, VEGF-C, and VEGF-D. VEGFA is expressed by
endothelial cells and the choroid plexus, and regulates NSC renewal and progenitor cell
migration by binding to the VEGF receptors (VEGFR1 and VEGFR2/FIk-1) secreted by the
neural stem cell niche [Maurer et al., 2003; Cao et al., 2004; Shen et al., 2004]. VEGFA
expressed by astrocytes diffuses to the lateral ventricle and has a trophic effect on neural
progenitor cells, which promotes their survival as well as increasing neurogenesis after
cerebral ischemia [Schanzer et al., 2004]. Therefore, VEGFA/VEGFR signaling modulates
vascular permeability and angiogenesis [Carmeliet, 2005; Wittko et al., 2009]. Lastly,
VEGF-C/VEGFR3 signaling is required for NSC renewal and regulates adult neurogenesis.
Inhibition of VEGR3 from NSCs causes reduction of neurogenesis [Calvo et al., 2011].

BDNF—BDNF is secreted by endothelial cells to promote neural progenitor cell
proliferation, differentiation, and survival in adult neurogenesis [Leventhal et al., 1999].
NSCs express the neurotrophin receptor TrkB, which binds to BDNF and has multiple roles
in NSC survival and neuronal plasticity [Lewin and Barde, 1996]. In the SVZ, neuroblasts
secrete GABA, which induces TrkB expression in astrocytes to catch extracellular BDNF,
which in turn stimulates neuroblast migration in the rostral migratory stream [Snapyan et al.,
2009]. Besides BDNF, multiple neurotrophic factors such as FGF and EGF determine the
NSC transition between proliferation and differentiation [Vescovi et al., 1993; Caldwell et
al., 2001]. BDNF/TrkB signaling regulates differentiation and survival of neurons and
synaptic plasticity by activating Ras/MAP kinase, Phospholipase C, and PI3K pathways.
BDNF/TrkB signaling also enhances hyperphosphorylation of the tau protein, which
contributes to AD pathology, whereas BDNF gene expression is elevated in transgenic AD
mice via environmental enrichment, demonstrating the importance of this neurotrophic
factor in neurodegenerative disease processes as well as neurogenesis [Zhang et al., 2012].

IGF-1—IGF-1 upregulation in the bloodstream, induced by exercise, promotes BDNF
expression in the dentate gyrus, which modulates synaptic plasticity and cognitive
enhancement [Ding et al., 2006]. IGF-1 induces the proliferation and differentiation of NSCs
via MEK/ERK pathway signaling and the PI3K/Akt pathway signaling in the SGZ and SVZ,
respectively [Yuan et al., 2015].

FGF-2—FGF-2 is the other important endothelial-derived effector of adult neurogenesis.
FGF-2 modulates NSC renewal and proliferation of the granule cell precursors in the dentate
gyrus of the hippocampus and the SVZ [Woodbury and Ikezu, 2014]. Although GFAP+
cells, astrocytes, and GFAP+ radial glia stem cells express FGF-2 in the SVZ, astrocytes
express FGF-2 to promote neurogenesis by inducing neural progenitor proliferation in the
SGZ during neurodegenerative disorders such as AD, Parkinson’s disease (PD), and
traumatic brain injury [Newman et al., 2000; Kirby et al., 2013]. In addition to FGF-2, its
receptor FGFRL1 is expressed in NSCs in the SVZ and dentate gyrus of the hippocampus to
enhance NSC proliferation [Woodbury and Ikezu, 2014].
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EGF—EGF is expressed by the microvascular entorhinal cortex, while EGF receptors are
expressed by type C transit-amplifying cells in the SVZ region. SDF-1 (CXCL12) stimulates
EGFR to increase Type A neuroblast mobility to migrate from the SVZ to the olfactory bulb
[Kokovay et al., 2010]. Another study showed the association between BDNF and EGF;
BDNF treatment of EGF-induced cultured human stem cells in the SVZ promoted cell
proliferation and migration [Zhang et al., 2011b]. The combination of EGF and FGF-2
neurotrophic factors induced progenitor cell proliferation in both the dentate gyrus of the
hippocampus and the SVZ region in ischemia-induced rat brains [Tureyen et al., 2005].

PDGF—PDGF and PDGF receptors are important for the maintenance of neural progenitor
cells in adult neurogenesis [Funa and Sasahara, 2014]. GFAP+ B cells in the SVZ express
PDGFRA, which is necessary for oligodendrocyte formation, though not for neurogenesis.
PDGF alone has mitogenic effects on B cells, but inhibits neuroblast production. PDGF/
PDGFRA signaling modulates the balance between oligodendrogenesis and neurogenesis
[Jackson et al., 2006].

As a result, neurotrophic factors mentioned above promote neural stem/progenitor cell
proliferation, differentiation, and migration through different signaling cascades as well as
the inhibition of neurodegenerative mechanisms for neuronal protection [Laske et al., 2009;
Sopova et al., 2014].

Immune System and Neurogenesis

Immune mechanisms modulate neural plasticity and behavioral processes in the human
brain. Physiological and psychological factors are crucial to promote immune mechanisms.
The alterations of signals between immune, nervous, and hormonal systems such as
elevation of adrenaline and norepinephrine levels in blood modulate synaptic plasticity and
neurogenesis [Besedovsky and Rey, 2007; Yirmiya and Goshen, 2011]. The immune system
controls communication between the environment and the neurogenic niche [Musaelyan et
al., 2014]. Activated microglia and cytokine release as an immune response affects adult
hippocampal neurogenesis as well as learning and memory [Musaelyan et al., 2014].

The hippocampus and the immune system are interconnected during injury. Non-neuronal
glial cells such as astrocytes and microglia and the cells around the choroid plexus such as T
cells and B cells play important roles in immune-derived remodeling by controlling
interactions with the environment, such as exchange of nutrients and other compounds,
between the brain and the rest of the body, and modulate neural progenitor proliferation and
differentiation in the adult hippocampus [Musaelyan et al., 2014]. Microglia cell populations
are distributed in the dentate hilus and granule cell layer and regulate the apoptosis of
newborn cells via phagocytosis during hippocampal neurogenesis [Wirenfeldt et al., 2003;
Sierra et al., 2010]. Besides non-neuronal cells and immune cells, identification of the MHC
class I molecules in uninjured neural cell population confirmed that these molecules play
significant roles in neurogenesis such as neuronal differentiation and synaptic plasticity
[Boulanger and Shatz, 2004; Yirmiya and Goshen, 2011].

It has been shown in an immune-deficient AD mouse model that T cells are involved in the
regeneration of neural precursor cells in the mature hippocampus and maintenance of
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neuronal plasticity [Liu et al., 2014]. In contrast, during early stages of human development,
maternal infections change immune activation by intensely increasing inflammatory
cytokine levels in the fetus, which leads to behavioral abnormalities such as autism,
schizophrenia and depression in adulthood [Meyer et al., 2006; Rook, 2013]. Furthermore,
environmental disruption has been shown to affect immune modulators and lead to
hippocampal dysfunction by the activation of microglia and astrocytes, the accumulation of
peripheral leukocytes (i.e., T cells) into injured brain region(s), and secretion of cytokines,
chemokines, and prostaglandins to the site of brain pathology [Cunningham and De Souza,
1993; Yenari et al., 2010; Yirmiya and Goshen, 2011; Williamson and Bilbo, 2013].
Inflammatory and immune molecules such as cytokines and chemokines have important
roles in hippocampal neurogenesis and synaptic plasticity throughout the human lifespan
[Jankowsky et al., 2000; Bhattacharyya et al., 2008], as well as an having an important
impact on neurological disease processes, and further study of this modulator of adult
neurogenesis may provide important future direction to therapeutic efforts.

The Role of Chemokines in Adult Neurogenesis

Chemokines modulate brain plasticity and vulnerability in the hippocampus [Williamson
and Bilbo, 2013]. There are various central nervous system cells such as microglia,
astrocytes, endothelial cells, oligodendrocytes, perivascular macrophages, and neurons
which produce cytokines and chemokines under different circumstances[Mantovani et al.,
1992; Tyor et al., 1992; Sawada et al., 1993]. Chemokines induce chemotaxis, which
facilitates the migration of leukocytes to injured areas [Mackay, 2001; Charo and Ransohoff,
2006]. During injury, endothelial cells, astrocytes, and microglia cells secrete chemokines
across the blood-brain-barrier (BBB), which facilitates neuroimmune signaling and recruits
immune cells to the injury area [Verma et al., 2006; Wiese et al., 2012].

Chemokines play significant roles in the migration and development of progenitor cells,
which express chemokine receptors such as CCR1, CCR2, CCR5, CXCR2, CXCR3, and
CXCR4 in the dentate gyrus of the hippocampus in the postnatal brain [Tran et al., 2007]. In
CXCR4 receptor knockout mice, the number of dividing cells in the migratory stream of the
hippocampus and the dentate gyrus was dramatically reduced because CXCR4 is a receptor
for CXCL12 chemokine, which is expressed in dividing progenitor cells, and CXCR4/
CXCL12 signaling is necessary for progenitor cell population proliferation and movement
via the migratory stream [Lu et al., 2002]. In addition, as a neurotransmitter, CXCL12
promotes GABAergic transmission by a postsynaptic mechanism. GABAergic transmission
depends on the synergic release of CXCL12 from neural progenitors in the dentate gyrus. As
a result, neural progenitor cells receive GABAergic inputs, and CXCL12 is necessary for
transmission of the GABAergic signal to the dividing progenitors [Bhattacharyya et al.,
2008]. CX(3)CR1 and CX(3)CL1 regulate microglial responses modulating glutamate
toxicity for neuroprotection and glutamatergic synaptic input (transmission) on the neurons
in the hippocampus [Lauro et al., 2008]. Chemokines are important modulators in
hippocampal signaling and synaptic plasticity, which is important for learning and memory
[Alkon and Nelson, 1990; Jones et al., 2001].
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The Role of Inflammatory Cytokines in Adult Neurogenesis

Inflammation adversely affects hippocampal neurogenesis and proper function of the
hippocampus. IL-1p, IL-6, and TNF-a are the most important pro-inflammatory cytokines,
which play key roles in hippocampal neurogenesis as well as memory function.

IL-1B—IL-1pB, expressed in many immune cells and glia cells as well as neurons, impairs
proliferation and differentiation of neural precursor cells and decreases NSC survival rate in
hippocampal neurogenesis. IL-1p is the predominant pro-inflammatory cytokine in the
brain, and negatively correlates with the proliferation of NSCs in the dentate gyrus of the
hippocampus [Ryan et al., 2013]. The nuclear factor kappa B (NF«xB) cascades and mitogen-
activated protein kinase (MAPK) as well as several transcription factors in the nucleus
induce the activation of IL-1p/IL-1p receptor signaling [Zhu et al., 1998; McCulloch et al.,
2006]. Serum level of IL-1p increases with depressive symptoms and impairs learning and
memory function [Depino et al., 2004; van den Biggelaar et al., 2007].

IL-6—IL-6 plays an important role in progenitor cell survival in the dentate gyrus of the
hippocampus[Williamson and Bilbo, 2013]. Overexpression of 1L-6 from astrocytes reduces
neurogenesis in the dentate gyrus of the hippocampus by influencing proliferation, survival,
and differentiation of progenitor cells [Ryan et al., 2013].

TNF-a—TNF-a inhibits neural progenitor cell proliferation during brain injury, whereas a
normal level of TNF-a increases neurogenesis by affecting expression of neurotrophic
factors such as NGF and BDNF [Golan et al., 2004; losif et al., 2006; Takei and Laskey,
2008]. Although ischemic stroke causes neuronal death in the striatum and the cerebral
cortex, neurogenesis increases after this insult in the dentate gyrus of the SGZ and the rostral
SVZ by migration of neuroblasts originating from the SVZ into the damaged striatum [Jin et
al., 2001; Jin et al., 2003]. In response to ischemia, TNF-a produced by the microglia,
astrocytes, and choroid plexus ependymal cells is upregulated. Similarly, TNF receptors
such as TNF1 and TNF2 are expressed by glial and neuronal cells in response to ischemia.
Depending on the TNF receptors, cell death or cell proliferation is activated [Botchkina et
al., 1997; Shen et al., 1997]. Proinflammatory cytokines such as IL-14, IL-6, and TNF-a
alter hippocampal structural plasticity and neuronal structure via alteration in morphology of
the granule cells differentiated from NSCs in the dentate gyrus and CA1 during
inflammation.

Epigenetic Modulators

Epigenetics refers to changes in gene activity not resulting from changes in DNA sequence.
Changes in DNA methylation, histone modifications and regulation by non-coding RNAs
have important effects on different neuronal phenotypes [Bird, 2007; Fitzsimons et al.,
2014]. Proteins with methyl-CpG-binding domains (MBDs) bind methylated DNA and
regulate gene expression by blocking the binding site for transcription factors, while DNA
methyltransferases (DNTMs) are directly responsible for methylating DNA and silencing
gene expression. MBD-1 has been shown to play a crucial role in NSC differentiation [Singh
et al., 2009]. The specific binding of MBD1 to the FGF2 promoter decreases FGF2
expression and inhibits the differentiation of proliferative neural stem cells during adult
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neurogenesis [Zheng et al., 2004]. Similarly, overexpression of DNA methyltransferases
DNMT1 and DNMT 3a decreases the differentiation and migration of NSCs. Methyl-CpG-
binding protein 2 (MeCP2) regulates gene expression similarly to MBD1. MeCP2 binds to
GFAP and inhibits its expression, thus controlling neuronal differentiation and maturation,
as well as cell fate [Tsujimura et al., 2009; Fitzsimons et al., 2014]. DNA-damage-inducible
protein 45 beta (Gadd45b) plays a role in DNA demethylation and DNA repair during
neurogenesis. Gadd45b demethylates neurotrophic factors such as BDNF and FGF-1, which
affects self-renewal and proliferation of NSCs and promotes neuronal maturation and
dendritic growth [Alam et al., 1996; Aid et al., 2007; Ma et al., 2009].

Histone acetylation is a crucial process for the proliferation and differentiation of neural
stem cells. HDAC3, HDACS5, and HDACY interact with the orphan nuclear receptor
homologue of the Drosophilatailless gene (TIx or NR2E1) and manipulate NSC self-
renewal and proliferation [Sun et al., 2007]. Other epigenetic mechanisms involve non-
coding RNAs such as microRNAs. MicroRNAs such as Let-7b, miR-9, miR-34a, and
miR-184 regulate proliferation of NSCs and neuronal differentiation. MiR-137 and miR-132
also regulate synaptogenesis and the neuronal network, while miR-34a and miR-125b
regulate dendritogenesis and spine morphology [Schouten et al., 2012; Volvert et al., 2012].
All of these epigenetic mechanisms highlight the importance of looking beyond the genome
to understand the biological underpinnings of neurogenesis, which will be crucial to advance
the state of research in therapeutic efforts to address neurogenesis in neurodegenerative
disease. Epigenetic changes during neurogenesis have an important impact on memory and
learning, and can play significant roles in neuropsychiatric disorders as well such as
depression and schizophrenia [Sharma, 2005; Renthal et al., 2007; Hsieh and Eisch, 2010].

Role of Genetic Variation in Adult Neurogenesis

Many gene expression level changes have been observed during adult neurogenesis, as
presented in the previous sections; these changes affect NSC and progenitor proliferation,
maintenance in the adult neurogenic niche, and differentiation into mature neurons.
Although most of the studies focused on the alteration of gene expression during adult
neurogenesis, some studies showed that genetic variations in adult neurogenesis-related
genes affect hippocampal structure and memory impairment. For instance, the REST gene, a
known transcriptional repressor, negatively regulates neuronal differentiation during
neurogenesis, and nonsynonymous variation in this gene is associated with less hippocampal
loss and greater cortical thickness in individuals who carry at least one minor allele [Lu et
al., 2014; Nho et al., 2015; Thiel et al., 2015]. Another important gene related to adult
neurogenesis is G-coupled protein receptor adenosine receptor A2A (ADORA2A) which
plays a role in neurite growth. Alteration of the expression level of ADORA2A during adult
neurogenesis affected neuronal differentiation, migration and maturation of new neurons
[Sun et al., 2010; Shetty et al., 2013]. Variants in the ADORA2A gene differentially
influence the transfer of information into working memory in homozygous rare genotype
groups due to alteration of glutamergic neural transmission [Ferre et al., 2011; Beste et al.,
2012]. Moreover, it has been shown that an ADORAZ2A antagonist reduced cognitive decline
and resulted in a protective effect on memory formation in Parkinson’s disease,
Huntington’s disease, and Alzheimer’s disease models. [Chen, 2014; Rieck et al., 2015]. An
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additional Schizophrenia susceptibility gene, DISC-1, regulates neuronal integration of new
neurons from neural progenitors into the adult brain and promotes structural plasticity [Duan
et al., 2007). DISC-1 missense variation leads to a reduction of the proliferation of
progenitor cells, which alters the balance between quiescent and proliferative neural stem
cells in a transgenic mouse model [Chandran et al., 2014]. A missense mutation in the
DISC-1 gene is related to alteration of the hippocampal structure by reducing gray matter
volume and increases the risk for schizophrenia [Callicott et al., 2005]. As previously
discussed, BDNF plays an important role in neural progenitor cell proliferation,
differentiation and survival; additionally, overexpression of BDNF enhances adult
neurogenesis by increasing dendritic spine density on granule cells. BDNF polymorphism
Val66Met modulates integration of neurons in vivo and regulates episodic memory and
hippocampal physiological activation in humans [Egan et al., 2003; McDole et al., 2015].
Moreover, genetic variation in BDNF associated with hippocampal atrophy and cognitive
decline have been identified using neuroimaging-genetics methods [Honea et al., 2013]. Pro-
inflammatory cytokine IL-6 plays an important role in the formation of new neurons and
glial cells from neural progenitor cells during adult neurogenesis, and IL-6 variations have
been associated with AD, multiple sclerosis, and severe traumatic brain injury [Schmidt et
al., 2003; He et al., 2010; Dalla Libera et al., 2011; Erta et al., 2012]. A single nucleotide
polymorphism (SNP) within the GRIN2B gene, which is an A-Methyl-D-Aspartate
(NMDA) glutamate receptor and enhances synapse maturation and survival of new-born
neurons, is strongly associated with temporal lobe volume in patients with AD and mild
cognitive impairment (MCI) [Stein et al., 2010; Kelsch et al., 2012]. Finally, variation within
genes strongly related to adult neurogenesis processes in AD such as CHRFAM7A, REST,
RELN, BCHE, NCAM1, and ADORAZ2A have been identified by our colleagues in our
laboratory using neuroimaging-genetic methods [Swaminathan et al., 2011, 2012; Ramanan
etal., 2012, 2014; Horgusluoglu et al., 2015; Nho et al., 2015].

To sum up, both expression differences and allelic variations in neurogenesis-related genes
in the human genome may have compensatory advantages or confer impairment of
biological processes during adult neurogenesis.

ADULT NEUROGENESIS AND NEURODEGENERATIVE DISEASES

Over 50 years ago, it was reported for the first time that new neurons are generated in the
dentate gyrus and SVZ of several species during the adult period, and this observation
launched a new era of research to understand the mechanism of adult neurogenesis in
humans [Altman and Das, 1965]. The important feature of adult neurogenesis is that there
are many modulators playing roles during NSC proliferation, differentiation, migration and
survival including genetic, transcriptional, and epigenetic factors as well as environmental
factors and disease status [Mu et al., 2010]. Neurogenesis is a very important process for
synaptic transmission and is associated with axonal and dendritic formation. Impaired adult
neurogenesis in neurodegenerative diseases results in loss of existing neurons and reduced
capacity for NSC renewal; the putative function of new neurons eventually is compromised
or lost (Fig. 3). The crucial question is how neurodegenerative diseases affect adult
neurogenesis and in turn how alterations in neurogenesis impact pathophysiological
mechanisms of neurodegenerative disease. We consider five diseases that display symptoms
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related to hippocampal and olfactory dysfunction, the two main brain regions where adult
neurogenesis occurs. Parkinson’s disease (PD), AD, Huntington disease (HD), and
amyotrophic lateral sclerosis (ALS) are neurodegenerative diseases, whereas schizophrenia
is a condition with both neurodevelopmental and neurodegenerative aspects.

Disease

PD is a movement disorder with frequent psychiatric complications as well as a high
prevalence of cognitive impairment [Weintraub and Burn, 2011]. The accumulation of a-
synuclein as the major component of Lewy bodies and Lewy neurites is the pathological
hallmark of PD [Schulz-Schaeffer, 2010]. Even though there are some conflicting findings
regarding how adult neurogenesis affects PD processes, some studies in humans show that
there is reduced proliferation of NSC progenitors in the SVZ [Hoglinger et al., 2004; van
den Berge et al., 2011]. Postmortem human PD brain studies and transgenic PD animal
models showed that the number of EGF and EGF2 receptor positive cells decrease in the
adult SVZ, causing impairment of olfactory bulb neurogenesis associated with dopaminergic
deafferentation [O’Keeffe et al., 2009]. In addition, transgenic PD animal model studies
revealed that stimulation with neurotrophic factors such as EGF and FGF-2 cause massive
proliferation and migration of neuroblasts into the SVZ region [Kuhn et al., 1997; lwakura et
al., 2005; Winner et al., 2008]. a.-synuclein accumulation in neurogenic regions where adult
neurogenesis occurs impairs olfactory bulb formation and hippocampal neurogenesis.
Selective serotonin uptake inhibitor fluoxetine treatment of PD increases levels of
neurotrophic factors such as BDNF and GDNF, and rescues impaired hippocampal
neurogenesis in transgenic PD mice [Kohl et al., 2012].

Disease

AD is the most common form of adult-onset dementia. Patients display hippocampal
atrophy, memory impairment, and other cognitive and olfactory deficits. There are two
crucial hallmarks of AD: neurofibrillary tangles caused by hyperphosphorylation of the tau
protein and amyloid-p plaque deposition [Hardy and Selkoe, 2002]. Currently, there is no
approved disease modifying treatment for AD. It has been shown in numerous genetic
studies that APP, presenilin 1 (PSEN1) and PSEN2 missense mutations cause familial AD
[Philippsen et al., 1997]. These mutations result in increased amyloid-p production and
intracellular and extracellular accumulation. Presenilin is a catalytic component of -
secretase, which cuts APP, and also regulates Notch and Wnt signaling mechanisms by
sequentially cleaving the Notch receptor to generate the Notch Intracellular Domain (NICD)
[De Strooper and Woodgett, 2003; Kojro and Fahrenholz, 2005]. a.-secretase (ADAM
protease) cleaves APP to make sAPPa, and also cleaves Notch-1 and components of EGFR,
which, as previously discussed, play important roles in adult neurogenesis [Hartmann et al.,
2002]. Many of the molecular players in AD are also modulators of adult neurogenesis. The
most important of these, PSENZ1, modulates NSC differentiation in the adult brain, while
SAPPa regulates the proliferation of NSCs [Gakhar-Koppole et al., 2008; Gadadhar et al.,
2011]. BDNF/TrkB signaling enhances dephosphorylation of the tau protein in AD
pathology, while BDNF gene expression is elevated in transgenic AD mice via
environmental enrichment.
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It is not completely understood how hippocampal neurogenesisis affected by AD pathology.
However, alterations in the early stage of AD progression such as amyloid-p deposition and
inflammation impair the maturation of newborn neurons and inhibit hippocampal
neurogenesis [Mu and Gage, 2011]. Although abnormal accumulation of amyloid-p
activates microglia and astrocytes to secrete more inflammatory cytokines such as IL-14,
IL-6, and TNF-a., which regulate the inflammatory response, AD has been proposed as a
chronic inflammatory disorder of the central nervous system [Heneka et al., 2010;
Thompson et al., 2014; Dursun et al., 2015]. Meta-analysis of proinflammatory cytokine
levels in cerebrospinal fluid and peripheral serum have shown significant elevation of TNF-
a and IL-1B in AD patients; this elevation might reflect activated neural progenitor cell
proliferation as a compensatory mechanism during neurodegeneration [Swardfager et al.,
2010]. Additional cytokine signaling processes have also been linked to neurodegenerative
processes; for example, CXCL12/CXCR4 signaling causes astrocytes in the CAL to release
glutamate neurotransmitter, which regulates synaptic integration and neuronal excitability
and decreases amyloid-B deposition [Bezzi et al., 2001]. Another signaling process involves
MCP-1 and CCR2, which are both strongly upregulated in AD patients. Expression of
MCP-1 secreted by macrophages, monocytes, and astrocytes is induced by amyloid-g;
MCP-1 is known to regulate the migration of neural cells in the dentate gyrus toward
damaged areas in the brain, suggesting an important function in neurodegenerative disease
[Smits et al., 2002; Belmadani et al., 2006]. Furthermore, amyloid-B accumulation in the
brain increases IL-1p, IL-6, and TNF-a as well as transforming growth factor (TGF)-f
secretion, which has a negative effect on NSC proliferation and survival and inhibits
hippocampal neurogenesis, emphasizing the importance of cytokines as a modulator of
neurogenesis in neurodegenerative disease [Vallieres et al., 2002; Monje et al., 2003; losif et
al., 2006; Kaneko et al., 2006].

Huntington’s Disease

HD is an autosomal dominant neurodegenerative disorder caused by tri-nucleotide repeat
expansion within the Huntington gene [Pringsheim et al., 2012; Winner and Winkler, 2015].
There is no reported dysfunction of hippocampal neurogenesis in HD patients. Although
there is potential migration of neural stem cells progenitors to the degenerating striatum,
they do not differentiate to mature neurons, indicating a significant downstream effect of this
process [Phillips et al., 2005; Low et al., 2011; Winner and Winkler, 2015]. Transgenic HD
mouse model studies showed that reduction of the hippocampal progenitor cells was
associated with diminished CREB signaling and elevated TGF-B1 signaling [Kandasamy et
al., 2010]. Moreover, it has been found that a D2R antagonist partially enhance adult
neurogenesis by increasing the proliferation of the neural precursor cells and immature
neurons in the SGZ region of the HD mice model while a D2R antagonist did not have any
effect on motor performance [Choi et al., 2014]. The other study showed that mutant HD
mice had decreased NeuroD1 in neural progenitors in the dentate gyrus of the hippocampus
and doublecortin and calretinin expression in newborn neurons, as well as impairment of
spatial memory. NeuroD1 has a crucial effect on proliferation, differentiation, and
maturation of the neural progenitor cells; HD pathology adversely affects the function of
NeuroD1 [Gao et al., 2009; Fedele et al., 2011]. Alterations of proteins in HD pathology
may impair effective adult neurogenesis and cause cognitive impairment.
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Amyotrophic Lateral Sclerosis

ALS is a progressive neurodegenerative disorder caused by the degeneration of motor
neurons, leading to muscle wasting, paralysis, and difficulty breathing [Popescu et al.,
2013]. Neural stem cell culture from transgenic ALS mice showed that late stage ALS
microenvironment impairs the functional capacity of NSCs [Lee et al., 2011]. There
reduction in number of proliferative GFAP+ cells in SOD-1 transgenic mice, causing
dominant form of ALS, in the olfactory bulb of the SVVZ, and dentate gyrus of the
hippocampus. However, in early stages of ALS, neurogenesis was preserved and there were
no alterations of the NSCs [Liu and Martin, 2006]. ALS onset and progression promotes de
novo neurogenesis with NSC proliferation and migration to the spinal cord increasing
concomitantly with motor neuron degeneration. During disease onset and progression, an
ALS-like mouse model showed increased expression of CXCR4, which is directly
associated with NSC migration into the spinal cord, compared to age-matched control mice
[Chi et al., 2006]. In addition to several ALS studies, immunohistochemical and histological
studies of FTLD-ALS patients showed that the number of proliferative neural cells in the
SVZ increased corresponding to disease progression as a compensatory mechanism for
neurodegeneration [Galan et al., 2011].

Schizophrenia

Schizophrenia is a complex mental disorder with a strong genetic background.
Schizophrenia is associated with impairment of adult neurogenesis by disrupting NSC
proliferation and migration to the SGZ and SVZ [Reif et al., 2006; Muraki and Tanigaki,
2015]. Cognitive impairment in schizophrenia might be related to impairment of adult
neurogenesis [Kurtz, 2005]. Several candidate genes have been suggested to play roles in
adult neurogenesis as well as schizophrenia. Neuregulin (Nrg1)-ERBB signaling, altered in
schizophrenia, normally promotes the maintenance of radial glial cells and their migration to
the cerebral cortex by movement of cerebellar granule cells, which express neuregulin, along
radial glial fibers, which express ErbB4 [Anton et al., 1997; Rio et al., 1997; Fisahn et al.,
2009]. The other important gene significantly associated with schizophrenia as well as adult
neurogenesis is the disrupted-in schizophrenia 1 (DISC1) gene [Ekelund et al., 2001; Lee et
al., 2015]. DISC1 knockout rats showed aberrant positioning and impaired morphogenesis of
newborn neurons in the dentate gyrus of the hippocampus [Lee et al., 2015]. Some genes,
such as Wnt, GSK-3p, and Reelin, play roles in neuronal development and proliferation, cell
fate determination, cell adhesion, and migration of NSCs, and are also known to have
abnormal function in schizophrenia, which suggests that there is a strong link between
expression of developmental genes with abnormal mechanisms of neurogenesis in
schizophrenia [D’Arcangelo et al., 1995; Dale, 1998; Beasley et al., 2001; Goldberger et al.,
2005].

SUMMARY OF ADULT NEUROGENESIS AND NEURODEGENERATIVE
DISEASES

Each neurodegenerative condition has different effects on NSC fate during adult
neurogenesis by controlling synaptic plasticity, spine morphology, and axonal pathology.
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Newly generated neurons play critical roles in brain development and maintenance in the
adult brain. Several genes including PSEN1, MAPT, a-synuclein, SOD-1, and Huntingtin,
are the main players in modulating synaptic plasticity and brain morphology. Alterations in
these genes are linked to neurodegenerative diseases and changes in neurogenesis in specific
areas such as the dentate gyrus of the hippocampus and the SVZ in early stages of
neurodegenerative diseases. Discovery of the genetic mechanisms underlying adult
neurogenesis and how neurodegenerative disorders affect new neuron formation could
significantly inform therapeutic approaches to treat neurodegenerative diseases in early
stages, when intervention has the most potential to prevent long-term dysfunction.

THERAPEUTIC RESEARCH FOCUSED ON ADULT NEUROGENESIS

Adult neurogenesis is defined by the formation of new functional neurons from NSCs and
their integration into the neuronal circuitry to promote structural plasticity. Even though the
complete mechanism underlying this process is not yet known, hippocampal neurogenesis
appears to be critical for the formation and maintenance of hippocampal structure as well as
memory and learning. Although modulators including signaling transduction, the vascular
and immune systems, and epigenetic regulation enhance structural and synaptic plasticity
during maturation of the newly generated neurons from their progenitors, many recent
studies focus on novel pharmacologic strategies targeting adult neurogenesis and
identification of biomarkers for human neurogenesis.

One novel therapeutic approach targets inflammatory molecules such as chemokines and
cytokines known to be related to adult neurogenesis. Activated microglia and cytokines
released as an immune response enhance neural progenitor proliferation, differentiation, and
maturation into new neurons during adult hippocampal neurogenesis as well as facilitating
memory formation and learning [Musaelyan et al., 2014]. Moreover, some cytokines such as
IL-6, IL-B, and TNF-a modulate neural progenitor cell fate and contribute to neural repair
mechanisms during neuroinflammation [Mueller et al., 2005]. The development of anti-
inflammatory drugs targeting inflammatory molecules to preserve adult neurogenesis during
chronic inflammation may provide novel insights into early stages of neurodegenerative
diseases. Since neuroinflammation both a key component of AD and other
neurodegenerative disorders and known to affect adult neurogenesis, it has been the focus of
several therapeutic approaches. Studies have focused on anti-inflammatory drugs such as
nonsteroidal anti-inflammatory drugs (NSAIDs) and glucocorticoidsteroids, which target
expression of proinflammatory cytokines and their complimentary molecules, as treatments
for AD patients [Mackenzie, 2001; Fuster-Matanzo et al., 2013]. These approaches have not
been successful to date although it is suspected that this may reflect their introduction in
later stages of disease after substantial degenerative changes have already occurred.

Another therapeutic approach to modulate neurogenesis targets neurotrophic factors in AD
pathology since there is an imbalance between neurotrophic factors in the AD brain. For
example, the level of neurotrophic factors such as FGF-2 and NGF increases to compensate
for increasing AD pathology, whereas the level of BDNF decreases in the hippocampus
[Stopa et al., 1990; Hock et al., 2000]. NGF gene therapy causes NGF secretion from
autologous fibroblasts into the basal forebrain, leading to expression of the neurotrophin
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receptors by cholinergic neurons and cholinergic axonal sprouting in the patients with AD
for 10 years after gene transfer [Tuszynski et al., 2015]. Also, it has been shown that
neuroproliferation of the immature neurons in the dentate gyrus of the SGZ increases in AD
patients, although it is not clear whether these immature neurons are differentiating into
mature neurons [Jin et al., 2004]. VEGF levels significantly increase in cerebrospinal fluid
while there is decrease of them in serum level in AD patients [Tarkowski et al., 2002; Mateo
et al., 2007]. Keilhoff et al. [2010] found that antipsychatics haloperidol and risperidone
increased neuronal precursor cell proliferation and survival of the new granule cells via
VEGF and MMP?2 in adult schizophrenic rat brain. These factors play crucial roles in the
determination of cell fate and new neuron formation, and an imbalance of these factors
affects neurogenesis. The environmental changes in the NSC niche due to the altered levels
of neurotrophic and neuroinflammatory factors in the hippocampus may adversely affect the
differentiation of progenitor cells into mature neurons. Further studies are needed to address
these factors with regard to possible therapeutic strategies.

CONCLUSIONS AND FUTURE DIRECTIONS

Adult neurogenesis is important for structural plasticity of the brain through turnover of
neural stem cells/precursors to new functional neurons. Even though the molecular
mechanisms underlying this process remain unclear, adult hippocampal neurogenesis plays a
significant role in learning and memory formation, and it is affected by environmental
changes and disease conditions [Costa et al., 2015]. There are multiple modulators that
affect the formation of newborn neurons such as neurotrophic factors, cytokines and
chemokines, epigenetic factors, and signaling pathways. Each modulator drives NSC
proliferation, differentiation, migration, and survival in different ways. The alteration of
these modulators under disease conditions negatively affects cognition and hippocampal
structure and function. Future studies should also focus on identification of genetic variation
contributing to neurogenesis in healthy adults as well as in neurodegenerative disease; such
research has strong translational potential to identify novel therapeutic targets. It is crucial
for future research to continue to investigate the functional role of adult neurogenesis in the
normal human brain as well as alterations in neurodegenerative diseases. Loss of NSC
populations and impairment of neuron formation are common hallmarks in
neurodegenerative diseases such as AD, PD, HD, and ALS. Future therapeutic strategies
hold promise for stimulation of neuronal plasticity and maintenance of newborn neurons in
early stages of neurodegenerative diseases, potentially halting or reversing clinical
symptoms in these common, devastating diseases.
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FIG. 1.
A: Adult neurogenesis occurs in two regions: the subgranular zone (SGZ) and the

subventricular zone (SVZ). B: In the SVZ, neural progenitor cells (type B cells) give rise to
type C cells, which differentiate to neuroblasts (type A cells). Type A cells migrate via the
rostral migratory stream (RMS) and differentiate into neurons in the olfactory bulb (OB).
Neuroblasts migrate via the RMS to the olfactory bulb and generate new neurons. C: In the
SGZ, glial-like radial stem cells known as Type-I cells express glial fibrillary acidic protein
(GFAP) and nestin. They divide to produce intermediate stage progenitors (Type-11 cells),
which then undergo further rounds of cell division to generate neuroblasts and post-mitotic
immature granule neurons. Type Il cells express Sox2, while neuroblast and immature
neurons express doublecortin (DCX), PSA-NCAM, and calretinin. Mature neurons are
defined by expression of NeuN. [Color figure can be seen in the online version of this
article, available at http://wileyonlinelibrary.com/journal/ajmgb].
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Schematic illustration of adult neurogenesis related pathways: there are five crucial
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modulators controlling neural stem cell (NSC) proliferation, differentiation, migration, and
maintenance during adult neurogenesis: signaling transduction pathways, the vascular and
immune systems, metabolic factors, and epigenetic regulation. These five modulators are
composed of diverse molecules and biological pathways and mechanisms acting to control

neurogenesis.
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FIG. 3.
Impaired neurogenesis in neurodegenerative diseases. Neurodegeneration negatively affects

the adult neurogenesis process due to alteration of chemokines and cytokines, metabolic
factors, and epigenetic regulation, as well as impairment of signaling transduction.
Alteration of chemokines and cytokines impairs neuronal stem cell self-renewal and
differentiation. Alteration of metabolic factors and epigenetic regulators, and defects in
signaling transduction molecules, inhibits the proliferation of progenitor cells and their
differentiation into neuroblasts. The inhibition of newborn neuron formation may contribute
to cognitive decline. [Color figure can be seen in the online version of this article, available
at http://wileyonlinelibrary.com/journal/ajmgb].
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