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Abstract

The phenomenon of adult neurogenesis is now an accepted occurrence in mammals and also in humans.
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At least two discrete places house stem cells for generation of neurons in adult brain. These are olfactory

system and the hippocampus. In animals, newly generated neurons have been directly or indirectly demon-
strated to generate a significant amount of new neurons to have a functional role. However, the data in
humans on the extent of this process is still scanty and such as difficult to comprehend its functional role in
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humans. This paper explores the available data on as extent of adult hippocampal neurogenesis in humans

and makes comparison to animal data.
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Introduction

The phenomenon of adult brain generating new neurons
throughout life, known as adult neurogenesis, was consid-
ered a postnatal and early life postnatal occurrence. Con-
sequently, loss of neurons in an adult brain was thought
to be irreplaceable, a basis for many neurodegenerative
diseases (Eriksson et al., 1998; Del Bigio, 1999). The adult
mammalian brain, including humans, house neural stem
cells (NSCs) in discrete places capable of generating new
neurons throughout life. Two regions in adult human
brain under normal conditions are confirmed to house
NSCs and generate neurons throughout life with certainty.
These are subventricular zone (SVZ) of lateral ventricle for
olfactory bulb neurons and the hippocampus. Since the
first definite confirmation of adult neurogenesis in humans
by Eriksson et al. (1998) there has been a substantial num-
ber of studies on adult neurogenesis, but questions still
remain on the extent of the process and likely functions in
humans.

This paper will review the current data on degree of adult
neurogenesis dynamics, apoptosis and neuronal turn-over in
human hippocampus and compare that to available data on
rodents. Jessberger and Gage (2014) highlighted some of the
gaps that exist in the current understanding of adult neuro-
genesis ranging from its regulation, functional to molecular
mechanism. To begin to address some of these gaps, the
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degree of adult neurogenesis process has to be understood.
Such an understanding is important to answer if adult neu-
rogenesis has functional implications in humans as observed
in animal studies. The hippocampus is a very important
structure associated with learning, spatial and episodic
memory and mood disorders (Sierra et al., 2011; Snyder and
Cameron, 2012). It is therefore important to understand the
dynamics of adult neurogenesis in hippocampus. The focus
of this review is therefore on the adult hippocampal neuro-
genesis (AHN) in humans.

Historical Perspective

The inability of the adult brain to generate neurons through-
out life was a central dogma in neurobiology. For decades,
there was little or no progress for the field. The adult brain
was thought to be hard wired and incapable of generating new
neurons. A famous neurobiologist, Santiago Ramon y Cajal
in 1913 stated “In the adult centres, the nerve paths are some-
thing fixed, ended and immutable. Everything may die, noth-
ing may be regenerated,” (Ramon y Cajal, 1928). And this was
in part a reason for slow progress for decades for the field. The
complexity of the neural networks in an adult brain affirmed
this view, hence new neurons were assumed if added would
destabilize the neuronal network (Jessberger and Gage, 2014)
as such, it was impossible to integrate the new cells. Incorpo-
ration of new neurons was thought that it would destabilize
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encoded existing information.

The first hint for occurrence of adult neurogenesis came in
1912 by Ezra Allen. Allen showed mitotic figures in lateral
ventricles of albino rats of up to 120 days of age (Allen, 1912;
Balu and Lucki, 2009). The progress of the field stalled until
in the 1960s when more evidence started gathering. The
development of advanced techniques for study of adult neu-
rogenesis rekindles interest for the field and helped to yield
a big leap in its progress. The first anatomical evidence for
occurrence of neurogenesis in adult rodents was provided
by Altman and Das (1965) using auto-radiographic labelling
technique. They used a tritiated thymidine, a nucleoside that
is taken up in cells that are synthesizing DNA just before the
onset of cell proliferation. Altman and Das (1965) observed
newly generated neurons postnatally in dentate gyrus (DG)
and SVZ and described the migratory path to the olfactory
bulb where they become neurons.

However, Altman and Das (1965) study was not imme-
diately accepted by the neuroscience community for two
reasons. At that time, there was insufficient evidence that the
labelled cells were neurons. Secondly, the labelled cells could
have been undergoing DNA repair hence leading to incor-
rect interpretation of the results. The interest for the field
was rekindled in the 1980s. Fernando Nottebohn in 1983,
demonstrated that a substantial number of neurons are gen-
erated in the song system of adult birds. This gave evidence
for synaptic integration of new neurons in song system of
adult male song birds, supporting the seasonal learning in
male song, hence first evidence for functional integration
of adult born neurons (Nottebohm, 1985, 1989; Ming and
Song, 2005b; Ahmed et al., 2011).

Later, in 1997 Michael Kaplan collaborated Altman and
Das findings using electron microscope by describing
cellular phenotype of neurons in mice. The results were
purely based on morphological criteria, a factor that was
thought as a weakness to accept the findings. Again, the
results could not be replicated in primates i.e., the rhesus
monkey as such it was considered not an occurrence in
adult primates (Sierra et al., 2011). Later, Heather Cameron
and Elizabeth Gould made a third re-discovery of adult
hippocampal neurogenesis in rats. Concurrently, this was
the same period bromodeoxyribouridine (BrdU), a nucle-
otide analogy, which labels mitotically dividing cells was
developed. It can be detected using immunohistochemistry
(IHC) in combination with several other cell markers for
phenotype identification (Ming and Song, 2005b; Sierra
et al., 2011). This was a major advancement and a break-
through in the study of adult neurogenesis. Consequently,
it was followed by a substantive contribution to the study of
adult neurogenesis.

Broad acceptance of adult neurogenesis occurrence as
an integral part of adult brain plasticity was in the late
1990s. To date, adult neurogenesis has been demonstrat-
ed in mammals close to man. Over thirteen mammalian
taxonomic orders and suborders from different natural
environments exhibit evidence for occurrence of adult
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neurogenesis in hippocampus (Gould et al., 1999; Gould
and Gross, 2002; Chawana et al., 2013; Patzke et al., 2015).
Some of these are tree shrew, marmoset, rhesus monkey
(Macacamulatta) (Gould et al., 1998; Del Bigio, 1999), ma-
caque (Kornack and Rakic, 1999; Olude et al., 2014) and
African giant rat (Olude et al., 2014). However, earlier stud-
ies in rhesus monkey (Macacamulatta) reported occurrence
of neurogenesis in animals less than 3 years of age, but in
older animals, the germinal cells gave rise to glial cells (Del
Bigio, 1999). Lack of sufficient sensitivity to detect neuro-
genesis in older animals was one of the critics for the study.
Gould et al. (1998) reported neurogenesis in 3 year marmo-
set monkey (Callithrix jacchus) and 9-22-year-old rhesus
monkeys.

The phenomenon of adult neurogenesis has been report-
ed in humans. Eriksson et al. (1998) gave the first evidence
for adult neurogenesis in humans. The study used BrdU to
label neuronal progenitor cells, and reported that majority
of cells in the subgranular and granular zones of the DG in-
corporated the BrdU and about 22% of these co-expressed
neuronal antigen. Eventually, other studies reported similar
findings like Reif et al. (2006) using Ki-67 and more recent
an in vivo imaging has been used to study adult neurogenesis
in humans (Manganas et al., 2007). Spalding et al. (2013b)
used '“C technique to birth date mature neurons. The phe-
nomenon of adult neurogenesis has now gained acceptance
among neuroscience community and currently is the focus
of intense research.

Neurogenic Niches in Adult Brain
Neurogenic niches refer to regions in the adult brain hous-
ing NSCs and/or are capable of generating new neurons
under normal physiological conditions (Ming and Song,
2005; Balu and Lucki, 2009; Ahmed et al., 2011; Snyder
and Cameron, 2012). As mentioned before, in adult mam-
malian brain, neurogenesis is restricted to the anterior
portion of SVZ of the lateral ventricle in olfactory system,
and the sub-granular zone (SGZ) of DG in hippocampus
(Eriksson et al., 1998; Balu and Lucki, 2009; Ming and
Song, 2011; Loi et al., 2014). There exist controversies on
other possible neurogenic niches in healthy individuals.
These are neocortex, striatum, amygdala, hypothalamus
(Balu and Lucki, 2009; Perotin et al., 2009; Sierra et al.,
2011), prefrontal cortex (Liu et al., 2008), eye, corpus
collosum, optic nerve, spinal cord (Gage and van Praag,
2002) and piriform cortex (Liu et al., 2008; Bofanti, 2016).
Adult neurogenesis has also been induced in diseased or
injury conditions in non-neurogenic areas. For instance, in
epilepsy, trauma, and dysplasia patients, multipotent NSCs
have been isolated from temporal and frontal cortex and
amygdala (Sierra et al., 2011). However, the same has not
been repeated in healthy individuals. Though this does not
mean proof of neurogenesis, it does indicate the altering
of the non-neurogenic areas for possible neurogenesis by
the disease condition. The presence of only two definitive
neurogenic niches in an adult brain raises several questions.
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What characteristics do they possess are different from other
part of the adult brain to potentiate the NSCs? It is thought
in these neurogenic niches there exists a trade-oft between
structural plasticity and the stability of previous formed
connections, which may encode experiences representing or
correlate to memory (Knobloch and Jesseberger, 2011). This
perhaps explains in part why the entire adult brain does not
harbour NSCs.

Olfactory System

In the SVZ, the NSCs are housed in the lateral wall of
lateral ventricles in the anterior portion of SVZ. In sum-
mary, the quiescent NSCs, extend their cilia into ventricle
and contact blood becoming type B cells. Type B cells are
eventually activated to proliferate, giving rise to type C
cells, which are rapidly dividing cells. This amplifies and
creates a pool of new-born cells, which eventually give rise
to neuroblasts committed to neuronal lineage (Braun and
Jessberger, 2014). The migration of new-born neurons from
SVZ to olfactory bulb follows a specific migratory path. The
neuroblasts migrate along a rostral migrating system (RMS)
(Braun and Jessberger, 2014) through a dense tube of glia
cells, a process known as ‘chain migration’ (Gross, 2000;
Balu and Lucki, 2009; Aimone et al., 2010). In olfactory
bulb, these new neurons differentiate into distinct subtypes
of neurons. The majority are GABAergic granule interneu-
rons or dopaminergic periglomerular interneurons while
a few are glutamatergic juxtaglomerular neurons (Lois and
Alvarez-Buylla, 1993; Doetsch et al., 1999; Gage, 2002; Balu
and Lucki, 2009; Knobloch and Jesseberger, 2011; Braun
and Jessberger, 2014).

The neurogenesis process in OB generates a substantial
number of neurons but only very limited number survive
to integrate, raising doubts about their functional signif-
icance. In rodents, an enormous amount of neurons are
generated following neurogenesis in OB, however, just a
few are integrated into the OB circuit (Braun and Jessberg-
er, 2014). In humans, there is a sharp decrease of neuro-
blasts in the SVZ after infancy; as such it is suggested that
in OB, less than 1% of neurons are exchanged over a cen-
tury, implying that adult neurogenesis might be of negligi-
ble extent (Spalding et al., 2013), though neurogenesis in
the SVZ is relatively faster than in the SGZ (Couillard-De-
spres et al., 2011), posing doubt for functional integration
in OB.

Dentate Gyrus in Hippocampus

The DG is one of the structures in the hippocampus locat-
ed in the temporal lobe of the brain. Found within the DG
are broad bands of neurons, which are grouped into SGZ
and granule cell layer (GCL). The SGZ is deep to GCL and
contains NSCs (Eriksson et al., 1998; Balu and Lucki, 2009;
Perotin et al., 2009). The structural appearance of the DG is
unique with presence of alternating bands. The DG is seen as
having small clusters consisting of dark and light cells, which
are in close proximity as seen in semi-thin sections (Perotin

et al., 2009). The clusters are homogenously distributed in
the neurogenic niche, which is separated from walls of ven-
tricles or ependymal layer (Zhao et al., 2006, 2008; Perotin
et al., 2009). The NSCs reside in a layer just about three nu-
clei wide which include the basal cell band of GCL and two
nuclei-wide zone into the hilus (Hastings and Gould, 1999;
Gross, 2000; Esposito, 2005; Balu and Lucki, 2009; Perotin et
al., 2009).

The NSCs arise and migrate from SGZ into GCL where
they differentiate, projecting a large dendritic arbor into
molecular layer, extend their axons into hilus terminat-
ing on target cells in the hilus and CA3 area after 3 weeks
(Braun and Jessberger, 2014) and express neuronal marker
proteins (Eriksson et al., 1998; Esposito, 2005; Bonfanti
and Peretto, 2007; Bofanti, 2016) eventually maturing into
functionary excitatory granule cells (Stanfield and Trice,
1988; Zhao et al., 2006; Toni et al., 2008; Balu and Lucki,
2009). In the DG, the quiescent NSCs also known as type
I cells, extend their processes into molecular layer through
the GCL. It is activated to give rise to type 2 cells which
are non-radial NSPCs, and in turn type 2 cells give rise
to neuroblasts, which amplify the neurogenic pool. In the
differentiation stage, the neuroblasts begin to branch out
processes and migrate up into the GCL (Jessberger and
Kempermann, 2003; Zhao et al., 2006, 2008; Braun and
Jessberger, 2014), unlike in the SGZ migrating a short
distance into the GCL (Couillard-Despres and al., 2011;
Bofanti, 2016).

The generated neurons in the DG are of specific type un-
like in the SVZ. In the DG, the NSCs generate glutamatergic
granule cells, whereas in OB, heterogeneous NSCs give rise
to different subtypes of olfactory neurons which later inte-
grate into the OB (Jessberger and Gage, 2014). In DG, the
NSCs differentiate into excitatory glutamatergic granule neu-
rons (Jessberger and Kempermann, 2003; Zhao et al., 2006;
Knobloch and Jesseberger, 2011). In adult humans, the com-
parison between OB and hippocampal neurogenesis reveals
that there is relatively more neurogenesis in DG than in OB
(Gage, 2000, 2002; Gu et al., 2013; Spalding et al., 2013; Jess-
berger and Gage, 2014).

The Adult Neurogenesis Cellular Processes
Adult neurogenesis processes are complex, elaborate, con-
sisting of distinct phases that are tightly regulated. These
phases are proliferation, commitment to neuronal lineage,
migration, differentiation (morphological and physiological),
integration into the existing neuronal circuit and survival. It
also involves cell death through apoptosis, and probably sup-
pression of proliferation of NSCs (Eriksson et al., 1998; Balu
and Lucki, 2009; Loi et al., 2014).

Neural Stem Cells and Proliferation

The presence of NSCs in adult brain is beyond doubt, but
exact lineage of NSCs is still unclear. The true lineage of
NSCs in the neurogenic niches is still under debate. It
is suggested that the lineage for NSCs in the neurogenic
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niches is not restricted to one type, but a heterogeneous
population of precursor cells (Goritz and Frisén, 2012). In
the SGZ, it is argued that there are two types of NSCs, both
capable of giving rise to migratory neuroblasts, which can
later mature into granule cells incorporated into the exist-
ing neuronal circuit. Stem cells are defined as those cells
capable of self-renewal, able to proliferate and differentiate
to other cell progenies (Ming and Song, 2005; Ahmed et al.,
2011; Hong et al.,, 2016). For NSCs in particular, these are
cells derived from the nervous system or have the capability
to generate neural tissue (neurons and glial cells), possess
the self-renewal capacity through symmetrical division,
and can give rise to other cell progenies through asym-
metrical division (Ming and Song, 2005b; Balu and Lucki,
2009; Curtis et al., 2011; Kitamura and Inokuchi, 2014). The
NSCs exhibit high proliferative capacity and multipotency,
the characteristic features of stem cells.

The putative NSC is thought to be of astrocytic lineage
and is quiescent. It expresses precursor cell marker protein,
nestin and has astrocytic properties, i.e., expression of glial
fibrillary acidic protein (GFAP) but not S1003 (Gould et
al., 1994; Kuhn et al., 1996; Reif et al., 2006; Balu and Lucki,
2009; Perotin et al., 2009). In culture, it expresses astrocyt-
ic markers and exhibits similar morphological features to
astrocytes (Ahmed et al.,, 2011), suggesting that the source
of NSCs are from astrocytic lineage. The astrocytic lineage
cells rarely divide rarely but in asymmetrical fashion. Two
types of progenies are identified according to morpholog-
ical properties, both thought to be the source of new neu-
rons in SGZ. These are radial glial cells and non-radial glial
cells (Balu and Lucki, 2009; Perotin et al., 2009; Ahmed et
al., 2011).

Radial glial cells have triangular soma with thick apical
processes reaching and crossing the GCL and branching
massively in molecular layer (Ming and Song, 2005b; Pero-
tin et al., 2009), have vascular end feet (Amaral and Witter,
1989; Bruel-Jungerman et al., 2007; Balu and Lucki, 2009)
and possess relatively more organelles, polyribosomes,
lighter mitochondria as compared to non-radial glial cells
(Perotin et al., 2009). They send their thin lateral extensive
expansions intercalated between the granule neurons that
separate them from neuropile and these expansions are
considered as a scaffold during migration of the new neu-
rons in the SGZ (Jessberger and Kempermann, 2003; Amre-
in et al., 2004b; Zhao et al., 2006, 2008; Perotin et al., 2009).
Radial glial cells when activated, give rise to non-radial
glial cells, a transient population, which in turn give rise to
neuroblasts. Non-radial glial cells have no radial projection,
are generally elongated and extend to branched processes
parallel to SGZ and thin short secondary branches into the
hilus and GCL (Zhao et al., 2006; Perotin et al., 2009). They
stain with the antibodies against S-100, a calcium binding
protein expressed in some astrocytes and ependymal cells
(Perotin et al., 2009), nestin and Sox2 (Dayer et al., 2003;
Ming and Song, 2005b; Amrein et al., 2008b; Balu and Luc-
ki, 2009), Tbr2+ (Berg et al., 2015) and are rapidly prolifer-
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ating (Amrein et al., 2008b; Abdallah et al., 2010; Ahmed et
al., 2011; Curtis et al., 2011) with limited self-renewal and
further lineage restriction (Balu and Lucki, 2009; Ahmed et
al,, 2011).

The neuroblasts migrate into GCL where they differentiate
into new neurons. They project a large dendritic arbour into
molecular layer, and extend their axons into hilus terminat-
ing on target cells in the hilus and CA3 area after 3 weeks
(Kempermann et al., 2003; Ming and Song, 2005b; Zhao
et al., 2008; Braun and Jessberger, 2014) expressing neu-
ronal marker proteins (Eriksson et al., 1998; Bontempi et
al., 1999; Bonfanti and Peretto, 2007) eventually maturing
into functionary excitatory granule cells (Zhao et al., 2006,
2008; Balu and Lucki, 2009). There are differences in terms
of NSCs progeny in SVZ and SGZ. In SVZ, NSCs give rise
to a number of subtypes of olfactory neurons, unlike in DG
were glutamatergic granule cells arise. It is not clear wheth-
er fate differences are intrinsically predetermined or are due
to external cues (Knobloch and Jesseberger, 2011; Jessberg-
er and Gage, 2014). Evidence from several studies suggests
the interplay of intrinsic and extrinsic cues. For instance,
when cultured cells are grafted back, the new-born neurons
adopt the fate of the region grafted into, hence external cues
influencing the fate (Suhonen et al., 1996; Hastings and
Gould, 1999; Jessberger and Gage, 2014). On the contrary,
isolated NSCs from dorsoventral axis maintain their site
specific characteristics when generating distinct neuronal
subtypes in the SVZ (Merkle and et, 2007; Knobloch and
Jesseberger, 2011; Sahay et al., 2011) an indication of in-
trinsic cues at play. It has been argued that such differences
could be originating from methodological variations, or
that the transplanted NSCs may have been at an advanced
stage and just proceeded to their destined fate (Knobloch
and Jesseberger, 2011).

Proliferation of NSCs and neuroblasts is not concomitant
but follows a stringent control to regulate the neurogenesis
process. In animal models, NSCs divide faster than neuro-
blasts, resulting into a net pool of NSCs (Ming and Song,
2005; Andersson, 2010). In the early stages of adult neuro-
genesis, strict balance between the NSCs and neuroblasts
is a key feature. Some of the factors known to regulate the
balance between NSC and neuroblasts are Notch signal-
ling, Wnt signalling, Sox2 transcriptional activity and lipid
metabolic processes (Braun and Jessberger, 2014). There is
a negative relationship observed between nueroblasts and
age. The study by Eriksson et al. (1998) was first to demon-
strate occurrence of AHN in humans by observing pres-
ence of neuroblasts. It showed possible variations of AHN
among the subjects but the results were not conclusive, due
to among others, a small sample size of 5, relatively old-
aged sample (age range of 58-72 years, mean age of 64.4
* 2.9 years) and a varied post infusion period from 16 to
781 days. Evidently, the number of detected neuroblasts
declined with increased post infusion period as noted by
(Nogueira et al., 2014).

Similar results depicting a negative relationship between
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age and neuroblasts has been observed by others (Amrein
et al., 2004b; Rao et al., 2008; Aizawa et al., 2009; Spalding
et al., 2013; Nogueira et al., 2014; Ngwenya et al., 2015). In
early part of life, there is a relatively high number of neu-
roblasts that exhibit a steady decline in later years of life.
Ngwenya et al. (2015) reported a 92% reduction of cells
labelled with BrdU from rats aged between 32 days and 12
months. Similarly, Rao et al. (2008) observed a decline of
80% in BrdU labelled cells and 85% Ki-67 labelled cells in
young and old Fischer 344 rats. Similar results were ob-
served in cynomologus monkeys using Ki-67 (Aizawa et al.,
2009). Furthermore, using Ki-67, the DG of the African gi-
ant rat showed reduced proliferation from juvenile to adult-
hood from 12,480 + 7,860 to 1,130 + 150 respectively (Olude
et al., 2014). A similar pattern is observed in humans. In
humans, Dennis et al. (2016) observed a marked decline
of adult neurogenesis in the neurogenic niches and that in
adult brain there is sparse distribution of proliferating cells
which are largely microglia. Comparison of juvenile and
adult individuals, showed a drastic decline of proliferative
cells in SGZ from juveniles to adults. Using cell densities of
proliferating cells (Ki-67"), the ages 0.2, 0.3, 1.0 and > 24
years had 17.9 cells/mm’, 20.6 cells/mm?, 3.77 + 1.39 cells/
mm’ (n = 3) and 0.27 + 0.18 cells/mm” respectively (baseline
Ki-67" density in caudate nucleus = 2.9 + 2.1 cells/mm?).
Similarly, Bergami et al. (2015) noted that in humans there
is a five-fold decrease between 20-100 years. Furthermore,
Dennis et al. (2016) observed that the phenotype of prolif-
erating cells changed with age both in SGZ and SVZ. They
noted that the distribution of proliferative marker, Ki-67
in juveniles was not confined to SGZ, but was also found
in the molecular layer of DG and CA4 region of the hip-
pocampus. In adults, proliferating cells were scarce in SGZ
and the adjacent areas.

This declining trend becomes relatively faster in young-
er animals but steady at some point but during aging, the
amount of embryonic generated neurons only remains
a declining fraction, slowly been replaced by postnatally
generated neurons (Braun and Jessberger, 2014). However,
it is not clear at what age for instances 50% of embryoni-
cally generated neurons are replaced. Some animal studies
observed that the total number of DGCs does not increase
with age in rats, while functional integration remains con-
troversial (Ajao et al., 2010; Gu et al., 2012; Spalding et al.,
2013). Comparison of proliferation rates between normal
and diseased individuals indicates a very interesting phe-
nomenon for adult neurogenesis. Increased adult neuro-
genesis has been demonstrated in individuals who had sei-
zures, or had suffered from vascular dementia especially in
their prefrontal cortices as compared to negative controls.
There is preferential proliferation of radial astrocytes in the
DG during seizures (Thom et al., 2005). However, in pa-
tients with chronic stress, a decrease in adult neurogenesis
has been observed (Liu et al., 2008) and in major depressive
disorder (MDD) coupled with smaller DG and granule cell
layer volumes as observed through stereology (Bergami et

al., 2015). This entails that the disease condition alters the
neurogenic niches in adult brain.

Affecting proliferation rate of neuroblast is also a life
history factor. For instance, in alcoholics the proliferation
rate was found to be relatively lower than the age matched
non-alcoholic individuals (Andersson, 2010). However, the
sample size of 9 with 2 alcoholic cases in Andersson (2010)
study, was small to make well-founded conclusions. Despite
that this shows the need to investigate how such life histo-
ry factors affect adult neurogenesis. There are a number of
genes required for neuronal maturation. These are Cdk5 and
Discl (Braun and Jessberger, 2014). The growth of dendrites
and physiological maturation is controlled by Discl in new
DGC (Duan et al., 2007; Zhang et al., 2008), while the sur-
vival of adult born neurons is dependent on early N-meth-
yl-D-aspartate (NMDA) (Tashiro et al., 2006; Bergami et al.,
2015).

Differentiation and Maturation

The differentiation and maturation process of neuroblasts
are a multi-staged process which is tightly regulated. The
onset of the differentiation is dependent on the pro-neuro-
nal genes. These are NeuroD1, Prox1 and SoxC transcrip-
tion factors (Braun and Jessberger, 2014). Also playing a
role is the neuronal activity throughout the stages of adult
neurogenesis. For instance, excitatory GABAergic inputs
activate the NSCs. The NMDA receptors are able to initi-
ate integration of new born neurons into the hippocampal
circuit (Braun and Jessberger, 2014). Neuroblasts begin to
develop features different from those of NSCs, a character-
istic feature for the post-mitotic differentiation period. The
new neurons begin to display structural maturation almost
after one week with corresponding physiological matura-
tion. In early maturation period (1" week after birth), the
new born neurons display high resistance and low mem-
brane capacity. At the same time, the new neurons begin to
receive functional y-amino butyric acid (GABA)ergic but
not glutamatergic inputs (Ge, 2006; Balu and Lucki, 2009).
These maturing neurons are also excited by GABA, crucial
for establishment of GABAergic and glutamatargic synaptic
inputs and also important for the regulation of the dendrit-
ic development.

The electrophysiological pattern characteristic of neuro-
blasts is complex. Neuroblasts begin to express polysiliated
form of the neural cell adhesion molecule (PSA-NCAM),
Prox-1, NeuN, calbidin and does not express nestin and
Sox2. They also go through a transient expression of DCX
and PSA - NCAM and appearance of basal dendrites (Ge,
2006; Balu and Lucki, 2009). Structural and physiological
characteristic features precede maturation of post-mitotic
neurons. These are rapid elongation of the axon and estab-
lishment of appropriate axonal connections within 4-10 days
after their birth. Cell clusters for neuroblasts begin to appear
as observed from 3D reconstruction studies, suggesting that
the neuroblasts clusters sit on a nest of radial astrocytes and
this results in making frequent contacts with the mature
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granule neurons (Brandt, 2003; Ge, 2006; Balu and Lucki,
2009).

Functional glutamatergic inputs appropriately appear
between 14-18 days together with the formation of den-
dritic spines and continued growth of dendrites (Brandt,
2003; Ge, 2006; Balu and Lucki, 2009). An input-dependent
manner regulates survival and incorporation of the newly
generated neurons into the existing circuit (Jessberger and
Kempermann, 2003; Ge, 2006; Balu and Lucki, 2009). At the
end of a 4-week period, the committed neuroblasts differen-
tiate to mature neurons (Sierra et al., 2011; Marques et al.,
2016). Ngwenya et al. (2015) observed a delayed migration
and maturation of new neurons in young and aged rhesus
monkeys adult neurogenesis, but had an approximately
73-76% survival rate. In general, the maturation process
takes approximately six weeks with fully functional and inte-
grated neurons into the hippocampal or OB circuit but have
different physiological characteristics as compared to those
neurones born during embryonic period (Jessberger and
Kempermann, 2003; Braun and Jessberger, 2014; Jessberger
and Gage, 2014).

The maturation duration for the newly generated neu-
rons varies depending on the species and age of the ani-
mal. Neurons mature relatively faster during embryonic
development period than in adult animals (Ming and
Song, 2011). A comparison of animal species shows varied
maturation periods. For instance in rats the maturation
period is faster than in mice (Marin-Burgin and Schinder,
2012). Even within the dentate gyrus there is localized
differences of neuronal maturation. Local network con-
nectivity is said to likely modulate the neuronal matura-
tion, hence the differential activation of the hippocampal
network creates localized domains for newly generated
neurons to mature at slightly different rates (Marin-Burgin
and Schinder, 2012). Perhaps the question is how is this
seemingly unorganised maturation coordinated into an
organised pattern?

After the developmental period the newly generated neu-
rons have structural similarities to those generated during
the perinatal period but have physiological characteristic
differences to those of the perinatal neurons. The adult born
neurons display a high input resistance, increased excitabil-
ity and reduced GABAergic inhibition and physiological
characteristics typical of immature neurons (Korbo et al.,
2004; Luu et al.,, 2012; Marin-Burgin and Schinder, 2012;
Marques et al., 2016) as compared to prenatal neurons. This
is attributed to some functional uniqueness of the newly
generated neurons. The maturing neurons in humans ex-
press DCX in their cell bodies and processes, and resemble
those observed in rodents. Liu et al. (2008) described the
DCX positive cells observed in normal and epileptic hu-
mans, as having ‘no or short uni- or bipolar; and their cell
processes resembled those of the ‘A and B’ DCX positive cells
in hippocampus of adult rodents described by Palmer et al.
(2001). Strong labelled and clustering of DCX cells are seen
in superficial cortical regions in parahippocampal gyrus (PG)
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and other regions of the temporal lobe both in normal and
epileptic patients.

D’Alessio et al. (2010) also observed in humans morpho-
logical changes in DCX positive cells in DG and pyramidal
layers in hippocampal sclerosis tissue compared to normal
controls. The DCX positive granular cells in normal con-
trols exhibited a typical granular morphology and their
somas had high immunoreactivity, with no dispersion
among the DG layers. However, in the temporal lobe ep-
ilepsy (TLE), an important dispersion was observed and
several of the reactive cells were localized into the hilus
and into adjacent molecular layers. The DCX positive den-
drites in TLE had arborisation that was directed towards
the molecular layer, a thing that was absent in the controls
and was not observed in Liu et al. (2008) study, due to
weak labelling of dendrites hence could not conclude if
DCX positive cells in GCL projected their dendrites into
the molecular layer. In the pyramidal layer, D’Alessio et al.
(2010) observed that in epileptic patients the DCX positive
cells in CA1 region, had reactive somas and their apical
dendrites were longer with torturous, and many reactive
fibers crossed along CA1.

Furthermore, diminishing long chains of DCX positive
cells were observed in PG of epileptic patients (Liu et al,
2008) contrary to observations by D’Alessio et al. (2010).
Lower staining intensity was observed in epileptic hip-
pocampus as compared to normal controls measured by
mean grey value in DG and CA1l. Furthermore, lower re-
active area for DCX and also a reduced mean number of
DCX positive cells in DG of epileptic than normal controls
was observed. Liu et al. (2008) concluded that perhaps in
epileptic individuals, the DCX positive expressing cells are
probably healthy but change their morphology as they pro-
liferate, migrate and differentiate. The genes that control
neuronal migration, its integration and subsequent axonal
and dendritic extensions are not fully understood. How-
ever, the few identified for maturation are cAMP response
element-binding (CREB) signalling (Knobloch and Jesse-
berger, 2011). For neuronal maturation and integration, the
following genes are required, Discl and Cdk5 (Braun and
Jessberger, 2014). Cdk5 and Discl (Braun and Jessberger,
2014), growth of dendrites and physiological maturation is
controlled by Discl in new DGC (Duan et al., 2007; Zhang
et al., 2008), while the survival of adult born neurons is de-
pendent on early N-methyl-D-aspartate (NMDA) (Tashiro
et al., 2006; Bergami et al., 2015).

Integration of the New Neurones

The newly generated neurons are structurally and function-
ally integrated into the existing circuit. New neurons formed
in the DG have been shown to integrate into the hippocampal
dependent learning and memory (Rao et al., 2008; Ming and
Song, 2011) though others have questioned the functional
aspect (Ajao et al., 2010; Spalding et al., 2013). In humans,
there is almost no direct data to demonstrate the functional
integration of the new neurons as such its function is largely
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inferred. The newly generated neurons play a role in the
information processing, but one critical determinant is the
required period for maturation and functional integration
(Marin-Burgin and Schinder, 2012; Bowers and Jessberger,
2016; Marques et al., 2016). Structural and functional inte-
gration of the new neurons takes relatively a longer period.
After a prolonged period of maturation, mature adult born
neurons, exhibit similar electrophysiological properties like
older neurons in adult brain. New neurons are ‘specifically
selected” for integration which is dependent on activity based
(Knobloch and Jesseberger, 2011).

The maturation and integration process involves, firstly,
tonically activation of the new neurons by ambient GABA
which is released from local interneurons. This is followed
by GABAergic inputs and finally glutamatergic synaptic
inputs and mossy fibres synaptic input to hilar and CA3
neurons (van Praag, 2002; Schmidt-Hieber et al., 2004; Ming
and Song, 2005; Wiskott et al., 2006; Zhao et al., 2008).
These new neurons exhibit a relatively hyper-excitability and
enhanced synaptic plasticity during specific developmental
stages (van Praag, 2002; Kobayashi and Poo, 2004; Ming and
Song, 2005; Kitamura and Sugiyama, 2006; Wiskott et al.,
2006; Zhao et al., 2008).

Cell Apoptosis

Cell apoptosis in AHN is extensive, yet its role is specu-
lative. Cell apoptosis refers to a process a cell undergoes
resulting into distinguishable physiological and morpho-
logical changes leading to the death of the cell. Neurons
are created in excess (Balu and Lucki, 2009; Abdallah et al.,
2010; Aimone et al., 2010; Ajao et al., 2010; Ahmed et al,,
2011; Knobloch and Jesseberger, 2011) thereby creating a
relatively large pool of proliferating cells that eventually
undergo apoptosis. There is a significantly large number of
neurons that undergo apoptosis, a process that was initially
thought as an occurrence mainly during embryonic period
(Loi et al., 2014), with the surviving cells migrating into
GCL using radial glia scaffold as observed in animal stud-
ies. It is now known to be a common phenomenon after
some time of a lesion. It is important for faulty NSCs to be
promptly removed and as a quality control measure consid-
ering the multipotency of NSCs (Yuan and Yankner, 2000;
Sun, 2004; Hong et al., 2016).

At population level in the DG, there is relatively a large
number of neurons modulated each month. About 6% of
the total population of the DG neurons are modulated per
month (Gu et al,, 2013; Hong et al., 2016). During this pro-
cess, the majority of the generated neurons do not survive. A
significant number of neurons die. Approximately 50-80%
of newly generated neurons undergo apoptosis (Balu and
Lucki, 2009; Gu et al., 2012; Snyder and Cameron, 2012),
while survival of the rest is dependent on a number of fac-
tors as highlighted by Zhao et al. (2006). Between weeks
1-3, the survival of neurons is promoted mainly by animal’s
experience such as learning and exposure to enriched en-
vironment (Zhao et al., 2006; Kee et al., 2007; Tashiro et al.,

2007). In week 3, the signaling through NMDA receptor also
promotes the survival of the neurons and do coincide with
the formation of dendrite spines and functional glutamater-
gic inputs (Zhao et al., 2006).

Apoptosis has a functional role, though is it still specu-
lative. Cell apoptosis occurs once the cells are post-mitotic
and express both DCX and calcetinin. Cell apoptosis is
thought as a mechanism of balancing net proliferation rate
and a mechanism of removing damaged cells (Eriksson
et al., 1998; Balu and Lucki, 2009; Snyder and Cameron,
2012; Loi et al., 2014) and is not confined to embryonic
period in mammals. This elimination process of cells is
rapid hence the number of new cells remains stable 2-3
weeks after exiting cell cycle (Oppenheim, 1991; Naruse
and Keino, 1995; Robinson and Kolb, 1997; Balu and Luc-
ki, 2009; Curtis et al., 2011; Snyder and Cameron, 2012).
Apoptosis counterbalances the continuous adding of new
neurons through adult neurogenesis (Zupanc, 1999; Imay-
oshi et al., 2008; Hong et al., 2016). Through apoptosis, a
functional pool of NSCs is maintained, however acceler-
ated death of NSCs or reduced generation of NSCs will
hinder neurogenesis (Hong et al., 2016). When compared
to necrosis, apoptosis is a controlled and better process
of cell death as there are no side effects associated with
necrosis (Zupanc, 1999) and is preferred mechanism after
some time of a lesion.

The rate of apoptosis in animals is affected by endogenous
and exogenous factors. Enriching the environment affects
the rate at which apoptotic cells are removed from neuro-
genic environment. Under basal conditions in adult brain,
the apoptotic neurons are quickly phagocytised from the
neurogenic niches by the un-activated microglia (Zupanc,
1999; Yuan and Yankner, 2000; Ming and Song, 2011). In
contrast enriching environment by melatonin reduces the
rate of apoptosis. For instance, in post ischemic group of
rats, neuronal apoptosis was reduced in 72 hours and 7
days after environment enrichment with melatonin (Ajao et
al., 2010). This indicates a need to thoroughly understand
neuronal cell apoptosis in humans for possible modulation.

The extent of DG neurogenesis and neuronal turn-over

The neuronal turn-over rate is the rate at which neurons
are exchanged at population level. In hippocampus, there
exist two different types of neuronal populations, one that
turnover continuously and the other that do not Spalding
et al. (2013). The size of the renewing cell population ex-
hibits variations when compared across species. In human
hippocampus, about one third of neurones are subject to
exchange. This is in contrast to the thinking that a small
insignificant number of neurons are exchanged in order
to preserve memory by maintaining a stable population
(Snyder and Cameron, 2012). In human hippocampus, the
renewing cell population is relatively bigger as compared
to rodents for instance. The renewing population consist of
about 35% [95%CI (12—63%)] of DG neurons in contrast
to 10% in DG of in adult rodents that undergo neuronal
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exchange.

It is reported that at least 700 neurons or 0.004% of the
DG neurons are added daily in each human hippocampus
translating to neuronal turn-over of 1.75% of neurons in
adulthood within the renewing fraction (Spalding et al,,
2013), but exhibit an age dependent decline that parallel
the decline of neuroblasts (Eriksson et al., 1998; Bergami et
al., 2015; Bowers and Jessberger, 2016). This suggests that
all the neurons in DG will turnover in adult hippocampus
with half of the neurons undergoing apoptosis as explained
above. In 3 months old rats, the number of neuron generat-
ed are quite extensive i.e., greater than 650,000 granule cells
(Snyder and Cameron, 2012). Even in older rats, there is a
substantive number of neurons generated i.e., in 2-year-old
rats, which has surpassed the life expectance of rats, 50,000
young neurons were reported to be found (Snyder and
Cameron, 2012).

One has to be cautious when interpretation and making
comparison of such data. One reason being that the methods
used and markers are not necessarily the same, hence this
could introduce some inherent differences. Furthermore,
data from immunohistochemical images only provide a
snapshot of a point in time of the adult neurogenesis pro-
cess, since it labels neurons transiently during the expression
of the endogenous markers (Snyder and Cameron, 2012).
A number of studies have used DCX and TUC-4, to depict
the decline of adult neurogenesis. These two markers do not
capture the survival rate of newly generate neurons as they
exhibit drastic reduction with age (Snyder and Cameron,
2012). It is therefore imperative to be cautious when making
such comparisons and conclusions.

Comparison of renewing fraction to non-renewing pop-
ulation shows that the renewing population is relatively
smaller. The renewing population comprise of an average
of 51% [95%CI (22—-88%], and a median annual turnover of
3.5% but exhibit an age dependent decline (Spalding et al.,
2013). The renewing fraction in the DG seems to increase
with age. The neuronal number in DG is least affected,
indicating a relative increase in the proportion of renew-
ing fraction (Bergami et al., 2015). Within the renewing
fraction, there seem to be a preferential loss of adult born
neurons. Adult born neurons die faster through apoptosis
as compared to neurons born in early stages (Oppenheim,
1991; Yuan and Yankner, 2000; Bergami et al., 2015; Bofanti,
2016). Evidently, cumulative studies of postnatal neurons,
indicate that there is a net increase of generated neurons
with age. The total number of neurons increase with the
advancing age. It is reported that the population of the
post-natal neurons increase to as close as twice as large in
number, approximately 40% of the total population by the
end of animal’s life span (Amrein et al., 2004b, 2008; Snyder
and Cameron, 2012; Ngwenya et al., 2015).

Evidence from stereology studies, has given a good com-
parison of the turnover rates for a few animal species. In hu-
mans, about 0.004% are exchanged per day (Spalding et al.,

1876

2013), while in 2-month-old mice it is 0.03% to 0.06% and
for the 5-16 year old macaque it is 0.04% per day (Bergami
et al., 2015). Between the ages of 2-9 months, mice experi-
ence a 10-fold decline in neurogenesis, in comparison to 4-5
-fold decline in humans (Bergami et al., 2015; Bowers and
Jessberger, 2016). The comparison of macaque relative rate
of neurogenesis to rodents, reveal an approximately 10-times
fold lower rate of adult neurogenesis in macaque than ro-
dents (Bergami et al., 2015). However, the majority of the
cells born became neurons similarly in rodents. Elucidating
from mice studies, this perhaps supports the functional as-
pect of neurogenesis and by extension, also in humans. It is
not known if the reported decline in neurogenesis correlate
with decreased cognitive function as noted by Bowers and
Jessberger (2016).

Comparing the rate of adult neurogenesis between young
and old, the rate of neurogenesis in older macaque was low-
er than in young macaque and decreased linearly with age
(Bergami et al., 2015). The decline occurred just before the
onset of midlife and is comparable to that observed in rats
and mice. Despite the reported decline of the neurons gener-
ated with age, the cell cycle is said to be unchanged with the
advancing age (Snyder and Cameron, 2012).

Adult neurogenesis decreases with age which correlates
with a lack of measurable growth of the DG later in life.
From rats studies, evidence suggest that deceased adult neu-
rogenesis is due to a combination of factors. Among them
are large decrease in proliferation, slowed migration of cells
from SGZ to GCL and reduction of cell differentiation into
neuronal phenotype (van Praag, 2002; Sun, 2004; Song,
2005; Thom et al., 2005; Zhao et al., 2006; Balu and Lucki,
2009; Georg Kuhn and Blomgren, 2011; Satvat et al., 2011;
Snyder and Cameron, 2012).

There are currently methods and techniques available to
measure the extent of neurogenesis in humans. In rodents,
the extent of neurogenesis has largely been measured using
histological techniques such as thymidine analogs, retro-
viral vectors which selectively label dividing cells and their
progeny, transgenic markers expressed in NSC, neuroblasts,
transgenesis-based lineage tracing (Bertaina-Anglade et al.,
2000; Biebl et al., 2000; Jessberger and Kempermann, 2003;
Amrein et al., 2004b; Jessberger and Gage, 2014).

Factors that have a regulatory effect on adult neurogenesis
Adult neurogenesis is regulated or modulated by exoge-
nous and endogenous factors. These factors up-regulate or
down-regulate cellular processes of adult neurogenesis. From
animal studies, changes in hippocampal volume have been
correlated to other factors, suggesting that changes observed
in the hippocampal volume relates to increase/decrease in
hippocampal neurogenesis (Bergami et al., 2015). Some of
these factors are enriched environment, behavioural, stress
and depression, genetics and growth factors, disease, neuro-
endocrine early life experiences, physical exercise and neu-
rochemical factors.
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Growth Factors

Growth factors generally have an up-regulatory effect on
adult neurogenesis. Proliferation, lineage choice of NSCs and
differentiation of neuroblasts, are generally up-regulated by
a number of growth factors. Increased levels of neutrophilic
factors, such as fibroblast growth factor-2 (FGF-2), brain
derived neutrophilic factor (BDNF), insulin-like growth fac-
tor-1 (IGF-1) and vascular endothelial growth factor (VEGF)
are associated with high neuronal proliferation (Rao et al.,
2008). The response to growth factors is not uniform in the
neurogenic niches. Increased EGF and FGF-2 infused in-
tracerebroventricular in adult rats, increase proliferation in
SVZ but not in DG (Gage, 2002; Erickson and Barnes, 2003;
Esposito, 2005). This selective response in SVZ and DG is
peculiar and indicate the need to thoroughly understand
how such factors alter adult neurogenesis in health and un-
healthy individuals.

Stress and depression

Stress and depression are known to have a down-regulatory
effect on adult neurogenesis. Structural and functional as-
pects of the adult brain are genetically determined, but early
life experiences, modulate the maturation and how the brain
will cope with adverse events, among them, stress (Loi et al.,
2014). From animal studies, exposure to acute stress sup-
presses one or more phases of adult neurogenesis. As such
increased vulnerability to stress is related to decreased rate of
adult neurogenesis (Loi et al., 2014). In rodents, the patho-
physiology of stress and hippocampal volume reduction are
associated with structural impairment, including reduced
adult neurogenesis (Loi et al., 2014). In marmoset monkeys
decreased cell proliferation is associated with exposure to
stressful events (Gage, 2002; Lafenetre et al., 2011; Marques
et al,, 2016). Early life adversity negatively affected the brain
structure and function, but this is normalized by an enriched
environment (Loi et al., 2014). Therefore, prolonged negative
life experiences, could be a confounding factor in interpreta-
tion of adult neurogenesis data if the organism experienced
it.

In humans, stressful events have been indirectly shown to
have an effect on adult neurogenesis. Cognitive deficit has
been observed in depressed patients, and this is concomitant
to reduced hippocampal volume. Some antidepressants are
also known to enhance adult neurogenesis. Examples are flu-
oxetine (Braun and Jessberger, 2014). Again, maturation pe-
riod of newly-born neurons, mirror the period anti-depres-
sant exert their therapeutic effect, suggesting that perhaps
it also in part enhance neurogenesis (Braun and Jessberger,
2014). Lastly, most of the anti-depressant drugs reduce or
normalise reduced adult neurogenesis, and behaviour re-
sponses corresponding to anti-depressant drugs are usually
disturbed by disruption of adult neurogenesis (Loi et al.,
2014).

Interestingly, stress and corticoids both have similar effect
on adult neurogenesis, the same way endogenous glucocor-
ticoids have on angiogenesis. Stress inhibits proliferation of

neuroblasts in DG, so is increased levels of glucocorticoids
on neuroblasts proliferation (Starkman et al., 1999; Czeh et
al., 2001; Gage, 2002). Reversing the condition by reducing
serum glucocorticoids by adrenalectomy, elicits cell division
in DG (Starkman et al., 1999; Hayashi et al., 2004). Likewise,
VEGF is associated with angiogenesis in brain, but is also
up-regulated by anti-depressants. This suggests the possibil-
ity that neurogenesis and angiogenesis processes in the adult
DG could be either parallel phenomenal or/and have func-
tional linkages (Andersson, 2010).

Inherent traits

Inherent traits have an influence on proliferation and differ-
entiation of the progenitor cells. Proliferation, differentiation
of NPCs and maturation of new neurons are dependent
and separately influenced by inherent traits. Inherent traits
introduce variations in adult neurogenesis dynamics. For
instance, in different mice strains, proliferation and surviv-
al rates of neurons were different (Gage, 2002; Ge, 2006),
though they are in turn modulated by other factors like envi-
ronment, behaviour and biochemical factors.

Microenvironment

The microenvironment or neurogenic niche has an influence
on adult neurogenesis dynamics. The neurogenic niche is
made up of cells, molecules and structure that allow occur-
rence of proliferation and neurogenesis in certain places
while restricting the same in other parts of the adult brain.
The following are the components of the neurogenic niche;
endothelial cells, ependymal cells, astrocytes and microglia,
mature neurons and vascular components (Rao et al., 2008).
Cellular dynamics exhibit corresponding fluctuations de-
pendent on DG neurogenic niche (Rao et al., 2008), hence
it acts like a ‘dynamic’ structure which allows a sphere of in-
teractions for NSCs and its environment, and consequently
alters the location and characteristics of the NSC (Ahmed et
al., 2011). For instance, dense clusters of proliferating cells
have been observed to associate with vascular structures and
cerebral spinal fluid (CSF) in SGZ (Ming and Song, 2011).
In in vivo studies, it has been demonstrated that neurogenic
niches have a functional control over neuronal development
(Ming and Song, 2011). The neurogenic niche has been
widely described in mice but modifications in other mam-
mals have been observed.

Enriched environment

Enriching the environment has an up-regulatory effect on
adult neurogenesis. In adult DG, recruitment of NSCs and
its fate in differentiation is affected by the organism’s be-
haviour in its enriched environment (Gage, 2002; Anders-
son, 2010; Loi et al., 2014). Melatonin has positive effect on
the rate of adult neurogenesis. Administering melatonin
prior to ischemia, enhances adult neurogenesis in the DG
(Ajao et al., 2010). A better understanding of how enriched
environment modulate adult neurogenesis will be of great
potential in enhancing animal’s behaviour. The regulatory
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effect of environment on neurogenesis also offers an oppor-
tunity to study the interaction between nature and nurture
(Gage, 2002).

Age

Age is another important factor affecting or altering adult
neurogenesis. In humans and other mammals, neuroblasts
are available the entire lifespan but exhibit an age dependent
decline (Gage, 2002; Friedman, 2008; Rao et al., 2008; An-
dersson, 2010; Ming and Song, 2011; Bergami et al., 2015),
which in part, could be due to increased levels of glucocor-
ticoids (Gage, 2002). In aging rats, the process of adrenalec-
tomy reverses the age related decline of NPCs proliferation
due to decreased levels of glucocorticoids. In humas, it is still
not clear as to what are the dyanamics of adult nurogenesis
across the life span. There has been very limited attention
on the extent of adult neurogenesis across life span. It is very
important to deepen our understanding on the extent of
adult neurogenesis process in humans from pre-adolescent
to late adulthood, and how other factors like sex, life expe-
riences (alcoholism, sedentary/non-sedentary life style, etc.)
alter the process.

Hormones

Steroid hormones have an effect on adult neurogenesis. For
instance testosterone in birds, enhances adult neurogene-
sis while estrogen exhibits a transient proliferation (Gage,
2002). Insulin also plays an important role in hippocampal
development and its function. Therefore, insulin is critical
for the survival and proliferation of NSCs and neurogenesis
in the hippocampus (Hong et al., 2016).

Diseases

Some diseases and other neuropsychiatric conditions alter
adult neurogenesis dynamics, by either increasing or de-
creasing its rate. Increased proliferation has been observed
in Huntington’s disease (HD), ischemic lesions in the neu-
rogenic regions while reduced or impaired neurogenesis
has been observed in other neurogenic conditions such as
Parkinson’s disease and Alzheimer’s disease (Jin et al., 2004a,
b; Knobloch and Jesseberger, 2011). The question of would
altered neurogenesis cause disease(s) is another important
question for the neurobiology community (Knobloch and
Jesseberger, 2011). This information has been largely ob-
tained from animal models i.e., rodents. The decreased adult
neurogenesis in diseased conditions is due to two main fac-
tors. Firstly, there is reduction in neuronal activity or surviv-
al, secondly altered neurogenesis leads to aberrant matura-
tion hence resulting in abnormal maturation and integration
(Braun and Jessberger, 2014).

From experimental animal models, insults to the brain
like, seizures, alter the rate of granule cell neurogenesis. For
instance following pilocarpine-induced status epilepticus
and kainic acid-induced seizures in adult rats, the rate neu-
roblasts migration is increased and cell proliferation has
been observed to peak after three days following seizure
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before declining again (Thom et al., 2005).Using an indi-
rect marker for cycling cells, the mini chromosome main-
tenance protein 2 (Mcm2), Thom et al. (2005) observed
higher number of Mcm?2 positive cells in the dentate gyrus
(mean density 16.4/mm?) in hippocampal sclerosis (HS) in
normal humans than in controls. Similar results have pre-
viously been reported using Ki-67 but with low volume of
1.0 to 1.5/mm”. One of the reasons for such differences has
been noted as MCM detect a larger portion than the Ki-
67. The Mcm?2 detect all stages of cell cycle and those with
potential to proliferate unlike the Ki-67 which detect cyclin
stages of a cell. .

Altered hippocampal neurogenesis is one of the key
characteristic features in the temporal lobe epilepsy (TLE)
with hippocampal sclerosis. Both epileptic and normal in-
dividuals exhibited DCX positive and strongly labelled cells
in temporal cortex (Liu et al., 2008; D’Alessio et al., 2010).
Comparison of DCX positive cells, showed a significantly
higher DCX positive cells in epileptic individuals than the
normal individuals as shown through Western blot method
(Liu et al., 2008). However, Fahrner et al. (2007) observed a
negative relationship between DCX expressing cells in nor-
mal and epileptic patients, which Liu et al. (2008) concluded
that the significant increase in DCX expressing cells in ep-
ilepsy as compared to normal individuals was possibly due
to epilepsy and not effect of age as concluded by Fahrner et
al. (2007). This perhaps suggest that the epilepsy do up-reg-
ulate the normal process of neurogenesis. Liu et al. (2008)
and D’Alessio et al. (2010) found conflicting results on DCX
expression in temporal lobe. D’Alessio et al. (2010) reported
a decreased DCX expression in hippocampus in epileptic
patients as compared to normal controls, with significant
reduction observed in CA1 and DG regions. Liu et al. (2008)
used hippocampal homogenates, while D’Alessio et al. (2010)
observed DCX expression after therapeutic lobectomy of pa-
tients with TLE. The effect of various disease conditions on
adult neurogenesis has been reviewed elsewhere (Thompson
et al., 2008; Lazarov et al., 2010).

Therefore, a thorough understanding of regulatory factors
for AHN is important for its application. As noted by Ming
and Song (2011), adult neurogenesis is a well-regulated pro-
cess, but can be modified or modulated by physiological,
pathological and pharmacological factors. Therefore, a better
understanding of cellular dynamics, mechanism and factors
modulating adult neurogenesis process will eventually offer
an opportunity to realize the full potential of adult neuro-
genesis in public health and for societal benefit.

How is process of adult neurogenesis regulated?

Despite the complexity of the neurogenesis regulation, the
process is slowly being understood, though a lot need to
be done. The neurogenesis process in adult brain unlike
in embryonic period is asynchronous process, where neu-
rons are at different stages of development (Knobloch and
Jesseberger, 2011). There is contribution of both intrinsic
and extrinsic factors in regulating adult neurogenesis. It is
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thought that the interplay of intrinsic and extrinsic cues
regulate NSCs, however as to how it is regulated and to
what extent each contribute is still not clear (Knobloch
and Jesseberger, 2011). In regulating NSCs activities, the
key mechanism factors are transcription mediated through
for instance SOX2, NeuroD1, PAX6, GSX2 and Prox1, and
epigenetic mechanism acting through for example histone
modification (e.g., MeCp2 and MDBI1) and also non-cod-
ing RNAs (e.g., miR-24). Moche-derived morphogens,
neurotransmitters, growth factors and cytokines are also
important factors controlling NSCs activity and neuronal
differentiation (Jessberger and Gage, 2014). These include
gamma aminobutyric acid (GABA), glutamate, brain de-
rived neurotrophic factors (BDNF), epidermal growth fac-
tor (EGF), fibroblast growth factor (FGF)-2, Wnt ligands,
Shh, BMP, interleukin (IL)-6 and tumour necrosis factor
alpha (TNFa). As discussed above two of the epigenetic
factors sex and ageing down-regulate adult neurogenesis
while physical activity, environmental enrichment, and
learning and memory up-regulate the adult neurogene-
sis process (Lafenetre et al., 2011). There is also evidence
suggesting that network activity directly affecting neu-
rogenesis process in DG and SVZ as observed in rodents
(Jessberger and Gage, 2014).

Prospective Benefits of Adult Neurogenesis
There is great potential for possible application through
modulation of adult neurogenesis process from other fields.
For instance, psychologists and behavioural neuroscientists
are focusing on mechanisms by which adult neurogenesis
maintains or improves cognitive processes, such as short-
and long-term memory, while clinicians are fascinated by
the prospect of repairing damaged neuronal tissue and func-
tions (Rao et al.,, 2008; Rotheneichner et al., 2013; Spalding
et al., 2013). However, such potential application, will be a
distant dream if the whole process of adult neurogenesis is
not fully understood as noted by Rotheneichner et al., (2013).
The information on functional aspect of adult neurogenesis
is mainly from correlation studies and those that selectively
deplete neurogenesis. At the moment there is no gold stan-
dard to test the functional aspect of the newly generated
neurons more especially in humans (Knobloch and Jesse-
berger, 2011).

Therapeutic application

Harnessing the NSCs for potential use in therapeutic ap-
plication to CNS related diseases is one of expected future
outcomes. The presence of the NSCs in the human brain has
raised hopes for endogenous repair for altered brain integri-
ty through activation and targeting of NSCs (Jessberger and
Gage, 2014). Potential use of NSCs would include, but not
limited to the following; transplantation to repair diseased,
injured or missing neuronal cells, activation of endogenous
neuronal cells to provide self-repair (Gage, 2000) and also
modulating the process to eradicating stress symptoms Rothe-
neichner et al. (2013). The use of NSCs will not be restricted

to known neurogenic niches, but also from other regions
of the brain. The NSCs from other brain regions have been
isolated and are able to give rise to neurons with high levels
of FGF-2 (Gage and van Praag, 2002). These NSCs are able
to survive in the brain after been grafted back, however, fate
of grafted cells depends on the local environment (Gage and
van Praag, 2002).

Culturing of neuronal cells from adult rodents and hu-
man tissue has become a common routine recently. Palmer
et al. (2001) observed increased proliferative activity in
cultured neuronal tissue from a 27-year-old human and
an 11 week- old postnatal male when FGF-2 and its stem
co-factor, the glycosylated form of cystatin C were added to
the cultures and this in turn greatly improved the survival
rate and growth of neurons. These cultured tissues were
from ventricular zone, motor cortex, and corpus collosum
and hippocampus. Interestingly, all the cultures gave rise to
progenitor cells but greatest yield was observed in the hip-
pocampus and ventricular zone. All cultures had sponta-
neous proliferation and produced relatively similar propor-
tions of neurons and astrocytes, but number of spontaneous
neuronal generations were slightly lower in fetal than adult
cultures but decreased significantly as the cultures reach
senescence. The rates of population doubling were different
between cultures from 11-week-old postnatal male and the
27-year- old, before showing signs of senescence. For the
11-week-old postnatal male, the culture grew at log phase
for more than 70 population doublings while the 27 years
old had 30 population doublings. Tissue from 11-week-old
postnatal male yielded significantly more cells/gram and
had a higher proliferative capacity. However, these proper-
ties were affected by intrinsic growth factors, as observed
when differentiation was induced by withdrawing growth
factors while stimulating cells with Forskolin and Retinoic
acid.

Neurospheres, which are free floating spheres formed from
NSCs and can be grafted back in an organism body, have
ignited the prospects of using NSCs in therapeutic applica-
tions. Neurospheres have been isolatedand cultured from
striatum and other brain regions that are not neurogenic,
and are able to give rise to neurons or glia as observed from
rodents’ studies (Amrein et al., 2008, 2011). These are prom-
ising results from transplantation studies in animal models.
In stroke animal models, endogenous NSCs can migrate
to lesion site and differentiate into neuron. In transplanta-
tion studies, the NSCs are able to differentiate into neurons
within the lesion and also promote the survival of the newly
generated neurons (Duan et al., 2007; Braun and Jessberger,
2014).

Enriching cognitive performance

The hippocampus is a very important structure in the hip-
pocampal-dependent behaviour function of the brain. Most
of the studies examining the function of the DG have largely
been done on the whole hippocampus. Specifically, the DG
is involved in the pattern separation, spatial learning and
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memory and balancing between memory consideration
and forgetting (Jessberger and Kempermann, 2003; Braun
and Jessberger, 2014; Bowers and Jessberger, 2016). En-
riching cognitive performance is a prospective adult neu-
rogenesis benefit. Enhancing adult neurogenesis promotes
better performance in spatial learning tasks as observed
in animal studies. For instance, housing mice on running
wheels enhanced neurogenesis which was followed by an
improved performance on water maze tasks as compared
to sedentary mice. Factors like ageing and stress have
been correlated with decreased neurogenesis hence re-
duced performance in the water maze in mice (Braun and
Jessberger, 2014; Bowers and Jessberger, 2016). Evidently,
ablation of new neurons in hippocampus, is associated
with contextual and spatial memory deficit (Ahmed et al.,
2011), suggesting a functional role of the new neurons in
cognitive plasticity. However, enriching environment re-
stored some neurogenesis and produced improved perfor-
mance on water maze tasks.

It is worth noting that it is not known if voluntary exer-
cise would have similar results in animals let alone in hu-
mans. Our observation in the Long-Evans rats exposed to
running exercise indicates that this is true. However, this
probably suggests that the hippocampal dependent learn-
ing and memory can be enhanced through enhancement
of adult neurogenesis. Despite the evidence for functional
integration of new neurons into hippocampal dependent
learning and memory in rodents for instance (Rao et al.,
2008; Ming and Song, 2011), such findings have been ques-
tioned (Ajao et al., 2010; Spalding et al., 2013). There are
strong associations between new born neurons and region
specific cognitive tasks as studied through genetic gain and
loss functions. It is understood that the behavioural pattern
separation requires new neurons (Jessberger and Kemper-
mann, 2003; Jessberger and Gage, 2014). Pattern separation
is the ability to transform similar inputs or experiences
into distinct and non-overlapping representations (Braun
and Jessberger, 2014; Jessberger and Gage, 2014). On the
contrary, the new neurons have also been associated with
the forgetting of previous acquired memory (Jessberger and
Gage, 2014).

Adult born neurons and prenatal born neurons have dif-
ferent thresholds. New born neurons have a low threshold, as
such a smaller stimuli is needed to elicit plasticity associated
responses in new born neurons. It is suggested that the low
threshold is necessary to distinguish highly similar inputs
and overtime transform the information into highly specific
representation (Jessberger and Gage, 2014).

Adult neurogenesis dynamics in humans

The study by Spalding et al. (2013) observed the dynamics
of AHN through C14 dating technique. It observed negative
association between AHN and age. However, the method
used observed only mature neurons and could not provide
information of neuroblasts proliferation and differentiation.
Andersson (2010) reported similar results but observed
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relatively lower neuroblasts in alcoholics than age matched
non-alcoholics. But this study had 9 subjects with 2 alco-
holics, making the findings not conclusive. Manganas et al.
(2007) observed neuroblasts and described an age dependent
decline from preadolescence (8-10 years old) to adulthood
(30-35 years old) in humans using a magnetic resonance
spectroscopy (MRS) technique, but the validity of the results
has been questioned. Firstly, the use of MRS and a complex
formula, of which the researchers were ‘inexperienced’ prob-
ably, invalidated the in vitro data which in the end, resulted
in the unwanted analytic processing in in vivo (Friedman
(2008). Furthermore, the use of a specific biomarker, whose
peak was overlapping with non-specific lipid raised ques-
tions for the validity of the results (Jansen et al., 2008). In ad-
dition, the specific biomarker could probably vary in health
and diseased individuals and also from different regions of
the brain.

Evidence suggest that age-dependent changes in AHN in
many mammalian species are species-dependent (Amrein et
al., 2004a, b, 2008) and reflect down-regulation rather than
just a developmental loss-of-function (Balu and Lucki, 2009;
Loi et al., 2014). A study from Spalding et al. (2014) showed
that every day a considerable amount of neurones are gen-
erated. Coupled with ageing, the DG is composed with
reduced fraction of neurons generated during embryonic pe-
riod and are gradually replaced with those born postnatally
(Braun and Jessberger, 2014).

In humans, an age-dependent decrease of AHN has been
described by biochemical measures (Fahrner et al., 2007),
chiefly because the number of discovered dividing cells in
post mortem brains appeared very low. From these data, one
can expect very low or missing adult neurogenesis after the
age of 40 years, and some proliferation activity in brains of
children. Seress et al. (2001) concluded that the majority of
dividing cells in infants under one year of age is comprised
of glial cells, but could not quantify this because of lack of
markers for young neurons. On the other hand, these find-
ings are in contrast with the observation about decent AHN
in terminally ill elderly patients (Eriksson et al., 1998). This
discrepancy may reflect the use of highly dosed (and toxic)
BrdU labeled dividing stem cells in the sick patients in a
previous study (Eriksson et al., 1998). Secondly, compari-
sons of animal data with post mortem human material are
not possible because all human data are derived from a few
sections only, or are given in area or density measurements.
Thirdly, comparing rates of neurogenesis and apoptosis
makes sense only when the total population of granule cells
of the individual is available. This is not even the case for a
single human brain, lest to speak of the situation at different
age levels.

Conclusion

The phenomenon of adult neurogenesis occurrence in hu-
mans is an accepted event. Olfactory system and hippocam-
pus retain the capacity to generate new neurons throughout
life. In hippocampus, the putative NSC is thought to be of
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astrocyte lineage, and following proliferation gives rise to
significant amount of neuroblasts, however almost half of
neuroblasts undergo apoptosis. The extensive apoptosis of
the generated neurons is thought as a mechanism of balanc-
ing and maintaining the neurogenic pool, important for the
maintenance of adult neurogenesis. In humans, there are a
substantial number of neurons generated. In comparison
to rodents, in humans there is a 4-fold increase in neuronal
generation. However, both animals and humans depict a
drastic decline of neurogenesis when examined across the
ages from juvenile to adulthood. The rapid proliferating rate
during infancy could perhaps correlate to cognitive devel-
opment of the organism. The field of adult neurogenesis has
generated a lot of interest from researchers and has some
potential prospects for application in both cognitive en-
hancement and therapeutic application. The distinct stages
of adult neurogenesis, offer precise points for possible mod-
ulation by endogenous and exogenous factors if well un-
derstood. Nevertheless, there are some gaps that need to be
addressed. Among them is the extent of adult neurogenesis
from pre-adolescence to late adulthood. This is important as
it will help to answer if new neurons generated would have a
functional impact in humans.
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