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Abstract Neurons and glia in the central nervous system
(CNS) originate from neural stem cells (NSCs). Knowl-
edge of the mechanisms of neuro/gliogenesis from NSCs is
fundamental to our understanding of how complex brain
architecture and function develop. NSCs are present not
only in the developing brain but also in the mature brain in
adults. Adult neurogenesis likely provides remarkable
plasticity to the mature brain. In addition, recent progress
in basic research in mental disorders suggests an etiological
link with impaired neuro/gliogenesis in particular brain
regions. Here, we review the recent progress and discuss
future directions in stem cell and neuro/gliogenesis biology
by introducing several topics presented at a joint meeting
of the Japanese Association of Anatomists and the Physi-
ological Society of Japan in 2015. Collectively, these
topics indicated that neuro/gliogenesis from NSCs is a
common event occurring in many brain regions at various
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ages in animals. Given that significant structural and
functional changes in cells and neural networks are
accompanied by neuro/gliogenesis from NSCs and the
integration of newly generated cells into the network, stem
cell and neuro/gliogenesis biology provides a good plat-
form from which to develop an integrated understanding of
the structural and functional plasticity that underlies the
development of the CNS, its remodeling in adulthood, and
the recovery from diseases that affect it.
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Introduction

The brain is a highly complex organ that consists of various
types of neurons and glia. How the complex brain archi-
tecture develops from neural stem cells (NSCs) is one of
the central questions of neuroscience. Much interest has
been paid to the mechanisms of NSC maintenance, pro-
liferation, migration, and differentiation into various cell
types [1]. Recent advances in molecular and developmental
biology have strongly facilitated this understanding.

A second focus of interest in neurogenesis is the fact that
neurogenesis continues throughout life in particular brain
regions. The long-held belief that neurons are no longer
regenerated once development of the central nervous sys-
tem (CNS) ceases was challenged about 50 years ago [2].
Progress in the several decades since has made adult neu-
rogenesis in the hippocampus and olfactory system widely
accepted [3]. The mechanisms underlying adult neuroge-
nesis and its functional significance have been pursued as
an important focus of neurogenesis research.
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Further, the finding that newly generated neurons and
glia from NSCs can be used in the treatment of degener-
ative disease and trauma of the CNS has attracted the wide
interest of neuroscientists and clinicians in stem cell biol-
ogy. These therapeutic approaches are strongly facilitated
by recent advances in ES cells and iPS cells [4]. In addi-
tion, further interest has been shown in the correlation
between impaired neuro/gliogenesis and psychiatric dis-
eases, including mood disorders and chronic stress syn-
dromes [5], along with recent progress in basic research
into these diseased states. A closer understanding of the
nature of NSCs and neuro/gliogenesis is therefore crucial
to various aspects of neuroscience, including the develop-
ment, remodeling, and restoration of brain architecture and
function.

Stem cell and neuro/gliogenesis biology is also strongly
linked to the plastic potential of the CNS. NSCs show
remarkable plasticity in differentiating into a variety of cell
types that play a critical role in the formation of the
complex brain architecture. After the brain develops to
maturity, its plastic function is generally exhibited through
the plasticity of preexisting neurons generated during the
developmental and neonatal periods. It is notable, however,
that NSCs in the mature brain likely confer far stronger
plastic potential. In addition, restoring appropriate neuro/
gliogenesis in the diseased brain can be regarded as the
process of adjusting the brain’s plasticity for structural and
functional restoration.

Thus, stem cell and neuro/gliogenesis biology highlights
the remarkable plastic potential of the brain. This research
field provides an opportunity to integrate structural plas-
ticity and functional plasticity at the cellular, circuit and
behavioral levels and has attracted wide interest from basic
scientists, clinicians, and society. In 2015, the Japanese
Association of Anatomists and the Physiological Society of
Japan held a joint annual meeting in Kobe, Japan. One
symposium, “Neurogenesis from embryo to adult,”
attracted a large audience and generated vigorous discus-
sion. In this review article, we summarize the five pre-
sentations we made in this symposium, with the goal of
providing a comprehensive understanding of the current
progress and future directions of this research field.

We briefly introduce the individual topics in the sym-
posium and then go into detail. First, Itaru Imayoshi
introduced the role of transcription factors in the self-re-
newal and differentiation of NSCs in the developing neu-
roepithelium. Dr. Imayoshi revealed the pivotal role of the
expression dynamics of basic helix-loop-helix (bHLH)
transcription factors, oscillatory or sustained, on the NSC
self-renewal and fate decision. Second, Tatsunori Seki
raised the question of how NSCs produce granule cells in
the embryonic and early postnatal hippocampus and how
the early neurogenesis is succeeded by adult neurogenesis.
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Dr. Seki revealed that the first progenitors of granule cells
arising in the dentate anlage in the developing hippocam-
pus express glial fibrilar acidic protein (GFAP) and that
these GFAP-expressing progenitors form a proliferative
zone in the subpial and hilar zones during the perinatal
stage and later in the subgranular zone, where neurogenesis
continues throughout life. Third, Nobuaki Tamamaki
introduced the emerging view that adult neurogenesis may
also occur in the neocortex. Dr. Tamamaki revealed that
neuronal progenitors can be induced in the leptomeninges
of the neocortex by electrical stimulation and showed their
migration and differentiation in the neocortex. Fourth,
Masahiro Yamaguchi introduced how adult-born olfactory
neurons are selected for survival or death in the olfactory
bulb. Dr. Yamaguchi revealed that the key mechanism of
activity-dependent selection is the integration of sensory
inputs from the periphery and top-down inputs from higher
brain regions. Lastly, Yoshitaka Hayashi, Yoshitaka Tate-
bayashi, and Seiji Hitoshi introduced the relation between
major depressive disorder and oligodendrocyte genesis in
the human prefrontal cortex. Hayashi et al. established a
method to quantify oligodendrocytes and their progenitors
and revealed the dysfunction of oligodendrocyte develop-
ment in the diseased prefrontal cortex.

Oscillatory expression of basic helix-loop-helix
transcription factors in NSCs

NSCs are multipotent and self-renewable cells that give rise
to neurons, astrocytes, and oligodendrocytes in the brain [6].
NSC:s of the lateral ventricular wall in the forebrain undergo
changes in morphology and produce different progeny as
brain development proceeds. NSCs begin as neuroepithelial
cells, become radial glial cells, and then finally develop
many astrocytic characteristics in the adult brain [7].

During neural development, NSCs (neuroepithelial
cells/radial glial cells) initially undergo symmetric cell
division: each NSC divides into two NSCs. By repeating
symmetric cell division, NSCs proliferate extensively.
These cells then undergo asymmetric cell division: each
NSC divides into two distinct cell types, one NSC and one
immature neuron/neuronal precursor or a basal progenitor
cell. Immature neurons or neuronal precursor cells migrate
outside the ventricular zone (VZ) into the outer layers,
where they become mature neurons, whereas basal pro-
genitor cells migrate into the subventricular zone (SVZ),
proliferate further, and give rise to more neurons. By
repeating asymmetric cell division, NSCs sequentially give
rise to distinct types of neurons or basal progenitor cells.
After the production of neurons, NSCs finally differentiate
into glial cells, but some of them are maintained as NSCs
in the postnatal and adult brain.
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bHLH transcription factors play pivotal roles in the self-
renewal of NSCs and fate determination of neurons,
astrocytes, and oligodendrocytes [8—13]. Repressor bHLH
factors such as Hesl regulate the self-renewal of NSCs as
downstream effectors of Notch signaling, whereas
proneural bHLH factors such as Ascll (also called Mashl)
promote neuronal differentiation. Another bHLH factor,
Olig2, regulates oligodendrocyte differentiation. However,
in addition to Hes1, some bHLH fate determination factors,
such as Ascll and Olig2, have roles in NSC maintenance or
proliferation. In addition, Hes1 induces astrocyte formation
at later stages. It is not completely understood how these
various and sometimes opposing functions of each bHLH
factor in the self-renewal and fate-choice events of NSCs
are achieved. Shimojo et al. showed that transcription of
some bHLH genes is differentially regulated in NSCs and
differentiating cells [14], prompting Imayoshi et al. to
analyze the expression dynamics of bHLH factors in fur-
ther detail [15].

The imaging results of Imayoshi et al. [15] indicated that
bHLH factors are expressed by NSCs in an oscillatory
manner and that one of them becomes dominant during the
fate choice event (Fig. 1). They then proposed that the
multipotent state of NSCs correlates with the oscillatory
expression of several bHLH factors, whereas the differen-
tiated state correlates with the sustained expression of a
single bHLH factor [8, 9, 15].

To examine the functional significance of these bHLH
factor expression dynamics, a novel optogenetic method
(photo-activatable Gal4/UAS system) was developed to
artificially manipulate the expression patterns of bHLH
factors with blue light illumination. This analysis

Neuron
__ Oligodendrocyte ; : j i ii t

Astrocyte

|\ —

Self-renewal

NSC
Hes1 Ascl1 Olig2

Protein expression
levels

Time

Fig. 1 Expression dynamics of bHLH factors in multipotency and
cell fate choice. In multipotent NSCs, levels of Hesl and Ascll
oscillate with periods of 2-3 h, while that of Olig2 oscillates with a
period of 5-8 h. By contrast, during cell fate choice, one of the bHLH
factors is expressed in a sustained manner, while the others are
repressed

demonstrated that sustained expression of Ascll induces
neuronal differentiation, whereas oscillatory expression of
Ascll activates cell proliferation of NSCs [15]. Thus, a
single bHLH factor has contradictory functions depending
on its expression dynamics. Imayoshi et al. thus high-
lighted the importance of the expression dynamics of
bHLH factors in the self-renewal, multipotency, and fate
determination of NSCs [8, 9, 15] (Fig. 1).

From embryonic to adult neurogenesis
in the hippocampus

During the embryonic period, neurons of both the neo-
cortex and hippocampus are initially generated from the
VZ of the pallium: the neocortex develops from the dorsal
and lateral pallium and the hippocampus from the medial
pallium. In the neocortex, neurogenesis occurs only during
the embryonic and early postnatal stages and ceases by the
early postnatal stage, as typically occurs in most brain
regions. However, neurons are exceptionally produced in
the adult hippocampus, where dentate granule cells arise
from GFAP-expressing astrocyte-like adult neural pro-
genitor cells, which characteristically differ from embry-
onic neural progenitor cells [2, 16—18].

In an attempt to understand how neurogenesis persists in
the hippocampus, Seki et al. [19] explored the neurogenic
process of dentate granule cells from the embryonic to late
postnatal stages with special reference to GFAP-expressing
progenitors, namely when these progenitors appear during
the embryonic period and how they form the granule cell
layer. Analysis using Gfap-GFP transgenic mice showed
that a distinct Gfap-GFP-expressing cell population first
appears in the VZ of the medial pallium around a ven-
tricular indentation or in the dentate notch at the dorsal
edge of the fimbria at E13.5-14.5. These are radially ori-
ented cells with apical and/or basal processes that seem to
migrate from the VZ to the marginal zone, a region below
the pia surface. No Gfap-GFP expression is found in the
dorsal or lateral pallium, which develops into the
neocortex.

During the perinatal period, Gfap-GFP cells increase in
number and form a migratory stream in the suprafimbrial
region, as well as in the subpial region between the fimbria
and dentate gyrus, alternatively called the fimbrio-dentate
junction [20] or fimbrio-dentate juncture [21]. Three pro-
liferative zones are formed by Gfap-GFP-expressing cells
in these regions: the primary dentate matrix in the VZ,
secondary dentate matrix in the suprafimbrial area and
regions below the pia membrane and hippocampal fissure,
and the tertiary dentate matrix in the core region of the
dentate gyrus, the putative hilus. Gfap-GFP cells in the
migratory stream and the developing dentate gyrus are
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positive for Sox2 and Ki67, suggesting that they contain
proliferative progenitors. They also express Neurogenin2
in the VZ, Tbr2 and NeuroD in the migratory stream and
developing dentate gyrus, and Proxl in the developing
dentate gyrus. It is therefore concluded that distinctive
GFAP-expressing progenitors arising around the dentate
notch form germinal regions in the migratory stream and
developing dentate gyrus and gradually differentiate into
granule neurons. This also indicates that in the dentate
gyrus, astrocyte-like neural progenitors continue to gener-
ate granule neurons from the beginning of development
and throughout life.

The site of origin, proliferative activity, and migratory
pattern of the Gfap-GFP-expressing cells agree well with
those suggested by studies with *H-thymidine autoradiog-
raphy [22], and nestin-GFP [20]. However, these reports
did not show the astrocytic features of dentate progenitor
cells. Although previous reports showed the existence of
GFAP-expressing cells and fibers in the embryonic hip-
pocampus [21, 23, 24], these are thought to belong to the
radial type of astrocytes that function as scaffolds for
migrating neuroblasts. However, the existence of abundant
Gfap-GFP-expressing cells with neuronal marker proteins
clearly demonstrates that principally GFAP-expressing
cells and fibers are not derived from radial astrocytes, but
rather GFAP-expressing migrating spindle-shaped neu-
ronal progenitors and precursors. This may also suggest the
presence of radial glia-independent migration.

Interestingly, the dentate gyrus shares some similarities
with the cerebellum in terms of their morphogenesis [18].
For example, the hippocampus and cerebellum are derived
from neuroepithelium around the edge (cortical hem and
rhombic lip) of the dorsal portions of the telencephalon and
metencephalon, respectively, both of which are attached to
the choroid plexus (Fig. 2). Both progenitors are generated
in the ventricular zone (primary proliferative zone) and
migrate to the subpial region, in which secondary prolif-
erative zones (secondary dentate matrix and external
granular layer) are formed. The progenitors in the sec-
ondary proliferative zone give rise to small interneurons or
granule cells. Production of both neurons in the subpial
regions continues into the early postnatal period to form the
cerebellar and dentate granule cell layers. These facts
suggest that there may be a similar mechanism in early
postnatal neurogenesis in the subpial regions of the dentate
and cerebellum. Furthermore, the dentate gyrus, unlike the
cerebellum, establishes a tertiary proliferative zone (ter-
tiary dentate matrix) in the hilus. During the late postnatal
period, the progenitors in this tertiary dentate proliferative
zone are gradually confined to the subgranular zone, where
neurogenesis persists in adults.
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Adult neurogenesis in the mammalian neocortex

Although adult neurogenesis is a common phenomenon in
the non-mammalian neocortex [25], the scale of adult
neurogenesis in the neocortex appears to decrease signifi-
cantly as the phylogeny approaches the human being. In
apparent contrast, the limbic area of the telencephalon
appears to be a site of continuous generation of neurons. In
particular, the medial edge of the mammalian telen-
cephalon, the dentate gyrus, produces granule cells con-
stantly throughout life in humans [26], while the SVZ
surrounding the lateral ventricle continuously produces
GABAergic granule cells for the olfactory bulb [27].

Granule cells produced in the dentate gyrus are inte-
grated into the circuitry of the hippocampus and save new
information, whereas granule cells produced in the SVZ of
the lateral ventricle migrate rostrally and are integrated into
the olfactory circuitry. In other words, these new neurons
are not integrated into the neocortex. However, if a sig-
nificant number of new neurons is produced in the neo-
cortex and integrated into the neocortical circuit, we cannot
deny the possibility that these new neurons ruin the circuits
for memory and thought in the human neocortex [28].

Macklis reported that the synchronous apoptotic
degeneration of corticothalamic neurons may induce gen-
eration of the same number of neurons in the neocortex and
may recreate the same circuit as was originally present
[29]. In this case, neurogenesis in the neocortex would not
disturb the circuit in the neocortex and would be wel-
comed. Our goal here is to stimulate the interest of many
researchers to join the hunt for neuron progenitors in the
mouse neocortex.

As the first hunter, Costa et al. sought the source of
neuron progenitors using a neurosphere assay method and
found a novel source of neuron progenitors outside the two
major germinative zones (VZ and SVZ), namely the mar-
ginal zone of the neocortex [30]. These neuronal progeni-
tors in the marginal zone of the developing cerebral cortex
were notably distinct from those in the VZ and SVZ.

As the second hunter of the neuron progenitors in the
adult neocortex, Ohira and colleagues sought NSCs and
neuronal progenitor cells (NPCs) in the adult rat neocortex
[31]. They induced stress in neocortical cells using global
forebrain ischemia. Under these conditions, the vast
majority of neocortical neurons were eliminated and the
remnant contained more NSCs and NPCs. They then
observed NPCs in neocortical layer 1 of adult rats. On
injection of a simple retrovirus to visualize these NPCs in
layer I, they found that no NPCs or related cells were
neurons, but rather had a glia-like appearance. Moreover,
none of the NPCs had axons.
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Fig. 2 a Progenitors of granule cells in the developing hippocampus.
Gfap-GFP-expressing progenitors (green) arise from the dentate
notch (arrowhead) and migrate to the dentate gyrus. DG dentate
gyrus, F fimbria, NC neocortex, V ventricle. Bar 200 pm. b Compar-
ison of neurogenesis among the neocortex, dentate gyrus, and

As the third hunter of the neuron progenitors in the adult
neocortex, Nakagomi and colleagues found that neural
stem/progenitor cells (NSPCs) reside in many regions of
the CNS, including the SVZ of the lateral ventricle, sub-
granular zone of the hippocampal dentate gyrus, cortex,
striatum, and spinal cord [32]. In addition, they demon-
strated that the leptomeninges (pia mater and arachnoid
membrane) also exhibit NSPC activity in response to
ischemia and reported that the NSPCs express NSPC
markers, such as nestin, and form neurosphere-like cell
clusters with self-renewal activity.

The fourth hunter of neuron progenitors in the adult
neocortex is Tamamaki. When the mouse brain was stim-
ulated by electrodes and nestin-immunoreactivity (-IR) in
the leptomeninges was examined, neurogenic progenitors
were clearly revealed (Fig. 3) [33]. If the electrical stim-
ulation of the brain was continued, nestin-IR was replaced
with GAD67-IR or NeuroD6-IR in granule cells. Finally
Tujl-IR is also added to the neuron progenitors in the
leptomeninges. When the neocortex was continually stim-
ulated for up to 1 or 2 weeks, neuron progenitors in the
leptomeninges migrated into the neocortex and projected
dendrites into the cortical plate and axons into the white

Fig. 3 Piaprogenitors on the outer surface of the pia mater induced
by kindling stress. Nestin immunoreactive sites are in green

GCL
CP
o Svz
.<— —>. \V74
Ventricle

cerebellum. ChP choroid plexus, CP cortical plate, EGL external
granular layer, GCL granule cell layer, SDM secondary dentate
matrix, SGZ subgranular zone, SVZ subventricular zone, TDM tertiary
dentate matrix, VZ ventricular zone (modified from [11])

matter. In this case, we consider that the newly generated
neocortical neurons would not ruin the circuit in the
neocortex.

Understanding the new neurons in the olfactory
bulb within the large olfactory neuronal network

Adult-born olfactory neurons are generated in the SVZ and
migrate rostrally to the olfactory bulb (OB), the first relay
in olfactory information processing. They then differentiate
into granule cells (GCs) or periglomerular cells, which act
as interneurons in the OB. In rodents, roughly one percent
of total OB GCs are newly generated each day, and more
than 60 % of GCs in the adult OB are estimated to be adult-
born GCs [3, 34].

Under normal conditions only half of the new GCs
succeed in living longer than 1 month after generation,
while the other half are eliminated by apoptosis. Initial
excess neurogenesis and subsequent elimination commonly
occur in both embryonic and adult neurogenesis. Because
proper neuronal selection between life and death is crucial
to refining the neuronal circuitry throughout the life of the
animals, it is important to understand the mechanism of
how adult-born neurons are appropriately selected.

First, the selection of adult-born new GCs depends on
olfactory sensory experience. Exposure to novel odors
increases the survival rate of new GCs, while olfactory
sensory deprivation remarkably increases the apoptosis of
new GCs [3, 35].

Second, the selection of new GCs depends on “brain
state.” In many cases brain plasticity is influenced by the
brain state, most notably by the wake-rest/sleep cycle. In
the hippocampus and neocortex, consolidation of spatial
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memory is considered to occur during the rest/sleep period
that follows the spatial learning [36]. On the supposition
that the selection of new GCs may occur during the time
course of olfactory sensory experience and rest/sleep,
Yokoyama et al. [37] examined whether the fate decision
of new GCs is associated with feeding behavior. Under
food restriction, mice initially showed extensive eating
behavior following food availability and then showed
grooming, resting, and sleeping, which are typical post-
prandial (after-meal) behaviors. Interestingly, apoptosis of
GCs increased approximately two-fold during the post-
prandial behaviors, whereas perturbation of these post-
prandial behaviors remarkably suppressed this increase in
GC apoptotic elimination. Further, electroencephalogram
analysis showed that postprandial slow-wave sleep (SWS)
was well correlated with the GC elimination.

So, what mechanisms promote GC elimination during
postprandial behaviors, particularly during postprandial
SWS? Neurons in the olfactory cortex (OC) repeatedly
generated synchronized spike discharges during SWS [38].
Importantly, this synchronized firing of OC neurons gen-
erated synchronized top-down synaptic inputs to the OB,
which were considered as the candidate signal that pro-
moted GC elimination. In fact, electrical stimulation of the
top-down inputs from the OC to the OB promoted GC
elimination, and pharmacological blockade of the top-
down inputs during the postprandial period suppressed GC
elimination [39]. These observations demonstrate that top-
down inputs during the postprandial period crucially pro-
mote GC elimination.

These findings raised the further question of whether
enhanced GC elimination occurs only during the post-
prandial behaviors or during other behavioral states also.
Komano-Inoue et al. [40] examined whether fear responses
to noxious stimuli induce GC elimination. Mice delivered
an electrical foot shock showed startle and fear responses
during and immediately after shock delivery. Interestingly,
GC elimination was very rapidly enhanced in mice that
showed these behavioral responses extensively. Moreover,
this enhanced GC elimination after shock delivery was
inhibited by the suppression of neuronal activity in the OC.

These results show that GC elimination can be promoted
during various behaviors and that top-down inputs from the
OC to the OB represent the common signal for inducing
GC elimination. One intriguing possibility is that behaviors
associated with important life events, such as food eating
and experience of noxious stimulation, might promote
reorganization of the OB neuronal circuit, including the
enhanced GC elimination. The OC receives synaptic inputs
not only from the OB but also from other nonolfactory
brain regions, such as the amygdala and prefrontal cortex.
Important life events might recruit wide brain areas for
activation and thereby potentiate the activity of the OC and
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top-down inputs from the OC to the OB to reorganize the
OB neuronal circuitry.

In conclusion, the life and death of new GCs in the OB
is determined by the interplay between bottom and up
olfactory sensory inputs from the periphery and top-down
inputs from higher cortical regions (Fig. 4). GCs are pre-
sumed to receive these inputs at different synapses in dif-
ferent layers of the OB [3, 41]. It is important to understand
the manner of integration of these synaptic inputs onto a
given GC. It is also important to reveal what kind of
information is represented by the top-down inputs. Con-
sidering that the top-down inputs reflect the activity of
higher cortical regions, they might represent the “subjec-
tive meaning” of the odor stimuli for the animal, including
the valence of the odor and odor-evoked emotional and
motivational responses. The fate of new GCs thus needs to
be understood with regard to the activity of large neuronal
networks.

Relationship between frontal cortical
oligodendrocytes and mood

Major depressive disorder (MDD) is a debilitating mental
illness that causes a persistent feeling of sadness, loss of
interest, deep despair, and death by suicide. However, the
etiology and biological mechanisms of these symptoms are
not well understood. Brain imaging studies of patients with
MDD have demonstrated abnormalities in gray matter
volume, metabolism, and blood flow in the prefrontal
cortex and hippocampus [42—-44]. Neuropathological stud-
ies in these brain regions in MDD have long been of
interest in psychiatry. A small number of histological
assessments of the prefrontal cortex from patients with
MDD revealed abnormalities in the size of neurons and the
density of oligodendrocytes [45-47]. However, the stere-
ological techniques often used for the quantification of
numbers of cells in brain sections pose a serious method-
ological challenge to neuropathologists. Using flow
cytometry, Hayashi et al. [48] established a novel cell-
counting method to quantify the number of nuclei of total
cells, neurons, and oligodendrocytes in brain regions of
interest from postmortem brains (Fig. 5a, b). The nuclei
were obtained by mechanical homogenization of unfixed
frozen brain, because the homogenization process breaks
the cell membrane and cytoplasm but leaves the nucleus
intact. The nuclei in suspension were stained with 7-AAD,
NeuN, and Olig2 as markers of DNA (total nuclei), neu-
rons, and oligodendrocytes, respectively, making it possi-
ble to quantify the number, size, and fluorescence intensity
of the cells with a flow cytometer. Furthermore, the fluo-
rescence intensity of Olig2 immunostaining is stronger in
oligodendrocyte precursor cells (OPCs) than in mature
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Fig. 4 Activity-dependent selection between survival and death for
new GCs in the OB. A model of how synaptic inputs integrate and
determine the fate of new GCs. During olfactory experience, some
newly generated GCs (green) receive odor input (red arrows for right
GC) while others do not (left GC). Top-down input from the OC to the
OB (blue arrow), which typically occurs during the sleep state,

oligodendrocytes. The validity and accuracy of this novel
cell-counting method have been verified by estimating the
number of total and neuronal nuclei from the whole cere-
bral cortex of rats. This method has been applied to the
gray matter of the frontopolar (Brodmann area 10) and
inferior temporal (Brodmann area 20) cortices of post-
mortem brains from MDD patients and healthy controls
[49]. In the present report, Hayashi et al. found a reduction
in Olig2™" oligodendrocyte-lineage cells in the gray matter
of the frontopolar cortex from MDD patients compared to
that from healthy controls (Fig. 5d), but no significant
abnormality in the inferior temporal cortex. By measuring
the fluorescence intensity, they were able to separate the
Olig2™ cell population into Olig2“*** mature oligoden-
drocytes and Olig2*""¢* OPCs (Fig. 5¢). Detailed Olig2™
population analysis showed a significant reduction in the
densities of both Olig2"**** and Olig2*™"¢* nuclei in the
frontopolar cortex of MDD patients compared to healthy
controls (Fig. Se, f). These results suggest that the fron-
topolar cortex, which is considered to be closely associated
with the pathogenesis of MDD, processes the oligoden-
drocyte abnormality and that patients with MDD have a
dysfunction in oligodendrocyte development (such as in
proliferation and/or maturation) in childhood and/or
adolescence.

Continuous neurogenesis in the adult brain is observed
in the hippocampus and subependymal zone in rodents as

,_topfdown inpfit ’

eliminates new GCs that did not receive an odor input (left GC) and
leave new GCs that did receive an odor input to survive (right GC).
OC receives input from other brain regions (gray). Thus, top-down
input from the OC might reflect the activity of various brain regions.
This figure was modified from [41]

well as cynomolgus monkeys (Macaca fascicularis)
(Fig. 5g, h). Volumes of literature report that chronic
stress suppresses neurogenesis in rodents and that
antidepressants stimulate neurogenesis in the subgranular
zone in the hippocampus and the subependymal zone in
the lateral ventricles [50, 51]. Although newly generated
oligodendrocytes were observed in the adult hippocampus
of a non-human primate [52], oligodendroglial generation
from NSCs in the adult brain is controversial [53].
Recently, OPCs that express NG2 chondroitin sulfate
were recognized as generators of newly myelinating
oligodendrocytes in the adult brain [54]. The proportion
of OPCs was reported to constitute about 5 % of total
cells in rodent brains [55], which appears comparable to
the number of Olig2*"*"¢* nuclei in the gray matter of the
frontopolar cortex of the human brain [49] (Fig. 5i).
Because myelination in humans continues from adoles-
cence into the 5th or 6th decade of life (see review [56]),
adult oligodendrogenesis in the prefrontal cortex and
hippocampus may play a significant role in the pathology
of MDD [57, 58]. Thus, it is an urgent issue to understand
the molecular mechanisms underlying the generation of
OPCs from NSCs, maintenance of OPCs, and production
and maturation of oligodendrocytes from OPCs in the
adult primate brain and to clarify the causal relationship
between the dysfunction of adult OPCs/oligodendrocytes
and pathogenesis of MDD.
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Fig. 5 Quantification of frontopolar cortex from MDD and healthy
control. a Negative controls of flow cytometry staining with IgG. b A
novel cell counting method can separate nuclei from postmortem
brain into neurons (NeuN') and oligodendrocytes (Olig2™"), astro-
cytes, and microglia (NeuN—/Olig2™). ¢ The Olig2* nuclei were
further divided into two populations of strongly and weakly Olig2-
positive nuclei, which are oligodendrocyte precursor cells and
oligodendrocytes, respectively. The density of Olig2™ (d), Olig2™e*<+
(e), and Olig2®™"¢* (f) nuclei in 1 mg of gray matter from the

Conclusion and future directions

These topics indicate that stem cell and neuro/gliogenesis
biology is involved in various aspects of neuroscience. This
biology encompasses a wide range of animal ages, from the
embryo to adulthood; wide brain regions, from the devel-
oping neuroepithelium to higher neocortical regions; and
various conditions of the brain, including development,
maturation, and disease. Collectively, this research field
aims to reveal the structural and functional plasticity of the
CNS including its genesis, remodeling, and restoration, by
incorporating multidisciplinary approaches at the molecu-
lar, cellular, circuit, and behavioral levels.
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frontopolar cortex (x10° cells/mg). *p < 0.05 by unpaired ¢ test.
Results of immunostaining with Ki-67, a marker of proliferating cells,
in the hippocampus (g) and subependymal zone (h) of adult
cynomolgus monkeys. Ki-67" cells (brown, arrowhead) are present
in both brain regions. Nuclei are counterstained with hematoxylin
(purple). Scale bar 40 um. i Proportion of Olig2®™"¢" nuclei in the
frontopolar cortex of healthy controls. A part of this figure was
rearranged from [49]

The broad scope of stem cell and neuro/gliogenesis
study raises questions about inherent similarities and dif-
ferences in the properties of NSCs at different animal ages
and in different brain regions, as well as in the process of
neuro/gliogenesis in the developing, mature, and diseased
brain. It appears important to understand both the intrinsic
and extrinsic mechanisms of the NSC fate decision,
including cell-to-cell interaction between immature cells,
between newly generated cells and preexisting cells, and
between new healthy cells and old diseased cells.

Further, with regard to functional aspects, how are new
neurons and glia incorporated into neural circuits to
develop, improve, and restore brain function? To
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understand this, we need to know more about the consti-
tution of functional neural networks and the interactions of
the network with new neurons and glia. We also need to
determine how neural activity contributes to the appropri-
ate incorporation of new neurons and glia into functional
networks. Recent advances in optogenetic and pharmaco-
genetic approaches will facilitate these studies.

To obtain a comprehensive view, it is crucial to integrate
knowledge under different situations and to try to reveal
similarities and differences among these situations. The
2015 joint meeting was an ideal opportunity to facilitate
the interchange of knowledge among researchers with
different backgrounds. We hope that this review will fur-
ther facilitate this interaction and raise the interest of those
who are not directly engaged in this research field. We
wish to emphasize that neuro/gliogenesis from NSCs is a
drastic process involving significant structural and func-
tional changes in the cells and that integration of newly
generated neurons and glia into neural networks is
accompanied by significant structural and functional
changes in the network. Thus, stem cell and neuro/glio-
genesis biology provides an ideal platform for the inte-
gration of structural and functional plasticity and will
contribute to our understanding of the remarkable plastic
potential of the CNS. We also hope that progress in this
field will facilitate the interaction of neurobiologists and
clinicians and encourage many people by revealing the
tremendous plasticity that is buried in our own brain.
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