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Preface

The phenomenon of adult neurogenesis, or persistent generation of neurons in the
adult brain, is attracting more and more attention every day. Adult neurogenesis has
become increasingly important to studies of brain development and diseases, learning
and memory, and aging. A considerable number of papers on the mechanism of
adult neurogenesis or linking this process to various physiological and pathological
events are published monthly. Most recent popular textbooks in the neurosciences
also provide ample coverage of basic principles of adult neurogenesis, a topic which
just 20 or 30 years ago was considered tangential, controversial, or unimportant.
The discovery that some populations of neurons continue to be produced post‑
natally has dramatically changed previous fundamental concepts of neuroscience.
For example, it was widely believed that once development is complete and the
embryonic and fetal scaffolding for neuronal generation, migration, and integration
are dismantled, these processes cannot be reenacted; therefore, once neurons die
they never regenerate. This dogma has been overturned, and studies on adult neuro‑
genesis have opened up the possibility of newborn neurons participating in brain
tissue repair and processes of learning and memory. Investigations of adult neuro‑
genesis have also led to basic new principles on the identity of neural stem cells, the
function of transit amplifying progenitors, and new forms of neuronal migration.
Furthermore, some neuropsychiatric disorders are suspected to be associated with
defects in adult neurogenesis.
Despite the existence of such a broadly applicable and fundamentally important
phenomenon, 20 years ago only a few groups in the world studied adult neurogen‑
esis. It was the pioneering [3H]-thymidine autoradiography studies of Joseph
Altman that showed in the 1960s how newborn neurons continue to be formed post‑
natally in the rodent hippocampus and olfactory bulb. Adult neurogenesis, however,
did not become widely accepted and remained a controversial field for more than a
decade. In the 1980s a series of rigorous studies, inspired by the neurobiology of
song learning in birds, led Fernando Nottebohm and his group to demonstrate the
origin, migration, and recruitment of new neurons in song-control nuclei and the
rest of the telencephalon of adult canaries. Unfortunately, the history of the field is
either ignored or underappreciated by the many neuroscientists who are now interested
in or working on adult neurogenesis. To redress that, this book contains historically
crucial and memorable articles by Drs. Altman and Nottebohm describing from a
v
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very personal perspective the motivations and excitement that triggered these seminal
discoveries. They also highlight some of the scientific and funding challenges posed
by the strong early opposition to adult neurogenesis. Their two articles should not
only be the primary source for neuroscientists interested in the initial discoveries in
adult neurogenesis and how they came about, but should also be of value to those
interested in science history, funding, and policy.
Novel methods for labeling new neurons – new thymidine analogs such as BrdU,
immunohistochemical markers for immature neurons, retrovirus and genetic tagging
techniques – resulted in the 1990s in an explosion of studies on the mechanism and func‑
tion of adult neurogenesis. Stunningly beautiful preparations revealed the entire process
of neuronal formation in the adult and revealed the nature and connectivity of individual
newly formed neurons. Physiological studies have begun to decipher the unique
contribution of new neurons to adult neural circuits. Despite the enormous progress
made over the past decade, it is clear that we are still in the early days of understanding
the functional meaning and molecular mechanisms of adult neurogenesis. In prepara‑
tion for this next stage of discovery, we thought it was fitting to compile a collection
of thoughtful reviews from leading laboratories working in this area of research.
Contributing researchers describe their current work in 27 chapters that are
grouped into two volumes, which cover a wide array of topics concerning adult
neurogenesis. The first volume, in addition to the two articles by Drs. Altman and
Nottebohm on the history of adult neurogenesis, comprises a comprehensive pre‑
sentation of the basic biology of adult neurogenesis: basic aspects of neurogenesis,
adult neurogenesis in non-mammalian vertebrates, in the mammalian hippocampus
and olfactory bulb. In the second volume, clinical implications of adult neuro‑
genesis are considered, including neurogenesis in the adult monkey and human
brain, Parkinson’s disease, epilepsy, stress, depression, schizophrenia, stroke, brain
injury, and neurodegenerative and neuropsychiatric pathology.
A small research group in Japan, the Adult Neurogenesis Kondankai (Conference),
working on various aspects of adult neurogenesis initially conceived these volumes.
Later, two new editors (A.A.-B. and J.M.P.) joined the project and the original idea
was expanded and appropriately shaped. Our goal is not only to provide a compre‑
hensive knowledge base on adult neurogenesis, but also to share our excitement and
motivation for an extraordinary field in the neurosciences. We believe that these
ingredients will be fundamental to future research in this exciting field towards a
better understanding of how adult neurogenesis is maintained and regulated, and
how it contributes to plasticity and possibly one day to brain therapy.
During the editing of these two volumes, a massive 9.0-magnitude earthquake
struck northeastern Japan on March 11, 2011, and tens of thousands of people
died in the resulting tsunami. We dedicate this book to their memory, and offer our
deepest condolences to those who lost loved ones.
Tatsunori Seki
Kazunobu Sawamoto
Jack M. Parent
Arturo Alvarez-Buylla
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Chapter 1

Neurogenesis in Monkey and Human Adult
Brain
A. Bédard et al.Andréanne Bédard, Patrick J. Bernier, and André Parent

Abstract This paper summarizes the results of our studies on adult neurogenesis in
some key structures of the monkey and human brain. These results stem from mul‑
tiple immunocytochemical investigations undertaken with antigens raised against
various molecular markers of neurogenesis, either alone or in combination with the
DNA synthesis indicator bromodeoxyuridine (BrdU). This approach has allowed us
to provide the first detailed picture of the organization of the rostral migratory stream
(RMS) in adult squirrel monkeys. Furthermore, studies on human postmortem tissue
have revealed, for the first time, that the adult human olfactory bulb is the recipient
of neuroblasts that migrate along the RMS and progressively develop a GABAergic
or dopaminergic phenotype. A new migratory stream that provides newborn neurons
to the amygdala and adjacent piriform cortex has also been visualized in squirrel
monkeys. Finally, the striatum of normal adult squirrel monkeys was found to harbor
newly generated cells that eventually become projection neurons. The recruitment
of such striatal neurons was markedly increased in the presence of brain-derived
neurotrophic factor (BDNF), a finding that raises hope for the development of novel
therapeutic approaches for the treatment of certain neurodegenerative diseases.
Abbreviations
ac
AdBDNF
AMY
BDNF
BrdU
c
CB

Anterior commissure
Adenoviral vector overexpressing BDNF
Amygdala
Brain-derived neurotrophic factor
Bromodeoxyuridine
Caudal (posterior)
Calbindin
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cc
CD
ChAT
CMV
CR
CT
DARPP-32
DCX
EPL
FL
GAD
GAD65/67
GCL
GFAP
GL
HIPPO
HL
ic
Ki-67
LV
MAP-2
MCL
NA
NeuN
NeuroD
OB
ONL
OT
PCNA
PIRI
PL
PSA-NCAM
PUT
PV
r
RMS
SS
SVZ
SVZa
TH
tLV
TS
TUC-4
TuJ1
VL
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Corpus callosum
Caudate nucleus
Choline acetyltransferase
Cytomegalovirus
Calretinin
Cortex
Dopamine- and cAMP-regulated phosphoprotein of 32 kDa
Doublecortin
External plexiform layer
Fiber layer
Glutamic acid decarboxylase
GAD 65 and 67 isoforms
Granular cell layer
Glial fibrillary acidic protein
Glomerular layer
Hippocampus
Horizontal limb
Internal capsule
Cell cycle-associated protein
Lateral ventricle
Microtubule-associated protein 2
Mitral cell layer
Nucleus accumbens
Neuronal nuclear protein
Neuronal determination and differentiation transcription
factor
Olfactory bulb
Olfactory nerve layer
Olfactory tubercle
Proliferating cell nuclear antigen
Piriform cortex
Posterior limb
Polysialylated neural cell adhesion
Putamen
Parvalbumin
Rostral (anterior)
Rostral migratory stream
Somatostatin
Subventricular zone
Anterior part of SVZ
Tyrosine hydroxylase
Temporal horn of LV
Temporal migratory stream
Collapsin response mediator protein-4
b-Tubulin-III
Vertical limb
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1.1 Introduction
The pioneering work of Altman, Kaplan and their collaborators initiated more than
40 years ago have seriously challenged the idea that brain neurogenesis stops at birth,
a dogma that has prevailed since the end of the nineteenth century (Altman and Das
1965; Kaplan and Hinds 1977). It is now widely accepted that new neurons are pro‑
duced on a continuous basis in normal adult brain, with neural stem/progenitor cells
residing in two major brain regions: the subventricular zone (SVZ) lining the lateral
ventricles and the dentate gyrus (DG) of the hippocampus. Studies undertaken with
bromodeoxyuridine (BrdU), which is incorporated into the DNA of mitotic cells,
have shown that neuroblasts are produced throughout adult life in DG of rodents
(Cameron et al. 1993; Kuhn et al. 1996; Seki 2002), monkeys (Gould et al. 1999a;
Kornack and Rakic 1999) and humans (Eriksson et al. 1998). These neuroblasts pro‑
liferate locally and become incorporated into DG microcircuitry (Gould et al. 1999a).
In contrast, neuroblasts produced in the SVZ undertake a rather long journey toward
the olfactory bulb (OB) along the so-called rostral migratory stream (RMS) (Luskin
1993; Doestch and Alvarez-Buylla 1996; Kornack and Rakic 2001; Pencea et al.
2001a). At the olfactory bulb level, neuroblasts leave the RMS, migrate radially and
differentiate into granular or periglomerular interneurons (Saghatelyan et al. 2005).
Newborn neurons might also be produced in brain regions other than DG and SVZRMS-OB system (Gould 2007; Cameron and Dayer 2008). For example, studies using
the antiapoptotic protein Bcl-2 as a marker of neuronal immaturity, either alone or in
combination with BrdU, have indicated that newborn neurons migrate from the tem‑
poral horn of the lateral ventricle to the rostral portion of the temporal lobe in monkeys
(Bernier and Parent 1998a,b; Bernier et al. 2002). The neocortex might also benefit
from the addition of new neurons throughout adult life (Gould et al. 1999b; Cameron
and Dayer 2008), but the neurons produced there appear to be transient (Gould et al.
2001; Gould 2007). Other possible sites of adult neurogenesis include the striatum,
which is the main input station of the basal ganglia (Bédard et al. 2002a, 2006).
The possibility of recruiting new neurons in various adult brain structures has
a profound implication for our understanding of a wide variety of brain functions
and dysfunctions, ranging from the functional basis of brain plasticity to the
pathophysiology of neurogenerative diseases. It was therefore thought worthwhile
reviewing our current knowledge of adult neurogenesis in the brain of monkeys
and humans, with an emphasis on olfactory-related structures, the amygdala and
surrounding piriform cortex and the striatum.

1.2 Materials and Methods
1.2.1 Tissue Preparation
Our experiments on adult primate neurogenesis were performed on either monkeys
or postmortem human brain tissue. Studies on nonhuman primates were done
mainly on adult (4–6 years of age) squirrel monkeys (Saimiri sciureus). The monkeys

4

A. Bédard et al.

were raised in a markedly enriched environment for about 3 years before being used
for experimentation. They lived in a colony of 25–30 individuals housed in a single
large animal facility room in which they could play with various toys and used a
complex system of ropes and shelves to move around and rest. All the experimental
procedures followed the guidelines of the Canadian Council on Animal Care and
the Laval University Committee on Animal Use and Housing approved our experi‑
mental protocol. Some monkeys were sacrificed without any treatment, but the
majority of them received BrdU injections before sacrifice. In most of these cases,
the monkeys were first lightly anesthetized with isoflurane and then received an
intravenous injection of BrdU twice a day for 3 consecutive days. The animals were
allowed to survive for various times (1–35 days) after the last BrdU injection. After
this last injection, animals were deeply anesthetized with a mixture of ketamine–
xylazine and perfused transcardially with a saline solution, followed by 4% para‑
formaldehyde. The brains were then removed from the skull and sectioned at 40 mm
with a freezing microtome.
Studies involving human postmortem materials were limited to an analysis of
olfactory structures. The olfactory bulbs, to which a short segment of the olfactory
peduncle was often attached, came from ten individuals, aged between 19 and
69 years (mean = 46.2 years), without clinical or pathological signs of neurological
or psychiatric disorders. The postmortem delay ranged from 4 to 24 h (mean = 12.6 h).
The material was obtained from the brain bank that we have established at the
Centre de Recherche Université Laval Robert-Giffard (CRULRG), and our brain
banking and postmortem tissue handling procedures were approved by the Ethic
Committee of the Centre Hospitalier Robert-Giffard and that of Université Laval.
The olfactory bulbs were postfixed by immersion for 2 days in 4% paraformaldehyde
and stored at 4°C in 0.1 M phosphate buffer (pH 7.4) with 15% sucrose and 0.1%
sodium azide. They were then cut with a freezing microtome into 50-mm-thick
sections along sagittal or horizontal planes. These sections were serially collected
and kept frozen in a cryoprotecting solution until further assayed.

1.2.2 Immunohistochemistry
Complete series of monkey and human brain sections were used to visualize
various molecular markers of adult neurogenesis (Table 1.1) with standard immu‑
noprecipitate methods or with immunofluorescence procedures. In the first case,
the immunoprecipitate was revealed with 3,3¢-diaminobenzidine (DAB) or nickelintensified DAB as the chromogen (see Bernier et al. 2002 for details). In the
second case, double and triple immunostaining procedures with fluorescent
chromogens were used to evaluate the coexpression of BrdU with various molecular
markers of cytogenesis and astrocytic activity (Table 1.1). BrdU was usually
revealed with Alexa 488-conjugated goat anti-rat IgG, while the molecular markers
were visualized with Texas Red Streptavidine and/or Cy5-conjugated goat
anti-rabbit IgG. Sections incubated without the primary antibodies remain unstained
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Table 1.1 Information about antibodies used in our studies
Antibodies
Host
Dilution
Source
Bcl-2
Mouse monoclonal
1:50
Sigma
CB
Mouse monoclonal
1:1,000
Sigma
CR
Rabbit polyclonal
1:1,500
Swant
ChAT
Goat polyclonal
1:100
Chemicon
DARPP-35
Goat polyclonal
1:100
SantaCruz
DCX

Goat polyclonal

1:100

SantaCruz

GAD65/67
GFAP
Ki-67
Nestin

Rabbit polyclonal
Rabbit polyclonal
Mouse monoclonal
Rabbit polyclonal

1:500
1:80
1:100
1:200

Sigma
Sigma
NovaCastra
Chemicon

NeuroD
PV
PCNA
PSA-NCAM

Goat polyclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal

1:100
1:2,000
1:3,000
1:200

SantaCruz
Sigma
Sigma
Chemicon

SS
TH
TUC-4

Rabbit polyclonal
Rabbit polyclonal
Rabbit polyclonal

1:400
1:500
1:500

R. Benoît
Chemicon
Chemicon

Tuj1

Mouse monoclonal

1:400

Promega

Description
Antiapoptotic protein
Calcium-binding protein
Calcium-binding protein
Cholinergic cell marker
Striatal projection
neuron marker
Migrating neuroblast
marker
GABAergic cell marker
Astrocyte marker
Proliferating cell marker
Progenitor/stem cell
marker
Early neuronal marker
Calcium-binding protein
Proliferating cell marker
Migrating neuroblast
marker
Neuroactive peptide
Dopamine cell marker
Postmitotic granular
neuroblast marker
Early neuronal marker

and served as controls. Fluorescent signals were imaged by using a Zeiss LSM 510
confocal laser-scanning microscope. The emission signals of Texas Red, Alexa 488
and Cy5 were assigned to red, green and blue, respectively (see Bédard et al. 2006
for details).

1.2.3 DiI and Adenovirus Injections
Three squirrel monkeys, including one that was injected with BrdU, received a
single intraventricular injection of 80 ml of 1,1¢-dioctadecyl-3,3,3¢,3¢-tetramethylindocarbocyanine (SP-DiIC18, or DiI) dissolved in dimethylformamide. The dye was
injected with a Hamilton syringe in the left lateral ventricle using stereotaxic coor‑
dinates. The animals were perfused 3 weeks after the injection. Four other squirrel
monkeys received a single stereotaxic intraventricular injection of 400 ml of adeno‑
viral vectors overexpressing brain-derived neurotrophic factor (BDNF). The
construction, production, purification and titration of the Ad5-CMV-BDNF
(AdBDNF) adenoviral vectors have been described previously (Gravel et al. 1997).
AdLacZ vectors coinjected with AdBDNF vectors were used to monitor the
diffusion of BDNF within the brain tissue.

6

A. Bédard et al.

1.3 Results
1.3.1 The RMS in Squirrel Monkeys
The use of BrdU in conjunction with various molecular markers of cytogenesis and
neurogenesis has allowed us to delineate the topographical organization of the SVZRMS in squirrel monkeys (Fig. 1.1a). The following markers revealed different
aspects of this organization: (1) MAP-2 and NeuN, two markers of adult neurons;
(2) TuJ1, a marker of early committed neurons; (3) GFAP, a marker for astrocytes;
(4) Bcl-2, a protein known for its antiapoptotic activity; (5) PSA-NCAM, a faithful
indicator of cell migration; and (6) TUC-4, a marker of postmitotic granule neuro‑
blasts (Bédard et al. 2002b). Particularly revealing were the single labeling experi‑
ments with TUC-4 (Fig. 1.1b), Bcl-2 (Fig. 1.1c–e), and TuJ1. They showed that the
anterior part of the SVZ (SVZa) in squirrel monkeys is more densely populated,
much thicker and more intensely immunoreactive than its posterior part.
In squirrel monkeys, the SVZa caps the caudate nucleus as it protrudes medially
into the lateral ventricle and varies markedly in thickness throughout its rostrocau‑
dal extent. Two major enlargements of the SVZa have been noted: one located at
the rostral tip of the lateral ventricle, beneath the rostrum of the corpus callosum,
and another one bordering the caudal tip of the caudate nucleus near the rostral pole
of the thalamus (Fig. 1.1a). These two SVZ extensions merge ventrally in front of
the anterior commissure, and it is from this point of convergence that the vertical
limb of the RMS emerges. As it approaches the ventral surface of the brain, the
vertical limb of the RMS sweeps rostrally to form the horizontal limb, which
courses toward the olfactory bulb. Furthermore, we discovered a very thin extension
of the RMS that originates from the dorsal part of the vertical limb and courses
caudally toward the olfactory tubercle (Fig. 1.1a, b). We termed this caudal exten‑
sion the posterior limb of the RMS.
In BrdU-injected monkeys, numerous BrdU-positive (+) nuclei were detected in
all the various components of the SVZa-RMS. They were particularly abundant in
the rostral enlargement of the SVZa, but also present along vertical and horizontal
limbs of the RMS, as well as in the olfactory bulb itself. A smaller number of
BrdU+ nuclei occurred along the posterior limb of the RMS and in the olfactory
tubercle (Bédard et al. 2002b).
The entire SVZa-RMS stained for Bcl-2, TuJ1 and TUC-4. The Bcl-2+ cells in the
SVZa formed typical clusters that were particularly numerous in the rostral enlarge‑
ment of this structure. In the vertical and horizontal limbs of the RMS, most Bcl-2+
cells formed parallel chains that were aligned along the major axis of each segment.
This chain-like pattern was less obvious in the posterior limb of the RMS, but isolated
Bcl-2+ cells were nevertheless scattered throughout the length of this segment of the
RMS, as well as in the olfactory tubercle itself. At the olfactory tubercle level, the
Bcl-2+ cells appeared either as small granular neurons in the core of the island of
Calleja or as slightly larger multipolar neurons distributed at the periphery of these
islands (Fig. 1.1d, e). Some Bcl-2+ cells were also scattered within various sectors of
olfactory bulb, including the periglomerular layer (Fig. 1.1c).
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Fig. 1.1 Neurogenesis in various olfaction-related structures in adult squirrel monkeys. (a) Schematic
drawing of a parasagittal section through the rostral basal forebrain showing the overall arrangement
of the SVZa-RMS in the squirrel monkey. The rostral (r) and caudal (c) SVZa extensions converge
(asterisk) in front of the anterior commissure (ac) to form the RMS. The RMS possesses a major
branch, composed of a vertical limb (VL) and a horizontal (HL) limb, which courses rostrally toward the
olfactory bulb (OB). It also comprises a smaller branch (PL, posterior limb) that runs caudally toward
the olfactory tubercle (OT). (b) Parasagittal section immunostained for TUC-4 showing the bifurcation
of the vertical limb (VL) of the RMS giving rise to the horizontal limb (HL) that courses toward the
olfactory bulb and the posterior limb (PL) that runs toward the olfactory tubercle (OT). (c) Bcl-2+ cells in the
periglomerular layer of the olfactory bulb. (d) Intense Bcl-2 immunoreactivity displayed by the islands
of Calleja (arrows) that are scattered within the portion of the olfactory tubercle (OT) that borders
medially the nucleus accumbens (NA), and in the subventricular zone (arrowhead) at the basis of the
lateral ventricle (LV). (e) High-power view of the multitude of small and intensely stained neurons
encountered in one of the island of Calleja (inset in d). Scale bars (b) 100 mm (c, e) 50 mm (d) 500 mm.
Other abbreviations: cc corpus callosum, CD caudate nucleus, LV lateral ventricle, TH thalamus
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The immunostaining for TuJ1 and TUC-4 (Fig. 1.1b) displayed by the entire SVZaRMS system was strongly indicative of the presence of newborn neurons in that sector
of the primate forebrain. This was confirmed by the fact that many of these TuJ1+
cells, which were morphologically similar to the TUC-4+ cells, had a BrdU+ nucleus.
The bipolar TuJ1+ cells scattered along the RMS were embedded within a dense
meshwork of astrocytic (GFAP+) cells that formed typical tubular structures (Bédard
et al. 2002b). Also indicative of cell migration was the presence of PSA-NCAM
immunostaining in the entire RMS. Furthermore, double immunostaining observations
made in animals that survived 5 weeks after the last BrdU injection revealed the pres‑
ence of newborn (BrdU+) cells that expressed markers of mature neurons (NeuN or
MAP-2) in virtually all the major components of the SVZa-RMS system. Such doublelabeled neurons were much less abundant in animals that survived less than 5 weeks
after the last BrdU injection indicating that newborn cells in the SVZa-RMS can dif‑
ferentiate into mature neurons within a 5-week period (Bédard et al. 2002b).

1.3.2 Newly Generated Neurons in Human Olfactory Bulb
Our analysis of human postmortem materials has revealed the presence of newborn
neurons in RMS and OB, whose lamination was delineated with the help of hema‑
toxylin-eosin staining (Fig. 1.2a). Single labeling experiments revealed the presence
of cells that stained for PSA-NCAM in the central portion of the olfactory peduncle
and in the core of OB (Fig. 1.2b). Many of these PSA-NCAM+ cells were often
organized in chains. Furthermore, numerous periglomerular cells were markedly
enriched with the antiapoptotic protein Bcl-2, and mitotic cells immunostained for
Ki-67 or PCNA were detected principally in the glomerular and granular layers of
the human olfactory bulb (Bédard and Parent 2004).
Immunofluorescence confocal microscopic examination has revealed numerous
cells expressing the migrating neuroblast marker DCX scattered from the olfactory
peduncle to the granular layer of OB. They formed a cell continuum that corresponds
to the horizontal limb of the RMS, as identified in rodents and nonhuman primates.
Furthermore, some of the DCX+ cells were also immunostained for TuJ1 in the granu‑
lar layer (Fig. 1.2c), which also harbored cells that coexpress the cell cycle marker
PCNA and the neuroepithelial/stem cell marker Nestin. Other proliferative cells in the
glomerular layer coexpressed Ki-67, a proliferating cell marker, and NeuroD, an early
neuronal transcription factor required for neuronal differentiation.
The presence of different chemical markers of mature neurons was used to docu‑
ment the neuronal differentiation of newborn cells in the granular and glomerular
cell layers of the human OB. We found numerous cells expressing glutamic acid
decarboxylase (GAD), the rate-limiting enzyme in the biosynthesis of GABA,
throughout the granular and glomerular cell layers (Fig. 1.2d). In contrast, cells
displaying tyrosine hydroxylase (TH), a reliable marker of dopaminergic neurons,
were strictly confined to the glomerular layer (Fig. 1.2e). We also found numerous
periglomerular neurons that expressed both TuJ1 and the calcium-binding protein
calretinin (CR) and detected some periglomerular cells that express both TuJ1 and
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Fig. 1.2 Neurogenesis in various olfaction-related structures in adult human. (a) Schematic
drawing of a sagittal section through the human olfactory bulb showing the laminar organization
of the structure. Note that olfactory connections have been simplified for a better understanding.
(b) A fluorescent photomicrograph showing a typical PSA-NCAM+ cell that migrates along the
RMS. (c) A putative newborn neuron in the granular layer that stains for DCX (red) and TuJ1
(green), two molecular markers that are expressed by developing neurons. (d) A putative immature
periglomerular neuron (TuJ1+, in red) that expresses GAD65/67 (green), suggesting the presence
of newborn GABAergic cells in the glomerular layer of the human olfactory bulb. (e) Putative
newborn periglomerular cell (TuJ1+, red) that expresses tyrosine hydroxylase (TH, green). Scale
bars (b–e) 20 mm
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TH, but we did not find any periglomerular cells that stained for both TH and CR.
The glomerular layer also harbored cells displaying immunoreactivity for both
TuJ1 and parvalbumin (PV), another calcium-binding protein. All PV+ neurons
encountered in the glomerular layer in human OB were devoid of the aging pigment
lipofuscin (Bédard and Parent 2004).

1.3.3 The Temporal Migratory Stream in Monkeys
Our studies with BrdU have revealed a novel migratory stream in monkey brain.
Numerous BrdU+ nuclei occurred along a more or less continuous pathway that
extended from the rostral tip of the ventral portion of the temporal horn of the lateral
ventricle (tLV) to the amygdala and piriform cortex (Fig. 1.3b), and which was termed
the temporal stream (TS). Many of these BrdU+ nuclei displayed an elongated shape
and most of them had their longest axis oriented parallel to the main axis of the TS
(Bernier et al. 2002). As they approached the amygdala and piriform cortex, how‑
ever, the elongated BrdU+ nuclei were oriented in all directions. The BrdU+ nuclei
abounded particularly within the basolateral sector of the amygdala, whereas they
tended to form clusters within the piriform cortex. A few BrdU+ nuclei were also
disclosed within the deep layers of the inferior temporal cortex. The neuronal nature
of many BrdU+ cells encountered in the amygdala, the surrounding piriform cortex
and the inferior temporal cortex was ensured by the fact these cells also expressed
immunoreactivity for NeuN or MAP-2, two markers of mature neurons, or TuJ1, a
marker of early committed neurons (Fig. 1.4).
Numerous cells expressing Bcl-2 were scattered throughout the TS (Fig. 1.5a).
They were small, round to oval, with only one or two processes, and formed typical
chains or clusters scattered all along the TS. As the pathway reached the piriform
cortex, the Bcl-2+ cells appeared as tightly packed clusters (Fig. 1.5b). In the
amygdala, Bcl-2+ neurons displayed a typical bipolar appearance and many of
them appeared linked to one another by their processes (Fig. 1.5c–e).
The TS in squirrel monkeys was clearly delineated in material immunostained
for PSA-NCAM. The PSA-NCAM+ cells were scattered all along TS, but appeared
in the form of clusters of various sizes in the piriform cortex. Many chains of neu‑
roblasts in TS expressed TuJ1, and some of these TuJ1+ neurons appeared to have
been newly generated because BrdUrd+/TuJ1+ cells were detected all along TS
(Fig. 1.4g). The TS in squirrel monkeys was found to stain for TUC-4, a protein
whose early expression, relative abundance in newborn neurons and the restriction
in its expression to the period of initial neuronal differentiation makes it a specific
marker of recently generated neurons in the adult brain. A thin array of TUC-4+
cells extended from the tLV to the sub-amygdalaloid region. Furthermore, small
clusters of TUC-4+ cells with thick fibers fascicles oriented toward TS were seen
in the piriform cortex (Bernier et al. 2002).
In monkeys that received a single intraventricular injection of the highly lipo‑
philic dye DiI, a cohort of DiI+ cells could be traced from the tLV to the amygdala
and piriform cortex, thus forming a continuous pathway that was identical to TS
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Fig. 1.3 Neurogenesis in amygdala-related structures in squirrel monkeys. (a) Sagittal view of
the staining observed following intraventricular injection of the carbocyanide dye DiI. Dots rep‑
resent BrdU+ cells found in amygdala (AMY), whereas asterisks indicate BrdU+ cells lying along
the DiI+ pathway and its branches. For the sake of clarity, the numerous and locally generated
BrdU+ cells that occur in the dentate gyrus of the hippocampus have not been indicated here. The
inset depicts the germinal matrix extensions under amygdala (AMY) and hippocampus (HIPPO),
as they can be seen on a sagittal section of the temporal lobe of a 26-day-old human embryo
(Modified from Feess-Higgins and Larroche 1987). (b) Plotting of BrdU+ nuclei on sagittal sec‑
tions of adult monkeys sacrificed at three different times after the last BrdU injection. The red
circles indicate BrdU+ nuclei that appear at day 1, 7 and 14 after the last BrdU injection. Scale
bars (a) 250 mm. tLV indicates the tip of the temporal horn of the lateral ventricle

identified above on the basis of BrdU staining (Fig. 1.3). Chains of DiI+ cells also
occurred at the ventral border of the amygdala. The variation in the pattern of dis‑
tribution of the BrdU+ nuclei in the deep portion of monkey temporal lobe accord‑
ing to the survival time after the last BrdU injection is congruent with the idea that
the newborn neurons detected in the amygdala and piriform cortex may have
migrated from the SVZ that borders the tLV. In the animal that was allowed to
survive only 1 day after a single injection, BrdU+ cells were largely confined to the
border of the tLV, whereas in the animal that survived 7 days, the majority of
BrdU+ cells lay along TS and a smaller number of BrdU+ cells occurred in the
basolateral portion of the amygdala and in the piriform cortex, including the piri‑
form area, entorhinal cortex and periamygdaloid cortex (Fig. 1.3b). A few BrdU+
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Fig. 1.4 Colocalization of neurogenesis markers in the anterior portion of the temporal lobe of
adult squirrel monkeys. (a–f) Examples of BrdU+/NeuN+ cells encountered in the amygdala (a–c)
and the inferior temporal cortex (d–f), which have incorporated BrdU and also express NeuN. In
each group of fluorescent photomicrographs (a–c and d–f) the left panel shows a confocal micro‑
scope orthogonal view, whereas the right panels display separate labeling view. (g) A TuJ1+/BrdU+
cell in the temporal stream and (h) a MAP-2+/BrdU+ cell in amygdala. The various neuronal mark‑
ers are stained in red, whereas BrdU is in green. Scale bars (a, d) 25 mm; (g–h) 15 mm

Fig. 1.5 The squirrel monkey temporal stream as seen on parasagittal sections immunostained for
Bcl-2. (a) Photomontage showing typical Bcl-2 immunostaining that extends from the tip of the
temporal horn of the lateral ventricle (tLV) to the amygdala (AMY) and piriform cortex (PIRI).
(b) High power view of a cluster of Bcl-2+ cells (box in a) lying in superficial layers of piriform
cortex. (c–e) Examples of the immature features displayed by Bcl-2+ neurons in amygdala of monkeys.
(c) Low-power view of the intensely immunostained neurons lying at the basis of the amygdala
(AMY), along the fiber layer (FL) that separates the amygdala from the adjoining entorhinal cortex (CT).
(d, e) High-power view of two clusters of immunoreactive neurons, the exact location of which in the
amygdala is indicated by insets in (c). Scale bars (a) 500 mm, (b) 20 mm, (c) 200 mm, (d, e) 50 mm
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cells were also detected in the inferior temporal cortex from that time on. From 14
to 21 days postinjection, the BrdU+ cells were much more numerous in the
amygdala and piriform cortex than in the TS.

1.3.4 Newly Generated Neurons in the Striatum of Monkeys
The striatum appears to be another brain area in primates where adult neurogen‑
esis occurs. Indeed, a significant number of BrdU+ cells were detected in the
striatum of normal squirrel monkeys 3 weeks following the last injection of the
mitotic marker (Fig. 1.6a). These BrdU+ cells were more numerous in the caudate
nucleus than in the putamen and more abundant in dorsomedial than ventrolateral
part of both caudate nucleus and putamen. Their distribution displayed clear
rostrocaudal and mediolateral decreasing gradients. Some BrdU+ cells were also
present in the ventral striatum, which includes the nucleus accumbens, the most
ventral portions of both caudate nucleus and putamen, and the deeper layers of
the olfactory tubercle.
Because the number of newborn cells in monkey striatum was rather small
(10–50/section) under normal conditions, an adenoviral vector encoding BDNF
was injected intraventricularly to enhance striatal neurogenesis and, hence, facili‑
tate the determination of the origin and the phenotype of newly generated striatal
neurons (Fig. 1.7). In normal (non-AdBDNF-injected) adult monkeys that received
BrdU injections, numerous BrdU+ cells were found in the SVZ, which borders the
parenchyma of the head of the caudate nucleus, and BrdU+ cells were also seen in
significant numbers in the striatum itself. In normal monkeys, there was about 324
BrdU+ cells/mm3 in the caudate nucleus compared to 220 BrdU+ cells/mm3 in the
putamen, whereas the corresponding values for AdBDNF-injected monkeys were
3,500 and 3,180, respectively. The BrdU+ cells were distributed according to clear
rostrocaudal and mediolateral-decreasing gradients. They were more numerous in
the dorsomedial than in the ventrolateral sector of both caudate nucleus and puta‑
men. Their total number ranged from about 1,200 to 16,000 in each section that
passed through the medial half of the striatum, and from 2,900 to 8,600 in each
section though the lateral half of the structure.
Numerous BrdU+ cells were found to express the immature neuronal marker
TuJ1, whereas many other BrdU+ cells colocalized with the mature neuronal mark‑
ers MAP-2 and NeuN (Fig. 1.7b). The majority of these double-labeled neurons
were located in the medial half of the striatum. The chemical phenotype of the
newly generated neurons was determined on adjacent striatal sections of AdBDNFtreated monkeys immunostained for various molecular markers of striatal neurons
and interneurons. Some BrdU+ cells were found to express calbindin-D28 kDa
(CB), a typical marker of striatal projection neurons, and several BrdU+ cells were
also immunostained for GAD65/67, a marker of GABAergic neurons, and for
DARPP-32, a marker of striatal projection neurons. We have not seen BrdU+ cells
expressing PV, CR, somatostatin (SS) or choline acetyl transferase (ChAT), markers
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Fig. 1.6 Newborn neurons in the striatum of adult squirrel monkeys. (a) Drawing of a parasagittal
section through the striatum of a squirrel monkey showing the distribution and relative number of
BrdU+ cells in that structure. Each symbol represents one labeled cell. The green dots represent
BrdU+ nuclei, whereas the green dots surrounded by a red circle indicate double-labeled (BrdU+/
NeuN+) newborn neurons. (b) A confocal microscope orthogonal view of a double-labeled
(BrdU+/NeuN+) newborn neuron in the head of the caudate nucleus. (c, d) Many BrdU+ cells pres‑
ent in the striatum appeared in pairs and were likely daughter cells of a single mitotic event. (e–g)
Various aspects of the immunostaining for DCX and PSA-NCAM observed along the lateral
ventricle in monkeys injected with AdBDNF. Low-power view of the DCX immunostaining
present in the SVZ and adjacent caudate nucleus (e). High-power view of DCX immunostaining
displayed by the SVZ (box area in e) (f). An intricate network of DCX+ fibers that emerge from
the lateral ventricle border and extends deeply into the caudate nucleus is also present in this region.
High-power view of a neuron displaying PSA-NCAM immunoreactivity along the lateral ventricle,
near the SVZa (g). Its bipolar aspect as well as its leading process oriented away from the SVZ,
suggest a migratory status. Scale bars (b–d, g) 20 mm, (e) 100 mm

that label different types of striatal interneurons. These results reveal that a treat‑
ment with AdBDNF enhances the number of newborn neurons that differentiate
principally into projection neurons in the ipsilateral striatum of adult monkeys.
After adenoviral injection, we found many bipolar elongated cells oriented
toward the caudate nucleus (and hence away from the SVZ) and expressing the
migrating neuroblast markers DCX and PSA-NCAM (Fig. 1.6f, g). In AdBDNFinjected monkeys, the SVZ was strongly immunoreactive for DCX, a migrationassociated protein (Fig. 1.6e). The caudate nucleus of normal monkeys was devoid
of cells displaying a migratory status, suggesting that the intraventricular injection
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Fig. 1.7 Intraventricular injections of an adenoviral vector overexpressing BDNF increase the
number of newly generated neurons in SVZ, caudate nucleus and putamen of squirrel monkeys.
(a, b) Sagittal sections showing the distribution of BrdU+ cells (green) located in the SVZa of a control
monkey (a) and in an AdBDNF-injected monkey (b). (c) Histogram showing the increased level of
newly-generated cells (BrdU+) that coexpress the mature neuronal marker NeuN in AdBDNFinjected monkey (blue), as compared to control monkeys (red ). Scale bars (a, b) 100 mm

of AdBDNF induces neuronal migration of SVZ progenitors into the striatal
parenchyma. On the other hand, numerous BrdU+ nuclei arranged in pairs have
been visualized in both controls and AdBDNF-treated monkeys (Fig. 1.6c, d). This
finding suggests that parenchymal progenitors might be a source of newborn neurons
in normal conditions, and that both parenchymal and SVZ progenitors can be
increased in number in response to an overexpression of BDNF.
These results reveal that the primate striatum harbors several neuronal progeni‑
tors that can differentiate into mature neurons in normal adult monkey. They further
show that a single injection of AdBDNF leads to a significant increase in the total
number of newly generated cells that differentiate into mature neurons and develop
a medium-spiny projection phenotype, 3 weeks after BrdU injections.

1.4 Discussion
1.4.1 Neurogenesis in Adult Primate Olfactory Structures
The idea that adult neurogenesis is a rodent idiosyncrasy has persisted for many
years, but started to erode when mitotic activity was detected in the SVZ of adult
primates, including humans (see Sect. 1.1). The presence of a migratory stream that
appears to be homologous to the rodent RMS has been fully documented in catar‑
rhine (Old World) monkeys (Kornack and Rakic 2001; Pencea et al. 2001a). Our
own studies have revealed that a RMS also exists in S. sciureus, a typical represen‑
tative of the platyrrhine (New World) monkeys. Since squirrel monkeys have a
long evolutionary history independent of other New World monkeys, this finding
indicates that the SVZa-RMS has been conserved throughout primate evolution.
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Such a selective preservation is surprising in the face of the marked involution of
the olfactory structures that characterizes the microsmatic condition of all extant
primates. It underlines the functional importance of the SVZa-RMS in primates and
indicates that this system might have played a crucial role in primate evolution. The
SVZa-RMS in squirrel monkeys appears to more extended that its homologue in
macaque monkeys as it provides newborn neurons as far as the olfactory tubercle.
These neurons were linked to similar cells that belong to a caudally oriented segment
of the SVZa-RMS that we termed the posterior limb of the SVZa-RMS. Although
less massive than the vertical and horizontal limbs, the posterior limb of the SVZaRMS might nevertheless play an important role in brain olfactory function by
providing new neurons to the olfactory tubercle.
Also of interest is the fact that the SVZa-RMS in squirrel monkeys displayed an
intense immunostaining for the antiapoptotic protein Bcl-2. Such a finding is
congruent with the notion that Bcl-2 protects neuroblasts that have not yet estab‑
lished proper axonal connections and facilitates their maturation and differentiation.
Intense immunostaining for Bcl-2 also occurred in the SVZ, olfactory tubercle,
amygdala and piriform cortex of squirrel monkeys, and evidence for adult neuro‑
genesis has been obtained for all these basal forebrain regions in S. sciureus
(Bernier et al. 2002; Bédard et al. 2002b). Furthermore, Bcl-2 was found to be
colocalized with nestin, PSA-NCAM and TuJ1 in the human SVZ, indicating that
the latter structure is also mitotically active (Bernier et al. 2000; Curtis et al. 2007).
Cells immunostained for Bcl-2 were scattered throughout the rostrocaudal extent of
the SVZa-RMS, that is, from the rostral and caudal enlargements of the SVZa,
caudally, to the periglomerular layer of OB, rostrally. Altogether, these data indicate
that Bcl-2 is a reliable marker of adult neurogenesis in primates. They also suggest
that this antiapoptotic protein might protect immature neuroblasts that migrate
along the SVZa-RMS until their complete integration in the microcircuitry of OB
and olfactory tubercle.
Our analysis of postmortem tissue from normal human individuals have allowed
us to provide the first evidence that the human OB is a site of active cell proliferation
and a recipient for migrating neuroblasts that mature and express morphological and
chemical phenotypes typical of granular and periglomerular interneurons (Bédard
and Parent 2004). The coincident expression of Ki-67 and NeuroD indicates that cells
at a very early stage in the generation of new neurons exist in the olfactory bulb of
the adult human brain. Further evidence stems from the fact that numerous periglom‑
erular cells were markedly enriched in Bcl-2 in the human olfactory bulb, suggesting
that this protein might protect immature neuroblasts until their full integration in the
microcircuitry of the glomerular layer. Likewise, cells displaying DCX or PSANCAM immunostaining were detected in the human RMS. These cells were scattered
from the olfactory peduncle to the inner portion of the human OB, including the
granular and glomerular layers. Altogether, these findings reveal that continuous
migration of neuronal precursors occurs from the olfactory peduncle to OB in adult
human. Such a view was confirmed by a recent postmortem investigation similar
to ours, but in which the chemical phenotype of newborn OB neurons was not
determined (Curtis et al. 2007). The latter study also proposed that neuroblasts
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migrate along a rostral extension of the lateral ventricle in human, a suggestion that
was severely criticized because the data supporting it were gathered from the brain of
individuals who suffered from hydrocephalus (Sanai et al. 2007).
The granular and glomerular layers of human OB were enriched with cells that
expressed GAD and TuJ1, a marker of differentiating neurons, whereas the glom‑
erular layer harbors a smaller number of TuJ1+/TH+ neurons. The GAD+ and TH+
cells located in the glomerular layer shared the typical morphological features of
periglomerular neurons. Furthermore, Tuj1+ neurons that coexpress PV or CR were
also detected in the glomerular layer of human OB and these neurons were devoid
of the aging pigment lipofuscin, supporting their newborn origin (Bédard and
Parent 2004). The expression of calcium-binding proteins in newly generated
granular and periglomerular neurons suggests an important role of calcium regula‑
tion in neuronal differentiation process.
Despite the marked involution of the olfactory structures that characterizes the
primate microsmatic condition, the proliferation, migration and maturation of bul‑
bar interneurons appear to occur in all primates, including human. This phenome‑
non may ensure neuronal plasticity in a variety of primary and secondary structures
involved in the processing of olfactory information. Olfactory dysfunction is asso‑
ciated with many neuropsychiatric and neurodegenerative disorders such as schizo‑
phrenia, Alzheimer’s, Huntington’s and Parkinson’s diseases (Steiner et al. 2006).
Olfactory dysfunction associated with different neuropsychiatric illnesses may
result from a derangement in the production of new neurons in the human olfactory
bulb. Hence, detailed studies of the status of adult neurogenesis in the olfactory
bulb of human patients who died from neurodegenerative or psychiatric illnesses
might shed a new light on the pathogenesis of these crippling diseases.

1.4.2 Neurogenesis in Adult Primate Temporal Lobe
During rat brain embryogenesis, an extension of the lateral ventricle containing the
germinal matrix is present along the growing olfactory bulb and it is generally
accepted that this extension becomes the substrate of the postnatal RMS (Altman
and Das 1965). Interestingly, another germinal matrix extension of the lateral ven‑
tricle occurs behind and under the amygdala during human brain development
(Feess-Higgins and Larroche 1987). The striking similarity between this extension
in embryonic human brain (Fig. 1.3a, inset) and TS in adult monkeys described
here strengthens the notion of neurogenic activity in this pathway and its principal
recipient structures. Moreover, by analogy with what occurs at the RMS level, it
may be presumed that this temporal lobe extension of the germinal matrix serves as
a morphological substratum for the adult TS.
Cells doubly labeled for BrdU and specific neuronal markers have been detected
in the amygdala and piriform cortex of squirrel monkeys, and our quantitative esti‑
mates indicate that at least 27% of the newly generated cells that were scattered in
the temporal lobe of adult primates differentiate into neurons. Although estimates
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of newborn neurons were obtained from the sampling of only the rostral part of the
temporal lobe, the values nevertheless indicate that the rate of neurogenesis at this
level is rather impressive. It is important to note that these findings were gathered
from the brain of monkeys raised in colony and housed in large rooms that was
designed to avoid stress, which is known to inhibit neurogenesis (Gould et al.
1998), and to provide a maximally enriched environment, a condition that is known
to favor neurogenesis (Kempermann et al. 1997).
The facts that thick layers of TuJ1+ cells occur at TS level and that BrdU+
nuclei are scattered along this pathway suggest that newborn neurons in amygdala
and piriform cortex might originate from the SVZ surrounding the temporal tip
of the lateral ventricle (tLV). Also worth noting is the fact that Bcl-2 labeled
virtually all components of the deep portion of the temporal lobe where signs of
adult neurogenesis have been detected in the present study. The abundance of
BrdU+ cells in the SVZ adjoining the tLV in early survival periods, and the
decrease in the number of these cells at the expense of those in the amygdala in
longer survival periods supports the idea that newborn cells are generated in the
SVZ and migrate afterward into the parenchyma of the amygdala. However, the
possibility that newly generated cells in the amygdala and surrounding structures
result from division of in situ progenitor cells cannot be excluded. Furthermore,
longer survival periods after BrdU injections are needed to study the fate of the
newborn neurons encountered in the amygdala and surrounding cortex. This type
of information is essential to know if the new neurons that populate the amygdala
and adjoining cortex in primates are expressed only transiently or if they become
fully mature and completely integrated within the neuronal circuitry of the tem‑
poral lobe.
Because parts of both amygdala and piriform cortex receive direct olfactory
inputs, the implantation of newly generated neurons into these structures may par‑
allel the continuing addition of new neurons in OB and olfactory epithelium. These
concomitant phenomena might confer stability and plasticity to the olfactory sys‑
tem and temporal lobe. As is the case for DG, the rate of postnatal neurogenesis in
the amygdala and adjoining regions of the temporal lobe might be altered by vari‑
ous external conditions, such as stressful events (Gould et al. 1998). Such a phe‑
nomenon could help generate novel hypotheses about the pathogenesis of
psychiatric diseases, such as mood/affect disorders and schizophrenia.

1.4.3 Neurogenesis in Adult Primate Striatum
Our initial investigation in normal, adult, squirrel monkeys has shown that new cells
are generated throughout adult life in primate striatum and that a subset of these
proliferative cells develops a mature neuronal phenotype and survives at least 3 weeks
(Bédard et al. 2002a). However, because the number of newborn striatal neurons is
very low in adult monkeys under normal conditions (10–50 BrdU+ cells/section), we
used an adenoviral vector encoding the BDNF gene to recruit a larger number of
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neuronal progenitors in the SVZ and striatum (Pencea et al. 2001b), a strategy that
greatly facilitated the phenotypic characterization of newborn striatal neurons.
The abundance of BrdU+ cells noted in the SVZ of adBDNF-injected monkeys,
together with the decreasing numerical gradient of such cells along the mediolateral
axis of the striatum, raised the possibility that newborn striatal cells were generated
in the SVZ and had migrated afterward into the striatal parenchyma. The presence
of PSA-NCAM+ and DCX+ elongated bipolar SVZ cells, which are typically ori‑
ented toward the caudate nucleus, also supported the notion that the newborn stri‑
atal neurons derive, at least in part, from migratory SVZ progenitors. Striatal
damage was shown to induce a migration of SVZ precursors toward the lesion, and
their differentiation into medium-spiny neurons (Arvidsson et al. 2002). However,
these findings did not rule out the possibility that division of progenitor cells intrin‑
sic to the striatum are a possible source of striatal newborn neurons. This view is
supported by the fact that several BrdU+ cells occurred in close pairs in striatal
parenchyma of normal and AdBDNF-injected monkeys, and were thus likely the
daughters of single mitotic events. Other supporting evidence includes the harvest‑
ing of multipotent progenitor cells from striatal parenchyma (Reynolds et al. 1992)
and the increased cellular proliferation resulting in the addition of new striatal neu‑
rons that results from intraventricular injections of epidermal growth factor in adult
rodents (Craig et al. 1996).
The striatum is mainly composed of GABAergic projection neurons of medium
size that display dendrites covered with spines, hence their name medium-spiny
neurons. These neurons express the calcium-binding protein CB as well as DARPP-32
and send their axons to the globus pallidus and the substantia nigra. Two weeks
after adenoviral injection, several newborn (BrdU+) striatal neurons had matured
(NeuN+) and differentiated into medium-spiny projection neurons, which expressed
CB, GAD and DARPP-32. It is tempting to speculate that the new projection neurons
detected in the primate striatum had reached their normal target, since retrograde celllabeling studies in rodents have revealed that newly generated medium-spiny neurons
in adult striatum successfully project to the globus pallidus (Chmielnicki et al. 2004).
It would thus be interesting to use a similar approach to evaluate the long-term survival
and functional integration of newly generated striatal neurons in primates.
Among the newborn neurons detected in the striatum of normal and AdBDNFinjected monkeys, none displayed the chemical phenotype of striatal interneurons,
further suggesting that BDNF might act preferentially on the recruitment and/or the
differentiation of medium-spiny projection neurons. On the basis of its cytological
composition, the striatum strikingly differs from the majority of brain structures,
such as OB and DG, where interneurons greatly outnumber projection neurons. The
striatum also differs from OB and DG with respect to adult neurogenesis, which
leads to the production of local circuit neurons in OB and DG and of projection
neurons in the striatum (Mizuno et al. 1994; Ventimiglia et al. 1995; Bédard et al.
2006). This difference suggests that neurogenesis in the striatum of adult monkeys
may obey different rules and/or may respond to different needs than neurogenesis
that occurs in adult OB and the DG.
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Huntington’s disease is characterized by a progressive motor deficit that results
from the selective degeneration of striatal medium-spiny projection neurons
consequent to the accumulation of the mutant protein huntingtin. Since the
accumulation of the mutant huntingtin protein is accompanied by a decrease of
BDNF in the striatum, the neuronal toxicity and death of striatal medium-spiny
neurons might be due to an insufficient neurotrophic support at the striatal level.
Thus, in situ overproduction of various neurotrophic factors that specifically target
neuronal progenitors could represent a possible strategy for the replacement of
striatal projection neurons that have died in Huntington’s disease, and to improve
motor and cognitive symptoms associated with this neurodegenerative disorder.
However, the fact that many nonneuronal cells are also produced in the presence of
growth factors might hamper the development of such therapeutic avenues. It is
also unclear as to whether newly generated neurons will survive in an environment
within which major neurodegenerative processes are still at play.
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Chapter 2

Adult Neurogenesis in Parkinson’s Disease
Hideki Mochizuki

Abstract Parkinson’s disease (PD) is one of the most common neurodegenerative
diseases. Its pathogenesis is based on diminution of neurons in the substantia nigra
(SN) that under normal conditions acts as the source of dopamine in the nigros‑
triatal circuit. Although the etiology of PD remains poorly understood, recent
understanding of the mechanisms of neurogenesis may reveal insights into the
pathogenesis of PD and provide useful tools to treat PD. This review will focus
on adult neurogenesis in SN, subventricular zone, striatum and olfactory bulb of
PD and PD models. We also focus on adult neurogenesis in genetic PD models.
The enhancement of progenitor cells may represent a potential new source of cells
for replacement therapy in PD. In this review, possible treatments to enhance neu‑
rogenesis in PD models are also described.

2.1 Introduction
Parkinson’s disease (PD) is the second most common neurodegenerative disorder
affecting approximately 1% of people over the age of 65. Clinical symptoms of PD
are resting tremor, rigidity, akinesia, and postural instability. Two major pathological
hallmarks are noted: the selective loss of dopaminergic (DA) neurons in the sub‑
stantia nigra (SN) and the formation of intraneuronal protein inclusions, termed
Lewy bodies, in the remaining DA neurons. The current standard PD treatment is
oral administration of l-dopa, a precursor of dopamine biosynthesis, to comple‑
ment decreased dopamine levels in the striatum, with or without co-administration
of dopamine agonists. However, it is symptomatic treatment not retarding nor halting
the progression of the disease. A new treatment to inhibit or slow the progress of
this disease is required.
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On the other hand, increasing evidence points to the presence of adult neural
stem cells (NSCs) in many areas of the mammalian brain (Doetsch et al. 1997;
Eriksson et al. 1998). In the adult mammalian brain, the main areas of neurogenesis
are the hippocampus and subventricular zone (SVZ) near the lateral ventricle.
NSCs in the SVZ migrate into the olfactory bulb (OB) via the rostral migratory
stream. Adult NSCs represent an attractive source for the production of specific
types of neurons in neurodegenerative disorders and for the development of new
regenerative gene therapies.
This article will review adult neurogenesis in SN, SVZ, striatum (ST) and OB
of PD and PD models that exemplify how adult neurogenesis responds to PD.

2.2 Adult Neurogenesis of SN in PD and PD Models
2.2.1 Adult Neurogenesis of SN in PD
To identify proliferating cells in the adult brain, retroviral labeling or BrdU methods
have been used, especially in animal models. On the other hand, intrinsic molecules
unique to young neurons, such as nestin, polysialylated neural cell adhesion mol‑
ecule (PSA-NCAM) and doublecortin, can also be used to detect neurogenesis
(Seki and Arai 1993; Fukuda et al. 2003). This is especially important in human
subjects, where experimental markers like 5-bromodeoxyuridine (BrdU) or retroviral
vectors are not applicable. However, these antibodies only provide adequate staining
of high quality, free-floating sections fixed in buffered 4% formaldehyde solution
rather than paraffin-embedded sections. Using these methods, we described a
detailed examination of neurogenesis in the midbrains of PD autopsy cases
(Yoshimi et al. 2005). In our manuscript, staining for intrinsic markers of neuro‑
genesis was attempted, but doublecortin was not very clear in the SN. Nestin gave
intense staining of blood vessels but no staining of neural progenitors in the SN,
which was evident in the hippocampus. There were no proliferating cells in SN of
PD patients.
On the other hand, a large number of PSA-NCAM-positive cells were detected in
the SN pars reticulata (SNr) of some patients with PD compared to normal subjects
(Fig. 2.1). In rats and a macaque monkey, the dopamine-depleted hemispheres showed
more PSA-NCAM staining than the intact side. Furthermore, a small number of
tyrosine hydroxylase (TH)-positive cells were PSA-NCAM-positive in these models.
We speculate that the PSA-NCAM/TH double-positive cells identified in our study
represent newly differentiated dopaminergic neurons in the adult SN. However, no
PSA-NCAM and TH double-positive cells in PD patients were detected. The staining
patterns of the SNr in humans suggested increases of PSA-NCAM-positive cells in
some PD patients, but the results were not conclusive. Further studies and new techni‑
cal developments to detect newborn cells are warranted to examine adult neurogenesis
in the midbrain of PD subjects.
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Fig. 2.1 Polysialic acid (PSA)-positive cells in the substantia nigra. Sections of humans are
immunostained with monoclonal anti-PSA. (a, b) PSA-positive cells in human substantia nigra
(arrows). SNr of a control (a) and Parkinson’s disease (b) brain. (c, d) Number of PSA-positive
cells in the SNc (c) and SNr (d) of human hemisphere sections. The average of duplicated counting
of each sample by blinded observer is shown. Some nigral samples of Parkinson’s disease showed
the presence of large numbers of PSA-positive cells especially in the SNr

2.2.2 Adult Neurogenesis of SN in PD Models
Whether dopaminergic neurogenesis occurs in the adult SN in PD brains or in PD
animal models is still a matter of debate. The potential of neurogenesis in the SN
has been studied by labeling proliferative neural precursor cells with BrdU (Kay
and Blum 2000; Lie et al. 2002; Zhao et al. 2003; Frielingsdorf et al. 2004).
Expecting compensatory recovery (Nakatomi et al. 2002; Zhu et al. 2004; Kawai
et al. 2004), neurogenesis after dopaminergic cell deprivation has been examined
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as well as in intact brains. Kay and Blum (2000) reported the presence of
BrdU-positive proliferative cells in the SN: some of these cells were microglia, but
none of them differentiated into dopaminergic neurons. In another study, neuronal
progenitor cells isolated from the SN of rats could differentiate into neurons in
the hippocampus but not in the midbrain (Lie et al. 2002). Dopaminergic neurons
with BrdU-positive nuclei were found in the SN, which were considered to have
migrated from the midbrain aqueduct (Zhao et al. 2003), although a different con‑
clusion was reported in another study (Frielingsdorf et al. 2004). The discrepancy
between the two studies (Zhao et al. 2003; Frielingsdorf et al. 2004) was due to
technical uncertainty in confocal microscopy to locate the BrdU-positive nuclei
within the cytoplasm. On the other hand, it was reported recently that mature neurons
become immunopositive for proliferative cell markers in some neurodegenerative
conditions (Hoglinger et al. 2007). It is important to distinguish such cell death
cascades from cell proliferation and neurogenesis in the adult brain.
To identify living proliferating cells, retroviral labeling is more selective than
BrdU (Lie et al. 2002; Gould and Gross 2002) because retroviral integration into
DNA requires new DNA synthesis (Fig. 2.2). We have already shown efficient
labeling of NSCs by retroviral infection, both in vitro and in vivo (Kaneko et al.
2001; Suzuki et al. 2002; Yamada et al. 2004; Tanaka et al. 2004). Enhanced green
fluorescent protein (GFP) filled the cytoplasm of the cells and expressed a clear
Golgi-like morphology of infected cells. Moreover, local injection in the brain
tissue allowed a clear mapping of the migration route (Yamada et al. 2004; Suzuki
and Goldman 2003) (Fig. 2.3). First, proliferating cells in SN were labeled
efficiently with retroviral infection of GFP. Subsequent differentiation of labeled
cells was examined, and many infected cells became microglia but none had differ‑
entiated into TH-positive neurons at 4 weeks postinfection, in both intact and
MPTP-treated rodents. Second, PSA-NCAM-like immunoreactivity, indicative of
newly differentiated neurons, was detected in the SN of rodents and primates.
In rats and a macaque monkey, the dopamine-depleted hemispheres showed more
PSA-NCAM staining than the intact side. A small number of TH-positive cells were

Fig. 2.2 Improved retrovirus vector versus BrdU as a marker for neurogenesis: (a, b) differentiated
cells by retrovirus injection; (c) BrdU positive cells by immunohistochemistry, It is easy to detect
the detailed cell morphology by the retrovirus vector marking
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Fig. 2.3 Migration from SVZ to OB in rat retrovirus vector encoded green fluorescent protein are
microinjected into the subventricular zone (red arrow). The proliferating cells in the subventricu‑
lar zone are detected as GFP positive cells: 1 week after infection, the GFP positive cells are
present in the rostral migratory stream; 3 weeks after infection, the GFP positive cells are present
in the olfactory bulb. Some GFP positive cells are also positive for MAP2 as a neuronal marker

PSA-NCAM-positive (Yoshimi et al. 2005). We speculate that the PSA-NCAM/TH
double-positive cells identified in our study represent newly differentiated dopamin‑
ergic neurons in the adult SN of PD models. In addition, Parish et al. describe the
creation of a salamander 6-hydroxydopamine model of PD to examine midbrain
DA regeneration (Parish et al. 2007). They demonstrate a robust and complete
regeneration of the mesencephalic and diencephalic DA system after elimination of
DA neurons.

2.3 Adult Neurogenesis of SVZ in PD and PD Models
In the mammalian brain, the main areas of neurogenesis are the hippocampus and
SVZ near the lateral ventricle. The NSCs in the SVZ migrate into the OB via the
rostral migratory stream. It is well known that changes occurring in the SVZ
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depend upon the pathological condition. Postmortem analysis of human brains
suggested that stroke (Macas et al. 2006), Huntington’s disease (Curtis et al. 2003)
and multiple sclerosis (Nait-Oumesmar et al. 2007) lead to an increase in precursor
cell proliferation in the adult human SVZ. In this section, I focus on changes of
adult SVZ neurogenesis in PD and PD models.

2.3.1 Adult Neurogenesis of SVZ in PD
Using postmortem brains of PD patients, Hoglinger et al. reported changes in the
SVZ of PD patients by immunohistochemistry (Hoglinger et al. 2004). The numbers
of proliferating cells in the SVZ are reduced in postmortem brains of individuals
with PD. They also found that dopaminergic fibers contact epidermal growth factor
receptor (EGFR)-labeled cells in the normal human SVZ. They concluded that the
generation of neural precursor cells is impaired in PD as a consequence of dop‑
aminergic denervation.

2.3.2 Adult Neurogenesis of SVZ in PD Models
The neurogenetic potential of SVZ in PD models is a highly debated topic. Several
groups have reported that experimental depletion of dopamine in rodents decreased
precursor cell proliferation in the SVZ (Hoglinger et al. 2004; Baker et al. 2004).
These results mainly rely on PCNA staining using immunohistochemistry.
Hoglinger et al. has also shown that there are dopaminergic afferents in the adult
mammalian SVZ (Baker et al. 2004). D1L receptors were present in the cytoplasm of
type C (transit amplifying) cells and in the plasma membranes of type A (neuro‑
blast) cells. D2L receptors were most abundant in C-cells. They concluded that
there was dopaminergic regulation of neural precursor cell proliferation in the adult
brain, and that dopaminergic denervation may be responsible for the reduction in
neural precursors.
On the other hand, some groups have reported increased proliferation of neural
precursors in the SVZ of PD models. Liu et al. (2006) unilaterally lesioned the
nigrostriatal pathway by injection of 6-hydroxydopamine (6-OHDA), and then
BrdU was injected (ip). They showed that the BrdU-positive cells increased signifi‑
cantly in the SVZ ipsilateral to the lesion. The differences in these results in each
group could be from differences in the toxin treatment to create the PD models or
differences in the methods to detect proliferating cells. We found alterations of the
differentiation-related molecular expression in SVZ after acute or chronic MPTP
treatment (Oizumi et al. 2008). We examined the relationship between proliferation
and differentiation of NSCs in SVZ of both acute and chronic PD models. Only
acute MPTP treatment significantly increased the areas of glial fibrillary acidic
protein (GFAP)-expressing cells and decreased the areas of PSA-NCAM-expressing
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cells in the SVZ. In the case of caspase-11 knockout mice, MPTP did not induce
alterations in the areas of GFAP-expressing cells and PSA-NCAM-expressing cells.
Our results suggest that neuroinflammation related to the caspase-11 cascade in the
striatum also regulates differentiation of NSCs in the SVZ of a mouse model of PD.
Regarding SVZ cell death in PD models, He et al. reported the details of the
changes in the SVZ after exposure of MPTP in mice (He et al. 2006). They detected
apoptotic cells in the SVZ that peaked 24 h after MPTP treatment. In this study, the
majority of cells undergoing apoptosis in the SVZ were identified as migrating
neuroblast (type A cells). MPTP may also directly interact with cells in the SVZ in
addition to regulation by the dopaminergic fibers from SN.
Problems of evaluating SVZ changes include difficulties in identifying and
counting cell numbers, because these cells are very dense in a narrow space. New
methods are needed for detecting significant changes of cell densities over the
entire area of immunostained sections.

2.4 Adult Neurogenesis of OB in PD and PD Models
Olfactory deficits are an early and common symptom in PD (Ponsen et al. 2004).
In the OB, TH-positive cells are present in the glomerular layer (GL), which is the
most superficial layer in the OB. As most newborn SVZ cells migrate to the OB to
form new neurons, the changes of neurogenesis in OB could be important for the
pathogenesis of olfactory deficits as PD symptoms.

2.4.1 Adult Neurogenesis of OB in PD
Olfactory stimulation clearly established the presence of olfactory impairment in
PD (Ponsen et al. 2004; Barz et al. 1997). This olfactory deficit is so reliable that it
is used in the diagnosis of idiopathic PD (Hawkes and Shephard 1998). On an ana‑
tomical level, work by Hawkes and colleagues (Pearce et al. 1995; Hawkes et al.
1997) indicated significant neuronal loss in the anterior olfactory nucleus (AON)
obtained from postmortem of patients with IPD. In addition, recent data suggest
that neurodegeneration at early PD stages involves the olfactory system, including
the OB (Del Tredici et al. 2002; Braak et al. 2003).

2.4.2 Adult Neurogenesis of OB in PD Models
Several groups have created PD models and examined neurogenesis in the OB.
Hoglinger et al. examined newborn neurons in the OB of mice with four intraperitoneal
injections of 10 mg/kg of MPTP by BrdU treatment (Hoglinger et al. 2004). They
reported that fewer BrdU positive cells had migrated to the OB in MPTP-lesioned
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than in control mice, and fewer newborn neurons had integrated into the OB, as
assessed by the colocalization of BrdU with the neuronal marker neuronal nuclear
antigen (NeuN) by confocal microscopy. They suggested that chronic impairment
of neural (neuronal or glial) regeneration might also contribute to olfactory impair‑
ment in PD.
In 6-OHDA models, Winner et al. also examined the details of OB neurogenesis
after treating animals with BrdU (Winner et al. 2006). They found that transient
decreases in the granule cell layer contrasted with a sustained increase of newly
generated neurons in the GL. They concluded that the loss of dopaminergic input
to the SVZ led to a distinct cell fate decision towards stimulation of dopaminergic
neurogenesis in the OB GL.
We also reported enhanced neurogenesis in the OB after dopaminergic neuron
loss by MPTP (Yamada et al. 2004) (Fig. 2.3). Neurogenesis was confirmed mainly
by the uptake of BrdU, a marker of proliferating cells, but methodological problems
related to BrdU labeling might result in inaccurate findings with respect to specificity,
toxicity and incorporation into normal/lesioned brain. For a better identification of
neurogenesis, we used a modified retroviral vector reported previously. First, we
investigated the population dynamics of newly generated neurons in different
regions of OB including the GL, the most superficial layer of OB. Quantification
of neurogenesis in OB revealed by our retroviral vector was substantially similar to
that found by BrdU-based methods. Next, we investigated the influence of dopamin‑
ergic neuron loss induced by MPTP, a selective toxin for dopaminergic neurons, on
dopaminergic neurogenesis in the OB. One week after MPTP intoxication, neuro‑
genesis of dopaminergic neurons in the OB increased by threefold while there was
minimal influence on nondopaminergic neurogenesis. These results indicate profiles
of selective neurogenesis in OB in response to various lesions.
In addition, adult neurogenesis may be enhanced as a repair system in the
TH-positive cells of the OB after MPTP administration in PD models (Hayakawa
et al. 2007). The isolation of NSCs from the OB after MPTP administration has
helped to establish the cellular basis of neurogenesis and supports a role for the
transplant-mediated treatment of PD.

2.5 Adult Neurogenesis in Genetic PD Models
Mutation or duplication in the a-synuclein gene is a cause of familial PD. Transgenic
mice expressing wild-type (WT) mouse and mutant (mut) human a-synuclein serves
as a good model of PD. Using these mice, Winner et al. have shown that accumula‑
tion of WT and mut-a-synuclein in the CNS of tg mice results in reduced neuro‑
genesis in the OB and hippocampus (Winner et al. 2004, 2008).
The studies in a-synuclein-overexpressing mouse embryonic stem (ES) cells
and in young–adult a-synuclein tg mice by Crews et al. offer a clue suggesting that
accumulation of a-synuclein might impair neurogenesis by reducing NPC survival
via downregulation of Notch-1 expression (Crews et al. 2008). A recent report also
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suggests that Notch activity supports the survival of both progenitors and newly
differentiating cells in the developing nervous system (Mason et al. 2006). These
results suggest that accumulation of a-synuclein might impair survival of NPCs by
interfering with the Notch signaling pathway.
We investigated neurosphere formation in vitro and migration of NSCs in vivo
after transduction of an a-synuclein-encoding retroviral vector (alpha-syn) to char‑
acterize the function of a-synuclein in NSCs. Overexpression of alpha-syn caused
less effective formation of neurospheres and induced morphological changes.
Fluorescence-activated cell sorting showed diminished NSC cell cycle progression
induced by overexpression of a-synuclein. Intriguingly, suppression of NSC migra‑
tion along the rostral migratory stream was observed when the a-synuclein-encoding
vector was directly injected into the SVZ of mice in vivo. These results indicate that
the accumulation of a-synuclein in NSCs led to a cell-autonomous influence on the
generation of neural progenitors, suggesting that effective elimination of toxic species
of a-synuclein could pave the way to halt and possibly reverse the clinical symp‑
toms of patients with a-synucleinopathy (Tani et al. 2010).

2.6 Therapeutic Window for Adult Neurogenesis in PD
The enhancement of progenitor cells may represent a potential new source of cells
for replacement therapy in PD. The possible treatment to enhance neurogenesis in
PD models is discussed below.
Dopamine D2L (D2, D3 and D4 receptors) agonists were reported to enhance
the damaged SVZ in PD models (Hoglinger et al. 2004). Especially, Van kampen
and colleagues reported that D3 receptor stimulation promoted proliferation in
the SVZ (Van Kampen et al. 2004) and SN (Van Kampen and Robertson 2005)
in adult rat. The same group examined the cell proliferative, neurogenic, and
behavioral effects of a dopamine D3 receptor agonist in a 6-hydroxydopamine
model of PD (Van Kampen and Eckman 2006). They observed a significant
induction of cell proliferation in the SNc with a time-dependent adoption of a
neuronal dopaminergic phenotype in many of these cells. The dopamine D(3)
receptor may play a key role in SVZ neurogenesis, as a particularly strong
expression of D(3) receptor mRNA occurs in the proliferative SVZ during pre‑
natal and early postnatal ontogeny.
Winner et al. reported that treatment with the oral dopamine receptor agonist
pramipexole (PPX) selectively increases adult neurogenesis in the SVZ-OB system
by increasing proliferation and cell survival of newly generated neurons. They also
demonstrated that D2 and D3 receptors are present on adult rat SVZ-derived neural
progenitors in vitro, and PPX specifically increased mRNA levels of EGFR and
paired box gene 6 (Pax6) (Winner et al. 2009). However, several researchers have
reported that dopamine antagonist antipsychotic drugs also enhance neurogenesis
(Kippin et al. 2005; Dawirs et al. 1998). In addition, Milosevic J et al. reported that
Dopamine D2/D3 receptor stimulation fails to promote dopaminergic neurogenesis
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of murine and human midbrain-derived neural precursor cells by microarray data
analysis and quantitative RT-PCR (Milosevic et al. 2007). In this area, the function
of specific dopamine receptor agonists in neurogenesis is still debated.

2.6.1 Neurotrophic Factors
Neural progenitor cells respond to several neurotrophic factors that affect cell
proliferation, migration and maturation. In PD models, Copper et al. found that
intrastriatal transforming growth factor alpha delivery induced proliferation and
migration of endogenous adult neural progenitor cells without differentiation into
dopaminergic neurons (Cooper and Isacson 2004). Platelet-derived growth factor
(PDGF-BB) and brain-derived neurotrophic factor (BDNF) also induce striatal
neurogenesis in PD models (Mohapel et al. 2005). The effects of i.c.v. infused
PDGF-BB and BDNF on cell genesis, as assessed with BrdU incorporation, were
studied in adult rats with unilateral 6-hydroxydopamine lesions. It is well known
that the most potent neurotrophic factor for dopamine neurons described so far is
the glial-cell-line-derived neurotrophic factor (GDNF) (Gash et al. 1996). Although
Chen et al. (2005) indicated a GDNF-mediated increase in cell proliferation,
providing further evidence for the restorative actions of this growth factor, they
failed to demonstrate that the TH-positive cells were newly generated.
Fibroblast growth factor 2 also enhances striatal and nigral neurogenesis in the
acute MPTP model of PD as examined by incorporation of BrdU in cells expressing
an immature neuronal marker (Peng et al. 2008).
Yang et al. investigated the potential role of ciliary neurotrophic factor (CNTF),
because it is predominantly produced in the nervous system and is an endogenous
regulator of neurogenesis (Yang et al. 2008). They reported that nigrostriatal
denervation did not affect SVZ proliferation in CNTF−/− mice, suggesting that the
dopaminergic innervation normally regulates neurogenesis through CNTF.

2.6.2 G-CSF
Granulocyte colony-stimulating factor (G-CSF) is a member of the cytokine family
of growth factors and is clinically used for the treatment of neutropenia. G-CSF
stimulates the proliferation, survival, and maturation of cells committed to the
neutrophilic granulocyte (NG) lineage by binding to a specific G-CSF receptor
(G-CSFR) (Hartung 1998). In addition to its use for the treatment of different types
of neutropenia in humans, G-CSF also has trophic effects on neuronal cells; several
recent reports have described the neuroprotective effects of G-CSF in stroke
(Schabitz et al. 2003; Komine-Kobayashi et al. 2006). One of the main mechanisms
of action for this effect is activation of the Janus kinase/signal transducer and
activator of transcription (JAK/STAT) pathway through intracellular signaling
from G-CSF-G-CSFR binding in cerebral ischemia (Komine-Kobayashi et al. 2006;
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Jung et al. 2006). Furthermore, recent studies suggest that G-CSF triggers neurogenesis
in an animal model of neurological disorders (Sehara et al. 2007; Tsai et al. 2007).
G-CSF could induce the differentiation of NSCs in vitro, and this effect paralleled
the in vivo finding that G-CSF also induced neurogenesis and subsequently
enhanced functional recovery after cortical cerebral ischemia (Schneider et al.
2005). In PD models, several reports indicate that G-CSF rescues dopaminergic cell
loss (Meuer et al. 2006; Cao et al. 2006; Huang et al. 2007). In our experiment, we
examined whether G-CSF can protect dopaminergic neurons against MPTP-induced
cell death in a mouse model of PD. G-CSF significantly prevented MPTP-induced
loss of TH-positive neurons (p < 0.05), increased Bcl-2 protein and decreased Bax
protein expression. We now plan to examine the relationship between G-CSF treatment
and changes in neurogenesis in PD models.

2.7 Conclusion
Dopamine is an important molecule in neurogenesis. Therefore, many investigators
now focus on neurogenesis in PD. However, controversy persists regarding neuro‑
genesis in SN and/or in PD models. These problems should be resolved by progress
in techniques to identify neurogenesis in vivo. Another goal is to identify new
treatments or drugs to upregulate or enhance neurogenesis of SVZ, ST or SN in PD.
We are now assaying for several drugs which possess such effects to rescue the
degeneration in PD as a replacement therapy. Another concern is potential side
effects of drugs to enhance neurogenesis in PD models. Excessive enhancement of
neurogenesis could cause the problems of tumor formation after exposure to such
drugs. Newborn neurons need to migrate and differentiate and need to work function‑
ally at the appropriate areas. Some papers have indicated functional recovery in PD
models but this may not indicate the function of new neurons. Cell numbers are
controlled by an intricate balance of cell death and cell proliferation (Hipfner and
Cohen 2004). Deregulation of the apoptotic/proliferative balance leads to impaired
development and many diseases including neurodegenerative disorders, viral infec‑
tions, and tumors. Newborn neurons may help to keep the balance, but they also
need appropriate cell death signals. To be or not to be? It could be an eternal theme
in human beings.
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Chapter 3

Adult Neurogenesis in Epilepsy
Sebastian Jessberger and Jack M. Parent

Abstract Epilepsy is a devastating illness affecting about 50 million people
worldwide that disturbs multiple aspects of brain integrity and function. Epileptic
seizures may not only lead to degeneration of affected areas but also strongly
induces the birth of new neurons generated by adult neural stem cells (NSCs) in
the two neurogenic areas of the adult brain, the hippocampal dentate gyrus (DG)
and the subventricular zone (SVZ) lining the lateral ventricles. In this chapter, we
focus on mesial temporal lobe epilepsy (mTLE), which is the most common and
often intractable form of acquired epilepsy. We will review and discuss recent data
derived from rodent models of mTLE and human samples analyzing the effects of
epileptic activity on NSC activity, neuronal differentiation and integration, and the
potential role that newborn neurons may play in the epileptic disease process.

3.1 Introduction
Epilepsy is a diverse brain disorder causing spontaneous recurrent seizures that are
induced by aberrant firing of neuronal networks, which eventually lead to abnormal
behavior or sensations. In the United States alone, more than two million people are
diagnosed with epilepsy (Engel, 1996). Epilepsies have many possible causes and
are generally grouped into idiopathic or primary epilepsies with inherited mutations
(or presumed mutations) in distinct sets of genes, and symptomatic or secondary
epilepsies that eventually develop as a consequence of structural brain abnormalities
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from causes such as tumors, traumatic brain injury, stroke, infection, or developmental
malformations. In the following, we will focus on mesial temporal lobe epilepsy (mTLE),
which is the most common and often intractable form of acquired epilepsies.
The initiating site of focal seizures, referred to as a “seizure focus,” in patients
suffering from mTLE is typically the hippocampal formation or neighboring struc‑
tures of the mesial temporal lobe. Seizures in mTLE patients are most commonly
partial seizures, with seizure activity restricted to the temporal lobe. However,
mTLE-associated seizures may also secondarily generalize, thus extending potential
damage to the nervous system. Treatment of mTLE and control of seizure activity
is challenging and requires a high degree of patient compliance. Most mTLE
patients are still treated with anti-epileptic drugs (AEDs) that aim to inhibit the
excess excitation of neuronal networks. AEDs are a diverse group of drugs but
unfortunately most of them are associated with limiting cognitive or other adverse
effects, calling for improved and novel treatment strategies. Even with adequate
control of clinical seizures, the syndrome of mTLE often leads to substantial
impairment of life quality and also commonly affects multiple cognitive domains
in the course of the disease (Helmstaedter, 2002; Elger et al., 2004; Blume, 2006;
von Lehe et al., 2006). In addition, many mTLE syndromes become refractory to
AED treatment, leaving the surgical excision of the epileptogenic focus as the only
treatment option (Wiebe et al., 2001). In cases of mTLE that require surgery, the
hippocampus and other mesial temporal structures are excised. Together with post‑
mortem material, surgical specimens are used to characterize the structural altera‑
tions induced by mTLE. Most hippocampi of mTLE patients show substantial
structural abnormalities that include loss or thinning of the pyramidal cell layer,
astrogliosis, and structural reorganization of the dentate gyrus circuitry including
mossy fiber sprouting and dispersion of the granule cell layer (Sutula et al., 1989;
Ben-Ari, 2001).
The underlying cause of epilepsy-associated structural alterations remains
largely unclear. Rodent models of mTLE were developed to study the dynamics and
molecular changes associated with epilepsy. The difficulty has been to develop a
valid animal model for such a diverse syndrome. Interestingly, most mTLE patients
report a history of a “precipitating” insult, such as complicated febrile seizures,
leading to the development of epilepsy after a latent period in later childhood or
adolescence. This feature of mTLE disease progression has led to the development
of the status epilepticus (SE) models, which are now most commonly used to study
epileptogenic mechanisms in mTLE. In these models, a prolonged seizure induced
by chemoconvulsants (typically kainic acid or pilocarpine) or extrinsic electrical
stimulation leads to an initial SE. After a latent period lasting days to weeks, spon‑
taneous recurrent seizures develop along with hippocampal structural changes that
resemble in many aspects the human pathology (reviewed in (Buckmaster, 2004).
A series of papers in the late 1990s using rodent models of mTLE showed that
seizures not only affect existing, mature structures of the hippocampal formation
but also lead to alterations of the neural stem cell (NSC) niche within the adult
rodent dentate gyrus (Bengzon et al., 1997; Parent et al., 1997; Scott et al., 1998).
The dramatic effects of seizures on the number and integration pattern of newborn
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neurons in the adult hippocampus added a completely new level of complexity to
the understanding of the causes and consequences of mTLE. In the remaining
discussion, we will focus on the consequences of seizure activity on proliferation
of NSCs, the maturation and integration of newborn neurons, and the functional
role that seizure-induced neurogenesis might play in the epileptic disease process.

3.1.1 Cell Proliferation After SE
Under control conditions, several types of progenitors divide in the subgranular
zone of the adult dentate gyrus (Seri et al., 2001; Kronenberg et al., 2003; Encinas
et al., 2006; Suh et al., 2007) that continuously generate new neurons throughout
life (Gage, 2002). The number of newborn neurons is not fixed but instead dynami‑
cally regulated by a variety of factors (e.g., Kempermann et al., 1997; Gould et al.,
1999; Van Praag et al., 1999), suggesting a tight regulatory control of the number
of dividing cells in the adult dentate gyrus. Judged by Ki67 expression or shortpulse BrdU labeling, prolonged seizure activity dramatically increases the amount
of cell proliferation in the dentate gyrus that reaches its maximum several days after
SE (Parent et al., 1997; Gray and Sundstrom, 1998; Jessberger et al., 2005)
(Fig. 3.1a, b). Furthermore, the number of dividing cells in the second neurogenic

Fig. 3.1 Pilocarpine-induced SE increases dentate gyrus cell proliferation and neural progenitors.
Immunoreactivity for BrdU (a, b) or green fluorescent protein (GFP; c, d) in the dentate gyri of
adult nestin-GFP mice 14 days after pilocarpine-induced SE (Seizure, b, d) or saline treatment
(Control, a, c). These mice have the nestin CNS-specific second intronic enhancer directing GFP
expression in neural progenitors. BrdU labeling and GFP expression are increased markedly in the
inner granule cell layer of the pilocarpine-treated mouse (b, d). Also, note hilar ectopic GFPlabeled cells in the animal experiencing SE (arrows in d). BrdU was given on day 7 after
pilocarpine or saline treatment. Scale bar 100 mm
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region of the adult brain, the subventricular zone (SVZ) of the lateral ventricles, is
strongly upregulated after SE (Parent et al., 2002). Which cell type mediates this
dramatic increase in dividing precursors?
In the dentate area, the early proliferative response is associated with an increase
of divisions of radial glia-like Type 1 cells (Huttmann et al., 2003) that show under
normal conditions only very limited or no proliferative activity (Kronenberg et al.,
2003; Seri et al., 2004; Suh et al., 2007) (Fig. 3.1c, d). Several days after the initial
SE, the number of cycling cells that express the microtubuli-associated protein
doublecortin (DCX) is strongly increased (Jessberger et al., 2005) (Fig. 3.3a, b).
DCX-expressing progenitors might represent committed neuroblasts, suggesting
the potential aberrant proliferation of late stages of neural progenitors induced
by SE. However, it remains poorly understood whether prolonged seizure activity
recruits quiescent progenitors or instead enhances the division of the population of
normally cycling cells that were active even before the initial SE. Supporting the
latter possibility, BrdU labeling prior to SE showed that most of the proliferating
cells that respond to seizure activity were already mitotically active prior to the
insult (Parent et al., 1999). Other studies support the recruitment of additional
precursors in response to SE (Huttmann et al., 2003).
Importantly, the number of dividing progenitors is only transiently increased as
cell proliferation returns to control levels approximately 4 weeks after SE (Parent
et al., 1997; Jessberger et al., 2007a). Recent studies suggest that at late time points
after SE the number of dividing cells might be dramatically reduced compared to
control animals (Hattiangady et al., 2004), suggesting that structural alterations
associated with epilepsy might chronically impair NSC function in the epileptic
hippocampus. Alternatively, SE might “exhaust” the NSC pool leading to a loss of
available progenitors. However, there are also recent studies using different mTLE
models that found no decrease of neurogenesis even in the chronic phase of the
disease, suggesting that the rodent model used represents a critical factor (Bonde
et al., 2006; Jessberger et al., 2007a).
Interestingly, the severity and also the duration of seizures do not seem to be a
major determinant in the proliferative response of precursors in the dentate gyrus.
In fact, even single discharges strongly induce cell proliferation (Bengzon et al.,
1997), suggesting that one wave of excitation is sufficient to induce cell proliferation.
However ,and in contrast to the proliferative response of dentate gyrus NSCs, the
survival of seizure-generated granule cells (see below) is associated with seizure
severity (Mohapel et al., 2004), which seems to be mediated by the inflammatory
response of the epileptic hippocampus (Ekdahl et al., 2003).
What are the molecular mechanisms that lead to enhanced proliferation of dividing
cells after SE? Even under normal conditions, the interplay between pre-existing
neural networks and the activity of NSCs is poorly understood. However, recent
evidence suggests that NSCs are capable of “sensing” electrical activity (Deisseroth
et al., 2004), which might involve activation of glutamate and GABA receptors
expressed by dentate NSCs (Gould et al., 1994; Tozuka et al., 2005). NSC prolifera‑
tion could also be affected by elevated expression of trophic factors such as brainderived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF)
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by surrounding tissue (Isackson et al., 1991; Gall, 1993; Newton et al., 2003;
Warner-Schmidt and Duman, 2007). Changes in histone acetylation induced by
seizures might be an additional mechanism involved in seizure-induced cell prolif‑
eration (Huang et al., 2002; Jessberger et al., 2007b). Given the diverse effects of
SE on multiple structural and molecular levels in the epileptic hippocampus (Elliott
and Lowenstein, 2004), it seems most plausible that a combination of mechanisms
is responsible for seizure-induced cell proliferation.

3.1.2 Effects of SE on Maturation and Integration
of Newborn Granule Cells
Under normal conditions, only a subset (25–40%) of immature neurons survives an
activity-dependent selection process and becomes lastingly integrated into the
dentate circuitry (Kempermann et al., 2003; Tashiro et al., 2006). Thus, heightened
proliferation of precursors after SE does not necessarily translate into increased
numbers of newborn neurons. However, the increase in NSC proliferation is, in
most rodent models, closely reflected by a robust increase in survival of newborn
granule cells, even though the survival appears to be associated with seizure severity
(Mohapel et al., 2004). Approximately 75–90% of all newborn cells express neuronal
markers characteristic of granule cells 4 weeks after labeling dividing cells with
BrdU or retroviral reporter vectors, which is comparable to the rate of neuronal
differentiation in control animals (Parent et al., 1997; Jessberger et al., 2005,
2007b). Importantly, seizure-generated neurons show striking differences in neuronal
differentiation, migration, morphological maturation, and functional integration
compared to new neurons that were born under control conditions. These differ‑
ences might be the key to understanding the role of adult neurogenesis in the
context of epilepsy.
New granule cells that are born under normal conditions undergo distinct
maturation steps during which they show enhanced excitability (Schmidt-Hieber
et al., 2004) before they become indistinguishable from cells born during embryonic
or early postnatal development (Laplagne et al., 2006; Ge et al., 2007). The speed
of neuronal maturation and synaptic integration is precisely controlled. For example,
the first dendritic spines are observed approximately 16 days after cells are born
(Zhao et al., 2006; Toni et al., 2007). Interestingly, seizure activity seems to accelerate
the speed of neuronal maturation and integration (Overstreet-Wadiche et al., 2006).
The underlying cause for that acceleration is not fully understood but it seems
plausible to speculate that higher levels of synaptic activity as well as alterations in
growth factor expression in the dentate gyrus of rodents that have experienced
seizures might contribute to the faster maturation process.
In addition to faster maturation, a subset of granule cells born after SE also
extends abnormal dendritic processes toward the hilus (Fig. 3.2), called hilar basal
dendrites (HBDs) (Ribak et al., 2000; Dashtipour et al., 2003; Shapiro et al., 2005;
Shapiro and Ribak, 2006). Under normal conditions, basal dendrites are only
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Fig. 3.2 Neurogenesis following KA-induced seizures is largely aberrant. Four-week-old newborn
granule cells that were labeled with a retrovirus expressing GFP after stereotactic injection of the
virus into the adult dentate gyrus. Note the typical highly polarized morphology with a single
apical dendrite (arrows in left panel ) oriented toward the molecular layer (left panel ). In striking
contrast, KA-induced seizures lead in addition to the apical dendrite (arrows in right panel ) to the
extension of a basal dendrite (arrowheads in right panel ). Aberrant hilar basal dendrites are
covered with spines (blue arrows in inset) and synaptically integrate into the dentate circuitry.
The 4-week-old example shown in the right panel was born 1 week after the initial SE. GCL
granule cell layer, ML molecular layer. Scale bar 20 mm

transiently formed and do not become synaptically integrated (Seress and Pokorny,
1981). In contrast, SE leads to the rapid development of synapse formation onto
HBDs (Shapiro et al., 2007). As cells extending HBDs mature, they form dendritic
spines (Fig. 3.2b), indicating aberrant synaptic integration into the hilar region of
the dentate gyrus (Jessberger et al., 2007a; Walter et al., 2007). HBDs persist for
long durations after SE and even a fraction of the cells that were born 2 months
after the initial SE extend abnormal dendrites (Jessberger et al., 2007a). Interestingly,
there seems to be a critical period during which newborn granule cells are suscep‑
tible to form aberrant dendritic processes, as cells born prior to SE do not appear to
extend HBDs (even though differences between species and TLE models might
exist) (Jakubs et al., 2006; Jessberger et al., 2007a; Walter et al., 2007). The signals
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responsible for the formation of HBDs or why cells are vulnerable only during a
certain developmental stage are not understood. Importantly, previous studies
showed that the aberrant circuitry formed by HBDs might be a critical component
in the formation of a hyperexcitable state in the hippocampus after SE (Austin and
Buckmaster, 2004; Patel et al., 2004).
But not only dendrites show abnormal growth after SE. In addition, axonal
processes extending from dentate granule cells (called mossy fibers) show a
dramatic sprouting within the hilus but also into the inner molecular layer that
might also contribute to a hyperexcitable network. Early studies had already shown
that newborn neurons do not substantially contribute to mossy fiber sprouting
(Parent et al., 1999). Indeed, only neurons born at least 4 weeks prior to SE grow
aberrant axons into the inner molecular layer, whereas granule cells born after SE
showed no substantial signs of abnormal axonal growth (Jessberger et al., 2007a).
Apparently, cell intrinsic properties that are yet to be identified prevent axonal
sprouting of granule cells born after SE whereas aberrant dendritic growth only
occurs in cells born after SE. The identification of the underlying mechanisms of
aberrant neurite extension after SE might not only be helpful to understand seizureassociated structural alterations but might also help us better understand basic
mechanisms of dendritic and axonal pathfinding and growth.
SE also leads to the ectopic migration of a substantial number of newborn granule
cells into the hilus, which under normal conditions only occurs rarely (Parent et al.,
1997; Scharfman et al., 2000, 2007) (Figs. 3.1, 3.3, and 3.4). Despite their abnormal
location, ectopic granule cells synaptically integrate into the dentate-CA3 circuitry
and become partially synchronized with pyramidal cells in area CA3 (Scharfman
et al., 2000, 2002; Pierce et al., 2007). Given this integration pattern, ectopic gran‑
ule cells are suspected to contribute importantly to the formation of a recurrent
excitatory network after SE (Parent and Lowenstein, 2002; Scharfman and Gray,
2007). Why SE causes ectopic migration of newborn granule cells away from the
granule cell layer into the hilus is not well understood. Interestingly, cell death in
the hilar region, which is observed in many rodent models of mTLE, does not seem
to be a major factor regulating aberrant migration (Jiao and Nadler, 2007) even
though the frequency of seizures correlates well with the number of ectopic cells
(McCloskey et al., 2006). SE seems to induce abnormal chain migration of granule
cell progenitors towards the hilus (Parent et al., 2006) (Figs. 3.3 and 3.4).
Interestingly, SE dramatically alters reelin signaling (Rice and Curran, 2001).
Reelin is a glycoprotein secreted by Cajal Retzius cells during embryonic develop‑
ment, and probably by GABAergic interneurons during postnatal life, that appears
to be involved in granule cell migration in the healthy but also epileptic dentate
gyrus (Gong et al., 2007). Furthermore, altered reelin signaling has been implicated
in the development of granule cell dispersion, a widening of the granule cell layer,
which is commonly observed in human samples of mTLE and some rodent models
(Haas et al., 2002; Heinrich et al., 2006). Again, the identification of the molecular
mechanisms underlying ectopic migration of dentate gyrus granule cells after SE
might not only be interesting from a disease perspective but might also help us to
understand basic mechanisms of neuronal migration in the adult brain.
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Fig. 3.3 Ectopic granule cells in experimental and human TLE. (a, b) Doublecortin (DCX)
immunoreactivity in adult rat dentate gyrus 14 days after saline treatment (Control, a) or
pilocarpine-induced SE (b) shows chains of immature neurons extending into the hilus of the
epileptic rat (arrows in b) but not the control. The dashed white line denotes the hilar (h)/granule
cell layer (gcl) border. (c, d) NeuN immunoreactivity in dentate gyri from a human autopsy
control (c) and a patient with mTLE (d) shows gcl dispersion and hilar ectopic granule-like
neurons (arrows in d) only in the patient with mTLE who had mesial temporal sclerosis (MTS).
Arrowheads (c) point to larger, NeuN-immunoreactive hilar neurons in the control tissue that are
absent in the mTLE subject. ml, molecular layer. Scale bar (a, b) 25 mm, (c, d) 75 mm

3.1.3 Functional Significance of Adult Neurogenesis
Seizure activity in rodent models of mTLE dramatically stimulates the generation
of newborn neurons. However, several highly controversial issues with unanswered
questions remain. For example, what is the situation in mTLE patients compared to
rodent models? Second, is increased neurogenesis an attempt of the injured brain
to repair itself? Finally, do some or most seizure-generated neurons contribute to
the disease process and further damage the epileptic brain?
In contrast to rodent models of mTLE in which elevated levels of cell proliferation
are undisputable, the situation in humans remains much less clear. Recent data
failed to provide evidence of increased hippocampal neurogenesis in samples of
adult mTLE patients (Fahrner et al., 2007) even though the numbers of neural
progenitors seemed to be increased (Blumcke et al., 2001; Crespel et al., 2005).
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Fig. 3.4 Aberrant integration of adult-born neurons after SE alters dentate gyrus circuitry. Under
control conditions, neurogenic precursors in the adult hippocampus are restricted to the subgranular
zone (SGZ) of the dentate gyrus (red cells). Dividing cells mainly give rise to glutamatergic
granule cells that extend dendrites into the molecular layer and send their axons toward area CA3
(green cell). In experimental mTLE (bottom panel), seizures increase the number of proliferating
cells (red cells). Furthermore, SE alters the integration of differentiating neurons. A substantial
number of granule cells extend persistent HBDs that synaptically integrate and thus might change
the functional connectivity of the dentate circuitry. In addition, neuroblasts show a chain-like
migration toward the hilus, leading to the ectopic localization of newborn granule cells in the hilus.
Ectopic granule cells appear to be synchronized with pyramidal cells in area CA3 and might thus
form a recurrent excitatory network contributing to the process of epileptogenesis. ML molecular
layer, GCL granule cell layer, SGZ subgranular zone

In contrast, other groups found enhanced cell proliferation early in the disease
process (Takei et al., 2007). Several reasons complicate the conclusive interpreta‑
tion of available data. First, all analyses rely completely on endogenous markers of
cell proliferation (such as Ki67) or neuroblasts (such as DCX) as no tissue with
BrdU labeling is available. Furthermore, the time point of the disease process, typi‑
cally late stages, during which the human samples were derived might be an impor‑
tant factor, because in rodent models of mTLE the severity of seizures and the
duration after the first seizure influences the total number of newborn neurons
(Hattiangady et al., 2004; Mohapel et al., 2004).
It seems plausible to speculate that at least some of the structural alterations in
human mTLE samples instead represent the end point of the disease process.
Neurogenesis in human mTLE samples could be significantly different at early
disease stages where material for experimental analyses is rare.

46

S. Jessberger and J.M. Parent

Interestingly, a substantial fraction of granule cells in the dentate gyrus of humans
and primates extends HBDs (approximately between 10 and 25%, respectively)
(Seress, 1992), which is in striking contrast to rodent granule cells that hardly form
HBDs under normal conditions (Jessberger et al., 2007a; Walter et al., 2007). Thus,
synaptic coupling of HBDs with hilar structures might be a normal feature of the
human dentate area. However, there is evidence that the number of granule cells
extending HBDs in humans is actually increased in tissue from epileptic patients
(Franck et al., 1995; von Campe et al., 1997), suggesting that, despite the occurrence
of HBDs in the normal human hippocampus, seizures might affect the synaptic
connectivity through additional extension of HBDs from newborn neurons. Without
a doubt, the simple transfer of data obtained using rodent models to the human
situation in mTLE is not free of problems. Therefore, conclusions derived from
animal experiments have to be drawn cautiously (Scharfman and Gray, 2007).
A potential contribution of seizure-induced neurogenesis to the cause or
progression of mTLE in humans is unclear. The potential function and significance
of seizure-induced neurogenesis remains controversial in the context of rodent
models of mTLE. In addition to epileptogenesis, changes in neuronal birth may be
implicated in a variety of mTLE comorbidities such as cognitive impairment and
depression (Helmstaedter, 2002). On the other hand, increased neurogenesis after
SE might be a regenerative attempt of the brain to balance excess excitation or to
repair itself. What is the evidence that favors a role for seizure-generated neurons
as part of the disease or in contrast as an endogenous repair mechanism after SE?
As outlined above, SE leads not only to many more newborn neurons but also
induces structural alterations of newborn granule cells (Fig. 3.4). Thus, ectopic or
aberrant new granule cells could alter the connectivity of the hippocampal circuitry.
Aberrant neurogenesis could contribute to the process of epileptogenesis (Dalby
and Mody, 2001; Magloczky and Freund, 2005) by establishing recurrent excitatory
networks (Parent, 2002; Scharfman et al., 2007; Scharfman and Gray, 2007;
Scharfman and Hen, 2007). Seizure-generated granule cells show two features that
support an epileptogenic role. First, those with HBDs receive excitatory input from
mossy fibers (Shapiro and Ribak, 2006; Jessberger et al., 2007a). Similarly, ectopic
granule cells are abnormally synchronized with spontaneous, rhythmic bursts of
CA3 pyramidal neurons (Scharfman et al., 2000). Indeed, several studies found
reduced levels of spontaneous recurrent seizures when aberrant neurogenesis was
blocked in rodent SE models (Jung et al., 2004, 2006).
In contrast, there is also recent evidence that the properties of cells born after SE
might change in a manner that compensates for loss of inhibition (Jakubs et al.,
2006). Jakubs and colleagues found that seizure-generated granule cells with a
regular morphology and located within the granule cell layer had reduced excit‑
ability compared to cells born in running rats, suggesting that seizure-induced
neurogenesis might be an attempt to counterbalance excess excitation. Supporting
this assumption, brain irradiation suppressing neurogenesis was found to enhance
excitability in a kindling model of epilepsy, suggesting that neurogenesis might in
fact reduce the levels of excitability in the epileptic dentate gyrus (Raedt et al.,
2007). The mechanisms by which new granule cells might reduce overall levels of
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excitability remain unclear and the findings require validation in additional epilepsy
models. Thus, apparently contradictory studies exist at this point in the literature.
Clearly, the answer to the question of what role seizure-generated neurons play in
the context of epileptogenesis requires more specific and controllable methods to
inhibit seizure-induced neurogenesis, and this approach should be taken using
multiple rodent models of mTLE.
In addition to a role of seizure-induced neurogenesis in epileptogenesis, new
neurons might alter the connectivity of the dentate gyrus circuitry resulting in an
impairment of normal synaptic transmission. This is especially interesting given the
fact that mTLE has a high comorbidity with cognitive impairment (Helmstaedter
et al., 2003; Elger et al., 2004). Supporting an involvement of new neurons in the
context of SE-associated deficits in cognition, reduced levels of seizure-induced
neurogenesis rescued hippocampal function after SE (Jessberger et al., 2007b; Pekcec
et al., 2008). However, there is no doubt that these data are far from conclusive as
even under normal conditions the functional significance of adult hippocampal neu‑
rogenesis remains unclear and controversial (Shors et al., 2001, 2002; Santarelli et al.,
2003; Snyder et al., 2005; Meshi et al., 2006; Saxe et al., 2006, 2007; Winocur
et al., 2006). In addition, altered neurogenesis after SE might also contribute to later
effects of the disease. Interestingly, a relatively high number of mTLE patients
develop major depression. As outlined above, neurogenesis might be reduced in the
chronic phase of the epilepsy (Hattiangady et al., 2004). Because reduced levels of
newborn neurons in the dentate gyrus are associated with depression (Santarelli et al.,
2003), exhaustion of the stem cell compartment might link epilepsy with the develop‑
ment of affective syndromes. Currently, however, the link between altered neurogenesis
and depression remains largely speculative.

3.2 Summary
The dramatic alteration of hippocampal neurogenesis in animal models of mTLE
challenges our conceptual understanding of the cause and consequences of epilepsy.
Even though many features of new granule cells born after SE are abnormal, such
as extension of HBDs and ectopic migration into the hilus, the link between epilep‑
togenesis or seizure-associated cognitive impairment with aberrant neurogenesis
remains unproven. The main question is whether new neurons are good or bad for
the epileptic brain. In fact, seizure-generated granule cells might play a dual role
depending on the progression of the disease state and the underlying cause. To
solve this problem, we will need a better basic characterization of the structural and
electrical alterations of seizure-induced neurogenesis. Furthermore, we will have to
identify the cellular and molecular mechanisms underlying seizure-induced neuro‑
genesis that will potentially also bring us one step further toward understanding
general aspects of life-long plasticity in the adult brain. In any case, seizure-induced
neurogenesis might turn out to be a promising target in the treatment of human
epilepsy and its comorbidities.
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Chapter 4

Stress Disorders
Muriel Koehl, Michel Le Moal, and Djoher Nora Abrous

Abstract Recent years have produced rapid and enormous growth in our
understanding of the mechanisms regulating adult neurogenesis. Emerging fields
of research now aim at clarifying the relationships between neurogenesis and dis‑
eases. This paper deals with neurogenesis and stress-related disorders. After a brief
overview of the stress response, we first provide a comprehensive analysis of the
literature on the effects of stress on neurogenesis and the potential mechanisms
underlying these effects. This analysis clearly indicates that, whatever the nature,
intensity and duration of the stressor, stress decreases cell proliferation. Comparing
different stress paradigms further indicates that these effects are transient when
stress is performed during adulthood, while it has a much greater and longer last‑
ing impact when applied during developmental periods. When uncontrolled or
repeated, stressors are risk factors for physiological and psychiatric disorders such
as depression, pathological aging, drug misuse, anxiety and post-traumatic stress
disorder. Studies linking these pathologies and neurogenesis constitute an impor‑
tant field of research, but advances are hampered by the lack of adequate animal
models. The challenge for future research will certainly be to develop these animal
models in order to envision therapeutic strategies aimed at stimulating plasticity in
the stressed brain and preventing the alteration of affective and cognitive function
that may appear in some individuals.
Studying and understanding the biological and psychological effects of stress are
very important in the field of health psychology as research has shown a direct
relationship between stress and diseases, such as depression, post-traumatic stress
disorder (PTSD), anxiety disorders, pathological aging, drug addiction, etc. In this
chapter, we will concentrate on the relationships between these stress-related
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disorders and adult neurogenesis. In the first part, we will briefly review the concept
of stress, its theories, its models and its neurobiology. In the second part, we will
propose a thorough analysis of the literature on the effects of stress on neurogenesis,
and in the third part, we will analyze how neurogenesis can take part in stress
pathologies.

4.1 The Concept of Stress
Maintaining the body steady state, or homeostasis, is essential for life. This state is
constantly challenged by intrinsic or extrinsic adverse forces, whether real or per‑
ceived, the stressors. Stress is thus defined as a state of threatened homeostasis or
disharmony and is counteracted by a complex repertoire of physiological and
behavioral responses that allow the organism to adapt to everyday challenges.

4.1.1 Stress, Homeostasis, and Allostasis
4.1.1.1 Historical Perspective
Claude Bernard was the first to suggest that the “internal milieu” of the body is
critically important for maintaining stable states within the body. As early as 1859,
he argued that two different environments impact on the organism: a “general
milieu,” which is the outside world, and an “internal milieu” where the elements of
the living body find an optimal climate for operation. The central theses of his
theory were that the body was required to respond to outside stimuli by bodily
adjustments, and that this local constancy made the organism somewhat indepen‑
dent of exterior challenges (Bernard 1865). He considered that normal and patho‑
logical states were part of the same process, the pathological state resulting from a
failure of the organism to maintain constancy.
Walter Cannon later coined this concept homeostasis (Cannon 1929), which can
be defined as “preserving constancy in the internal environment” or “remaining
stable by staying the same.” He also added the intervention of the adrenal-medullasympathetic system as an essential homeostatic system that serves to restore dis‑
turbed homeostasis and to promote survival of the organism. Hans Selye later
popularized the term “stress.” He elaborated his theory after he observed that expo‑
sure to diverse noxious agents elicited a common response, which he named the
pathological triad, i.e., adrenal enlargement, gastrointestinal ulceration, and thymi‑
colymphatic involution (Selye 1936). He thus defined stress as the nonspecific
response of the body to any demand, emphasizing that the same pathological triad,
what he called the stress syndrome, would result from exposure to any stressor. He
also introduced the hypothalamo–pituitary–adrenal (HPA) axis as a key effector of
the stress response. Following his theory of stress, many controversies emerged,
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that still exist, and several attempts have been made to streamline the different
stress definitions (for review, see Le Moal 2007). For instance, Chrousos and Gold
defined stress as a state of disharmony or of threatened homeostasis, evoking
physiologically and behaviorally adaptive responses that can be specific to the
stressor. If generalized, nonspecific or stereotypic, they produce a “nonspecific”
stress syndrome when the threat to homeostasis exceeds a threshold (Chrousos and
Gold 1992).
More recently, McEwen introduced in stress research the concept of allostasis
(McEwen 1998), originally proposed by Sterling and Eyer (1988). Allostasis can be
defined as the process of achieving stability through physiological or behavioral
change, or “remaining stable by being variable.” In contrast to homeostatic mecha‑
nisms, allostatic regulations are broader and do not depend on set-point mechanisms,
signals are not constant, and anticipation of need is an important element. While
homeostasis is a loco-local process that refers only to the systems that are essential
for life (glucose levels, body temperature, tension, pH, etc.), allostasis is a multisys‑
tem process referring to the higher level systems that maintain the homeostatic
systems in balance as environment and life history change. It thus refers to the active
process of adaptation by production of adrenal steroids, catecholamines, cytokines,
etc. If allostatic responses are efficient, adaptation occurs and the organism is
protected from damage. In situations where allostatic responses are prolonged, inad‑
equate, overstimulated by repeated “hits” from multiple stressors, or if a lack of
adaptation occurs, allostatic load results in maladaptation and damage to various
organs, and pathologies develop (McEwen and Wingfield 2003).
Within the framework of allostasis, one theory deserves attention as it empha‑
sizes the role of cognitive appraisal. Indeed, stress occurs within a particular rela‑
tionship between an individual and a specific environment (Folkman and Lazarus
1984). Thus, we have to consider the impact of many intrapsychic (personality) and
interpersonal (social context and status) variables on the stress process, which can
be considered as a person–environment transaction. These variables all feed into
the individual’s “meaning-systems,” which in turn form part of the stress appraisal
process. Within this theory, cognition is central to the process of “primary
appraisal,” in which events are evaluated in terms of impact and meaning with
respect to the individual’s goals and beliefs. Cognition is also involved in “second‑
ary appraisal,” which concerns evaluation of the available options for dealing with
the perceived demands (coping).
The cognitive–motivational–relational theory of Lazarus (Fig. 4.1) (Lazarus
1991) does three important things: it highlights the complexity of the stress process;
it locates the process within the individual rather than in the environment; and it
explicitly incorporates mental activity as a driving force in the stress process. By
placing the individual and mental activity as the centerpiece of the stress response,
this theory raises the issue of individual differences in stress responsiveness. Within
this framework, genetic and epigenetic factors interplay to determine behavioral and
brain responses to stress. Indeed, although genetic makeup accounts for a signifi‑
cant part of the variability in the activity of the stress system (Bouchard 1994;
Plomin et al. 1994), adult patterns of stress reactivity can be permanently imprinted
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stressor

Primary appraisal : is the stressor negative?

Yes

No

No stress

Secondary appraisal : can I control the situation?
If coping ressources are adequate, then consider options:
problem-focused or emotion-focused coping strategies

Stress response
Physiological component: arousal, hormone secretion
Emotional component: anxiety, fear, grief, ….
Behavioral component:
problem-focused coping strategies aimed at reducing or eliminating the source of stress
emotion-focused coping strategies aimed at reducing the emotional impact of the stressor

Fig. 4.1 Schematic of the cognitive–motivational–relational theory of Lazarus

by early influences. Thus, the intrauterine period, infancy, childhood, and adoles‑
cence are periods of increased plasticity for the stress system (Cicchetti and Cannon
1999; Nowakowski and Hayes 1999), and environmental challenges during these
critical periods have profound effects on its later function, especially as it relates to
pathophysiology.
Another consequence of the central role of mental activity in the outcome of
stressor exposure is that many of the behavioral consequences of stress can be
modulated by stressor controllability/predictability. Thus, only exposure to an
uncontrollable stressor, and not to a controllable stressor, results in a wide variety
of behavioral outcomes, such as learned helplessness (Maier and Watkins 2005).

4.1.1.2 Models of “Stress”
Several models have been developed to understand the neuronal changes that medi‑
ate stress effects, as well as their associated pathologies. These models can be clas‑
sified in relation to the level of arousal they induce. Indeed, according to Hennessy
and Levine, and as stated by Koob (1999), “the construct of stress may represent
the extreme pathologic continuum of overactivation of the body’s normal activa‑
tional or emotional systems, and thus is linked to the construct of arousal.” Thus,
stressors can be grossly categorized as inducing physical stress, psychological
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stress, and/or arousal. Models of physical stress consist in submitting animals to
immobilization, electrical shock, pain, heat/cold, toxins, etc. Their main conse‑
quences in terms of pathology are the pathological triad defined by Selye. Adding
a psychological dimension, psychosocial stressors involve a defeat (a frustration),
classically evaluated in the dominant/subordinate or the resident/intruder paradigm,
a fear (of a predator) or a conflict. Finally, stress can also result from enhanced
arousal obtained by exposing animals to novelty, uncertainty, hunger and thirst.
Modeling this enhanced arousal in animals is problematic since, after repeated
application of a given stressor, an opponent process takes place. To overcome this
problem, several models of multiple unpredictable chronic mild stress (UCMS),
combining immobilization (cold), forced swim (cold), crowding, isolation, food
and/or water deprivation, subordination stress, vibration, reversed light/dark cycle,
and continuous overnight illumination, have been developed (Ducottet et al. 2003;
Herman et al. 1995; Willner et al. 1987; Willner 2005).
The emerging concept of individual differences in both stress responsiveness
and stress appraisal has added a new dimension to these models which start to take
into account personal factors influencing the stress response such as (1) experiential
variables (previous stressor experiences, early life events, (2) personal characteris‑
tics, i.e., coping skills, personality, and (3) social context (for review, see Anisman
and Matheson 2005).

4.1.2 The Stress Response: Neuroanatomy and Physiology
4.1.2.1 Neuroendocrine Effectors of the Stress Response
Although the entire central nervous system is involved in the maintenance of the
internal homeostasis and participates in the organization of the stress response,
specific areas have critical roles in these mechanisms. Two distinct but interrelated
systems are at play: the sympathetic/adrenomedullary system (SAM) and the
hypothalamic–pituitary–adrenocortical (HPA) axis (Fig. 4.2). Briefly, SAM pro‑
vides a rapidly responsive mechanism to control a wide range of functions, includ‑
ing cardiovascular, respiratory, gastrointestinal, renal, and endocrine ones (Gilbey
and Michael Spyer 1993). Its activation leads to the release of catecholamines,
predominantly epinephrine (EPI) but also some norepinephrine (NE), by the
medulla of the adrenal gland. EPI and NE play multiple roles in fight/flight reac‑
tions mainly by ensuring blood supply to the brain and muscles. However, neither
EPI nor NE crosses the blood–brain barrier (BBB), but their peripheral action is
paralleled in the brain by NE produced by the locus coeruleus (LC). The role of this
brain locus in response to stress is mainly to support vigilance and arousal and nar‑
rowing attention, along with participation in processes that activate the HPA axis.
The activation of the HPA axis leads to the release of glucocorticoids (GCs,
cortisol in humans, corticosterone in most rodents) from the cortex of the adrenal
gland. These hormones cross the BBB and can thus target the brain. Their production
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Threatening Signals

Cognitive appraisal
Thalamus

Primary sensory cortex

Orbitofrontal cortex

Anterior cingulate
LC

BNST

NE

Amygdala

-

Raphe Nucleus
5-HT
Hippocampus

N. Accumbens,
Subst. Nigra
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-

DA

Hypothalamus
CRH, AVP

-

Pituitary gland

Brain stem nuclei

ACTH

Spinal cord
Adrenal gland

Ach, NE
Glucocorticoids NE, EPI

Metabolic/Physiological/behavioral responses

Fig. 4.2 Simplified neurobiological organization of the stress system: corticolimbic structures
(anterior cingulate cortex and orbitofrontal cortex) relay information to subcortical structures.
They are reciprocally interconnected with each other and with the amygdala, which itself projects
to the hippocampus and the BNST. The BNST provides pathways into the paraventricular nucleus
of the hypothalamus which releases CRH and AVP while the hippocampus and cortical areas
maintain feedback control of the PVN
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takes time (~25 min to peak levels) and their impact continues for long periods
(several hours). The activating pathway whereby the brain translates stimuli into an
integrated response at the hypothalamic level involves neuronal inputs from amin‑
ergic and cholinergic nuclei that converge into the parvocellular neurons of the
paraventricular nucleus (PVN) in the hypothalamus (Owens and Nemeroff 1991).
These neurons express two secretagogues of the HPA axis, corticotrophin-releasing
hormone (CRH) and arginine-vasopressin (AVP). Both are released from the
median eminence into the hypophysal portal system to reach the anterior pituitary
where they stimulate the proopiomelanocortin (POMC) producing cells to release
adrenocorticotropin hormone (ACTH). While the binding of CRH on CRH-R1
receptors of the corticotrophs is permissive for the secretion of ACTH, AVP acts as
a potent synergistic factor of CRH with little ACTH secretagogue activity by itself
(Abou-Samra et al. 1987; Gillies et al. 1982). Once released into the general blood‑
stream, ACTH reaches the adrenal cortex where it causes steroidogenesis and
increase of plasma GC levels, the final effectors of the HPA axis. These hormones
are pleiotropic and exert their effects through ubiquitously distributed intracellular
receptors. They have a strong catabolic action and thus increase lipolysis as well as
glycogenolysis, which increase blood glucose levels. Together, these actions assist
the organism under stressful conditions by increasing the availability of energy sub‑
strates. GR also suppress immunological responses, thus reducing the occurrence of
inflammation at a time when mobility may be important (Munck et al. 1984).
However, continued or repeated exposure to elevated GC levels can present a
serious risk for the organism (Sapolsky 1996). Therefore, inhibition of steroid secre‑
tion in order to limit the duration of tissue exposure to GC, thus minimizing the cata‑
bolic, lipogenic, immunosuppressive effects of these hormones, is an important
feature of the system. The termination of stress response operates through feedback
mechanisms involving binding of circulating GC with at least two distinct types of
corticosteroid receptors (de Kloet and Reul 1987; Reul and de Kloet 1986). The type
I or mineralocortioid receptor (MR) responds to low levels of corticosterone due to
its high affinity for GCs. The type II or GC receptor binds corticosterone with lower
affinity. Because of their differential affinities for GCs, MRs are almost fully occu‑
pied by basal levels of GCs while GRs are occupied only at the peak of the circadian
cycle or under stress conditions. Thus, GRs mediate most of the stress effects of GCs
whereas MRs tend to mediate most basal effects. Importantly, these basal effects
play a permissive role in stress by allowing NE and EPI from SAM activation to
have maximal impacts on their target tissue, allowing effective fight/flight responses
(de Kloet 2000).
4.1.2.2 Controlling the Stress Response
Many systems are involved in controlling the stress response, thus insuring stress
adaptation (for review, see Joca et al. 2007). Briefly, reacting to stressors, especially
in the case of psychological ones, first requires appraisal. This involves corticolim‑
bic structures such as the cingulate cortex and the orbitofrontal cortex, which are
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reciprocally interconnected. These structures relay information to subcortical structures
such as the amygdala. This brain locus sustains fear-related behaviors, and its acti‑
vation is important for emotional analysis of all the relevant stored information for
any given stressor. Indeed, strong emotions lead to “flash-bulb” memories, e.g.,
remembering the location and events associated with a very positive or very nega‑
tive life event. Both catecholamines acting via b-adrenergic receptors (Cahill et al.
1994) and GC hormones play an important role in establishing these long-lasting
memories (McGaugh 2000). They also involve the hippocampus that helps us
remember “where we were and what we were doing” at the time the amygdala
is turned on (Roozendaal 2000). Thus, EPI and GC promote the memory of events
and situations that in the future may be dangerous. In the long run, however, when
chronicity installs, stress hormones can contribute to impairments in cognitive
functions and promote damage to the hippocampus (Sapolsky 1992). The sensitiv‑
ity of the hippocampus to stress-induced damage certainly relies on its richness in
corticosteroid receptors, since as such it is the preferred brain target of these hor‑
mones that play a highly significant role in GC feedback (Herman et al. 1989, 1990;
Jacobson and Sapolsky 1991). However, this role has been recently disputed, and it
has been suggested that the hippocampus is not necessary for tonic inhibition of
adrenocortical activity, which implies that the HPA axis also receives efficient
negative feedback inhibition from other brain systems (Tuvnes et al. 2003). For
instance, high densities of GC receptors are present in several extrahippocampal
structures (e.g., the prefrontal cortex, the lateral septum, the bed nucleus of the stria
terminalis, the PVN) that provide additional negative feedback inhibition of the
HPA axis (Herman and Cullinan 1997). Finally the mesocorticolimbic dopaminer‑
gic (DA) system deserves attention as its projection to the prefrontal cortex is
thought to centrally suppress the response of the stress system and would be impli‑
cated in anticipatory phenomena and cognitive functions (Roth et al. 1988). The
mesoaccumbens projection plays a pivotal role in motivational/reinforcement/
reward phenomena and in the formation of the central DA “reward” system (Koob
and Le Moal 2001).

4.1.3 Conclusion
In conclusion, the concept of stress is complex and depends upon several genetic
and environmental factors that modulate its outcome. In consequence, a plethora
of animal models have been developed to understand the neuronal changes that
mediate stress effects. Alterations of adult neurogenesis are part of these neuronal
changes, which could lead to pathologies. In the following section, we will
review the impact of stress on cell proliferation, survival and differentiation,
whatever the nature, intensity, or duration of the stressor (see also Table 4.1).
Considering the factors involved in sustaining and restraining the stress response
(see above), we will also review papers linking these factors with altered neuro‑
genesis in response to stressors.
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Table 4.1 Influence of stressful experience on cell proliferation, cell survival and cell differentiation within the neurogenic zones of the adult brain
Paradigm
Condition
Species
Strain
Sex
Age/weight Proliferation
Survival
Differentiation
Acute physical stress
Restraint
2 or 6 h
Rat
SD
M
~270 g
0 BrdU
–
–

(continued)

Pham et al.
(2003)
Rosenbrock
et al. (2005)
Duric and
McCarson
(2006)
Bain et al.
(2004)
Vollmayr et al.
(2003)
Koo and
Duman (2008)
Lagace et al.
(2006)
Heine et al.
(2004)
Duric and
McCarson
(2006)
Pham et al.
(2005)
Dagyte et al.
(2009)
Koo and
Duman (2008)
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Condition
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Luo et al.
(2005)
Xu et al.
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(2009)

Pham et al.
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et al. (2007)
Shors et al.
(2007)
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Grouped
IS for 3 W
Individual

Foot-shock

Rat

SD

3 CFA over 3 W Rat

Strain
CD1

Pain

Species
Mice

Condition
3W

Paradigm
Forced swim

1 W post stress:
↓ BrdU
3 W post stress:
↓ BrdU

–

↓ BrdU
0 BrdU

–

–

0 BrdU

2 W: ↓ BrdU
2 W: ↑ BrdU
2 W : 0 BrdU
2W : 0 BrdU
–

Survival
4 W: SVZ: ↓ BrdU
1 W: BO: ↓ BrdU
–

↓ BrdU

LH:↓ BrdU
NLH: 0 BrdU

BrdU IS < BrdU
ES
BrdU IS = BrdU
ES
↓ Ki-67

0 BrdU
0 BrdU

Proliferation
SVZ & OB: ↓
BrdU
↓BrdU (SVZ: 0)

%BrdU-NeuN: 0

–

–

–

–

–

–

Differentiation
–

(continued)

Gould et al.
(1997)
Gould et al.
(1998)
Thomas et al.
(2007)

Dagyte et al.
(2009)
Chen et al.
(2006)

Shors et al.
(2007)

References
Hitoshi et al.
(2007)
Duric and
McCarson
(2006)
Westenbroek
et al. (2004)

1h

1h

20 min

5 min 25°C

TMT

TMT

TMT

FS

Chronic psychosocial stress
Dominant/
35 D
subordinate
Resident/
7D
intruder
Resident/
18 D
intruder
Resident/
5W
intruder
Resident/
7D
intruder

Rat

1h

TMT

Wistar

Wistar

C57BL

Rat

Mice

–

LAL
SAL

SD

SD

SD

Tree
shrew
Tree
shrew
Rat

Mice

Rat

Rat

Rat

SD

Rat

SD

Strain
CFW

Species
Mice

Table 4.1 (continued)
Paradigm
Condition
Resident/
1 or several
intruder
defeats
TMT
1h

M

M
7W

~190 g

3M

12 ± 4 M

M
M

5–30 M

14 W

M

M

~225 g

~325 g

F
M
M

~275 g

~400 g

~240 g

Age/weight
9W

M

M

M

Sex
M

–

↓ BrdU

18 D: ↓ BrdU
3 W: ↓ Brdu (SVZ: 0)

↓ BrdU
↓ BrdU (SVZ: 0)

–

–

↓ BrdU

0 BrdU

–

–

↓ BrdU
0 BrdU
↓ BrdU

–

0 BrdU

0 BrdU
↓ BrdU
–

1W: ↓ BrdU
3 W: 0 BrdU
–

↓ BrdU
↓ BrdU

Survival
–

Proliferation
0 BrdU

%BrdU-NeuN: 0
%BrdU-GFAP: 0
%BrdU-NeuN: 0
%BrdU-GFAP: 0
–

–

–

–

–

%BrdU-NeuN/
NSE: 0
%BrdU-GFAP: 0
–

%BrdU-Tuj1: 0
%BrdU-GFAP: 0
–

Differentiation
–

Simon et al.
(2005)
Czeh et al.
(2001)
Czeh et al.
(2002)
Czeh et al.
(2007)
Mitra et al.
(2006)

Hill et al.
(2006)
Thomas et al.
(2006)
Veenema et al.
(2007)

References
Yap et al.
(2006)
Tanapat et al.
(2001)
Holmes and
Galea (2002)
Falconer and
Galea (2003)

Rat

1W

6M

Isolation

Rat

8 D partial SD
Rotating drum
1D

SD

SF

4, 7 D
treadmill

Rat

24 h total SD

SD

Rat

SD

Wistar

Wistar

SD

24 h
72 h
PF over water
12 h handling

SD

Rat

96 h treadmill

SD

SD

SD

Rat

96 h treadmill

SD

SD

C57BL6/
SJL

SD

Strain
CFW

Rat

Rat

Sleep alteration
SD
56 h disk-overwater

Mice

Species
Mice

Condition
10 daily defeats

Paradigm
Resident/
intruder
Isolation

M

M

M

M

M

M

M

M+F

M

Sex
M

~310 g

350

~225 g

~300 g

~310 g

~325 g

~275 g

6M

~275 g

Age/weight
9W

–

↓ BrdU

↓ BrdU & Ki67

0 BrdU& Ki67

↓ Ki67

ns ↓ Ki67

↑ BrdU (SVZ: 0)

0 BrdU
↓ BrdU (SVZ: 0)

–

–

nt
1 W: ↓ BrdU
3 W: ↓ BrdU
2 W & 30 D: ↑ BrdU
Survival rate: 0
Cells born 5 D before
SD: 0BrdU

3 W: ↓ BrdU

Anterior: 0 BrdU –
Posterior: ↓ BrdU
Total: 0 BrdU
Rostral: ↓ BrdU
–

–

Survival
–

0 BrdU & Ki67

Proliferation
↓ BrdU

GuzmanMarin et al.
(2003)
GuzmanMarin et al.
(2005)
Mirescu et al.
(2006)

Tung et al.
(2005)

References
Yap et al.
(2006)
Stranahan
et al. (2006)
Dong et al.
(2004)

3 W: %BrdUNeuN: ↓
%BrdU-S100b: 0

(continued)

GuzmanMarin et al.
(2007)

%BrdU-NeuN:↓
%BrdU-Dcx: 0
%BrdU-S100b: 0
nt
%BrdU-Tuj1: 0
%BrdU-NeuN: 0
%BrdU-Calbindin: 0 Grassi et al.
%BrdU-GFAP: 0
(2006)
%BrdU-NeuN: 0
Roman et al.
(2005)
%BrdU-GFAP: 0

–

–

–

–

Differentiation
–

19 D

20 D

4W

3W

24 D
5W

5W

3W
4W
5W

1–5 W

CMS

CMS

CMS

CMS

CMS
CMS

CMS

CMS

CMS

CMS

Mice

3 or 7 W

CMS

Rat

Rat
Mice
Mice

Rat

Mice
Mice

Rat

Rat

Rat

Rat

Wistar

Rat

SD

SD
C57Bl/6J
ICR

Kun-ming
C57BL6 X
129/Sv
SD

Wistar

Wistar

SD

SD

Balbc

Strain

Species

Table 4.1 (continued)
Paradigm
Condition
Chronic mild stress
CMS
3W

M

M

M

M

M
M

M

M

M

M

M

M

Sex

~230 g

~240 g
~28 g
4–5 W

~260 g

18–20 g
?

~220 g

350 g

~200 g

~165 g

17–32 g

17 W

Age/weight

–
–
3 W: ↓ BrdU

↓ BrdU
↓ BrdU
↓ BrdU

0 BrdU

↓ BrdU

2 W: ↓ BrdU
2 W: ↓ BrdU
1 W: ↓ BrdU
25 D: ↓ BrdU
Survival rate: 0
2 W: ↓ BrdU
3 W: ↓ BrdU
5 W: ↓ BrdU

21D: ↓ BrdU

–

–

–

Ventral: ↓ BrdU
Dorsal: 0 BrdU
Total: 0 BrdU
0 KI67

–

%BrdU-PSANCAM:0
%BrdU-Tuj1:0
%BrdU-Dcx: ↓
%BrdU-Dcx: ↓
%BrdU-NeuN: 0

–
–

–

–

%BrdU-NeuN: 0
%BrdU-GFAP: 0
%BrdUCalbindin: 0
%BrdU-GFAP: 0
–

↓ BrdU

4 W: ↓ BrdU (SVZ: 0)

↓ BrdU (SVZ: 0)

%BrdU-NeuN : 0

19 D: ↓ BrdU (hilus 0)

3 W: 0 BrdU

↓ BrdU & Ki67

Differentiation

0 BrdU

Survival

Proliferation

Wang et al.
(2008)

Koo and
Duman (2008)
Zhou et al.
(2007)

Oomen et al.
(2007)
Li et al. (2006)
Goshen et al.
(2008)
Liu et al.
(2008)

Xu et al.
(2007)
Jayatissa et al.
(2006)

Heine et al.
(2004)
Alonso et al.
(2004)
Lee et al.
(2006)

References

Condition
6W

Perinatal stress
PS
GD 14–21
restraint
3 × 45 m/D
PS
GD 14–21
restraint
3 × 45 m/D
PS
GD 14–21
restraint
3 × 45 m/D
PS
GD 14–21
restraint
3 × 45 m/D
PS
GD 14–21
restraint
3 × 45 m/D
PS
GD 4–21
restraint
6 h/D
PS
GD 13–17
restraint
3 × 45 m/D
PS
GD 5–20 defeat
/restraint

Paradigm
CMS

SD

SD

SD

SD

SD

Wistar HAB M
Wistar LAB M

Rat

Rat

Rat

Rat

Rat

Rat

M

M

F

F

M
F

M

Wistar

Rat

M

F

Sex
M

SD

Strain
C57Bl/6J
Balb/cJ
DBA/2J
C57Bl/6J
Balb/cJ
DBA/2J

Rat

Species
Mice

7W

~ED15

2M

1,3, 10 M
22 M

24 M

21–23 W

4M
26 M

1, 3, 4, 10,
22 M

Age/weight
9W

–

↓ Ki67
↓ Ki67

–

6 W: ↓ BrdU
6 W: 0 BrdU

–

2 W: ns ↓ BrdU

(continued)

Lucassen et al.
(2009)

Kawamura
et al. (2006)

Koo et al.
(2003)

%BrdUCalbindin: 0

4 W: ↓ BrdU

↓ BrdU

Darnaudery
et al. (2006)

Mandyam
et al. (2008)

Lemaire et al.
(2006)

Lemaire et al.
(2000)

References
Mineur et al.
(2007)

Koehl et al.
(2009)

–

–

%BrdU-NeuN: 0
%BrdU-S100: 0

%BrdU-NeuN: 0
%BrdU-GFAP: 0

Differentiation
%BrdU-NeuN: ↓
%BrdU-NeuN: ↓
%BrdU-NeuN: ↓
%BrdU-NeuN: ↓
%BrdU-NeuN: ↓
%BrdU-NeuN: ↓

0 BrdU
↓ BrdU

–

3W: ↓ BrdU
Survival rate: 0

↓ BrdU & Ki67
↓ BrdU & Ki67

0 BrdU

2W: ↓ BrdU
Survival rate: 0

Survival
3 W: ↓ BrdU (SVZ: ↓)
↓ BrdU (SVZ: ↓)
↓ BrdU (SVZ: ↓)
0 BrdU (SVZ: 0)
↓ BrdU (SVZ: ↓)
↓ BrdU (SVZ: ↓)

Rostral: ↓ BrdU

Proliferation
–

PND 1–14

PND 2–14

PND 14–21

PND 14–21

MD (24 h)

MS (180 m)

MS (180 m)

MS

MS

Rat

Rat

Rat

Rat

SD

SD

SD

SD

Wistar

Macaca
Mulatta

Monkey

Rat

Strain
SD

Species
Rat

?

?

M

M
F
M

M+F

Sex
?

PND21

PND21

3&7M

PND 4
PND 4
2M

2.5 – 3Y

Age/weight
E15–E21
%BrdU-NeuN: 0

3W: ↓ BrdU

2.5 W: 0 BrdU
–
–

–
↓ BrdU
↓ BrdU

–

–

%BrdU-GFAP: 0
%BrdU-GFAP: 0
%BrdU-Tuj1: 0
%BrdU-NeuN: 0
%BrdU-GFAP: 0
–

Differentiation
–

Survival
3 W: ↓ BrdU

0 KI67
3 W: 0 BrdU
0 KI67
3 W: 0 BrdU
↓ BrdU (SVZ : 0 ) 1 W: ↓ BrdU
3 W: 0 BrdU

–

Proliferation
–

Greisen et al.
(2005)
Park et al.
(2002)
Lee et al.
(2001)

Oomen et al.
(2009)
Mirescu et al.
(2004)

References
Kim et al.
(2006)
Coe et al.
(2003)

Effects are given by default for the GCL of the dentate gyrus unless otherwise stated. The absence of changes is symbolized by 0
CRS Chronic restraint stress, CMS chronic mild stress, FS forced swim, FT foot-shock, IS inescapable shock, ES escapable shock, CGL granule cell layer, SVZ subventricu‑
lar zone, P-M-Cx primary motor cortex, PCx prefrontal cortex, PS prenatal stress, MS maternal separation, MD maternal deprivation, SD sleep deprivation, SF sleep
fragmentation, SR sleep restriction, SW stress at PND21, 0 no effect, Ns nonstatistically significant, TMT trimethyl thiazoline, Offs offspring, M male, F female, CFA
chronic Freund’s adjuvant, LH Learned helpless, NLH nonlearned helpless, SAL short latency to attack, LAL long latency to attack, HAB high anxiety-related behavior,
LAB low anxiety-related behavior, Nt not tested, PF platform, GD gestational day, ED embryonic day, PND postnatal day, PS prenatal stress

GD 145–157
Acoustic startle
PND 3

Table 4.1 (continued)
Paradigm
Condition
PS
GD 15–21 noise
1 h 95dB/D
PS
GD 50–92
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4.2 Stress and Neurogenesis
4.2.1 Effects of Stress on Adult Neurogenesis
4.2.1.1 Impact of Physical Stressors
Acute physical stress consisting in restraining animals has been reported to exert
discrepant effects on cell proliferation in rats. Indeed it was found to be either
ineffective (Duric and McCarson 2006; Pham et al. 2003; Rosenbrock et al. 2005)
or to decrease cell proliferation in the dentate gyrus (DG) (Bain et al. 2004; Koo
and Duman 2008; Lagace et al. 2006; Vollmayr et al. 2003). This discrepancy
also emerges in mice studies, since one study reported that acute restraint
stress increases cell proliferation in the DG (Bain et al. 2004), while the other
reported an opposite effect (Koo and Duman 2008), suggesting important strain
and species differences in the outcome of stressor exposure. A more intense stress
consisting in “acute” inescapable foot-shock (IS) has been shown to have no
effect (Dagyte et al. 2009), or to decrease cell proliferation in an immediate
(Bland et al. 2006; Shors et al. 2007) or delayed (Vollmayr et al. 2003; Malberg
and Duman 2003) fashion. These changes were transient as they were no longer
observed 2 weeks later (Vollmayr et al. 2003). Interestingly, a sexual difference
in the outcome of IS was observed, cell proliferation being unchanged in female
rats (Shors et al. 2007).
Only three studies have examined the effect of acute stress, in particular the
effect of foot-shock, on cell survival and fate. On the one hand, the number of cells
generated 9 days after exposure to shock was not modified after a 1-month delay,
suggesting a compensatory increased survival (Malberg and Duman 2003). On the
other hand, the number of cells generated at the time of IS delivery was still
decreased after a 1-month survival delay indicating a lack of effect on cell survival
(Bland et al. 2006). Finally, the survival of cells generated 1 week before shock
delivery was not influenced either (Lopez-Fernandez et al. 2007; Pham et al. 2005).
Whatever the condition neuronal differentiation was unaffected (Bland et al. 2006;
Malberg and Duman 2003).
Chronic restraint stress for up to 3 weeks, as well as chronic pain induced by
formalin, decreased (by 20–50%) cell genesis in the DG of male rats (Duric and
McCarson 2006; Pham et al. 2003; Rosenbrock et al. 2005; Luo et al. 2005; Xu
et al. 2006). The survival (as well as phenotypic differentiation) of cells generated
before a chronic restraint stress was not influenced by 3 weeks of restraint (Pham
et al. 2003). However, when the survival of cells generated after 3 weeks of stress
was examined after 3 additional weeks of stress, or after 2 weeks of standard hous‑
ing, then the number of bromodeoxyuridine (BrdU)-labeled cells was lower in
comparison to control rats (Pham et al. 2003; Veena et al. 2009) and neuronal
differentiation was decreased while the percentage of cells that remained undiffer‑
entiated increased (Veena et al. 2009). The difference in BrdU cell numbers after a
survival period is probably due to an initial difference in cell proliferation indicating
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that cell survival is not influenced by stress. Opposite conclusions have been drawn
after chronic foot-shock (Westenbroek et al. 2004). Thus, IS for 3 weeks reduced
the number of cells generated during the first week of the stress procedure in the
DG of male rats housed singly. These changes reflect changes in cell survival since
cell proliferation was not modified during the first week of stress. In this case, cell
differentiation was not influenced by stress. Interestingly, the same study showed
that IS induced an increase in the number of the 3-week-old cells in the DG of
female rats housed singly. More recently, 3 weeks of chronic foot-shock were found
to cause a temporary suppression of cell proliferation, and while it did not affect the
survival of cells born before the period of stress, neurogenesis levels estimated by
the number of doublecortin (DCX) immunoreactive cells, was decreased at the end
of the procedure (Dagyte et al. 2009).
Although most studies have focused on the DG, a few reports have evaluated the
impact of chronic stress on the subventricular zone-olfactory bulb (SVZ-OB)
system. A reduction of the number of BrdU-IR cells has been reported in the SVZ
and the olfactory bulb after 3 weeks of chronic forced swim (Hitoshi et al. 2007),
whereas chronic restraint was found inefficient on cell proliferation in the SVZ
(Duric and McCarson 2006).
4.2.1.2 Impact of Psychological Stressors
Historically, the first stressor that has been tested on neurogenesis was an acute
social stress. Using first the dominant/subordinate paradigm in tree shrews and
then the resident/intruder paradigm in monkeys, it has been shown that the stress
of subordination quickly decreases cell proliferation in the DG (Gould et al.
1997, 1998). In contrast, an equivalent stressor does not modify cell prolifera‑
tion in rodents (Mitra et al. 2006; Yap et al. 2006; Thomas et al. 2007). In rats,
short-term and long-term cell survival were, however, decreased, by 70 and
26%, respectively (Thomas et al. 2007). Together with the fact that stress did not
influence cell differentiation, an overall decrease in neurogenesis was obtained
in this later study.
The predator odor paradigm is classically used to model a predator stress. In
particular, trimethyl thiazoline (TMT), the major component of fox feces, a natural
predator of the rat, is commonly used to induce stress and produce fearful responses
(freezing, decreased exploratory behavior, and diminished grooming) and defensive
behavior directed toward the stressor (TMT containing vial). Thus, exposure to
TMT for 1 h suppresses cell genesis (and cell death) in the DG of male rats (Holmes
and Galea 2002; Falconer and Galea 2003; Hill et al. 2006; Tanapat et al. 2001).
This effect seems to require a minimum exposure time since a 20-min exposure was
found ineffective on cell genesis (Thomas et al. 2006). Sex differences were also
reported in this stress model since cell genesis remains unchanged in female rats in
response to a 1-h TMT exposure (Falconer and Galea 2003). An aspect that
deserves mention is that TMT-induced suppression of cell genesis in males is tran‑
sient: it lasts for 1 week and recovery is observed 3 weeks after labeling the cells
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(Tanapat et al. 2001). This suggests a potential compensatory increase in cell
survival in stressed animals. Such a transient effect has also been reported with a
combination of physical (restraint) and psychological (forced swim) stressor, since
1 day after stressor exposure, cell proliferation, which was decreased, is normalized
to control values (Heine et al. 2004).
When the stress of subordination is repeated in rodents, decreases in both hip‑
pocampal cell proliferation (by »30%) and cell survival (by »35–55%) were
observed (Yap et al. 2006; Czeh et al. 2002, 2007). The cells differentiate into
neurons and overall this leads to a net decrease in neurogenesis (Czeh et al. 2007).
No effect of stress was observed in the SVZ (Czeh et al. 2007). Similar decreases
were observed in tree shrews with a 33% reduction of cell genesis in 11-month-old
animals exposed to chronic social conflict (Czeh et al. 2001), and a 76% decrease
in 21- to 30-month-old animals (Simon et al. 2005), which underlines that age is a
factor of vulnerability to stress.
In social animals such as rodents, social isolation is a stressor. Although a
1-week isolation does not affect cell proliferation in the DG (Stranahan et al. 2006),
chronic isolation for 1 month decreases the number of immature DCX neurons
(Menachem-Zidon et al. 2008). After 6 months, cell proliferation is still reduced
(Dong et al. 2004).

4.2.1.3 Sleep Deprivation
Sleep is important for survival, and sleep deprivation induces physiological changes
similar to those seen after stress (McEwen 2006). For this reason, the consequences
of sleep alteration have been examined on neurogenesis. Several paradigms of sleep
fragmentation or deprivation, whether partial or total, have been used: a treadmill
(Guzman-Marin et al. 2003, 2005, 2007), a disk-over water (Tung et al. 2005), a small
platform over water (Mirescu et al. 2006), a slowly rotating drum (Roman et al.
2005), or gentle handling (Grassi et al. 2006), this last method being restricted to
periods of sleep deprivation not exceeding 12 h. It was found that prolonged sleep
loss or restriction reduces cell proliferation in the GCL and not the SVZ (GuzmanMarin et al. 2003, 2007; Tung et al. 2005; Mirescu et al. 2006; Roman et al. 2005).
This effect lasted for 3 weeks, a time during which the majority of cells differenti‑
ate into neurons (Mirescu et al. 2006). Neuronal differentiation was found to be
reduced after 3 weeks of sleep loss (Guzman-Marin et al. 2005) or after 1–7 days
of sleep fragmentation (Guzman-Marin et al. 2007). When shorter periods of sleep
deprivation are applied (12–24 h), no change (Mirescu et al. 2006) or a decrease
(Roman et al. 2005) in cell proliferation is observed. After an initial decrease in
proliferation, the number of cells in animals submitted to prolonged sleep depriva‑
tion normalizes to control values. This recovery is followed by a transient increase
in cell proliferation (Mirescu et al. 2006). This is at variance with the increase in
cell proliferation and neurogenesis that has been described after a one-night sleep
deprivation (Grassi et al. 2006).
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4.2.1.4 Unpredictable Chronic Mild Stress
UCMS results from the combination of different physical (restraint, forced swim,
vibration), psychological (subordination stress, crowding/isolation), or arousal
(changes in sleep cycle, food and/or water deprivation; uncertainty resulting form
the unpredictability of the stressors) variables. UCMS procedure for 3–7 weeks has
been shown to decrease cell proliferation in the DG of mice (Alonso et al. 2004;
Goshen et al. 2008; Li et al. 2006; Zhou et al. 2007) and rats (Heine et al. 2004; Liu
et al. 2008; Xu et al. 2007), an effect not reproduced in all studies (Lee et al. 2006;
Oomen et al. 2007; Wang et al. 2008) or only in the ventral portion of the DG
(Jayatissa et al. 2006). A recovery of cell proliferation was observed 3 weeks after
the cessation of the CMS (Heine et al. 2004). The number of cells that survived
under a 3-week stress period has been shown to be decreased (Zhou et al. 2007; Liu
et al. 2008; Lee et al. 2006; Oomen et al. 2007; Wang et al. 2008) or not affected
(Heine et al. 2004) in comparison to control animals. Overall, when the number of
surviving cells was compared to the number of proliferating cells (survival rate), it
was concluded that CMS decreases (Lee et al. 2006; Wang et al. 2008), increases
(Heine et al. 2004) or does not affect (Zhou et al. 2007; Liu et al. 2008) cell sur‑
vival. In most cases, however, since neuronal differentiation is unchanged, neuro‑
genesis was found to be decreased. One study, however, found an effect of CMS on
neuronal differentiation in three strains of mice, whether males or females (Mineur
et al. 2007), the net effect also being a decrease in neurogenesis.

4.2.2 Genetic and Environmental Factors Modulating
the Effects of Stress
4.2.2.1 Genetic Control of Stress Effects
As we mentioned previously, genetic and epigenetic factors interplay to determine
the body’s stress response. For example, it is well known that individuals are dif‑
ferentially susceptible to the same environmental challenges depending on their
genotype. In mice, C57BL/6J appear more resilient to the behavioral effect of stress
when compared to BALB/cJ (Anisman and Matheson 2005). Given the existence
of strain differences in neurogenesis, the question as to whether stress-related
alterations in neurogenesis depend upon the genotype has been recently examined.
It was shown that UCMS decreases the number of 6-week-old cells in the DG and
the SVZ of male and female mice of three different strains (C57BL/6J, BALB/cJ
DBA/2J), with the exception, however, of C57BL/6J females that were totally resis‑
tant to the effect of stress (Mineur et al. 2007). Given that the number of 3-week-old
surviving BrdU-IR cells in male mice followed this pattern: C57BL/6J>BALB/
cJ>DBA/2J, the amplitude of stress was higher in the C57BL/6J when compared to
BALB/cJ and DBA/2J strains.
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As far as personality traits are involved, it has been shown that forced swim stress
decreased cell proliferation in mice selected for a long latency to attack (LAL) a
male resident in comparison to mice selected for a short latency to attack (SLA)
(Veenema et al. 2007), and that IS decreases cell genesis only in animals developing
learned helplessness (Chen et al. 2006). In this latter case, however, the weight of
nature or nurture, i.e., the weight of genetic versus environmental shaping factors,
remains undetermined.
4.2.2.2 Environmental Control of Stress Effects
Social context can modulate the effects of stress on neurogenesis. Indeed, social
housing abrogates the stress-induced changes in the number of cells generated dur‑
ing the stress procedure (Westenbroek et al. 2004). Thus, a difference in social
experience might also explain some of the controversy in the observed effects of
stress on neurogenesis. Furthermore, stressor controllability also plays an important
role. Exposure to an escapable shock (ES), in contrast to an inescapable shock (IS),
does not decrease cell proliferation in the DG when compared to unstressed control
rats (Bland et al. 2006), and repeated IS decreases cell proliferation in male rats
when compared to repeated ES exposure (Shors et al. 2007).
It is well documented that stress has a greater impact when performed during
perinatal periods. The perinatal period can be broken down into a prenatal period
(until birth) and a postnatal period (from birth to weaning). Stress during the
prenatal period consists in stressing the pregnant mothers and evaluating the
consequence on their progeny. This stress can take several forms (restraint,
noise exposure, intruder exposure), but similar effects on the progeny have been
reported. Thus, gestational stress was found to decrease hippocampal cell prolif‑
eration from adolescence to senescence in male rodents (Kim et al. 2006; Koo
et al. 2003; Lemaire et al. 2000, 2006). Interestingly, results obtained in female
offspring indicate that, although prenatal stress also decreases cell proliferation,
this effect is age-dependent. Thus, prenatal stress had no effect in young females
(Zuena et al. 2008), while it decreased cell proliferation in older ones (Koehl et al.
2009; Mandyam et al. 2008). One study reported that old prenatally-stressed
females presented levels of proliferation similar to controls, but the experimental
paradigm involved a chronic ICV saline infusion that may have masked the effects
of prenatal stress (Darnaudery et al. 2006). Altogether, these results thus suggest
a heightened sensitivity of males to the deleterious effects of prenatal stress, at
least in rodents.
Cell survival rate and neuronal differentiation were found to be insensitive to
early life stress (Koo et al. 2003; Lemaire et al. 2000, 2006), and overall, a decrease
in neurogenesis has thus been consistently reported in rodents (Koo et al. 2003;
Lemaire et al. 2000, 2006; Koehl et al. 2009; Lucassen et al. 2009) as well as in
monkeys (Coe et al. 2003). Importantly, prenatal stress–induced alteration in neu‑
rogenesis was counteracted by a form of environmental enrichment, i.e., postnatal
handling (Lemaire et al. 2006).
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In a recent study, the importance of individual variability in vulnerability to
prenatal stress was investigated by comparing its consequences on rats selectively
bred for high and low anxiety-related behavior, HAB and LAB rats, respectively.
As expected, the impact of prenatal stress was found to be highly individual-dependent
as it decreased neurogenesis only in HAB rats (Lucassen et al. 2009), indicating that
the rate of neurogenesis is determined by the interaction between a genetic predis‑
position for anxiety and environmental factors.
Stress during the postnatal period is usually obtained by maternal deprivation or
maternal separation (MS), i.e., a separation of the dam–pup dyad for extended
(24 h) or short (180 min) periods of time, respectively. Maternal separation per‑
formed during the stress hyporesponsive period (first 2 weeks of life) for 180 min/
day, downregulates hippocampal cell proliferation (Mirescu et al. 2004). After
1 week, MS animals exhibited fewer surviving cells whereas by 3 weeks they did
no longer differ from control rats. This suggests that the decrease in proliferation
and short-term survival is compensated by an increased survival of 3-week-old cells
(Mirescu et al. 2004). In another study, the number of newlyborn cells was not
modified in 3- and 7-month-old maternally-separated animals certainly because
animals were sacrificed 2.5 weeks after BrdU pulse (Greisen et al. 2005). Models
of maternal deprivation yielded contradictory results. Thus, on the one hand, mater‑
nal deprivation performed from the second week of life onward was associated with
a decrease in cell genesis 1 week later (Lee et al. 2001; Park et al. 2002), an effect
consistent with those of maternal separation. On the other hand, a recent study
showed that a 24-h deprivation performed on the third day of life did not affect cell
survival or proliferation rate measured 17 days later, but did increase neurogenesis
assessed by the number of DCX positive cells in males (Oomen et al. 2009),
suggesting that maternal deprivation impacts only a subset of immature cells.
Interestingly, the opposite effect was reported in females (Oomen et al. 2009). Such
sex differences have also been observed in response to prenatal stress where a
heightened sensitivity of males was reported. Taken together, these studies under‑
lie that gonadal hormones may contribute to the effects of early life stress on
hippocampal neuroplasticity.
Nutrition might also be an important factor modulating the effects of stress. In
support of this, it has been shown that the effect of postnatal stress on cell genesis
in the hilus depends upon prenatal protein nutrition. Indeed, in well-nourished
animals, a brief MS during the first week of life reduces cell proliferation. In
contrast, in malnourished animals, neurogenesis was not affected by stress (King
et al. 2004).

4.2.3 Potential Mechanisms
Historically, stress has been defined biologically by various physiological changes,
among which is the activation of the HPA axis that leads to the release of corticos‑
terone (see above). Because corticosterone is well known to decrease hippocampal
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neurogenesis (for review see Abrous et al. 2005), its involvement in the effects of
stress on neurogenesis has been studied. Tanapat was the first to show that the
TMT-induced reduction in cell proliferation can be prevented by the blockade of
stress-induced increase in corticosterone, obtained by adrenalectomy plus corticos‑
terone treatment aimed at restoring basal diurnal levels of the hormone (Tanapat
et al. 2001). Since maternal separation is also known to increase the activity of the
HPA axis (Sanchez et al. 2001), the involvement of corticosterone has also been
investigated in this model. It was shown that an MS-induced decrease in cell pro‑
liferation is abrogated by the blockade of a stress-induced increase in corticosterone
(Mirescu et al. 2004). Interestingly, high levels of corticosterone given to the dams
(for 26 days from the day after delivery) mimic the effect of MS on neurogenesis.
Indeed, the number of proliferating cells in 21-day-old male (but not female) off‑
spring from dams treated with corticosterone is decreased in comparison to control
dams. After 3 weeks of survival, this difference was no longer observed suggesting
a compensatory increase in cell survival (Brummelte et al. 2006). The same team
later demonstrated that the MS-induced decrease in cell proliferation was depen‑
dent on corticosterone, whereas the delayed overshoot of cell proliferation observed
after 1 week of recovery was not (Mirescu et al. 2006). A specific antagonist of the
GR (mifepristone) was found to normalize the reduction in neurogenesis observed
after 3 weeks of CMS (Oomen et al. 2007). A direct effect on GRs is possible since
most newly-born neurons express this type of receptor (Garcia et al. 2004).
Furthermore, individual differences in HPA axis reactivity and in GR hippocampal
expression may be responsible for differences in acute stress-induced decrease in
cell proliferation between Short (SAL) and Long (LAL) Attack Latency mice
(Veenema et al. 2007).
The activity of the HPA axis is known to be regulated by CRH and vasopressin,
the roles of which have been evaluated in the CMS paradigm. Thus, chronic block‑
ade of CRF1 and V1B receptors (by SSR125543A and SSR149415, respectively)
starting 3 weeks after the beginning of CMS, reverses the stress-induced reduction
of neurogenesis (Alonso et al. 2004).
Altogether, these studies place the HPA axis as the most likely mediator of the
effects of stress on neurogenesis. However, other candidates have been tested. Thus,
since stressful events are known to activate the release of endogenous opioids, their
role has been evaluated in one study where administration of naltrexone, an opioid
antagonist, did not attenuate the effect of TMT on cell proliferation (Holmes and
Galea 2002), thus suggesting that opioids may not be involved.
The endocannabinoid system is a buffer system in the stress response (Tasker
2004). For example, enhancement of endocannabinoid neurotransmission, by
inhibiting endocannabinoid uptake with AM404, inhibits the stress-induced activa‑
tion of the HPA axis (Patel et al. 2004). For this reason, its protective effects on
TMT-induced suppression of cell genesis have been examined, and it was found
that pretreatment with AM404 reversed the effect of stress, certainly by increasing
endocannabinoid activity (Hill et al. 2006).
Exposure to stressful events is well known to increase the hippocampal levels
of the proinflammatory cytokine interleukin-1 (IL-1), the signaling of which is
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mediated by the IL-1 receptor type I. This family is composed of three members:
IL-1a and IL-1b, the signaling of which is mediated by the IL-1 receptor type I
(IL-1R1), and IL1-receptor antagonist (IL-1ra), acting as a competitive antagonist.
It has been shown that the effects of acute stress or CMS on neurogenesis are
reversed by the genetic impairment of IL-1R1 (Koo and Duman 2008; Goshen et al.
2008). Furthermore, infusion of IL-1ra blocks the acute effect of stress (Koo and
Duman 2008). In the same study, it was shown that IL-1ra treatment for 3 weeks
increased the number of 2-week-old surviving cells and the number of Dcx-labeled
cells compared to CMS animals. Furthermore, the effect of chronic isolation on
neurogenesis is blocked by intrahippocampal transplantation of cells overexpress‑
ing IL-1ra (Menachem-Zidon et al. 2008). Although an in vitro study has suggested
that IL-1b modulates neurogenesis directly through the IL-1R1 receptors localized
on the progenitor cells via a reduction of cell cycling (Koo and Duman 2008), an
indirect action through corticosterone can also be at play (Goshen et al. 2008).
The role of neuronal nitric oxide synthase (nNOS) has also been evaluated given
that nNOS inhibits neurogenesis (Abrous et al. 2005). It was shown that CMSinduced decrease in cell proliferation could be reversed by a treatment with
7-nitroindazole, a selective inhibitor of nNOS (Zhou et al. 2007). Further studies
are, however, needed to confirm the involvement of the NO system.
Given that stress is known to be a risk factor for the development of depression,
the effects of various antidepressants have been evaluated. Treatment for 1 week
with fluoxetine, a serotonin-selective reuptake inhibitor, prevents MS-induced
decrease in cell proliferation observed in weanlings (Lee et al. 2001). Consistently,
chronic administration of the atypical antidepressant tianeptine blocks the effects of
subordination stress on neurogenesis in the adult tree shrews (Czeh et al. 2001), and
the tricyclic AD, clomipramine, prevents the CMS-induced decreased in cell pro‑
liferation and cell survival (Liu et al. 2008).
Signals regulating neurogenesis may be synthesized peripherally and released in
neurogenic sites by blood vessels. For this reason, the role of the cerebral vasculature
has gained importance as adult neurogenesis occurs within an “angiogenic niche”
(Palmer et al. 2000). An alteration in the vascular microenvironment following stress
has been proposed to be responsible for a disruption in neurogenesis (Heine et al.
2005). Indeed, chronic stress decreases the number of proliferating cells associated
with the microvasculature. This was associated with a decrease in the expression of
the angiogenic factor vascular endothelial growth factor (VEGF) and its receptor
(VEGF-R2 = Flk1) in the GCL. A recovery was observed after 3 weeks.
Anecdotally, acupuncture (HT7) (Park et al. 2002) treatment for 1 week also
prevents the effects of MS.

4.2.4 Conclusion
Overall, the following conclusion can be drawn. (1) Independently of the stressor,
stress decreases cell proliferation, except in a very few studies. These discrepancies can
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be explained in terms of strength of the stressor and vulnerability of the stressed
animals: tree shrews appear extremely sensitive compared to rodents and in the
rodent group, rats and mice respond differently. (2) These effects of stress, when
performed during adulthood, are transient and reversible, and an overshoot has even
been observed in one case. (3) Stress has a greater impact when performed during
developmental periods, leading to long-lasting alterations of neurogenesis. (4) A
few studies have reported a negative effect of stress on the survival rate or have
suggested a compensatory increased survival. (5) Cell differentiation does not seem
to be influenced by stress except in a few cases. (6) Studies have been performed
mainly in male rats; when females are included, they show differences in stress
sensitivity. (7) Most studies have been performed in rats, and mice are largely
understudied albeit the importance of studying gene × environment interactions.
And (8) the discrepant effects of stress between studies might depend upon housing
condition, nutrition, personality, etc. Differences in these variables may buffer the
effects of stress on neurogenesis.

4.3 Stress Disorders and Neurogenesis
When uncontrolled or repeated, stressors induce long-lasting states of distress and
vulnerable phenotypes which reflect aberrant stress systems activity and altered
limbic functions. These aberrant activities are risk factors for physiological and
psychiatric disorders such as depression, pathological aging, drug misuse, and PTSD.
Studies linking these pathologies and neurogenesis constitute an important field of
research, but for many of them advances are hampered by the lack of adequate animal
models. Since depression is the topic of another chapter of this book, the implication
of neurogenesis in this mood disorder will not be reviewed here.

4.3.1 Aging
4.3.1.1 Pathological Aging: The Glucocorticoid Cascade Hypothesis
In the context of adult neurogenesis, and apart from depression, one of the most
studied stress-related disorders is aging. Indeed, aging is considered as a time of
impaired capacity to respond to stress (Sapolsky 1992). It has been extensively
discussed that an overactivation of the stress response leading to a hypersecretion
of glucocorticoids is damaging for the brain, and the hippocampus in particular.
This has led to the glucocorticoid cascade hypothesis according to which an exces‑
sive release of glucocorticoids throughout the life of an individual can lead to
memory disorders by endangering the hippocampus (Sapolsky 1992). However,
memory alteration is extremely variable within a population: some old animals
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show a clear impairment of spatial memory while others exhibit memory capacities
similar to those of younger individuals (Rapp and Amaral 1992). These individual
differences have been linked to the basal activity and responsiveness of the HPA
axis and to neuronal loss in the hippocampus (Issa et al. 1990; Landfield et al. 1981;
Landfield 1988). Indeed, pathological aging, characterized by the appearance of
spatial memory deficits (measured in the water maze), is associated with HPA
upregulation and hippocampal neuron loss.
4.3.1.2 Aging, Neurogenesis and Memory
Aging, like stress, is a potent negative “regulator” of hippocampal neurogenesis
(for extensive review, see Drapeau and Abrous 2008; Klempin and Kempermann
2007). Given the existence of interindividual differences in the effects of aging (see
above), we first examined whether the ability to perform hippocampus-related
functions in aged rats was related to the capacity to generate new neurons. In basal
conditions (of the learning phase), we have demonstrated in senescent rats that
spatial reference memory abilities (measured in the water maze) are positively
correlated with the number of proliferating cells, surviving cells and new neurons
evaluated 3 weeks after training. In other words, animals with preserved spatial
memory (aged-unimpaired, AU) exhibit a higher level of proliferating cells, of
1-month-old surviving cells, and of new neurons compared to animals displaying
spatial memory impairments (aged-impaired, AI). A similar correlation was
observed in some (Driscoll et al. 2006) but not all studies (Merrill et al. 2003; Bizon
and Gallagher 2003; for discussion, see Drapeau and Abrous 2008).
Age-related memory deficits result not only from an alteration of the new
neuronal pool but also from changes in the dynamics of hippocampal neurogenesis.
As recently reviewed (Drapeau and Abrous 2008), we have shown that in aged rats
spatial memory abilities critically depend upon a dynamic homeostatic regulation
of neurogenesis. Indeed, spatial learning (in the water maze) influences the fate of
the newly-born cells according to their birth-date and to individual memory abili‑
ties (Drapeau et al. 2007). In AU rats, learning increases the survival of cells gener‑
ated at least 1 week before the learning episode, whereas it decreases survival of
cells produced during the early phase of learning. In AI rats, cell survival was not
influenced by learning. In fact, in these rats, an abnormal delayed rebound in cell
proliferation was observed 2 weeks after the completion of spatial training, an
effect consistent with a previous study (Bizon et al. 2004). Thus, a homeostatic
regulation of neurogenesis observed in some aged individuals, by sculpting the
networks, is likely to be crucial for hippocampal functioning.
4.3.1.3 Mechanisms Linking Aging, Neurogenesis and Memory
Given the role of the HPA axis in pathological aging (see above), we and others
hypothesized that chronically elevated corticosterone levels are responsible for the
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reduced neurogenesis observed in the aging DG. We found a quantitative relationship
between a reservoir of new neurons, spatial memory abilities, and the magnitude of
HPA axis activity in old animals. Indeed, animals with the heaviest adrenal glands,
indicative of chronic HPA axis hyperactivity, exhibit the worst spatial memory
abilities in the water maze and the lowest number of proliferating cells or 3-weekold surviving cells (Montaron et al. 2006). This raises the possibility that hyperac‑
tivity of the HPA axis produces spatial memory deficits by decreasing hippocampal
neurogenesis. To test the hypothesis that exposure to high levels of corticosterone
throughout life is responsible for age-related memory disorders and decline in
neurogenesis, the secretion of corticosterone was reduced from midlife onward by
adrenalectomy. Under these circumstances, lowering corticosterone secretion
reduced the decline in neurogenesis observed in old rats and prevented age-related
memory disorders (Montaron et al. 2006). These results demonstrate that agerelated loss of new neurons is not an irreversible process. They also suggest that
interindividual variation in functional expression of neurogenesis during aging
results from a differential vulnerability to cope with stress.

4.3.2 Drug Addiction
4.3.2.1 Substance Abuse and Addiction
Addiction is the endpoint of a continuum of intoxication ranging from experimental–
social–circumstantial use, to more intensified and impulsive self-administration and
ending in a chronic relapsing disorder, addiction per se. Needless to say, the percentage
of circumstantial users who will succumb and become dependent is relatively small.
From a social consumption to a compulsive one, different structures and neuronal
systems are recruited (Koob and Le Moal 1997, 2001; Le Moal and Koob 2007). It is
now thought that, besides specific characteristics for each drug used, a common
clinical syndrome is shared by all addictions. This syndrome is classically character‑
ized by: (1) a loss of control and of self-regulation abilities which reflects compro‑
mised executive functions in the orbitofrontal cortical system, (2) a compulsive drug
use corresponding functionally to enhanced reward–stimulus associations, and to a
compromised ventral striatal-pallidal-thalamic-cortical circuitry, and (3) a breakdown
of hedonic homeostasis reflecting alterations of the extended amygdala system (Koob
and Le Moal 2006). It is now recognized that the course of the process depends upon
individual characteristics, in particular for 80% of the patients if not more, upon
psychopathological comorbidities such as depression, anxiety, and personality disor‑
ders for which the hippocampus is part of the neuropathology (for review, Goodman
2008). The role of the hippocampus in the development of addiction has been further
emphasized by several authors due to its involvement in the memories, the stimulus–
reward learning, the stimulus–context and drug-taking associations that are responsible
for the maintenance of drug reinstatement and relapse (Koob and Le Moal 2001;
Everitt and Wolf 2002; Goldstein and Volkow 2002; See et al. 2003).
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4.3.2.2 Stress and Substance Abuse
There is currently a great deal of interest in the importance of stress as a risk factor
for substance abuse and addiction. Indeed, stressful life events, psychological and
physical stressors that threaten homeostasis, may produce surges in alertness,
arousal, vigilance, and increase cognitive processing, thereby facilitating addiction.
Thus, exposure to stressful experiences has been shown to be a powerful mediator
of the response of an individual to drugs and preclinical studies indicate that stress
can potentiate the rewarding properties of addictive drugs (Shaham and Stewart
1994), increase the rate of drug self-administration (Goeders and Guerin 1994;
Piazza and Le Moal 1998), and reinstate drug-seeking behavior (Shaham et al.
2000). These effects are certainly mediated by the action of stress hormones on DA
neurons and limbic regions, hippocampus included (Piazza et al. 1991, 1993;
Piazza and Le Moal 1996, 1997) and by the recruitment of the CRF system to
progress from an impulsive to a compulsive state (Koob and Le Moal 2008).
4.3.2.3 Substance Abuse and the Hippocampus
Recent discoveries have led to the hypothesis that addictive drugs are implicated in
the regulation of neurogenesis (Canales 2007; Crews and Nixon 2003; Eisch and
Harburg 2006; Nixon 2006; Powrozek et al. 2004). Moreover, given that the DG is
quintessentially a neuroplastic region endowed of memory functions (Abrous et al.
2005; Christie and Cameron 2006; Ming and Song 2005), it was of interest to con‑
sider whether the DG was also involved in the pathological memories underlying
drug addiction, along with the amygdala and dorsal striatum (Koob and Le Moal
2006). The hippocampus appears necessary for each aspect of drug-related memo‑
ries. Thus, stimulation of the hippocampus at theta frequency causes reinstatement
of cocaine consumption in abstinent rats (Vorel et al. 2001), while its functional
inactivation attenuates drug taking and reinstatement (Fuchs et al. 2005; Rogers and
See 2007; Sun and Rebec 2003), suggesting an encoded association between con‑
text and drug experience. Using a conditioned place preference paradigm, it has
been shown that acquisition and expression of place preference was blocked by
lesion or inactivation of the hippocampus (Meyers et al. 2006). Imaging data
(fMRI, PET) strengthen these animal studies. They show that the hippocampus is
part of a network including the orbitofrontal cortex, extended amygdala, and stria‑
tum, which is activated during rewarding effects of morphine or cocaine exposure
in naïve subjects (Becerra et al. 2006; Breiter et al. 1997), and that activation of the
hippocampus is observed during craving situations (Hermann et al. 2006; Kilts
et al. 2001; Wang et al. 2007). Furthermore, drug-induced long-term neuroadapta‑
tions and learning-dependent neuroplasticity seem to share common neuronal
morphological changes (Nestler 2002) and there is substantial communality
between LTP-induced hippocampal learning and neural changes after drugs in
the same region (Lu et al. 2000; Ma et al. 2006; Thompson et al. 2002, 2004).
In humans, an alteration of genes regulating extracellular matrix remodeling,
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which are involved in synaptic plasticity and learning and memory, has been shown
to be altered in the hippocampus of cocaine abusers (Mash et al. 2007). In animals,
local inhibition of CAMKII within the DG, which impairs learning and memory,
attenuates morphine tolerance and dependence (Fan et al. 1999).
4.3.2.4 Drugs of Abuse, Addiction, and Neurogenesis
The effects of drugs of abuse and of their misuse on neurogenesis have been docu‑
mented in recent reviews (Eisch and Harburg 2006; Nixon 2006; Powrozek et al.
2004; Eisch and Mandyam 2004). However, to our knowledge, in the context of
addiction, or of a transition from drug use and misuse to addiction, very few data are
available from experiments using drug self-administration paradigms (see Table 4.2).
Most data correspond to pharmacological treatments and were obtained after
imposed drug administrations or after a no-choice one-bottle diet, and should thus
be considered with caution. Indeed, it has been evidenced that the neurobiological
effects of passive drug administration were not the same as those obtained from selfadministration (see, for instance, (Dworkin et al. 1995; Mark et al. 1999; Smith and
Dworkin 1990; Stefanski et al. 1999; Wilson et al. 1994; Robinson et al. 2002).
As far as research papers and reviews are focused on the process of addiction in
relation with hippocampus and more precisely on neurogenesis, it is cogent to first
evaluate the data that use appropriate animal models, i.e., self-administration of
drug of abuse (Eisch and Harburg 2006). Chronic self-administration of morphine
(60 mg/kg per infusion) inhibits cell proliferation in adult rats (Eisch et al. 2000);
interestingly, it was shown that this effect was not mediated by changes in the
circulating levels of glucocorticoids because similar effects were observed after
adrenalectomy and hormone replacement. The impact of chronic nicotine selfadministration has been evaluated with different doses (0.02, 0.04, 0.08 mg/kg per
infusion). Neurogenesis was decreased significantly for the highest doses, which
also increased cell death (Abrous et al. 2002). Finally, the effects of alcohol have
been investigated, which is particularly interesting given the well-known patholo‑
gies implicating the hippocampus after chronic ethanol consumption. In a proto‑
typical experiment alcohol was presented as a two-bottle choice, one bottle
containing water, the other 10% ethanol (Crews et al. 2004). Self-administration of
ethanol inhibited cell proliferation in the DG by approximately 60%. Interestingly,
exercise counteracted this drug effect and increased proliferation. These results
were confirmed in other studies presenting ethanol instead of the water bottle, i.e.,
without choice. Thus, rats fed for 6 weeks with a liquid diet containing ethanol had
a 66% decrease of the number of new neurons and a 250% increase in cell death in
the DG as compared to water controls. Incidentally, neurogenesis within the olfac‑
tory bulb was not affected. Here, the neurogenesis deficits were prevented when an
antioxidant was administered through the diet suggesting an underlying mechanism
related to oxidative stress (Herrera et al. 2003). The same paradigm has been used
in rats by He et al. with an alcohol liquid diet containing 7% alcohol for 1–4 weeks
(He et al. 2005); cell proliferation was inhibited by 50% compared to water-treated

Male SD

Cocaine

Morphine

Cocaine
Morphine
Male SD

Male W
Male SD

Male SD

Cocaine

1 × 20 mg/kg for 1 d (ip)
20 mg/kg for 2 w (ip)
3 × 7 mg/kg/w for 22 w (ip)
1 × 10 mg/kg (ip)
75 mg/d for 5 d (pellet)
2 × 230 mg/kg for 1 w (ip)

Male W
Male SD PND30
Male C57BL/6J
Rat
Male W

Imposed treatments
Nicotine
4 × 1 mg/kg over 1 d (ip)
Nicotine
1 mg/kg/d for 3 d (ip)
Nicotine
6 mg/kg/d for 3 w (pump)
Nicotine
0.25 or 4 mg/kg/D for 10 d (pump)
Cocaine
20 mg/kg for 8 d (ip)
20 mg/kg for 24 d (ip)
Proliferation
Proliferation
Survival
Proliferation
Proliferation
Proliferation
Survival
Proliferation
Proliferation
Proliferation
Proliferation
Survival
Proliferation
Day 8
1 w–wd
2 & 4 w–wd

Proliferation
Day 21
Day 21
4 w–wd
4 w CSA
Survival
4 w–wd
4 w CSA

Proliferation
Proliferation
Proliferation

Male SD
Male SD
Male C57BL/6J

0.5 mg/kg/inf for 3 w

Neurogenesis

Subjects

Table 4.2 Influence of drugs of abuse on neurogenesis
Drug
Duration
Self-administration
Heroine
60 mg/kg/inf for 26 d
Nicotine
0.04–0.08 mg/kg/inf for 42 d
Ethanol
12 d of SI

2h
2h
1d
2h
4w
3h

1d
17–24 d

2h
1d
21 d

2h
4w
4w
4w

2h
1d
2h

Delay

SVZ: ↑ BrdU
↓ BrdU
OB & GCL: ↓ BrdU
↓ BrdU
↓ BrdU, 0 KI67
↓ KI67
0 BrdU
0 BrdU
↓ BrdU
↓ BrdU
↓ BrdU (SVZ:0)
↓ BrdU
↓ BrdU
↑ BrdU
0 BrdU

Eisch et al. (2000)
Abrous et al. (2002)
Crews et al. (2004)

↓ BrdU
↓ BrdU (SVZ:0)
↓ BrdU
SVZ: ↓ BrdU
↓ BrdU
SVZ: ↓ Ki67
0 Ki67
0 Ki67
0 BrdU
0 BrdU

Kahn et al. (2005)

Andersen et al. (2007)
Eisch et al. (2000)

Yamaguchi et al. (2004)

Mudo et al. (2007)
Jang et al. (2002)
Mechawar et al. (2004)
Scerri et al. (2006)
Dominguez-Escriba
et al. (2006)

Noonan et al. (2008)
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Acute binge
(5 g/kg, ip)
Chronic binge for 4 d
(9.3 g/kg/d, po)
Chronic binge for 4 d
(8.9 g/kg/d, po)

Ethanol

Male SD

Male SD PND 30
Male SD
PND 35–40
Male SD

Male SD

Male SD

Male C57BL/6J

Male ICR
Male Gerbil

Male C57BL/6J

Proliferation
Survival
Proliferation
Proliferation
Survival
Proliferation
Survival
Proliferation
Survival
Proliferation
Day 4
3 d–wd
1 w–wd
2 & 4 w–wd
Survival
1 w–wd

Survival
Proliferation
Survival

Proliferation
Proliferation/
Survival
Proliferation

Proliferation
24, 72,76 h

↓ BrdU
0 BrdU
0 BrdU
0 BrdU
↓ BrdU

0 BrdU
0 BrdU
0 BrdU
↓ BrdU
25 d
3 d, 7 d BO: 0 BrdU
0 PCNA
2w
0 BrdU
↓ BrdU
1 & 3 w ↓ PCNA
↓ BrdU
1d
↓ BrdU
5h
↓ BrdU (SVZ: ↓)
28 d
↓ BrdU
↓ BrdU
5h
0 BrdU
28 d
↓ BrdU
Imm
↓ BrdU
28 d
↓ BrdU
4h
0 BrdU
↑ BrdU & Ki67
(SVZ: 0 BrdU)
0 BrdU
↑ BrdU
28 d

2h

1d
5&7d

2h

Nixon and Crews
(2004)

Nixon and Crews
(2002)

Jang et al. (2002)
Crews et al. (2006)

He et al. (2005)

Herrera et al. (2003)

Maeda et al. (2007)
Teuchert-Noodt et al.
(2000)
Kochman et al. (2006)

Fischer et al. (2008)
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Effects are given by default for the GCL of the dentate gyrus unless otherwise stated. The absence of changes is symbolized by 0
h hours, d days, w weeks, CSA cocaine self-administration, Imm sacrifice immediately after treatment, LD diet Leber–Decarli diet, THC Tetrahydrocannabinol,
Wd withdrawal (abstinence)

Ethanol

Ethanol
Ethanol

LD diet for 1–3 w
(14–15 g/kg/d)
2 g/kg/d for 3 d (ip)
1 × [1 or 2.5 or 5 g/kg] (ip)

1 × 1–30 mg/kg (ip)
Escalating dose 20–80 mg/kg
for 21 d (po)
LD diet for 6 w
LD diet for 2 w

2 × 25 mg over 5 d (pellet)
1 × 20 mg/kg (ip)
Escalating dose over 2,5,10 d (ip)
1 mg/kg for 2 w (sc)
1 × 25 mg/kg (ip)

Ethanol

Ethanol

THC

Amphetamine
Amphetamine

Morphine
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rats and the size of the dendritic tree of the DCX-labeled immature neurons was
also reduced. Recently, it has been shown that self-administration of cocaine
(0.5 mg/kg/infusion) for 3 weeks decreases cell proliferation in the DG without
altering the morphology of the immature neurons (Noonan et al. 2008). Four weeks
later, independently of the continuation of cocaine self-administration, cell prolif‑
eration and the number of surviving cells were similar to those measured in control
animals. Surprisingly, this was accompanied by an increased number of DCXexpressing neurons. In the SVZ, an alteration of cell proliferation was also observed
during cocaine self-administration, a change reversed by abstinence.
Many more papers have explored the effects of imposed administration and data
are summarized Table 4.2. Most of them suggest that repeated or chronic exposures
to most addictive drugs impair neurogenesis in the adult hippocampus, mostly by
decreasing cell proliferation. In other words, decreased neurogenesis adds itself to the
already impressive list of drug-induced neuropathologies that contribute to the transi‑
tion to and maintenance of addiction, and to its propensity to relapse. Although stress
modulates neurogenesis and drugs of abuse stimulate the HPA axis, it seems that the
drug effects reviewed here are not dependent of the HPA axis activation (Eisch and
Harburg 2006; Eisch et al. 2000), but the factors involved remain to be determined. It
also seems that chronic drug effects are selective to the SGZ, the other region of adult
neurogenesis being relatively spared (Eisch et al. 2000; Herrera et al. 2003; Nixon
and Crews 2004) although a decrease (Mechawar et al. 2004; Crews et al. 2006) or
an increase (Mudo et al. 2007) in cell genesis have also been reported.
These data clearly show that, although they act on different pathways, drugs of
abuse, decrease adult neurogenesis. The few studies that have focused on with‑
drawal highlight some compensatory “neurogenesis,” the significance of which is
largely unknown. We have proposed that an altered hippocampal neurogenesis,
together with other maladaptive plasticity processes occurring within the hip‑
pocampus, could lead to a dysregulation of the DA mesoaccumbens reward system
through the hippocampal glutamatergic output that gates information in the nucleus
accumbens (Goto and O’Donnell 2001) and/or through the indirect hippocampal
glutamatergic output to the mesencephalic DA neurons (Blaha et al. 1997; Legault
et al. 2000). Reciprocally, changes in the activity of the DA meso-accumbens
system during drug taking or drug seeking could modulate the activity of the
hippocampus (Scatton et al. 1980) and neurogenesis (Hoglinger et al. 2004; Kippin
et al. 2005). However, this bidirectional relationship between the reward system and
adult hippocampus neurogenesis needs specific investigations.

4.3.3 Anxiety Disorders
Anxiety is a response expressed whenever one is failing to cope with the threatening
aspects of its ongoing life situations. This disorder is the most frequent pathology in
clinical psychiatry, representing nearly 30% of all psychiatric disorders. Given that
the HF is a brain region associated with the modulation of anxiety state
(McNaughton 1997; Bannerman et al. 2004), the impact of a failure of hippocampal
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neurogenesis on anxiety-like behavior has been recently examined. In rodents,
anxiety-related behaviors are primarily studied by measuring avoidance responses
to potentially threatening situations, such as open and brightly lit environments
which expose mice to predators, or the presence of an inoffensive predator. A link
between neurogenesis and anxiety-related behavior was suggested in models based
on the genetic manipulation of Activin or TrkB (Ageta et al. 2008; Bergami et al.
2008). A more direct link was provided by showing that the selective reduction of
hippocampal neurogenesis increases anxiety-like behavior (Revest et al. 2009) sug‑
gesting a role of adult neurogenesis in the pathophysiology of anxiety.

4.3.4 Post-Traumatic Stress Disorders
PTSD is a pathological state induced by an extreme stressful event representing a
direct or indirect threat for the physical integrity of the subject. This disorder is asso‑
ciated with (1) increased anxiety (DSM IV), (2) a general deficit in declarative
memory (Golier et al. 2003; Vermetten et al. 2003), and (3) a vulnerability to develop
addiction (Schafer and Najavits 2007). Patients display hippocampal alterations, such
as a lower hippocampal volume (Shin et al. 2004), although interindividual differ‑
ences in this symptom are observed (Neylan et al. 2004). Furthermore, PTSD would
be associated with an increased negative feedback of the HPA axis that certainly
implicates an alteration of hippocampal GRs (Yehuda 2000). Altogether, these symp‑
toms suggest that PTSD may be associated with an alteration of neurogenesis.
However, the lack of a heuristic animal model hampers advances to test this
hypothesis. Indeed, PTSD model is in fact a term in animal studies for almost every
stress-induced bio-behavioral alteration. Animal models do not reflect the human
disorder closely enough to deserve this term. In particular, they do not provide a
model of “pathological emotional memory” with a hyper-mnesia for the source of
the trauma together with trauma reliving (flashback) and amnesia for peri-traumatic
stimuli. Furthermore, they do not take into account the fact that PTSD is only devel‑
oped by a subpopulation of victims of stressful events, which supposes that an
inter-individual variability could also be observed in animals. In conclusion, only
the development of new and valid animal models will allow testing of the relation‑
ships between this prevalent disease and neurogenesis.

4.4 Conclusion
As reviewed here, there is an abundant literature on the impact of stress on adult
neurogenesis. Most studies focused on possible alterations of the new neuronal
pool but very few on neurogenesis in “dynamic” conditions, in response to an envi‑
ronmental pressure. For example, both in aged subjects with memory impairments
(Drapeau et al. 2007) and in prenatally-stressed rats (Lemaire et al. 2000), the
homeostatic regulation of neurogenesis is altered in response to learning. This
highlights the importance of studying this metaplasticity in stress-related disorders.
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From this review, it is obvious that less has been done on stress-related pathologies.
The results obtained so far suggest that hippocampal neurogenesis is involved in
pathological aging, addiction and anxiety.
Much more attention should be given to the fact that stress-related pathologies
are not inescapable, and that wide inter-individual differences are observed: some
individuals are predisposed to the development of affective disorders, addictive
behavior, and age-related cognitive disorders whereas others are resilient.
Interestingly, it has been shown that rats that are high behavioral responders to
stress (HRs) exhibit prolonged corticosterone secretion in response to stress when
they are young, and premature aging of the HPA axis in comparison to rats that are
low behavioral responders (LRs) (Dellu et al. 1996). HRs are more prone to develop
addictive behavior (Piazza et al. 1989, 2000; Suto et al. 2001) and exhibit an
increased propensity to develop age-related memory deficits (Dellu et al. 1994).
By comparing these two groups of animals, we found that neurogenesis was higher
in LRs in comparison to HRs (Lemaire et al. 1999). Since bio-behavioral reactivity
to stress in youth is predictive of drug taking or spatial memory impairments later
in life, these individual differences in neurogenesis may account, at least in part, for
individual differences in the development of stress-related disorders. In other
words, low hippocampal plasticity may render animals more vulnerable to stressrelated disorders (endophenotype HRs). On the other hand, subjects starting off
with a high level of neurogenesis (LRs) may be resistant to the development of
disorders. These different phenotypic orientations may result from early deleterious
life events, which will shape the developmental trajectory of the subjects within a
genetic envelope. For example, prenatal stress affects neurogenesis in pathological
ways throughout life and renders animals more vulnerable to addiction (Koehl et al.
2000; Deminiere et al. 1992) and to memory impairments (Lemaire et al. 2000).
Repeated “traumatic” episodes, together with a genetic predisposition, may further
reduce neurogenesis in vulnerable subjects and precipitate the symptoms.
Although these propositions are highly speculative, it can be proposed that treatments
that increase neurogenesis may help in curing or at least preventing the develop‑
ment of stress-related disorders. Besides pharmacological treatments, stimulating
life events such as enriched environment or physical exercise should be considered.
The challenge for future research will certainly be to develop therapeutic strategies
aimed at stimulating plasticity in the stressed brain and preventing the alteration of
affective and cognitive function that may appear in some individuals.
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Chapter 5

Depression
Shin Nakagawa and Ronald S. Duman

Abstract Depression is one of the most prevalent and costly brain diseases.
Available antidepressant drugs are safe and effective, but less than half of all
patients attain complete remission with single antidepressant and others exhibit
partial, refractory or intolerant responses to treatment. Therefore, these findings
emphasize the need to discover new antidepressants. The neurogenic hypothesis
postulates that a reduced production of new neurons in the adult hippocampus is
involved in pathogenesis of depression and an enhancement of hippocampal neurogenesis is one of mechanisms for the successful antidepressant treatment. This
article examines this hypothesis with experimental and clinical data.

5.1 Depression
Depression is one of the most prevalent and costly brain diseases, affecting 8–12%
of individuals at some point in their lifetime (Andrade et al. 2003; Lopez et al.
2006). In addition, depression is a source of significant mortality, with suicide
occurring in up to 15% of individuals suffering from severe major depressive
disorder. Epidemiological evidence also suggests that there is a fourfold increase
in death rates in depressive individuals who are over age 55 years because they are
more likely to develop coronary artery disease and type 2 diabetes (Knol et al.
2006). Therefore, it is an urgent issue to understand both the pathogenesis and
treatment for depression. The diagnosis of depression remains purely clinical
based on observation, interview, history and collateral information, since there are
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no biological or genetic markers with high specificity and sensitivity at the present
time. Consequently, major depressive disorder is defined by final expressions
(symptoms) of biological changes in nervous system, falling into three primary
categories; mood (e.g., sadness, anhedonia, irritability), basic drives (e.g., sleep,
eating) and cognition (e.g., ruminations, guilt, indecisiveness, persistent thoughts
of suicide). These diverse symptoms suggest that a number of limbic brain structures such as hippocampus might involve in depression (Drevets 2001).

5.2 Stress Decreases Neurogenesis
The relationship between psychosocial stressors and the development of depression
in susceptible individuals has long been apparent (Kendler et al. 1999; Gold and
Chrousos 2002; Caspi et al. 2003; Pittenger and Duman 2008). Experimental animals with chronic stress paradigms show many of the core behavioral characteristics
of depression, and they are responsive to antidepressant treatment (Willner 1990).
Although several biological reactions to the stress are seen, neurogenesis in adult
hippocampus is also regulated by variety of stress. Simple physical stresses such as
restraint, immobilization, foot-shock, and predator odor decrease the cell proliferation (Tanapat et al. 2001; Malberg and Duman 2003; Pham et al. 2003; Rosenbrock
et al. 2005). Exposure to paradigms of social subordination results in a decrease in
neurogenesis in marmosets (Gould et al. 1998), tree shrews (Czéh et al. 2001; van
der Hart et al. 2002) and rats (Czéh et al. 2002). Both acute and chronic stresses
decrease neurogenesis in the same fashion (Mirescue and Gould 2006). The survival
rate of newly born cells is also reduced by stress (Czéh et al. 2002).
Although the stress effects in hippocampal neurogenesis are well known, the
underlying mechanisms remain poorly understood. There is substantial evidence
that adrenal stress hormones play an important role in this process. Stressful experiences stimulate the hypothalamic–pituitary–adrenal axis (HPA) in animals
including human. The paraventricular nucleus of the hypothalamus secretes CRF,
which stimulates release of adrenocorticotropic hormone (ACTH) by the anterior
pituitary. ACTH then stimulates release of glucocorticoids by the adrenal glands.
Glucocorticoid hormones act on two main subtypes of receptors in the brain: the
mineralcorticoid receptor (MR) and the glucocorticoid receptor (GR). Upon activation, these receptors translocate to the nucleus of the cell where they trigger
changes in gene expression, which have long-lasting effects on the structure and
functioning of the cells. Although the elevated level of glucocorticoids is reversed
by negative-feedback loop in healthy subjects, the hyperactivity of HPA are often
seen in depressive patients (de Kloet et al. 2005). Glucocorticoids are themselves
regulators of hippocampal neurogenesis, capable of influencing proliferation
(Gould et al. 1992; Ambrogini et al. 2002; Wong and Herbert 2005), differentiation (Wong and Herbert 2006), and survival (Wong and Herbert 2004).
Exogenous corticosterone administration reduced neurogenesis (Gould et al. 1992;
Murray et al. 2008). The proliferation of precursor cells derived from adult rat

5

Depression

101

hippocampus was interfered with by dexamethasone, an agonist of GRs (Boku et al.
2009). In contrast, inhibition of the HPA by adrenalectomy, which removes circulating
adrenal steroids, increased neurogenesis (Cameron and Gould 1994). These data
suggest that glucocorticoids are involved in mediating the effect of stress on
neurogenesis.
Glutamate neurotransmission is another candidate whose release is increased by
stress in the hippocampus (Abraham et al. 1998). Activation of NMDA receptors
inhibited cell proliferation, while blockade had the opposite effect (Cameron et al.
1995, Gould et al. 1997). On the other hand, MK-801, an NMDA receptor antagonist, prevented the exogenous corticosterone-induced decrease in cell proliferation
(Cameron et al. 1998).
The pro-inflammatory cytokine interlukin-1b (IL-1b), which is elevated in some
stress paradigms (Ben Menachem-Zidon et al. 2008), might also contribute to the
effect of stress on neurogenesis. The IL-1b receptor was expressed on hippocampal
neural progenitor cells (Koo and Duman 2008). Administration of IL-1b reduced
the cell proliferation, while blockade of the IL-1b receptor with antagonist prevented the reductions in neurogenesis caused by chronic unpredictable stress (Koo
and Duman 2008). In addition, suppressed neurogenesis induced by chronic stress
exposure was reversed using transplantation with neural precursors overexpressing
IL-1 receptor antagonist to the hippocampus (Ben Menachem-Zidon et al. 2008).

5.3 Is Decreased Neurogenesis One Pathology of Depression?
Although it is well established that stress reduces adult hippocampal neurogenesis,
there is an argument whether the decreased neurogenesis could induce the many
aspects of depressive symptoms.
Magnetic resonance imaging (MRI) studies have demonstrated that the hippocampal volume is decreased in depressed subjects (Sheline et al. 1996, 1999,
2003; Shah et al. 1998; Bremner et al. 2000; Mervaala et al. 2000; Steffens et al.
2000; Frodl et al. 2002; MacQueen et al. 2003; Saarelainen et al. 2003; Vermetten
et al. 2003; Campbell et al. 2004; Videbech and Ravnkide 2004; Koolschijn et al.
2009; McKinnon et al. 2009). Because stressful life events are associated with the
risk of developing depression in vulnerable persons (Kendler et al. 1999; Gold and
Chrousos 2002; Caspi et al. 2003), it has been supposed that cellular changes as
observed in animal models with prolonged stress also occur in depressed individuals
(McEwen 2000). Since dendritic retraction, cellular shrinkage and decreased numbers of glia cells were seen in experimental animals, they have been thought to be
major causative factors underlying the volume reduction of hippocampus for many
years (Sapolsky 2000). Recent histological analysis of the dentate gyrus of depressed
patients showed a significant increase in packing density of dentate granule cells, a
trend toward a reduction in the soma size and only slightly increased neuronal apoptosis without cell loss (Lucassen et al. 2001; Muller et al. 2001; Stockmeier et al. 2004).
Hippocampal volume reduction therefore might be attributed to a loss of neuropil,
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but not to neurodegeneration or to reduced cell counts. Then, how much does
decrease of newborn cells play a role in the hippocampal volume loss? Although the
exact number of newborn cells in human hippocampus has not so far been assessed,
it is estimated from several studies of rodents and primates (Czéh and Lucassen
2007), that about 5,000 new granule cells appear in the human dentate gyrus per
month. This accounts for 0.03% of the entire granule cell population of the dentate
gyrus, and for 0.017% of the entire neuron population within the hippocampal formation. The estimated number of newborn cells is very small, so it is unlikely that
altered rates of neurogenesis can significantly contribute to volume changes of about
10–15%, as observed in depressed subjects.
Reif and colleagues have recently reported no significant difference in proliferation of stem/progenitor cells in the hippocampus of postmortem tissue of depressed
patients (Reif et al. 2006). Although this work has had a strong impact, it is unfortunate that the sample size is relatively small and the effect of medication (12 of 15
patients were on medication at time of death) cannot be ignored. More histological
studies with greater power and inclusion of postmortem tissue of depressed patients
without medications are needed to see precise findings.
Studies using the method of ablating neurogenesis are also incompatible with
the hypothesis that neurogenesis is associated with depressive-like behavior.
Irradiated mice having virtually no newborn cells in the hippocampus show normal
behavior in novelty-suppressed feeding and glooming score (Santarelli et al. 2003).
Anxiety-related behavior as assessed in conflict-based tests, such as the open field,
light–dark choice test, and elevated plus-maze are also not influenced (Saxe et al.
2006). In addition, inescapable stress paradigm shows reduced neurogenesis in all
stressed animals, even in those not responding to helplessness (Malberg and Duman
2003). There is therefore no clinical and preclinical evidence so far that an altered
rate of adult dentate neurogenesis is critical to the etiology of depression.

5.4 The Involvement of Neurogenesis in the Therapeutic
Effects of Antidepressant Treatment
Different categories of effective antidepressant medications have been fortuitously
discovered. Available antidepressant drugs act in one of three ways: (1) blockade
of presynaptic monoamine transporter proteins, which removed released transmitter from the extracellular space, (2) inhibition of monoamine oxidase, which
degrades monoamine neurotransmitters, or (3) inhibition or excitation of pre- or
postsynaptic receptors that regulate monoamine transmitter release and/or neuronal
firing rates. These drugs are safe and effective, but less than half of all patients
attain complete remission with a single antidepressant. Others exhibit partial,
refractory or intolerant responses to treatment, emphasizing the need to discover
new antidepressants. Most available antidepressant drugs increase the concentration of serotonin (5-HT) and/or noradrenaline (NA) in the synaptic cleft immediately
based on the mechanism shown above (Morilak and Frazer 2004; Berton and
Nestler 2006). However, the vast majority of patients do not respond until at least
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2–4 weeks after the initiation of treatment. Therefore, this clinical observation has
led to the almost universal view that, although monoamine systems are integral to
the mechanism of action of antidepressants (Heninger et al. 1996), it is not the final
common pathway of the action.
It has been shown that chronic treatment with antidepressant drugs such as 5-HT
or NA selective reuptake inhibitors (SSRIs or NRIs), tricyclic antidepressants
(TCAs) and monoamine oxidase inhibitors (MAOIs) increase neurogenesis in adult
hippocampus (Malberg et al. 2000; Manev et al. 2001; Nakagawa et al. 2002;
Duman 2004). The upregulation of neurogenesis occurs after a prolonged period of
antidepressant treatment corresponding to the clinical time course for therapeutic
action (Malberg et al. 2000; Nakagawa et al. 2002). With stress paradigms or animal models of depression, chronic antidepressant treatment also prevents the
decreased neurogenesis. The effect of chronic psychosocial stress is prevented by
the simultaneous administration of tianeptine (Czéh et al. 2001) and imipramine
(van der Hart et al. 2002). Chronic treatment with escitalopram reverses the chronic
mild stress-induced decrease in neurogenesis (Jayatissa et al. 2006). Chronic fluoxetine treatment blocks the reduction of neurogenesis caused by inescapable footshock in the rat, and there is corresponding reversal of behavioral despair in the
learned helplessness model (Rosenbrock et al. 2005). Furthermore, Santarelli and
his colleagues showed that preventing antidepressant-induced neurogenesis blocked
behavioral responses to antidepressants using genetic and radiological methods.
5-HT1A knockout mice were insensitive to the effects of fluoxetine on behavior or
neurogenesis. X-irradiation of a restricted region of mouse brain containing the
hippocampus disrupted the behavioral effects of fluoxetine or imipramine on novelty-suppressed feeding (Santarelli et al. 2003). These findings suggest a requirement of hippocampal neurogenesis for the behavioral effects of antidepressant.
Another independent study confirmed these initial findings as assessed in the
forced-swim test with fluoxetine (Airan et al. 2007). However, several other studies
have found no effect of blocking neurogenesis in response to antidepressants in
animal models (Bessa et al. 2008; Singer et al. 2009; David et al. 2009).
The influence of antidepressants on the different aspects of neurogenesis,
including proliferation, survival and differentiation, has been examined. Chronic
administration of antidepressants increases the number of proliferating and surviving newborn cells without changing the neuronal lineage (Malberg et al. 2000;
Nakagawa et al. 2002). Using a reporter mouse line with the expression controlled
by nestin promoter, Encinas and colleagues demonstrated early progenitor cells
were targeted by fluoxetine (Encinas et al. 2006). In addition, chronic administration of antidepressants accelerates the maturation of newborn neurons in morphology and gene expressions (Fujioka et al. 2004; Wang et al. 2008).
Different 5-HT receptors such as 5-HT1A, 5-HT2A and 5-HT2C and NA receptors
could be positively involved in the stimulation of cell proliferation in adult hippocampus (Malberg et al. 2000; Radley and Jacobs 2002; Santarelli et al. 2003;
Banasr et al. 2004). Through these receptors, chronic administration of antidepressants
regulates intracellular signal transduction cascades and the gene expressions of
downstream molecules (Carlenzon et al. 2005). One of the signaling cascades is
cAMP–cAMP response element binding protein (CREB) cascade. Enhancement of
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this cascade increases neurogenesis, while blockade of CREB function decreases it
(Nakagawa et al. 2002). In addition, two growth factors whose expression might be
regulated by CREB signaling regulate both the proliferation (vascular endothelial
growth factor; VEGF) (Cao et al. 2004; Warner-Schmidt and Duman 2007; Jeon
et al. 2007) and survival (brain-derived neurotrophic factor; BDNF) (Sairanen et al.
2005) of newborn neurons.
Electroconvulsive therapy (ECT) is another popular treatment for depression,
which is usually used to treat resistant depression. Interestingly, electroconvulsive
seizures, a model of ECT, have more potent stimulation on cell proliferation than
chemical antidepressants paralleling its clinical effects (Madsen et al. 2000;
Malberg et al. 2000; Scott et al. 2000; Hellsten et al. 2002). These newborn cells
integrate into the granule cell layer and survive for at least 3 months after treatment
cessation (Madsen et al. 2000). Recent work showed similar results in adult hippocampus of nonhuman primates (Perera et al. 2007).

5.5 Concluding Remarks
Although the relationship between neurogenesis and learning-related functions in
the normal brain is an intriguing possibility (Leuner et al. 2006), the link to emotion
that is mainly disturbed in depression has not been elucidated. In addition, current
evidence indicates that adult hippocampal neurogenesis may not be a major contributor to the development of depression. However, is it really not involved in the
pathophysiology of depression? Previous preclinical studies saw the behavioral
effect of decreased neurogenesis in wild-type animals, but not in animals with the
decreased volume of hippocampus that is observed in depressive subjects.
Moreover, they did not consider the genetic contribution. Comparative study of
adult hippocampal neurogenesis is needed with depressive subjects. Very recently,
a new signal processing method was developed that magnetic resonance spectroscopy could identify neuronal progenitor cells in the hippocampus of live humans
(Manganas et al. 2007). On the other hand, neurogenesis may be required for some
of the behavioral effects of antidepressants. Although some molecular and cellular
mechanisms that underlie the regulation of adult neurogenesis have been identified,
much more knowledge is needed to develop new treatments for depression.
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Chapter 6

Impaired Neurogenesis as a Risk
Factor for Schizophrenia and Related
Mental Diseases
Noriko Osumi and Nannan Guo

Abstract Neurogenesis is a biological process with multiple steps, and it is critical
in brain development and maintenance. The initial step in neurogenesis is the division
of neural stem cells to renew themselves, simultaneously producing neuronally
committed cells. The integrity of neurogenesis is vulnerable to both genetic and
environmental factors. Etiological data imply that impairment in neurogenesis,
which is possibly caused by genetic factors as well as by infection, stress, and low
nutrition, may underlie the onset of mental diseases. In support of this, an intrigu‑
ing association of abnormal hippocampal neurogenesis and deficits in prepulse
inhibition (PPI), one of the compelling endophenotypes (biological markers) of
mental disorders including schizophrenia, has been reported in various animal
models. If impaired neurogenesis is truly a susceptibility factor for mental diseases, the
restoration and improvement of neurogenesis may be beneficial. Here, we introduce
an approach using fatty acids to restore neurogenesis. In the future, we hope that
noninvasive imaging of neurogenesis will provide biological evidence for diagnosis,
treatment, and prognosis of mental diseases.

6.1 Introduction
Neurogenesis is a biological process consisting of multiple steps, including prolif‑
eration of neural stem/progenitor cells, differentiation into multiple cell types
(i.e., neurons, astrocytes, and oligodendrocytes), maturation of neurons, and integration
into neural circuits. It is now widely known that neurogenesis persists throughout
life in certain brain regions, such as the subventricular zone (SVZ) of the lateral
ventricle and the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG).
However, adult neurogenesis is on a continuum with that of the embryonic stages,
when initial proliferation of neural stem/progenitor cells and massive production of
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neurons occur. During the initial postnatal period in rodents when rapid growth takes
place, neurogenesis still continues in some brain regions in addition to the SVZ and
SGZ, such as the nucleus accumbens (Das and Altman, 1970; Bayer, 1979). Such
postnatal neurogenesis occurring until the end of puberty may be critical for the dynamic
modification of neural networks in accordance with drastic physical changes in the
animal, although there is little research focusing on neurogenesis during this period.
If damage occurs in the process of neurogenesis during early embryonic devel‑
opment, the architectures of the central nervous system will be drastically impaired,
resulting, for example, in microcephaly. The processes that control the numbers,
types, and final locations of neurons and the transition from proliferative to
neurogenic cell divisions require a complex network of regulation such that neural
specification, cell cycle exit, cell differentiation and neuronal migration should
all occur in concert. If some minor disturbance happens during these complex
steps, the outcome could also elicit mental disorders. Most recent data have focused
on various molecules for synaptic formation with regard to mental disorders
(Bennett, 2008, 2009; Ramocki and Zoghbi, 2008; Sudhof, 2008). However, the
initial steps of neural circuit formation, i.e., maintenance of neural stem/progenitor
cells and their proper cell division and differentiation, could equally be critical.
One problem in research for understanding mental disorders at the molecular and
cellular levels is the lack of biological markers for these diseases; even though
genome-wide association studies have been expected to produce useful knowledge,
they have yet to do so. Diagnosis of mental disorders is based on interviews and
primarily on the subjective feelings of patients, rather than on biological measures.
There is no objective score in psychiatry equivalent to blood pressure, blood compo‑
nents, or specific marker expression as used in diagnosis and prognosis of physical
diseases, such as metabolic syndromes and cancers. In addition, there are many
arguments about the validity of models for psychiatric illnesses, as rodents cannot
tell whether they have auditory hallucinations. However, data are accumulating for
potential phenotypes (biological traits) that can be modeled in rodents (see below).
In this section, we will discuss the association of neurogenesis and the senso‑
rimotor gating function, which could be a biological trait for mental diseases. Based
on this discussion, we will propose the “neurogenesis theory,” our hypothesis that
impairments in neurogenesis underlie vulnerability for mental diseases. Finally, we
will introduce our approach to increasing neurogenesis using polyunsaturated fatty
acids (PUFAs), such as docosahexaenoic acid (DHA) and arachidonic acid (ARA).
We believe that PUFA treatment could be a potential intervention for prevention
and therapy of mental disorders.

6.2 Risk Factors for Schizophrenia
In the last part of this section, we note that neurogenesis is a key event with
regard to the onset of various mental disorders. However, here, we focus mainly on
schizophrenia because the disease is a major psychiatric illness; it is relatively
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common – schizophrenic patients occupy most of the beds in psychiatric
hospitals – and it presents with a range of symptom severity. It places a great
burden on patients, their families and society.
Mental illnesses, like other common diseases, are affected by multiple genetic
and environmental factors. Schizophrenia is a complex and severe brain disorder
with poorly defined etiology and pathophysiology, and it has a high heritability
rate of around 60–80% (Weinberger, 1996; Rutter et al., 2006; Porteous, 2008; Tan
et al., 2009). Obstetric complications, i.e., various problems at the time of intra‑
uterine period and birth, are among the most established environmental risks for
schizophrenia. These risks include complications of pregnancy (bleeding, preeclampsia, diabetes and rhesus incompatibility), abnormal fetal growth and devel‑
opment (low birth weight, congenital minor malformations, and small head
circumference), and complications of delivery (asphyxia, uterine atony, and emer‑
gency Cesarean section) (Rapoport et al., 2005a). Some obstetric complications
involve specific biological mechanisms that may be more relevant to the pathogen‑
esis of schizophrenia. Bleeding in pregnancy, pre-eclampsia, and delivery compli‑
cations are thought to reflect chronic hypoxia or acute asphyxia. In addition, an
association exists between schizophrenia and serologically confirmed in utero
influenza, rubella, and respiratory infections. Elevated proinflammatory cytokine
levels are a key component of immune responses. Watanabe et al. (2004) reported
that the treatment of newborn rats with leukemia inhibitory factor (LIF) led to the
manifestation of schizophrenia-like phenotypes in adulthood (Watanabe et al.,
2004). Intrauterine malnutrition is associated with an increased risk for schizo‑
phrenia (Verdoux et al., 1997; Dalman et al., 1999) and other psychiatric (Eaton
et al., 2001; Hultman et al., 2002) and nonpsychiatric disorders, such as cardiovas‑
cular diseases. Various studies report premorbid risks for schizophrenia, which
reflect abnormalities in early brain development in the regions responsible for
motor, cognitive, and social/emotional functioning.
Here, we introduce unique etiological data showing a fivefold increase in the
incidence of schizophrenic patients in the area of Chernobyl that suffered from an
accident involving atomic energy (Loganovsky and Loganovskaja, 2000;
Loganovsky et al., 2005). Although it is very difficult to correlate the low level of
irradiation with the development of schizophrenia, it is notable that gamma irradia‑
tion is used for ablating neural stem/progenitor cells in rodents to model some
mental diseases, such as depression and posttraumatic spectrum disorder (Mintz
et al., 1998; David et al., 2009; Kitamura et al., 2009). It is therefore possible
that weak levels of irradiation could damage neural stem/progenitor cells in the
human brain.
It is increasingly apparent that environmental factors interact with genetic factors.
For example, fetal hypoxia predicts reduced gray matter and increased cerebrospi‑
nal fluid (CSF) volume bilaterally throughout the cortex in schizophrenic patients
and their siblings but not in subjects at low genetic risk for schizophrenia (Cannon
et al., 2002). A number of reviews include information on the many current genetic
factors for schizophrenia (Moffitt et al., 2005; Caspi and Moffitt, 2006; Jaffee and
Price, 2007).
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6.3 Biomarkers/Endophenotypes for Schizophrenia
As mentioned in the Introduction, biological markers are not included in the
DSM-IV (Diagnostic and Statistical Manual of Mental Disorders IV), which pro‑
vides the standard diagnostic criteria for mental disorders. This makes it difficult to
establish animal models. Recent studies and case reports using brain imaging and
postmortem brain analyses, however, have suggested several potentially useful
biomarkers that can be replicated (Table 6.1). These biomarkers are measurable and
often referred to as “endophenotypes” or “intermediate phenotypes.” They are expected
to be better targets for genetic analyses than for psychiatric diseases because they
are deemed to be structurally less heterogeneous compared to (syndromic) diseases
(Cannon and Keller, 2006; Gould and Gottesman, 2006; Meyer-Lindenberg and
Weinberger, 2006).
Regarding morphological biomarkers, recent advances in brain imaging tech‑
niques have elucidated several abnormalities in the schizophrenic brain, including
decreased gray matter volume (between 2 and 3%), expansion of the lateral ven‑
tricle, and regional volume decreases in the hippocampus, thalamus, and frontal
lobes (Shenton et al., 2001; Ho, 2007; Pantelis et al., 2007). Longitudinal studies in
adult onset patients also provide evidence for progressive changes in the gray mat‑
ter and lateral ventricle (Ho et al., 2003; Pantelis et al., 2003). Postmortem brain
analyses provide further biological findings, such as abnormalities in neuronal size,
arborization, and synaptic organization (Zaidel et al., 1997). Glial cell abnormali‑
ties, especially in oligodendrocytes, have also been described (Mintz et al., 1998;
Williams et al., 2008). The postmortem brains of schizophrenic patients often show
a decreased number of neurites and a smaller number of GABAergic neurons (espe‑
cially parvalbumin positive interneurons) (Benes and Berretta, 2001; Lewis et al.,
2001, 2005), although there are disagreements about the latter issue. These mor‑
phological/histological changes in the brain are specific not only for schizophrenic
patients but also for mental disorders such as autism and bipolar disorder (Bearden
et al., 2001; Glahn et al., 2007; White et al., 2008).
Event-related EEG potentials (i.e., P300) and prepulse inhibition (PPI) are fre‑
quently used with regard to physiological markers. P300 is a positive response
emitted in the brain within a fraction of a second when an individual recognizes and
processes an incoming stimulus that is significant or noteworthy. The response is
easily measured in humans, but is difficult to apply for rodents. We are thus paying
more attention to PPI as a critical/useful biomarker. PPI is the normal suppression
of a startle response when a low intensity stimulus eliciting little or no behavioral
response immediately precedes an unexpected stronger startling stimulus (Graham,
1975; Hoffman and Ison, 1980; Geyer and Swerdlow, 2001). PPI has been observed
in all mammals tested thus far and has even been shown in invertebrates (Mongeluzi
et al., 1998). As a behavioral response tool, the acoustic startle reflex (ASR) is
invaluable because it can be measured using accessible electrophysiology tools;
importantly, measurements are possible under nearly identical conditions between
humans and rodents (Swerdlow et al., 1999). Deficits in PPI are a consistent feature
of neuropsychiatric illnesses, including schizophrenia, bipolar disorder, autism, and
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Table 6.1 List of biomarkers/endophenotypes for schizophrenia
Biomarkers/
endophenotypes
Evidences in favor
Anatomy/
Brain structural
Dorsolateral prefrontal cortex volume reduction
chemistry
abnormalities
(Prasad et al., 2005)
Reduced prefrontal grey matter volume (Gur et al.,
2000; Hirayasu et al., 2001) and decreased white
matter density (Hulshoff Pol et al., 2004)
Increased volume of lateral ventricles (Cahn et al.,
2002; Mata et al., 2009)
Reduced hippocampal grey matter volume (Lawrie
and Abukmeil, 1998)
Reduction of interneuronal neuropil (Selemon and
Goldman-Rakic, 1999)
Dopamine
Increased D1 receptor availability (Abi-Dargham
dysregulation
et al., 2002)
Excessive stimulation of striatal dopamine (DA) D2
receptors (Abi-Dargham et al., 1998)
Deficient stimulation of prefrontal dopamine (DA)
D1 receptors (Karlsson et al., 2002)
Neurophysiology Inhibitory failure
Deficit in prepulse inhibition of startle (Braff et al.,
1992; McDowd et al., 1993)
P50 auditory evoked potential suppression
(Yee et al.; Wegrzyn, 2004)
AS (a saccade) eye movement dysfunction (McDowell
and Clementz, 2001; Kang et al., 2011)
Impaired deviance Mismatch negativity (Michie, 2001)
detection
P300 (O’Donnell et al., 1999; van der Stelt et al., 2005)
Gamma band synchronization (Light et al., 2006;
Uhlhaas and Singer, 2010)
Working memory
Poor performance at the n-back task, a test of
Neurocognition
deficits
working memory (Abi-Dargham et al., 2002)
Impaired visual working memory (Tuulio-Henriksson
et al., 2003)
Verbal immediate recall impairment (Toulopoulou
et al., 2003)
Episodic memory
Executive dysfunction and impaired memory
deficits
(Byrne et al., 1999)
Significantly poorer delayed verbal memory
(O’Driscoll et al., 2001)
Impairments in short- and long-term memory
functioning (Cannon et al., 2005)

ADHD (Perry et al., 2001, 2002, 2007; Hawk et al., 2003; Feifel et al., 2009).
Interestingly, the neural circuit relevant to PPI includes specific brain regions, such
as the neocortex, amygdala, nucleus accumbens, and the hippocampus (Bast and
Feldon, 2003). Lipska et al. induced a decrease in PPI by specifically making
lesions of the ventral hippocampus in rat pups (Lipska et al., 1995). Here, the
above-mentioned morphological marker (i.e., a smaller hippocampus) could be a
result of impaired neurogenesis. We have thus begun to focus on the association
between impaired neurogenesis and deficits in PPI.
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6.4 Neurogenesis and Prepulse Inhibition
Multiple examples demonstrate the association between impaired neurogenesis and
deficits in PPI. One report demonstrated PPI deficits in mice deficient in Disheveled
(Dvl), a downstream modifier in the canonical Wnt pathway (Lijam et al., 1997).
Although this report did not mention neurogenesis, the canonical Wnt pathway is
critical for this process (Lie et al., 2005; Solberg et al., 2008). Thus, impaired neu‑
rogenesis in these mice is predictable. Furthermore, altered expression of Wnt
signaling molecules is reported in the postmortem brains of schizophrenic patients
(see review by Kalkman, 2009).
The second mutant is the Small eye rat, a spontaneous mutation of the Pax6 gene
(Osumi et al., 1997), whose protein product is a key regulator for proliferation and
differentiation of neural stem cells, both in prenatal and in postnatal neurogenesis
(Osumi et al., 2008). In the hippocampal DG, Pax6 is expressed in neural stem/early
progenitor cells (Fig. 6.1) (Maekawa et al., 2005; Nacher et al., 2005). In Pax6

Fig. 6.1 Expression of the Pax6 and Fabp families in hippocampal neurogenesis. Expression of
Pax6 (a) and Fabp7 (b) in neural stem/early progenitor cells in the SGZ of rat hippocampus at
4 weeks. Another member of Fabp, Fabp5 is expressed in the neural progenitor cells (c)
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heterozygous mutant rats, a 30% reduction of cell proliferation is observed in the
DG, whereas polysialylated neural cell adhesion molecule (PSA-NCAM)-positive
late neural progenitor cells and immature neurons are increased (Maekawa et al.,
2005). PPI defects are also reproduced in the Pax6 heterozygous mutant rat
(Maekawa et al., 2009a). Here, it is noteworthy that Pax6 regulates the expression of
some members of Wnt genes (Maekawa et al., 2005). In addition, involvement of
Wnt signaling in hippocampal neurogenesis has been reported (Johnson et al., 2009;
Kuwabara et al., 2009). The human PAX6 gene is not reported to be associated with
schizophrenia, but Yoshikawa’s group and we have recently reported a missense
mutation of PAX6 in an aniridia patient (lacking the iris) with autism (Maekawa
et al., 2009b). Clinically, overlapping mechanisms are assumed in schizophrenia and
autism (Rutter, 1970; Goldstein et al., 2002).
As mentioned above, impaired PPI is regarded as an endophenotype for schizo‑
phrenia, and it is thus hoped that identifying genes that underlie PPI could help
decipher the complex polygenic mechanisms that predispose individuals to schizo‑
phrenia and related mental disorders. Along this line, Yoshikawa’s group at the
RIKEN Brain Science Institute has long worked to find the responsible loci for PPI
by quantitative trait loci (QTL) analyses using extreme mouse strains with regard
to PPI. After analyzing 1010 F2 mice with a C57BL/6 (showing high scores in PPI)
or a C3H background (low scores in PPI), the investigators have come up with
several loci on the mouse chromosomes. Among these loci, intensive mapping has
indicated that Fabp7 is a relevant gene for PPI in mice (Watanabe et al., 2007).
Fabp7 encodes a fatty acid binding protein and is more widely known to neurobi‑
ologists as brain lipid binding protein (BLBP), a marker of neural stem cells (Feng
et al., 1994; Kurtz et al., 1994). Yoshikawa and colleagues have also performed
human genetic analyses and have revealed a missense mutation that is significantly
associated with schizophrenia (Watanabe et al., 2007). We previously demonstrated
that Fabp7 is downstream of Pax6 and crucial for embryonic neurogenesis (Arai
et al., 2005). In the DG, Fabp7 is specifically expressed in neural stem/early progenitor
cells, and severe impairment in the proliferation of neural stem cells is observed in
Fabp7−/− mice (Fig. 6.1) (Watanabe et al., 2007). Fabp7 knockout mouse can there‑
fore be a useful model for schizophrenia. The human FABP7 gene is actually
mapped on one of the major schizophrenic loci, 6q13-q26 (SCZD5 in OMIN)
(Lewis et al., 2003). Expression of FABP7 mRNA in the postmortem brain is surpris‑
ingly higher in the brains of schizophrenic patients compared with those of control
subjects (Watanabe et al., 2007). Interestingly, the amount of Fabp7 transcripts in
the prefrontal cortex of C3H/He (showing low PPI) is lower than that of C57BL/6
mice (displaying high PPI) at postnatal day 7; however, in the adult stage (8 weeks
old), the expression levels of Fabp7 in C3H/He are higher than those of C57BL/6
mice, consistent with results from humans (Watanabe et al., 2007). A possible
explanation for this complex pattern of Fabp7 expressions in mice is that the respon‑
sible neural circuit for PPI could be formed by sufficient Fabp7 expression in the
brain during the developmental stages, reminiscent of the “neurodevelopment theory
of schizophrenia” (see Sect. 6.5). Another possibility is that there may be excess
expression of FABP7/Fabp7 gene products in the adult stage to compensate for the
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insufficient expression during developmental periods. The latter idea recapitulates
the current “fetal reprogramming theory” that is applied to metabolic syndromes
(Bertram and Hanson, 2001; Nesterenko and Aly, 2009).
During the course of our study, other examples showing defects in both neuro‑
genesis and PPI have accumulated (see Table 6.2). “Disrupted in schizophrenia-1”
(DISC1) has been identified as a responsible gene for schizophrenia and bipolar
disorder from genetic analyses of a large Scottish family (St Clair et al., 1990).
The DISC1 protein interacts with other molecules relevant to the centrosome,
cytoskeleton and transcription factors (Mackie et al., 2007; Matsuzaki and
Tohyama, 2007; Taya et al., 2007; Kalkman, 2009). A line of ENU-mutagenesis
mice that have a mutation in the Disc1 gene exhibited schizophrenic-like behavior,
with profound deficits in PPI and latent inhibition that were ameliorated by antip‑
sychotic treatment (Clapcote et al., 2007). Moreover, downregulation of DISC1
leads to accelerated neuronal integration, resulting in aberrant morphological
development and mispositioning of newly generated dentate granule cells in a cellautonomous fashion (Duan et al., 2007).
Neuregulin-1 (NRG1) is a glycoprotein that interacts with the ErbB receptor
tyrosine kinase. NRG1 is produced in numerous isoforms by alternative splicing,
which allows it to perform a wide variety of functions. A genetic association study
has revealed the gain-of-function mutation in NRG1 type IV as a risk factor for schizo‑
phrenia (Stefansson et al., 2003; Tan et al., 2007). NRG1 signals through the ErbB4
receptor tyrosine kinase that becomes autophosphorylated upon NRG1 binding.
There are several reports showing abnormally strong signaling of NRG1-ErbB4 in

Table 6.2 Association of impaired neurogenesis and deficits in prepulse inhibition
Deficit in prepulse
Impaired neurogenesis
inhibition
Gene
Sample studied
Brain region
Sample studied
SGZ
Npas3
Npas3−/− mice (Pieper
Npas3−/− mice (Brunskill
et al., 2005)
et al., 2005)
SVZ
Nrg1 +/− mice (Stefansson
Nrg1/ErbB4
ErbB4−/− mice
(Ghashghaei et al.,
et al., 2002)
2006)
SGZ
Dvl1−/− mice (Lijam
Wnt3/Dvl1
Rats with blocked Wnt
signaling pathway
et al., 1997)
(Lie et al., 2005)
SGZ
Disc1 mutant mice
Disc1
Retrovirus mediated
(Clapcote et al.,
Disc1 knockdown
2007)
mice (Kim et al.,
2009)
Pax6
Pax6+/− rats (Maekawa
SGZ
Pax6+/− rats (Maekawa
et al., 2009a)
et al., 2009a)
SGZ
Fabp7
Fabp7−/− mice (Watanabe
Fabp7−/− mice (Watanabe
et al., 2007)
et al., 2007)
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the dorsolateral prefrontal cortex of schizophrenia patients (Hahn et al., 2006; Law
et al., 2007; Chong et al., 2008). Hyperactivity of Nrg1-ErbB4 signaling contributes
to premature differentiation, accelerated maturation, and eventually aberrant inte‑
gration of neurons into the neuronal network (Ghashghaei et al., 2006). Indeed,
adult heterozygous mutant mice with a targeted disruption of type III Nrg1 and
ErbB2/ErbB4-deficient mice show deficits in PPI as well as other behavioral and
morphologically abnormal phenotypes related to schizophrenia (Chen et al., 2008;
Barros et al., 2009). The reason for the discrepancy between results from human
postmortem brains and animal models is not currently known.
The neuronal PAS domain protein 3 (NPAS3) gene, which encodes a brainenriched transcription factor, has been found to be disrupted in a family suffering
from schizophrenia (Kamnasaran et al., 2003; Pickard et al., 2005). Npas1/Npas3deficient mice exhibit abnormal PPI behavior (Erbel-Sieler et al., 2004). Npas3−/−
mice show reduced neural precursor cell proliferation in the DG by 84% compared
with wild-type littermates (Pieper et al., 2005).
Brain-derived neurotrophic factor (BDNF) and related neurotrophins play a
role in neurodevelopment and are therefore plausible candidates for the pathophys‑
iology of schizophrenia and other mental diseases. Emx-Cre-driven Bdnf knockout
mice, in which BDNF is specifically deleted in the dorsal telencephalon, hip‑
pocampus and parts of the ventral telencephalon and amygdala, do not exhibit
altered sensory processing and gating as measured by ASR or PPI, although neu‑
rogenesis has not been examined in these mice (Gorski et al., 2003). In contrast, a
site-specific knockdown of BDNF has revealed that a reduction in BDNF expres‑
sion in the DG, but not in the CA3 region of the hippocampus, reduces neurogen‑
esis and affects behaviors associated with depression (Taliaz et al., 2010). It would
be interesting to know whether a DG-specific knockdown of BDNF also results in
abnormality in PPI.
There may be more animal models that exhibit both impaired neurogenesis
and deficits in PPI. Through analyses of these genetically modified mice, how‑
ever, we cannot determine whether impaired neurogenesis really causes PPI
defects. We have taken a different approach by treating wild-type rats with the
antiproliferative drug methylazoxymethanol (MAM) acetate for 1 week from
postnatal weeks 4 to 5. At 5 weeks, this treatment transiently reduced neurogen‑
esis in the DG, which recovered to normal levels by 10 weeks. Intriguingly, these
MAM-treated rats exhibit deficits in PPI (Maekawa et al., 2009a). A previous
study in which MAM treatment was given at fetal stages (embryonic day 17 in
rats) also showed PPI defects after puberty (Le Pen et al., 2006). It is therefore
reasonable to assume that decreased neurogenesis, especially a reduced pool of
neural stem/progenitor cells before adolescence, is highly associated with mani‑
festation of impaired PPI in animal models. A critical question that remains
unresolved is whether reduced neurogenesis after puberty or even at adult stages
impairs PPI, because we assume that a critical period for the formation of the
neural circuit of PPI may occur in the neurodevelopmental stage or before
puberty (see above).
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6.5 The “Neurogenesis Theory” for Schizophrenia
and Other Mental Disorders
In the late 1980s, Weinberger and colleagues proposed the “neurodevelopmental
theory” for the pathogenesis of schizophrenia (Weinberger, 1987). Their original
model showed that rats with the ventral hippocampus ablated at the early postnatal
period were hyperactive and displayed PPI deficits (Lipska et al., 1993, 1995).
To date, accumulating data on the list of risk genes for schizophrenia and other
mental disorders, such as mood disorders and autism, provide further evidence that
a large number of neurodevelopmental genes are involved (Rapoport et al., 2005b;
Nakatani et al., 2006; Harrison, 2007). Among them, molecules governing neuronal
migration, axon extension and synapse formation are currently the most intensively
studied (Hattori et al., 2007; Budel et al., 2008; Kobayashi, 2009).
We focus especially on the earliest step of neural development, i.e., neurogene‑
sis, among multiple neurodevelopmental processes. As already pointed out in other
chapters, states of neurogenesis can correlate with proper learning and memory.
As mentioned above, there may be a causal relationship between impaired neuro‑
genesis and decreased PPI. Thus, we propose the hypothesis that impaired
neurogenesis may underlie vulnerability for the development of schizophrenia and
other mental disorders that exhibit impaired PPI (Fig. 6.2). Because significant
neurogenesis occurs during fetal stages and continues in postnatal periods until

Neurogenesis

Stress, infection, low nutrition, genetic factor

Microcephaly
Depression, PTSD
Schizophrenia

PUFA intake
→prevention or therapy?
embryo

postnatal

adolescence

adulthood

aged

Time
Fig. 6.2 Impaired neurogenesis as a risk factor for the onset of mental diseases. Neurogenesis
dramatically occurs in the fetal stage, and continues throughout life. Decrease in neurogenesis in
the fetal stage will cause severe brain abnormality such as microcephaly, while impairment of
neurogenesis in the postnatal stages will cause mental diseases such as schizophrenia, depression,
and post-traumatic stress disorder (PTSD)
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the end of life, various magnitudes in impairment of neurogenesis can affect various
mental disorders. Of course, if neurogenesis is greatly reduced during the fetal
stage, it results in brain abnormalities such as microcephaly and lissencephaly.
Decreased neurogenesis is reported to be related to depression, although there is
still debate about its causality (Kempermann and Kronenberg, 2003; Paizanis
et al., 2007; Sahay and Hen, 2007). It is therefore reasonable to assume that slight
impairment of neurogenesis in the relatively late fetal and/or early postnatal stage
may play a role in onset of schizophrenia and possibly of related mental diseases.
The advantage of this “neurogenesis theory” is that it can most adequately explain
gene/environmental issues involved in the etiology of schizophrenia and other
mental disorders because neurogenesis is relatively easily susceptible to both genetic
and environmental factors.

6.6 Several Methods for Increasing Neurogenesis
Here, we propose a “neurogenesis theory” for the etiology of schizophrenia and
possibly other mental disorders. Increasing neurogenesis may be beneficial for
treating mental conditions. Although the biological meaning of neurogenesis with
regard to mental disorders is not yet fully elucidated, targeting neurogenesis in the
endeavor of drug discovery is worthwhile. In fact, many researchers have been
searching for the proper target molecules to enhance neurogenesis. Interestingly,
lithium chloride (LiCl), a well-known mood stabilizer, increases neurogenesis (Kim
et al., 2004; Yan et al., 2007). One of the targets of LiCl is considered GSK3beta, a
pivotal player in various signaling pathways, which include the Wnt signaling and
PI3 kinase pathways (Silva et al., 2008). As mentioned earlier, BDNF can also
improve neurogenesis (Schmidt and Duman, 2007; Choi et al., 2009), and its down‑
stream molecules are considered potential targets.
Environmental factors also influence the integrity of neurogenesis. Mice and rats
are usually housed in boring cages, but maintaining rodents in physically active
conditions can increase neurogenesis (Gould et al., 1999b; Ambrogini et al., 2000;
Leuner et al., 2004). For example, voluntary wheel-running dramatically enhances
neurogenesis in the hippocampus of rodents (Fabel and Kempermann, 2008; Van
Praag, 2008). In addition, neurogenesis can be enhanced in rodents maintained in a
cage with various toys, together with running wheels (a so-called enriched environ‑
ment) (Van Praag et al., 2000; Muotri et al., 2009). Furthermore, stimulation with
different odors every day results in enhanced neurogenesis in the SVZ of mice
(Mouret et al., 2008).
Our laboratory has taken different approaches. We have paid attention to nutri‑
tion because first, in the songbird, neurogenesis increases in the brain region related
to song-learning (Alvarez-Buylla et al., 1988; Kirn et al., 1994). Male song-learning
occurs in the reproductive season and is accompanied by massive food intake.
In fact, expression of Fabp7/BLBP, which is important for the transport of fatty
acids, also increases in accordance with neurogenesis (Rousselot et al., 1997).
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Second, neurogenesis is influenced by purines (Cho et al., 2009) which are components
of DNA and RNA and basically included in foods such as meat, fish, and beans.
It is reasonable to assume that neurogenesis is a very energy-consuming process,
especially at the first step of cell proliferation. Third, as already mentioned, etio‑
logical studies have shown that low nutrition is a risk factor for schizophrenia
(Susser and Lin, 1992; St Clair et al., 2005). The negative spiral in depression and
decreased appetite (Whisman, 1993; Ventegodt et al., 2005) would also suggest
the importance of nutrition for the treatment of mental diseases. It is also thought
that psychiatric patients may not be willing to do physical exercise or other
activities. Finally, our research has revealed that Fabp7 is essential for normal
neurogenesis in rodents, and that the Fabp7 gene is considered to be related to the
risk of schizophrenia (Watanabe et al., 2007). Recent studies in Yoshikawa’s group
have demonstrated that this gene is also associated with bipolar disorder and
autism (Iwayama et al., 2010; Maekawa et al., 2010). Further in-depth study of fatty
acids and their signal mediators should help reveal the mechanisms involved in
neurogenesis and indicate how the impairment of such mechanisms can adversely
affect brain functions.
Based on the above background, we have focused on PUFAs because they can
bind to Fabps that are essential in neurogenesis. In addition, the brain is extremely
rich in lipids (60% in dry weight), especially in DHA (17%) and ARA (12%)
(Soderberg et al., 1991), and fatty acids are important in brain development
(Innis, 2007; Innis and Davidson, 2008). DHA can influence the extension of
axons and dendrites, release of neurotransmitters, long-term potentiation of syn‑
apses, and resistance to neuronal cell death (Kim et al., 2001; Cao et al., 2009;
Menard et al., 2009). ARA is released from phospholipids in the cell membrane
in response to neuronal activity (Farooqui et al., 2004). Furthermore, DHA and
ARA are found in various foods such as meat, fish, and eggs that may be unavail‑
able in under conditions of severe famine, which is associated with a risk for
schizophrenia.

6.7 Increasing Neurogenesis with PUFAs
Based on the above information, we have begun our project to increase neurogen‑
esis by modifying nutritious conditions using rats that are most commonly used
for experiments in the field of nutritional research. Rat pups from P2 and older
and their mothers were fed on control, ARA(+), DHA(+) and ARA(+)/DHA(+)
diets for 4 weeks (Maekawa et al., 2009a). Since these PUFAs are hydrophobic
molecules, they can be transferred to a rat pup’s brain across the blood–brain
barrier. By administrating ARA, the ratio of ARA/DHA becomes 130% in the hip‑
pocampus of rat pups, while it becomes 75% after treatment with DHA. We found
a 32% increase in the total number of BrdU-labeled cells in ARA(+) diet-treated
rats compared with control diet-treated rats, whereas there were no significant dif‑
ferences between the control diet- and DHA(+) diet-treated animals or between
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control diet- and ARA(+)DHA(+) diet-treated rats. However, a trend of a slight
increase was observed in the DHA(+) diet-treated rats and, to lesser extent, in
ARA(+)DHA(+) diet-treated animals. In ARA(+) diet-treated rats, the number of
glial fibrillary-associated protein (GFAP)-positive cells was slightly increased,
while the number of PSA-NCAM-positive cells was dramatically increased. Both
GFAP and PSA-NCAM are markers for hippocampal neural progenitor cells, with
the former being the earlier stage marker. Interestingly, we observed an elevated
number of mossy fibers that expressed PSA-NCAM (data not shown). Thus, the number
of proliferating progenitors and subsequent newly born neurons is considerably
increased in the hippocampal SGZ of ARA(+) diet-treated rats.
Since dietary ARA improved neurogenesis in normal rats, we embarked on a
study to determine whether ARA treatments could restore defective neurogenesis
(an approximately 30% decrease) in Pax6(+/−) rats (Maekawa et al., 2009a). Wildtype and Pax6(+/−) rat pups were raised on diets either containing or lacking ARA
from P2 to P31. When the ARA(+) diet was given to Pax6(+/−) rats, neurogenesis
was increased by 33% at P31 compared to rats fed with the control diet. By continu‑
ously administrating ARA, the reduced PPI observed in Pax6(+/−) rats was par‑
tially recovered with an ARA(+) diet at 15 weeks compared to Pax6(+/−) rats fed
with a control diet. There were no significant differences in PPI between wild-type
rats fed on an ARA(+) diet and Pax6 mutants fed on a ARA(+) diet, indicating that
exogenous ARA does not influence on normal PPI scores. This is the first evidence
that PPI deficits can be at least partially ameliorated by manipulating nutritious PUFA
contents and thus open a way to future application. Further study will be needed to
elucidate the effects of PUFAs on PPI.

6.8 Concluding Remarks
Significant debate exists regarding whether neurogenesis occurs in adult brain areas
other than the SVZ and SGZ (Gould et al., 1999a; Kornack and Rakic, 2001; Rakic,
2002; Dayer et al., 2005; Ohira et al., 2009). Following an injury such as stroke,
neuroblasts generated in the SVZ migrate into areas where neurogenesis does not
occur, e.g., the striatum and cerebral cortex (Lindvall and Kokaia, 2008). Moreover,
some researchers expect the neurogenic potential upon training with tools in the
rodent neocortex (Kumazawa et al., 2009).
If the integrity of neurogenesis may be an appropriate biological indicator for a
certain mental state, noninvasive monitoring for neurogenesis would be beneficial.
Since it takes time that impaired neurogenesis eventually causes decreased volume
of the hippocampus as clarified by MRI imaging; conventional MRI may thus be
inappropriate for predicting the prognosis of mental disease. The PPI score is a
good biomarker for several mental disorders but may be useless for the diagnosis
of high-risk people at young ages because PPI abnormalities in many animal models
only become evident after puberty (i.e., PPI scores increase with age) (Le Pen et al.,
2006; Maekawa et al., 2009a).
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A unique approach uses biopsied olfactory epithelium (Cascella et al., 2007).
The olfactory epithelium contains olfactory receptor neurons that sense odorants.
Importantly, these olfactory receptor neurons are continuously generated from the
neural stem cells in the olfactory epithelium because they are easily damaged.
Sawa’s group at Johns Hopkins University considers that proliferative and differen‑
tiation capacities of these biopsied olfactory epithelial cells may be associated with
schizophrenic phenotypes. The majority of the schizophrenic patients show defects
in olfaction, and first-degree relatives of schizophrenia patients also show such
olfactory defects (Moberg et al., 1999). However, we believe this could reflect the
competence of neurogenesis in the brain. In fact, the olfactory epithelium is a
highly regenerative tissue that expresses Pax6 and Fabp7, markers for neural stem/
progenitor cells even in adult stages (unpublished results). In other words, neurode‑
velopmental processes continue throughout life in the olfactory epithelium as in
SVZ and SGZ. A biopsy of the olfactory epithelium and the following culture
assays could therefore be used for diagnosis and even for the prognosis of mental
diseases. Pioneering work using a different approach has been performed using
magnetic resonance spectroscopy. Using this technology, Manganas and colleagues
reported a potential biomarker relevant for neural stem/progenitor cells (Manganas
et al., 2007). However, debate continues regarding whether this methodology is
truly adequate. In the future, development of more specific and sensitive method‑
ologies for monitoring neurogenesis in the living human brain is desired for the
diagnosis and prognosis of mental diseases.
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Chapter 7

Neurogenesis from Endogenous Neural Stem
Cells After Stroke: A Future Therapeutic
Target to Promote Functional Restoration?
Olle Lindvall and Zaal Kokaia

Abstract Recent experimental evidence obtained mainly in rodents has indicated
that the stroke-damaged adult brain makes an attempt to repair itself by producing new neurons from its own neural stem cells. Here, we summarize the current
status of this research with an emphasis on how, in the future, optimization of this
potential self-repair mechanism could become of therapeutical value to promote
functional restoration after stroke. Currently, our knowledge about the mechanisms
regulating the different steps of neurogenesis after stroke is incomplete. Despite a
lot of circumstantial evidence, we also do not know if stroke-induced neurogenesis
contributes to functional improvement and to what extent the new neurons are
integrated into existing neural circuitries. It is highly likely that, in order to have
a substantial impact on the recovery after stroke, neurogenesis has to be markedly
enhanced. Based on available data, this should primarily be achieved by increasing
the survival and differentiation of the generated neuroblasts. Moreover, for maximum functional recovery, optimization of neurogenesis most likely needs to be
combined with stimulation of other endogenous neuroregenerative responses, e.g.,
protection and sprouting of remaining mature neurons, and transplantation of stem
cell-derived neurons and glia cells.
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7.1 Introduction
In stroke, occlusion of a cerebral artery gives rise to focal ischemia with irreversible
injury in a core region and partially reversible damage in the surrounding penumbra
zone. Stroke is a leading cause of chronic disability in humans. No effective treatment to promote recovery in patients exists. Many different types of neurons and
glial cells die in stroke, and to repair the stroke-damaged brain may, therefore, seem
unrealistic. However, even re-establishment of only a fraction of damaged neuronal
circuitries could have important clinical implications. During recent years, stroke
has been shown to induce the formation of new neurons in the adult rodent brain
from neural stem cells located in two regions: the subventricular zone (SVZ), lining
the lateral ventricle, and the subgranular zone (SGZ) in the dentate gyrus (for
review, see Jin and Galvan, 2007; Zhao et al., 2008). Stroke-induced neurogenesis
is triggered both in areas where new neurons are normally formed, such as the
dentate gyrus, and in areas which are non-neurogenic in the intact brain, e.g., the
striatum. These findings have raised the possibility that the adult brain makes an
attempt to repair itself, which may be of clinical importance, but two major issues
need to be addressed. First, what are the consequences of ischemia-induced neurogenesis; does it contribute to disease symptomatology, or counteract symptoms,
improving functional recovery? Second, because the neurogenic response is minor
and recovery after stroke incomplete, how can this presumed self-repair mechanism
be boosted?
In this chapter, we will summarize research on neurogenesis after stroke with an
emphasis on our own recent findings, and discuss the scientific problems that need
to be addressed before this potential self-repair mechanism could be considered in
a clinical–therapeutical perspective. We will focus on stroke-induced formation of
new neurons in damaged areas where neurogenic mechanisms do not normally
operate, i.e., striatum and cerebral cortex. The influence of stroke on hippocampal
neurogenesis will not be covered here. For more comprehensive reviews about
neurogenesis after cerebral ischemia, the reader is referred to Lindvall et al. (2004),
Lichtenwalner and Parent (2006), Taupin (2006) and Greenberg (2007).

7.2 Stroke-Induced Neurogenesis in Rodents
7.2.1 Proliferation of Neural Stem/Progenitor Cells
in Subventricular Zone
In the most common model for neurogenesis research, stroke is induced by transient middle cerebral artery occlusion (MCAO) in rats or mice, which is accomplished by insertion of a filament through the internal carotid artery to the origin of
the middle cerebral artery (MCA). Recirculation is restored by withdrawal of the
filament. Depending on the duration of the occlusion, only the dorsolateral part of
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the striatum will be damaged (30 min MCAO in rats), or the lesion will extend into
the overlying parietal cortex (2 h MCAO).
Stroke stimulates cell proliferation in the ipsilateral SVZ (Fig. 7.1), which is
elevated 1–2 weeks after MCAO (Jin et al., 2001; Arvidsson et al., 2002; Parent
et al., 2002; Zhang et al., 2004a,b), but has returned to baseline at 6 weeks (Thored
et al., 2006). However, the ipsilateral SVZ is expanded up to 16 weeks after MCAO
(Thored et al., 2006, 2007), and the number and size of neurospheres isolated from
the ipsilateral SVZ are increased. These findings indicate that stroke leads to longterm alterations in the stem cell niche in the SVZ.
Many compounds and treatments have been reported to increase SVZ cell proliferation after stroke (for references, see, e.g., Lindvall and Kokaia, 2008). Much
less is known about endogenous mechanisms regulating progenitor proliferation in
the SVZ. It has been shown that Notch1 and its naturally occurring activator,
Jagged1, are expressed in the adult SVZ (Stump et al., 2002), and that administration of Notch ligands increases the number of proliferating cells in the SVZ after
stroke (Androutsellis-Theotokis et al., 2006). Insulin-like growth factor-1 (IGF-1)
has also been proposed to be a mediator of the increased SVZ progenitor proliferation after stroke (Yan et al., 2007).
Our recent data indicate that tumor necrosis factor-a (TNF-a), through one of
its receptor subtypes, TNF-R1, can influence SVZ progenitor proliferation after
stroke (Iosif et al., 2008). TNF-a is a major player in many neurodegenerative
diseases including stroke (Hallenbeck, 2002), its main source being activated
microglia (Gebicke-Haerter, 2001). Concomitantly with the increased proliferation
1 week after stroke, we found elevated microglia numbers and TNF-a and TNF-R1
gene expression in mouse SVZ. TNF-R1 was expressed on SVZ progenitor cells.
In animals lacking TNF-R1, stroke-induced SVZ cell proliferation and neuroblast
formation were enhanced. In support of the in vivo data, addition of TNF-a reduced
size and numbers of SVZ neurospheres through a TNF-R1-dependent mechanism.
Our results identify TNF-R1 as the first negative regulator of stroke-induced SVZ
progenitor proliferation. Blockade of TNF-R1 signaling might be a novel strategy
to promote the proliferative response in SVZ after stroke.

7.2.2 Duration of Neurogenic Response
In the initial studies, stroke-induced neurogenesis was believed to be a short-lasting
response with a duration of only a few weeks. There is now experimental evidence
indicating that the formation of new striatal neurons can continue at least up to
1 year after 2 h MCAO in rats (Kokaia et al., 2006; Thored et al., 2006). Neuroblasts
expressing the marker doublecortin (Dcx) in the damaged striatum were already
more numerous at 1 week, and the number was stable thereafter up to 4 months
following the insult. Dcx is a reliable marker of neurogenesis, which is transiently
expressed (during about 2–3 weeks) in newly formed neuroblasts in both the intact
and injured brain (Brown et al., 2003; Couillard-Despres et al., 2005). The number
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Fig. 7.1 Schematic representation of stroke-induced striatal and cortical neurogenesis. Neural stem/
progenitor cells reside in the SVZ adjacent to the lateral ventricle (a). The focal ischemic insult leads
to loss of either striatal and cortical (b, c), or only cortical (d, e) neurons, which gives rise to increased
proliferation of the progenitors (b, d). Neuroblasts formed after, and to some extent also before, the
stroke migrate to the damaged part of the striatum (b) or cortex (d) where they differentiate and
express markers of mature neurons (c, e). In some studies, evidence for cortical neurogenesis has been
obtained in animals with ischemic damage in both striatum and cortex. LV Lateral ventricle
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of Dcx+ cells then declined up to the 1-year time point, when it corresponded to
about one-quarter of that observed during the first 4 months. At all time points, the
Dcx+ cells migrated from the SVZ laterally and ventrally into the damaged area
(Fig. 7.1). We confirmed that the Dcx+ neuroblasts also formed long-term after the
insult differentiated into mature neurons using BrdU injections. Interestingly, the
ratio between NeuN+/BrdU+ cells and Dcx+ cells at 1 year was similar to that at
6 weeks. Taken together, our findings indicate that striatal neurogenesis after stroke
continues at least for 1 year, and that despite a decline in the formation of new
neuroblasts at this late time point, the yield of differentiated neurons seems to be
unchanged.

7.2.3 Phenotype of New Neurons
The phenotype of the stroke-generated neurons is only partly known. In most studies,
co-expression of the mature neuronal marker NeuN in BrdU-labeled cells has been
the only evidence for the formation of new differentiated neurons. Following 2 h
MCAO, 42% of the mature, new neurons expressed DARPP-32 (Arvidsson et al.,
2002), which is a specific marker for striatal medium-sized spiny neurons. This is
the phenotype of most of the neurons destroyed by the ischemic lesion. Similarly,
Parent et al. (2002) reported that a majority of new neurons in the peri-infarct area
after stroke were DARPP-32-positive. In another model of striatal injury (excitotoxic lesion by quinolinic acid), Collin et al. (2005) also identified newly generated
cells expressing markers characteristic of striatal interneurons (parvalbumin and
neuropeptide Y). Such cells were not detected following MCAO in rats (Parent
et al., 2002). In contrast, Teramoto et al. (2003) did not observe any BrdU+ cells
expressing DARPP-32 but a substantial number of BrdU+ cells co-labeled with
parvalbumin after stroke in mice, which had been infused with EGF. It will be of
major interest in future studies to determine to what extent the whole repertoire of
striatal neurons with their specific phenotypic characteristics can be generated from
SVZ stem/progenitor cells after stroke.

7.2.4 Influence of Aging
It is well established that stroke mainly affects older people. Thus, if cell replacement from endogenous neural stem cells should have any impact on functional
restoration in the majority of stroke patients, it is of major importance that the
new neurons can also be recruited to the ischemically damaged area in the aged
brain. We found no differences between young (3 months) and old (15 months)
rats in the number and distribution of neuroblasts and mature neurons in the
damaged striatum after stroke (Darsalia et al., 2005). Our findings also indicate
that the stroke-damaged aged brain is permissive for neuroblast migration and
that this potential self-repair mechanism seems to operate similarly in young and
old brains.
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7.2.5 Influence of Inflammation
A major problem with endogenous neurogenesis as a potential mechanism for cell
replacement after stroke is that only a fraction of the new neurons will survive longterm. We have estimated that about 80% of the stroke-generated striatal neurons die
during the first 2 weeks after their formation (Arvidsson et al., 2002). The mechanisms underlying the poor survival of the new neurons are incompletely understood. Caspases probably play a role because administration of caspase inhibitors
has been shown to lead to markedly improved survival of neuroblasts in the damaged
striatum (Thored et al., 2006). It is also conceivable that the inflammatory changes
accompanying the ischemic damage contribute to the poor survival of the new
striatal neurons similar to what has been described for new hippocampal neurons
early after they have been born in an inflammatory environment (Ekdahl et al.,
2003; Monje et al., 2003). Consistent with a cytotoxic action of microglia after
cerebral ischemia, administration of the anti-inflammatory drug indomethacin
improved the survival of stroke-generated neuroblasts in the striatum (Hoehn et al.,
2005). Similarly, chronic delivery of minocycline, which reduced microglia activation, increased the number of new neuroblasts and mature neurons in the dentate
gyrus after MCAO (Liu et al., 2007).
The role of inflammation for stroke-induced neurogenesis has, however, turned
out to be much more complex, and evidence is now accumulating which indicates
that microglia can also be beneficial. In support, chronically activated microglia are
permissive to neuronal differentiation and survival in adult mouse SVZ cultures
(Cacci et al., 2008). Microglia and microglia-conditioned medium rescue the
in vitro formation of neuroblasts from SVZ NSCs, which otherwise is lost with
continued culture (Aarum et al., 2003; Walton et al., 2006). Furthermore, we have
recently demonstrated increased numbers of activated microglia in the ipsilateral
SVZ concomitant with neuroblast migration into the striatum up to 16 weeks following 2 h MCAO in rats (Thored et al., 2009). In the SVZ, microglia exhibited
ramified or intermediate morphology, signifying a downregulated inflammatory
profile, whereas amoeboid or round phagocytic microglia were frequent in the periinfarct striatum. Strong long-term upregulation of the IGF-1 gene and elevated
numbers of IGF-1-expressing microglia were found in the ipsilateral SVZ up to
16 weeks after stroke. IGF-1 protein has been reported to mitigate apoptosis and
promote proliferation and differentiation of neural progenitors (Camarero et al.,
2003; Otaegi et al., 2006; Kalluri et al., 2007), probably directly via IGF-1 receptors on the NSCs themselves (Yan et al., 2006). The long-term accumulation of
microglia with proneurogenic phenotype in the SVZ implies a supportive role of
these cells for the continuous neurogenesis after stroke. Consistent with this idea,
overexpression of IGF-1 via adeno-associated virus-mediated gene transfer
enhanced neurogenesis in the SVZ after stroke in mice (Zhu et al., 2008).
It has been proposed that autoimmune, CNS-specific T cells, by interacting
with resident microglia, can promote progenitor proliferation in the SGZ and
SVZ and possibly also neuronal survival and differentiation (Ziv et al., 2006).
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In the dentate gyrus, enriched environment stimulated neurogenesis and led to
increased numbers of microglia expressing MHC-II and IGF-1 and recruitment of
T lymphocytes (Ziv et al., 2006). Lack of T cells reduced progenitor proliferation,
which was restored by T cell replenishment. Moreover, modulation of the immune
system by downregulation of the activity of regulatory T cells using subcutaneous
injection of the copolymer poly-YE directly after induction of permanent MCAO
in rats increased hippocampal and induced cortical neurogenesis (Ziv et al., 2007).
This procedure probably enhanced the rapid recruitment of the relevant T cells
recognizing CNS antigens. Consistent with the findings of Ziv et al. (2006), we
have found that, following stroke, SVZ contained increased numbers of microglia
expressing MHC-II and IGF-1, i.e., molecules that are believed to be associated
with a neuroprotective microglial phenotype. However, very few lymphocytes
were detected in the SVZ at all time points although lymphocytes were readily
found in the peri-infarct striatal area, especially during the first days after MCAO.
Thus, our data do not provide supportive evidence for the idea that T lymphocyte–
microglia interaction in the neurogenic niche in SVZ is of significant importance
for long-term neurogenesis after stroke.

7.2.6 Recruitment to Damaged Area
If the new neurons generated in the SVZ after stroke should contribute to the functional restoration, they must efficiently reach those areas in which the old neurons
have died as a result of the insult. Radial glia are distributed both in the SVZ and
possibly the ischemic striatum after stroke and are probably involved in guiding the
migrating neuroblasts (Zhang et al., 2007). There is also a close association
between the newly formed neurons and the vasculature when they migrate towards
the damaged area. At 18 days following 30 min MCAO in mice, Yamashita et al.
(2006) found chains of neuroblasts being wound around endothelial cells, the neuroblasts being elongated parallel to the blood vessels and the chains oriented in the
mediolateral direction. In another model, at 7 days after focal cortical stroke in
mice (Ohab et al., 2006), neuroblasts were located in large numbers in physical
proximity to endothelial cells in the peri-infarct cortex, where active vascular
remodeling occurred. We have found (Thored et al., 2007) that the newly formed
neuroblasts are located in the vicinity of blood vessels throughout long-term neurogenesis (at least up to 16 weeks after the insult). The majority of the neuroblasts
migrated towards the ischemic damage through the striatal area which selectively,
as compared to other striatal areas adjacent to SVZ, exhibited long-lasting increase
of vessel density and, during the first 2 weeks after the insult, endothelial cell proliferation, consistent with angiogenesis. In further support of neurogenesis-angiogenesis interaction, the study of Ohab et al. (2006) indicated that neurogenesis and
angiogenesis in the peri-infarct cortex were causally linked through vascular production of stromal-derived factor 1 (SDF-1) and angiopoietin 1. However, the
blood vessels could also play a role for the survival and differentiation of the
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closely located neuroblasts during their migration by endothelial release of other
factors such as brain-derived neurotrophic factor (Louissaint et al., 2002; Wang
et al., 2007).
Also, other molecular mechanisms are involved in recruiting the new neurons to
the damaged area. The most well-established one is SDF-1a and its cognate receptor
CXCR4. Following stroke, SDF-1a is expressed in reactive atrocytes and activated
microglia in the damaged area (Thored et al., 2006) and SDF-1a levels are increased
in the stroke hemisphere (Robin et al., 2006). CXCR4 is expressed on the neural
progenitors and stroke-generated neuroblasts (Robin et al., 2006). When blocking
CXCR4, the migration of neuroblasts was markedly attenuated (Robin et al., 2006;
Thored et al., 2006). Taken together, these data indicate that SDF-1a/CXCR4 signaling regulates the directed migration of new striatal neurons towards the ischemic
damage. Similarly, monocyte chemoattractant protein-1 (MCP-1) (Yan et al., 2007)
is upregulated in activated microglia and reactive astrocytes in the cortex and striatum, and the new neuroblasts express the MCP-1 receptor CCR2 after stroke.
Consistent with a role of this factor in the migration, transgenic mice lacking MCP-1
or CCR2 showed less recruitment of neuroblasts into the striatum after stroke (Yan
et al., 2007). Finally, Lee et al. (2006) showed that the extracellular protease matrix
metalloproteinase-9 (MMP-9) is colocalized with the neuroblast marker Dcx in the
SVZ and striatum following stroke in mice. Administration of an MMP inhibitor
markedly reduced neuroblast migration. Thus, extracellular proteolysis through the
action of MMP seems to be involved in neuroblast migration through the ischemic
and partially damaged striatum after stroke (Lee et al., 2006).
We have found that the extension of the ischemic damage plays an important
role for the recruitment of neuroblasts to the striatum after stroke. Following
30 min MCAO, which gave rise to a lesion restricted to the dorsolateral striatum,
the new striatal neuroblasts were markedly fewer as compared to following a 2 h
insult, which caused more extensive striatal damage and, in addition, injury to the
overlying parietal cortex (Thored et al., 2006). The number of neuroblasts correlated significantly with the volume of striatal injury. We conclude that the extent of
the ischemic lesion influences the degree of activation of the molecular and cellular
mechanisms that promote recruitment of new neurons to the striatum after stroke
(Fig. 7.1). Therefore, small lesions in the striatum as well as isolated cortical
lesions, which trigger cell proliferation in the SVZ, will not give rise to significant
neuroblast migration into the striatum. It remains to be established how the underlying mechanisms should be optimized in order to promote migration of
neuroblasts,

7.2.7 Cortical Neurogenesis
In the first study reporting neuronal replacement from endogenous precursors following injury to the adult mammalian brain, selective apoptotic degeneration of neurons
in cerebral cortex was found to give rise to formation of new corticothalamic neurons
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(Magavi et al., 2000). However, the number of new neurons which could be detected
in the ischemic cerebral cortex in the initial studies describing stroke-induced striatal
neurogenesis was scarce (Zhang et al., 2001; Arvidsson et al., 2002; Parent et al.,
2002). It is now well established that limited recruitment of new neurons may occur
to the cerebral cortex after stroke (Fig. 7.1). Jin and co-workers (Jin et al., 2003)
reported migration of neuroblasts from SVZ to the boundaries of an ischemic cortical
lesion. Other studies have described the occurrence of new cells expressing markers
of neuroblasts or mature neurons in the ischemia-damaged cerebral cortex (Jiang
et al., 2001; Zhang et al., 2006a; Ziv et al., 2007). Leker and coworkers (Leker et al.,
2007) using the distal MCAO model, which causes selective cortical damage,
reported that the majority of new cells in the peri-infarct cortex at 1 week were positive for neural stem cell markers such as Sox2+ and nestin+ but 3 months later about
12% of them expressed the mature neuronal marker NeuN+. This finding most likely
reflects neuronal differentiation of the precursors detected in the cortex shortly after
the insult. Finally, stroke-induced cortical neurogenesis can be triggered (Kolb et al.,
2006) or enhanced (Taguchi et al., 2004; Zhang et al., 2006b; Wang et al., 2007;
Ziv et al., 2007) by additional manipulation, e.g., growth factor infusion. It is conceivable
that the high variability in the magnitude of cortical neurogenesis is dependent on the
stroke model and the location, extent and dynamics of the ischemic lesion, and
the resulting differences in cues regulating migration and neuronal differentiation
of the generated cells.

7.3 Stroke-Induced Neurogenesis in Humans
Although it cannot be excluded that local precursors also contribute to the neurogenic response after stroke, available experimental evidence indicates that the SVZ
is the main source of neuroblasts which migrate towards the damage in rodents.
Interestingly, the SVZ in the adult human brain contains neural stem cells (Eriksson
et al., 1998; Sanai et al., 2004; Quinones-Hinojosa et al., 2006) and, similar to
rodents, progenitor cells and neuroblasts reach the olfactory bulb via the rostral
migratory stream to become mature neurons (Curtis et al., 2007). Thus, also in
humans, the reservoir of neural stem cells in the SVZ could potentially produce
new neurons for repair of the stroke-damaged brain. The evidence for strokeinduced neurogenesis in the human brain after stroke is so far based on a limited
number of studies. Consistent with a neurogenic response to human stroke, Macas
et al. (2006) found increased numbers of cells expressing the cell cycle marker
Ki67 in the ipsilateral SVZ and of neural progenitor cells in the parenchyma close
to the ventricular wall. Jin et al. (2006) have reported that cells expressing markers
of cell proliferation and immature neurons, which were preferentially located close
to blood vessels, were found in the area surrounding cortical infarcts. Finally, in an
84-year-old patient who suffered a stroke 1 week prior to death, a large number of
cells expressing neural stem/progenitor cell markers, such as nestin, Sox2, stagespecific embryonic antigen 4, Musashi, and PSA-NCAM were observed around the
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region of infarction, but not in adjacent “healthy” white matter or corresponding
brain areas of the healthy control (Minger et al., 2007).

7.4 Functional Consequences of Stroke-Induced Neurogenesis
For optimum functional restoration, the new neurons which replace those neurons
which have died after stroke should become morphologically and functionally integrated into existing neural circuitries. To what extent the stroke-generated neurons
form afferent and efferent connections is currently unclear. Yamashita et al. (2006)
reported that the axons of the new striatal neurons contain abundant presynaptic
vesicles and form synapses with neighboring cells, indicating some level of integration. A crucial question is whether the new cells develop into neurons with the
functional properties and synaptic connectivity characteristic of those neurons
which they should replace. Due to technical difficulties, it has not yet been possible
to perform electrophysiological recordings on stroke-generated, SVZ-derived cells
expressing neuronal markers. Therefore, it is not known if they really become functional neurons and are synaptically integrated into remaining neural circuitries.
Another important issue is whether the new neurons develop their functional
synaptic connectivity to improve or worsen pathological brain function. For
stroke-generated striatal neurons, it has not been possible to address this question. We have reported that the environmental conditions encountering new neurons, formed from endogenous stem cells in the adult hippocampus, influence the
development of their synaptic connectivity (Jakubs et al., 2006). New dentate
granule cells were generated after a physiological stimulus, i.e., running, or a
brain insult, i.e., status epilepticus, which gave rise to neuronal death and inflammation. The new cells formed in the epileptic brain exhibited functional connectivity consistent with decreased excitability, i.e., reduced excitatory and increased
inhibitory drive. Thus, new neurons born in adult brain exhibit a high degree of
plasticity in their afferent synaptic inputs, which can act to mitigate pathological
brain function.
Circumstantial evidence indicates that endogenous neurogenesis can contribute
to functional recovery after stroke. Spontaneous motor recovery after stroke in rats
occurred over several months concomitantly with striatal neurogenesis (Thored
et al., 2006). Administration of molecules that promote neural proliferation in the
SVZ and striatal neurogenesis after stroke (for references, see Lindvall and Kokaia,
2008) has been reported to be associated with improved functional outcome.
However, with available methods, it is not possible to prove a causal relationship
between neurogenesis and behavioral improvement after stroke. Suppression or
enhancement of stroke-induced neurogenesis through delivery of mitosis inhibitors
or trophic factors, respectively, will also affect other processes. Generation of conditional transgenic mice, in which the newly formed neuroblasts carry a gene for
selective ablation, could solve this problem.
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7.5 Neurogenesis as a Potential Therapeutic
Target After Stroke
When trying to develop novel approaches to stimulate cell replacement from
endogenous precursors, it should be remembered that neurogenesis after stroke is
not just one process but comprises several steps: (1) proliferation of stem/progenitor cells; (2) survival of immature or mature neurons; (3) migration of new neuroblasts to appropriate location; (4) differentiation of new neuroblasts to phenotype
of neurons which need to be replaced; and (5) development of functional synaptic
connectivity counteracting disease symptoms. Our findings of long-term neurogenesis
after stroke provide evidence that the main problem for effectiveness is not insufficient production of new neuroblasts. Therefore, the proliferation step may not be
the most suitable target, but the major emphasis should be put on approaches
improving the survival of the new neurons.
The neurogenesis-modifying drugs should preferably act in either of three different ways: first, by improving the survival of the new neuroblasts or mature
neurons; available data indicate that this could be achieved by the administration,
e.g., of anti-inflammatory agents, caspase inhibitors, or neurotrophic factors;
second, by increasing the migration of the new neurons to the damaged area;
delivery of molecules like SDF-1a could be useful to attract the stroke-generated
neuroblasts; and finally, by stimulating the differentiation of the new neuroblasts
to mature neurons with cortical or striatal phenotype. How this should be achieved
is currently unknown. It is conceivable that, in order to optimize the replacement
of neurons which have died after stroke with new mature neurons, the neurogenesismodifying drugs would have to be administered during several months. Some
drugs may be administered systemically, whereas others have to be delivered
locally, in the vicinity of the ischemic damage. This could be carried out by intracerebral infusion of the protein, injection of a viral vector carrying the therapeutic
gene, or transplantation of encapsulated cells which have been genetically modified to secrete the protein.
It may also be possible to use some of the molecules which promote neurogenesis in animal models of stroke (Lindvall and Kokaia, 2008) in a clinical
setting. It should be pointed out, though, that currently no drugs which specifically act on neurogenesis have been developed. Thus, delivery of these molecules could lead to functional restoration by several mechanisms, e.g., by
promoting the survival and function of the remaining mature neurons. For
example, granulocyte colony-stimulating factor (G-CSF), which is currently
being applied clinically to promote recovery in stroke patients, has been shown
to increase the recruitment of new neuroblasts to the ischemic area of the neocortex in a rodent stroke model (Schneider et al., 2005). The beneficial effects
of G-CSF administration may be due to multiple actions such as protection of
both remaining and new neurons, stimulation of blood vessel formation, and
influences on inflammation (Schabitz and Schneider, 2007). Another factor,
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glial cell line-derived neurotrophic factor (GDNF), has been infused intrastriatally
in patients with Parkinson’s disease. The GDNF protein was shown to have biological effects in the human brain, i.e., to induce sprouting of the remaining
dopaminergic neurons in a Parkinson’s patient (Love et al., 2005). We have
found that similar intrastriatal GDNF infusion in rats increased cell proliferation
in ipsilateral SVZ and recruitment of new neuroblasts into the striatum after
MCAO, and improved survival of new mature neurons (Kobayashi et al., 2006).
Thus, administration of this factor may become of therapeutic value to promote
neuroregenerative responses in stroke patients.

7.6 Clinical Perspectives
To target the adult brain’s own neural stem cells and their progeny in order to promote neurogenesis and functional restoration after stroke would be an exciting,
novel therapeutic strategy. It is a major challenge to determine if and how the reservoir of neural stem cells located in the SVZ could be efficiently recruited for
repair of the stroke-damaged human brain. However, at this stage, our knowledge
about mechanisms regulating neurogenesis after stroke is limited and we do not
understand its functional consequences. Most likely, in order to have a substantial
impact on the recovery after stroke, this potential mechanism for self-repair needs
to be markedly enhanced, primarily by increasing the survival and differentiation
of the generated neuroblasts. It is unlikely, though, that stimulation of neurogenesis
from endogenous stem cells per se could be developed into a competitive clinical
approach and provide optimum repair of the stroke-damaged brain. Such a strategy
probably needs to be combined with transplantation of neural stem cells or their
progeny in the vicinity of the damaged area. For efficient repair, it may also be
necessary to provide the new cells, generated from endogenous and grafted stem
cells, with a platform in the form of synthetic extracellular matrix so that they can
reform appropriate brain structure.
From the present chapter, it should be obvious that much experimental work
remains to be carried out before neurogenesis-based therapeutic approaches could
become a reality in stroke patients. Four different steps can be defined in this roadmap towards the clinic: (1) clarify the mechanisms of neurogenesis from endogenous neural stem cells after stroke; (2) demonstrate that the new neurons are
functionally integrated in the diseased brain and contribute to recovery; (3) optimize degree of behavioral recovery induced by neurogenesis in animal models of
stroke; and (4) select patients for cell therapy and start clinical trials. Close links
between basic and clinical research will be necessary in order to promote effective
progress in this development.
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Chapter 8

Perspectives of “PUFA-GPR40 Signaling”
Crucial for Adult Hippocampal Neurogenesis
Tetsumori Yamashima

Abstract Both cognitive functions and mental health are known to be influenced
by diet, although the underlying mechanisms are not well understood. However,
there is a consensus that the brain responds to changes in the fatty acid composi‑
tion of diet, and that simultaneous changes in neural membrane components occur
to affect membrane fluidity, gene expression and neuronal functions. For polyun‑
saturated fatty acids (PUFA), various functions in the neurons have been proposed
such as lipid storage, membrane synthesis, b-oxidation, enzyme activity and
transcription programs. PUFA have recently emerged as a new class of modulator
for the synaptic transmission and plasticity in the brain. As chaperones, fatty acid
binding proteins (FABP) facilitate the transport of PUFA to specific compartments
in the neurons. Both PUFA and FABP are nowadays known to be major regulators
of adult neurogenesis, and circumstantial evidence implicates adult hippocampal
neurogenesis in learning, memory and emotions. The survival of newborn neurons
is increased by enriched environment and hippocampus-dependent stimuli. The key
molecule that can explain synergistic effects of PUFA and stimuli should be brainderived neurotrophic factor (BDNF), because this molecule is synthesized predomi‑
nantly in hippocampal neurons for the structural remodeling and synaptic plasticity.
In response to exercise, dietary energy restriction, or cognitive stimulation, levels
of BDNF are increased in the hippocampus to promote adult neurogenesis. The
recent discovery that newborn neurons and glia in the primate hippocampus express
the free fatty acid-receptor, G protein-coupled receptor 40 (GPR40), was a minor
breakthrough in the research on adult neurogenesis, because PUFA-GPR40 binding
can lead to BDNF production via activations of cAMP-response element binding
protein (CREB). CREB-dependent gene expression is crucial for a variety of neu‑
ronal functions such as learning, memory and emotions through BDNF synthesis.
GPR40 may be one of the candidates explaining the effects of PUFA upon neuronal

T. Yamashima (*)
Department of Restorative Neurosurgery, Kanazawa University Graduate
School of Medical Science, Takara-machi 13-1, Kanazawa 920-8641, Japan
e-mail: yamashima215@gmail.com
T. Seki et al. (eds.), Neurogenesis in the Adult Brain II: Clinical Implications,
DOI 10.1007/978‑4‑431‑53945‑2_8, © Springer 2011

149

150

T. Yamashima

differentiation and synaptogenesis. By paying special attention to available
evidence of the “PUFA-GPR40 signaling,” this review aims to understand one of
the main cascades of adult neurogenesis.

8.1 Background
Using tritiated thymidine, Joseph Altman (1963) provided autoradiographic evi‑
dence for the generation of new neurons in the dentate gyrus (DG) of the adult rat
hippocampus. Thirty years after this discovery, Seki and Arai (1991, 1993a,b) first
introduced bromodeoxyuridine (BrdU) and polysialylated-neural cell adhesion
molecule (PSA-NCAM) as less time-consuming and more precise markers to label
newborn neurons in the adult brain. BrdU labels only the nucleus of newborn neu‑
rons, while anti-PSA-NCAM antibody can stain the cytoplasm, dendrites and
axons. Owing to these novel markers, research on adult neurogenesis faced a turn‑
ing point by stimulating many investigations using various experimental animals
and paradigms. The mammalian adult neurogenesis has been firmly established
across distinct species, and new neurons were demonstrated to be produced even in
adult humans (Eriksson et al. 1998). Thus, interest in adult neurogenesis has
increased remarkably worldwide in the past decade. The hippocampal neurogenesis
has long been considered to be associated with learning and memory, but nowadays
there is increasing evidence that it is also involved in modulating emotional
responses (Santarelli et al. 2003). One of the most striking features of adult neuro‑
genesis is that this can be up- or downregulated by a variety of environmental,
endocrine or pharmacological factors, and most importantly by diet.
The brain must maintain behavior and thus preserve the underlying circuitry,
whereas it must allow circuits to adapt to environmental challenges. This dilemma
between stability and plasticity is a subject of debate (Abrous et al. 2005). Plasticity
of the brain exists at the levels of dendritic spines, dendrites, and axons, which are
supported by two divergent aspects, i.e., long-term dendrite stability and experi‑
ence-dependent synaptic plasticity (Abrous et al. 2005). To achieve stability and
plasticity, the brain utilizes polyunsaturated fatty acids (PUFA) for the membrane
phospholipid synthesis. However, the signaling mechanisms that influence prolif‑
eration, survival and differentiation of neural progenitors in the adult hippocampus
have not been fully elucidated. PUFA primarily contribute to the membrane synthe‑
sis, and also function as signals for transcriptional networks to modulate gene
expression, growth and survival pathways. Concerning the PUFA control of gene
expression in the brain, the search for PUFA-specific signaling pathways has now
become an important focus in the research on adult neurogenesis. Not only nuclear
transcription factors but also cell surface receptors should act as “sensors” of free
fatty acids (FFA). In addition to the gene transcription, direct effects of PUFA upon
membranes must be considered, particularly in the context of the possible role of
PUFA as a signal messenger (Yamashima 2008).
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Utilizing the human genome database, the G protein-coupled receptors (GPCR)
deorphanizing strategy successfully identified multiple receptors of FFA. G proteincoupled receptor 40 (GPR40), which is preferentially expressed in pancreatic
b-cells, mediates the majority of the effects of FFA on the insulin secretion from
rodents to humans. However, its role in another abundant organ “brain” still remains
completely unknown because of lack of appropriate rodent experiments, as GPR40
is not expressed in the rodent brain (Briscoe et al. 2003; Itoh et al. 2003).
Identification of GPR40 in the neurogenic niche of the adult monkey hippocampus
by the author’s group (Ma et al. 2007, 2008; Yamashima 2008; Boneva and
Yamashima 2011), has led to considerable interest in its function. One answer leads
to another question: why is GPR40 expressed in the newborn neurons and what is
its function? Here, the author would like to review available data supporting the idea
that the PUFA-GPR40 signaling might be crucial for both the activation/phosphory‑
lation of cAMP response element-binding protein (CREB) and changes in brainderived neurotrophic factor (BDNF) expression (Boneva and Yamashima 2011).

8.2 PUFA
At least six categories of PUFA effects on brain functions have been noted to date,
including modifications of (1) membrane fluidity, (2) activity of membrane-bound
enzymes, (3) number and affinity of receptors, (4) function of ion channels, (5)
production and activity of neurotransmitters, and (6) signal transduction which
controls neurotransmitters and neuronal growth factors (Yehuda et al. 2002). The
n-3 fatty acids, such as eicosapentaenoic acid (EPA, [20:5(n-3)]) and docosa‑
hexaenoic acid (DHA, [22:6(n-3)]) and the n-6 fatty acids such as arachidonic acid
[20:4(n-6)], are of particular importance in the nervous system (Beltz et al. 2007).
EPA, DHA, and arachidonic acid can be produced through the elongation and
desaturation of a-linolenic acid [18:3(n-3)a]) and linoleic acid [18:2(n-6)], respec‑
tively (Fig. 8.1). However, the conversion of a-linolenic acid to EPA or DHA is
limited, since about 75% of available a-linolenic acid is shunted to b-oxidation in
mitochondria for ATP synthesis (Brenna 2002). Furthermore, the commercial oils
such as safflower, sunflower, and corn oils, contain very high proportions of lino‑
leic acid. Accordingly, the Western diet using abundant plant oils contributes to
generating larger amounts of arachidonic acid than necessary by consuming the
delta-6 desaturase enzyme. Consequently, its consumption decreases the conver‑
sion of a-linolenic acid to EPA and DHA, because this conversion competes for the
same enzyme converting linoleic acid to arachidonic acid (Wurtman et al. 2009).
The modernization of food manufacturing has dramatically altered the balance of
essential fatty acids in the Western diet (Simopoulos 1991). There has been an
dramatic increase in the intake of n-6 PUFA and a concomitant decrease of n-3
PUFA (Sanders 2000). The difference between n-3 and n-6 fatty acid-derived eico‑
sanoids is that most of the mediators synthesized from EPA and DHA are
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Fig. 8.1 Biosynthetic pathway of unsaturated fatty acids, and their structure. In saturated fatty
acids such as palmitic and stearic acids, all available carbon atom positions are filled. In contrast,
unsaturated fatty acids (UFA) are so-called, because 1–6 carbon atoms are not saturated with
hydrogen atoms. Mono-UFA (MUFA) contain a single carbon double bond, while poly-UFA
(PUFA) contain two or more double bonds. MUFA are n-9 (w-9 or omega-9) oleic acid such as
olive oil, while PUFA are comprised of n-6 linoleic acids such as plant oil and n-3 a-linolenic acid
such as fish oil. UFA are classified by the position of the first double bond from the methyl end
(n) of the fatty acid carbon chain. Linoleic acid can be converted sequentially via a biosynthetic
pathway into other n-6 fatty acids such as g-linolenic acid, dihomogammalinolenic acids (DGLA)
and arachidonic acid. Similarly, a-linolenic acid can be converted into longer chain n-3 fatty acids
such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). But, a-linolenic acid is
not efficiently converted to EPA and DHA in humans. Accordingly, linoleic acid, arachidonic acid,
a-linolenic acid, EPA and DHA must be obtained largely from dietary sources as “essential fatty
acids.” As mammalian cells lack D-15 or D-12 desaturase, they are almost unable to synthesize
these fatty acids de novo. Since conversion of n-3 and n-6 PUFA shares the same series of
enzymes, a competition exists between the n-3 and n-6 series for metabolism with an excess of one
causing a significant decrease in the conversion of the other. Major sources of n-6 fatty acids are
vegetable oils such as corn, safflower and soybean oil, while n-3 fatty acid sources are fish oils
such as sardine, mackerel, salmon and tuna. The dietary supply of fatty acids in the former
days contained a 1:1 ratio of n-6 to n-3 PUFA. However, the present ratio in the Western countries
is greater than 10:1, causing an absolute deficiency of n-3 PUFA. One should note that this is one
of the major causes of cognitive and mental disorders in recent years

a nti-inflammatory, whereas those from arachidonic acid are pro-inflammatory or
show other disease-propagating effects (Schmitz and Ecker 2008). Plasma levels of
the total n-3 PUFA and the n-3/n-6 ratio are significantly lower in the dementia
group, compared with normal elderly controls. In contrast, total n-6 fatty acids are
higher in patients with Alzheimer dementia or cognitive impairment associated
with aging (Conquer et al. 2000). A deficiency of the long-chain n-3 PUFA has
been linked to a variety of diseases including physical diseases such as cancer,
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cardiovascular disease, rheumatoid arthritis, and asthma (Dyall and Michael-Titus
2008). A link was suggested between a high n-3 PUFA intake and a decreased risk
of cognitive decline and dementia in middle and old age groups (Kalmijn et al.
1997a,b, 2004; Johnson and Schaefer 2006), particularly of Alzheimer’s disease in
Western countries (Kalmijn et al. 1997a,b; Grant 1997).
Recently, another important link between n-3 PUFA deficiency and mood disor‑
ders has been suggested. Rodents fed an n-3 PUFA-deficient diet show not only poor
responses in the brightness discrimination, shock avoidance and water maze tasks but
also an increased anxiety in their elevated plus-maze performance (Yamamoto et al.
1987; Umezawa et al. 1995; Frances et al. 1996; Jensen et al. 1996; Moriguchi et al.
2000; Takeuchi et al. 2003; Owada et al. 2006). Epidemiological data suggest that
consumption of n-3 PUFA is inversely correlated to the prevalence and severity of
depression, whereas recent clinical studies provide evidence for the benefits of n-3
PUFA in the treatment of depressive disorders (Freeman et al. 2006; Montgomery and
Richardson 2008; Owen et al. 2008). Over the past 100 years, the intake of linoleic
acid, trans fatty acids and saturated fatty acids has dramatically increased in Western
civilizations, whereas the consumption of n‑3 fatty acids has simultaneously
decreased. This might have explained both the elevated incidence of major depression
in the Western countries and the minimum incidence in Japan (Hibbeln 1998; GómezPinilla 2008). However, in the past 50 years, the consumption of n‑3 fatty acids has
decreased remarkably even in Japan, which, the author speculates, might be one of
the causative factors of major depression (approximately 700,000/year) and suicide
(approximately 30,000/year) recently increasing in this country. For instance, patients
with depression that plays an important role in the epidemiology of suicide, were
reported to have increased from 100,000 (83.1 per 100,000 population) to 430,000
(340.0 per 100,000) between 1984 and 1998 in Japan (Nakao et al. 2008).
Mammalian brain tissues are predominantly composed of lipids including satu‑
rated, monounsaturated, and PUFA. The principal n-3 fatty acid found in the brain
is DHA, and it comprises 10–20% of total fatty acid composition. As PUFA such
as DHA show a kink at the double-bond, this kink facilitates a molecular space for
receptors and/or channels to be interwoven within the membrane phospholipids.
Within the brain tissue, DHA preferentially accumulates in growth cones, synapto‑
somes, astrocytes, myelin, and microsomal and mitochondrial membranes. In syn‑
aptic membranes, DHA accumulates in phosphatidylethanolamine and
phosphatidylserine phospholipids. Because phosphatidylserine plays an important
role in mediating binding of signal transduction proteins with the plasma mem‑
brane, reductions of phosphatidylserine concentrations in the synaptic membrane
would lead to deficits in the growth cone motility and synaptogenesis. Binding of
protein kinase C (PKC) with phosphatidylserine is necessary for the membrane
binding and maximal kinase activity. Then, reductions of phosphatidylserine con‑
centrations in the synaptic membrane would also lead to impairments of the PKC
signaling (McNamara and Carlson 2006).
The combination of fish oil and exercise elevates levels of hippocampal BDNF
and its downstream effectors synapsin I and CREB (Wu et al. 2008). Bousquet et al.
(2009) reported that n-3 PUFA, especially DHA, can enhance the Bdnf mRNA
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expression in the striatum of a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced Parkinsonian mice model. Furthermore, the DHA-induced
improvement of spatial learning ability was associated with increased levels of
pro-BDNF and mature-BDNF in the hippocampus (Wu et al. 2008). In contrast,
BDNF mRNA and protein levels in the hippocampus were decreased in a rat model
with a deficient intake in DHA (Levant et al. 2008). Notably, the DHA effect is
associated with increases not only in BDNF mRNA and protein expression but also
in newborn cells and neurons in the DG, synaptophysin expression in CA3, and the
volume of hippocampus (Venna et al. 2009). In humans, optimized voxel-based
morphometry on high-resolution MRI showed a significant correlation between n-3
PUFA consumption and regional gray-matter volume in amygdala, hippocampus
and anterior cingulate cortex (Conklin et al. 2007). Upregulation of BDNF appears
to be the initial event of the n-3 PUFA effects, then a question emerges as to why
n-3 PUFA is capable of upregulating BDNF. Concerning the DHA-induced BDNF
increment, a few possibilities have been reported: (1) “the action of DHA on
plasma membranes” may activate signaling mechanisms that can result in more
BDNF synthesis; (2) DHA is converted to Neuroprotectin D1, and elevates levels
of BDNF; (3) its antioxidant capacity may reduce oxidative stress that decreases
BDNF; and (4) DHA may help glucose transport across the blood–brain barrier to
provide an energy source for the neurons (Wu et al. 2008). The author speculates
that the possibility of (1) is most important, but at present no one knows in detail
about the action of DHA on plasma membranes.
As DHA is one of the major PUFA involved in the brain and retina (Rouse and
Fleischer 1969), it is considered to be essential for the proper neuronal develop‑
ment and function (McKenna and Campagnoni 1979; Morgan et al. 1981; Minami
et al. 1997). Most of the communications that take place between pairs of neurons
occur at synapses that form between a presynaptic terminal originating on an axon
and the postsynaptic membrane on a dendrite or cell body. Such synapses can
survive for only days to months, and thus must be renewed periodically throughout
the individual’s life span. This continuing synaptogenesis is crucial for both brain
plasticity and the individual’s ability to learn (Wurtman et al. 2009). The forma‑
tion of dendritic spines in the hippocampus is induced by synaptic inputs that
induce long-term potentiation (LTP) in CA1 pyramidal neurons. Synaptogenesis
can be enhanced by the activation of CREB, which induces synapse formation.
DHA, but not arachidonic acid, administered orally to rodents promotes synaptic
membrane synthesis or dendritic spine formation (Sakamoto et al. 2007; Wurtman
et al. 2009). By using transgenic fat-1 mice rich in endogenous n-3 PUFA, He
et al. (2009) showed that increased brain DHA significantly enhances hippocam‑
pal neurogenesis and neuritogenesis, accompanied by a better spatial learning
performance. The effects of DHA on neurogenesis and neuritogenesis have been
explained mainly through two mechanisms: one is modulation of membrane prop‑
erties while the other is regulation of gene expression that is involved in neurogen‑
esis and neuritogenesis (He et al. 2009). First, DHA is a key building material for
membrane synthesis and is esterified into phospholipids of the plasma mem‑
brane bilayer. This significantly alters membrane fluidity, flexibility, permeability,

8

Perspectives of “PUFA-GPR40 Signaling”

155

electrostatic behavior, and/or direct interaction with membrane proteins, and
consequently regulates neurotransmission and signal transduction. Second, DHA
exerts complex changes in the gene expression that is involved in neurogenesis
and neuritogenesis by its interactions with transcriptional factors such as retinoid
X receptor (RXR) (de Urquiza et al. 2000) and peroxisome proliferator-activated
receptor (PPAR) (Göttlicher et al. 1993). For the transport of DHA in the newborn
neurons, Boneva et al. (2011) recently reported that fatty acid binding proteins
(FABP) were preferentially expressed in the newborn astrocytes, but not in the
newborn neurons, within the neurogenesis niche of the adult monkey hippocampus.
Then, DHA alone cannot gain access into the nuclei of newborn neurons of the
primate hippocampus.
Arachidonic acid is mainly derived from meats, egg yolk, and some fish, while
its precursor linoleic acid is widespread in plants and seed oils. Arachidonic acid is
abundant in the brain gray matter and has various physiological functions as
another major component of cell membranes. Release of arachidonic acid from
membrane phospholipids can serve as an intercellular messenger, which may
activate PKC, modulate ion channels, transporters and receptors (Kawasaki et al.
2002; Wang et al. 2006). Arachidonic acid plays a role in generating LTP, presum‑
ably by stimulating tyrosine kinase and then activating phospholipase C (PLC)
(Lynch 1998). In aged animals, there is a decrease in membrane arachidonic acid
concentration especially in the hippocampus, then the decrease in membrane fluid‑
ity occurs simultaneously, which might be expected to adversely affect membrane
function (Lynch 1998). Fluorescent molecules in a small region of the cell are irre‑
versibly photobleached using a high-power laser beam, and subsequent movement
of the surrounding non-bleached fluorescent molecules into the photobleached area
can be recorded with lower laser power. Using such a live cell imaging technique
of fluorescent recovery after photobleaching, Fukaya et al. (2007) demonstrated
that long-term administration of arachidonic acid to senescent rats preserves
membrane fluidity and maintains hippocampal plasticity. Accordingly, water-maze
performance and synaptic plasticity are improved with dietary supplementation of
arachidonic acid in aged rats (Kotani et al. 2003). Administration of arachidonic
acid successfully and dramatically increases adult hippocampal neurogenesis not
only in wild-type but also in Pax6(+/−) rats. Maekawa et al. (2009) explained this
by the following two scenarios. One scenario, although confined to rodents express‑
ing neuronal FABP, is that arachidonic acid itself, being transmitted from FABP3
to nuclear receptor proteins (Veerkamp and Zimmerman 2001), augments prolifera‑
tion of neural progenitor cells by controlling the transcription of cell proliferation
genes. As small intracellular proteins, FABP can gain access into the nucleus and
potentially target fatty acids to transcription factors such as members of the PPAR
family (Furuhashi and Hotamisligil 2008). PPAR coordinates the expression of
proteins that are involved in the uptake, synthesis, transport, storage, degradation
and elimination of lipids (Chawla et al. 2001). The second scenario is that prosta‑
glandin E2 plays an important role in neurogenesis (Uchida et al. 2002), and stimu‑
lates endocannabinoid receptor CB2, as both prostaglandin E2 and endocannabinoids
are metabolites of arachidonic acid.
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8.3 FABP
The precise mechanisms for the role of PUFA in promoting adult neurogenesis
remain unknown. Two possibilities, however, have been considered likely as a
mechanism of PUFA effects on adult neurogenesis. One is that PUFA themselves
augment proliferation of neural progenitor cells, while another is that PUFA, being
transmitted by various FABP to nuclear receptor proteins, control the transcription
of genes related to the cell proliferation. FABP are ~15-kDa intracellular proteins
that bind long-chain fatty acids with high affinity, being expressed in almost all
mammalian tissues (Storch and Corsico 2008). Amino acid sequence homology of
each FABP varies from 20 to 70%; however, they show almost identical threedimensional structures, consisting of a ten-stranded antiparallel b-barrel structure
formed by two orthogonal five-stranded b-sheets (Chmurzynska 2006). The bind‑
ing pocket is located inside the b-barrel, and PUFA is bound to the interior cavity
(Furuhashi and Hotamisligil 2008). Since the discovery of FABP (Ockner et al.
1972), at least nine members of FABP have been identified, and their names have
been assigned according to the tissue where each was first recognized: e.g., liver
(L-), intestinal (I-), heart (H-), adipocyte (A-), epidermal (E-), ileal (Il-), brain (B-),
myelin (M-) and testis (T-) (Furuhashi and Hotamisligil 2008). However, naming
and/or classification after the tissues in which they have been discovered or are
prominently expressed are often misleading (Haunerland and Spener 2004).
Accordingly, a numerical nomenclature for the different FABP genes was recently
introduced; e.g., brain-type FABP (FABP7). Most FABP bind only a single fatty
acid, and many FABP are prominently expressed in a single tissue or cell type, but
heart-type (FABP3) and epidermal-type (FABP5) FABP display a broad tissue
distribution. For example, the brain most abundantly expresses at least three differ‑
ent FABP, i.e., FABP3, -5 and -7.
FABP3 (also known as H-FABP) is abundant in the myocardium, and has been
isolated from a wide range of tissues including brain, skeletal muscle, renal cortex,
lung, testis, aorta, adrenal gland, mammary gland, placenta, ovary, and brown adipose
tissue (Zanotti 1999; Chmurzynska 2006). FABP5 (also known as E-FABP) is abun‑
dantly expressed in epidermal cells of the skin, and also in other tissues such as brain,
tongue, adipose tissue, mammary gland, kidney, liver, lung, and testis (Makowski and
Hotamisligil 2005; Chmurzynska 2006; Rolph et al. 2006). FABP5 is expressed in
astrocytes and glia of the prenatal and perinatal brain, and, unlike FABP7, also in
neurons (Veerkamp and Zimmerman 2001). Neurons of the gray matter express
FABP3 and FABP5 but not FABP7. FABP7 (also known as B-FABP) is strongly
expressed in radial glia cells of the developing brain, especially in the pre-perinatal
stage, but the expression decreases as differentiation progresses (Feng et al. 1994).
FABP7 is distinguished from other FABP by its strong affinity for n-3 PUFA, in par‑
ticular DHA (Xu et al. 1996). FABP3, 5 and 7 bind fatty acids and, additionally,
retinoids and eicosanoids (Schaap et al. 2002). In the primate hippocampus, intrigu‑
ingly, all of the FABP3, 5 and 7 were expressed not in neurons but in the newborn
glia surrounding the newborn neurons (Fig. 8.2) (Boneva et al. 2011).
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FABP have various functions such as the promotion of cellular uptake and
transport of fatty acids toward mitochondrial b-oxidation systems, cell membrane
synthesis, and participation in the regulation of gene expression and cell growth
(Fig. 8.2) (Haunerland and Spener 2004). Many of the effects of n-3 and n-6 fatty
acids are exerted through altered gene expression, although n-3 fatty acids are more
potent than n-6 fatty acids. Nuclear receptors are a family of fatty acid-activated
transcription factors that control several genes of fatty acid synthesis or degradation
and inflammatory signaling. As these nuclear receptors are part of the family of
steroid hormone receptors, called nuclear hormone receptors (NHR). NHR involve
farnesoid X receptor (FXR), liver X receptor (LXR), nuclear factor kB (NFkB),
PPAR, RXR, and sterol regulatory element binding protein 1c (SREBP-1c). Upon
ligand binding, NHR undergo a conformational change that dissociates corepres‑
sors and facilitates recruitment of coactivator proteins to enable transcriptional

Fig. 8.2 Role of FABP in the neurogenesis niche of adult primates. Left Schematic drawing of
the role of FABP in the neurogenic niche of the subgranular zone (SGZ) of adult primates. FABP
in the newborn astrocytes (As) conceivably contribute to the transport of PUFA from the blood
vessel (BV) to the neuronal progenitor cells (NPC). With the aid of PUFA being supplied by FABP
of the surrounding astrocytes, NPC can proliferate in the subgranular zone (SGZ), migrate into the
granule cell layer (GCL), and make synaptic connections with pre-existing mature granular cells
(cited from Boneva et al. 2011). Right PUFA, transported by FABP, contribute to the cell mem‑
brane synthesis, ATP production and nuclear signaling especially in the astrocytes. In the primate
neurons, however, because of the lack of FABP and presence of GPR40, PUFA bind with the
surface GPR40 receptor to trigger the intrinsic pathways leading to the activation of cAMP
response element-binding protein (CREB)

158

T. Yamashima

activation (Schmitz and Ecker 2008). Astrocytes are known to regulate the number
of structurally mature, functional synapses and are necessary to maintain synaptic
stability (Ullian et al. 2001). In view of the expression and localization of FABP
confined to cells of astrocyte lineage (Owada et al. 1996; Boneva et al. 2011), it
remains to be elucidated how FABP in astrocytes eventually affect neuronal synap‑
tic activity. PPAR in astrocytes is a ligand-activated transcription factor that het‑
erodimerizes with RXR. Both PPAR and RXR in astrocytes can modulate
expression of genes involved in lipid metabolism (Cristiano et al. 2005). FABPmediated intracellular transport of PUFA into PPAR may be closely related to the
activation process of PPAR–RXR, thereby regulating expression of the lipid metab‑
olism gene. Then, the resultant alteration of lipid environment in the astrocytes may
eventually influence neuronal synapses.
Despite many studies, the precise functions of each FABP have thus far not been
fully explored. FABP7 exhibits high binding affinity for n-3 PUFA, such as DHA,
EPA and a-linolenic acid, and for monounsaturated n-9 oleic acid over n-6 PUFA
(Balendiran et al. 2000). In contrast to other FABP, FABP7 has a 40-fold greater
affinity for DHA than for arachidonic acid (Xu et al. 1996), which suggests a spe‑
cific role for FABP7 in DHA metabolism. Although histological changes were not
detected in the brain, the FABP7-knockout mice showed enhanced anxiety and
impaired fear memory as well as decreased (~4%) content of DHA in the neonatal
brain compared to the wild-type mice. The impaired fear memory and increased
anxiety should be related eventually to the changes in the neuronal synaptic activity
through N-methyl-d-aspartate (NMDA) receptors. There was a significant decrease
of DHA-induced enhancement of NMDA-induced cation current in hippocampal
neurons disassociated from these FABP7-knockout mice compared to the wild-type
mice (Owada et al. 2006). Such a modulatory effect of DHA is thought to be exerted
by altering the lipid environment of NMDA receptor (Nishikawa et al. 1994).
A startle response to an unexpected, strong stimulus can be suppressed by an
immediately-preceding low-intensity stimulus, thereby eliciting little on no behav‑
ioral response. This phenomenon, called “prepulse inhibition,” has been observed
in all mammals which have been tested to date, and is known to be diminished in
human schizophrenic patients (Watanabe et al. 2007). FABP7-deficient mice
showed a decreased prepulse inhibition and a shortened startle response latency,
which are typical of proposed effects of the chromosome 10-quantitative trait loci
analysis. Furthermore, FABP7-deficient mice showed a decreased adult neurogen‑
esis in the hippocampus, and schizophrenic patients showed upregulation of Fabp7
mRNA in brains. Accordingly, it is possible that disturbance of FABP7-mediated
essential fatty acid metabolism and signaling in the developing brain may be one
risk factor in the occurrence of schizophrenia, with a greater effect in males
(Watanabe et al. 2007). Gerstner et al. (2008) showed abundant Fabp7 mRNA
accumulation in the nestin-positive precursor cells in the SGZ of adult mice.
Interestingly, higher levels of Fabp7 were evident during lights-on. In adult
monkeys after ischemia showing an increased hippocampal neurogenesis, FABP7
was most frequently expressed in the S-100b-positive astrocytes and nestin-positive
neural progenitors, but not in bIII-tubulin- or PSA-NCAM-positive newborn
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n eurons. These results support a role of astrocyte- and/or neural progenitor-derived
FABP7 as a component of the molecular machine regulating the neurogenesis niche
in the adult brain (Fig. 8.2) (Boneva et al. 2011). However, the mechanism of
FABP7 action upon newborn neurons should be distinct between rodents and
primates.

8.4 GPR40
Much vertebrate physiology is based on the signal transduction of GPCR; a family
of seven-transmembrane-helix, heterotrimeric guanine nucleotide-binding proteins.
These receptors are among the essential nodes of communication between the inter‑
nal and external environments of cells across the plasma membrane. GPCR are
responsible for the transmission of extracellular signals to intracellular responses
by diverse stimuli such as hormones, neurotransmitters and environmental stimu‑
lants (Bockaert and Pin 1999; Maller 2003; Rosenbaum et al. 2009). Signaling by
GPCR is ubiquitous in the brain and retina, and includes many neurotransmitter and
channel signaling pathways that are related to cognitive function, vision, taste, and
odor (Salem et al. 2001; Niu et al. 2004). Despite intensive research over the past
three decades, little is known about GPCR function. GPR40 had been one of the
orphan (that is, its ligands being unidentified) GPCR that were isolated originally
from a human genomic DNA fragment (Sawzdargo et al. 1997). Sawzdargo et al.
(1997) first identified GPR40–43 in a search for novel human galanin receptor
subtypes, using human genomic DNA as a template and sets of degenerate primers
based on conserved sequences in human and rat galanin receptors. Subsequently,
three independent groups identified almost simultaneously long-chain saturated
and unsaturated fatty acids as ligands for GPR40 (Briscoe et al. 2003; Itoh et al.
2003; Kotarsky et al. 2003). A variety of fatty acids were found to act agonistically
at GPR40 in the micromolar concentration range. Molecular analysis of Gpr40
mRNA in the human tissues revealed ubiquitous distribution with the highest
expression in the brain, and next in the pancreas (Briscoe et al. 2003). Recently,
understanding of the functions of the GPR40 and their potential mechanisms of
action has begun to emerge especially in the pancreas. As GPR40 was found to be
enriched 2- to 100-fold in the pancreatic islets as compared with the whole pancreas
tissue (Briscoe et al. 2003), it should be related to the insulin secretion. Itoh et al.
(2003) demonstrated that long-chain fatty acids amplify glucose-stimulated insulin
secretion from pancreatic b-cells by activating GPR40.
In contrast, the role of GPR40 in the brain still remains almost unknown,
although Gpr40 mRNA (Briscoe et al. 2003) and GPR40 proteins (Ma et al. 2007)
were ubiquitously expressed in the CNS. One hypothesis is that brain GPR40 acts
as the target receptor for FFA, and regulates neural functions such as the lipidsensing mechanism in the hypothalamus and the control of energy balance (Obici
et al. 2002; Lam et al. 2005; Pocai et al. 2006). As Lam et al. (2005) stated, it is
probable that selective regions of the brain including the hypothalamus can function
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as a sensor of nutrient (for instance, glucose and lipids) availability that can integrate
multiple nutritional and hormonal signals, and complementary fatty acid-sensing
mechanisms may also operate within the CNS. It is possible that GPR40, being
expressed in neurons of the hypothalamus, hippocampus, etc. (Ma et al. 2007,
2008), might function as a sensor of circulating FFA (Fig. 8.2). Although direct
evidence for the in vivo PUFA-protein interaction is limited, there is a representa‑
tive interaction between PUFA and GPCR. Briscoe et al. (2003) studied pEC50
values of fatty acids in HEK293 cells stably expressing human GPR40. Notably,
DHA shows a pEC50 of 5.37 for GPR40 while for arachidonic acid it is 4.92.
Rhodopsin is one of GPCR responsible for sensing light in the retina. DHA forms
tight associations with rhodopsin, weakening its interhelical packaging and thus
effecting its stability and enhancing its kinetics (Schmitz and Ecker 2008).
GPR40 is coupled to Gaq, which results in the activation of PLC (Hardy et al.
2005) and subsequent increases in the intracellular Ca2+ concentration ([Ca2+]i)
(Itoh et al. 2003). In pancreatic b cells, long-chain FFA serve as secondary stimuli
to glucose because they are ineffective alone, but increase insulin release in the
presence of elevated glucose. GPR40 mediates the increase in [Ca2+]i and insulin
secretion through the Gaq-PLC pathway in b cells, which results in internal mobili‑
zation of Ca2+ from the endoplasmic reticulum (ER) and leads to increment of Ca2+
influx via voltage-dependent L-type Ca2+ channels (LTCC) (Shapiro et al. 2005).
As newborn cells in the SGZ of the primate hippocampus also express abundant
GPR40 (Fig. 8.3) (Ma et al. 2008; Yamashima 2008), PUFA-GPR40 signaling
might be implicated in adult neurogenesis. By reconstructing pEGFP-N1 vectorexpressing Gpr40 gene in cultured rat neural stem cells, Ma et al. (2010) recently
demonstrated that DHA can induce neuronal differentiation, neurite growth and
branching of adult rat stem cells partly through GPR40. They also showed that
DHA/GPR40 can induce the PLC/IP3 signaling pathway to modulate intracellular
Ca2+ mobilization independent of extracellular Ca2+ concentration. Furthermore, the
author’s group has recently confirmed that bone marrow-derived mesenchymal
stem cells positive for GPR40 can proliferate with the aid of b-FGF, and subse‑
quently differentiate into immature neurons with the aid of DHA (Kaplamadzhiev
et al. 2010). Interestingly, in the primate hippocampus, GPR40 expression in the
newborn neurons was initially seen in the cytoplasm, dendrites and synaptic but‑
tons, but after maturation it was transferred to the nucleus and perinuclear cyto‑
plasm (Fig. 8.3). A considerable downregulation of GPR40 receptor expression was
found along with neuronal differentiation of the bone marrow-derived mesenchy‑
mal stem cells when DHA was applied. The transfer of the membrane surface
receptor after activation has been called “receptor internalization” (Freedman and
Lefkowitz 1996; Ferguson et al. 1996; Goodman et al. 1996; Pierce and Lefkowitz
2001; Marchese et al. 2008), and this was thought to be characteristic of GPCR.
Rapid desensitization and receptor trafficking are well known to occur for tightly
controlling the temporal and spatial regulation of GPCR signaling. As so-called
“receptor internalization” was confirmed in GPR40-positive immature and mature
neurons of both in vivo and in vitro experimental paradigms (Ma et al. 2008;
Yamashima 2008; Kaplamadzhiev et al. 2010; Boneva and Yamashima 2011), the
implication of GPR40 for adult neurogenesis is highly probable.
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Fig. 8.3 GPR40 expression in the normal and post-ischemic monkey hippocampus. Upper (a–c)
Double-staining for GPR40 (green) and PSA-NCAM (red), bIII-tubulin (red), or doublecortin
(DCX) (red), shows GPR40 immunoreactivity in the PSA-NCAM (a), bIII-tubulin (b) and DCX
(c) positive newborn neurons in the SGZ (arrow) of the control monkeys. Lower (d1–d3)
Double-staining for PSA-NCAM (red) and GPR40 (green) of the control (d1) and post-ischemic
day 9 (d2) or day 15 (d3) shows that PSA-NCAM/GPR40 double-positive newborn neurons
increased significantly within the SGZ after transient global ischemia. Please, note that in both
non-ischemic (a, b, c, d1) and post-ischemic (d2, d3) states, newborn neurons show GPR40
immunoreactivity in the cytoplasm, dendrites and synaptic buttons, whereas the mature granular
neurons show it especially in the nuclei and perinuclear cytoplasm. This, so-called “receptor
internalization” is generally characteristic for GPCR. Scale bars 20 mm (a, b, c); 50 mm
(d1–d3). Right lower Increment of GPR40 expression in the SGZ after ischemia. Western blot‑
ting with densitometric quantitative analysis shows that upregulation of GPR40 occurs in the first
2 weeks after ischemia, being maximal on day 15 (d15). C, Non-ischemic control; Pan, pancreas
as a positive control for GPR40 (cited from Ma et al. 2008)

8.5 CREB
The CREB, being localized within the nucleus, is a leucine zipper transcription
factor critical for stimulus-transcription coupling, which transmits signals at the
cell membrane to alter gene expression. Altering gene expression affects the func‑
tion of neurons and neuronal circuits by regulating multiple proteins including
BDNF, etc. Expression of these CREB targets might be region-specific; each
protein is not necessarily expressed in all areas of the brain. Both CREB and
cAMP-response element (CRE)-mediated gene expression are important in devel‑
opment, survival and differentiation of neurons, and are involved in learning and
memory, and synaptic transmission (Lonze and Ginty 2002; Carlezon et al. 2005;
Kitagawa 2007). CREB affects learning and memory processes, because they are
crucial mediators of experience-based neuroadaptations. The mechanisms that
underlie the ability of CREB to facilitate memory involve processes such as the
induction of LTP or depression of synaptic strength, the growth and formation of

162

T. Yamashima

new synaptic connections, or protein synthesis-dependent processes being involved
in the retrieval and reconsolidation of memory (Carlezon et al. 2005). Numerous
signaling pathways, such as adenylate cyclase (AC) and cAMP, Ca2+ and calmodu‑
lin, and MAPK, are involved in transmitting information initiated by membrane
receptor-mediated actions to the CREB within the nucleus (Carlezon et al. 2005).
Binding of neurotransmitters and neurotrophins to the membrane receptors such as
TrkB, AMPA receptors, NMDA receptors and GPCR, triggers intracellular signal‑
ing cascades that culminate in CREB phosphorylation.
Zhu et al. (2004) found that activation of CREB is responsible for recruiting new
neurons into the dentate circuits of adult rats that have been subjected to cerebral
ischemic stroke. Expression of a constitutively-active CREB, VP16-CREB, using
pSFV-based gene expression vector facilitated survival of newly-generated granule
neurons in the DG of adult rats. As the increased number of new neurons induced
by VP16-CREB was similar to that induced by ischemic injury, Zhu et al. (2004)
suggested that CREB activation fulfills a necessary and sufficient condition for
ischemia-induced neurogenesis in the DG of adult rats. Specific gene targets must
underlie the induction of neurogenesis by CREB. It is likely that the common final
event of both CREB activation- and ischemia-induced neurogenesis is upregulation
of BDNF. Both CREB activation-induced neurogenesis of adult rats (Zhu et al.
2004) and ischemia-induced neurogenesis of adult monkeys (Yamashima et al.
2004) correlate with upregulation of BDNF and increased neurogenesis in the DG.
Intriguingly, CREB-dependent expression of BDNF is also elevated by exercise and
spatial learning (Tokuyama et al. 2000) as well as by antidepressants (WarnerSchmidt and Duman 2006). Adult neurogenesis in the DG is well known to be
upregulated not only by stress, exercise and learning but also by antidepressants
(Sairanen et al. 2005) or dietary restriction (Lee et al. 2000, 2002a,b). Antidepressant
treatments in humans increase the expression of BDNF in the hippocampus (Nibuya
et al. 1995). Nakagawa et al. (2002) found that chronic administration of fluoxetine,
a serotonin-selective reuptake inhibiting antidepressant that is known to increase
pCREB in the adult hippocampus (Thome et al. 2000), also increases the survival
of BrdU-labeled newborn cells. Increases in BDNF activity within the hippocampus
can stimulate processes such as dendritic sprouting and neurogenesis. Then, these
five conditions (stress, exercise, learning, antidepressant, and dietary restriction)
may share a common mechanism of action in increasing the number of newlygenerated dentate cells, and the common factor might be BDNF signaling
(Tokuyama et al. 2000; Lee et al. 2000, 2002a,b; Zhu et al. 2004; Yamashima et al.
2004; Sairanen et al. 2005; Warner-Schmidt and Duman 2006).
CREB is activated by various physiological stimuli and plays important roles in
many biological processes (Lonze and Ginty 2002; Johannessen et al. 2004).
Bioamine (dopamine, serotonin, and norepinephrine)-induced CREB activation is
dependent on Gas-coupled bioamine receptors through an AC-cAMP-dependent
protein kinase A (PKA) signaling pathway. One of the signaling pathways also
regulated by antidepressants that increase synaptic levels of serotonin and
norepinephrine is the cAMP–CREB cascade (Warner-Schmidt and Duman 2006).
PLC hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) (Rebecchi and
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Pentyala, 2000; Rhee 2001) to generate two second messengers; one is inositol
1,4,5-trisphosphate (IP3) which releases Ca2+ from ER and/or mitochondria, while
the other is diacylglycerol (DAG) which acts together with Ca2+ to activate PKC
(Berridge and Irvine 1984, 1989). Although very little is known about the GaqCREB pathway, Thonberg et al. (2002) suggested that Gaq can activate CREB in
cultured adipocytes through the PKC signaling pathway. Also in cultured neurons,
Mao et al. (2007) confirmed PKC-regulated CREB phosphorylation. Furthermore,
in vivo experimental paradigms, Suo et al. (2006) demonstrated that an amine neu‑
rotransmitter can activate CREB through Gaq, using a CRE reporter and reverse
genetic approaches in Caenorhabditis elegans. Using rat neural stem cells primarily
devoid of GPR40, Ma et al. (2010) have very recently confirmed that the DHAinduced neuronal differentiation of GPR40 gene-transfected cells occur by the
activation of Gaq.

Fig. 8.4 A possible “PUFA-GPR40 signaling” cascade. The mechanism involves a signal trans‑
duction cascade that includes binding of certain PUFA with GPR40, activation of the GPR40
receptor, Gaq-mediated activation of phospholipase C (PLC), breakdown of phosphatidylinositol
4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3), Ca2+
release from the endoplasmic reticulum (ER), and activations of cAMP-dependent protein kinase
A (PKA) and Ca2+/calmodulin-dependent protein kinases (CaMK) IV. Lastly, activations of PKA
and CaMKIV increase phosphorylation of CREB and expression of BDNF by stimulation of gene
expression. Inset (cited from He et al. 2009): n-3 PUFA increase the spine density in CA1 pyra‑
midal neurons, and this is mediated by BDNF
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In brain neurons, CREB phosphorylation occurs under a wide variety of external
stimuli that include (1) growth factors during development, (2) depolarization and
synaptic activity during normal neuronal function, and (3) hypoxia and stress
during ischemic or traumatic injuries (Lonze and Ginty 2002). However, this
characteristic implicates CREB as a key participant in biological phenomena such
as BDNF production. Presumably, through the common final CREB-BDNF
activation, diverse stimuli such as stress, learning, exercise, enriched environment,
etc. can independently result in upregulation of adult neurogenesis. In hippocampal
neurogenesis, the ability of newborn neurons to communicate with their environ‑
ment, by converging onto nuclear transcription factors and expressing new appro‑
priate genes, is critical for ensuring their survival, proliferation and differentiation
of developing neurons. In the rat frontal cortex, Rao et al. (2007) demonstrated that
dietary n-3 PUFA can influence DHA level, phosphorylated p38 MAPK activity
and CREB-DNA binding activity to regulate BDNF expression. The author would
like to suggest that CREB phosphorylation with the resultant BDNF synthesis can
be induced also by “PUFA-GPR40 signaling” (Fig. 8.4). It is possible that PUFA,
GPR40, pCREB and BDNF may be engaged in the same signaling pathway to
promote neuronal maturation and plasticity in the adult neurogenic niche of
primates (Boneva and Yamashima 2011).

8.6 BDNF
Neurotrophic factors (neurotrophins) are extracellular signaling molecules that are
crucial not only in the developing brain but also in the adult brain. The multiple
neurotrophic factors play pivotal roles for finely regulating all the stages of adult
hippocampal neurogenesis. Among several classes of neurotrophic factors includ‑
ing BDNF, neurotrophin-3 (NT-3), NT-4/5, ciliary neurotrophic factor (CNTF), and
NGF, BDNF is most peculiar for enhancing survival of newborn neurons (Balu and
Lucki 2009). Chronic administration of BDNF directly into the hippocampus
increased neurogenesis of granule cells (Scharfman et al. 2005). Furthermore,
BDNF contributes to adult hippocampal neurogenesis by promoting effects of an
enriched environment (Kempermann et al. 1997, 1998; Rossi et al. 2006), exercise
(van Praag et al. 1999, 2002), dietary restriction (Lee et al. 2002b), and antidepres‑
sants (Sairanen et al. 2005). For example, a reduction in calorie intake of 30–40%
increases adult hippocampal neurogenesis in rodents, and this effect is partly medi‑
ated by BDNF (Lee et al. 2002a,b). Flavonoids, which are enriched in foods such
as cocoa and blueberries, have been shown to increase hippocampal neurogenesis
in chronically-stressed rats (An et al., 2008). Williams et al. (2008) have identified
BDNF as a potential mediator of the effect of flavonoids on cognition. Stress
decreases expression of BDNF to cause depression or mood disorders, whereas
antidepressants increase BDNF expression (Duman and Monteggia 2006).
Coincidentally, adult hippocampal neurogenesis is decreased in stressed animals,
whereas it is increased in antidepressant-treated animals (Warner-Schmidt and
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Duman 2006). This correlation suggests a pivotal role of BDNF in cognition, mood,
and neuroplasticity.
The neurotrophin tyrosine kinase receptor type 2 (TrkB) is critical for diverse
functions of the mammalian nervous system in health and disease as a neurotrophin
receptor. TrkB serves an important role not only in the neuronal survival and dif‑
ferentiation but also in the synaptic structure, function, and plasticity (McAllister
et al. 1999; Poo 2001). Neurotrophins that activate TrkB include NT-4 and the
prototypic ligand, BDNF. These ligands bind with the ectodomain of TrkB to
induce its activation by dimerization, increased intrinsic kinase activity, autophos‑
phorylation of the receptor, and initiation of downstream signaling pathways
(Huang and Reichardt 2003). BDNF-TrkB signaling should induce local synthesis
of proteins important for spine growth and plasticity within and/or underneath the
stimulated spines. Then, these locally-synthesized proteins presumably promote
actin dynamics and AMPA receptor trafficking in the stimulated spines, which
leads to growth of spine heads and formation of stable LTP (An et al. 2008,
Waterhouse and Xu 2009).
The brain produces two BDNF transcripts, with either short or long 3¢untrans‑
lated regions (3¢UTR). The short and long 3¢UTR Bdnf mRNAs are involved in
different cellular functions; the former being restricted to somata, the latter to den‑
drites. Bdnf mRNA containing the same coding sequence but distinct 3¢UTR can
have distinct physiological functions because of their selective subcellular localiza‑
tion and translation. Translation of the short Bdnf mRNA may produce BDNF
protein required for the neuronal survival and maintenance in the soma, whereas
that of the long Bdnf mRNA may regulate synaptic structure and function in den‑
drites (An et al. 2008). Most dendritically-translated BDNF are secreted as proBDNF, and converted to mature-BDNF by tissue plasminogen activator (Pang et al.
2004) or matrix metalloproteinases (Lee et al. 2001). Since these proteases are
secreted from stimulated spines (Lochner et al. 2006; Lu et al. 2008), the conver‑
sion of pro-BDNF to mature BDNF is limited to the stimulated spines to activate
TrkB on these spines in an autocrine manner (An et al. 2008). Long-lasting synaptic
changes in transmission and morphology, require delivery of newly-synthesized
BDNF to affected synapses (Fig. 8.4). A single BDNF protein being produced from
several mRNA variants, has a different subcellular localization; soma, proximal or
distal dendrites. This may represent a spatial code for the local control of BDNF
availability to achieve synaptic plasticity in relation to neuronal development, and
to learning and memory (Tongiorgi 2008).

8.7 Conclusion
Our understanding of the role of “PUFA-GPR40 signaling” in adult neurogenesis
is still at an early stage. What are the main signal transduction pathways that control
adult neurogenesis? Keeping an open mind to the role of GPR40 signaling in the
neurogenic niche, we should be cautious about the possible role of PUFA in adult
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neurogenesis. Ultimately, intimate knowledge of the PUFA-GPR40-CREB-BDNF
signaling cascade would provide precise pharmacological and cellular interventions
to manipulate the process, resulting in specific treatments to repair the damaged
brain. Additional studies are necessary to further define the role of the PUFA/
GPR40 signaling pathways in adult hippocampal neurogenesis.
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Chapter 9

Adult Neurogenesis and Neuronal Subtype
Specification in the Neocortex*
Noriyuki Kishi, U. Shivraj Sohur, Jason G. Emsley,
and Jeffrey D. Macklis

Abstract It was long believed that the adult central nervous system (CNS) was
incapable of generating new neurons or having neurons added to its post-mitotic
circuitry. However, recent development of new experimental techniques and
approaches has shown that the adult brain contains neural precursors (sometimes
termed “neural stem cells”; comprising partially heterogeneous, fate-restricted
progenitors plus theoretical primitive totipotent CNS “stem cells”) that are capable
of generating new neurons, astroglia, and oligodendroglia. Understanding the
specific controls over the generation of the wide diversity of neuronal subtypes
(both projection neurons and local circuit interneurons), each with specific projection/
efferent targets, afferent connectivity, functions, and neurotransmitters will be critical, as
the field advances, toward directed and controlled differentiation of neural precursors,
and toward potential cellular circuit repair for specific nervous system degenerative and
acquired diseases of specific neuronal circuitry.
In this review, we provide an overview of prior work on induced neurogenesis
in the adult neocortex from endogenous multipotent precursors, and also discuss
emerging knowledge regarding a “molecular logic” of combinational moleculargenetic controls over projection neuron subtype specification and differentiation in
the developing neocortex. Together, this developmental and regenerative biology –
the earlier “proof-of-concept” experiments on induction of neurogenesis, plus the
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newly and rapidly developing knowledge of pre- and post-mitotic cell-intrinsic
transcriptional controls and cell-extrinsic peptide/growth factor controls over
subtype specification, differentiation, and connectivity of disease-vulnerable circuit
neurons – provides a roadmap toward potential future functional circuit repair of
specific projection neuron circuitry of the adult neocortex.

9.1 Introduction
Over most of the past century of modern neuroscience, it was thought that the adult
brain was incapable of generating new neurons or having neurons added to its
complex circuitry. However, the recent development of new experimental tech‑
niques and approaches has resulted in an explosion of research demonstrating that
neurogenesis, the birth of new neurons, constitutively occurs (as described earlier
in this volume) at significant levels in two specific regions of the adult mammalian
brain: olfactory bulb and hippocampal dentate gyrus. This olfactory bulb and dentate
gyrus adult neurogenesis has demonstrated theoretical roles in learning and
response to novelty (Magavi et al., 2005; Aimone et al., 2006; Kee et al., 2007).
Intriguingly, however, there are significant numbers of multipotent neural precursors,
or “stem cells” (diverse populations of neural precursors are often termed “neural
stem cells”, though many types of data indicate that these are quite heterogeneous
by region and developmental stage), in many parts of the adult mammalian brain
(Altman and Das, 1965; Altman, 1969; Reynolds and Weiss, 1992; Lois and
Alvarez-Buylla, 1993; Palmer et al., 1995; McKay, 1997; Gage, 2000; van der
Kooy and Weiss, 2000; Alvarez-Buylla et al., 2001).
The rise of neural precursor cell biology, dramatically increasing knowledge of
developmental and adult neurogenesis, and building evidence that neurogenesis can
be induced (albeit so far relatively crudely) in normally non-neurogenic regions
(Magavi et al., 2000; Scharff et al., 2000; Arvidsson et al., 2002; Nakatomi et al.,
2002; Parent et al., 2002; Emsley et al., 2005; Sohur et al., 2006; Brill et al., 2009)
increasingly support the idea of cellular replacement strategies to treat diseases of
the brain. The idea of ‘making new neurons’ is appealing for neurodegenerative
diseases, or selective neuronal loss associated with some acquired disorders. One
goal of neural precursor biology is to learn from this regionally limited, constitutive
neurogenesis how to manipulate neural precursors toward therapeutic neuronal or
glial repopulation. Elucidation of the relevant molecular controls might allow both
the control over transplanted precursor cells and the development of neuronal
replacement therapies based on the recruitment of endogenous cells.
Unlike other tissues, there are thousands of intermixed neuronal subtypes in the
mammalian CNS, hundreds in the cerebral cortex alone. During the development of
the CNS, neural precursors undergo precise stepwise differentiation to ultimately
produce the complex variety of neuronal subtypes that populate the mature brain.
Morphologically, neurons are divided into two broad categories: (1) projection neurons,
which extend axons to distant target areas, and (2) interneurons, which make local
connections. Projection neurons and interneurons are further subclassified by location,

9

Adult Neurogenesis and Neuronal Subtype Specification in the Neocortex

175

neurotransmitter production or sensitivity, electrophysiological characteristics, and
axonal connectivity and neuronal circuits within which they send projections.
Therefore, at least in the CNS, repair of diseased brain circuitry would require
rebuilding and re-establishing new and appropriate circuitry, instead of simply replacing
diseased neurons with new “genetic” neurons without correct connectivity and
function. Thus, subtype specificity and connectivity are critically important.
In this chapter, we will provide a brief overview of prior work on induced
neurogenesis in the adult neocortex from endogenous multipotent precursors, and
also discuss emerging knowledge regarding a “molecular logic” of combinational
molecular-genetic controls over projection neuron subtype specification and
differentiation in the developing neocortex.

9.2 Adult Neurogenesis: Historical Perspective
Ramon y Cajal has been widely quoted as writing that “in the adult centres the
nerve paths are something fixed, ended and immutable. Everything may die, nothing
may be regenerated.” The relative lack of recovery from CNS injury and neurode‑
generative disease, and the relatively subtle and extremely limited distribution of
neurogenesis in the adult mammalian brain resulted in the entire field reaching the
conclusion that neurogenesis does not occur in the adult mammalian brain. Joseph
Altman and colleagues were the first to use techniques sensitive enough to detect
the ongoing cell division that occurs in select areas of the adult mammalian brain.
Using tritiated thymidine as a mitotic label, they published evidence that neurogenesis
constitutively occurs in the hippocampus (Altman and Das, 1965) and olfactory
bulb (Altman, 1969) of the adult mammalian brain. However, the absence of
neuron-specific immunocytochemical markers at the time resulted in identification
of putatively newborn neurons being made on purely morphological criteria. These
limitations led to a widespread lack of acceptance of these results, and made
research in the field difficult.
The field of adult neurogenesis was rekindled in 1992, when it was shown that
precursor cells isolated from the forebrain can differentiate into neurons in vitro
(Reynolds and Weiss, 1992; Richards et al., 1992). These results and technical
advances such as the development of immunocytochemical reagents that could
more easily and accurately identify the phenotype of various neural cells, led to an
explosion of research in the field. Normally occurring neurogenesis in the subven‑
tricular zone (SVZ)/olfactory bulb and the dentate gyrus subregion of the
hippocampus have now been well characterized in the adult mammalian brain.

9.3 Controversy on Adult Neurogenesis in the Neocortex
The vast majority of studies investigating potential neurogenesis in the neocortex of
the well-studied rodent brain do not report normally occurring adult cortical neuro‑
genesis. Rigorous studies employing serial-section analysis and three-dimensional
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confocal reconstruction demonstrate a complete absence of constitutively occurring
neurogenesis in the murine neocortex (Magavi et al., 2000; Ehninger and Kempermann,
2003; Chen et al., 2004). These experiments provide evidence that satellite glial cells,
closely apposed to neurons in normal neocortex, could be mistakenly interpreted as
adult-born neurons when, in fact, a newborn glial cell overlies a pre-existent neuronal
nucleus. However, a few studies report low level constitutively occurring neurogenesis
in specific regions of the neocortex of adult primates (Gould et al., 1999a, 2001) and
in the visual cortex of adult rats (Kaplan, 1981). In Gould et al. (1999a,b,c), neuro‑
genesis of 2–3 new neurons per mm3 was reported in prefrontal, inferior temporal and
posterior parietal cortex of the adult macaque, but not in striate cortex, interpreted by
the authors as being because this is a simpler primary sensory area. These authors
later reported that these cells are transient and do not survive (Gould et al., 2001).
In contrast, other recent reports, analyzed with more rigorous methods as noted
earlier, are unable to reproduce these findings, and report a complete absence of
constitutive cortical neurogenesis in both rodents and primates (Magavi et al., 2000;
Kornack and Rakic, 2001; Ehninger and Kempermann, 2003; Koketsu et al., 2003;
Chen et al., 2004). There exists a single report of neurogenesis in the visual cortex of
the adult rat (Kaplan, 1981), but this study used tritiated thymidine and purely
morphological cell-type identification, and has not been confirmed by any other
group. It is unclear whether even very low-level neurogenesis occurs normally in the
neocortex of any mammals (though most data indicate none in rodents or primates).
However, examination of the potential for constitutive neurogenesis in what are
considered normally to be non-neurogenic regions will be required perhaps to assess
definitively the potential existence of extremely low-level neurogenesis.
The situation in the literature is not clear, but it is important to remain critical
and cautious in interpretation, maintaining ‘reserved optimism’. After all, the brain
does regenerate poorly. Although these newer results might fundamentally change
our view on pathology-induced neuroplasticity, it should not be forgotten that there
is little evidence to date that neurogenesis outside the normally neurogenic regions
could by itself significantly contribute to brain repair. Attempts toward endogenous
repair will likely require exogenous de-repression, instructional signals, and neuronal
survival support. Restorative neurobiology focusing on this approach aims at
re-activating the developmental potential of precursor cells in the neurogenic and
nonneurogenic regions of the adult brain.

9.4 Induction of Neurogenesis in the Adult Neocortex
Induced neurogenesis in non-neurogenic regions can be envisioned in two basic
forms: (1) local parenchymal precursor cells might be activated to generate new
neurons upon complex activation associated with either a set of directed molecular
and/or genetic interventions or a pathological event; or (2) precursor cells from
normally neurogenic regions, e.g. the SVZ, might respond to either type of stimulus
and migrate into the parenchyma. Already, there are reports of examples for both
the possibilities.
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The first evidence that regenerative neurogenesis is generally possible was
reported by our lab (Magavi et al., 2000) in the neocortex; this work served as a
‘proof of concept’ for the induction of adult mammalian neurogenesis. Work by our
lab and other groups has extended this general concept importantly in new direc‑
tions, in the striatum, hippocampus, corticospinal system, and cortical callosal
system (Arvidsson et al., 2002; Nakatomi et al., 2002; Parent et al., 2002; Chen
et al., 2004; Brill et al., 2009). Whereas multipotent precursors are concentrated in
the anterior SVZ and the dentate gyrus, they can be found in lower densities in
several other regions of the adult brain, including widely in small numbers in the
parenchyma. As discussed earlier, these precursors have broad potential; they can
differentiate into astroglia, oligodendroglia and neurons; receive afferents; and
extend axons to their targets, given an appropriate in vitro or in vivo environment.
Prior results demonstrated that cortex undergoing targeted apoptotic degeneration
could direct multipotent precursors to integrate into adult cortical microcircuitry
(Snyder et al., 1997; Sheen et al., 1999). The population specificity of neuronal death
was found to be essential, allowing maintenance of local circuitry and survival of
surrounding cells that alter gene expression to direct precursors (Wang et al., 1998;
Shin et al., 2000; Fricker-Gates et al., 2002). These properties of endogenous multi‑
potent precursors led us (Magavi et al., 2000) to investigate the fate of these precursors
in an adult cortical environment manipulated in a manner previously demonstrated
to support neurogenesis (Wang et al., 1998; Scharff et al., 2000).
In agreement with the prior data, it was found that endogenous multipotent
precursors could be induced to differentiate into neurons in the adult mouse
neocortex, without transplantation (Magavi et al., 2000). These experiments
induced synchronous apoptotic degeneration of corticothalamic projection neurons
and examined the fates of newborn cells within cortex using markers of progressive
neuronal differentiation. The results demonstrated that endogenous neural precursors
(mostly from the SVZ, and possibly some from the parenchyma of the cortex itself)
could be induced in situ to differentiate into cortical neurons, survive for many
months and form appropriate long-distance connections in the adult mammalian
brain. Interestingly, Guo et al. recently reported that proteolipid promoter-expressing
NG2+ cells in the parenchyma have the ability to produce cells of different
lineages, including glutamatergic neurons in the early postnatal mouse (Guo et al.,
2009), and Rivers et al. reported related results that NG2+ cells generate small
numbers of piriform cortex projection neurons in adult mice (Rivers et al., 2008).
These results indicated that the normal absence of constitutive cortical neurogenesis
does not reflect an intrinsic limitation of the endogenous neural precursors’ potential,
but more likely results from a lack of appropriate microenvironmental signals
necessary for neuronal differentiation or survival. Elucidation of these signals could
enable CNS repair.
Other groups have reported similar and complementary results in hippocampus
(Nakatomi et al., 2002), striatum (Arvidsson et al., 2002; Parent et al., 2002), and
again in cerebral cortex (Brill et al., 2009), confirming and further supporting this
direction of research. Nakatomi and colleagues used an in vivo ischemia model by
which it was found that repopulation of neurons in the CA1 region of the
hippocampus is possible following the elimination of these neurons in the CA1
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region (Nakatomi et al., 2002). It was found that the overwhelming majority of
adult-born neurons repopulating the damaged CA1 region originated from a prolif‑
erative response in the posterior periventricle, and that this proliferative response
could be augmented by infusion of high levels of EGF and FGF-2, dramatically
increasing the number of neurons able to migrate into and repopulate (or survive
within) the damaged CA1 region. While the levels of EGF and FGF-2 substantially
exceeded those reasonable for human application, these experiments serve as a
proof of principle for enhancement of an endogenous neurogenic response. Lately,
our lab (Chen et al., 2004) demonstrated the induction of low-level neurogenesis of
corticospinal motor neurons, with progressive extension of axons into the cervical
spinal cord over 3–4 months. Most recently, Gotz and colleagues demonstrated
recruitment of adult mouse subependymal zone progenitors into the cerebral cortex
after the same targeted, synchronous apoptotic degeneration of layer II/III and V
callosal projection neurons (CPN) in this region (Brill et al., 2009). Ultimately, two
considerable and critical challenges will be to (1) control such recruitment in a
directed manner; (2) assess true functional integration of recruited adult-born neurons.
Taken together, these results demonstrate that endogenous neural precursors can
be induced to differentiate into CNS neurons in a region-specific manner and at
least partially replace neuronal populations that do not normally undergo neurogenesis.
It appears that these results are generalizable to at least several classes of projection
neurons, including the clinically relevant striatal medium spiny neurons and corti‑
cospinal motor neurons. Microenvironmental factors appear capable of supporting
and instructing the neuronal differentiation and the axon extension of adult-born
neurons derived from endogenous precursors.

9.5 Molecular Controls over Development
of Neuronal Subtypes
The mammalian neocortex is a complex, highly organized, six-layered structure
that contains hundreds of different neuronal cell types and a diverse range of glia
(Rallu et al., 2002; Molyneaux et al., 2007; Kishi et al., 2009). However, the mecha‑
nisms by which such a rich neuronal diversity is produced in the CNS are poorly
understood. Therefore, understanding molecular controls over development of
individual neuronal subtypes from neural precursors is critical toward the goal
of cellular repair of the adult neocortex.
Gene expression analysis in the brain is generally complicated by the coexis‑
tence of many different cell types, resulting in high background noise and the
masking of small differences in cell type-specific gene expression. The relative lack
of approaches for efficient isolation of pure neuronal populations, and the diffi‑
culties involved with analysis of minute amounts of mRNA, have previously
hampered progress toward understanding the molecular development of neuronal
subtypes. However, recently, the rapid emergence of microarray technologies, as
well as development of approaches for isolation of neuronal subtypes have
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provided for a synergistic advance in the field. DNA microarrays (also known as
gene chips or gene arrays) are a collection of DNA spots representing individual
genes, arranged on a chip, and used for monitoring expression levels of thousands
of genes simultaneously, thus allowing comparison of thousands of genes between
different neuronal populations.

9.5.1 Molecular Controls over Development of Corticospinal
Motor Neurons and Other Forebrain Neuronal Populations
Our laboratory has begun to uncover molecular controls over the development of
corticospinal motor neurons (CSMN; upper motor neurons; residents of layer V of
the cerebral cortex) and other forebrain projection neurons. CSMN degeneration is
a key component of motor neuron degenerative diseases, including amyotrophic
lateral sclerosis (ALS), and CSMN injury contributes critically to the loss of motor
function in spinal cord injury. The anatomical and morphological development of
CSMN have been extensively characterized, but the genetic mechanisms that
control their development were previously unknown. Importantly, understanding
the molecular controls over CSMN circuitry development (and that of other key
neuronal populations) might enable future strategies for therapeutic repair or
modulation in disease.
To uncover the gene regulation programs of mouse CSMN development and
other forebrain projection neurons, our lab developed and established approaches
using comparative microarray analysis of stage-specific gene expression by CSMN
purified by fluorescence-activated cell sorting (FACS) (Arlotta et al., 2005).
Like other forebrain projection neurons, there were previously no specific
markers for CSMN that could be utilized to isolate them. However, CSMN extend
axons to the spinal cord, so they can be retrogradely labeled by injecting an
appropriate retrograde label in the spinal cord. Our lab developed an approach to
retrogradely label CSMN with fluorescent latex microspheres, dissociate labeled
cortex, and isolate the labeled CSMN by FACS (Arlotta et al., 2005). In addition
to CSMN, we initially also purified two distinct cortical projection neuron
subtypes, CPN and corticotectal projection neurons (CTPN). CPN are interhemi‑
spheric callosal projection neurons, a subset of which share lamina V location
with CSMN, offering insight into genes that are involved in cell type specification
rather than lamina specification by comparing between CSMN and CPN. CTPN
are subcerebral layer V projection neurons extending axons to the tectum instead
of the spinal cord, sharing many overlapping early developmental gene regulation
programs with CSMN. Comparison between CSMN and CTPN offered the
opportunity for the identification of genes unique to CSMN among other highly
related layer V subcerebral projection neurons. Using these FACS-purified cell
populations at multiple developmental stages, comparative molecular-genetic
analysis was performed using microarrays between CSMN, CPN, and CTPN
mRNA expression. We identified genes specifically expressed in CSMN
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(Arlotta et al., 2005), CPN (Arlotta et al., 2005; Molyneaux et al., 2009), and
more recently other projection neurons (e.g., corticothalamic projection neurons
(CThPN), corticostriatal projection neurons (CStrPN), among other sub-populations).
One of the identified CSMN-specific genes is COUP-TF1 interacting protein 2
(Ctip2, also known as Bcl11b) (Arlotta et al., 2005). Ctip2 had been identified by
Kominami and colleagues to have a critical role in the immune system, controlling
T cell subtype specification and survival in the developing thymus (Wakabayashi
et al., 2003), but its expression or function in the CNS had not been investigated.
We found that CTIP2 is expressed postmitotically at high levels only in neocortical
subcerebral projection neurons (“subcerebral projection neurons” project from cell
bodies in layer V of neocortex to targets caudal to the cerebrum – spinal cord and
brainstem). CTIP2 is expressed in CSMN, CTPN, and all subcerebral projection
neurons, but not in CPN, indicating that CTIP2 is expressed at high levels specifi‑
cally in subcerebral projection neurons, which extend axons outside the cerebrum.
In Ctip2 mutant mice, CSMN axons exhibit defects in fasciculation, outgrowth, and
pathfinding, resulting in failure of CSMN to connect to the spinal cord (Arlotta
et al., 2005). We more recently identified that Ctip2 in the Gsh2 developmental
domain plays a totally different and critical role in the proper differentiation of
striatal medium spiny neurons and the patch-matrix cytoarchitectural organization
of the striatum (Arlotta et al., 2008).
The second published example of a CSMN-specific gene is Forebrain embryonic
zinc finger-like (Fezl, more recently renamed Fez family member 2, Fezf 2) (Chen
et al., 2005a,b; Molyneaux et al., 2005). Fezf 2 is expressed in a subset of ventricular
zone (VZ) progenitors, and by all subcerebral projection neurons, including CSMN
and CTPN. Unlike Ctip2, which is expressed in postmitotic subcerebral projection
neurons after they reach their positions in the developing cortical plate, Fezf 2 is
expressed in VZ and subventricular zone progenitors of subcerebral neurons, and
expression continues in mature subcerebral neurons, giving the first suggestion that
Fezf 2 is centrally involved in the birth and early neuron subtype-specific specifica‑
tion of CSMN. Importantly, in Fezf 2 mutant mice, the entire population of CSMN,
CTPN, and other subcerebral projection neurons is never born in the neocortex. In
addition, both anterograde and retrograde labels confirm the total absence of the
corticospinal tract in Fezf 2 mutant mice, indicating that no other neurons compen‑
sate to form such circuitry. Gain-of-function analysis using in vivo electroporation
showed that mis-expression of the single gene Fezf 2 in progenitors that normally
generate superficial layer cortical neurons results in a progenitor fate-shift,
producing an accessory layer of Ctip2-expressing neurons that send axons toward
the spinal cord, further reinforcing that Fezf 2 plays a critical instructive role in the
specification of subcerebral projection neurons (now viewed in the field as a
“master gene” for cortical neurons projecting subcerebrally).
This work also identified the first examples of postmitotic regulators of neuron
fate and identity. As an example of postmitotic critical regulators of the develop‑
ment of CSMN and other corticofugal neurons (neurons that send their axons
beyond the cortex and include subcerebral projection neurons as a subset), we
(Lai et al., 2008) identified that Sox5, which encodes an SRY-box transcriptional
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regulator, postmitotically controls the sequential generation of distinct corticofugal
projection neuron populations and their diversity. Sox5 loss-of-function leads to
earlier-born corticofugal neuron subtypes (in particular subplate neurons, cortico‑
thalamic neurons) inappropriately differentiating into subcerebral projection
neurons (in particular, CSMN). A series of gain-of-function and genetic rescue
experiments identify that SOX5 represses suites of downstream genes including
CTIP2, and therefore the onset of differentiation of CSMN, thereby allowing the
earlier generation of the other corticofugal neuron types before SOX5 is progres‑
sively downregulated. Interestingly, we recently identified that SOX6, another SOX
transcriptional regulator, and SOX5 are mutually exclusively expressed in dorsal
(cortical pallial) vs. ventral (subpallial) telencephalic progenitors, parcellating
pallial from subpallial telencephalic progenitors and ensuring their sharp molecular
distinction and sharp differences in partial fate restriction (Azim et al., 2009a).
Beyond the scope of this review, SOX6 also controls the sequential generation and
appropriate differentiation of cortical interneurons, thus regulating cortical interneuron
diversity (Azim et al., 2009a; Batista-Brito et al., 2009).
An example of another cortical postmitotic regulator that acts by setting and
sharpening spatial areas and boundaries, and thereby regulates acquisition of
precise neuronal identity, is the transcription factor basic helix-loop-helix family,
member e22 (Bhlhb5) (Joshi et al., 2008). In collaboration with Lin Gan’s Lab at
the University of Rochester, we identified that Bhlhb5 regulates precise subcerebral
projection neuron development. Bhlhb5 is postmitotically expressed in cortical
layers II-V, with an initial high caudo-medial to low rostro-lateral gradient that
becomes refined into a sharp boundary between sensory and motor cortices. In the
absence of Bhlhb5 function, the molecular identity of projection neurons in specific
areal domains is abnormal, affecting the development of somatosensory and caudal
motor cortex. CSMN differentiation is particularly disrupted, as the CSMN
axonal tract (corticospinal tract (CST)) fails to form appropriately. A series of
loss-of-function and other analyses demonstrated that Bhlhb5 controls the post‑
mitotic areal identity of CSMN and other projection neurons, executing appropriate
subtype-specific differentiation programs.
Additional examples highlight the progressive refinement of precise neuron
identity from less precisely generated early postmitotic neurons, e.g. LIMhomeodomain-related genes Lmo4 and Clim1 (Azim et al., 2009b). During early
differentiation, Lmo4 and Clim1 are expressed in both presumptive subcerebral
projection neurons and CPN in layer V, co-localizing with a number of key
subtype identity-controlling transcription factors. During mid to late differentiation,
this overlapping expression gradually diminishes, and Lmo4 and Clim1 adopt their
largely cell type-specific expression pattern in CPN and subcerebral projection
neurons, respectively. Only small subsets of neurons maintain overlapping expres‑
sion. The progressive sharpening of molecular expression boundaries further
reinforces that important postmitotic events occur during the sequential acquisition
of distinct cortical projection neuron subtype identities, and suggests important
transcriptional regulatory roles of these LIM-HD-related genes during neuronal
differentiation.
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9.5.2 Molecular Controls over Development of Callosal
Projection Neurons
CPN are projection neurons that extend their axons across the corpus callosum
interhemispherically. CPN are primarily located in layer II/III, with a smaller subset
in layer V and fewer in layer VI. CPN are involved in transfer and bilateral integra‑
tion of cortical information, and abnormal CPN development and dysfunction has
been centrally implicated in autism (Egaas et al., 1995; Piven et al., 1997; Vidal
et al., 2006; Freitag et al., 2009; McAlonan et al., 2009).
Recently, two groups characterized the transcription factor special AT-rich
sequence binding protein 2 (Satb2) as a critical postmitotic control over CPN speci‑
fication as a broad population, across cortical layers (Alcamo et al., 2008; Britanova
et al., 2008). SATB2 is a DNA binding protein that regulates chromatin organiza‑
tion and gene expression, and is expressed in cortical neurons that extend their
axons across the corpus callosum in the developing brain. Loss of Satb2 function
results in abnormal differentiation of presumptive CPN toward subcerebral projec‑
tion neuron fate, as indicated by the abnormal adoption of anatomical and molecular
characteristics of subcerebral projection neurons by some of these neurons, including
Ctip2 expression. Additionally, Satb2 was shown to function at least in part by
directly repressing Ctip2 expression (Alcamo et al., 2008; Britanova et al., 2008).
Therefore, Satb2 interacts with the Fezf 2 – Ctip2 pathway to suppress subcerebral
projection neuron identity and control CPN differentiation (Chen et al., 2008).
Our lab analyzed the molecular development of CPN in parallel to that of CSMN
(Arlotta et al., 2005). From these data, we used in situ hybridization and immuno‑
cytochemistry to confirm and identify a number of genes differentially expressed
by CPN during their development (Molyneaux et al., 2009). Some of these genes
appear specific to all CPN, whereas others discriminate between CPN of the deep
layers and the upper layers. Further, a subset of genes finely subdivides CPN within
individual layers and appear to label CPN subpopulations that have not been
described previously using anatomical and morphologic criteria. These results
demonstrate the heterogeneity of this broad population of callosal projection
neurons, and identify what appears to be a combinatorial program of candidate
controls over the specification and development of diverse and precise CPN sub‑
types, each with distinct interhemispheric (and often collateral) connectivity.

9.5.3 Molecular Analysis of Excitatory and Inhibitory Neurons
in the Adult Forebrain
Additional complementary work toward understanding cortical neuron molecular
genetic heterogeneity has been performed in the adult CNS by Nelson and
colleagues, who analyzed major neuronal classes in the adult forebrain using
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microarrays (Sugino et al., 2006). They isolated various adult neuronal subtypes by
retrograde labeling with a fluorescent tracer, or using fluorescently labeled neurons
from transgenic mice. In these transgenic mice, specific neuronal subtypes are
visualized with fluorescent proteins, such as GFP and YFP driven by the promoters
Thy1, Gad1, and Gad2. THY1 is an immunoglobulin superfamily member that is
expressed by excitatory projection neurons in many parts of the nervous system, as
well as by several non-neuronal cell types, including thymocytes. GAD1/2 are
glutamic acid decarboxylase 1 or 2, and are expressed in distinct subpopulations of
inhibitory GABAergic interneurons. Using these transgenic mice, they defined 12
adult neuronal populations characterized by location, neurotransmitters, and
electrophysiological properties, and analyzed gene expression profiles by micro
array. Based on similarity of gene expression, they classified these 12 populations,
showing that this molecular taxonomy almost parallels the traditional classification
criteria (e.g. GABAergic neurons vs. glutamatergic pyramidal neurons, neocortex
vs. hippocampus vs. amygdala). These approaches will help in classifying highly
heterogeneous neuronal populations at molecular levels.

9.6 Conclusions
There is now consensus that neurogenesis occurs constitutively in the olfactory bulb
and hippocampal dentate gyrus in adult mammalian brains. The discoveries of adult
neurogenesis in the olfactory bulb/SVZ and the dentate gyrus of the hippocampus
are important both for understanding normal CNS function (in particular, regarding
learning and novelty, see e.g. Magavi et al., 2005; Aimone et al., 2006; Kee et al.,
2007), and from the point of view of CNS repair. Adult brain neurogenesis and
precursor/“stem cell” biology are, together, highly relevant, because the generation,
precise differentiation, connectivity, and functional integration of new neurons is
now known to occur and contribute functionally in the adult mammalian brain.
Recent studies show that even non-neurogenic regions of the brain can be induced
to generate new neurons in relatively small numbers from endogenous progenitors,
by de-repression of progenitors, providing a neurogenic microenvironment, and
combinations of cell-intrinsic transcriptional controls and cell-extrinsic regulation
and survival support. In the future, it will be critical toward therapeutic strategies to
focus further on understanding molecular mechanisms that will be both instructive
for and supportive of specific neuron subtype specification, differentiation, axon
extension, circuit integration, and survival.
This field is at the relative beginning of understanding the complex interplay
between diverse adult neural precursors’ developmental potential, and their com‑
plex differentiation controls and local microenvironmental regulation. Progress
over the past decade has shown that it is possible to induce new neurons even in the
adult brain. Progress over the coming decades in the relevant developmental and
regenerative biologies offer the potential for significant advances toward directed
repair of the adult CNS.
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Chapter 10

Culturing Adult Neural Stem Cells: Application
to the Study of Neurodegenerative
and Neuropsychiatric Pathology
Seiji Hitoshi, Tod Kippin, and Derek van der Kooy

Abstract Stem cells exist in many, perhaps all, adult tissues and serve the common
function of a reservoir of precursors that can mediate cell turnover or repair damage.
Among tissue-specific stem cell populations, neural stem cells are particularly
amenable to study because they are readily isolated and cultured in simple culture
systems that allow demonstration of cell-autonomous self-renewal and multipotentiality. Here, we describe the most widely employed culture system, the neurosphere
assay, used to reveal these cardinal properties of neural stem cells which respond to
specific growth factors and proliferate in serum-free media to form clonal sphere
colonies. Although several pitfalls and limitations exist, the neurosphere assay can
provide detailed information about kinetics and behavior of neural stem cells when
utilized under appropriate conditions. Further, the neurosphere assay together with
histochemical analysis using nucleotide analog labeling may be applied to estimate
the number and cellular kinetics of neural stem cells in the adult brain under physiological and pathological conditions.
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10.1 Introduction
Tissue-specific stem cells are relatively quiescent in the niche that provides optimal
environmental conditions to maintain the stem cells undifferentiated. Isolation and
culture of tissue-specific stem cells have enabled us to understand the basic properties of these cells and even provided an avenue for ex vivo expansion to establish
exogenous pools of stem cells that may be useful to promote repair of damaged
tissue via transplantation. However, procedures for culturing stem cells largely
depend on the tissue of origin and the cardinal features of stem cells, self-renewal
and multipotentiality, which are not always demonstrated at the single cell level in
the in vitro culture systems. This is particularly critical for the study of stem cells
as their in vivo anatomical niche often contains a host of heterogeneous precursors
but only a fraction of which act as bona fide stem cells.
Hematopoietic stem cells have a long and extensive history of study, with
the technology to study these tissue-specific stem cells far exceeding those
derived from other tissues. For instance, hematopoietic stem cells can be isolated by a FACS technique using several surface markers in combination (for
example, Lineage marker−, Sca-1+, c-Kit+, Thy-1low) or using a fluorescent dye,
in which the stem cells are enriched in a side population after incubation with
Hoechst33342 (Kondo et al. 2003). The self-renewal and multipotential capabilities of the isolated hematopoietic stem cells are tested by transplanting
single stem cells into host animals that are depleted of bone marrow by irradiation and the demonstration of reconstruction of hematopoietic system. Although
transient amplification of isolated hematopoietic stem cells has been reported,
“long-term” hematopoietic stem cells that can reconstitute bone marrow in the
host by serial transplantation are lost after a substantial period of culture. This
is probably because current culture systems lack critical factors or cell–cell
interaction signals or both that are provided by surrounding cells in the niche.
However, these defects are, at least in part, overcome by the overexpression of
Hox genes because, for example, overexpression of HoxB4 genes drastically
enhances the ex vivo retention of long-term hematopoietic stem cells (Antonchuk
et al. 2002; Kondo et al. 2003).
The FACS technology used to isolate hematopoietic stem cells has been
applied to the isolation of neural stem cells and has achieved some success
(Rietze et al. 2001; Murayama et al. 2002), although the absolute purity of neural
stem cells has not been achieved by this method. In contrast to the hematopoietic
stem cells, neural-derived cells with stem cell attributes are relatively easily isolated as floating neurosphere colonies from embryonic and adult rodent brains in
serum-free media for more than several weeks (or perhaps indefinitely) while
maintaining their self-renewal and multipotential capabilities at the clonal level
(Reynolds et al. 1992; Reynolds and Weiss 1992). However, care must be paid to
the culture procedures and interpretation of results because inadequate techniques
may result in aberrant neurosphere formation and has led to confusion regarding the attributes of neurosphere-forming cells, which will be described in the
following sections.
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10.2 Procedures of the Neurosphere Assay
10.2.1 Culture Media
The neurosphere culture is extremely sensitive to the purity of culture media, and
therefore, usage of disposable plastic laboratory wares and commercially available
liquid materials for all procedures is strongly recommended. As originally described
(Reynolds et al. 1992), chemically-defined serum-free media (SFM) is used for
neural stem cell culture. Because the insulin concentration that is optimal for culturing neural stem cells is much higher (25 mg/ml) than that used for neuronal cell
culture and commercial media (for example, 5 mg/ml in Neurobasal media supplemented with N2 Supplement; Invitrogen Gibco), SFM has to be made in our laboratory as follows:
For 100 ml SFM
Water (W3500; Sigma)
10 × Dulbecco’s modified Eagle’s Medium (DMEM)/F-12
Dissolve one package each of DMEM (12100-046; Invitrogen Gibco) and F-12
(21700-075; Invitrogen Gibco) in 200 ml of water and filter sterilize. Store at 4°C.
10 × Hormone Mix
See below.
1 M HEPES (15630-080; Invitrogen Gibco)
7.5% sodium bicarbonate (S8761; Sigma)
30% glucose
Dissolve 30 g of glucose (S6152; Sigma) in 100 ml of water and filter sterilize.
Store at 4°C.
200 mM l-glutamine (15630-080; Invitrogen Gibco)
Filter sterilize and store at 4°C for no more than 3 days.
For 200 ml 10 × Hormone Mix
Water (W3500; Sigma)
10 × DMEM/F-12
1 M HEPES (15630-080; Invitrogen Gibco)
7.5% sodium bicarbonate (S8761; Sigma)
30% glucose
In 20 ml water, dissolve the followings:
Putrescine (P5780; Sigma)
Apo-transferrin (T2252; Sigma)
Insulin (I5500; Sigma)
Predissolved in 2 ml of 0.1 N hydrochloric acid (210-4; Sigma).
Progesterone (P6149; Sigma)
Dissolve 1 mg Progesterone in 1.59 ml of 95% ethanol and
store 20 ml aliquots at −20°C.
Selenium (S9133; Sigma)
Dissolve 1 mg Selenium in 1.93 ml water and store 20-ml aliquots at −20°C.
Filter sterilize, aliquot into 10 ml/tube and store at −20°C.

75 ml
10 ml

10 ml
500 ml
1.5 ml
2 ml

1 ml

150 ml
20 ml
1 ml
3 ml
4 ml
19.25 mg
200 mg
50 mg
20 ml

20 ml

(continued)
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Growth factor preparation
FGF-2 (human recombinant, F0291; Sigma)
10 ng/ml
For a stock solution, reconstitute 25 mg FGF-2 in 500 ml of 10 × Hormone
Mix or 5% bovine albumin solution (A4628; Sigma) and store 10- to 20-ml
aliquots at −20°C. Heparin (2 mg/ml, H3149; Sigma) should be added at usage.
EGF (from mouse submaxillary glands, E4127; Sigma)
20 ng/ml
For a stock solution, reconstitute 100 mg EGF in 1,000 ml of 10 × Hormone
Mix or 5% bovine albumin solution and store 10- to 20-ml aliquots at −20°C.
After the growth factors are diluted in SFM to make a working media, the media should be
used within the day.

SFM with the same contents has recently been available from StemCell
Technologies [NeuroCult NSC basal medium (05700) and NeuroCult NSC proliferation supplement (05701)].

10.2.2 Culturing Neural Stem Cells from Embryonic Brains
The embryonic brain structure changes drastically along development and dissection procedures should be modified so that minimal volume of brain tissue containing neural stem cells is excised in order to minimize the level of contamination with
nonstem cells or cells with transient stem cell properties (Seaberg et al. 2005). The
protocol to dissect brains of mouse embryos at 14.5 days postcoitum (E14.5), when
neural stem cells reside in the ventricular zone of dorsal and ventral forebrain, is
shown below (Fig. 10.1). Further, tissue from the cortex and ganglionic eminence

Fig. 10.1 Dissection procedures of embryonic brains. LGE lateral ganglionic eminence, MGE
medial ganglionic eminence, CGE caudal ganglionic eminence, Ctx cortex
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should be collected separately because these regions (and other regions) contain
neural stem cells that exhibit distinct gene expression profiles along both the dorsoventral and rostrocaudal axes (Hitoshi et al. 2002b).
1. Dissection procedures
A.

Timed-pregnant mice at 14.5 gestational age are killed by deep anesthesia
and cervical dislocation, and embryos are excised into fresh phosphatebuffered saline supplemented with 0.6% glucose and 100 unit/ml penicillin/streptomycin (15140-122; Invitrogen Gibco) (PBS-G).
B,C. Heads of the embryos are decapitated into a new dish containing PBS-G
and a cut made along the midline in the epidermis and calvarium.
D. Make a cut in the cortex (Ctx) as shown in Fig. 10.1 and excise cortical
tissue. Remove the meninges from the cortex with a fine forceps.
E,F. By flipping the cortex, ganglionic eminence becomes visible. Excise only
the bulging tissue so that the mantle zone is excluded from the culture. The
“heart-shaped” ganglionic eminence consists of medial, lateral and caudal
ganglionic eminences (MGE, LGE and CGE) and these three regions can
be cultured separately.
2. The tissue is collected in a 14-ml polypropylene round-bottom tube (BD Falcon
352029; BD Biosciences) and mechanically dissociated in 1 ml of SFM, using a
fire-polished narrow-bored glass pipette, into a single cell suspension. Viability
of the cells after trituration (typically 15–20 times) should be more than 85%.
Plastic tips (200 ml) and a Gilson pipette may be used to dissociate cells but may
result in slightly lower cell viability. In addition, 200-ml plastic tips from some
companies preferentially absorb neurosphere-forming cells even though the tips
are wetted beforehand.
3. Viable cells are counted by trypan blue exclusion and plated at 10 cells/ml in
500 ml SFM containing FGF-2 or EGF or both in a 24-well plate (Falcon 353047;
BD Biosciences). When the culture is scaled up or down, cell density to the volume of media (10 cells/ml) and to the surface area of the dish (5 cells/cm2) should
be kept constant in order to ensure clonally-derived colonies. Floating sphere
colonies with a diameter of more than 0.1 mm at 7 days in vitro are considered
to be neural stem cell-derived neurospheres because these colonies consistently
exhibit the properties of self-renewal and multipotentiality.

10.2.3 Culturing Neural Stem Cells from Adult Brains
Neural stem cells that generate neurospheres in vitro reside in the subependymal
zone surrounding the medial (septal side) and lateral (striatal side) portions of the
lateral ventricles in the adult brain (Reynolds and Weiss 1992), as well as from the
subependymal zone along the entire ventricular axes (Weiss et al. 1996). Dentate
gyrus of the hippocampus is considered to be another region where neural stem
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Fig. 10.2 Dissection procedures of adult brains. Sep septum, Str striatum, Hipp hippocampus

cells produce new neurons throughout the lifespan (Temple and Alvarez-Buylla
1999; Gage 2000); however, cells from the dentate gyrus of adult mice or rats do
not yield neurospheres under the typical culture conditions described below
(Seaberg and van der Kooy 2002). In one study, cells from the dentate gyrus were
reported to form neurospheres but required brain-derived neurotrophic factor
(BDNF) in addition to FGF-2 and EGF to proliferate in vitro (Bull and Bartlett
2005). Thus, proliferation capability and growth factor dependency of hippocampal
neural stem cells may be distinct between species.
The protocol to dissect and excise striatal subventricular zone of adult mouse
brains is shown below (Fig. 10.2). Connections between cells and myelin formation
are so dense that enzymatic digestion is necessary to isolate single cells.
1. Dissection procedures
A.

Adult mice are killed by deep anesthesia and/or cervical dislocation,
and brains are aseptically taken from the skull into oxygenized artificial
cerebrospinal fluid (aCSF) that consists of 124 mM NaCl, 5 mM KCl,
1.3 mM MgCl2, 2 mM CaCl2, 26 mM NaHCO3, 0.18% glucose, and
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100 unit/ml penicillin/streptomycin. Cut along the midline and divide
brain into hemispheres.
B,C,D. Make a cut along the corpus callosum by a fine spring scissors and flip
the cortex so that the lateral portion of the lateral ventricles is visible.
Cut off the cortex.
E.
Dorsal view of the right hemisphere after removal of the cortex, in
which striatum (Str), septum (Sep) and hippocampus (Hipp) are seen.
F,G.
Entire subependyma of the anterior lateral ventricle with gray color is
excised from the striatum, avoiding inclusion of white tissue to minimize the contamination of myelin, since myelin debris suppresses the
neurosphere formation.
2. The subependyma tissue is cut into several small pieces and collected in a 15-ml
polypropylene conical tube (BD Falcon 352096; BD Biosciences). The tissue is
subjected to the enzyme digestion [1.33 mg/ml trypsin (T1005; Sigma), 0.67 mg/
ml hyaluronidase (H6254; Sigma) and 0.2 mg/ml kynurenic acid (H3375; Sigma)
in 1 ml of oxygenized aCSF but with high Mg2+ (3.2 mM) and low Ca2+ (0.1 mM),
filter sterilized] for 1 h at 37°C with gentle shaking (100 rpm).
3. The enzyme digestion is stopped by adding trypsin inhibitor (109878; Roche; at
a final concentration of 0.7 mg/ml) or fetal bovine serum (final 1%) and gently
triturated 10 times by a fire-polished glass pipette. At this step, tissue pieces
become invisible.
4. Centrifuge the cell suspension at 270 × g (~1,200 rpm in most swing rotor centrifuges) for 5 min and discard the supernatant. Resuspend the cells in 1 ml of SFM
and repeat the centrifugation as above. Discard the supernatant and resuspend
the cells in 1 ml of SFM containing growth factors. Triturate cells 10–15 times
by a fire-polished narrow-bored glass pipette into single cells. Plastic tips (200 ml)
and a Gilson pipette may be used to dissociate cells but may result in slightly
lower cell viability. In addition, 200-ml plastic tips from some companies preferentially absorb neurosphere-forming cells even though the tips are wetted
beforehand.
6. Viable cells are counted by trypan blue exclusion and plated at 5 cells/ml in
500 ml SFM containing FGF-2 and EGF in a 24-well plate (Falcon 353047; BD
Biosciences). Because adult neural stem cells proliferate more rapidly than
embryonic ones, number of neurospheres with a diameter > 0.08 mm is counted
5–6 days after plating.

10.2.4 Self-Renewal Capability and Differentiation Potential
of Neural Stem Cells
The self-renewal of neural stem cells is defined as they go through a cell cycle either
with a symmetric cell division that produces two stem cells (self-renewal with
expansion) or with an asymmetric cell division that produces one daughter stem cell
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and one nonstem progeny cell (self-renewal without expansion). While it is very
difficult to test the in vivo self-renewal capability of neural stem cells in the adult
brain, their in vitro self-renewal capability can be estimated by a simple passaging
culture method. Because primary neurospheres are clonally derived from single
neural stem cells, the number of secondary neurospheres reflects the number of symmetric divisions the original neural stem cell undergoes during the primary neurosphere formation. Therefore, counting and averaging secondary neurosphere
numbers derived from sufficient numbers of single primary neurospheres of equivalent
size or cell number are employed to estimate the expansion capability of cultured
neural stem cells. Nevertheless, due to the laborious work of these procedures,
passaging primary neurospheres in bulk is often used despite this technique resulting
in potential biases due to the size of and cell numbers in primary neurospheres.
1. Pick up floating (or lightly attached to the dish) round neurospheres with a diameter of ~0.15 mm under an inverted microscope into 100 ml of SFM containing
growth factors.
2. Triturate the neurosphere by pipetting 30 times using 200-ml plastic tips and the
Gilson pipette into single cells. Typically, 1,000–1,500 viable cells are recovered
from single neurospheres.
3. To avoid high cell density in the culture, plate one-tenth of the cell suspension in
160 ml of SFM containing growth factors in a 96-well plate.
Passaged neurospheres tend to grow more rapidly and to attach to each other more
readily than do primary neurospheres. Therefore, the cell density should be kept
below 2 cells/ml (1 cells/cm2) and the number of neurospheres should be counted
5–6 days after the plating. When appropriately cultured, more than 95% of adult
brain-derived neurospheres with a diameter > 0.08 mm can be passaged at least
twice. Even more extensive passaging procedures (5 times or more) may be necessary to ensure that initial primary neurosphere-forming cells are bona fide neural
stem cells (Louis et al. 2008), although it has yet to be experimentally demonstrated
to what extent the in vitro self-renewal capability correlates with in vivo selfrenewal potential of the stem cell.
The multipotentiality within neural lineage of neural stem cells can be demonstrated by simply plating single neurospheres under differentiation conditions. If
neuronal and glial differentiation is simultaneously observed from single neurospheres then the original neural stem cell that clonally generated the neurosphere is
considered multipotent.
1. Prepare a cover glass (10 mm diameter) by extensive wash and autoclaving.
Overlay the cover glass with 100 ml of poly-ethylenimine (50% w/v, P3143;
Sigma) at a final concentration of 0.1% in 0.15 M borate buffer (pH 8.4) for 1 h
at room temperature. Alternatively, the same differentiation protocol can be
employed using tissue culture plates as described for the neurosphere-formation
assay.
2. Wash the cover glass 5 times with PBS. Coat the cover glass further with Matrigel
basement membrane matrix (354234; BD Biosciences) at 0.6 mg/ml in SFM for
1 h at 37°C.
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3. Wash the cover glass twice with SFM and overlay 100 ml of 10% Knockout
Serum Replacement (10828-028; Invitrogen Gibco)/SFM.
4. Pick up a floating (or lightly attached to the dish) round neurosphere and put it
onto the cover glass.
5. After 7 days, differentiated cells are ready for immunostaining. Typically, O4
antibody (mouse monoclonal IgM) is added to the culture and incubated for
30 min at 37°C. After a brief wash with PBS, the cells are fixed by 4% paraformaldehyde. The cover glass is washed 3 times with PBS, blocked in 10% normal
goat serum/PBS for 1 h at room temperature, and then incubated with anti-bIII
tubulin (mouse monoclonal IgG) and anti-GFAP (rabbit polyclonal IgG) antibodies. After washing with PBS, appropriate fluorescent dye-conjugated secondary antibodies are applied. Finally, the cells are counter-labeled with the
nuclear stain Hoechst 33342 (1 mg/ml; B2261; Sigma).

10.2.5 Confusion and Pitfalls Regarding the Neurosphere Assay
The experimental demonstration of the self-renewal and multipotential capabilities
depends critically on the clonal generation of primary neurospheres from single
neural stem cells, which is evidenced by mixing experiments. For example, when
subependymal cells from wild-type and those from GFP-expressing mice are mixed
and cultured at appropriately low cell densities, neural stem cells from each cell
source yield ubiquitously GFP-negative and ubiquitously GFP-positive neurospheres (Morshead et al. 2003; Young et al. 2007). However, the clonality of
neurospheres has recently been challenged (Singec et al. 2006; Jessberger et al. 2007),
showing that fusion between neurospheres is not a rare event even at low cell
densities. The inconsistency between studies may be due to differences of culture
conditions; passaged neurospheres tend to grow faster and to adhere much more
easily to each other, and vibration of the dish, heterogeneity of temperature distribution of the media or usage of nonadhesive culture dish facilitates the movement
of growing neurospheres and subsequent fusion. Indeed, neurosphere cultures using
a semi-solid culture system that suppresses the motion of neurospheres or agarose
gel coating to each cell suggest that fusion, if any, has little effect on estimating the
number of neurospheres (Golmohammadi et al. 2008; Coles-Takabe et al. 2008).
Indeed, movement of plates in order to study growing spheres under the microscope
(Singec et al. 2006; Jessberger et al. 2007) greatly increases the probability of nonclonal neurospheres (Coles-Takabe et al. 2008).
The in vivo relevance of neural stem cell-derived neurospheres remains to be
verified conclusively. Specifically, it is unknown how many of the primary neurospheres are derived from bona fide neural stem cells that are maintained throughout
the lifespan of the animals. The earliest isolation of neurosphere-forming cells during development is from neural tissue at E5.5; however, these neural stem cells rely
on LIF for neurosphere formation with the earliest isolation of LIF-independent
neural stem cells occurring at E8.5 (Hitoshi et al. 2004). Interestingly, LIF-dependent
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neurospheres can be derived directly in the absence of extrinsic signals from
embryonic stem cells and passaging these cells produces LIF-independent neurospheres in vitro suggesting an intrinsic, default developmental program for generating neural stem cells (Smukler et al. 2006). Subsequently, two distinct populations
of neurosphere-forming cells arises which are FGF2-responsive and then EGFresponsive exhibiting distinct proliferation kinetics from E11 through E17 when the
neurosphere-forming cell population becomes predominantly responsive to either
FGF2 or EGF (Martens et al. 2000). Nevertheless, the total number of neurosphereforming cells in the embryonic brain far exceeds that in the adult brain indicating
that there are many embryonic cells which exhibit neural stem cells characteristics
when isolated in vitro but are not bona fide life-long neural stem cells. Initially
self-renewing and multipotent neurosphere-forming cells derived from many
regions of the postnatal day 1 brain rapidly lose multipotentiality during in vitro
passaging, whereas neurosphere-forming cells from the anterior lateral ventricle at
the same age retain self-renewal and multipotentiality across several passages
(Seaberg et al. 2005).
Self-renewing and multipotential neurosphere-forming cells are only derived
from the subependyma of the entire ventricular axis of the adult brain (Weiss et al.
1996) and these cells retain these characteristics during extensive passaging indicating that these are bona fide neural stem cells. However, there is a continuing controversy regarding the characteristics of neurosphere-forming cells cultured in the
presence of EGF. It has been suggested that the majority of, if not all, EGFresponsive, neurosphere-forming cells in the adult brain are transit-amplifying cells
(type C cells indicated by Dlx2 expression), which are progeny of quiescent neural
stem cells (type B cells indicated by GFAP expression) (Doetsch et al. 2002).
However, interpretation of these results is complicated because some GFAP-positive
B cells in the subependyma also express Dlx2 (C. Morshead, personal communication). Perhaps a small portion of EGF-responsive (transit-amplifying) cells may
retain sufficient self-renewal capability to generate neurospheres that are cultured
through passaging procedures. It is possible that EGF-responsive neural stem cells
in the adult brain may divide faster than FGF2-responsive ones (cell cycle times of
more than 15 days) (Morshead et al. 1998) and may be more sensitive to anti-proliferating reagents used in the study by Doetsch et al. (2002). Alternatively, while most
transit-amplifying cells differentiate and migrate out of the subependyma or die, a
small number of neurosphere-initiating, transit-amplifying cells retain their stemness and may once again become quiescent neural stem cells. Regardless of the
existence of EGF-responsive neural stem cells in the adult brain, it should be noted
that addition of growth factors in the culture modifies the behavior of neural precursor cells and long-term passaging results in transformation with the cells exhibiting
cell-autonomous changes in proliferating ability and gene expression (Morshead
et al. 2002). Be that as it may, there are a constant number of neurosphere-forming
cells that can be derived from the anterior lateral ventricle subependyma between 2
and 8 months of age followed by a gradual reduction in this population during senescence (Enwere et al. 2004; Kippin et al. 2004, 2005b; Maslov et al. 2004), with similar age-dependent declines in the number of long-term nucleotide analog-retaining

10

Culturing Adult Neural Stem Cells

199

cells (Kippin et al. 2005b) or double nucleotide incorporation (Maslov et al. 2004)
and reduced olfactory bulb neurogenesis (Enwere et al. 2004; Kippin et al. 2005b),
suggesting that in old age there is reduction in the overall number of neural stem
cells. These data qualify the longevity characteristic indicating that stem cell function may be constant during adulthood with a subpopulation of stem cells retained
during senescence. However, it is unclear if this decline is mediated stochastically
or if there are intrinsic pre-existing differences between the cells that lose neurosphere-forming ability compared to those that retain it or if it is due to cell-autonomous or niche-mediated factors.

10.2.6 Application of the Neurosphere Assay
The neurosphere assay can be used to study direct effects of neuro- and psychomimetic factors on neural stem cells in which the factors are simply added to the
culture (Table 10.1). However, the interpretation of results may not be simple.
Effects of an exogenously added factor should be determined by primary neurosphere formation, passaging procedures, and differentiation assay. When the number of primary neurospheres increases in the presence of a factor, the factor may
augment the survival of neural stem cells, enhance their self-renewal, or even
reverse the fate of differentiating neural progenitors back to self-renewing neural
stem cells. Thus, to determine the nature of the effects on the neurosphere culture
system, assessment of self-renewal employing clonal passaging procedures is indispensable. When single primary neurospheres grown in the presence of the factor
generate more secondary neurospheres than are cultured in the absence of the factor, the factor is regarded as facilitating symmetric divisions in the primary neurosphere, that is, enhancing the self-renewal of the sphere-initiating neural stem cell.
The neurosphere culture and subsequent differentiation assay could be easily
applied to a high-throughput screening of reagents that may modify the size of the
neural stem cell pool and neurogenesis in the adult mammalian brain.
Table 10.1 Effects of neuro- and psycho-mimetic reagents on neurospheres
Primary
Secondary
Reagents
neurospheres neurospheres Differentiation References
N.D.
N.D.
Heo et al. (2007)
↑
Ab, oligomeric
Lópes-Toledano and
Shelanski (2004)
Dopamine
↓
↓
N.D.
Kippin et al. (2005)
Olanzapine
N.D.
N.D.
No effects
Councill et al. (2006)
Serotonin
↑
No effects
N.D.
Hitoshi et al. (2007)
Antidepressants
No effects
N.D.
N.D.
Hitoshi et al. (2007)
Mood stabilizers
↑
↑
No effects
Higashi et al. (2008)
No effects
N.D.
N.D.
Higashi et al. (2008)
Anticonvulsants w/o
mood stabilizing
action
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In designing and interpreting experimental applications of pharmacological substances to culture systems, several characteristics of the interaction between neural
stem cells and the compound must be accounted for. The pharmacological binding
site and mechanism of action should be considered according to basic pharmacological principles. Neurospheres express a wide variety of receptors for neurotransmitters (e.g., Councill et al. 2006; Kippin et al. 2005; Melchiorri et al. 2007), hormones
(e.g., Brännvall et al. 2002; Hitoshi et al. 2007; Wang et al. 2008) , as well as retrograde
transmitter molecules (e.g., Aguado et al. 2005; Torroglosa et al. 2007). Thus, the
employment of direct agonists to stimulate these receptors can be highly informative; however, investigations of the effects of psychotropic drugs require carefully
designed experiments. For instance, the employment of antagonists or indirect
agonists alone may lead to misleading negative results and may require additional
receptor stimulation to fully understand the effects of these drugs on the neurosphere
assay system. Further, it is important to determine whether the receptors of interest
are present on neural stem cells or other precursors which can be achieved by sorting
for the receptor of interest (e.g., immunostaining followed by FACS) and establishing that neurosphere-forming cells express these receptors. Given that the majority
of neurosphere cells are not neural stem cells (e.g., lack self-renewal and/or multipotentiality), it is important to determine which cells are impacted by pharmacological manipulations through the employment of clonal passaging. For instance, effects
on neural stem cell symmetric division will alter numbers of passaged neurospheres
but not necessarily the number of neurospheres in the directly manipulated culture.
Meticulous application of sound cellular and pharmacological techniques are critical
in determining the effects of drugs on neural stem cells and their progeny in vitro
that will be predictive of the in vivo effects on these cells.

10.3 Application of the Neurosphere Assay to Understanding
In Vivo Neural Stem Cell Function
Consistent with the general function of tissue-specific stem cells, neural stem cells
within the ventricular system are involved in turnover of neurons in the adult brain,
although in a limited fashion within two neurogenically-privileged brain regions,
the olfactory bulbs and hippocampus. The utility of the neurosphere assay was
established early in the process of identifying the in vivo properties of neural stem
cells. The lateral ventricle subependymal zone contains at least two pools of proliferating precursors, one proliferating rapidly and the other proliferating slowly.
Ablation of the rapidly proliferating precursors by high dose tritiated thymidine or
Ara-C is followed by a gradual repopulation of these cells (Morshead et al. 1994;
Doetsch et al. 1999). Moreover, neurosphere-forming cells are spared following a
single high-dose of tritiated thymidine exposure indicating that they are relatively
quiescent under basal conditions but that these cells are recruited into active cell
cycle during the repopulation process and their number is reduced if tritiated thymidine is administered again during repopulation (Morshead et al. 1994).
Gancylcovir-induced activation of thymidine kinase over-expressed under the
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control of the GFAP promoter (GFAP-HSVtk) results in ablation of the neurosphereforming cell both in vitro and in vivo (Imura et al. 2003; Morshead et al. 2003).
Further extensive studies have shown migration from the anterior lateral ventricle
subependyma to the olfactory bulb (for a recent review, see, e.g., Ortega-Perez et al.
2007) and the GCV-induced ablation of neurosphere-forming cells in the GFAPHSVtk mouse results in abolishment of adult olfactory bulb neurogenesis (Garcia
et al. 2004); thus the neurosphere-forming cell acts as a stem cell in the adult
nervous system contributing to the addition of new cells to at least one neurogenic
region. Although the same manipulation reduces hippocampal neurogenesis, there
is controversy about whether the ultimate precursor for neurogenesis in this region
exhibits neural stem cell properties or capacity to form neurospheres (see, e.g., Bull
and Bartlett 2005; Palmer et al. 1997; Seaberg et al. 2002).
The estimation of pool size of neural stem cells in the adult brain has been
achieved by a number of methods including using the neurosphere assay and immunohistochemical and electromicroscopic-level morphological analyses with each
method having a number of benefits and drawbacks. The neurosphere assay has
been applied for the estimation of neural stem cell numbers in normal and pathological conditions (Hitoshi et al. 2004; Kippin et al. 2004; Enwere et al. 2004).
Since primary neurospheres are derived clonally from single neural stem cells
under appropriate culture conditions, it provides a feasible method to estimate the
total number of neural stem cells (i.e., self-renewing and multipotent cells) in the
subependyma by counting primary neurospheres that are serially passaged and
retain neural multipotentiality. However, the major drawback of this procedure is
the reliance on ex vivo methodology which may be impacted by dissection and dissociation procedures or the application of culture conditions which may not be
optimal for the cells of interest. For instance, differences in growth factor dependency of neurosphere formation have been reported for subependymal cells derived
from the forebrain versus more posterior regions (Weiss et al. 1996), as well as
from different species (Ray and Gage 2006).
Alternatively, incorporation and long-term retention of nucleic acid analogs
indexes the slowly dividing cells in the subependyma, which estimates neural stem
cell proliferation. Although many of the long-term nucleotide analog-retaining cells
express markers of neural stem cells (see, e.g., Batista et al. 2006) and incorporate
a second nucleotide analog indicating long-term in vivo proliferation (Maslov et al.
2004), due to the lack of specific markers for the bona fide stem cells and basic
information of their kinetics, absolute numbers of adult neural stem cells using this
method remains elusive. Application of long-term nucleotide analog-retention with
the neurosphere assay has generally revealed the same effects on neural stem cells
but this combination has also indicated reductions in neural stem cell number
accompanied by compensatory increases in their proliferation (Hitoshi et al. 2002a)
and reduction in their proliferation with maintenance of the population size
(Campbell and Kippin 2010). Thus, the employment of multiple techniques can
reveal novel information regarding the in vivo neural stem cell population.
Doetsch, Alvarez-Buylla and colleagues (reviewed in, e.g., Alvarez-Buylla et al.
2002; Doetsch 2003) have identified the “B” cells in the subependyma as the neural
stem cells which can be quantified by morphological criterion under electron
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microscopy. Although this latter method has been applied to investigate alteration
in the proportion of cells (including B cells) within the subependyma, its ability to
estimate total neural stem cell numbers is limited by the technical infeasibility of
performing analyses of the entire subependyma. Thus, the co-use of multiple methods of neural stem cell population estimation is highly recommended.

10.3.1 Neural Stem Cells and Excitotoxic Damage
or Neurodegeneration
The neurosphere assay has also been critical in establishing the responsiveness of
neural stem cells to adult brain damage. Given that activation of microglia and
formation of glia scaring are well documented, it is expected that a variety of forms
of brain insult will increase proliferation around the site of injury. However,
increased proliferation is also observed in subependyma following a variety of
forms of damage (see, for reviews, Lie et al. 2004; Picard-Riera et al. 2004).
Moreover, the numbers of neurosphere-forming cells in the subependyma of the
lateral ventricles increases following stroke (Zhang et al. 2004) or hypoxiaischemia (Yang and Levison 2006). Similarly, spinal trauma induces expansion of
neurosphere-forming cells in the spinal cord (Xu et al. 2006). Although activation
of neural stem cells does not result in restoration of damaged neurons in the adult
brain, there is some evidence that this activation is involved in minimizing the
extent of stroke-induced damage (Won et al. 2006). Recently, our group examined
the pool of neurosphere-forming cells during the course of pathology in a transgenic mouse model of Huntington’s disease and found that the onset of behavioral
symptoms is associated with induction of a cell nonautonomous expansion of
neurosphere-forming cells (Batista et al. 2006). These findings mirror those based
on the postmortem histochemical analyses of tissue from deceased Huntington’s
patients indicating increased volume of the subependymal zone with expansion of
“B”-cells (putatively the neural stem cells) (Curtis et al. 2005). In our study, we
observed that the increased expansion of neurosphere-forming cells in vivo, once
induced, is accompanied by increased expansion in vitro which is maintained in a
cell-autonomous and clonal fashion indicating the factors in the disease state are
capable of “reprogramming” neural stem cells. This latter finding suggests that the
consequent changes in neural stem cell function induced during disease may be
amenable to molecular study even following passaging in vitro which may reveal
novel mechanisms of stem cell regulation.

10.3.2 Neural Stem Cells and Psychoses
The etiology of schizophrenia and the mechanism underlying its treatment by antipsychotic drugs are largely unknown. However, there is a well-established literature
demonstrating abnormalities in brain morphology in patients with schizophrenia
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(see, e.g., McCarley et al. 1999). Recently, Reif et al. (2006) reported reduced proliferation in adult neurogenic regions in schizophrenics. Further, gene expression
profiling of postmortem brain tissue from schizophrenics reveals abnormalities in a
number of cell proliferation genes (reviewed in Toro and Deakin 2007) and a number of genes identified in association with increased incidence of disrupted adult
neurogenesis (reviewed in Reif et al. 2007). Thus, there are multiple lines of clinical
evidence suggesting that schizophrenia is associated with disruption of neural stem
cells. To investigate this issue, we have examined neural stem cells in the prenatal
stress model of psychoses. Similar to schizophrenic patients, prenatally-stressed
rodents exhibit hyper-responsiveness to novelty and stimulant drugs as well as
abnormalities in dopamine and glutamate neurotransmission in limbo-corticostriatal circuits (Ary et al. 2007; Kippin et al. 2008; Koenig et al. 2005). Moreover,
prenatally-stressed rodents also exhibit a permanent reduction in the number of
neurosphere-forming cells (Kippin et al. 2004) as well as reduced adult neurogenesis
(Coe et al. 2003; Lemaire et al. 2000).
Conversely, antipsychotic drugs, especially typical antipsychotic drugs, alter
adult brain morphology (primarily increasing striatal volume and decreasing
ventricular volume) in both schizophrenic populations and in laboratory animals
(reviewed in Jeste et al. 1998), and in some studies, antipsychotic treatmentrelated increases in tissue volume are associated with positive treatment outcome
(Gur et al. 1998; Lieberman et al. 2001). We have recently demonstrated that
chronic haloperidol produces alterations in ventricular morphology that are associated with increased numbers of neurosphere-forming cells in the adult rat subependyma (Kippin et al. 2005). Although the molecular mechanism by which
antipsychotic drugs achieve clinical efficacy is not completely known, all antipsychotic drugs antagonize dopamine D2 receptors. Briefly, the minimum clinically effective doses of antipsychotics are associated with relatively consistent
levels (approximately 70–80%) of D2R occupancy in the striatum of patients
regardless of whether typical or atypical antipsychotic drugs are employed
(Kapur et al. 1999; Nyberg and Farde 2000). Consistent with the suggestion that
a threshold of D2R occupancy is critical for the efficacy of antipsychotic drugs,
we only observed changes in neural stem cell number following treatments that
established plasma drug levels sufficient to produce greater than 70% D2R occupancy, indicating that the antipsychotic drug-induced changes in neural stem cell
number may contribute to the clinical efficacy of these drugs. We also found that
this haloperidol-induced expansion of neural stem cells is mediated by central
dopamine D2 receptors (D2R) as evidenced by lack of haloperidol-induced neural stem cell expansion in D2R null mice and lack of NSC expansion following
chronic treatment with a peripheral D2R antagonist (domperidone) in rats. High
dose treatment with haloperidol also increased the numbers of rapidly-proliferating
progenitors and adult-born neurons and glia (lower haloperidol doses were not
examined on these latter measures). These results suggest that haloperidol
expands the neural stem cell pool producing increased cytogenesis that contributes to alterations in brain morphology which possibly mediates effects observed
clinically. Thus, we have generated converging evidence for a relation between
neural stem cell function and both the exhibition of psychoses in the prenatal
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stress animal model and the control of psychotic symptoms by antipsychotic
drugs. However, the casual link between the adult neural stem cell pool and psychoses, as well as whether or not specific disruptions of adult neural stem cell
function are capable of inducing abnormalities in behavior, remains to be
determined.

10.3.3 Neural Stem Cells and Depression
Similar to the current state of knowledge regarding schizophrenia, the causes of
depression and the molecular/cellular bases of antidepressant drug actions are not
entirely understood. Further, unipolar mood disorders are widely associated with
abnormalities of brain morphology involving reduced tissue volume, particularly
in the hippocampus, and increased ventricular volume (for reviews, see Sheline
2003; Videbech and Ravnkilde 2004). Given the close association between depression and stress exposure and that stress exposure can reduce both hippocampal
volume and adult neurogenesis, it has been widely posited that stress-induced
reductions in neurogenesis are causative to the development of depressive symptoms (see, e.g., Banasr and Duman 2007; Sahay et al. 2007; Zhao et al. 2008).
Recently, we have demonstrated that the forced swim model of depression (which
induces a number of behavioral alterations which are typically referred to as
“learned helplessness”) decreases the number of adult neurosphere-forming cells
in the adult mouse brain (Hitoshi et al. 2007), indicating that stress effects on
neural stem cells may contribute to the manifestation of the behavioral alterations
in depression models.
Consistent with the structural abnormalities identified in depressed patients,
there is emerging evidence that antidepressant drugs can increase brain tissue
volumes, particularly in the hippocampus (see, e.g., Kasper and McEwen 2008)
suggesting that the action of these drugs may also involve increased production
of adult-born cells. Consistent with this hypothesis, Santarelli et al. (2003)
reported that the behavioral effects of antidepressant drugs in mice were dependent upon the production of adult neurogenesis; however, this effect was not
observed in a different strain of mouse (Holick et al. 2008). Nevertheless, our
group has recently observed that treatment with fluoxetine restores the number of
neurosphere-forming cells in the subependymal zone of mice exposed to chronic
forced swim (Hitoshi et al. 2007). These findings stand in apparent contrast to
early reports on the regional-specific effects of antidepressant drugs, including
fluoxetine, on proliferation in the adult brain (e.g., Malberg et al. 2000); however,
it is important to point out that, in the earlier studies, drug treatment was examined only in nonstressed animals. Thus, subject variables likely constitute critical
factors in determining the impact of psychotropic drugs on neural stem cells and
their progeny, and understanding the mechanisms underlying psychiatric medications may require employment of appropriate animal models in addition to drug
exposure.
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10.4 Concluding Remarks
The neurosphere assay has been employed by hundreds of labs in order to study
neural stem cells in vitro. As with all assays, its correspondence to the in vivo cell
it attempts to measure is under continual examination. This has led to improvements in the neurosphere assay, as well as the development of additional measures
of neural stem cell function. Nevertheless, the ability of the neurosphere assay to
rigorously quantify numbers of neural stem cells, self-renewal of neural stem cells
and their differentiation potential has made this assay extremely useful in modern
neuroscience and stem cell biology research.
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