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Abstract

Adult neurogenesis has been questioned for many years. In the early 1900s,a dogma
was established that denied new neuron formation in the adult brain. In the last
century, however, new discoveries have demonstrated the real existence of prolif-
eration in the adult brain, and in the last decade, these studies led to the identifica-
tion of neural stem cells in mammals. Adult neural stem cells are undifferentiated
cells that are present in the adult brain and are capable of dividing and differentiat-
ing into glia and new neurons. Newly formed neurons terminally differentiate into
mature neurons in the olfactory bulb and the dentate gyrus of the hippocampus.
Since then, a number of new research lines have emerged whose common objec-
tive is the phenotypical and molecular characterization of brain stem cells. As a
result, new therapies are successfully being applied to animal models for certain
neurodegenerative diseases or stroke. This work is being or will be extended to the
adult human brain, and so it provides purpose and hope to all previous studies in
this field. We are still far from clinical therapies because the mechanisms and func-
tions of these cells are not completely understood, but we appear to be moving in
the right direction.
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1
Historic Overview

Given the tremendous advance that neuroscience has experienced in recent years,
some of the pillars on which it has been sustained have started to collapse. Not so
long ago, it was believed that we were born with a fixed number of neurons that
died to a greater or lesser extent throughout our lifetime. It was widely accepted
that the production of new neurons did not persist after birth in the healthy brain
or under pathological conditions. This fact was both recognized and defended by
scientists and society as a dogma.

We can now state, however, that adult neurogenesis exists. New neurons are pro-
duced during adulthood in all of the vertebrates that have been studied, from fish
to mammals, including the human species. In nonmammal vertebrates, it has been
described that the degree of neurogenesis is higher and that it affects more regions
than in mammals. This fact does not limit the relevance that the presence of neural
stem cells in the human brain has to neuroscience. We now know more than we
knew decades ago, but we still have to learn how to communicate with stem cells.

The process of learning that neurogenesis actually exists has taken almost a
century and has progressed slowly so far. In the late 1800s, scientists worldwide,
including the prestigious Spanish researcher, Santiago Ramon y Cajal (1913),
maintained that neurogenesis was a process restricted to brain development that
ceased after birth. This conclusion was the result of studying the histology of
the brain with the techniques of the time, such as Nissl and silver impregnation.
Most researchers defined neurons as cells that were characterized by the presence
of dendritic arborizations. When dendrites were not well developed, cells were
thought to be in the process of differentiation, plastic changes, or the result of a
histological artifact.

In the first half of the twentieth century, however, occasional studies described
these less differentiated neurons as potential newly formed neurons. This hypothesis
was speculation that lacked rigorous scientific work to support it. A remarkable
study by Sugita (1918) described an increase in new neurons in the rat cerebral
cortex after comparing neonates with 20-day postnatal animals. This result has
since been attributed to stereological errors in his analysis that disregarded the
increase in brain volume with age.

The observation of mitosis correlates with the existence of active proliferating
centers. In the past, however, some authors identified mitosis in the brain as dividing



2 Historic Overview

glial cells or endothelium. Occasionally mitotic figures were observed in the adult
lateral ventricles, regions that play an important role during embryonic develop-
ment. After a few decades, an elegant study drew the interest of scientists back to
mitosis (Bryans 1959). This study was performed in rats in which colchicine was
injected. Colchicine is a substance that binds to microtubules and disrupts the
mitotic spindle, arresting cells in mitosis. After injection, a large amount of mitosis
was found in the cells surrounding the lateral ventricles, making it possible for
these ventricular walls to be a source of new neurons in the adult brain. Although
scientists were on the right track, technical resources were limited at that time, and
it was not possible to prove that mitotic cells gave rise to new neurons. This fact led
the scientific community to overlook these new findings.

However, in the early 1950s, specific markers of cell proliferation—such as triti-
ated thymidine—were discovered, and research into adult neurogenesis revived.
Tritiated thymidine (3HT) incorporates into nucleic acid during its synthesis in the
S-phase of the cell cycle that precedes cell division, and it can be detected later by
autoradiography. Altman (1962, 1969a, b), a self-taught postdoctoral student, was a
pioneer in the use of this substance in the adult brain, and he published a series of
reports showing neurogenesis in diverse brain regions of the young and adult rat
brain. Animals were sacrificed shortly after injection in order to label proliferating
centers, and at longer times after injection to study the fate of the cells that prolif-
erated in these centers. Altman described neurogenesis in the neocortex, hippoc-
ampus, and olfactory bulb, and went on to not only identify the newly formed cells
as microneurons, but also to relate neurogenesis to a potential role in memory and
learning. Many scientists felt that this type of neurogenesis should be interpreted
as being sporadic and residual, i.e., a peculiarity of the rodent brain. Although his
work was accurate to a great extent, he received criticism for two reasons: (1) there
was no proof of the existence of migration routes from the germinal zones (lateral
ventricle wall) toward the final locations of other brain areas, and; (2) the micro-
nuclei—supposedly neuronal—may have been confused with the nuclei of glial
cells. Altman had no proof of cell migration pathways other than that toward the
olfactory bulb, and he did not know how to functionally explain the meaning of
the generation of new neurons. We should not forget the work done in this field by
Bayer, who studied neurogenesis by means of the incorporation of 3HT into the
third ventricle, the septal nucleus, the hippocampal region, amygdalae, the superior
colliculus, and the olfactory bulb (Altman and Bayer 1979a, b, ¢, 1981a, b; Bayer
1980a, b, 1983). The majority of his work, however, was performed during brain
development. Another supporter of adult neurogenesis was Kirsche (1967). By
using 3HT, Kirsche demonstrated the existence of active proliferation sites (sulci)
in the adult brains of several groups of vertebrates. He attempted to perform a com-
parative study of homologous regions, but his work was not well accepted. This was
because he believed that the brain was immature in nonmammalian vertebrates
and had not yet undergone complete growth.

Further interest in neurogenesis can then be attributed to a technical advance,
the electron microscope. Electron microscopy (EM) allowed the observation of
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cells at high resolution, enabling neurons and glial cells to be differentiated. Using
EM, Kaplan studied cells labeled with 3HT in the rodent brain, and confirmed the
existence of adult neurogenesis and the presence of synaptic contacts in the newly
formed neurons (Kaplan 1981, 1985; Kaplan et al. 1985). He also demonstrated
long survival times for these young neurons. These studies were performed in the
hippocampus, an area that was becoming increasingly important because of its
involvement in learning and memory.

The scientific community started to wonder whether this phenomenon could
be extended to all vertebrates and mammals, especially to humans. A number of
reports showed that, although neurogenesis is not restricted to mammals, it is
present in all vertebrates, and the number of proliferative centers involved is higher
the closer they are to the base of the phylogenetic tree. At present, we know that
neurogenesis occurs in fish in the whole brain, particularly in the cerebellum, while
it is exclusive to the telencephalon in all other vertebrates. Only in amphibians and
certain ophidian reptiles can new neurons be found in the optic tectum, probably
owing to their relationship with the retina.

By this time, the existence of adult neurogenesis in nonhuman mammals, at
least in the dentate gyrus of the hippocampus and the olfactory bulb, was widely
accepted. The main concern was elucidating whether adult neurogenesis existed
in the human brain and where it occurred. To answer that question, and given the
lack of human brain material, studies were performed in species that were closely
related to humans, such as primates. In a series of detailed studies using 3HT, Rakic
(1985a, b) concluded that there was no adult neurogenesis in primates and
possibly not in humans either. He did not find labeled cells in the adult primate
brain. He hypothesized that neurogenesis in the brains of lower vertebrates could
be the result of immaturity of the brain after birth and the need for new neurons to
complete the number of neurons necessary to reach the adult state. Rakic also used
physiology to explain this event. New neurons of lower vertebrates could store new
data throughout life, thus enabling the learning process. In contrast, and as a result
of evolution, primates would be born with mature neuronal units that are ready to
store all information after birth. The arrival of newly formed neurons may alter not
only these systems but also the existing circuitry, causing the loss of stored data.
This hypothesis was accepted up until a few years ago.

During this same period, a satisfactory explanation was given to address the
physiological meaning of adult neurogenesis. Fernando Nottebohm (Goldman and
Nottebohm 1983; Nottebohm 1985; Paton and Nottebohm 1984), while working
with songbirds, demonstrated that adult neurogenesis occurred in a telencephalic
center that was directly related to vocal learning. Vocal learning is essential for
communication between birds, reproduction and the establishment of territories.
He showed that: (1) there were several centers involved, but that only the high vocal
center showed neurogenesis; (2) the newly formed neurons received synaptic con-
tacts, their ultrastructure was similar to that in mature neurons, and they were
functional; (3) when eliminated, birds were impaired in the learning of new sounds,
and; (4) the regions involved were four times larger in males than in females, and
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this phenomenon was reverted by injecting testosterone into females. This was
accompanied by an increase in neurogenesis in females that was not observed in
untreated females.

A few years later, migratory cells were described in the adult reptile brain
(Garcia-Verdugo et al. 1986). These cells were located between the lateral ventricles
and a region of neuronal cell bodies called the medial cortex. The medial cortex of
reptiles has been compared to the dentate gyrus in mammals. By using 3HT and
EM, the existence of neurogenesis was also demonstrated in reptiles (Lopez-Garcia
et al. 1988). Newly formed neurons in the reptilian brain were born close to the
ventricles and migrated radially toward the majority of telencephalic regions. After
selective chemical injury, and by increasing neurogenesis, the reptilian cerebral
cortex was repaired completely (Font et al. 1997).

Despite the fact that the field of neurogenesis in birds and reptiles advanced
rapidly, limited studies were performed on neurogenesis in mammals. However,
the use of new cell markers and novel techniques questioned Rakic's hypothesis, as
several studies have demonstrated postnatal neurogenesis in primates (Gould et al.
1998,1999a). A surprising study by Gould et al. (1999a) described neurogenesis in
associative regions in primates for the first time. In a recent review of the topic,and
after considerable controversy, this work was thoroughly reviewed (Gould 2007).
Simultaneously, adult neurogenesis was also found in the human brain. The first
demonstration in humans was performed in five cancer patients who were injected
with a proliferation marker, bromodeoxyuridine (BrdU), which works similarly
to 3HT, for the purpose of determining tumor activity (Eriksson et al. 1998). The
brains of these patients were studied after death, and labeled cells were detected in
the hippocampal dentate gyrus. Specific neuronal immunohistochemistry markers
also stained these cells.

All of this data has aroused the curiosity of the scientific community, and
increasing effort has been expended to finally demonstrate the validity of adult
neurogenesis. Elucidating the identity of the cells responsible for neurogenesis will
permit us to understand the physiological reason for the generation of new neurons,
to establish dialogue with them, and therefore to direct them to damaged regions,
undoubtedly leading to a fascinating future for this field of research.



2
Research Methodologies for Adult Neurogenesis

As in any field of science, progress in neuroscience has been, in part, the result of a
multidisciplinary and technological development that has enabled us to recognize
biological events from observations which were, until then, uncertain.

The first works in neurogenesis were based on anatomical and morphological
descriptions of the mitotic figures that were either found randomly within the
brain or concentrated in definite regions. The emergence of electron microscopy
(EM), which enabled greater magnifications, implied a significant gain of knowl-
edge compared to the information obtained with light microscopy (LM). However,
the exclusive use of EM or LM to study proliferation did not prove the existence of
neurogenesis. It was necessary to combine morphology with immunohistochem-
istry, cell culture, electrophysiology, and molecular genetics to finally demonstrate
that new cells were born in the adult brain and that these cells were able to become
functional afterwards. In vitro technologies enable the growth, amplification and
isolation of cells in terms of their immunochemical pattern and morphology by
using flow cytometry. In addition, the use of transgenic animals to amplify or
knock out target genes conditionally or permanently is highly significant for studies
of the functions of gene products. Here, we briefly list and describe some of the
methods currently used to analyze adult neurogenesis.

2.1
Immunohistochemistry

2.1.1
Markers of Proliferation

There are two main classes of markers to label proliferation: exogenous and endog-
enous markers. Endogenous markers are molecules that the cell expresses during
the progression of the cell cycle, and they correlate with the duplication of its DNA
or with the mitotic division. This type of marker has been widely used in human
tissue given the ethical and technical limitations on the injection of exogenous
markers that bind to DNA in vivo and may produce DNA mutations. Among this
group, Ki-67 (Fig. 1a) and PCNA (not shown) are worth mentioning.



Fig.1a-d Proliferation markers. a Ki-67 is one of the endogenous markers most commonly
used to measure proliferation, especially in human samples. In this picture of the hippocampal
fascia, Ki-67*/DAB-labeled cells can be observed. The fascia is counterstained with Nissl
stain. Labeled cells are located in the subgranular zone (SGZ), one of the proliferation centers
in the adult brain, scale bar 50 um. b An exogenous marker, bromodeoxyuridine (BrdU),
is injected into the animal with variable doses and survivals. This permits differentiation
or proliferation studies. In this case, the injected dose was 100 ug g™' of body weight and
the survival time was 1 h (labeling cells in the S-phase). The figure shows a section of the
subventricular zone (SVZ) and the labeling technique is immunofluorescence, scale bar
120 um. Another widely used exogenous marker is tritiated thymidine (3HT) (c,d). ¢ The
semithin section depicts many labels in the SVZ after autoradiography (black dots). Sections
were counterstained with toluidine blue. In this experiment, the animal was infused with
3HT-thymidine via an osmotic pump for 24 h, and it was sacrificed three days later, scale bar
10 pm. d Detail from electron microscopy (EM) in which a cell is labeled with 3HT-thymidine
in the neonatal SVZ, scale bar 2 um (GCL, granular cell layer; Iv, lateral ventricle)
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Ki-67 is a nuclear protein present in all the phases of the cell cycle except in GO, thus
providing a measure of cells that have entered the cell cycle (Gerdes et al. 1983, 1984).
Although less frequently used, PCNA (proliferating cell nuclear antigen), an auxiliary
protein for the DNA polymerase delta, also allows the assessment of cell proliferation
(Bravo et al. 1987; Takasaki et al. 1981). Its expression peak coincides with the G1/S
restriction point, and decreases through G2 (Kurki et al. 1986; Takasaki et al. 1981).
Other markers, although much less used, are P34cdc2, first identified in HeLa cells that
regulate the G2/M transition and initiation of mitosis (Draetta and Beach 1989; Draetta
et al. 1988), and phosphorylated histone H3 (HH3), which is expressed in the G2 and
M phases of the cell cycle (Bosch et al. 1993; Chou et al. 1990; Wong et al. 1990). The
advantage of endogenous markers is that we do not introduce molecules into the cell
that might alter the normal cell functioning. Their main disadvantage is the difficulty
involved in following the temporal fate of cells after proliferation has occurred.

In contrast, exogenous markers have to be added to cells and are incorporated
into the nucleic acid in the S-phase. These markers allow us to follow up the cell
lineage from a neural stem cell (NSC), or precursor, to the mature neuron, including
differentiation and survival studies. The two thymidine analogs,bromodeoxyuridine
(BrdU) (Fig. 1b) and tritiated thymidine (3HT) (Fig. lc,d), constitute the most
important exogenous markers (Dolbeare 1995; Dolbeare and Selden 1994; Kriss and
Revesz 1961), and were the key players in the discovery of adult neurogenesis, as
mentioned before (Altman 1969a). BrdU was introduced to study cell proliferation
in the developing nervous system according to Nowakowski et al. (1989).

The administration protocol depends on the experiment, but injections are
normally administered intraperitoneally or dissolved in drinking water. The dose
varies between 50 and 200 mg kg™ day ™ in the case of BrdU, and from 5 to 15 mCi
kg™ for 3HT. Some authors consider that lower doses are not sufficient to label all
of the proliferating cells, while others consider that higher doses might kill the
cells (Gould and Gross 2002). Labeling the total proliferating population of cells
in the brain would require multiple injections every 2 h throughout the cell cycle
(Nowakowski et al. 1989).

These exogenous markers have their advantages and disadvantages. 3HT is
radioactive and takes at least a month before samples can be developed by autora-
diography and, therefore, to obtain results. The autoradiography process maintains
the ultrastructure of the cell, allowing us to visualize it with EM. 3HT has been
abandoned in favor of BrdU because of it is easier to use and handle, although
its carcinogenicity has to be taken into account. The process of visualizing BrdU
requires a DNA denaturation with hydrochloric acid that deteriorates the tissue
structure; however, it is a quick method and permits colocalizations of BrdU to be
studied with specific cell markers (Table 2.1). The main concern over the use of
3HT or BrdU is that the results depend on a number of factors such as the injection
protocol, the length of the S-phase of the cells (12-24 h for NSCs), marker exposure,
and cell survival (Hayes and Nowakowski 2002).

Given the pitfalls and limitations of previous methods, other approaches have
been investigated that might provide additional information about proliferation.
One such case is the use of retroviruses. A requirement for retroviral integration
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Table2.1 Basic immunochemistry protocol

- Fixatives: 4% paraformaldehyde (PFA)

- Reagents:
1. Blocking buffer: 10% normal serum in 0.1 M phosphate buffer (PB)
2. 3% hydrogen peroxide solution in distilled water

3. ABCKit: to form biotin-avidin complexes with the secondary antibodies
(commercialized kit)
4. DAB solution: 0.5 mg mL™' diaminobenzidine in 0.1 M PB. Add 5 pL of freshly
prepared 0.3% hydrogen peroxide to the solution just before use
- Protocol:
1. Block nonspecific binding with 10% NGS for 30 min
. Incubation with primary antibody overnight at 4°C
. Wash in 0.1 M PB (3 X 10 min)
. Incubation with secondary antibody for 1 h at room temperature (RT)
. Wash in 0.1 M PB (3 X 10 min)
. ABC incubation for 30-45 min
. Develop with DAB solution
- BrdU staining: pretreatment with 0.1 N CIH for 20 min at 37°C and 0.1 M sodium borate
(pH 8.0) for 10 min at RT. Then follow protocol from step 1

NN U s N

and the expression of viral genes (and target genes) is that target cells should be
dividing. This method is very specific because viruses are injected locally (Cheng
et al. 1996). This means that retroviruses are perfect for introducing markers such
as green fluorescent protein (GFP) into proliferating cells, thus allowing for direct
in vivo observation. It is also possible to measure proliferation in vitro using flow
cytometry of these GFP* cells (see Chap. 2.4). A disadvantage of retroviral tech-
niques is the relative frequency of gene silencing some time after infection.

2.1.2
Phenotypic Markers

The demonstration of adult neurogenesis was not only sustained by the presence
of dividing cells, as these might have been reactive astrocytes or microglia. It was
essential to prove that those cells undergoing mitosis were able to become neurons.
This has been possible to achieve mainly through the use of antibodies against spe-
cific cell markers. The following markers are commonly used to phenotype adult
NSCs and neurons.

(a) Precursor cells. So far, no exclusive marker to stem-like cells has been identified,
which reflects the controversy regarding the identity of stem cells. Nestin
is one of the most widely used; it defines a class of intermediate filament
proteins, and was found to be specifically expressed in neural progenitor cells
(Lendahl et al. 1990). Unfortunately, it is not a specific marker for the distinct
subpopulations of progenitors. In the adult subventricular zone (SVZ) and
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dentate gyrus (DG), the cellsidentified as NSCs also expressed, but obviously not
specifically, the astrocytic marker for the glial fibrillary acidic protein (GFAP)
(Fig. 2a) (Doetsch et al. 1999). In addition, Sox-2, a HMG box transcription
factor, has also been identified as a marker for multipotential NSCs (not shown)
(Brazel et al. 2005; Ellis et al. 2004). It is expressed in the adult SVZ (Ferri et
al. 2004), and plays an important role in NSC maintenance (Episkopou 2005;
Ferri et al. 2004). However, it is still to be elucidated whether it is a putative
marker for precursors or for bona fide stem cells. Our experience indicates
that it is a marker that is widely expressed by all types of precursors in the
SVZ and is therefore not useful as a unique stem cell marker. In the search
for a more specific marker, an intracellular marker, mouse Musashil (m-Msil)
(Fig. 2b)—which is a neural RNA-binding protein—was identified, and its
expression was restricted to proliferating neuronal and/or glial precursor cells
during development (Kaneko et al. 2000; Sakakibara et al. 1996), and in the
postnatal brain (Sakakibara and Okano 1997). Interestingly, newly generated
postmitotic neurons and oligodendrocytes did not express it. m-Msil is a
candidate for a marker of "stemcellness," but it cannotbe considered to be isolated,
as there are m-Msil- immature precursors that meet all of the requirements
needed to be stem cells. CD133, a novel marker that has been related to brain
cancer stem cells, among others, is not present in neurogenic astrocytes in the
SVZ, but in embryonic neural stem cells, ependymal cells, and glioblastoma
cells (Pfenninger et al. 2007).

(b) Immature neurons.A widely used marker for migrating neuroblasts or immature

neurons is Tujl, the neuron-specific class III tubulin, a cytoskeletal protein
that is expressed in all postmitotic neurons (Fig. 2c) (Menezes and Luskin
1994; Thomas et al. 1996). Doublecortin (Dcx), which encodes a microtubule-
associated protein, colocalizes with Tujl in the migrating neuroblasts in the
adult telencephalon (Fig. 2d) (Nacher et al. 2001; Yang et al. 2004), as does PSA-
NCAM (polysialylated neuronal cell adhesion molecule) (not shown) (Rousselot
et al. 1995). The mammalian RNA-binding protein, Hu—the homolog of the
Drosophila neuron-specific RNA-binding protein, Elav—is expressed exclusively
in postmitotic neurons and is considered an early marker (Barami et al. 1995).
DIx2 is a transcription factor involved in regulating Notch signaling, among
other factors, which in turn mediates the temporal control of subcortical
telencephalic neurogenesis in mice during development and in adulthood. It
stains immature neurons and more uncommitted precursors. This ambiguity
makes data interpretation difficult,and the use of several markers to characterize
the progenitors and precursor cells is necessary most of the time.

(c) Mature neurons. The most frequently used specific markers for mature neurons

are neuron-specific enolase (NSE), neuronal-specific nuclear protein (NeuN)
(Fig. 2e),and microtubule-associated protein (MAP-2). In differentiation studies,
it is useful to follow up the BrdU* cells that have migrated after dividing, and to
terminally acquire the neuronal phenotype in its final destination.

Figure 3 summarizes the more widely accepted markers for each cell subtype.
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Fig. 2a-e Phenotypic markers. a In the horns that the SVZ forms ventrally and dorsally,
the density of cells increases, as they are exit points for migration toward the olfactory
bulb (OB). In the figure, a ventral horn from the SVZ of adult mice stained with GFAP
(red) not only shows an increased density in this area, but also shows how astrocytes send
expansions toward the brain parenchyma. GFAP stains the cell body and expansions; scale
bar 50 um. b Musashi (Msil), an RNA-binding protein, is expressed only by precursor cells
during development and in adulthood. The picture shows a Msil* cell (arrow) in a section of
the SVZ of Macaca fascicularis which is also stained with a polyclonal glial fibrillary acidic
protein (GFAP) antibody (green) that labeled astrocytes and ependymal cells, scale bar
25 mm. ¢ A widely recognized marker for immature neurons is Tujl (red) that stains the
cell body and expansions of neuroblasts, concentrated in the dorsal horn of the SVZ, scale
bar 25 mm. d Doublecortin (Dcx) is an alternative marker for neuronal precursors and it
colocalizes with Tujl. It is very useful for studying hippocampal neurogenesis, and can be
used to measure the maturity of newly formed neurons, scale bar 25 pm. e NeuN is a marker
for mature neurons. This picture shows immunofluorescent staining of NeuN* neurons in
the brain parenchyma, scale bar 25 pm (st, striatums; Iv, lateral ventricle)
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Fig.3 Phenotypic markers for adult neural stem cells. The inability to find a specific marker
for the bona fide neural stem cell and/or its progeny makes it necessary to use a wide range
of markers that define one cell type or another in further studies. In the diagram, some of
these markers are depicted for the three neural lineages arising from the SVZ

2.2
Electron Microscopy

Because of the unreliability of specific molecular markers in the adult NSCs and their
progeny, the main advantage of EM has been characterization using morphological
criteria. EM has proven to be a useful tool for characterizing distinct lineages in the
proliferative regions of the adult brain (Doetsch et al. 1997; Garcia-Verdugo et al.
1998). Ultrastructural features have allowed scientists to classify the cells contained
in the two main neurogenic niches: the SVZ that surrounds the lateral ventricles and
the DG of the hippocampus (Doetsch et al. 1997). Furthermore, there are aspects
of cells that LM or immunohistochemistry are unable to detect, but which are
observable at higher resolutions. One such example is the fine astrocytic expansions
that surround migrating neuroblasts in the rostral migratory stream (RMS) or DG
(Seri et al. 2001). Another great contribution to the study of neurogenesis is the
revelation of empty spaces between the chains of migratory neuroblasts. These spaces
were undetectable with LM, and have been very useful for interpreting migration,
as they might be the result of (or the condition for) cell movement (Jankovski and
Sotelo 1996). In addition, certain observations in cells observed by EM have yet to be
described or addressed to date, such as electron-dense particles in the basal corpuscle
of the primary cilia or endocytic phenomena between stem cells and daughter cells.
More recently, it has been noted that B cells (see the full explanation in Chap. 3)
usually contact the ventricular lumen through thin expansions. These expansions
cannot be observed with LM, and are confused with adjacent ependymal cells. The
protocol to prepare tissue samples for EM is described in Table 2.2.
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Table2.2 Transmission electron microscopy (TEM)
- Fixatives: 2% PFA-2.5% glutaraldehyde (GA)
— Reagents:
1. Distilled water
. Ethanol (70°, 96°, 100°, dry 100°) (EtOH)
. Propylene oxide
. Resin (Araldite)
. 2% osmium solution (in distilled water)

. 7% uranyl acetate (in 70% ethanol)

NN U W

. Lead citrate: Reynolds' solution: 1.33 g lead citrate + 1.76 g sodium citrate + 2 g 1 N
NaOH in 50 mL distilled water

- Protocol:

. Incubate tissue in 2% osmium for 1 h at RT and in the dark

. Wash with dH,0

. Progressively dehydrate the tissue with crescent concentrations of EtOH

. Incubate for 2 h in 7% uranyl acetate

. Dehydrate and treat with propylene oxide for 10 min

. Transfer tissue to araldite and shake overnight at RT

. Transfer to polypropylene molds and allow to dry at 37°C for 3-4 days

. Trim EM blocks and cut 0.5 pum thick sections

. Cut ultrathin sections at 60-90 nm

. Collect sections on formvar-carbon-coated nickel grids
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. Stain with Reynolds' solution
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Fig.4a—f EM techniques. a This picture shows the result of DAB pre-embedding immunofluo-
rescence against the GFAP labeling of the cytosol of an astrocyte (asterisk). After immuno-
chemistry of 50-100 um sections for GFAP (primary antibody), sections were embedded and
cut into semithin sections, then processed for EM, scale bar 2 um. The label is an electron-dense
precipitate (arrow). b Immunochemistry pre-embedding with gold-conjugated antibodies
against green fluorescent protein (GFP). After immunochemistry, embedding and sectioning
were performed. Then the tissue containing labeled cells was processed for EM observation.
Electron-dense dots (enhanced silver grains) are a characteristic of the target tissue, scale
bar 2 um. In the subset, a dendrite is labeled with gold particles and it establishes synaptic
contacts with other dendrite (arrows), scale bar 200 nm. ¢ Postembedding immunochemistry
against GFAP where gold particles can be seen to be attached to the glial intermediate filaments
(arrows), scale bar 1 um. e and f show LacZ labeling. d The SVZ astrocyte that has incorporated
iron particles injected into the lumen of the ventricle. When the labeled astrocyte behaves like
a neural stem cell, its progeny in the OB are granular neurons, which still contain iron inside
the cytosol. Iron can be seen in the semithin section (not shown) as a golden particle and as
electron-dense material within the cell under EM (arrows), scale bar 2 um. e Semithin section
showing cells labeled for LacZ (blue in the square box). These cells are neurons that form after
grafting stem cells from a transgenic animal (expressing LacZ under the specific neuronal
enolase promoter). These stem cells differentiate into neurons in the target tissue, and then
express LacZ, which is processed to stain cells blue, scale bar 15 pm. f Detail from the previous
picture (black box). EM shows electron-dense LacZ deposits within the neuron. LacZ normally
localizes in the RER (arrow), and perinuclearly within the cell, scale bar 5 mm
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Initially, EM was synonymous with morphology, but after the appearance of
immunohistochemistry and proliferation markers, the range of use and the possi-
bilities associated with EM multiplied. This was the case for pre-embedding immu-
nohistochemistry, which allows the localization and identification of prelabeled
cells with high resolution, as well as the sublocalization of the marker within the
cell. This is possible because the DAB precipitates and its precipitated salt is electron-
dense and persists after a "softer" embedding protocol (Fig. 4a). One variety of
pre-embedding immunochemistry is the "immunogold" technique (Table 2.3),
which uses gold-conjugated secondary antibodies, and electron-dense labeling is
cleaner and well defined (Fig. 4b,c).

Since stem cells are astroglial in nature, they have phagocytic properties. Labe-
ling with iron (after phagocytosis) facilitates the study of the migration routes of
stem cell progeny (Fig. 4d). It offers another, more interesting, advantage too; the
possibility of following labeled cells by magnetic resonance imaging (MRI) in a liv-
ing animal (Shapiro et al. 2006). Markers that associate with a target gene are very
useful in EM. One of the most commonly used markers is the product of the LacZ
gene (which encodes for beta-galactosidase) under the promoter of the target gene.
Beta-galactosidase, when added to a substrate (X-gal), forms deposits around the cell
nucleus that are blue-green with LM and electron-dense with EM after embedding.

Table2.3 Gold immunostaining for EM

- Fixatives: 4% PFA
- Reagents:
1. 0.1 M PBS
. 0.1 M glycine
. 0.2 M sucrose solution
. Resine (Araldite)
. Propylene oxide
6. TBS-Tween 20 solution
- Protocol:
. Fix with 4% PFA in 0.1 M PBS, pH 7.4 overnight
. Incubate in 0.1 M glycine solution for 20 min
. Incubate in 0.2 M sucrose solution

(SIS S ]

. Process for EM until ultrathin sections have been obtained

. Block nonspecific binding with 10% NGS for 30 min

. Incubation with primary antibody for 2 h at RT

. Wash in TBS-Tween 20

. Incubation with secondary biotinylated antibody for 1 h at RT
. Wash in TBS-Tween 20

. Incubate with gold-conjugated streptavidin for 1 h

. Wash with dH,0

. Stain with uranyl acetate and Reynolds' solution
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Fig.5a-k Semithin section after detachment from the glass slide and attachment to the araldite
block. a-d The semithin section is glued onto the araldite block to obtain ultrathin sections.
Liquid nitrogen is required to detach the section from the slide. e-h To crop the semithin
section into a smaller section, a glass knife is used at a specific angle. The tissue around the
section is trimmed while the surface of interest protrudes, scale bar 5 mm. i Picture show-
ing the particular trimming needed to obtain serial ultrathin sections. j,k Micrograph of
serial ultrathin sections used to perform three-dimensional reconstructions
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This permits a direct correlation to be established between LM and EM, and there-
fore identifies the cells that express a certain gene (Fig. 4e,f). In the future, the com-
bination of all of these methodologies will help to establish the lineage progression
sequence from stem cells to differentiated cells.

Any tissue stained with pre-embedding procedures and cut into semithin sec-
tions can be transferred and re-embedded (Fig. 5a-e) for further processing.
This allows the study of 3HT-labeled cells in semithin sections (see the protocol
in Table 2.4). After autoradiography for 3HT, semithin sections can be glued to
araldite blocks (Fig. 5¢), and detached from the glass slide by repeated freezing
(in liquid nitrogen) and thawing (Fig. 5d). The block with the flat semithin section
was mounted onto the ultramicrotome. Ultrathin sections were cut with a diamond
knife and examined under EM to determine which cell types incorporated 3HT.

EM-derived ultrathin sections are extremely thin (ranging from 50 to 70 nm).
This is a drawback, as cellular structures are larger than 50 nm, and so three-dimen-
sional morphology cannot be observed in a single ultrathin section. To overcome
this problem, several serial sections can be cut and set in the grid (with a surface of
2 X 1 mm), and as many as 100 sections can fit in just one grid. To do this, we have
to focus on the regions of interest. This is the most complex stage of the process,
because a large surface would need more grids to study, whereas small surfaces will
be at risk of leaving the cell being studied out of the analysis. Normally, a semithin
section is cropped (Fig. 5e-h), leaving a small surface. In such cases, the borders
have to be cut sharply so that sections do not stack together. Several grids will allow
us to study the three-dimensionality of a cell or organelle (Fig. 5i,j).

Scanning electron microscopy (SEM) is a useful tool when attempting to study
cell surfaces. The single cilium that B cells (astrocytes from the SVZ) sent toward

Table 2.4 Autoradiography for 3HT-thymidine
- Dose: Mice were administered a 50 mL injection of 1 mCi [3H] thymidine

intraperitoneally

- Survival times: depend on the experiment

- Reagents:
1. Autoradiographic emulsion
2. Photographic developer and fixative
3. See reagents for TEM processing

- Protocol:
1. Serial 1.5-mm-thick semithin sections
2. Dip in autoradiographic emulsion and expose for 4 weeks in the dark at 4°C
3. Develop and fix, then counterstain with 1% toluidine blue

- Acellis considered labeled if six or more silver grains overlaid the nucleus and the same
cell was labeled in three adjacent sections

- 3HT-labeled cells identified in the semithin sections can be selected for electron
microscopic examination
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the lumen of the ventricle could be observed using SEM (Fig. 6; Table 2.5). SEM can
also be employed to study ultrathin sections (Micheva and Smith 2007). This tech-
nique, combined with immunofluorescence, enables us to relate molecular markers
to ultrastructural analysis.

23
Neurosphere Assay

Stem cells have been classically defined by their behavior in vitro (Potten and
Loeffler 1990). NSCs are the least committed cells of the nervous system, and
differ from the neural progenitor or precursor cells, which have a more restricted
differentiation potential. Neurogenic regions contain both types of cells. Due to
scientific reasons and the lack of ideal markers, it is necessary to apply operational
criteria to separate these populations. The functional properties of NSCs as stem-
like cells are: (1) multipotency, i.e., the ability to yield mature cells in all three
fundamental neural lineages throughout the nervous system: neurons, astrocytes,
and oligodendrocytes; (2) repairing potential,i.e.,the ability to populate a developing

Fig.6 Scanning electron microscopy (SEM). SEM allows the cell surface to be studied. In the
SVZ,the ependymal layer is composed of ependymal cells with abundant cilia and microvel-
losities in the apical pole. In the picture, a single cilium arises from the cell surface, scale bar
1 um. This is characteristic of another cell type, B cells, as we will explain later in Chap. 3
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Table 2.5 Scanning electron microscopy (SEM)

- Reagents:
1. 2% osmium in 0.1 M PB
2. 0.1 M PB solution
3. Distilled water
4. EtOH (25, 50, 70, 95, and 100%)
- Protocol:
1. Rinse tissue in PB (2 X 10 min)
. Transfer tissue to 2% osmium for 1-2 h. Keep in the dark at RT
. Rinse in distilled H,0 at 4°C (5 X 10 min)
. Rinse tissue in 25% EtOH for 10 min at 4°C
. Rinse tissue in 50% EtOH for 10 min at 4°C
. Rinse tissue in 70% EtOH for 10 min at 4°C (it can be stored in 70% EtOH for 1 week
at 4°C)
. Rinse tissue in 70% EtOH for 10 min at 4°C
8. Rinse tissue in 95% EtOH (3 X 10 min at 4°C)
9. Rinse tissue in 100% EtOH (3 X 10 min at 4°C)
10. Critical point drying
11. Sputter coating
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12. Scanning

region and/or repopulate an ablated or degenerated region of the nervous system
with the appropriate cell types; (3) the ability of to be serially transplanted, and; (4)
self-renewal, i.e., the ability to produce daughter cells or new NSCs with identical
properties and potential.

For the first time, Reynolds and Weiss (1992) reported the existence of a type of
cells in the adult mammalian brain that had self-renewal properties. They cultured
striatum-derived cells from the adult rodent brain in the presence of the mitogenic
factor EGF (epidermal growth factor). In the culture plate, they proliferated in
clusters to form sphere-like structures. When dissociated and replated, these cells
gave rise to new clonally derived neurospheres (secondary neurospheres). This was
the basis for the neurosphere assay. Initially it was thought that neurospheres were
derived directly from the striatum (Reynolds et al. 1992), but subsequent studies
demonstrated that the source of the cells, which behave as stem cells in vitro, is
the SVZ that underlies the striatum (Lois and Alvarez-Buylla 1993). Culture condi-
tions were thoroughly analyzed and another mitogenic factor, bFGF (basic fibrob-
last growth factor), proved to be sufficient for neurospheres to grow (Vescovi et al.
1993). An interesting fact is that the presence of both factors in the human brain is
required for stem cell propagation, while each factor separately allows the neuro-
sphere to grow in the rodent (Vescovi et al. 1999). The protocol of the SVZ-derived
cells in culture is shown in Table 2.6.
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Table2.6 Neurosphere culture

- Reagents:
. DMEM-F12 1x
. Hormone mixture (B7 or N2 supplement)
. 2 mM L-glutamine
. Antimitotic/antibiotic
. Heparin
. Growth factors: EGF, bFGF
- Protocol:
1. Extract the SVZ from fresh brain and put on DMEM-F12 1x on ice
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2. Cut into small pieces and triturate using a fire-polished Pasteur pipette

3. Plate in DMEM-F12 with 20 ng mL™! EGF and 10 ng mL™' FGF

4. For differentiation studies, plate in polyornithine-coated chamber slides without
mitogens in the presence of 1% FBS

The property of self-renewal is dependent on cell development. That is, the
symmetric division of neuroepithelial cells and radial glia predominates during
embryogenesis. At midgestation, the SVZ arises and the asymmetric division
increases to gradually allow the formation of the mature structures that will con-
stitute the adult brain. Thus, the potential of NSCs for self-renewal changes as
development proceeds. Stem cell development might be driven by a combination
of intrinsic temporal programs and extracellular signals from the changing envi-
ronment of the developing brain (Temple 2001).

After removing the mitogenic factors, and in the presence of serum, these cells
are capable of differentiating into the three lineages of neural cells: astrocytes,
neurons, and oligodendrocytes. They can even give rise to different types of neu-
rons depending on the culture conditions, including dopaminergic neurons if LIF
(leukemia inhibitory factor) is added to the medium (Galli et al. 2000b). Surpris-
ingly, recent studies show that the differentiation potential of these cells under
certain conditions is wider than previously thought. Sublethally irradiated mice
were divided into two groups, and both were injected with genetically labeled bone
marrow and neural stem cells, respectively. Grafted cells differentiated into blood
cells in both groups (Bjornson et al. 1999). These results have not been reproduced
by other groups, which led to this conversion being questioned (Magrassi et al.
2003; Morshead et al. 2002; Yusta-Boyo et al. 2004).

Another experiment consisted of coculturing NSCs and differentiating muscle
cells. As a result, skeletal muscle fibers were obtained (Galli et al. 2000a). Similarly,
NSCs injected into the embryonic blastula differentiated into a variety of tissues,
including renal, cardiac, and hepatic tissues (Clarke et al. 2000).

A few years after this discovery, neurosphere cultures were obtained from
different SVZ regions of the human brain (Sanai et al. 2004).
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2.3.1
Limitations of the Neurosphere Assay

Our increasing knowledge of stem cell biology has resulted in a re-evaluation of
the stem cell concept as it was first established. Stem cells should not be defined in
terms of their individual properties in an artificial assay, which itself may alter their
characteristics. Stemness is not a property of the cells but a spectrum of capabili-
ties, and the distinction between stem cells and progenitor cells cannot be assessed
in vitro.

The clonal nature of a given neurosphere cannot be affirmed, and clusters may
fuse at even an ostensibly low density. Even clonal neurospheres consist of a mixed
population of progenitor cells and NSCs, and therefore the stemness of a single
neurosphere depends on the percentage of NSCs that it contains (Suslov et al. 2002).
It has been argued that the multipotentiality exhibited by a neurosphere is due to
the presence of the different uni- and bipotential populations in it (Gabay et al.
2003). Thus, neurospheres may represent a more advanced state than bona fide
stem cells, and hence a less plastic stage (Fig. 7a).

Neurosphere assays have also been questioned from a molecular viewpoint.
Studies on the gene expression profiles of operationally defined NSCs (cells ful-
filling the abovementioned properties) compared to SVZ-derived cells revealed
striking differences. The profiles of NSCs, hematopoietic stem cells (HSCs) and
embryonic stem cells (ESCs) shared a number of genes that might be considered
stem-like genes. However, SVZ-derived cells expressed only a few of these genes and
displayed a profile that was more consistent with differentiated neural cells. Inter-
estingly, when the operationally defined NSC clone was cultured as a neurosphere,
its expression pattern shifted toward a more differentiated pattern, suggesting that
the neurosphere, without any other type of validation, may be a poor model for
predicting stem cell attributes (Parker et al. 2005).

24
Fluorescence-Assisted Cell Sorting (FACS) Analysis
in Stem Cell Research

The need for novel strategies that may identify and separate pure populations of
NSCs and progenitors has encouraged the employment of FACS analysis in the field
of neuroscience (Fig. 7b). Several FACS strategies have recently been applied to
sort NSCs from the nervous system using positive and/or negative selections. Uch-
ida and colleagues (2000) showed that a cluster of a differentiation (CD) marker
(CD133) was indeed present in hematopoietic cells, and is expressed by a small
fraction of fetal brain cells in humans. Positive sorting of the CD133* population
revealed that these cells fulfilled the in vitro stem cell properties while CD133~ cells
did not. Just a small fraction of these neurospheres, however, were capable of
generating secondary spheres after subcloning.
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Fig.7a-b Limitations of the neurosphere assay and the mechanism of fluorescence-activated
cell sorting (FACS). a In vivo, the lineage progression from stem cell to migratory neuroblasts
has been studied and is widely accepted. The in vitro neurosphere assay has been used as a
model to study the behavior of stem cells under several conditions, and a parallel between both
situations is widely accepted. However, the in vitro assay does not represent a homogeneous
population of cloning stem cells, but rather a heterogeneous mixture of cell types in different
states of maturity that partially represent stemness. b Another experimental approach used in
NSC research is cell sorting (FACS). Cells are obtained from the tissue sample or culture. After
dissociation, single cells are incubated with an indicator dye or specific fluorescent antibodies.
The cell sorter counts and separates cells one by one, and sorts labeled and unlabeled cells via
laser detection of the dye or fluorescence and by a system of electric charges which allow the
purification of the different subtypes and further experimentation
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Another FACS strategy involving surface markers, mCD24 and peanut agglutinin
(PNA), was applied to adult SVZ in mice (Murayama et al. 2002; Rietze et al. 2001).
Cells expressing low levels of both PNA and mCD24 behaved as stem cells do in
vitro. A subpopulation of these cells was actually pluripotential, and generated
both neural and non-neural phenotypes. Unfortunately, this model presented
some limitations, since the quantity of cells obtained from in vivo dissection was
minute, and the need for expansion in culture could alter the intrinsic features.

The use of a genetic model combined with a FACS analysis was applied to isolate
NSCs from the embryonic and adult CNS. The GFP expression was dependent on
nestin expression through a nestin enhancer. Studies revealed that the GFP*
fraction formed neurospheres which could be subcloned and exhibited multipo-
tentiality (Kawaguchi et al. 2001; Roy et al. 2000a). This fraction existed as a larger
proportion in the embryonic brain than in the adult brain. The limitation of this
model is that nestin is not an exclusive marker of NSCs, so it may be necessary to
combine it with the sorting of other surface markers.

Molecular and cellular studies of FACS-sorted NSCs and lineage-restricted
progenitors have further demonstrated clear differences in gene expression pat-
terns and functional properties. It is evident that the use of FACS has led to varying
degrees of success to date, even though none of the assays has provided a compel-
ling source of a pure population of NSCs. In any case, the reliability of this FACS
strategy and its applicability indicate that this method possesses great potential in
the future of neurogenesis (Maric and Barker 2004).

25
Transgenic Animals and the cre-lox System

Mice have been used extensively as a genetic tool to introduce mutations into certain
genes and to study the resultant biological effects. Transgenic mice expressing
visible markers under specific promoters have enabled us to follow the cell prog-
eny of NSCs or to investigate the origin of radial glia; such visible markers include
GFP (green fluorescent protein) (Fig. 4b), AP (alkaline phosphatase), or LacZ
(beta-galactosidase) (Fig. 4e,f). GFP is a fluorescent protein that allows for confo-
cal analysis and the study of colocalization with other markers, three-dimensional
structures, and cell morphology. However, it is not quite as useful for EM because
sample processing is complex and deteriorates the tissue (it consists of DAB immu-
nostaining). Gold immunostaining damages the tissue too, but the penetration of
the antibodies is lower. AP is not applicable to EM due to technical reasons. LacZ is
excellent for EM but only permits the cell body to be studied. It deposits perinuclearly
and in the endoplasmic reticulum, but not in cellular expansions.

Lately this approach has undergone a revolution due to the application of the
cre-lox system. This system consists of a DNA integrase, the cre recombinase from
the P1 phage (a specific bacterial virus), and a coupled nucleotide sequence, the
loxP site, such as the cre DNA substrate. loxP is a sequence of 34 base pairs (bp)
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containing two 13 bp inverted repeats flanking an 8 bp core sequence. Two cre mol-
ecules bind to each loxP site, one on each half of the palindrome (Van Duyne 2001).
Cre molecules bind to DNA and then form a tetrameric complex to bring two loxP
sites into proximity, thus creating the orientation that is essential for the resulting
recombination. The placement of recombination sites in the genome and the sub-
sequent targeted expression of the recombinase have allowed the development of
genetic switches that can either ablate or turn on any desirable genes in transgenic
or gene-modified mice (Sauer 1998).

In the study of neurogenesis, this system enables the detection of specific cell
populations or the more active creation of conditional mutants to study the func-
tions of target genes. The first case, for example, requires the use of transgenic
mice with a gene construction under a general promoter, such as beta-actin and
a loxP/loxP-flanked stop sequence. When the virus that expresses the cre recom-
binase is injected into the brains of these transgenic mice, the stop sequence is
removed from infected cells and the marker starts to constitutively express, so that
the cells can be visualized (Fig. 8a). This type of experiment was used to demon-
strate that radial glia in the neonatal brain were the source of neurons, as were the
glia in the subventricular zone and olfactory bulb (Merkle et al. 2004). This can
also be achieved by using two transgenic animals where one animal constitutively
expresses cre recombinase while the other expresses the target gene flanked by two
loxP sites (Fig. 8a). Furthermore, gene construction might correspond to a visible
marker (Fig. 8b).

The creation of conditional mutants depends on the targeted deletion of certain
genes that are flanked by flox/flox, a subtype of the cre-lox system sites in transgenic
animals. The great advantage of this relatively recent tool is that it allows certain
genes in the adult animal to be conditionally knocked out, thus avoiding the com-
pensatory effects observed in developmental mutants.

Besides all of the techniques explained above, other tools such as cell transplantation
and electrophysiology allow us to follow differentiation and integration into the
nervous tissue in vivo.

2.6
Transplantation of Adult NSCs

Adult NSC transplantation is a new approach to stem cell-based therapies that
may contribute to the regeneration of damaged areas after brain injury. It has been
implemented over the last decade through the discovery of new cell-labeling proce-
dures that allow the fate of grafts in the target tissue to be followed. New advances
in surgery and stereotaxis have also allowed positive results to be obtained when
transplanting cells or grafts into the brain.

The source of cells for transplantation can vary from SVZ-derived adult NSCs
to bone marrow stem cells, carotid body, or embryonic stem cells. Once obtained,
cells can be amplified and introduced into the brain by stereotaxic procedures or
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Fig. 8a-b Transgenic animals used in NSC research and the cre-lox system. a The cre-lox
system can be applied by crossing two transgenic mice, one expressing the cre recombi-
nase gene under a specific promoter (1) with another mouse which contains the target gene
flanked by the loxP sites (overlapping the region between I and 2), stopping its expression.
Their progeny will have expressed the gene in those cell types that express the specific
promoter. Thus the cre recombinase will remove the loxP sites and allow the gene to be
transcripted (3). One alternative, among others, is to transfect a transgenic mouse carrying the
loxP sites (overlapping the region between I and 2) with a virus containing the cre recom-
binase in its genetic program (2). The effectively infected cells will express the target gene
(3). b A semithin section of the adult mouse SVZ with beta-gal staining. This picture corre-
sponds to a transgenic animal with the construct noggin-lacZ. Beta-gal staining only labels
those cells that express noggin, which, in this case, are ependymal cells (arrows), scale bar 10
um (SP, specific promoter)
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by endovenous injection. In that respect, the systemic injection of cells has demon-
strated in several assays on stroke or neurodegeneration (in injured regions) that
the endovenously administered cells can reach certain areas of the brain (Pluchino
et al. 2003; Politi et al. 2007).

Multiple strategies have been used to label the cells to be transplanted, such as
male-to-female transplantation, transgenic animals (as mentioned in this chapter),
nucleotide analogs (BrdU, 3HT), or iron particles, among others. Although easy to
use, extrinsic markers have drawbacks. For instance, if grafted, cells may die. The
marker diffuses and can be taken up by NSCs. Rather than the grafted cells, the
labeled population observed may represent those already present in the animal
(Burns et al. 2006). The use of viruses entails the problem of silencing expression after
transplantation. Therefore, these labeling techniques must be evaluated critically,
and simultaneous protocols may be used to confirm the results.

2.7
Integration and Functionality of Newborn Cells in the Adult Brain

To evaluate the process of neurogenesis, it is necessary to study the proliferation,
migration, and differentiation of newborn cells, and it is also essential to quantify
the percentage of these cells that finally integrate into the target tissue.

Such quantification requires the use of stereology. Stereological techniques sam-
ple plane sections (two-dimensional) from an object and—by combining geomet-
ric probability and statistics—extrapolate them to the three-dimensional material.
Many scientific errors arising from the misinterpretation of plane sections have
been overcome.

To establish whether a newborn neuron is functional, connectivity with other
cells must be demonstrated, as well as the electric activity that the cell needs to play
its role in the target tissue. An elegant work (Carleton et al. 2003) that uses electro-
physiology combined with the transgenic labeling of animals has shown that the
neurons that are newly incorporated into the OB (and originated in the SVZ) are
capable of integrating into the pre-existent circuitry.

Behavioral neuroscience is also fundamental to the study of neurogenesis.
This allows the formation and integration of new neurons to be correlated with
the recovery of lost functions after brain injury, which is secondary to ischemia or
neurodegenerative diseases. However, its complexity precludes us from including
behavioral methods of studying neurogenesis in our study.Integration and Function-
ality of Newborn Cells in the Adult Brain



3
Neurogenesis in the Intact Adult Mammalian
Central Nervous System

3.1
Description of Neurogenic Regions in the Adult Mammalian Brain

There are two well-accepted neurogenic regions in the adult mammalian brain: the
olfactory bulb and the hippocampus (Fig. 9). However, stem cells with neurogenic
potential have also been found in the third ventricle, in the central canal of the
spinal cord, and more recently, in the subcallosal region (SCR), a region between
the corpus callosum and the hippocampus.

3.1.1
Subventricular Zone

The main neurogenic region in the adult mammalian brain is the olfactory bulb
(OB), where new neurons (granular and periglomerular subtypes) are formed de
novo. The majority of these new neurons are generated in an area that underlies
these lateral ventricles, the subventricular zone (SVZ). After being produced, a
large percentage of these cells migrate toward the OB following a pathway (5-6 mm
in the rodent) called the rostral migratory stream (RMS).

The first works dedicated to neurogenesis, performed in the middle of the
twentieth century, were based on morphological observations made via light micro-
scopy. They reported that, aside from the multiciliated cells that cover the ventricle,
two cell types exist: light and dark cells. However, since then, the combination of
electron microscopy (EM) studies and three-dimensional reconstructions with the
use of cellular markers has led to a precise description of the rodent SVZ as a first
step in the identification of adult NSCs in the adult brain.

3.1.1.1
Characterization of SVZ Cell Types with Light Microscopy

The SVZ of the adult mouse brain is a discontinuous region of cells next to the
ependymal lining. This SVZ is most evident, and involves up to four cell layers,
in the lateral wall of the lateral ventricle facing the striatum (Mitro and Palkovits
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1981) (Fig. 9). The medial wall facing the septum is largely devoid of cells—com-
prising up to one cell layer—with the exception of the most anterior part of the
anterior horn, where dark and light cells, which are similar to those in the lateral
wall, are found. The roof of the lateral ventricle is almost devoid of SVZ cells. The
same cannot be said of the septum, as we have found only light cells (astrocytes)
and ependymal cells. Ependymal cells are flat in the septum and astrocytes form
a thin band underlying the ependymal layer with protruding nuclei. In the ante-
rior levels of the rostrocaudal axis, cells constituting the SVZ occasionally expand
toward the ventral portion of the septum.

The SVZ is formed from several layers of cells (usually from two to five). How-
ever, the number of cell layers varies depending on the animals, ages, and the dif-
ferent rostrocaudal levels. At the posterior and medium levels, the SVZ comprises
only two layers of cells, resembling the septum, and consists of only astrocytes and
ependymal cells. The maximum cell density of the SVZ is found in the dorsal and
ventral regions of the anterior levels.

Using light microscopy, SVZ cell populations can be identified (even without
being able to ensure 100% reliability until observed under EM) with the following
features:

(a) Type A cells or immature neurons look small and dark, and form clusters of
cells close to the ventricle. These cells are spindle-shaped and form clusters,
but they may appear to be round depending on the histological section. The
nucleus is fusiform or round, while chromatin is dense but dispersed with two
to four nucleoli. Cytosol is scarce but densely packed.

(b) Type B cells are large and irregular with light and invaginated nuclei. Cytosol
can be dark or light depending on the amount of intermediate filaments, but
is always less dark than Type A cells. These cells are frequently in contact with
ependymal cells. They can form small clusters in the boundaries of the clusters
of A cells.

-
%

Fig. 9a-d Proliferative regions in the adult mouse brain. Subventricular zone (SVZ) under
light microscopy. a This diagram shows a sagittal view of the mouse brain where the main
proliferative regions (SVZ and dentate gyrus—DG—of the hippocampus) and neurogenic
(olfactory bulb—OB, and DG) are represented. The rostral migratory stream (RMS) is the
pathway that newly formed neurons from the SVZ take to reach the OB after migrating several
millimeters of the distance. The stem cells in the DG give rise to neurons that migrate much
less and finally differentiate within the hippocampus. b This picture shows the ventricle in
a coronal section. The medial wall corresponds to the septum (SP) (c), while the lateral wall
constitutes the SVZ (d). c The septum does not host neural stem cells and is poorly populated
with astrocytes and ependymal cells, scale bar 10 pm. d In contrast, the SVZ is composed of
different subpopulations of cells (described in the text).In the subset on the left,a Type C cell is
depicted (arrow); an amplifying precursor. A mitotic figure can be seen in the subset on the right,
avery frequent finding in the SVZ (arrow), scale bar 10 um (OB, olfactory bulb; RMS, rostral
migratory stream; SVZ, subventricular zone; DG, dentate gyrus; SP, septum; ST, striatum)



30 Description of Neurogenic Regions in the Adult Mammalian Brain

(c) Type C cells are found in the close vicinity of Type A cells (subset to the left of
Fig. 9). They share features with subtypes B and A, and share an intermediate
phenotype, even when they are the largest cells in the SVZ.It is common to find
C cells in the mitosis (subset to the right of Fig. 9). Their nuclei are dark and
chromatin is dispersed. Occasionally, clumped chromatin relates to a pre- or
postmitotic state. This cell type is the most difficult to identify with LM and
EM because it is an intermediate stage between B and A cells.

(d) TypeE cells are cubic or columnar cells that line the cavity of the lateral ventricle.
They possess cilia in their apical pole and lipid drops in their cytosol. Nuclei
are round or oval, and abundant mitochondria, which look like basophilic dots
with LM, are dispersed in the cytosol. It is possible to identify neurons and
microglial cells in the SVZ with LM.

3.1.1.2
Characterization of SVZ Cell Types with Electron Microscopy

As observed with LM, four distinct types of cells constitute the periventricular SVZ
region of the lateral ventricles: (1) Type A cells (migratory neuroblasts), (2) Type B
cells (astrocyte-like), (3) Type C cells (precursors), and (4) Type E cells (ependymal
cells) (Fig. 10). Refer to Table 3.1 for ultrastructural features of different cell types.

Type A cells are fusiform with one or two processes: dark under LM and electron-
dense under EM. The nucleus is dark, occasionally invaginated, and chromatin is
mainly euchromatin with two to four small nucleoli. The cytosol is scant, with alarge
number of free ribosomes, a few short cisternae of a rough endoplasmic reticulum
(RER), a small Golgi apparatus, and many microtubules oriented along the axis
of the cells. The plasma membrane displays characteristic union complexes with
neighboring cells (Fig. 10). PSA-NCAM, Tujl, and Dcx are useful specific markers.
Although not specifically, they also express DIx2, a transcription factor expressed
by precursor C cells in the SVZ. Type A cells have the ability to migrate tangen-
tially along the SVZ and the RMS, where they form chain-like structures (Fig. 11).
Three-dimensional reconstructions have shown that all Type A cells contact with
astrocytes (Fig. 12). Migratory neuroblasts are not completely surrounded by other

Fig. 10a-e Panoramic view of the adult mouse SVZ and the ultrastructure of Type A cells.
a A panoramic view of the SVZ under electron microscopy (EM) is shown. The lateral
ventricle (Iv) is surrounded by the ependymal layer of ependymal cells (e), and under-
neath, in contact with the ependyma, we see the SVZ, which is composed of different cell
types—Types A (a), B (b) and C (c)—with the features described in the text, scale bar 5
um. b-e Ultrastructure of a Type A cell. b The abundance of free ribosomes is very char-
acteristic of Type A cells, scale bar 250 nm. ¢ Type A cells have small dictyosomes in their
Golgi with short saculae (asterisk), scale bar 500 nm. d Transversal sections of microtu-
bules in the cell body of Type A cells (long arrow), and typical cell junctions are also fre-
quent (short arrows). Intercellular gaps allow for cell migration (asterisk), scale bar 200
nm. e Centriole immersed in the cytosol directing migration (arrow), scale bar 200 nm
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Table3.1 Ultrastructural features of SVZ cell populations in rodent brain

Type A Type B Type C Type E
Position of the cell body Basal Apical-basal Large Apical
No contact with the Occasionally contact the Always contact the ventricle
ventricle ventricle
Elongated shape Pseudostratified irregular Cuboidal shape
shape
Expansions Tangential Radial electron-dense Not frequent Radial electron-lucent
Multiple expansions inter-
spersed between cells
Nucleus Round-fusiform Oval irregular Highly Round-oval
Dark invaginated
Chromatin Dispersed with Often dispersed Small clumps of chromatin
clumped chromatin
Nucleoli 1-2large 1-2large 1-2 small
Cytoplasm Scant and dark Light Intermediate fea- ~ Light in the basal region and
tures between Type dark in the apical region
A and B cells
REL + +++ +
Golgi apparatus Small Large (thin dictyosomes) Small (dilated dictyosomes)
Anullate lamellae No Yes Yes
Golgi-associated vesicles ++ ++++ +
Free ribosomes ++++ ++ ++ ++
Mitochondria + +++ (small and round) +++ (large and elongated)
Centriole Close to the nucleus In the apical cytosol None detected

and far from the
ventricle
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Fig. 11a-b Migratory chain. In the SVZ, Type A cells are arranged in chains surrounded
by astrocyte-like cells (Type B cells), and they migrate along the rostral migratory stream
toward the OB. a A longitudinal section of the chain is depicted, scale bar 5 um. b A trans-
versal section of the chains migrating in close relationship with blood vessels (Bv). Note the
characteristic spaces between the cells, scale bar 5 um

migratory cells. Type A cells possess a short primary cilium orientated in the direc-
tion of migration with a centriole at its base. Abundant microtubules arise from the
centriole. This is very interesting because the orientation of the primary cilium and
the centriole seem to be involved in directing cell migration. It has been recently
demonstrated that the migration of neuroblasts through the SVZ toward the RMS
parallels the cerebrospinal fluid (CSF) flow, suggesting a potential role of ependy-
mal cells in their guidance (Sawamoto et al. 2006), probably through repulsive factors
such as Slit2 (and other molecules), secreted by cells from the choroidal plexus and
distributed by ependymal cilia movement.
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Fig.12 Type B cell. Type B cells (b) accompany migratory cells on their way to the OB. These
cells clearly differ to Type A cells (a). Their cytosol is lighter, their nuclei are invaginated and
they possess intermediate filaments that can be observed at high magnification under EM.
In the early RMS, Type C cells can be observed. In the picture, a Type B cell is transforming
into a Type C cell (b/c). It is commonplace to find cells in intermediate differentiation states
along the length of the SVZ, scale bar 5 um

Type B cells have irregular contours that fill the spaces between neighboring
cells profusely. Cytoplasm is lighter, with a few ribosomes, and it is enriched with
intermediate filaments formed from the GFAP protein, among others, which are
highly expressed by mature astrocytes. Other intermediate filaments present in B
cells are vimentin and nestin. These cells have a nucleus that is deeply invaginated
with dense chromatin. B-cell astrocytes establish cell-to-cell contact with other
astrocytes and ependymal cells through GAP junctions, but never with Type C cells
or migratory neuroblasts. These cells constitute a dense network underlying the
ependymal layer and they surround the chains of A cells (Fig. 12).

Occasionally, B cells contact the lumen of the ventricle and exhibit a short straight
single cilium (Fig. 13). This cilium has a 9 + 0 organization. It can be found to exist
partially inside the cell,and it displays a structure that is very similar to the cilia found
in radial cells in reptiles and birds. Two recent publications by our group show the
importance of cell signaling through the primary cilia in cerebellum (Spassky et al.
2008) and dentate gyrus (Han et al. 2008), which are mandatory for adult hippocampal
neurogenesis. It has been suggested that it may play an important role in prolifera-
tion (Singla and Reiter 2006) and development (Davis et al. 2006). In addition, radial
cells in the mammalian embryo also display a single short cilium. The number of B
cells contacting the ventricle increases after injection of EGF (Doetsch et al. 2002) or
ephrins (Conover et al. 2000), or after any process that implies regeneration of the
SVZ.This phenomenon remains unclear, but it may be related to the uptake of the fac-
tors in the CSF that regulate cell proliferation. We also know that the number of B cells
that contact the ventricles in neonates—where neurogenesis is more prominent—is
very high, while it is low in adults, except in the abovementioned situations.
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Fig.13 Single cilium from a Type B cell in contact with the lateral ventricle. The basal body of
the cilium can be occasionally observed within the cell. This cilium can originate from either
the soma or a cytosolic expansion, scale bar 2 um

In mice, two types of B cells were described, Type B1 and B2 (Fig. 14). Type B1 astro-
cytes are darker, have more organelles in their cytoplasm,and are the cells that send the
primary cilium that contacts the lumen of the ventricle. Therefore, B1 cells resem-
ble radial glia and are in close contact with the ependymal cells in the SVZ. Chroma-
tin is relatively dispersed in the nucleus. B2 astrocytes are smaller, and the primary
cilium directs to the underlying parenchyma. These cells resemble those astrocytes
in the RMS. Type B2 astrocytes have clumped chromatin, a scarce cytosol with few
organelles, and they tend to localize at the interface with the striatal parenchyma.
Ultrastructurally, these cells are phenotypically identical to the astroglia found
in the striatum or cerebral cortex. Intermediate filaments in these cells are found in
the expansions, far from the cell body. In the septum, there are only B2 astrocytes,
which constitute a thin monolayer that separates ependymal cells from the underlying
neuropile. Even though attempts have been made to classify SVZ astrocytes based on
their morphology, it is not clear (i) which are the bona fide stem cells, or (ii) whether
the different morphologies described for each subtype correspond to different states
of maturity. Neither is there enough literature to support any conclusion. Even though
we know that there are astrocytes that come into contact with the lumen of the ventri-
cle, the question is: is this a static or a dynamic event? There is no molecular evidence
of a marker that allows us to classify the astrocytes. What we do know is that B2 cells
do not come into contact with the ventricle and they ultrastructurally form glial tubes,
which does not rule out the possibility of them acting as NSCs. In fact, some authors
were able to obtain clones of neurospheres from cells derived from the RMS even
when it was unclear whether these cells were astrocytes (Gritti et al. 2002).
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Fig.14a—f Types of Type B cell. a,b Within the SVZ, we can delineate two types of astrocytes
based on morphologic criteria, Type B1 (a) and Type B2 (b), scale bar 2 um. B1 astrocytes are
rich in intermediate filaments and their cytosol is very electron-dense compared to B2, as
seen in the panoramic views. ¢ B1 astrocytes contact the lumen of the ventricle (arrow), scale
bar 5 um. d Both types of astrocytes have invaginated nuclei typically with thin structures
(arrow), scale bar 50 nm. e The Type B1 cell contains abundant organelles such as RER, Golgi,
mitochondria, and intermediate filaments (arrows) are abundant in the B1 astrocyte, mostly
in the soma, scale bar 10 nm. f It is very characteristic that Type B1 astrocytes ensheathe
migratory cells and come into contact with myelinic and amyelinic axons, scale bar 50 nm

Type C cells (transit-amplifying precursors) share some features with Type
A cells, but they are more electron-lucent, have fewer ribosomes, their nuclei are
larger, spherical and frequently invaginated, and they are not found in the RMS
(Fig. 15). They have several large reticulated and atypical nucleoli. Their cytoplasm



Subventricular Zone 37

Fig.15a-e Type C cell. a Cluster of C cells immersed within the SVZ, scale bar 2 mm. b Pano-
ramic view of a C cell in the SVZ showing a very large and invaginated nucleus with large
nucleoli. In the SVZ, the Type C cell associates with Type A cells and is barely found in the
RMS, scale bar 1 mm. ¢ Detail of the cytosol. These cells contain numerous organelles with
large dictyosomes (arrow) and an important RER with ribosomes, even more dense than in
astrocytes or B cells. However, they have fewer ribosomes and microtubules compared to the
migratory neurons that come from C cells, scale bar 1 mm. d A mitotic figure corresponding
to a C cell—a frequent finding in the SVZ, as these cells constitute the fast-proliferating
precursors, scale bar 2 mm. e DIx2 pre-embedding immunostaining specific for C- and A-cell
populations, scale bar 5 mm
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contains a large Golgi apparatus, and they do not possess bundles of intermediate
filaments or microtubules. C cells form clusters in the proximity of the chains
formed by migratory cells, and they occasionally establish small junctional com-
plexes with them. Even though these cells proliferate at the highest rate in the SVZ
and they express the transcription factor DIx2, they are negative for markers of
immature neurons such as PSA-NCAM. An EM analysis does not identify around
20% of Type C cells. This is the consequence of cells holding intermediate character-
istics between different cell types. Cells with intermediate filaments and abundant
ribosomes will correspond to B-C transitional cells, while those cells with scarce
microtubules and ribosomes will correspond to C-A cells.

Type E cells (ependymal cells) are large and cubical, and they form a monolayer
that separates the lateral ventricle from the surrounding parenchyma. One main
feature of these cells is the presence of cilia and numerous microvilli in their api-
cal pole (Fig. 16 and Fig. 17). Lateral processes are interspersed between contiguous
cells and remain in close contact through many junctional complexes, such as tight
junctions and desmosomes. Recently Numb, a new protein, was reported, which is
involved in the cohesion of ependymal cells. When Numb is absent, Type E cells
detach themselves from neighboring cells, and the SVZ invades the gap toward the
ventricle (Kuo et al. 2006). Interestingly, these cells proliferate and behave like Type
C cells, giving rise to small tumor formations. Ependymal cells, however, do not
react, and they are never replenished. Nonetheless, astrocytes constitute layers that
line the surface, isolating the neuropile from the CSE.

The cytosol of Type E cells is electron-lucent with few organelles, except for the
basal corpuscle of the cilia where a large number of mitochondria accumulate. The
majority of these mitochondria are bound to the base of the cilia through filamen-
tous structures. The nucleus is spherically composed of sparse chromatin with clus-
ters of heterochromatin associated with the nuclear membrane. In the basal pole,
some cells send an expansion that interacts with the basal lamina of blood vessels.
Such expansions are frequent in dorsal and ventral horns, and these radial expan-
sions can reach considerable lengths after a stroke or brain injury. A relatively small
number of intermediate filaments can be observed in the ependymal cells of rodents
compared to upper mammals (humans or primates), where they are abundant.
Immunohistochemically, these cells express vimentin, S-100, and CD-24.

»

Fig. 16a—-d Ependymal cells. a Typical ependymal cells in contact with the ventricle with
abundant cilia and microvellosities. Mitochondria tend to concentrate in the apical pole of
the cell. In the upper right-hand corner, there is a subset with detail of a basal body of the
cilium, scale bar 5 um. b Lipid drops (asterisk) are a frequent finding in the ependymal cells.
Observe the increased density of the cytosol in ependymal cells compared to astrocytes,
scale bar 1 pm. ¢ In this picture, the arrows point to two different types of cell junctions,
union adherens (white arrows), tight junctions (black arrows), and desmosomes. In the
cytosol, intermediate filaments are abundant, scale bar 200 nm. d Scanning electron micros-
copy allows us to study the cell surface. Multiple cilia and microvellosities are characteristic
of ependymal cells, scale bar 2.5 pm
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Fig.17 Surface of the lateral ventricle. Through their cilia, ependymal cells play an important
role in CSF flow, transporting molecules toward the brain parenchyma, and recent stud-
ies demonstrate a relationship with cell migration. This picture corresponds to a scanning
micrograph of the ependymal wall of the lateral ventricle, scale bar 10 pm

Other cell types may be found in smaller percentages in the SVZ. Some neurons,
pyknotic cells, oligodendrocytes and microglia were sporadically found in the SVZ,
mixed with the populations described above (Fig. 18).

3.1.1.3
Rostral Migratory Stream

The SVZ is continuous with the RMS, which is a pathway that rostrally expands
toward the OB. It is composed of Type A cells that are surrounded by Type B cells
to form a sheath in order to isolate the future neurons from the brain parenchyma,
thus constituting a type of structure that is known as a glial tube (Jankovski and
Sotelo 1996; Lois et al. 1996; Peretto et al. 1998). Astrocytes remain fixed while
A cells move along these structures. This area can easily be identified with LM,
as many blood vessels are found in the region, since they accompany cell chains.
These cells are likely to have a nutritional function.

The migration of new neurons is favored by the cell-to-cell interaction that takes
place between Type A cells and the astrocytes from the glial tubes (Fig. 19). Addi-
tionally, ependymal cells that allow the movement of the CSF by synchronized and
polarized cilia movement play a major role in migration, as they direct the fluid
within the ventricles. The direction of the CSF flux coincides—and not inciden-
tally so—with the direction of the migratory cells on their way toward the OB. The
CSF is produced by the choroidal plexus located in the ventricular system. Another
molecule, a repulsive protein produced by the same cells, Slit2, seems to favor
migration (Sawamoto et al. 2006). The movement of the cilium can be blocked by
using conditional mutant animals or an in vitro infusion of Slit2, and it is capable
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Fig. 18a-d Other cell types in the SVZ. a Pyknotic cell. Under physiological conditions,
pyknotic cells are occasionally found within the SVZ (white arrow). Their ultrastructure
does not differ from the classical descriptions of pyknotic cells during development. They
possess a compacted nucleus with highly condensed chromatin. It is usual to find microglial
cells in the close vicinity. The number of pyknotic cells increases greatly after irradiation,
mutagenic insult or antimitotic treatment, scale bar 5 um. b Microglia. Microglial cells are
distributed homogeneously along the SVZ. They are star-shaped with thin expansions inter-
spersed between other cell populations. These cells are highly electron-dense, and present
abundant and large lysosomes within their cytosol. Under pathologic conditions, in which
cell death increases, microglial cells increase in parallel and phagocyte cellular remains, scale
bar 2 um. ¢, d Oligodendrocyte. It is not very commonplace to observe mature oligodendro-
cytes in the SVZ. These cells are always associated with bundles of myelinated axons in
the striatum, unlike the dorsal regions close to the corpus callosum, where the number of
oligodendrocytes increases. Ultrastructurally, they are small dark cells characterized by a
spherical nucleus with clumped chromatin attached to the nuclear membrane. Within the
cytosol, the cisternae of RER are short and dilated. ¢ Scale bar 1 um, d scale bar 5 um
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Fig.19a-b Rostral migratory stream. a From the SVZ, Type A cells migrate toward the OB
by means of tangential migration. These cells form multiple chains that are surrounded by
and totally isolated from the remaining parenchyma through astrocytes (asterisk). These
structures constitute the RMS, which is about 3-5 mm long and ends in the OB, scale bar
10 um. b Migratory cells are located in the center of the chain (shaded in red), while astrocytes
surround them (shaded in blue). Both cell types are in contact with amyelinic axons (shaded
in yellow) on their way toward the OB, scale bar 2 um

of disorganizing the structure of the migratory chains in the RMS. Although this is
a tremendous step forward in explaining tangential migration, not all of the cues
involved in this process have been described entirely and/or are understood yet.

3.1.2
Hippocampal Dentate Gyrus

The other region considered to be neurogenic in adult mammals is the dentate gyrus
(DG) of the hippocampus. It is thought that hippocampal neurogenesis is related
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to learning and memory (Gould et al. 1999¢; Shors et al. 2001). The DG consists of
a broad band of neurons which group into two branches. The cytoarchitecture is
simple. The granule cell layer (GCL) is formed exclusively from granule neurons, a
few microglial cells and some astrocytes interspersed between the neuronal bodies.
Deep in this region there is a thin layer where progenitors reside: the subgranular
zone (SGZ) (Fig. 20). In semithin sections, small clusters consisting of light and
dark cells with blood vessels in their close vicinity are frequently observed. These
clusters or neurogenic niches are homogeneously distributed.

The neurogenic niche in the SGZ is unique in that, unlike the SVZ or the VZ of
adult birds (Alvarez-Buylla and Nottebohm 1988), it is separated from the walls of
the ventricles or the ependymal layer (Alvarez-Buylla and Lim 2004). SGZ cells
express GFAP and share the characteristics of astrocytes. Two types of astrocytes
have been identified in accordance with morphological criteria: horizontal and

Fig. 20a-b Hippocampal neurogenesis. a The dentate gyrus of the hippocampus (dg) is a
region where adult neurogenesis has been widely accepted, scale bar 50 um. b Subset of the
dentate gyrus (square in a). Neural stem cells reside in the subgranular zone (SGZ). These
cells incorporate 3H-thymidine because some of them are in the S-phase, preparing to
divide. Their progeny migrate to the granular cell layer (GCL) and give rise to more mature
cell types with neuronal phenotypes, scale bar 10 um (dg, dentate gyrus; GCL, granular cell
layer; SGZ, subgranular zone)
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radial astrocytes. Radial astrocytes have a large cell body with a major radial process
that penetrates the GCL and crosses over the GCL. These expansions constitute thin
basal lamellae, are oriented tangentially along the SGZ, and send thin lateral proc-
esses intercalated extensively between granule neurons that isolate them from the
neuropile. The radial process also branches profusely in the molecular layer (ML).
Some authors consider the radial expansion to be a scaffold for the migration of
newly formed neurons. In contrast, horizontal astrocytes have no radial projection
but extend, instead, to the branched processes that are parallel to the SGZ and the
thin short secondary branches into the hilus and the GCL. Horizontal astrocytes are
generally elongated, whereas radial astrocytes have a round, polygonal, or triangular
cell body. Under EM, these cells are characterized by a light cytoplasm containing a
few ribosomes, scarce RER, a dense network of intermediate filaments, a thin Golgi
apparatus, and irregular contours with a plasma membrane and processes in
contact with neighboring cells. The nuclei of these cells generally contain sparse
chromatin in granules, but variable heterochromatin aggregation suggests that
these cells may differ in proliferation stages. Radial astrocytes have more organelles,
polyribosomes, and lighter mitochondria compared with horizontal astrocytes. In
addition, the large bundles of intermediate filaments present in the main process
of radial astrocytes are less prominent in horizontal astrocytes. Radial astrocytes
are nestin*, whereas horizontal astrocytes stain with antibodies against S-100, a
calcium-binding protein that is specifically expressed in some astrocytes and
ependymal cells. Glutamine synthetase, an enzyme that converts glutamate into
glutamine, was expressed in some but not all the horizontal astrocytes.

Both types of astrocyte have been identified as the source of new neurons in
the adult hippocampus (Seri et al. 2001). These cells are responsible for the forma-
tion of new granular neurons that migrate to a lesser extent than the cells in the
RMS, and which reach their final destination in the GCL. Given their similarities
with the B cells found in the SVZ, these cells have been named SGZ B cells. The
complex morphology of SGZ astrocytes with multiple processes that penetrate the
GCL (Cameron et al. 1993; Eckenhoff and Rakic 1991; Kosaka and Hama 1986) goes
against the notion that neural progenitor cells are undifferentiated with no role to
play other than the generation of new neurons. Thus, SGZ astrocytes seem to com-
bine the functions of both progenitors and glial cells, since their radial processes
that intercalate among mature granule neurons could potentially carry proliferation,
differentiation, or maturation information to the newly formed neurons.

A different type of cell with a dark nucleus and GFAP immunoreactivity was
found in the SGZ. These cells probably correspond to the small, dark-staining
progenitors that others observed previously (Altman and Das 1965; Cameron
et al. 1993; Kaplan and Bell 1984). These cells specifically express Dcx and PSA-
NCAM, and were named Type D cells. Type D cells do not resemble any type of
cell in the SVZ, and clearly differ from astrocytes. They are labeled in 3HT experi-
ments for short survival times (one week). These cells are derived from astrocytes
and probably function as transient precursors in the formation of new neurons.
Ultrastructurally speaking, they have smooth contours, a dark, scant cytoplasm



Concept of Neurogenic Niche 45

with many polyribosomes (more than astrocytes but less than granule neurons),
and darker nuclei. Their mitochondria are lighter than those of astrocytes, and the
endoplasmic reticulum is larger than in astrocytes but smaller than mature gran-
ule neurons. D cells generally form clusters of 2—4 cells. They are partially isolated
from the environment by expansions of radial glia, forming basket-like structures
that might be considered radial proliferative units (Seri et al. 2001) (Fig. 21). An
ultrastructural gradient is observed from D cells, which look more like astrocytes
and cells that closely resemble granule neurons. By using EM and confocal microscopy
combined with PSA-NCAM immunohistochemistry, three subtypes of D cells have
been characterized. D1 (48%) cells are small, have little cytoplasm, and no proc-
esses or very thin protrusions that are usually in the plane of the SGZ. D2 (32%)
cells have a short, thick process that sometimes bifurcates. More subdivisions have
been made in this group based on the orientation of the process. D3 (20%) cells
have the characteristics of immature granule neurons; a prominent, frequently
branched, radial process that extends through the GCL toward the ML, and thin
processes projecting into the hilus (most likely corresponding to the axon). Their
somas are round to polygonal. Occasionally these cells have other branches that
interdigitate between mature granule neurons. D3 cells are generally found in the
interface of the GCL and the SGZ but, occasionally, the cell bodies of D3 cells can
be found deeper in the GCL.

During development, at embryonic day E18, the rodent dentate gyrus receives
progenitor cells from the neuroepithelium of the ventricular wall in front of the
hippocampus, the hippocampal SVZ (Pleasure et al. 2000). This cell migration even
extends postnatally, and the progenitors establish a reservoir of cells in the adult
DG that can differentiate in both neurons and glia. Some authors believe that a
subpopulation of this reservoir may be of the astrocytic lineage, and may constitute
the neurogenic niche in the adult SGZ that we described previously as adult
hippocampal stem cells (Navarro-Quiroga et al. 2006).

3.1.3
Concept of Neurogenic Niche

The neurogenic niche is composed of cell types, molecules and structures that
allow for the proliferation and neurogenesis in certain brain areas while preserving
others from these processes. Therefore, the SVZ should not be seen as a layer com-
posed of isolated or independent cells, but as a whole. The involvement of blood
vessels and the CSF also plays a key role. Many molecules have been identified in
the SVZ,some of which are directly related to neurogenesis. This is the case for nog-
gin, a protein produced by ependymal cells, which is released to the extracellular
matrix and antagonizes another molecule, BMP4 (bone morphogenetic protein-4),
expressed by SVZ astrocytes, and which favors the formation of new neurons while
diminishing glia generation (Lim et al. 2000).

This neurogenic niche forms an organized pattern and is widely described in
mice. It undergoes variable modifications in different mammals, but the key elements



Fig. 21a-f Hippocampal neurogenesis. a An active neurogenic niche in the hippocampal
dentate gyrus with three B cells (b) surrounded by granular neurons (g), scale bar 5 um. b
D cells are the progeny of B cells and migrate very short distances, usually along B cells like
the scaffold, scale bar 5 pm. ¢ Diagram of the hippocampal neurogenic niche with radial
stem cells (blue) and migratory D cells (green) that migrate short distances (brown) and
differentiate into granular neurons (pink). A premature granular cell is shown in orange. d
Type D cells (d) are electron-dense with prominent nucleoli and scarce cytosol, scale bar 5
um. e An inactive neurogenic niche only consisting of B cells, scale bar 5 pm. f Intercellular
spaces between D cells and D-B cells (arrows) are also present, but are narrower than those
in Type A cells, probably because migration is not as extensive as in the SVZ, scale bar 500
nm (o, oligodendrocyte)
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required for neurogenesis to occur persist. Therefore, it is highly similar in both
other rodent groups and other macrosmatic animals, although it progressively
changes in upper mammals such as humans (microsmatic). The niche concept is
not specific to the SVZ. There is also a niche in the SGZ, formed by stem cells/
progenitor cells, blood vessels, and mitosis.

Blood vessels have also become very important elements, with a large percent-
age of mitosis associated directly with them, and it has been suggested that they
probably play a neurogenic role (Palmer et al. 2000).

3.2
Identification of the Adult Neural Stem Cell in the SVZ

Cells that give rise to neurons during the embryonic development differ from cells
that give rise to glia. According to this theory, neuronal stem cells eventually run
out and become ependymal cells, while radial glia differentiate into glial stem cells,
giving rise to only oligodendrocytes and astrocytes. In the late prenatal and early
postnatal stages, these glial stem cells migrate throughout the brain to constitute a
glial network and complete myelination. There are two types of mitotically active
cells, neuronal precursors and glial precursors, and both coexist in the VZ during
the neurogenic peak in the embryo to originate a heterogeneous population in the
proliferative region. This hypothesis was confirmed by a study (Levitt et al. 1981)
in which both cell types were distinguished according to the expression of a spe-
cific marker for glia, GFAP. Mitotically active GFAP* cells and mitotically active
GFAP- cells would indicate the existence of glial precursors and neuronal precur-
sors, respectively. Nevertheless, these analyses were based on morphological and
immunocytologic data and only characterized the proliferative region; they did not
test which cell types could be derived in vivo from each precursor. Following the
fate of these cells in vivo would lead (and in fact led) to an assessment of whether
just one type of progenitor cell could indistinctly give rise to neurons or glia.

The adult NSCs were identified in a similar way in both of the neurogenic regions
described in mice. With an elegant experimental design, the group of Alvarez-Buylla
(Doetsch et al. 1999) demonstrated that SVZ astrocytes (Type B cells) were the aNSCs
of the lateral ventricles. The osmotic infusion of an antimitotic drug (cytosine-
beta-D-arabinofuranoside; Ara-C) for six days resulted in the death of all the active
proliferating populations in the SVZ. The depletion of C cells was observed in the SVZ
in all cases, and only astrocytes and ependymal cells remained. Following this, the
SVZ could regenerate completely (Fig. 24). When specific viral tracers or 3HT were
injected after Ara-C treatment, astrocytes were labeled and sequentially transformed
into C cells, and afterwards into migrating neuroblasts. This lineage progression
could be an artifact resulting from the antimitotic treatment. The use of transgenic
mice that carried a receptor for an avian virus in their astrocytes solved this problem.
An avian virus incorporating the alkaline phosphatase gene was injected and the
same sequence of events was observed, thus confirming the previous results.
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However, the stem cell in the SVZ generates not only neurons in vivo but also
oligodendrocytes (demonstrated primarily in vitro). Type B cells will give rise to
not only Type C cells but also the oligodendrocyte precursors (OPCs) that express
markers for oligodendroglial differentiation, such as Olig2. A small subpopulation
of Type C cells also expresses Olig2 and will, therefore, also originate OPCs. OPCs
are Tujl-, PDGF*, and PSA-NCAM?*, in contrast to neuroblasts, which are Tujl1*,
PDGF-, and PSA-NCAM". They migrate toward the CC, where they differentiate
terminally into mature oligodendrocytes that express NG2 and synthesize myelin.
Demyelinating injury produces a compensatory increase in Type B cells that
confers a potential role in myelin repair, a scenario with far-reaching repercussions
for therapies for demyelinating diseases (Menn et al. 2006).

Ependymal cells are thought to play an essential role in the movement of the
CSE. Some authors have even considered these cells to be capable of proliferat-
ing and differentiating into neurons (Frisen et al. 1998). This hypothesis has not
been accepted by most of the scientific community because other groups have
not yet demonstrated it. An experimental design was performed to relate radial
cells observed during postnatal development to neurons and glia. The experiment
involved using transgenic animals with a construct under a general promoter (beta-
actin) and a cre-lox system (see Sect. 2.5 for further details). These animals were
injected with a virus which expressed cre recombinase in the distal expansions of
the radial cells which, on postnatal day 0, would eliminate the lox-lox system and
allow the appearance of a visible marker. Radial cells and some neurons in the lateral
walls of the lateral ventricles were labeled. It was then demonstrated that, during
neonatal stages and at short injection times, radial glia expressed different mark-
ers depending on the injected virus. The most interesting result obtained is that, as
time progressed, not only were labeled neurons found in the OB, but different cell
populations were also found in the SVZ. Therefore, it can be stated that radial cells
in PO—considered to be glial cells—are the source of neurons, oligodendrocytes,
astrocytes, and ependymal cells (Merkle et al. 2004). This work demonstrates that
ependymal cells are derived from radial glia, while ependymal cells cannot origi-
nate other cell types.In addition, the postmitotic nature of ependymal cells strongly
suggests that these cells do not function as adult NSCs in adults. A recent paper
by Coskun et al. (2008) discovered that the population of multiciliated ependymal
cells was positive for the stem cell marker CD133. CD133* cells have been consid-
ered a stage previous to the adult NSCs—as we define them now—Dbecause their
multipotentiality and oncogenecity are higher. Thus, they propose that the CD133*
ependymal cells act as bona fide NSCs in the adult mammalian brain. This is a con-
troversial finding that will require more research evidence before it is accepted.

As previously described, in the adult mammalian DG, new neurons are born in
the SGZ and migrate a short distance to differentiate into granule cells (Markakis
and Gage 1999; Stanfield and Trice 1988). Using an approach similar to that used to
identify the NSCs in the SVZ, the SGZ astrocytes of the DG were also identified as the
primary precursors in the formation of new neurons in the adult hippocampus (Seri
et al. 2001). First, many proliferating SGZ astrocytes were rapidly converted into a
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cell type that is GFAP~ and which possesses characteristics of D cells. Second, antimi-
totic treatment with APB (Ara-C plus procarbazol) resulted in the elimination of D
cells from the SGZ, but neurogenesis returned and completely regenerated the SGZ
after 2-15 days. New neurons were born at a time when 3HT-labeled astrocytes were
observed. To support these results, this study showed that SGZ astrocytes that were
specifically labeled with the described avian retrovirus gave rise to granule neurons.
The retention of 3HT labeling by astrocytes for longer periods of time (Cameron et
al. 1993) may be due to symmetric division, an intrinsic characteristic of stem cells.
Experiments with viruses and BrdU suggest that radial astrocytes divide to gener-
ate D1 cells, which in turn divide once to form postmitotic D2 cells. D2 cells mature
through a D3 stage to form new granule neurons, providing a model for the organi-
zation of the germinal zone in the adult hippocampus (Seri et al. 2004). The D cells
in the SGZ are small and do not seem to divide as frequently. This suggests that the
amplification of neuronal production by transient precursors in the SGZ is probably
limited. These data do not preclude the possibility that astrocytes could give rise to
granule neurons directly without passing through the D cell intermediate. To be able
to answer this question appropriately, specific markers to label D cells and methods
to directly visualize the conversion from astrocytes to neurons are required. This
interpretation was consistent with a previous report suggesting that small, electron-
dense cells, similar to D cells, may serve as neuronal precursors (Kaplan and Bell
1984). This conclusion was obtained from independent experimental assays.

3.3
Other Proliferating and Neurogenic Centers in the Adult Brain

The description of new areas with neurogenic potential in nonhuman mammals
can be extrapolated—albeit cautiously—to humans, which makes the discovery of
new proliferative and neurogenic regions extremely interesting.

In the previously described regions, neurogenesis is well demonstrated, and
there is no doubt about its existence. However, studies are emerging on new regions
in which neurogenesis may exist, although they are not yet completely accepted.
It has been speculated that neurogenesis is present in the neocortex (Dayer et al.
2005; Gould et al. 1999b), in Ammon's horn of hippocampus (Rietze et al. 2000),
the caudate nucleus (Luzzati et al. 2006), the amygdala (Bernier et al. 2002), and
substantia nigra (Zhao et al. 2003), among others. Other works, however, do not
support these results (Koketsu et al. 2003; Kornack and Rakic 2001). Neurogen-
esis in the cortex is still being debated. Two studies demonstrate the formation of
new neurons in the adult cerebral cortex in both mice (Luskin 1993) and primates
(Gould et al. 1999b). Nevertheless, some scientists doubt the existence of neuro-
genesis in the cerebral cortex, as previously mentioned (Kornack and Rakic 2001).
In both cases, the presence of new neurons integrating efficiently into the cortex
was described, although it was hypothesized that these neurons originated far from
their final location or from the precursors that divided and migrated from other
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areas, probably the SVZ. Thus, it cannot be concluded that these are new neuro-
genic areas without some controversy. A recent report shows that pericytes, micro-
vascular cells associated with capillaries within the adult CNS, are nestin/NG2* and
behave like stem cells in the presence of bFGFE. They can form neurosphere-like
structures, self-renew, and are able to differentiate into cells of glial and neural
lineages, showing mostly a dual but also a triple lineage potential (Dore-Duffy et al.
2006). Other authors consider neurogenesis to be a result of brain injury (Magavi
etal.2000). It is important to state that the results obtained by different authors have
been obtained from different animals, with different treatments, and by means of
different experimental designs and/or conditions.

In addition, throughout the ventricular system, it is possible to find cells that
proliferate under natural conditions, even when it has not been shown that they
can give rise to neurons in vivo (Beattie et al. 1997; Horner et al. 2000; Weiss et al.
1996; Xu et al. 2005). This is the case for the SCR, an expansion of the SVZ that is
situated between the cortex and the hippocampus. Another region is the central
canal of the spinal cord.

3.3.1
The Subcallosal Region

The SCR derives embryologically from the development of the VZ, which loses its
connection at older stages of development and in the postnatal brain. This area
consists of clusters of cells that resemble the cellular composition and organization
of the SVZ. There are Type A, B, C and E cells, which have identical ultrastructural
features (Fig. 22). However, viral injection, in vitro culture, and grafting studies
point to a major role in oligodendrocyte (OD) production (Seri et al. 2006). This
is not an entirely unexpected finding, considering that the SVZ can also originate
oligodendrocytes that migrate toward the corpus callosum (CC). In this particular
case, however, it could represent a much greater percentage of the total production
of oligodendrocytes. Despite this, neurospheres were obtained from SCR explants
in vitro, and their tripotentiality was demonstrated after differentiation.

The chains of migratory cells do not constitute a mesh-like network as they do
in the SVZ, but they accumulate in isolated clusters with no contact between them.
EM studies of this region reveal that, unlike the RMS, the glia of glial tubes are dis-
continuously organized, partially ensheathe migratory cells,and allow these cells to
make contact with amyelinic axons.

BrdU or 3HT injection at long survival times has not demonstrated neurogenesis
in either the CC or hippocampus from resident cells in the SCR under natural condi-
tions. However, it should be noted that such changes after injury remain unknown.

3.3.2
The Central Canal of the Spinal Cord

In recent times, therapy for spinal cord injury has been one of the main interests
of the scientific community. Therapeutical approaches vary from the grafting
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Fig.22 Subcallosal region. The way the SCR is arranged is comparable to the SVZ with Type
B and A cells (detail), but it is more densely packed and myelinated. Occasionally, as noted in
the picture, there is a virtual LV within the SCR with associated ependymal cells (asterisk),
scale bar 5 um

of neurons, neuronal progenitors (McDonald 2004) or ensheathing glia from the
olfactory bulb, which help to regenerate axons (Nieto-Sampedro 2003; Ramon-
Cueto et al. 2000), to the use of biodegradable grafts that facilitate survival and
axon regeneration (Lago et al. 2005; Novikov et al. 2002). However, these impor-
tant advances have not achieved complete functional regeneration. Some authors
believe that endogenous stem cells could be potentiated to repair spinal injury if
they were to be combined with grafting therapies.

Similar to the lateral ventricles, the central canal of the spinal cord originates
from the cavity of the neural tube during embryonic development, so that it
derives from the neuroepithelial cells that give rise to mature neurons and glia.
Proliferation and even mitotic events have been described in a number of studies
(Frisen et al. 1998; Johansson et al. 1999). Mitotic figures that are separated from
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the canal and immersed in the nervous parenchyma have also been observed.
A small fraction of the cells continue to divide after birth (Adrian and Walker
1962), giving rise to glial cells but not neurons (Horner et al. 2000; Johansson
et al. 1999). This proliferative capability increases with the exogenous adminis-
tration of growth factors or after spinal cord injury (Beattie et al. 1997). Some
factors are known, such as Pax6 (Yamamoto et al. 2001), but the cell type that
proliferates and the fine cellular organization of the canal both remain unknown.
Likewise, the cells of the central canal of the spinal cord in adult rats preserve the
capacity to proliferate and differentiate in vitro into neurons, oligodendrocytes,
and astrocytes (Kalyani et al. 1998; Shihabuddin et al. 1997; Weiss et al. 1996).
Experiments were performed which demonstrated the formation of new neurons
from spinal cord stem cells transplanted into the hippocampus (Shihabuddin
et al. 2000), indicating that these cells preserve, at least in part, the neurogenic
program. In vitro experiments, however, attribute this induction of neurogenesis
to signals from astrocytes that originally existed in the adult neurogenic areas
(Song et al. 2002). These results have to be interpreted carefully, since the neuro-
sphere assay does not completely reproduce the in vivo pattern and conclusions
might be misleading.

Some anamniotes preserve the capability to regenerate the spinal cord after
injury, since the ependymal and periependymal layers proliferate and give rise to
neurons and glia. In the eel, complete reconstruction is possible even after complete
sectioning (Dervan and Roberts 2003a, b). In addition, precursor-like cells and
immature neurons have been reported to form the spinal cord in turtles (Russo
et al. 2004). After studying adult neural stem cells in the ventricles from birds and
reptiles, similarities to mammals have been described (Garcia-Verdugo et al. 2002).
Thus, it is crucial to research the regenerative potential of the spinal cord in mammals
and the growth factors that inhibit it compared to other animal groups. It is unclear
whether it is possible to reestablish the regenerative potential of the stem cell of the
central canal of the spinal cord that is apparently lost after birth.

In addition, very little is known about stem cell markers. Some proposed candi-
dates are GFAP or S-100 (Horner and Gage 2000; Horner et al. 2000). Previous stud-
ies from our group (unpublished results) describe the existence of multiciliated
ependymal cells that do not proliferate, and uniciliated cells with unique radial
expansions that proliferate. These uniciliated cells may correspond to nestin*
astrocytes, which could be stem cells. Other cells in the central canal are 3CB2*
(Shibuya et al. 2003).

At an ultrastructural level, very few studies have been published that study the
spinal cord. The cells have been described as being ependymal cells with a radial
expansion that reaches the blood vessels nearby, which some authors have named
tanycytes. These cells have large union complexes, intermediate filaments, micro-
vellosities, and abundant mitochondria. Their nuclei are round with clumped chro-
matin (Fig. 23). Typical astrocytes can be observed close to the central canal. These
astrocytes have abundant intermediate filaments and highly irregular contours.
Occasionally, microglial cells and blood vessels are seen.
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Fig.23a-b Spinal cord. a The central canal of the spinal cord is composed of cubic cells that
isolate the CSF from the nervous parenchyma, with uniciliated astrocyte-like cells inter-
spersed among them, scale bar 20 um. b A detail of ependymal cells showing large nuclei
with clumped chromatin, scale bar 5 pm

34
Distinct Features of Different Species: Comparative Study of Mice
and Humans

Cell proliferation in the SVZ has been demonstrated in many vertebrate species
including mice, rats, rabbits, voles, dogs, cows, monkeys, and humans (Blakemore
1969; Blakemore and Jolly 1972; Kornack and Rakic 2001; Lewis 1968; McDermott
and Lantos 1990; Rodriguez-Perez et al. 2003; Sanai et al. 2004), while adult hippoc-
ampal neurogenesis has also been demonstrated in birds (Barnea and Nottebohm
1994), reptiles (Lopez-Garcia et al. 1992), rodents (Altman and Das 1965), and pri-
mates, including humans (Eriksson et al. 1998; Gould et al. 1997).

In this section, we attempt to describe the morphological features of the SVZ in
certain species of mammals in comparison with those previously shown in rodents,
with a view to highlighting the similarities and differences between them (see the
comparative diagram in Fig. 27).

3.4.1
Bovine Lateral Ventricles

Three regions have been described in the bovine lateral ventricles. Region 1 char-
acteristically presents white matter and consists of ciliated cubical ependyma, a few
subependymal cells, and a narrow subjacent glial layer. This region probably corre-
sponds to the dorsolateral corner of the SVZ. Region 2 lines the striatum and pos-
sesses ependymal cells with basal processes that extend through a layer of dense
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subependymal cells and a wide glial network underneath. Region 3 corresponds to
the rostral horn and presents the large expansion of the subependyma and associ-
ated glia (Fig. 25).

Immunohistochemically, the bovine SVZ shares common features with rodents.
Ependymal cells can be detected with antibodies against S-100b, vimentin, and
GFAP (with the exception of ependymal GFAP~ cells in Region 1). In contrast to
what happens in mice, ependymal cells are positive for nestin and BLBP (brain
lipid-binding protein). The small cells present in the subependyma and immersed
in the glial network stain for Tuj1, while the glial network underneath shows immu-
noreactivity for vimentin, but not for GFAP. Proliferation in the lateral bovine
ventricle was assessed by PCNA immunostaining. PCNA* nuclei were abundant in
the subependymal and glial layers of the Type 2 and 3 walls. Migration was dem-
onstrated by Dil in vitro tracing studies that revealed small bipolar cells in the glial
layer at a distance from the site of the label deposit. Young neuroblasts may migrate
in a rostroventral direction through the glial network, but PSA-NCAM demonstration
could not be performed because there was no accurate PSA-NCAM antibody that
worked in the bovine brain.

These results suggest, but do not prove, that neurogenesis takes place in adult
bovine subependyma, mostly in the walls of the striatum and the rostral horn. In
addition, cultures from subependyma-derived cells (in the absence of growth factors)
generated neurons, suggesting that at least precursor cells were present in the sub-
ependyma of explants (Perez-Martin et al. 2000, 2003).

3.4.2
Rabbit Lateral Ventricles

While the ultrastructural features of the rabbit subependyma are almost indistin-
guishable from the rodent SVZ, the rabbit brain shows certain peculiarities. Because
of the persistence of an open olfactory ventricle throughout life (Leonhardt 1972),
the SVZ rostral extension (or RMS) of rabbits maintains direct contact with the
ependymal cell layer. Remarkably, the neuroblasts in rabbits lack the intercellular
clefts that characterize the rodent RMS, and also migrate independently from the
astrocytes by sporadically contacting with them, whereas they establish frequent

-
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Fig. 24a—-c Ara-C and the discovery of the identity of neural stem cells. Ara-C is an
antimitotic drug capable of killing fast-proliferating precursors. After a 6-day infusion of
Ara-C into the lateral ventricles (a), the SVZ is devoid of Type C and A cells (b), the two
active proliferating populations (red and green in the diagram). The only remaining cells are
astrocyte-like cells (B cells in blue) that proliferate very slowly, and ependymal cells (gray)
that do not divide. ¢ After a few days (14 days in the diagram), the SVZ is completely regen-
erated. For this to happen, Type B cells have to activate and rapidly generate Type C and A
cells. The process of B-cell activation implies contact with the ventricle. After Ara-C infusion,
the number of Type B cells touching the ventricle increased significantly (also depicted as
arrows in b), scale bar 5 um
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synaptic contacts (Luzzati et al. 2003). Migratory chains composed of PSA-NCAM*
Type A cells are distributed in different patterns depending on the brain region.
They are arranged in a similar way to the chains in mice close to the ventricular
SVZ, forming clusters of cells immersed in an astrocytic meshwork that are less
dense than those in rodents. There is a region that authors call the abventricular
SVZ. 1t is separated from the ventricle by a band of astrocytic expansions, which
is poor in cell bodies, and which resembles the hypocellular gap layer found in the
human SVZ (see Sect. 3.4.4). It shows larger migratory chains and even a less dense
astrocytic compartment. Finally, and externally to the abventricular SVZ, migra-
tory chains penetrate the brain parenchyma ("parenchymal chains"), probably as a
result of transient migration toward the striatum and the subcortical regions. GFAP
immunoreactivity in the astrocytes from different regions varies. Indeed, the fur-
ther they are from the ventricle, the stronger they are (Ponti et al. 2006) (Fig. 25).

3.4.3
Primate Lateral Ventricles

To date, a detailed description of the primate SVZ has not been provided. Prolifera-
tion has been demonstrated using proliferative markers. Migratory chains of PSA-
NCAM and Tujl* cells have also been described. In Old World primates (Macaca
mulatta), some studies have demonstrated that labeled cells were present in the
SVZ,olfactory tract (OT) and OB 2 h after BrdU injection (Pencea et al. 2001a). Most
of the BrdU" cells in the SVZ were located ventrally and laterally in the region cor-
responding to the caudatum. In the olfactory tract, labeled cells elongated to follow
the axis of the tract. The fact that proliferating cells were found in the olfactory bulb

»

Fig. 25a-d Nonhuman mammalian SVZ. A semithin (a) and ultrathin section of a detail
(squared box) (b) from the bovine LV. The bovine ventricular zone is a layer of cubical cells
constituting the multiciliated ependyma. Under the ependymal layer, multiple undifferenti-
ated cells were found with the morphology of astrocytes and neuroblastic cells. They both
shared ultrastructural commonalities that made them very difficult to distinguish. This is
explained by the undifferentiated states of both populations. Ependymal radial glia sent
expansions toward the neuropile (arrows), scale bar 5 um. ¢ Diagram depicting the features
of the rabbit SVZ. c1, c2 The olfactory ventricle remained open throughout life (ov), so that
the RMS of rabbits is in constant, direct contact with the ependymal cell layer. Neuroblasts
in rabbit can migrate to form chains in the boundaries of the SVZ, but beyond the SVZ, they
do so independently of the astrocytes, and sporadically come into contact with them. There
is an abventricular SVZ (A) that shows larger migratory chains and an even less dense astro-
cytic compartment. Migratory chains penetrate the brain parenchyma (P) externally to the
abventricular SVZ. ¢3, c4 Close to the ventricular SVZ, cells are arranged in a similar fashion
to the chains in mice, and form clusters of cells immersed in an astrocytic meshwork. d The
monkey SVZ is composed of four layers: ependymal layer, GAP layer, astrocyte ribbon, and
deep parenchyma, scale bar 5 pm (P, parenchymal chains; A, abventricular SVZ; V, ventricu-
lar zone; Iv, lateral ventricle; ov, olfactory ventricle; Bv, blood vessel; n, neuron; m, microglia).
Figure 25¢ has been modified from Ponti et al., 2006
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confirms that resident cells retain proliferative potential in monkeys. These results
have been contrasted with other markers, such as PCNA. In our studies in the mon-
key SVZ, ependymal cells were never positive for Ki-67 (Pencea et al. 2001a). Little
is known about the ultrastructural features of the SVZ in macaque. As previously
described for humans (Quinones-Hinojosa et al. 2006; Sanai et al. 2004), we observed
that the SVZ in monkeys is composed of three layers: (a) an ependymal layer, (b)
a GAP layer (a hypocellular layer described in the human SVZ), (c) an astrocyte
ribbon, and finally the deep parenchyma (Fig. 25). Our results show four distinct
regions in the rostrocaudal axis (frontal, body, temporal, and occipital), based on the
presence of different cell types, the width of the GAP layer, the amount of myelin,
and other distinct features. In the frontal region, the GAP layer is wide, myelin is
scarce, and clusters of cells with dark nuclei are randomly distributed within the
parenchyma. These groups of cells are closely related to blood vessels and occa-
sional mitotic figures can be observed. Conversely, in the body of the ventricle, the
GAP layer is variable in width but not as wide as in the frontal region. There are also
dark-nuclei cells but they are present in smaller amounts, and they did not form
chains. The occipital region presents higher amounts of myelin. There are fewer
cells, the GAP layer is narrow, and we do not find dark-nuclei cells. Finally, the tem-
poral region can be subdivided into two well-distinguished regions: the dorsal side
of the temporal horn (or hippocampal SVZ), and the ventral side, which is closely
related to the hippocampus. No dark-nuclei cells were observed either in temporal
regions (Fig. 26).

The three types of cells described in mice are also present in monkeys: ependymal
cells, Type B cells (GFAP*), Type A cells (elongated, Tuj1 and PSA-NCAM*). It is not
clear, however, whether Type C cells (BrdU*, negative for A- or B-cell markers) exist
in primates. Confocal images have shown that these cells are arranged similarly in
mice and form chains of Type A cells surrounded by astrocytic expansions. These
chains run along the monkey RMS (vertically and horizontally) within the OT, and
converge in the OB. The generation rate, migration and/or differentiation in mon-
keys are slower than in mice, and it takes up to 75 days to visualize BrdU* neurons
in the OB (Kornack and Rakic 2001). Based on our work, we consider the decrease
in the number of migratory cells along the pathway to be interesting, because it
may imply that significant cell death is occurring (Gil-Perotin et al., unpublished
results).

3.4.4
Human Lateral Ventricles

The existence of neurogenesis in the hippocampus has been demonstrated,although
it remains unclear whether neurogenesis occurs in the human OB, since the avail-
ability of material is restricted or too old. Hippocampal neurogenesis was shown in
postmortem tissue obtained from cancer patients who had been treated with BrdU.
Double labeling for both BrdU and a neuronal marker (NeuN, calbindin, or NSE)
was found in the dentate gyrus of adult humans (Eriksson et al. 1998). Occasionally,
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BrdU* cells in the SVZ did not express neuronal markers. It should be pointed out
that OBs were not included in these studies.

So far, it has been accepted that the walls of the lateral ventricles host cells with
astrocytic features that proliferate and differentiate into neurons, astrocytes, and
oligodendrocytes under certain culture conditions. These cells have been identified
as being the adult NSCs in humans (Sanai et al. 2004), and they resemble the ones
studied in the rodent brain. The cytoarchitecture of the SVZ, however, differs a great
deal from that described in mice. The SVZ can be divided into three distinct layers:

1. A unique layer composed of cubical ependymal cells in contact with the ven-
tricular lumen. These cells send radial expansions into the glial network (neuropile)
and the second layer.

2. A hypocellular layer, or GAP layer, with fewer cells, basically formed from a large
number of ependymal and astrocytic expansions, the latter being rich in inter-
mediate filaments. Occasional neurons and displaced ependymal cells can be
observed. These ependymal formations found far from the lumen of the ventri-
cle are exclusive to this layer, and are composed of between 5 and 20 cells. These
cells are ultrastructurally identical to ependymal cells, with long union complexes
among them. They are arranged to form sphere-like structures with cilia and
microvilli interacting toward the center.

3. Layer 3, or the astrocyte ribbon, is where astrocytes bodies that send expansions
to the GAP layer reside. This layer comprises large astrocytes, myelinic axons,
oligodendrocytes, and a progressive increase in synaptic contacts. These astro-
cytes have been identified as adult NSCs. Unlike rodents, these stem cell-like
astrocytes are separated from the ependyma by the GAP layer. An interesting
fact is that these cells sporadically send expansions that contact the ventricle,
and which resemble those observed in the SVZ of mice. Underneath the astrocyte
ribbon there is a transitional zone in the brain parenchyma that corresponds to
the presence of neuronal bodies.

Three different types of astrocytes were found, based on ultrastructural morphology.
In the GAP layer, occasional astrocytes (B1) were small and very rich in intermediate
filaments. In the astrocyte ribbon, the second type of astrocytes (B2) was charac-
terized by being large and rich in organelles and intermediate filaments in their
cytosol. Type B3 is found in the transitional zone between layer 3 and the brain
parenchyma. Within the parenchyma they correspond to large astrocytes that are
poor in cytosolic organelles or intermediate filaments (Fig. 26). Interestingly, the
astrocytes of the ribbon sent long prolongations to make contact with the lumen of
the ventricle. It remains unknown whether this expansion emits a primary cilium,
as in mouse.

Proliferating cells (BrdU*, mitosis, Ki-67*) were always found far from the
ependymal layer, and these cells were always GFAP* cells of the astrocyte ribbon
(Quinones-Hinojosa et al. 2006; Sanai et al. 2004). Cells derived from the human
SVZ (expressing GFP under the GFAP promoter) were processed and enriched with
FACS analysis to separate GFAP* (fluorescent) from GFAP~ cells. The GFAP* cells
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from the astrocyte ribbon, but not from the cortex, were the only ones capable of
forming neurospheres in vitro. The more enriched the medium was in GFAP* cells,
the more neurospheres were obtained, thus demonstrating that astrocytes were
capable of proliferating in response to growth factors, and resembling the neuro-
sphere assay in mice. Under differentiation conditions, these neurospheres gave rise
to oligodendrocytes, astrocytes, and neurons, indicating that these cells were the
neural stem cells in the adult human SVZ. It is still a challenge to establish a map
describing the localization and concentration of stem cells in the human SVZ.

It was only in the anterior levels that elongated Tujl* cells with a migratory

morphology were described, and the adult human SVZ appears to be devoid of
chain migration. This could be the result of either a lack of quality in the human
material or the age of the individuals from whom the tissue came, but could also
be due to the degree of neurogenesis in the OB being low in humans compared to
rodents. It would be easier to find migratory cells at younger ages. The lack of tis-
sue samples from humans and their conservation are responsible for what has been
finally observed in EM, and can lead to mistaken interpretations. Migratory cells
to the OB may exist, but specific molecular markers cannot bind and EM morpho-
logic criteria cannot be assessed in damaged tissue. A recent paper states that chain
migration takes place toward the human OB and that the lumen of the ventricle
expands until the OB (Curtis et al. 2007). This paper has been criticized by Alvarez-
Buylla's group, who defend the notion of the absence of ventricle lumen in the OB
and migration toward the human OB, which, even if it did exist, would not resemble
that in rodents (Sanai et al. 2007).
Comparative studies in different primate groups would probably advance knowl-
edge of the human SVZ.Identification of the Adult Neural Stem Cell in the SVZOther
Proliferating and Neurogenic Centers in the Adult BrainDistinct Features of Different
Species: Comparative Study of Mice and Humans

-t
%

Fig.26a—g Monkey and human SVZ. The monkey (a-c) and human (d-g) SVZ share many
commonalities. They are commonly arranged into four layers, for instance, in both species.
The main difference found by our group was that we did not find the RMS in the human
brain. a The migratory cells close to a blood vessel in Macaca fascicularis, scale bar 2 um.
b Ependymal cells with abundant microvellosities and cilia, scale bar 1 um. ¢ Intermediate
filaments are abundant in the cytosol of ependymal cells, scale bar 500 nm. d In humans,
ependymal cells display radiality and send expansions toward the brain parenchyma, which
are highly similar to those described in the bovine and monkey brain (arrows), scale bar 5
pum. Note the lower quality of tissue samples derived from the human brain because of a
delay in fixation. e Specialized cell-to-cell GAP junctions in the GAP layer between astro-
cytes and ependymal cells (arrows), scale bar 200 nm. f Zonula occludens between astrocytes
and ependymal cells (arrows), scale bar 200 nm. g A semithin picture showing the width of
the GAP layer (gap)—very large compared to other species, scale bar 50 um
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Fig. 27 Comparative study of the mammalian SVZ. Comparative diagrams of the SVZ in
four distinct species of mammals. See text for further details (orange, ependymal cells; blue,
astrocytes; green, Type C cells; red, migratory neuroblasts; violet, mature neurons)



4
Oncogenesis vs. Neurogenesis

The histological classification (WHO) of brain tumors sorts them according to
their resemblance to a specific cell lineage, yielding glial tumors (gliomas or
oligodendrogliomas), neuronal neoplasms (central neurocytoma, ganglioglioma,
neuroblastoma), or tumors derived from ependymal cells (ependymoma). Among
these, the most aggressive glioma, the glioblastoma multiforme (grade IV), has the
distinctive features of palisading or geographic necrosis and conspicuous micro-
vascular hyperplasia in addition to marked cellular pleomorphism. Glioblastoma
multiforme offers a poor prognosis, even after complete treatment and resection.

A question that arises from the existence of NSCs and glial progenitors throughout
the adult brain is whether these cells could become malignant under certain con-
ditions and thus be the originating cell for brain tumors. This hypothesis has not
been scientifically proven or widely accepted. The proliferative and undifferenti-
ated phenotype that characterizes stem cells suggests that the deregulation of their
function could result in uncontrolled growth (Fig. 28). There is recent evidence that
certain brain tumors contain small numbers of cells with NSCs properties, which
include the ability to self-renew, proliferate and differentiate (Singh et al. 2003). The
SVZ has been linked to the formation of glioma in animal models (Gil-Perotin et al.
2006; Hopewell 1975; Lantos et al. 1976; Vick et al. 1977). The SVZ is a neurogenic
niche; it is a region where cell growth occurs. The cytoskeleton, cell adhesion mol-
ecules, and growth factors (Table 4.1) allow cell proliferation, and may be instru-
mental in glioma development. This is the case for nestin, an intermediate filament
that is expressed widely by stem cells at various differentiation stages, but is also
found in human glioma, thus providing further support for the link between SVZ
stem cells and glioma formation (Dahlstrand et al. 1992; Uchida et al. 2004). Dcx,
a cytoskeleton component that is used as a marker for young neuroblasts in the
RMS, is expressed in high-grade gliomas in relation to migration and invasiveness
(Daou et al. 2005). Cadherins and catenins, cell adhesion molecules expressed in
the SVZ, have also been related to brain tumors when altered, and mostly correlate
with tumor dissemination (Asano et al. 1997, 2004; Barami et al. 2006; Perego et al.
2002; Utsuki et al. 2002).

There are two types of glioblastoma, which is classified according to its origin,
since it can arise as a progression from astrocytomas of a lower grade or it can
be newly generated. The former requires a synergism between distinct pathways,
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Fig.28 Gliomagenesis and neurogenesis. The SVZ is a proliferative region that contains adult
NSCs. These cells retain the ability to proliferate, as they are uncommitted neural precursors.
The environment (neurogenic niche), including blood vessels, supplies growth factors from
neighboring or distant cells, cell adhesion molecules and cytoskeletal scaffolding, facilitating
all of the processes implied in proliferation, differentiation, and migration. On the other
hand, the genetic program of the cell is also permissive in regard to proliferating and tumor
suppressor genes, telomerase activity, and transcriptional factors. Some of these elements
that are necessary for neurogenesis are altered in tumor cells, and thus beg the question of
whether adult NSCs are the originating cells for brain neoplasms. This crossroads where
both populations meet has been the focus of numerous recent reports (see text)

Table4.1 Growth factors expressed in the SVZ and gliomagenesis

Growth factor Gliomagenesis when References

EGF EGFR amplification Wechsler-Reya et al. (2001)

PDGF Excessive PDGF activation Assanabh et al. (2006) and
Jackson et al. (2006)

IGF-1 Overexpressed in glioma cell lines Trojan et al. (1993)

VEGF Proangiogenic factor expressed during  Plate et al. (1994)

glioma growth
TGFb Increased in plasma of glioblastoma Schneider et al. (2006)
multiforme patients

such as the loss of p53 after increased PDGF (platelet-derived growth factor) sig-
naling (Hesselager et al. 2003), prenatal exposure to ENU (N-ethyl-N-nitrosourea)
(Leonard et al. 2001; Oda et al. 1997), or Ras activation (Bajenaru et al. 2001; Reilly
et al. 2004). Early inactivation of p53 has been shown to cooperate with the neurofi-
bromatosis-1 (NF1) tumor suppressor gene mutation to induce malignant astro-
cytoma formation in mice via the constitutive activation of Ras signaling (Zhu
et al. 2005). A recent publication from our group demonstrates that the absence
of p53 not only increases susceptibility to glial tumors, but it also directly affects
the biology of NSCs in the adult SVZ by conferring an advantage in proliferation,
increasing self-renewal capability without transforming the cells, and preserving
their potential to terminally differentiate (Gil-Perotin et al. 2006). When the loss of
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p53 is associated with a mutagenic stimulus, this leads to enhanced self-renewal of
the SVZ NSC cells, recruitment to the fast-proliferating compartment, and impaired
differentiation (Fig. 29a, b).

The alternative, de novo tumorigenesis, is represented by the activation of the
EGF receptor (EGFR) in astrocytes. The expression of constitutively active EGFR
associated with the loss of other cell cycle genes such as the INK40//ARF locus
(Bachoo et al. 2002) is sufficient for glioblastoma formation.

PTEN (phosphatase and tensin homolog deleted on chromosome 10) has also
been acknowledged to be a tumor suppressor that is mutated in gliomas (Li et al. 1997).

Fig. 29A-D Gliomagenesis and SVZ. A, B Gliomagenesis in p53 mutant mice after a mutagenic
stimulus. After ENU exposure during pregnancy, adult mice lacking p53 protein expression
develop glioblastoma-like tumors close to the lateral ventricles. a Semithin section of the
tumor that is interposed between the corpus callosum (CC) and the lumen of the ventricle.
At this magnification (LM), two cells are in mitosis, and tumor cells display large invaginated
and atypical nuclei, scale bar 10 um. b Detail at high magnification (EM), showing cells with
ultrastructural characteristics that resemble the Type C cell of the SVZ but which are more
atypical. Microtubules or intermediate filaments were not present in their cytosol, scale bar
1 um. C, D Gliomagenesis de novo with a constitutive PDGF stimulus. Mice carrying an
osmotic pump with a PDGF infusion for 15 days developed tumors in the SVZ. These cells
seemed to be less differentiated, as seen in the embryo during development, with large inter-
cellular spaces and a fibroblastic appearance. ¢ Scale bar 10 um, d scale bar 5 um
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It acts as a phosphatase that lowers the levels of PIP3 (phosphatidylinositol
triphosphate) and enhances the rate of apoptosis. PTEN is expressed in SVZ
precursor cells (Li et al. 2002) and regulates neuronal differentiation and migration.
It negatively regulates NSC proliferation.

PDGF signaling is particularly interesting, as human gliomas express a subtype
of the PDGF receptor, as do glial progenitors and neural stem cells (Jackson et al.
2006; Shoshan et al. 1999). Infusion of PDGF in the lateral ventricles gives rise to the
self-limited outgrowth of cells in close relation to the lateral ventricles (Jackson et al.
2006) (Fig. 29c, d). In addition, the retroviral expression of PDGF in glial progeni-
tors throughout the brain is capable of generating neoplasms that highly resemble
glioblastoma in the neonatal (Dai et al. 2001; Uhrbom et al. 1998, 2000) and adult
(Assanah et al. 2006) brain. Therefore, it is currently being discussed as to whether
the autocrine/paracrine effect exerted by the PDGF ligand occurs in the Type B cell,
in the bona fide stem cell in the SVZ, in the more restricted glial progenitors, or in
the OPCs localized throughout the brain, and more extensively in the subcortical
white matter.

In short, key components of the molecular regulation of tissue and cancer stem
cell features may be shared, and tumor formation, in at least some aspects, can
be viewed as excessive stem cell expansion (Pardal et al. 2005). In fact, it has been
demonstrated that a marker for human brain stem cells, CD133, is expressed by the
most aggressive and self-renewing fraction of human glioblastoma cells in vitro
(Singh et al. 2003; Uchida et al. 2000).

A hot topic in stem cell biology has been the migration of the newly formed cells
toward target regions. In mice, this question has been studied thoroughly and, as
previously described, neurogenesis is concentrated in both the OB and hippocam-
pal DG. The restricted glial progenitors, which are thought to be derived from Type
C cells (Menn et al. 2006), migrate toward the white matter—mostly the CC—and
remain as OPCs to be recruited for the remyelination of injured tracts. Not only
are SVZ stem cells able to give rise to gliomas after undergoing malignant trans-
formation, but they can also be attracted toward gliomas and contribute to the
overall mass effect of the developing glioma (Aboody et al. 2000). They may even
exhibit antitumor effects (Arnhold et al. 2003; Glass et al. 2005). This tropism is cur-
rently under study (Bao et al. 2006; Tabatabai et al. 2005; Visted et al. 2003; Ziu et al.
2006), but the environmental cues and mechanisms that determine this centripetal
migration and the reverse centrifugal migration of tumor cells toward the brain
parenchyma remain unclear.

How glioblastomas are generated or how they migrate are questions to be
answered in the future. The SVZ lies at the intersection of brain development and
gliomagenesis. Increasing our knowledge of stem cell biology and the regulatory
mechanisms for proliferation, differentiation and cell death will shed light on the
origin of brain tumors, and the identification of the originating cell for gliomas
will allow the creation of more relevant animal models. Furthermore, it will help us
to devise more effective therapies that will allow us to, if not prevent or completely
cure brain cancer, at least diminish its social impact.
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Adult Neurogenesis Under Pathological Stimulation: Ischemia

5.1
Concept and Epidemiology

There is extensive literature that analyzes the factors involved in regulating prolif-
eration and neurogenesis (Tables 5.1 and 5.2), and it is widely accepted that most
of the pathologic brain states influence and regulate both processes, especially in
the SVZ. It has been demonstrated that brain injury comprising traumatisms
(Carmichael 2003; Rola et al. 2006), ischemia (stroke) (Tonchev et al. 2005), neu-
rodegenerative diseases (Curtis et al. 2003; Jordan et al. 2006; Sonntag et al. 2005),
epilepsy (Parent et al. 2002, 2006), and gamma-irradiation (Balentova et al. 2006;
Uberti et al. 2001) triggers changes in the properties and structure of the neuro-
genic areas of the adult brain. We now go on to briefly review the effect of ischemia
on neurogenesis, given its social impact.

Brain ischemia occurs when an artery to the brain is blocked. The term ischemic
stroke refers to a sudden endangering of cerebral functions due to a variety of his-
topathological alterations involving one or more blood vessels. Blood carries oxy-
gen and nutrients to the brain, and takes away carbon dioxide and cellular waste. If
an artery is blocked, brain cells (including neurons) cannot make enough energy
and will eventually stop working. If the artery remains blocked for more than a few
minutes, brain cells may die.

Acute cerebral vascular, ischemic and/or hemorrhagic disease is the third cause
of mortality and the first cause of disability in most Western countries. Ischemic
stroke is by far the most common form of stroke, accounting for around 88% of all
strokes. Stroke can affect people of all ages, including children. Many people with
ischemic strokes are older (60 years old or more), and the risk of stroke increases
with age. At each age, stroke is more common in men than women. A high propor-
tion of the people who survive strokes suffer side effects in the form of mental or
physical problems, and require permanent help in their daily activities. Although
the death rate due to stroke, and maybe its incidence, has dropped in recent dec-
ades (Bonita and Beaglehole 1993), it is possible that at least the incidence rate
will increase in the near future (Broderick et al. 1989; Jorgensen et al. 1992; Terent
1988). This will happen, among other reasons, because people are now more likely
to survive into old age than ever before, and this is leading to an aging population,
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Concept and Epidemiology

Table 5.1 Factors affecting proliferation of adult NSCs and/or progenitors

Factor Effect References

Genetic background C57/BL T Kempermann et al. (1997)

(h)

Adrenalectomy (h) T Yehuda et al. (1989)

Epilepsy (h) T Parent et al. (1997)

Traumatism (48 h after injury) T Rola et al. (2006)

(h)

Low dose X-irradiation (h) d Mizumatsu et al. (2003)

Ischemia (s) T Tonchev et al. (2005)

FGF2 (s) T Wagner et al. (1999)

EGF (s) T Kuhn et al. (1997)

TGFa (s) T Cooper and Isacson (2004)

BDNF (s) T (p75 receptor) Zigova et al. (1998)

VEGEF (h, 5) T Jin et al. (2002b)

Ephrins (s) T Conover et al. (2000)

TNFa (s) T Wu et al. (2000)

BMP (s) d Coskun et al. (2001)

CNTF/LIF (s) T Self-renewal Shimazaki et al. (2001)

Shh (h, s) T Charytoniuk et al. (2002) and
Palma et al. (2005)

Notch (s) T Chambers et al. (2001)

Tenascin C (s)
Serotonin (h, s)
Dopamine (s)
Estrogen (h)

Abeta (s)
Ethanol (h)

7T Self-renewal
EGFR
responsiveness

T
/]\

T
2
\:

Lillien and Raphael (2000)

Banasr et al. (2004)
Baker et al. (2004) and
Coronas et al. (2004)
Gould et al. (2000) and
Saravia et al. (2004)
Haughey et al. (2002b)
Crews et al. (2003)

in which ictus is more frequent. Therefore, ischemia will continue to be an impor-
tant sanitary and economic burden on health systems, not to mention the personal,
social, family, and working problems caused by it. It should be noted that ictus
produces the highest number of admittances to neurological services, and it is the
neurological disease with the highest risk of death. Furthermore, ictus consumes
5% of the Scottish National Health Service budget (Forbes 1993). In view of this
sanitary scenario, it is obvious that we are faced with a very serious problem, and
that it is important to look for solutions in primary prevention given the potential
they have to reduce the effect of this disease.

Experimental investigations of focal transitory cerebral ischemia are important,
since it is the equivalent to human transitory cerebral ischemia. These results suggest
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Table5.2 Factors affecting neurogenesis of adult NSCs and/or progenitors

Factor

Effect

References

Genetic background

129/Sv] (h)
Epilepsy (h)

Low dose
X-irradiation (h)
Traumatism (h)

FGF2 (s)
EGF (s)

BDNF (s)

EPO (s)
HB-EGF (s)
BMP (s)
Noggin (s)
CNTEF/LIF (s)
Serotonin (h, s)
Dopamine

Abeta (s)

T gliogenesis

T neurogenesis
! neurogenesis

! neurogenesis
T gliogenesis
neurogenesis
! neurogenesis
T gliogenesis
neurogenesis
T survival

T neurogenesis
T neurogenesis
T gliogenesis
neurogenesis
T neurogenesis
T neurogenesis
T neurogenesis

! neurogenesis

Kempermann and Gage (2002);
and Kempermann et al. (1997)
Parent et al. (1997)

Mizumatsu et al. (2003)

Rola et al. (2006)

Wagner et al. (1999)
Doetsch et al. (2002)

Kuhn et al. (1997)

Pencea et al. (2001a,b)
Kirschenbaum and Goldman
(1995)

Shingo et al. (2001)

Jin et al. (2002a)

Gross et al. (1996)

Lim et al. (2000)

Emsley and Hagg (2003)
Banasr et al. (2004)

Van Kampen and Robertson
(2005)

Haughey et al. (2002a)

that a 5-min transitory focal ischemia with a 7-day recovery is enough to cause modifi-
cations in the morphology and neural density of the hippocampus or striatum. When
the cerebral tissue is damaged by acute ischemia, the interruption of the blood flow
to the brain produces a fast alteration in the metabolism, which leads to two forms
of damage. The first will be immediate and irreversible damage, called necrosis zone
or core. It takes place in the area surrounding the occluded vessel. The second, which
takes place later, is a time-dependent zone; in a matter of minutes, hours, or even days,
the parenchyma will progressively be destroyed as a consequence of a complex suc-
cession of biochemical alterations (Fig. 30). This is called the penumbra zone. The
specific abilities that will be lost or affected by stroke depend on the extent of the brain
damage and—most importantly—where the stroke actually occurred in the brain.

5.2
Effects of Ischemia on the Brain and the SVZ

When the blood flow is interrupted in the focal ischemia model, the brain tissue
needs to initiate endogenous protective processes to avoid cell death. The main
processes are the activation of macroglial cells (astrocytes), recruiting of microglial
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Fig. 30a-b Effects of ischemia on neuronal metabolism and integrity. a Brain ischemia
results in an alteration in the metabolic functions of the neuron that, if prolonged, may
lead to cell death. Microcirculation and glia are responsible for inflammatory and macro-
phagic responses that can repair the cell or favor the mechanisms of apoptosis. b There is
an increase in free oxygen radicals and an increase in membrane permeability, which imply
changes in ionic concentrations and thus the electrical activity of the neuron, mitochondrial
and DNA damage, and enzymatic cascades, which would all lead to apoptosis
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cells (macrophages), activation of neurogenesis with an increase in neuroblast
migration speed, and neovascularization (mediated by growth factor release and
signaling).

When the ultrastructure of the ischemic region is examined, two morphologi-
cally different zones can be discerned: the ischemic nucleus and the penumbra
zone (Fig.31). The former is a necrotic area containing abundant cell detritus with

Fig.31a-c Effects of ischemia on the adult striatum. a Semithin section showing the ischemic
nucleus in the adult striatum after focal transitory ischemia. Apoptotic nuclei, cellular detritus,
oligodendrocytes, microglia, reactive astrocytes, and myelinic axons can be observed, scale
bar 10 pm. b Microglial cells involved in the inflammatory response under electron micros-
copy, scale bar 10 um. ¢ Reactive astrocytes, scale bar 5 um
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reactive astrocytes and microglia in the close vicinity. The penumbra zone mainly
comprises retracted tissue with damaged (although not dead) neurons, which
mainly affect chromatin. After a month, remyelination has occurred.

It is known that in reptiles, birds and mammals, stem cells activate when lesions
occur, although we are still not aware of the factors which regulate this proliferation-
neurogenesis. After cerebral infarction, the brain responds by reverting back to a
state similar to that of development. The neurogenesis that occurs under normal
circumstances in the neuroproliferative regions of the adult mammalian brain,
including the SVZ and the hippocampal DG, may increase under pathologic condi-
tions such as cerebral infarction (Chopp and Li 2002; Gu et al. 2000; Jin et al. 2001;
Liu et al. 1998) or other types of cerebral injury (Gould and Tanapat 1997; Magavi
et al. 2000; Parent et al. 1997; Yoshimura et al. 2001). Several works have demon-
strated the existence of neurogenesis in experimental ischemia models in mice
(Arvidsson et al. 2001a, b; Jin et al. 2001; Liu et al. 1998; Thored et al. 2006; Zhang
et al.2006). After a stroke, the SVZ GFAP-expressing cells (Type B cells), which were
labeled using a cell type-specific viral infection method, were found to generate
neuroblasts that migrated toward the injured striatum after middle cerebral artery
occlusion. SVZ-derived neuroblasts differentiated into mature neurons in the stria-
tum, where they expressed neuronal-specific nuclear protein and formed synapses
with neighboring striatal cells (Yamashita et al. 2006). These newborn neurons
may compensate for the loss of neuronal function caused by strokes. Arvidsson
et al. injected BrdU into rats after inducing cerebral infarction. To show the genesis
of new neurons, they also used Dcx and NeuN. The number of neoformed cells
detected in the striatum of the affected hemisphere was higher than in control ani-
mals. Two weeks after infarction, 20% of the striatal cells that were stained with Dcx
were also stained with NeuN, thus confirming that some neuroblasts had differen-
tiated to mature neurons. Five weeks after infarction, 42% of the BrdU- and NeuN-
stained cells were also stained with DARPP-32, a marker of medium-sized spiny
neurons, which represent the dominant type of striatal neuron. In other words,
some neurons were differentiated to the phenotype of the neurons that had been
destroyed by infarction. However, these cells were only found in the striatum, not in
the damaged cortex, and 80% of the new neurons died within six weeks of infarc-
tion. This is why only some striatal neurons were replaced through neurogenesis.
This data demonstrates that ischemia may lead to a proliferation of new neurons
which migrate to the ischemic region, and that the markers of the mature neurons
are expressed. A series of subsequent works have replicated these results.

Other stroke models also show the existence of different mechanisms which,
when operated remotely, activate cellular proliferation in both the SVZ and RMS;
for example, that carried out by Gotts and Chesselet (2005) in a model of cortical
lesion with thermocoagulation of pial blood vessels. After provoking a lesion in
the cortex, the experiment consisted of injecting 40 nL of BrdU in the left lateral
ventricle of the SVZ. Animals were sacrificed after 4 h, 12 h, and 4 days. The density
of the BrdU-marked cells was measured in both the SVZ and the RMS cell flow in
order to show an increase in the number of BrdU* cells and to demonstrate
that the lesion did not interrupt the tangential migration to the OB. Using the
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TUNEL technique, which measures cellular death by apoptosis, it was proven that
the increase of proliferation did not correlate with cellular death in the SVZ, which
resulted in cellular accumulation. Thus, we conclude that there may be molecular
signals that chemotactically drive stem cells to the lesion area.

5.3
Extracellular Factors and Neurogenesis After Stroke

The aim of the search for new therapies for brain stroke is to determine the signals
that activate neurogenesis, the migration of newly formed cells, and their integration
into injured areas. Some advances have been achieved in this field; it has been shown
that, concomitantly to ischemic injuries, the expression of some growth factors that
influence the NSCs dynamics increases (Kawahara et al. 1999; Marti 2004) (Table
5.3). Cerebral ischemia upregulates the expression of several factors: brain-derived
neurotrophic factor (BDNF), glial-derived neurotrophic factor (GDNF), bFGF, insu-
lin-like growth factor (IGF-1), erythropoietin (EPO), vascular endothelial growth
factor (VEGF), and heparin-binding epidermal growth factor (HB-EGF). These fac-
tors have been shown to increase the neurogenic properties of neural stem cells.
For instance, EPO is expressed in the adult brain, and in vitro and in vivo studies on
neural stem cells revealed that the increased EPO gene expression was accompanied
by increased neurogenesis (Shingo et al. 2001). EPO could negatively regulate the
proliferation of stem cells while favoring differentiation toward a neuronal lineage.
VEGF specifically regulates endothelial cell growth and differentiation and is also
a survival factor for endothelial cells (Risau 1997). The observation that the VEGF
receptor is expressed in neural progenitor cells (Jin et al. 2002b; Yang and Cepko
1996), and that angiogenesis and neurogenesis occur concurrently in the adult den-
tate gyrus (Palmer et al. 2000), suggests a potential role for VEGF in neurogenesis. In
the adult murine brain, administration of exogenous VEGF increased the prolifera-
tion of neuronal precursors in both the SVZ and the DG (Jin et al. 2002b). This effect
was likely mediated by the modulation of cell division rather than survival (Jin et
al. 2002b). HB-EGF is a mitogenic and chemotactic glycoprotein that contains an
EGF-like domain and acts through several receptors, including ErbB1, ErbB4, and
heparin sulfate proteoglycans. As with EPO and VEGE, the expression of HB-EGF in
the brain is increased by ischemia and results in neuroprotection (Kawahara et al.
1999). IGF-1 expression by activated astrocytes increases in the ischemic penumbra.
In addition, inhibiting IGF-1 activity by intraventricular infusion of IGF-1 antibody
significantly prevented ischemia-induced neural progenitor proliferation. These
results indicate that the IGF-1 formed in the ischemic penumbra might be one of
the diffusible factors that mediate postischemic neural progenitor proliferation.

From the data available, we deduce that there is a close relationship between
angiogenesis and neurogenesis (Thored et al. 2007). The endothelial cells formed
after stroke (under the effect of VEGE, EPO, nitric oxide) foster conditions leading
to the local proliferation and differentiation of endogenous brain cells. This has
been referred to as the "vascular niche" (Palmer et al. 2000).
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Table 5.3 Neurogenesis in experimental models of cerebral ischemia in rodents (modified

from Zhang et al. 2005)

Model Factor Neurogenesis References
Global Dentate gyrus Liu et al. (1998),
ischemia Schmidt and Reymann (2002),
Iwai et al. (2002),
Tanaka et al. (2004),
Kee et al. (2001), and
Yagita et al. (2001)
bFGF Dentate gyrus Matsuoka et al. (2003)
SVZ Nakatomi et al. (2002)
Cerebral cortex
Focal SVZ Jiang et al. (2001)
ischemia Dentate gyrus Arvidsson et al. (2002)
Cerebral cortex Zhang et al. (2004)
Jin et al. (2001)
bFGF Dentate gyrus Yoshimura et al. (2001)
G-CSF SVzZ Shyu et al. (2004)
EGF SVZ Teramoto et al. (2003)
HB-EGF Dentate gyrus Jin et al. (2004)
SVZ
EPO SVZ Wang et al. (2004)
Statins SvVz Chen et al. (2003)
Dentate gyrus
Sildenafil Svz Zhang et al. (2002)
Dentate gyrus
VEGF Svz Jin et al. (2002b)
Dentate gyrus
CD34" cells SVZ Taguchi et al. (2004)
iNOS Dentate gyrus Zhu et al. (2003)
54

Stem Cell-Based Therapies in Ischemia

The aim of the treatment of stroke is to limit cerebral lesion. Possible strategies for
treating ischemic injuries include (a) restoration of blood flow, (b) neuroprotection
(preventing damaged neurons from undergoing apoptosis in the acute phase of
cerebral ischemia), and (c) neurosupplementation (the repair of broken neuronal
networks with newly born neurons in the chronic phase of cerebral ischemia).
Treatment of stroke has emphasized prevention and protection, but little has
been done in the brain to repair stroke. Up until the last decade, the only way to
tackle this problem was by means of medicines and neuroprotection. When cerebral
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damage occurs, the blood flow begins to diminish, producing metabolism and ionic
changes as well as metabolic energy changes. Using neuroprotection, attempts have
been made to discover the stages of the ischemic cascade while avoiding cytotoxic-
ity in cerebral ischemia. Neuroprotective drugs work to minimize the effects of the
ischemic cascade. While no neuroprotective agents are currently available commer-
cially, several different types of these drugs are presently undergoing clinical trials
for acute ischemic stroke. Some types of neuroprotective drugs currently being
researched include glutamate antagonists, calcium antagonists, opiate antagonists,
and antioxidants such as GABA-A agonist.

An approach to functional repair would be to replace the damaged tissue with
new cells or to enhance endogenous neurogenesis. The new way to limit the dam-
aged area is by means of "cellular therapy,”" the aims of which are to reduce the
lesion area and to help the functional recovery of the damaged area through the
survival, migration, and differentiation of stem cells. Using cellular therapy, it has
been possible to increase migration and even partial differentiation in the grafted
stem cells (Lindvall and Kokaia 2006). Enhanced neurogenesis in the SVZ area was
observed after ischemic lesion in the striatum. These immature neurons migrate
into the damaged striatum, where they express the markers of striatal medium
spiny projection neurons. Thus, the new neurons seem to differentiate into the phe-
notype of most of the neurons destroyed by ischemic lesion. However, as >80% of
the new neurons die in the first few weeks following a stroke, they only replace a
small fraction (0.2%) of the mature striatal neurons that have died.

The precursor cells must be connected with the appropriate neurons of the
appropriate layer. Restitution of function probably requires not only new neu-
rons but also reconstruction of the medium, including the glia, the astrocytes, the
angioblasts, and the extracellular matrix. Basically, an environment with the fol-
lowing features should be achieved: proangiogenic, anti-inflammatory, antiexcito-
toxic, and antiapoptotic.

At the molecular level, genes and proteins that are common in embryonic devel-
opment are expressed, such as nestin, neuroD, growth-associated protein 43, syn-
aptophysine, and the aforementioned growth factors, which promote neuronal
development, synaptogenesis, and angiogenesis. These proteins are particularly
abundant in the region adjacent to the ischemic lesion. It is very important to iden-
tify the trophic factors that enhance the maturation and survival of immature neu-
rons, as this could provide important clues about how to improve recovery after
neonatal brain injury (Ong et al. 2005). These factors could act by cooperating with
endogenous neurogenesis, or could improve the results of cell transplantation.
It seems that a combinational therapy of factors or their inhibitors may provide
powerful therapeutic potential for enhancing stroke-induced neurogenesis and
restoring damaged tissue in order for it to function once more.
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Therapeutic Potential of Neural Stem Cells

Stem cell therapy has become a promising prospect in the treatment of degenerative
diseases of different body organs and systems. In this context, both embryonic stem
cells and adult stem cells have been considered for transplants in these cell-based
therapies (Jordan et al. 2006). The cellular behavior of NSCs (or neural progenitors)
has allowed us to keep them in culture, and to amplify their number after serial
passages. This implies that adult NSCs may be an important source of cells for
transplants.

As a first step to studying the therapeutic applications of stem cells, it is crucial
to demonstrate that the implanted cells are able to graft into the tissue over both the
shortterm and thelongterm (without tumoral degeneration) so that their migratory
capacity and their potential to become functionally integrated can be determined.
When these aspects have been demonstrated, certain studies of experimental mod-
els of diseases must be carried out to show that implanted cells guarantee clinical
improvement and prolonged survival in the patient. Once these requirements have
been met, the cells can be explored in clinical assays. The fact that stem cells can be
useful in therapies utilizing different clinical approaches must be considered. NSCs
can be used as replacements when neurons are lost as a result of an injury (stroke,
trauma, or degenerative disorders) (Jordan et al. 2006). This requires a cell niche,
with the proper environmental cues, where cells would be likely to differentiate
into the appropriate cell type, integrate, and become functional. The surrounding
inflammatory process, which is secondary to the lesion in most pathologic proc-
esses, could become an obstacle for these cells. Microglia, astrocytes, and peripheral
macrophages are the key players mediating this response, as they secrete an array
of pro- and anti-inflammatory cytokines and chemokines. On the one hand, these
mediators act by conferring immune protection to the brain; on the other, they lead
to neuronal death, causing a major alteration in the "neurogenic niche" (Basu et al.
2005; Taupin 2006). An ideal pharmacological approach would be to modulate the
inflammatory response in the desired proneurogenic way.

With regards to the preferential use of embryonic stem cells or adult stem cells,
both have been exposed to a certain degree of criticism due to their limitations,
which need to be reconciled before they can be used in clinical research (Table 6.1).
Embryonic stem cells (ESCs) can cause tumors, and may be rejected by the immune
system. A significant proportion of society also questions their use from an ethical
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Table 6.1 Adult neural stem cells versus embryonic stem cells in human therapies

ESCs aNSCs
Advantages Criticism Advantages Criticism
Indefinite self-renewal =~ Tumors No rejection Restricted
differentiation potential
Multipotency Immune rejection ~ No tumors Small quantities
Availability Ethics Decreased

proliferative potential

perspective. In turn, while ESCs can self-renew indefinitely and can form many
different cell types, the full potential of adult stem cells is uncertain; in fact, there is
evidence to suggest that they may be more limited. Conversely, adult cells incur no
risk of rejection because they can originate from the patients' own bodies (autolo-
gous transplantation) and they do not appear to cause tumors. However, they may
be present in small quantities (Nunes et al. 2003; Roy et al. 2000b) and are very dif-
ficult to isolate. Most of the time, they remain in regions that are not easily acces-
sible. For example, adult NSCs reside deep in the telencephalon, surrounded by
essential structures; any damage caused to these structures could be very risky
for patients. Another limitation of adult stem cells is that they may only be able
to divide a limited number of times (Kim and Morshead 2003), which would limit
their usefulness in the production of adequate numbers of well-characterized cells
for reliable therapies.

The administration protocol is susceptible to change depending on whether a
multifocal disease (where systemic administration has been demonstrated to be
more efficacious) (Pluchino et al. 2003) or focal injury (where intralesional injection
facilitates tissue regeneration) is being addressed. Another possible strategy is the
exogenous "activation" of endogenous NSCs, i.e., those that already reside in the stem
cell niche, to proliferate and migrate toward the lesion, where they become new, fully
operational neurons (Chmielnicki et al. 2004). It is clear that "intrinsic" self-repair
capabilities are not enough to promote complete and lasting CNS repair. Noninva-
sive methods exist that increase the number of adult stem cells: exercise, hormones,
calorie restriction, antioxidants, etc., as reviewed in Lie et al. (2004). Growth factors,
and possibly their small-molecule mimics, can also alter the cell proliferation rate
and neurogenesis, as mentioned in Chap. 5 for ischemic brain injury.

An unexpected method of action has been demonstrated in NSC therapies
and has been termed the "bystander effect," as reviewed by Martino and Pluchino
(Martino and Pluchino 2006; Pluchino et al. 2007). This concept derives from stud-
ies in which the transplantation of NSCs significantly improved the function of the
target organs. However, histological studies have never demonstrated an increase
in neuronal incorporation or cell-based repair. Therefore, this effect may be the
result of the enhanced survival of existing neurons, or delayed death, by means of
the stem cell-dependent delivery of trophic factors or other molecules to the target
injured site. Prosurvival factors would exist in the injured region at sufficient levels
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without producing side effects in other brain regions. To achieve this, NSCs must
be able to survive in the niche for sufficiently long periods to allow them to release
factors and reduce the logical and negative outcomes of the disease.

Another approach in stem cell therapy concerns cell fusion. Cell fusion is an
old phenomenon, and one that is especially relevant in infectious processes, but
it is also a main functional mechanism of body tissues, e.g., for the fibers of the
skeletal muscle or osteoclastic cells. In this sense, we should not forget that life
starts with the fusion of two germinal cells. Until recently, it was thought that
multinucleated cells were formed from nuclei of the same cell type, but a new
research field has recently investigated the possibility of the fusion of cells from
different germinal lines, therefore nuclei from different origins coexist in the same
cell type. Given their stem cell potential, their presence in the peripheral blood
and their plasticity, bone marrow stem cells (BMSCs) are considered to be the cells
that fuse with static cells throughout the organism (Lagasse et al. 2000). During
the fusion process, BMSCs provide new genetic material to the resident cell and
provided it with a new identity. The tissue regeneration processes and the data
obtained and published from bone marrow transplantation could be explained
completely based on only the cell fusion theory.

Terada and colleagues (2002) were the first researchers to show cell fusion
between bone marrow cells and embryonic stem cells cocultured in vitro. Each
cell type possessed a resistance gene for an antibiotic. When both antibiotics were
added to the medium, some cells grew because they were doubly resistant. These
results were confirmed by performing a karyotype analysis on the fused cells,
which showed 4n DNA content and new phenotypic features. This discovery was
important because it demonstrated the possibility of reprogramming genes of
a senescent cell to induce their proliferation after cell fusion (Rodic et al. 2004).
Apparently, cell fusion is a mechanism that can rescue damaged cells from sure
death. It has now been demonstrated that liver regeneration is the consequence of
cell fusion with BMSCs, particularly the monocytic type of BMSCs (Vassilopoulos
et al. 2003; Wang et al. 2003). It is important to note that other cell types beyond
liver cells are capable of fusing with BMSCs. This is the case for the Purkinje neu-
ronal cells in the cerebellum or cardiac muscle fibers (Alvarez-Dolado et al. 2003).
We still do not know whether fused cells proliferate, even when unpublished results
from our group confirm they do. It is also unclear whether the extra genetic mate-
rial is expressed or whether the nuclei from resident cells regenerate after damage
or degenerate.

A detailed understanding of the processes and factors influencing neurogenesis
would provide us with sufficient knowledge to alter the pattern of new neuron for-
mation and to unravel the limited regenerative capacities of endogenous stem cells
after injury. In any case, the potential for stem cell therapies in neurodegenerative
diseases remains encouraging, although important questions must be answered
before we can predict which strategy (type and age of cells, administration proce-
dure, pharmacological support, etc.) will be most appropriate for which disease.
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Concluding Remarks

The concept of adult neurogenesis is relatively modern. It surprised the scientific
community and ruled out the previously established idea that we are born with a
set number of neurons. This breakthrough occurred due to various advances made
throughout the last century, including morphological studies, the use of markers
for proliferation, the discovery of molecular markers for specific cell types, and
the accuracy of electron microscopy, among others. None of these advances was
sufficient alone, but when they were all combined in elegant assays, it was possi-
ble to confirm the existence of neurogenesis throughout adulthood. It was initially
thought to be only restricted to reptiles and birds, but it has now also been demon-
strated in mammals, including humans.

There are two well-accepted neurogenic regions in the adult mammalian brain:
the olfactory bulb and the hippocampus. Stem cells with neurogenic potential have
also been found in the third ventricle, in the central canal of the spinal cord, and
recently in the subcallosal region. The majority of the new neurons that arrive in
the OB are generated in an area that underlies the lateral wall of the lateral ventri-
cles: the SVZ. There are different cell populations in the SVZ that have been widely
described using EM. Type B cells are astrocytic in nature and have been identified
as adult neural stem cells. Type C cells are transit-amplifying precursors derived
from the Type B cells that proliferate at a high rate and give rise to Type A cells.
Type A cells express the markers of immature neurons and are able to migrate
toward the OB. This migration occurs along a very well-characterized path called
the RMS in which structural astrocytes surround the population of neuroblasts to
create a permissive environment for migration. Type E cells correspond to ependy-
mal cells that do not divide in any case and play a structural and protective role,
as well as probably acting in cell migration. Type E cells are controversial, as some
groups affirm that primordial neural stem cells are ependymal cells. This remains
a matter of debate. The DG of the hippocampus has also been studied for its pro-
liferation and neurogenic potential. It has been proposed to be a source of adult
NSCs that migrate within the hippocampus to the granular layer and become new
functional neurons involved in memory processes.

Specific molecular markers have helped to identify different cell types in the
SVZ. By combining them with markers of proliferation, they have proven useful for
recognizing which of them undergo proliferation and what their rate of division
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is from specific lineages. Based on the specificity of surface markers, and by using
FACS, we have been able to purify these cell populations for further studies. In mor-
phological terms, EM has also proven essential in the identification of the cell types
involved in adult neurogenesis. Time-dependent studies with 3HT or BrdU with LM
have elucidated the temporal profile and lineage progression, ranging from the gen-
eration of new cells to integration into the OB. Furthermore, the neurosphere assay
has also been essential in the characterization of adult NSCs. The neurosphere assay
is the result of culturing cells derived from the adult SVZ. This results in the genera-
tion of clonal growths or neurospheres, which are representative of the neural stem
cell population and neuronal precursors. However, given its multiple applications
in experimental designs, in amplifying cell populations, or in cell transplantation,
we must be very cautious when extrapolating the results of the neurosphere assay
performed in vitro to the in vivo behavior of stem cells. Clonal neurospheres are
composed not only of adult NSCs but of a mixture of proliferating and differentiated
cells with a low degree of stemness and more restricted potential.

Recently, new molecular strategies and the use of transgenic animals have pro-
vided us with an insight into the gain or loss of function of different genes that may
be involved in proliferation or neurogenesis. The cre-lox system allows us to con-
ditionally express or knock down certain genes, and also to study the phenomenon
of cell fusion. In vivo electrophysiology of labeled cells has demonstrated that adult
NSCs from the SVZ integrate, are functional in the OB, and are capable of triggering
electric impulses.

All of these studies have been performed in the mouse SVZ, but neurogen-
esis has been demonstrated in other mammals such as rabbits, cows, monkeys,
and humans. This is very important, as the meaning of neurogenesis in humans
remains unknown, and it is essential to gain an understanding of it in order to
effectively apply it in therapies for neurodegenerative diseases. There are striking
differences between the mouse and human SVZ, not only in the cytoarchitecture
of the SVZ layers, but also in the cell types and their behavior. While the existence
of immature neuroblasts has been demonstrated in the human SVZ, it is not clear
whether the RMS persists in the human brain, at least as it is described in rodents.
However, a recent paper describes chain migration in the adult human brain. This
contradiction might be due to the difficulty involved in obtaining human samples
under adequate conditions for histologic studies.

Adult neurogenesis is a process that under physiological conditions is not
assumed to be highly significant. When injured, neurogenic regions are activated,
leading to increased proliferation and neurogenic potential. This is observed in
response to ischemia. Stroke has become an important target of stem cell-based
therapies as the social repercussions of stroke have emerged in recent years. The
potential of adult NSCs to populate ischemic areas is being studied, and these
investigations have produced promising results. Stem cell therapy for a number
of neurological diseases is becoming a feasible possibility. There are different
approaches to treatments with stem cells, including exogenous cell administration
or enhancement of endogenous neurogenesis.
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Another perspective to consider is the potential oncogenicity that undifferenti-
ated cells in the adult brain may retain. These cells are quiescent but can suffer
changes or mutations in response to external or internal cues that might lead to
tumor formation. Many scientific works have followed this line, and some advances
are shedding light on the origin and treatment of brain tumors. This topic is also
important because stem cell-based therapies could graft potential neoplasms into
the brain instead of curing a disease; this is more likely for embryonic stem cells.

In recent decades, the discovery of the existence of adult neurogenesis has led
to the reopening of a field that had been closed since the start of the twentieth
century. We continue to advance in neural stem cell research due to new technical
approaches like genomics and proteomics. Previous knowledge and new discoveries
will hopefully shed some light on as-yet unknown aspects of the neurogenic process,
thus making the use of adult NSCs in human therapy safe.
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