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ABSTRACT: The persistence of an active subventricular zone neural stem cell niche in the adult
mammalian forebrain supports its continued role in the production of new neurons and in generating cells
to function in repair through adulthood. Unfortunately, with increasing age the niche begins to

deteriorate, compromising these functions. The reasons for this decline are not clear.

Studies are

beginning to define the molecular and physiologic changes in the microenvironment of the aging
subventricular zone niche. New revelations from aging studies will allow for a more thorough
understanding of which reparative functions are lost in the aged brain, the progression of niche demise
and the possibility for therauptic intervention to improve aging brain function.
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Neurogenesis continues in primarily two regions of the
adult mammalian brain. In the subgranular zone (SGZ)
of the hippocampal dentate gyrus, adult neurogenesis is
critical for processes involved in learning and memory
[1-6], while neurogenesis in the subventricular zone
(SVZ) generates new neurons destined for the olfactory
bulb to function in fine olfaction discrimination [7-9].
With increasing age, neurogenesis declines, impacting its
normal roles in neuron replacement and consequently its
ability to function in repair mechanisms triggered by
injury or disease. Relative to the young brain, the aged
brain not only displays a more limited potential for
recovery, but also has an enhanced susceptibility to
degenerative diseases and injury. Thus, aging research
must take into account many compounding issues that
contribute to decline in a multitude of different ways.
Due to cost-effectiveness and practicality, most studies
examining adult neurogenesis have been conducted on
young animals, resulting in a scarcity of data from aged
animals. While this is beginning to change and more
research is now being performed on aged animals, we
can only anticipate that our understanding of age-related
declines in brain functions and the potential for stem cell

niche-based repair will increase and eventually provide
sound advances in treating the aging brain. For this
review, we will focus on the cellular and molecular
changes associated with the aging SVZ stem cell niche
and the effect aging has on SVZ functions.

Comparative Cytoarchitecture of Young versus Aged
SVZ Neural Stem Cell Niche

The cellular organization of the SVZ is critical to
orchestrate events necessary for sustained stem cell niche
output. The four cell types that comprise the SVZ and
their organization within the niche were revealed based
on ultrastructural characteristics observed using electron
microscopy [10, 11]. The main cell types are astrocytes,
transitory amplifying progenitors (Type C cells),
neuroblasts and ependymal cells [10, 11] (Fig. 1). Of
these, the neural stem cells (NSCs) have been identified
as a slowly dividing subpopulation of SVZ astrocytes
[12, 13] with an apical process contacting the ventricle
and a basal process extending to underlying blood
vessels [14-16].
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Figure 1. Comparative cytoarchitecture of the SVZ through aging. Due to age-related
stenosis of the ventral lateral ventricle walls, only the dorsolateral SVZ remains proliferative
and the dorsal ventricle (blue in upper coronal brain images) expands. The red box in each
schematic represents the dorsolateral SVZ depicted in more detail below. The young adult SVZ
is organized below an ependyma monolayer (yellow cells) and includes astrocytes (green cells),
astrocytes with an apical and basal process spanning the SVZ (NSCs, purple cells), neuroblasts
(red cells), Type C cells (blue cells) and basally located blood vessels (orange). In the aged SVZ
there is a significant reduction of the SVZ, with fewer astrocytes possessing an apical process
and fewer neuroblasts and Type C cells. Additionally, some SVZ astrocytes (brown cells) are
found incorporated within the ependymal monolayer. These integrated astrocytes are derived
from dividing astrocytes and take on ependyma-like characteristics.
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This radial morphology is reminiscent of their
predecessors, the radial glia [14, 15, 17, 18]. Type C
cells are the intermediary progeny of SVZ NSCs and are
typically found in close proximity to the basally located
blood vessels [15, 16]. Type C cells give rise to highly
migratory neuroblasts that organize into chains that
transit the SVZ [19-21] and converge into the rostral
migratory stream leading to the olfactory bulb. Once in
the olfactory bulb, the neuroblasts defasiculate from the
chains and migrate radially to their site of terminal
differentiation [19-22].

At its ventricular surface the SVZ is separated from
the cerebral spinal fluid (CSF) of the lateral ventricles by
a monolayer of multiciliated ependymal cells that is
punctuated by small clusters of astrocytic processes that
contact the CSF [14] (see Fig. 1). The apical process of
the SVZ astrocyte contains a single primary cilium that
extends into the CSF [12, 14]. Astrocytes with an apical
process express neural stem cell markers (CD133, GFAP
and Nestin), and markers of activated/dividing stem cells
(ID1, Ki67 and phosphohistone H3) [14, 23], marking
them as the NSCs. When viewed from the ventricular
surface structural units (pinwheels), consisting of
ependymal cells spiraling around several fine astrocytic
processes, can be observed [14]. The cells of the
pinwheels are anchored to each other via adherens
junctions [14], reminiscent of the organization of stem
cells and somatic cells in other niches, e.g., the bone
marrow HSC niche and Drosophila ovariole and testis
[24-27] (for reviews see [28, 29]). These regenerative
units are critical for stem cell division, as one daughter
will retain its position and stem cell identity via its
adherens junctions and the other will generate a
progenitor cell capable of moving away from the niche
(for review see [30]).

In addition to the four main cell types, other cellular
and acellular components influence the niche (Fig. 1).
Blood vessels immediately subjacent to the SVZ run
parallel to the direction of tangential neuroblast
migration [31-33], and guide migratory neuroblasts via
BDNF signaling [33]. Endothelial cells secretions also
influence SVZ proliferation [15, 16, 34] and have been
shown to home NSCs within the niche via SDF1/CXCR4
signaling [17]. In addition, a highly penetrative
extracellular matrix (basal lamina) extends from the
subjacent blood vessels to the basolateral surface of
ependyma, forming intricate ‘fractones’ throughout the
SVZ [35]. This basal lamina network has been shown to
contact almost every cell in the SVZ making it an ideal
conduit for the transport and sequestration of key
signaling molecules that regulate the niche [35, 36].

During aging, many characteristics of the SVZ niche
change (Fig. 1). One prominent feature associated with

the aged SVZ niche of mice is ventral stenosis of the
walls of the lateral ventricle, resulting in deterioration of
most of the ventral SVZ [32]. This ‘zippering up’ of the
ventral lateral ventricle walls thereby restricts the
neurogenic region to only the dorsolateral region of the
lateral ventricle [32]. As a consequence, or due to other
age-related changes, the remaining ventricular cavity
becomes enlarged; resulting in a thinning of the existing
ependyma monolayer, and the need to maintain the
integrity of the ventricle barrier. Quite surprisingly, we
detected a large number of astrocytes incorporated
within the ependyma of aged mice [32]. These
incorporated astrocytes are cuboidal in shape, similar to
the shape of normal ependymal cells. In addition, we
observed that some integrated astrocytes had
characteristics of ependymal cells, including multiple
basal bodies of motile cilia (9+2 organization),
expression of S100f and apical placement of
mitochondria [32, 37]. We subsequently showed that the
incorporated astrocytes originated from mitotically
active astrocytes of the SVZ and over time took on
characteristics of ependymal cells [37]. This
phenomenon of what appears to be SVZ astrocyte-
mediated repair to the ependyma could be reproduced in
young adult mice when individual ependymal cells were
released from the ventricle surface [37]. Together, these
studies indicate the importance of maintaining the
integrity of the ependymal boundary and the role the
underlying SVZ has in this reparative function.
Compared to the rodent, the human SVZ has several
unique characteristics. Work from several laboratories
described distinct layers of the adult human SVZ [38-
40]. Layer | consists of an ependymal monolayer lining
the ventricular wall with some astrocytic processes
contacting the ventricular wall [40-42]; however, the
extent of this occurrence is not clear. Layer Il, also
known as the gap region, is unique in that it is rich in
GFAP" processes, with only some neuroblasts in the
anterior regions [39, 40, 42]. Ependymal cells send basal
processes into Layer I, perhaps making critical contacts
with underlying basal lamina, as found in rodent. It is
thought that Layer Il may function as the corridor for
neuroblast migration. However, only a modest RMS
with limited numbers of neuroblasts extends to the
olfactory bulb in humans [38-40, 42]. Layer Il is the
proliferative region of the human SVZ, with
GFAP'/Ki67" and CD133" cells present (astrocytic
ribbon) [39, 42]. Overall few neuroblasts are present in
the human SVZ, compared to the rodent, and these are
found mainly in Layer Il Surprisingly, some
ependymal cells, which typically comprise the epithelial
barrier of the ventricles, were reported found in small
clusters (4-14 cells) in Layer Il [40]. These cells had
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multiple motile cilia and were clustered together with
their cilia at the center of the cluster [40]. It is unknown
whether these structures provide any functional support
to the region or are aberrant clusters (ependymomas).

The functional organization and significance of the
human SVZ requires further investigation. Most reports
have been from elderly postmortem tissue obtained hours
after death and fixed for long periods of time (days).
Characterization is often from pooled samples,
combining young adult and elderly tissue in an effort to
increase the sample size. Since age contributes to
changes in the SVZ and its functions, data need to be
separated for proper evaluation of age-related
differences. Clearly the techniques for
acquiring/processing human tissue need to be refined for
better preservation of ultrastructure. Of potential benefit,
some laboratories are now collecting intraoperative
tissue whenever possible, instead of relying on
postmortem tissue. Ultimately, the presence of the SVZ
and RMS in human anterior brain tissue suggests its
relevance and potential contribution to some aspect of
normal brain function. Even if neurogenesis of olfactory
bulb interneurons is not the main output/purpose of the
human system, neural progenitors in the human SVZ
likely contribute to other replacement/reparative
functions.

Age-Related Changes in SVZ Neurogenesis

Multiple reports, using label-retention strategies and
immunohistochemistry, demonstrate an age-related
decline in neurogenesis of about 50% in elderly mice
compared to young adult mice [8, 32, 43, 44]. The
consequence of reduced neurogenesis can be observed in
the OB where fewer newly generated interneurons are
found in aged mice [8]. This decline is associated with a
functional change in odor discrimination. In studies
using odor cues in a food aversion experiment, aged
mice could detect two discrete odors (similar to young
adult mice), but could not discriminate between two very
similar odors (fine odor detection), unlike their young
counterparts [8].

While an age-related decline in SVZ neurogenesis is
observed and linked to functional declines in olfaction,
the reasons for these declines are not clearly defined.
Aging cells have been shown to accumulate DNA
damage from numerous insults, affecting proliferation
(see [45] for review, Fig. 2). In such events the cell cycle
may be lengthened to accommodate DNA repair,
resulting in slower niche output. When one group
administered a single dose of two different thymidine
analogues 12.5 hours apart, almost a 50% reduction of
cells incorporating both analogues was observed in the

aged SVZ compared to young adult SVZ [44]. However,
cell cycle length was not fully examined to determine if
altering the interval between analogues in aged mice
would generate a different percentage of cells
incorporating both analogues, thereby verifying a
lengthening of the cell cycle. In addition to a potential
lengthening of the cell cycle, it is possible that
proliferating cells exit the cell cycle completely and stop
dividing altogether, a process leading to cellular
senescence. By combining Ki67 immunostaining and
BrdU label retention, we were able show that by mid-age
(1 year old) there was a 1.5 fold increase in the number
of progenitors that exited the cell cycle [32]. Ahlenius et
al. [43] used a senescence cell staining kit to observe a
two-fold increase in senescent cells within neurospheres
generated from elderly SVZ tissue. These data indicate
significant alterations in cycling progenitor cells can lead
to a decline in the proliferative output of the aged SVZ.
However, it is important to note that all previous studies
have been performed on global cell populations and lack
cell-specific markers to determine which cells are being
influenced. To date, the age-related decrease in
neurogenesis was shown to result from a decrease in the
proliferative fraction of multiple SVZ cell types-
proliferating NSCs decreased 38% and proliferating
neuroblasts decreased by 58% [43]. Future studies are
needed to determine the mechanism in which each cell
type is altered, since different processes of aging may
differentially affect each cell population.

Cells that remain proliferative require telomerase
activity to maintain telomere length, preventing
replicative cellular senescence [46-49]. Interestingly,
MTERT (the enzyme responsible for elongating
telomeres) expression and telomerase activity are
reduced in an age-dependant manner in the SVZ [50,
51]. Telomerase deficient mice have decreased levels of
SVZ neurogenesis [51, 52]; however, the fraction of
proliferative neuroblasts did not change, suggesting that
NSCs are affected by decreased telomerase activity but
the proliferative capacity of their neural progeny is not.

Researchers are beginning to connect the underlying
pathways activated by DNA damage and leading to
decreased proliferation. Upon sensing DNA damage,
cyclin dependent kinase (Cdk) inhibitors postpone cell
cycle re-entry. Expression of two Cdk inhibitors,
pl6INK4a and p21KIP1 [53, 54], are increased in the
SVZ in an age-dependant manner [43, 55]. Knocking out
pl6INK4a increases neurogenesis in aged mice;
however, the increase in neurogenesis does not reach the
same level found in young adult mice. Also, since
upregulating pl6INK4a in young adult mice does not
significantly decrease proliferation [55], other factors
likely contribute to the age-related decline.
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Figure 2. Proliferation in the young, adult SVZ via the stem cell generates another quiescent stem cell and
neural progeny through a transitory amplifying cell. In the aged SVZ proliferation is reduced due to loss of stem
cell numbers, inability to self-renew or increases in cell cycle length.

If damage to the cell becomes too great to maintain
its stem cell identity, NSCs may exit the cell Cycle or
undergo cell death, foregoing self-renewal and
effectively diminishing the stem cell pool (see Fig. 2).
The neurosphere assay, in which high concentrations of
growth factors activate otherwise quiescent NSCs, has
been used frequently to evaluate relative numbers of
NSCs. Based on this assay, a loss of NSCs throughout
aging would result in declines in the number of
neurospheres generated. Multiple laboratories have
consistently shown that elderly tissue generates 22-78%
fewer neurospheres [8, 43, 55, 56]. However, in one
study where cells were FACS sorted for nestin-GFP
prior to neurosphere generation, an identical number of
neurospheres were generated from young adult and
elderly SVZ tissue [43]. This suggests that while there

are fewer NSCs in aged mice, the remaining NSCs have
a similar capacity for neurosphere generation as young
adult NSCs.

While in vitro analysis of NSCs can be informative,
in vivo quantification would allow for analysis of
changes in the NSC pool within the context of the aged
niche. The use of NSC molecular markers and label-
retention assays support a decrease in the NSC pool and
additional studies have revealed a 50% decrease in the
NSC markers Nestin and Sox2 [43]. Yet these methods
are imprecise, as most markers are also expressed by
non-NSCs in the SVZ and label-retention analysis could
also be explained by changes in cell cycling, as
previously described. As an alternative means to
examine the NSC pool, our lab used whole mount
preparations of the lateral ventricle wall to quantify the
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total number of astrocyte processes contacting the
ventricle throughout aging, working on the assumption
that this population of astrocytes is the NSC [14, 17, 23].
In mice aged from 3 months to 2 years, we observed a
consistent decline in the number of astrocytic processes
(NSCs) contacting the ventricle (Fig. 3, BAS & JCC,
manuscript in prep), supporting an age-associated loss of
NSCs. Key to understanding the loss to the NSC pool is
the need to address what is happening to these cells. Cell
attrition can be from cell death or the inability of the
NSC to maintain self-renewal capability with each

“J0um
Ee———

Young Adult

division cycle (see Fig. 2). As previously described,
ependymal repair increases with aging. What is not
known is whether this form of repair requires the NSC to
symmetrically divide to generate two ependyma repair
cells, thereby effectively depleting the NSC pool.
Similarly, do other types of injury or disease also deplete
the NSC pool? Alternatively, it is possible that an NSC is
only capable of a certain numbers of divisions. All of
these questions require answers before we can fully
understand the reason for the demise of the SVZ niche
with aging.

Aged

Figure 3. Apical processes of SVZ astrocytes that contact the ventricle decline with age. a, In young adult (3-
month old) mice, many pinwheels (outlined in red, yellow and orange) and their core of astrocytic processes
(outlined in grey) can be detected. b, In elderly (2-year old) mice, there are significantly fewer intact pinwheel
structures (only one is found in this section). In addition, only one or two astrocytic processes are found at the core,
versus 3-5 in young mice. Images were taken using a Leica TCS SP2 confocal microscope. B-catenin defines cell
boundaries of astrocytes and ependymal cells, y-tubulin labels basal bodies (multiple found in ependymal cells and a
single basal body of the primary cilium found in astrocytes) and GFAP marks astrocytes.

SVZ’s Capacity for Repair in Injury and Disease

The SVZ has been shown to change from its steady state
production of new olfactory bulb neurons to heightened
proliferation when injury/disease occurs in neighboring
brain tissue. Changes typically involve newly generated

cells migrating away from their prescribed RMS
pathway to sites associated with the injury or disease.
Here, we will discuss investigations into the impact
several injuries, typically associated with aging (stroke,
Parkinson’s disease, demyelination and ependymal
damage), have on SVZ functions and the extent of
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invoked repair. Other reviews cover the role of
transplanted stem cells in neural degenerative diseases,
so this topic will not be covered here.

Stroke

Stroke is caused by blockage of a cerebral artery. This
results in focal ischemia and the loss of neurons and glial
cells, often causing sensory or cognitive impairments.
Data from many groups now show that ischemic or
hypoxic conditions increase neurogenesis in the SVZ and
redirect newly generated neuroblasts to sites of injury in
the striatum [57-64]. Early studies using rat models of
focal stroke generated by transient middle cerebral artery
occlusion showed significant increases in SVZ
neurogenesis and migration of chains of neuroblasts to
the peri-infarct striatum [57, 58, 63, 64]. In several
reports, differentiation to medium-sized spiny neurons
was observed, but survival of newly generated neurons
in the peri-infarct region was extremely low [57, 63].
Arvidsson et al. reported only a 0.2% replacement of lost
neurons by newly generated SVZ neurons 6 weeks post-
infarct [57].

Similar findings have been reported in humans.
While the cytoarchitectural arrangement of the human
SVZ is different from the rodent [38, 40, 42] (see above
Comparative Cytoarchitecture of Young versus Aging
SVZ Neural Stem Cell Niche), the cell types are
essentially similar and as in the rodent model there is an
increase in proliferating cells within the SVZ following
stroke. One group identified the proliferating SVZ cells
as astrocytes and reported an increase in Ki67" cells in
the astrocytic ribbon layer [62]. An associated increase
in the width of the gap layer was also seen, with
increased numbers of neuroblasts within this region. This
finding would appear to suggest that the gap layer
functions in the transport of newly generated neuroblasts
[62]. However, the number of neuroblasts found in the
penumbra of the lesion varied from rare to very low
numbers [58, 59, 61, 62], indicating that additional
support and an increased supply of new cells to the
injured area is required for significant and substantial
repair and replacement following stroke. Since cell
damage and loss from stroke is well documented and
pre-stroke conditions are not restored following a stroke,
interventions that take advantage of enhancing trophic
and neuroprotective support to the existing SVZ or the
use of transplanted cells to provide cell replacement
and/or molecular support are clearly needed to bypass
the current limitations of the brain’s reparative functions.

New studies investigating neuroprotective measures
capable of reducing neuronal destruction following
stroke in aged humans show G-CSF, a cytokine, acts to

reduce infarct size and improve functional outcome after
experimental stroke in young rats [65, 66]. Recently,
similar studies were performed in aged rats [67] and
increases in animal survival and transient functional
improvements (motor: running inclined plane; cognitive:
radial-arm maze) were detected. While increased
numbers of BrdU™ cells were detected in the SVZ, no
increase in new neurons in the peri-infracted area was
detected, nor was a reduction in infarct size detected.
Additional studies are required to determine how G-CSF
acts to promote motor and cognitive improvements and
survival. Further examination of the role of SVZ
proliferation and neurogenesis in stroke or under hypoxic
conditions can be found in several recent reviews [68-
70].

Parkinson’s Disease

Dopamine (DA), a neurotransmitter that controls many
diverse functions within the adult brain such as
movement, reward and cognition, has also been
implicated in regulating SVZ proliferation in the adult
brain. The majority of DA neurons reside in either the
Substantia Nigra pars compacta (SNpc) where they
project to the dorsal striatum and control voluntary
movements — the population primarily lost in
Parkinson’s disease — or the ventral tegmental area
(VTA), known to innervate the nucleus accumbens and
contribute to mood, emotion and addiction. DA neurons
from both the SNpc and VTA have been reported to
target the region around the SVZ [71]. In addition,
neuronal progenitors in the adult rodent SVZ express DA
receptors and dopaminergic afferents form synapse-like
structures with SVZ progenitor cells [72]. Specifically,
Type C cells were found to express primarily D2-like
(D2, D3, and D4) dopamine receptors [72], while
migratory neuroblasts expressed receptors from both D1-
like (D1 and D5) and D2-like families. These findings
remind us of dopamine’s role in embryonic
neurogenesis, where the nigrostriatal pathway supplies
DA to the lateral ganglionic eminence (LGE) beginning
at E13 and DA levels remain high in the developing
neostriatum and LGE from E13 onwards — throughout
the period of neostriatal neurogenesis. Both D1-like and
D2-like DA receptors were found on progenitor cells of
the LGE. D1-like receptor activation reduced G1/S-
phase entry, whereas D2-like receptors promoted G1/S-
phase entry [73]. It therefore seems reasonable to
hypothesize that the regulatory roles of the major DA
receptor families in the adult SVZ would parallel those
observed in the embryonic LGE [73, 74]. To assess the
role of DA on SVZ functions, DA neuron ablation
studies have been performed. Loss of nigrostriatal
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dopaminergic innervation following administration of
the dopaminergic neurotoxins  1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP, targets SNpc A9 DA
neurons) [72] or 6- hydroxydopamine (6-OHDA, lesions
to both SNpc and VTA DA neurons at the ventral
midbrain bundle) [75, 76] resulted in decreased
proliferation in the rodent SVZ, a finding that was also
replicated in  non-human primates [77]. SVZ
proliferation was then restored with select agonists of
D2-like receptors [72, 75, 77, 78]. Limited studies in
humans who have suffered from Parkinson’s disease also
revealed a 30% decrease in dividing cells of the SVZ and
a reduction in nestin® cells in the olfactory bulbs [72,
79]. One mechanism of action put forward is DA-
mediated release of EGF in the SVZ [79]. EGFR" cells
have been detected in the human SVZ and DA was
found to stimulate EGF release via the PKC pathway
resulting in selective expansion of EGFR" progenitor
cells. EGFR" cells were significantly decreased in
postmortem Parkinson’s disease brains compared to age-
matched controls [79]. These findings support an
indirect role for DA in EGF release that then influences
SVZ neurogenesis and suggest a conserved pathway
across all mammalian species.

New genetic mouse models of Parkinson’s disease
may provide more appropriate models of Parkinson’s
disease and how loss of DA affects SVZ functions.
Current chemical models result in acute lesioning of DA
neurons and rapid loss of DA, this contrasts the rather
gradual loss of DA supply experienced in Parkinson’s
disease. While olfactory dysfunction is observed in PD
patients, those patients that also experienced cognitive
impairments (PD with dementia) showed an increased
loss of proliferative cells in the dentate gyrus of the
hippocampus, indicating that both neurogenic niches are
affected. Since, as pointed out above (Comparative
Cytoarchitecture of Young versus Aged SVZ Neural Stem
Cell Niche), the role of human SVZ neurogenesis in
olfaction appears to be much less robust than in rodents,
the loss of dopaminergic innervation and consequential
loss of DA supply to the SVZ may result in distinct
symptoms in humans versus rodents. Further studies are
needed to evaluate the consequence of decreased
neurogenesis in Parkinsonian patients.

Demyelinating Lesions

While the primary role of the SVZ is to produce
neuroblasts, the adult SVZ has also been found to
generate both non-myelinating NG2* oligodendrocyte
progenitor cells (OPCs) and mature myelinating
oligodendrocytes as part of its normal function.
However, the number of oligodendrocytes produced is

relatively small. Following a demyelinating lesion
(lysolecithin-induced) in  the corpus callosum,
oligodendrogenesis is significantly upregulated (up to a
4-fold increase) as progenitor cells from the SVZ now
contribute new OPCs or mature oligodendrocytes to the
lesion [80-82]. This capacity to contribute to
remyelinating repair has not been fully evaluated and it
is not clear whether the generation of new
oligodendrocytes results in functional remyelination (see
[83]). To help explain the lineage change in SVZ NSC-
generated progeny, a new report revealed that
demyelination via lysolecithin injection upregulated
chordin in the SVZ and promoted a glial fate in DCX-
positive progenitors that then target the lesion site in the
corpus callosum [84]. Minipump delivery of chordin
significantly increased the percentage of progenitors
expressing NG2 and Olig2, and the number of CC1 and
CNP-expressing mature oligodendrocytes, compared to
saline infusions [84]. Thus, chordin may enable the
degree of lineage plasticity necessary to generate
additional oligodendrocytes following demyelinating
injury or disease.

It is perhaps noteworthy that age-related myelin
breakdown and the increased wvulnerability of
oligodendrocytes with age have been proposed as part of
a developmental model for cognitive decline and
Alzheimer’s disease [85]. However, it seems unlikely
that SVZ supplied OPCs would be either sufficient or
capable of the level of myelination repair that would be
required in the aged and elderly brain. Clearly some
intervention to enhance this potential reparative function
is required.

Ependymal cell replacement

In the aged SVZ, we have reported that dividing SVZ
astrocytes integrate within the ependymal cell monolayer
and take on antigenic and morphologic characteristics of
ependymal cells [32, 37]. BrdU" astrocytes fully
integrated within the ependyma exhibit adherens
junctions with neighboring ependymal cells and over
time show combined characteristics of astrocytes
(GFAP™) and ependymal cells (GFAP*/s100B", multiple
basal bodies of cilia, apical mitochondria). Insertion of
astrocytes into the ependyma appears to be an age-
associated form of regenerative repair likely to be
triggered by wear-and-tear to the ependymal surface
and/or expansion of the lateral ventricle due to age-
related hydrocephalus. A similar integration of dividing
astrocytes within the lateral ventricle wall is not seen in
young, 3 month old mice. However, injection of
neuraminidase into the lateral ventricle to cleave sialic
acid of sialoglycoproteins and thereby release ependymal
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cells from the ventricle lining allowed us to demonstrate
that ependymal cell replacement by dividing astrocytes
occurs on a ‘per need’ basis [37].

In the aged brain the role of ependymogenesis
appears to be maintenance of the ciliated epithelial
lining, which separates the CSF from the SVZ. It is
important to note that maintenance of this border will
only occur above an active SVZ. We did not observe any
BrdU+ astrocytes within the ependyma of the medial
wall of the lateral ventricle, the 3™ ventricle or the
cerebral aquaduct [37]. SVZ astrocyte-mediated
generation of ependymal-like cells reminds us of the
origin of ependymal cells from radial glia origin of
ependymal cells in late embryonic/early postnatal
development [86]. Therefore, it is in keeping with the
radial glial origin of adult neural stem cells, the SVZ
astrocytes, that they too can generate new ependymal
cells in the adult brain. Instead of ependymal cell
replacement, we found that severe damage to the
ependyma, as observed when high doses of
neuraminidase are injected into the ventricle, resulted in
a glial scar at the ventricle surface. Thus, following
either modest loss or severe loss of ependymal cells, it is
important to stress the need to maintain a barrier to the
CSF. In the case of modest loss, ependymal-like cells are
generated for replacement, while in the case of severe
loss an immediate repair must occur, resulting in a glial
scar. It is unclear whether the newly generated
ependymal cells are fully functional; however, we have
found that many do possess basal bodies of multiple
cilia.

It is now well established that mature ependymal
cells do not reenter the cell cycle; no dividing ependymal
cells have been found in either young adult or elderly
mice [12, 86-89]. Notch signaling is reported to be
required for maintaining ependymal cells in a state of
quiescence and it has been reported that inhibition of the
Notch pathway is sufficient to allow ependymal cells to
reenter the cell cycle resulting in the production of
primarily new olfactory bulb neurons [90]. Interestingly,
following MCAO-induced stroke some ependymal cells
were found to enter the cell cycle presumably via Notch
inactivation. In this case primarily astrocytes, and some
neuroblasts that died before differentiating into mature
neurons, were generated [90]. It is important to note,
especially in light of the above-mentioned importance of
an ependymal cell boundary, that although forebrain
ependymal cells generated both neurons and glial cells,
they failed to self-renew. This not only distinguishes
them from stem cells, but also indicates that in
generating astrocytes and some neurons following
stroke-associated injury, ependymal cells relinquish their
role in providing an important boundary.

Summary

In all of the above disease/injury models it is critical to
determine whether the SVZ niche response is a result of
the pathology itself or is a reparative function initiated to
resolve or compensate for a particular damage. Since
injury and disease are often associated with
inflammation and angiogenesis, it is important to
consider whether these processes are just presenting the
proliferation and migration factors that entice the
germinal stem cell niche to produce more progenitors
capable of responding to migration signals. It is still
unclear whether the adult SVZ stem cell niche is truly
capable of providing real and significant compensation
in the event of injury/disease or whether during the
process of aging multiple injuries may activate ‘repair’
mechanisms, but with the effect ultimately to diminish
the stem cell niche’s functional capacity. Importantly,
many of these ‘repair’ mechanisms do not lead to
functional recovery of the injured tissue. Thus, it is
critical to ask whether these brain injuries are in part
responsible for the decline in SVZ neurogenesis seen in
aging. It is, however, likely that modulation via
molecular intervention may provide some benefit, but
functional restoration will have to be verified. While new
studies are likely to provide the way forward, we must
also come to a better understanding of the molecular
mechanisms that sustain the adult neural stem cell niche
and its raison d ‘étre.

Molecular Mechanisms Regulating the SVZ Niche

As we discussed in Age-Related Changes in SVZ
Neurogenesis above, neurogenesis is significantly
reduced in the aging brain. Whether this is due to loss of
niche integrity, depletion of stem cell populations,
induction of stem cell senescence or defects in cell-cell
signaling mechanisms is still unclear. Most likely it is a
combination of all of these factors that contribute to the
demise of the aging adult SVZ niche. While the roles of
various growth factors and neurotransmitters in
supporting the young adult SVZ have been extensively
reviewed elsewhere [7, 91-94], examination of changes
in key molecular signaling pathways and their effects on
the aging SVZ have been minimal. Currently, several
molecular pathways stand out as potential regulators of
stem cell quiescence and neurogenesis. Here, we will
discuss those that are the most noteworthy in the
regulating the SVZ stem cell niche and that may be
compromised in the aged brain.

Notch activity is fundamental in maintaining
embryonic NSCs in an undifferentiated state by
suppressing proneural gene expression and supporting
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progenitor survival [95-98]. The canonical pathway, in
which Notch targets Hes gene activation, is critical for
embryonic NSCs [99] and inhibition of intracellular
signaling of all Notch receptors (via inactivation of
Rbpj) leads to a decrease in cell proliferation, as actively
dividing neural stem cells prematurely differentiate into
postmitotic neurons. In the adult SVZ, Imayoshi et al.
found that inhibition of intracellular signaling by all
Notch receptors resulted in transient increases in transit-
amplifying type C proliferation and subsequent increases
in neurogenesis. However, as a consequence, this
ultimately resulted in depletion of all neural stem cells
and neurogenesis was eventually lost. These results
suggest that Notch signaling inhibits transition from
slowly dividing NSCs to type C cells and is necessary to
maintain the adult stem cell niche. In the aged brain, the
use of Hes5::GFP reporter mice revealed that signaling
levels in the dentate gyrus did not change with aging,
indicating that Notch activity was still present and
defined the quiescent NSCs population [100]. Therefore,
the age-related deficits in neurogenesis observed in the
aging SGZ are likely due to other signaling molecules. It
is not currently known how Notch activity is affected in
the elderly SVZ.

Maintenance of adult NSCs [101-105] and the
migration of SVZ neuroblasts [102] have been attributed
in part to the action of hedgehog (Hh). Through
conditional removal of Smoothered (Smo), the effector of
Hh signaling, it was shown that Hh signaling, while not
required for telencephalic progenitor proliferation from
E12.5 until birth, is required during the first two weeks
of postnatal development, as removal results in the rapid
depletion of neural progenitors [102, 104]. What is not
clear from these studies is whether Hh signaling is
required for the initial establishment of the postnatal
stem cell niche or for its long-term maintenance during
adulthood. Balordi et al [101], using tamoxifen-inducible
Cre (Nestin®®R™) lines to remove Smo function in the
adult niche, found an impaired ability for SVZ astrocytes
to replenish the SVZ niche following antimitotic
treatment to kill rapidly dividing Type C cells and
neuroblasts. Hh signaling is via the primary cilia and
requires Kif3a, a subunit necessary for intraflagellar
transport and primary cilia assembly [106]. Interestingly,
while it was found that Hh signaling is particularly
important for the expansion and establishment of
germinal centers away from the ventricular zone (e.g.,
the SGZ), removal of Kif3a in the SVZ resulted in
reduced proliferation, but not as dramatic as that found
in the SGZ.

Intracerebroventricular infusion of EGF induced
dramatic proliferation and migration of SVZ progenitors
through epidermal growth factor receptor (EGFR)

signaling [107-111]. When SVZ NSCs were specifically
tracked it was found that they invaded most neighboring
brain regions, e.g., striatum, septum, corpus callosum
and fimbria-fornix. The cells generated were mainly
NG2+ progenitors and premyelinating and myelinating
oligodendrocytes [110]. A demyelinating lesion further
increased the number SVZ progenitors that migrated and
differentiated into oligodendrocytes [109, 110, 112-114].
Infusion of TGF-o (an EGFR ligand) also resulted in a
dramatic enlargement of the SVZ, but resulted in little
migration. When TFG- o was infused into a dopamine-
depleted striatum large numbers of SVZ progenitors
migrated into the striatum [115]; however, these
progenitors did not differentiate into dopaminergic
neurons.

Multiple members of the EGF family, including
TGF-a and amphiregulin, are produced by the choroids
plexus and would be capable of modulating EGF
receptor (EGFR) signaling [109, 116, 117]. Not
surprisingly there are lower levels of EGFR in aged brain
[8], most likely due to a decrease in Type C cells, and
decreased signaling through EGFR has been detected in
elderly mice [8, 44]. Intracerebro-ventricular infusion of
heparin binding EGF (HB-EGF) (and also FGF-2) into
the aged (23-25 month) mouse brain has been reported to
restore SVZ proliferation to levels found in the young
adult [118] suggesting the NSCs in the elderly brain are
not receiving adequate signals from the niche to maintain
proliferation and neurogenesis. However, the long-term
consequence of over-stimulating the remaining NSCs in
the elderly brain is not known. Does this act to further
exhaust the aged NSC pool? Ultimately, both the ability
to stimulate and revitalize the SVZ niche without
compromising its future capacities has significant
implications for regenerative medicine.

Future Directions for Aging Research

As we have pointed out above, it is not clear how NSCs
are affected by the process of aging or conversely the
extent to which the demise of the SVZ stem cell niche
contributes to the aging of the brain. Ultimately, to
address the needs of the aged NSC niche, an
understanding of the key factors (molecular and
cytoarchitectural) leading to its decline will provide the
best strategies to help restore characteristics found in
young niche. Many signaling pathways appear to be
affected throughout the course of aging, but it is
important to note that molecular mechanisms targeting
the NSCs alone may not necessarily be enough to restore
the aged niche. A functional niche would also need to
support the production of future neural and non-neural
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progeny and offer the capacity for controlled migration
of progeny away from the niche.
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