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Abstract

Neurogenesis persists in the adult subventricular zone (SVZ) of the mammalian brain. During
aging, the SVZ neurogenic capacity undergoes a progressive decline, which is attributed to a
decrease in the population of neural stem cells (NSCs). However, the behavior of the NSCs that
remain in the aged brain is not fully understood. Here we performed a comparative ultrastructural
study of the SVZ niche of 2-month-old and 24-month-old male C57BL/6 mice, focusing on the
NSC population. Using thymidine-labeling, we showed that residual NSCs in the aged SVZ divide
less frequently than those in young mice. We also provided evidence that ependymal cells are not
newly generated during senescence, as others studies suggest. Remarkably, both astrocytes and
ependymal cells accumulated a high number of intermediate filaments and dense bodies during
aging, resembling reactive cells. A better understanding of the changes occurring in the
neurogenic niche during aging will allow us to develop new strategies for fighting neurological
disorders linked to senescence.
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Introduction

Adult neurogenesis persists in the adult mammalian brain throughout life. The
subventricular zone (SVZ) of the lateral ventricles is the largest source of neural stem cells
(NSCs) in the neurogenic process (Alvarez-Buylla and Garcia-Verdugo, 2002; Doetsch et
al., 1997). In this region, NSCs are identified as a subpopulation of astrocytes called B1
astrocytes, which reside adjacent to the ependymal cells (type E cells) that separate the SVZ
from the ventricle. Additionally, the SVZ presents a subpopulation of non-neurogenic
astrocytes (B2 astrocytes) that are located at the underlying striatal parenchyma and have
higher number of intermediate filaments (Doetsch et al., 1999a; Gil-Perotin et al., 2009;
Ihrie and Alvarez-Buylla, 2008; Morrens et al., 2012). Contrary to B2 astrocytes, B1
astrocytes extend an apical process between ependymal cells to make contact with the
ventricle. This cellular process ends in a primary cilium that is essential for proliferation
(Doetsch et al., 1997; Han et al., 2008; Mirzadeh et al., 2008; Morrens et al., 2012). In
rodents, B1 astrocytes proliferate and give rise to rapidly dividing progenitor cells (type C
cells), which generate neuroblasts (type A cells) that differentiate into neurons (Doetsch et
al., 1999b; Imayoshi et al., 2008; Lazarini and Lledo, 2011; Luskin et al., 1997; Ponti et al.,
2013). The different cellular components of the SVZ interact with each other to regulate the
neurogenic process and are intimately associated with the extracellular matrix and blood
vessels of the microenvironment (lhrie and Alvarez-Buylla, 2011; Kazanis et al., 2010; Lim
et al., 2000; Shen et al., 2008; Tavazoie et al., 2008).

Several studies demonstrate that the neurogenic potential of the SVZ declines during aging
due to a progressive loss of primary neural precursors (Bouab et al., 2011; Capilla-Gonzalez
etal., 2013a,b; Luo et al., 2006; Maslov et al., 2004). However, the behavior of the NSCs
remaining in the aged SVZ is poorly understood. For instance, the ability of these residual
NSCs to divide is still a subject of debate. While some reports suggest that NSCs present
increased proliferation during aging (Shook et al., 2012; Stoll et al., 2011), others indicate
that they divide less frequently (Ahlenius et al., 2009; Bouab et al., 2011; Encinas and
Sierra, 2012; Gritti et al., 2009). Moreover, it was suggested that NSCs can modify their
traditional cell differentiation process to produce new ependymal cells during aging (Luo et
al., 2008). In this study, we focus on the age-related changes in the astrocytes and
ependymal cells within the SVZ. We demonstrate that (1) B1 astrocytes (NSCs) in the aged
SVZ divided less frequently than those in young mice; (2) ependymal cells were not found
to proliferate or regenerate during aging; and (3) remaining astrocytes and ependymal cells
acquire a reactive phenotype during aging. This study provides new information about the
effects of aging on the SVZ neurogenic niche.

Materials and Methods

Animals

Male C57BL/6 mice (2 and 24-months-old) from National Institute on Aging (Baltimore,
MD) and Charles River Laboratory (Barcelona, Spain) were used in all experiments
(Nyoung=17, Naged=19). Animals were housed under a 12 h light/dark cycle with food and
water available ad libitum. Mice were treated according to the European Communities
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Council (86/609/EEC) and the Johns Hopkins Animal Care and Use Committee guidelines
and followed standard animal care and use protocols.

Administration of 5-bromo-2-deoxyuridine

The 5-bromo-2’-deoxyuridine (BrdU, Sigma Aldrich, Dorset, UK) is an exogenous marker
which is incorporated into newly synthesized DNA of replicating cells during the S phase.
To study proliferation, animals received a single intraperitoneal injection of BrdU (50 mg/kg
b.wt.) and were euthanized after 2 h (nyoyng=4, Naged=6)

Tritiated Thymidine Administration

For ultrastructural identification of the proliferative cells and newly generated cells, animals
received a single daily dose of 1.67 pL/g b.wt. of 1mCi tritiated thymidine (3H-Thy)
(specific activity 5 Ci/mmol) (Amersham Biosciences, Uppsala, Sweden) for 10 consecutive
days and were euthanized 6 weeks after the last injection (Nyoung=4, Naged=4)-

Brain Tissue Fixation

Animals were anesthetized by an intraperitoneal injection of 2:1 ketamine/xylazine (5 pL/g
of weight) and subjected to an intracardiac perfusion using a peristaltic pump. As fixative
we used either 2% paraformaldehyde and 2.5% glutaraldehyde for electron microscopy or
4% paraformaldehyde for immunohistochemistry. Prior to brain dissection, heads were
removed and post-fixed in the same fixative overnight.

Transmission Electron Microscopy

After post-fixation, brains were washed in 0.1 M phosphate buffer (PB) (pH 7,4), cut into
200 um sections with a VT 1000M vibratome (Leica, Wetzlar, Germany) and treated with
2% osmium tetraoxide in 0.1M PB for 2 h. Then sections were rinsed, dehydrated through a
series of ethanol solutions and stained in 2% uranyl acetate at 70% ethanol. Following
dehydration, slices were embedded in araldite (Durcupan, Fluka BioChemika, Ronkokoma,
NY). To study the SVZ cell organization, serial 1.5 um semithin sections were cut using a
diamond knife and stained with 1% toluidine blue. To identify individual cell types, 60-70
nm ultrathin sections were cut with a diamond knife, stained with lead citrate, and examined
under a Spirit transmission electron microscope (FEI Tecnai, Hillsboro, OR). To quantify
the SVZ cells in the ventricular wall, we examined the dorsal horn and the entire length of
the lateral wall, taking into account the first 20 pm adjacent to the ventricle (0-1 mm
anterior to bregma). The quantification was performed in relation to length of the SVZ
(cells/mm) and using three different levels per animal (Nyoung=6, Naged=6). The analysis was
performed with Image Tool software (Evans Technology, Roswell, GA).

Tritiated Thymidine Autoradiography

Brains treated with 3H-Thy was processed for transmission electron microscopy as described
above. Subsequently, semithin sections were dipped in LM-1 hypercoat emulsion
(Amersham Biosciences), dried in the dark, and stored at 4°C for 1 month (Doetsch et al.,
1997). Autoradiography was developed using standard methods and counterstained with 1%
toluidine blue. Selected semithin sections, with a total of 40 labeled cells, were processed for
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ultrathin sections to be analyzed using electron microscopy. Cell reconstruction was
performed when required.

Scanning Electron Microscopy

Animals (Nyoung=3, Nageq=3) Were euthanized and the lateral walls of the lateral ventricles
were removed, fixed by immersion in 2.5% glutaraldehyde and 2% paraformaldehyde for 1
h, washed in 0.1M PB, and incubated for 2 h in 2% osmium tetroxide in 0.1M PB. The
tissue was then dehydrated through an ethanol series, dried with liquid CO,, mounted,
sputter-coated, and examined under an S-4100 scanning electron microscope (Hitachi,
Tokyo, Japan).

Immunohistochemistry

After post-fixation, brains were washed in 0.1 M PB and cut into serial 10-um thick coronal
sections using a cryostat (Leica, CM 1900). One series (five to eight sections) from each
animal was used in each immunostaining. Sections were incubated in blocking solution for 1
h at room temperature, followed by overnight incubation at 4°C with primary antibodies (see
Table 1). Then, sections were washed and incubated with the appropriate secondary
antibodies conjugated with either biotin or fluorophores. After the secondary biotinylated
antibody, sections were incubated with ABC Elite complex (Vector, Burlingame, CA) and
treated with diaminobenzidine (DAB, 0.05%; Sigma—Aldrich). Measurement of BrdU
incorporation during DNA synthesis was carried out in coronal sections by quantification of
BrdU+ cells within the SVZ, under an Eclipse E200 light microscope (Nikon, Tokyo,
Japan), and were expressed as cells/mm. Fluorescence samples were examined under an
Olympus 1X81 confocal microscope and imaged using the Olympus Fluoview software
version 3.1(Center Valley, PA).

Statistical Analysis

Results

Data were expressed as mean+SEM. After testing for normal distribution with Shapiro-
Wilke Test, a Student’s t test was performed using SigmaPlot 11.0 software (Jandel
Scientific, San Rafael, CA). For samples that were not normally distributed the non-
parametric Mann Whitney U test was used. Differences were considered significant at a P
value <0.05.

The Main Cellular Populations of the SVZ are Decreased in the Aged Mice

To examine the age-related changes in the cellular organization of the SVZ, we used light
and electron microscopy. The ventricular wall (dorsal horn plus lateral wall) of aged mice
(24-month old) presented reduced number of SVZ cells compared to young mice (2-month
old) (Young 232.2+£12.3 cells/mm vs. Aged 135.6+16.48 cells/mm, P=0.003). While the
dorsal horn of the aged SVZ preserved groups of cells similar to young mice, the lateral wall
presented dispersed cells that rarely formed groups (Fig. 1A,B). During aging, ependymal
cells displayed larger lipid droplets (Fig. 1C,D) and neurons and axons from the neuropil
were displaced next to the ependymal layer (Fig. 1E-H). Although the aged SVZ preserved
all the main cell types, they were significantly decreased in number (E cells: Young
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70.2+6.8 cells/mm vs. Aged 47.415.9 cells/mm, P=0.046; B cells: Young 57.7+£2.9
cells/fmm vs. Aged 34.5+2.3 cells/mm, P<0.001; C cells: Young 21.5+2.5 cells/mm vs. Aged
11.6+2.9 cells/mm, P=0.043; A cells: Young 71.6+11.1 cells/mm vs. Aged 33.5+8.7
cellssfmm, P=0.036). Nevertheless, the proportions of each cell type in the SVZ (dorsal horn
plus lateral wall) were not affected by age (Fig. 11 and Supp. Info. Table S1). Next, we
verified the loss of cells in the neurogenic niche by immunohistochemistry, using the
molecular markers Nestin (NSCs marker), Glial fibrillary acidic protein (GFAP, astrocytes
marker), doublecortin (DCX, neuroblasts maker), and S100 (ependymal cells marker). We
observed a decrease in Nestin+, GFAP+, and DCX+ cells in the aged SVZ, which suggests a
reduction in the number of cells and confirms the previous cell quantification (Fig. 2A-C).
In addition, the number of cells coexpressing Nestin and GFAP was reduced and mainly
restricted to the dorsal horn of the aged SVZ (Supp. Info. Fig. S1). Remaining GFAP+ cells
appeared to be more intensely labeled (Fig. 2B). We further observed a flattening of the
ependymal layer in the aged SVZ, where cells coexpressing both S100 and GFAP markers
were surprisingly found (Fig. 2D).

Ultrastructural Changes in Astrocytic and Ependymal Cells Within the Aged SVZ

When evaluating in detail the ultrastructural characteristics of the SVZ cells, we did not
observe differences for type C and A cells between young and aged mice. However, there
were notable differences in astrocytic and ependymal cells, e.g., accumulation of dense
bodies and intermediate filaments during aging (Table 2).

Astrocytic Cells—To evaluate the astrocytic population we considered both B1 and B2
astrocytes. Although both astrocytic populations have similar cytoplasmic contents, they
present some ultrastructural differences a part of a different location. For instance, B2
astrocytes have higher number of intermediate filaments than B1 cells. B1 cells present
microvilli and B2 do not. Both B1 and B2 astrocytes present a primary cilium. However,
while the primary cilium of B1 astrocytes contacts the ventricle, the cilium of B2 cells is in
parallel to the ventricle surface and does not contact the ventricle. In our study, B1
astrocytes were observed between ependymal cells and contacting the ventricle of young
mice, as previously described (Doetsch et al., 1997), but they were rarely found in the aged
SVZ (Young 1.37+0.3 cells/mm vs. Aged 0.09+0.0.08 cells/mm, P=0.005). Hence, SVZ
astrocytes of aged mice were mostly identified as B2 astrocytes, which were located at the
underlying striatal parenchyma (Fig. 3A-C). Astrocytes presented a different distribution of
mitochondria during aging. While the mitochondria appeared dispersed in the cytoplasm of
the astrocytes in the aged SVZ, this organelle presented perinuclear distribution in young
mice (Fig. 3D,E). We also observed that the matrix density and the number of cristae were
decreased in the mitochondria of aged astrocytes (Fig. 3F,G). Moreover, we found that
astrocytes of aged SVZ had dense bodies in the cytosol and increased number of
intermediate filaments (Fig. 3E,G and Supp. Info. Fig. S2). Contrarily to young mice, the
astrocytes observed in the aged SVZ did not have invaginations of the nuclear membrane
(Supp. Info. Fig. S2C,D), which is a typical finding in young SVZ astrocytes (Gil-Perotin et
al., 2009).
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Ependymal Cells—The young SVZ presents a monolayer of ependymal cells with cubical
morphology, but these cells assume an elongated morphology during aging. Aged
ependymal cells had long processes parallel to the ventricle wall that formed a thin
multilayer of up to four to five sheets, which were connected by frequent cell junctions (Fig.
4A-D). Ultrastructural analysis revealed frequent dense bodies and increased number of
intermediate filaments in the cytosol of ependymal cells during aging (Fig. 4A,B and E,F).
The accumulation of intermediate filaments in these cells was also observed in the SVZ
immunostained with S100 and GFAP makers, where cells located in the ependymal layer
were found to co-express both markers (see inset in Fig. 2D). Moreover, ependymal cells
displayed differences in their cilia. While cilia were located across the apical surface in
young mice, they were rarely observed in the aged SVZ or appeared concentrated in a
limited area of the apical surface, which frequently was eccentric (Fig. 4A,B). To examine
the cilia in detail, we used scanning electron microscopy. The analysis of the ventricular
wall in the aged mice revealed that the ependymal cilia tufts were more separated than in
young mice, resulting in extended areas that were devoid of cilia (Fig. 5A,B). At higher
magnifications, we found that cilia from the tufts were tangled in the aged brain, whereas
they appeared untangled in young mice (Fig. 5C). Consistent with transmission electron
microscopy images, cilia tufts were frequently displaced from the center of the cell surface
(Fig. 5D). Interestingly, cilia-devoid areas revealed structures resembling axons forming an
extensive network on the ventricular surface of aged mice, which were also observed using
transmission electron microscopy (Fig. 5D-F). Although we only found these axons in aged
mice, it is not a particular characteristic of aging, since these axons have been previously
described in the ventricles of rat and marmoset (Lorez and Richards, 1982; Sawamoto et al.,
2011).

Aging Induces Changes in the Cytoarchitecture of the SVZ Microenvironment

Previous studies demonstrated that the SVZ microenvironment can affect the neurogenic
capacity (lhrie and Alvarez-Buylla, 2011; Kazanis et al., 2010; Lim et al., 2000; Shen et al.,
2008; Tavazoie et al., 2008; Thored et al., 2009). Here, we found that the number of
microglial cells located in the SVZ niche was significantly increased in aged mice (Young
0.72+0.35 cells/mm vs. Aged 2.5+0.62 cells/mm, P=0.047) (Fig. 6A and Supp. Info. Table
S1). Microglia cells presented dark nuclei with clumped chromatin and dark cytoplasm with
long cisternae of the rough endoplasmic reticulum and dense bodies. In the aged brain,
microglia cells had a less ramified round shape and accumulated high numbers of dense
bodies in the cytoplasm, suggesting that they were activated (Fig. 6B,C) (Streit et al., 1999).
Additionally, the SVZ showed networks of basal lamina, also named fractons (Kerever et
al., 2007), between ependymal, astrocytic or endothelial cells. These fractons were larger
and more penetrative in the extracellular space during aging, but differences in thickness or
electron-density was not observed between groups (Fig. 6D,E).

Interestingly, we found cytosols that presented a high number of mitochondria, pleomorphic
vesicles, and microtubules. These structures were observed through the ependymal layer and
on the ventricular wall of the aged SVZ (Fig. 6F—H). The ultrastructural features of these
cytosols were similar to those described for neurons of the rodent spinal cord (Alfaro-
Cervello et al., 2012; Marichal et al., 2009). Although we cannot confirm that the cytosols in
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the aged SVZ are neurons, we referred to them as neuron-like cells based on these previous
findings.

The Aged SVZ Maintains Proliferative Astrocytes Which Divide Less Than Those in Young

Mice

To study the remaining proliferative cells in the aged SVZ, animals received a single dose of
BrdU 2 h before sacrifice (Fig. 7A). Consistent with previous studies (Luo et al., 2006;
Maslov et al., 2004; Tatar et al., 2013), we found a declined proliferative capacity in the
SVZ of aged male C57BL/6 mice, with 70% less cells expressing BrdU (Young 68.1+1.7
cells/fmm vs. Aged 22.5+1.3 cells/mm, P<0.001) (Fig. 7B). BrdU+ cells were distributed in a
dispersed manner, isolated or paired along the lateral wall of aged mice, while they formed
large clusters and were homogeneously distributed in young animals (Fig. 7C,D). To
determine the identity of these proliferative cells, we performed triple staining against BrdU,
GFAP and S100 markers. All the proliferative cells were BrdU+/GFAP+/S100- or BrdU+/
GFAP-/S100- cells. BrdU incorporation on S100+ cell was not observed in any
experimental group (Fig. 7E-G). These results imply that the aged SVZ maintains dividing
astrocytes and non-proliferative ependymal cells.

To evaluate the proliferative potential of SVZ cells in a longer period of time and to
determine the fate of the newly generated cells by ultrastructural analysis, a group of mice
was injected with 3H-Thy over a 10-day period (1 dose per day) and euthanized after 6
weeks (Fig. 7H). In line with the reduction on proliferation, the overall number of cells
labeled with 3H-Thy showed a decreasing trend 6 weeks after treatment in aged mice
(Young 5.3%1.4 cells/mm vs. Aged 1.760.49 cells/mm, P<0.1) (Fig. 71). However, the
differences were likely not significant due to the limited number of labeled cells that are
found in semithin sections. On the basis of morphological observations, we found astrocytes
and microglia cells labeled with 3H-Thy (Fig. 7J and Supp. Info. Fig. S3). During aging,
astrocytes presented a strong intensity of the radioactive marker, suggesting that these cells
might proliferate, but less frequently than in the young brain, where the labeling was more
diluted (Fig. 7K-N). We did not observe any 3H-Thy+ cells corresponding to type C cells or
neuroblasts at the ultrastructural level, possibly due to their migration away from the SVZ,
as previously described (Capilla-Gonzalez et al., 2013a). Supporting the results from our
BrdU assay, the radioactive marker was not detected in ependymal cells identified by the
presence of cilia or deuterosomes, which are involved in the cilia formation. These results
suggest that, in addition to be non-proliferative, ependymal cells are not newly generated in
the aged brain.

Discussion

In this study, we described age-related changes in the SVZ neurogenic niche. Our principal
findings were that the aged SVZ maintains proliferative B1 astrocytes (NSCs), but they
divide less frequently than in the young brain. We provided new evidence supporting the
hypothesis that ependymal cells are not newly generated during aging. Also, we found that
the astrocytes and ependymal cells within the aged SVZ display ultrastructural changes by
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accumulation of intermediate filaments and dense bodies, resembling reactive cells. These
effects could be contributing to the disruption of the neurogenic process during aging.

The Aged SVZ Preserves Some B1 Astrocytes that Proliferate Less Frequently

In line with previous studies, we found a partial depletion of SVZ cells during aging
(Capilla-Gonzalez et al., 2013a; Luo et al., 2006; Maslov et al., 2004). When we focused in
the astrocytic population, we noted that most remaining astrocytes in the aged SVZ were
located in the underlying striatal parenchyma and did not contact the ventricle. These
astrocytes presented a high number of intermediate filaments. Moreover, mitochondria of
remaining astrocytes were dispersedly distributed and displayed a light matrix with dilated
cristae, similar to those in mature cells (Chen et al., 2008; Facucho-Oliveira and St John,
2009; Lonergan et al., 2006). These features correspond to B2 astrocytes, which are in a
more mature stage compared to B1 astrocytes. This data supports the hypothesis that the
number of NSCs decreases over time.

Currently, the mitotic capacity of remaining NSCs in the aged SVZ is subject of debate.
While some reports indicate that NSCs divide less frequently during aging (Ahlenius et al.,
2009; Bouab et al., 2011; Encinas and Sierra, 2012; Gritti et al., 2009), other studies suggest
that they are highly proliferative (Shook et al., 2012; Stoll et al., 2011). Most of these studies
rely on the use of immunostaining to draw their conclusions, but aging can alter the
molecular patterns expressed by the cells (McGinn et al., 2012). Hence, to accurately
identify the dividing cells, we supplemented our immunostaining findings with electron
microscopy analysis of 3H-Thy-labeled cells. We found that a subset of the astrocytes that
remain in the aged SVZ preserved the ability to divide. Additionally, the intensity of the
radioactive marker in those cells was stronger compared to that in young mice, suggesting
that proliferative astrocytes that remain in the aged SVZ divide less frequently. However, it
is known that factors such as strains or sex are determinants for SVZ proliferative capacity
(Tatar et al., 2013), which could explain the differences found in the literature regarding this
issue.

Ependymal Cells do not Regenerate in the Aged Brain

The role of the ependymal cells in the process of neurogenesis is controversial. Some
investigators suggest that these cells are the bona fide NSCs, since it was observed that
ependymal cells might act as NSCs under pathological conditions (Batiz et al., 2011; Carlen
et al., 2009; Johansson et al., 1999). Additionally, it has been suggested that the B1
astrocytes can modify their traditional B-C-A path to generate new ependymal cells and
mediate ependymal-repair during aging (Luo et al., 2008; Mokry and Karbanova, 2006). In
our study, we did not find dividing ependymal cells in the aged brain, using double
immunostaining against BrdU and S100 markers 2 h after BrdU administration. Likewise,
we did not observe any proliferative or newly generated ependymal cells when animals were
given 3H-Thy for 10 days and sacrificed after 6 weeks, supporting previous findings (Capela
and Temple, 2002; Del Carmen Gomez-Roldan et al., 2008; Spassky et al., 2005). These
differences could be due to the use of different techniques to track the newly generated cells.
B1 astrocytes could be difficult to distinguish from ependymal cells if they are integrated in
the ependymal layer. The use of electron microscopy solves this difficulty, providing a more
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accurate interpretation of our results. Moreover, during the differentiation process,
ependymal cells can resemble astrocytic cells, since they lack cilia at early developmental
stages. We confirmed that 3H-Thy+ astrocytes were not ependymal cells because they did
not have cilia or deuterostomes in their cytoplasm, a structure associated with the formation
of cilia (Spassky et al., 2005). These findings support the hypothesis that ependymal cells do
not proliferate and/or regenerate during aging.

Astrocytes and Ependymal Cells Acquire a Reactive Phenotype During Aging

Under pathological conditions, astrocytes can acquire a reactive phenotype, increasing the
number of intermediate filaments and their content of dense bodies (Hatten et al., 1991;
Robel et al., 2011; Schiffer et al., 1986; Young et al., 2012). This phenomenon can also be
observed in astrocytes and ependymal cells of the SVZ as a response to stroke or
Parkinson’s disease (L’Episcopo et al., 2012; Young et al., 2012). In our study, we found
that astrocytes and ependymal cells assume a reactive phenotype in the non-pathological
SVZ during aging by accumulating dense bodies and long processes rich in intermediate
filaments. These features resemble the hypocellular gap layer of the adult human SVZ,
where neurogenic capacity and neuroblast migration is also reduced (Guerrero-Cazares et
al., 2011; Quinones-Hinojosa et al., 2006; Sanai et al., 2011, 2004). Furthermore, we found
that the ependymal layer of the aged SVZ presented cells coexpressing GFAP and S100
markers. This finding was previously described in elderly mice, suggesting that astrocytes
could transform into ependymal cells to mediate ependymal repair (Luo et al., 2008).
However, our results indicate that these GFAP/S100 positive cells correspond indeed to
ependymal cells that acquired a reactive phenotype during aging.

Cilia in the Ventricle Surface are Subject to Change During Aging

Ependymal cells play an important role in the neurogenic process since the beating of
ependymal cilia is required for the directional migration of the neuroblasts toward the OB
(Sawamoto et al., 2006). In our study, we describe large areas that were cilia-devoid in the
ventricle wall of the aged brain. Moreover, ependymal cells displayed tangled cilia during
aging, which likely present difficulties for beating. These age-related changes in the
ependymal cilia could contribute to the neurogenic decline and induce a failure in
neuroblasts migration, as previously described (Capilla-Gonzalez et al., 2013a). A similar
cilia organization was observed in young mice that were exposed to N-ethyl-N-nitrosourea,
which presented impaired OB neurogenesis and odor discrimination (Capilla-Gonzalez et
al., 2010, 2012). Moreover, cilia of ependymal cells were disrupted in young mice after
stroke and cerebrospinal fluid flow was slower and more turbulent. These effects were
suggested to be due to morphological changes in the ependymal cells post stroke (Young et
al., 2012). In line with this report, we found that the ependymal cells became elongated and
extended long processes in the aged brain, which could explain the changes in cilia
distribution. The shape of ependymal cells can be influenced by the distention of the
ventricle walls that is associated with senescence (Batiz et al., 2011; Conover and Shook,
2011) or by the extensive network of axons on the ventricle wall (Lorez and Richards,
1982).
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Aging Induces Changes in the Microenvironment of the Neurogenic Niche

The microenvironment of the SVZ niche plays an important role in modulating its
proliferative and neurogenic processes (lhrie and Alvarez-Buylla, 2011; Kazanis et al.,
2010; Lim et al., 2000; Shen et al., 2008; Tavazoie et al., 2008). During aging, the S\VZ
microenvironment can be subject to changes. For instance, chronic inflammation and
oxidative stress are hallmarks of the aged brain, which are combated by increasing the
reactive microglia (Henry et al., 2009; Njie et al., 2012; Qin et al., 2013). Consistent with
these studies, we found an increase in microglia cells in the aged SVZ niche that seemed to
be activated (i.e., less ramified round shape and an accumulation of dense bodies in the
cytoplasm) (Streit et al., 1999). Microglia cells are known to be involved in molecular
pathways that may regulate neurogenesis, for example by affecting cytokines expression
(Garden and Moller, 2006; Gonzalez-Perez et al., 2012; Kang et al., 2012; L’Episcopo et al.,
2013; Logan et al., 2013; Pluchino et al., 2008; Tonchev, 2011; Walton et al., 2006; Yan et
al., 2006). Likewise, the basal lamina of the blood vessels close to the SVZ also presents a
role in proliferation in the neurogenic niche by providing cytokines and growth factors
(Kazanis et al., 2010; Kerever et al., 2007; Shen et al., 2008). This basal lamina forms a
deep network between the interdigitations of ependymal cells or astrocytes, which was
larger and more penetrative in the aged SVZ. The changes in the basal lamina could be a
response to the reduction of proliferation that occurs during aging. This phenomenon was
described in the spinal cord of the rodent (Alfaro-Cervello et al., 2012) or in experimental
models with a reduced SVZ proliferative capacity, such as in mice exposed to radiation or
N-ethyl-N-nitrosourea (Achanta et al., 2012; Capilla-Gonzalez et al., 2012). Another
common characteristic found in periventricular regions with low proliferation is the presence
of neuron-like cells protruding toward the ventricle, which were described in the rodent
spinal cord (Alfaro-Cervello et al., 2012; Marichal et al., 2009) and the monkey SVZ
(Sawamoto et al., 2011). In our study we demonstrated for the first time that these structures
resembling neurons were also found in the SVZ of aged mice. These findings raise the
possibility that the neuron-like cells could be a reservoir of immature neurons in “standby
mode,” which may respond under some pathologies (Marichal et al., 2009), or even in the
non-pathological aged brain. Together, these findings provide new information regarding
how age-related changes in the microenvironment can affect the neurogenic capacity of the
SVZ.

Conclusion

In summary, the principal findings of this study are that (i) B1 astrocytes within the aged
SVZ maintain their proliferate capacity but divide less frequently than in the young mice, at
least in male C57BL/6 mice; (ii) ependymal cells in the aged brain are non-proliferative and
are not newly generated; (iii) astrocytes and ependymal cells acquire a reactive phenotype
during aging; and (iv) the microenvironment of the SVZ presents changes in the aged brain.
These findings provide new insight into the events occurring in the SVZ niche during aging.
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FIGURE 1.
Aging reduces the main cellular components of the SVZ niche. Light and transmission

electron microscopy analysis of the SVZ. (A) Typical organization of the lateral wall in
young mice with SVZ cells homogeneously distributed. (B) The aged SVZ showed a loss of
cells. Remaining cells appeared forming groups (black circles) and were mainly located in
the dorsal horn. (C) The young SVZ showed small lipid droplets in the ependymal layer. (D)
Detail of a large lipid droplet in the ependymal layer of the aged SVZ. (E) The young mice
typically presented neurons in the neuropil next to the SVZ. (F) Detail of a neuron close to
the ventricle wall in the aged SVZ. (G) Typical neurogenic niche showing the SVZ cells
next to the ependymal layer in a young mouse. Note the presence of myelin axons (white
arrowhead) in the neuropil. (H) Lateral ventricle wall of an aged mouse displaying a
depletion of SVZ cells. Note the presence of myelin axons (white arrowheads) next to the
ependymal layer. (1) Cell quantification using electron microscopy showed a humber
reduction for type E, B, A, and C cells. a, neuroblast; b, astrocyte; c, type C cell; dh, dorsal
horn; e, ependymal cell; Lp, lipid droplet; Lv, lateral ventricle; n, neuron. Scale bar: A-B 20
um, C—F 2 um, G-H 20 pm. *P<0.05, **P<0.01. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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FIGURE 2.
The molecular markers characteristic of the main SVZ cell types are altered during aging.

Immunoassay against Nestin (white), GFAP (green), DCX (red), and S100 (orange) in the
dorsal horn of the lateral ventricles. (A) Nestin expression was reduced in the aged SVZ. (B)
GFAP expression was reduced in aged mice, but remaining GFAP+ cells were more
intensely labeled, compared to the young brain. (C) DCX expression was diminished during
aging. (D) Cells expressing S100 marker showed flattened morphology in the aged SVZ,
compared to the young SVZ. Some S100+ cells located in the ependymal layer of aged mice
co-expressed the GFAP marker (inset in D). Lv, lateral ventricle. Scale bar 20 pm. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 3.
Aging alters the ultrastructure of the SVZ astrocytes. Electron microscopy analysis of the

astrocytes within the SVZ. (A) Cell quantification of B1 astrocytes revealed a reduction of
this subpopulation of cells in the aged SVZ. (B) Both B1 astrocytes (NSCs) and B2
astrocytes (non-neurogenic astrocytes) were frequently found in the SVZ of the young brain.
(C) Astrocytes in the aged SVZ were mainly close to the underlying striatal parenchyma,
corresponding to B2 astrocytes. (D) Astrocyte with light cytoplasm in the SVZ of young
mice showed perinuclear mitochondria. (E) Astrocyte in the aged SVZ presented
mitochondria distributed in a dispersed manner and dense bodies (white arrowhead) in the
cytosol. (F) Detail of mitochondria (black arrowheads) in the cytoplasm of an astrocyte in a
young mouse, with increased number of cristae and dense matrix. (G) Detail of
mitochondria (black arrowheads) in the cytosol of an astrocyte in the aged SVZ with less
developed cristae. Note the presence of abundant intermediate filaments (arrows). b,
astrocyte; b1, B1 astrocyte; b2, B2 astrocyte; e, ependymal cell; Lv, lateral ventricle. Scale
bar: B-C 5 pm, D-E 1 pm, F-G 500 nm. *P<0.01.
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FIGURE 4.
Aging alters the ultrastructure of the ependymal cells. Electron microscopy analysis of

ependymal cells in the ventricle wall. (A) Typical ependymal cell in the young SVZ with
cubical morphology and multiple cilia in the apical surface. (B) Elongated ependymal cell in
the aged SVZ with dense bodies (box) in the cytosol. (C) Detail of cell junctions (black
arrowhead) between two ependymal cells (asterisks), which constitute the monolayer. (D)
Thin multilayer constituted by 4 different ependymal processes (asterisks), which were
connected by cell junctions (black arrowheads). (E) Detail of an ependymal cytosol in the
young mouse showing intermediate filaments (arrows). (F) Detail of an ependymal
cytoplasm in the aged SVZ showing an increase in intermediate filaments (arrows). e,
ependymal cell; Lv, lateral ventricle. Scale bar: A-B 1 ym, C-D 500 nm, E-F 200 nm.
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FIGURE 5.
The ventricular wall presents cilia-devoid patches during aging. (A—E) Scanning electron

microscopy images. (A) In young mice, the ventricular wall was completely covered by cilia
of ependymal cells. (B) Cilia-devoid patches were abundant in the aged brain. (C) Detail of
tangled cilia in an ependymal cell of aged mice. (D) Ventricular surface in the aged brain
showed an extensive network of structures resembling axons (white arrows). (E) Detail of
structure-like axons observed over the lateral wall of the aged brain. (F) Detail of structure-
like axons observed over the lateral wall of the aged brain using transmission electron
microscopy. Scale bar A-B 10um, C, E, F 1 ym, D 5 um.
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Figure 6.
The cytoarchitecture of the SVZ microenvironment changes during aging. (A) Cell

quantification of microglia cells in the SVZ. (B) Microglia cell in the young SVZ showing
few dense bodies (arrow) in the cytoplasm. (C) Microglia cell in the aged SVZ showing
round shape and abundant dense bodies (arrow) in the cytoplasm. (D) Small fractons
(arrowhead) located between ependymal cells in the young SVZ. (E) Large penetrative
fractons (arrowheads) located between ependymal cells in the aged SVZ. (F) Neuron-like
cytosol with a high number of mitochondria, vesicles, and microtubules within the aged
SVZ. (G) Neuron-like cytosol through the ependymal layer in the aged SVZ. (H) Neuron-
like cytosol on the ventricle wall of the aged brain. e; ependymal cell, Lv; lateral ventricle,
Mg; microglia cell. Scale bar: B,C 1 um, D,E 10 pm, F, H 1um, G 500 nm. *P<0.05.
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Figure 7.
Aged astrocytes preserve their proliferative capacity but divide less frequently. (A) Timeline

for the BrdU administration protocol. Animals received a single dose of BrdU 2 h before
euthanize. (B) Bar graph depicting a significant reduction of BrdU+ cells in the aged SVZ.
(C,D) Immunoassay against BrdU in coronal brain sections. (C) Young mice presented a
high number of BrdU+ cells in the dorsal horn of the SVZ. (D) Aged mice presented a
drastic reduction in proliferating cells. (E-G) Immunoassay against GFAP (green), S100
(red), and BrdU (white) in coronal brain sections. BrdU+ cells coexpressed GFAP, but not
S100 in both young (E) and aged (F) mice. (G) Detail of a BrdU/GFAP+ cells close to
ependymal layer in aged mice. (H) Timeline for the 3H-Thy administration protocol.
Animals received 10 doses of 3H-Thy (1 dose per day) 6 weeks before euthanized. (1) Bar
graph depicting a trend to decrease the number of 3H-Thy+ cells in the aged SVZ. (J-N)
Ultrastructural analysis of SVZ cells incorporating 3H-Thy. (J) Labeled astrocytes
(arrowhead) were identified by the presence of intermediate filaments (arrows) in the
cytosol. (K,L) The young SVZ showed astrocytes with low intensity of the 3H-Thy marker.
(M,N) In the aged brain, astrocytes displayed an intense 3H-Thy labeling. Lv, lateral
ventricle; sac, sacrifice. Scale bar A,B 50 um, C,D 20 pm, J-N 5 um, detail in J 500 nm.
*P<0.01. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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TABLE 1
Primary Antibodies used in this Study
Antibody  Specie, type Dilution  Antigen Cat. Number, Specificity
manufacturer
BrdU mouse monoclonal, 1:150 Bromodeoxyuridine MQ744, Dako Cells in S-phase
19G conjugated to bovine (Glostrup, Denmark)
serum albumin.
BrdU rat monoclonal, IgG  1:200 The details of the anti- AB6326, Abcam Cells in S-phase
gen for this antibody (Cambridge, MA, USA)
are not available
Dcx goat polyclonal, IgG  1:200 Peptide mapping at the ~ SC-8066, Santa Cruz Young neurons
C-terminus of Dcx of Biotechnology (Santa
human origin. Cruz, CA, USA)
GFAP mouse monoclonal, 1:500 Purified GFAP from MAB360, Millipore Astrocytes
1gG porcine spinal cord (Billerica, MA, USA)
GFAP rabbit polyclonal, 1:500 GFAP isolated from Z0334 Dako (Glostrup,  Astrocytes
19G cow spinal cord. Denmark)
Nestin Mouse monoclonal,  1:100 Rat (E15) spinal cord 556309, BD Pharmigen  Stem cells
[[s]€] extracts (San Jose, California
USA)
S100 rabbit polyclonal, 11 S-100 protein isolated 22520, ImmunoStar, Inc  Ependymal and

19G

from bovine brain.

(Hudson, WI, USA)

glial cells

BrdU, 5-bromo-2’-deoxyuridine; DCX, doublecortin; GFAP, Glial fibrillary acidic protein.
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TABLE 2

Age-related Changes in the Ultrastructure of Astrocytes and Ependymal Cells in the SVZ

Features

Young

Aged

ASTROCYTES

Dense bodies

Rarely, dense bodies are found in the cyto-
plasm of astrocytes.

Dense bodies were frequently found in the
astrocytes of aged mice.

Intermediate filaments

Astrocytes are characterized by the presence
of intermediate filaments in the cytoplasm.

With aging, astrocytes showed a higher num-
ber of intermediate filaments.

Mitochondria

Mitochondria were distributed around the
nucleus of astrocytes in young mice. The
matrix is dense and contains high number of
cristae.

Mitochondria were dispersed in the cytosol
of aged astrocytes. The matrix was lighter
and presented fewer cristae, which were
more dilated.

EPENDYMAL CELLS

Morphology

Ependymal cells have a cubical morphology
and form an epithelial monolayer separating
the SVZ from the ventricular cavity.

Ependymal cells adopted a flattened and
elongated morphology in aging SVZ, form-
ing a thin multilayer in some regions.

Processes

These cells present lateral processes between
them that are heavily interdigitated.

Ependymal cells presented long processes
parallel to ventricle wall, which established
cell junctions between them and formed up
to 4-5 layers that contributed to the thin
multilayer.

Intermediate filaments

Some intermediate filaments can be found in
the cytoplasm of ependymal cells.

Cytoplasm of ependymal cells showed higher
number of intermediate filaments in aged
mice.

Dense bodies

Dense bodies are rarely found in the ependy-
mal cell under physiological conditions.

Frequently, dense bodies were observed in
the cytoplasm of ependymal cells of the aged
SVZ.

Lipid droplet

Lipid droplets are unique to ependymal cells.

Ependymal cells in aged SVZ presented
larger lipid droplets.

Cilia and microvilli

A typical characteristic of this cell type is the
presence of cilia in the apical surface, where
they appear homogeneously distributed.

Cilia were concentrated in a limited area of
the apical surface and they appeared tangled.

Young: 2-months old, Aged: 24-months old.

Glia. Author manuscript; available in PMC 2015 February 10.

Page 24



