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SUMMARY

Stem cells reside in specialized niches that regulate
their self-renewal and differentiation. The vascula-
ture is emerging as an important component of
stem cell niches. Here, we show that the adult sub-
ventricular zone (SVZ) neural stem cell niche contains
an extensive planar vascular plexus that has special-
ized properties. Dividing stem cells and their transit-
amplifying progeny are tightly apposed to SVZ blood
vessels both during homeostasis and regeneration.
They frequently contact the vasculature at sites that
lack astrocyte endfeet and pericyte coverage, a mod-
ification of the blood-brain barrier unique to the SVZ.
Moreover, regeneration often occurs at these sites.
Finally, we find that circulating small molecules in
the blood enter the SVZ. Thus, the vasculature is
a key component of the adult SVZ neural stem cell
niche, with SVZ stem cells and transit-amplifying
cells uniquely poised to receive spatial cues and
regulatory signals from diverse elements of the
vascular system.

INTRODUCTION

Adult neurogenesis occurs in two main regions of the mamma-
lian brain: the subventricular zone (SVZ), which generates neu-
rons destined for the olfactory bulb, and the subgranular zone
(SGZ) of the hippocampal formation. In both regions, astrocytes,
glial cells that have long been considered support cells in the
brain, are neural stem cells (Doetsch, 2003). Within the adult
SVZ, a subset of glial fibrillary acidic protein (GFAP)-expressing
astrocytes (type B cells) are stem cells (Ahn and Joyner, 2005;
Doetsch et al., 1999a; Garcia et al., 2004; Imura et al., 2003; Lay-
well et al., 2000; Sanai et al., 2004). Stem cell astrocytes divide to
give rise to transit-amplifying type C cells, which, in turn, gener-
ate neuroblasts (type A cells) (Doetsch et al., 1999a). Neuroblasts
migrate as chains through a network of pathways extending
along the length of the SVZ and join the rostral migratory stream
(RMS) that leads to the olfactory bulb, where they differentiate

into inhibitory interneurons (Lledo et al., 2008). Identifying the
unique features of adult neurogenic niches that regulate stem
cell self-renewal and differentiation is key to understanding their
in vivo stem cell regulation.

SVZ stem cells populate a complex niche adjacent to the lat-
eral ventricles, whose components are just beginning to be un-
covered. Ependymal cells that line the ventricles, long-distance
axon projections that terminate in the SVZ, and an extensive
basal lamina are all components of the SVZ stem cell niche
(Riquelme et al., 2008).

The importance of the vasculature in stem cell and cancer
stem cell niches is just emerging (Calabrese et al., 2007; Kiel
et al., 2005; Louissaint et al., 2002; Nikolova et al., 2006; Palmer
et al., 2000; Yoshida et al., 2007). Blood vessels are formed by
endothelial cells and perivascular support cells, including peri-
cytes and smooth muscle cells. Blood vessels themselves are
ensheathed by a vascular basal lamina. Unlike in most organs,
the blood-brain barrier (BBB) tightly regulates the transport of
molecules between the blood and brain parenchyma (Zlokovic,
2008). Tight junctions between endothelial cells and astrocyte
endfeet are integral components of the BBB (Abbott et al., 2006).

In the adult brain, a link has been suggested between angio-
genesis and neurogenesis. In songbirds, testosterone-induced
angiogenesis leads to recruitment of newly generated neurons
into the high vocal center (Louissaint et al., 2002), and, in mam-
mals, new neurons are born in close proximity to blood vessels at
angiogenic foci in the hippocampus (Palmer et al., 2000). Indeed,
diffusible signals from endothelial cells promote neural stem cell
self-renewal in vitro (Shen et al., 2004). However, the role of the
vasculature in vivo in the adult SVZ stem cell niche, the largest
germinal area in the mammalian brain, remains unknown.

Here, we show that, in vivo, SVZ stem cells and their prog-
eny are coupled to blood vessels in a specialized vascular
niche. By using whole-mount preparations, we uncover a vas-
cular plexus that spans the entire SVZ. Transit-amplifying C
cells and stem cell astrocytes lie adjacent to blood vessels
in this plexus, whereas most migrating neuroblasts are
more distal to the vasculature. Intriguingly, stem cells and
transit-amplifying C cells directly contact SVZ blood vessels
at sites devoid of astrocyte endfeet as well as pericyte cov-
erage both during homeostasis and regeneration. This spe-
cialized neurovascular interface is unique to the SVZ and
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absent from nonneurogenic regions such as the cortex and
striatum. Moreover, regeneration of the SVZ frequently occurs
at these sites. We also find that the SVZ has direct access to
signals derived from the blood. Thus, a distinctive vasculature
in the adult SVZ niche is a key component of the specialized
microenvironment supporting SVZ stem cells and their

progeny.

RESULTS

Dividing Cells Lie Adjacent to Blood Vessels in the SVZ
To determine the structure of the vasculature in the SVZ and its
relationship to dividing cells, we used confocal microscopy to
analyze whole-mount preparations of the lateral wall of the lateral
ventricle that allow the entire expanse of the SVZ to be visualized
simultaneously (Doetsch and Alvarez-Buylla, 1996), unlike frontal
sections, which need to be serially reconstructed. Whole mounts
were immunostained with antibodies against CD31 (platelet/en-
dothelial cell adhesion molecule) to label endothelial cells and
Ki67 to label dividing cells. The SVZ contained an extensive pla-
nar vascular plexus that spans its entire length (Figure 1A). Large
vessels entered the SVZ from the ventral and dorsal periphery
of the lateral ventricles and extended long distances before
branching into smaller vessels. In the dorsal-most aspect of
the SVZ and in the RMS, blood vessels ran parallel to the direc-
tion of tangentially migrating neuroblasts (data not shown). This
ordered planar structure differed from the vascular architecture
in nonneurogenic brain regions, such as the cortex, which con-
sisted of smaller vessels and capillaries that branched frequently
(Figure 1B).

Blood vessels in the SVZ were ensheathed by a laminin-con-
taining basal lamina (Figures S1A-S1C available online), which
exhibited heterogeneity in the density of laminin staining along
the vessels. Branched basal lamina structures, previously de-
scribed as fractones (Mercier et al., 2002), extended from the
SVZ vasculature and terminated in large bulb-shaped structures
just under the ependymal layer (Figures S1A-S1C). Laminin-pos-
itive dots were also scattered over the entire wall of the ventricle.
The origin of these dots is unclear, although some may corre-
spond to the terminal bulbs of fractones (Figures S1A-S1C).

Strikingly, the vast majority of dividing cells lie adjacent to the
SVZ planar vascular plexus (Figure 1C), including in caudal re-
gions (Figures S1D and S1D’). Clusters of dividing cells that ap-
peared to be some distance from the plexus were often associ-
ated with vessels perpendicular to the SVZ arising from the
striatum (Figure S1E). Interestingly, not all blood vessels were
associated with dividing cells, suggesting that SVZ blood ves-
sels are heterogeneous and that specialized microdomains
may be present within the vasculature. Blood vessels in the
SVZ are largely capillaries, but dividing cells were also present
adjacent to presumptive arteries and veins (Figure S1F). We
did not observe proliferating endothelial cells, suggesting that
there is little, if any, angiogenesis occurring in the vascular plexus
under normal conditions. Furthermore, we did not observe endo-
thelial tip cells, a hallmark of angiogenesis, in the adult SVZ,
although they were abundant perinatally (Figure S2). Thus, unlike
the SGZ (Palmer et al., 2000), the adult SVZ vasculature likely
contains a relatively quiescent population of endothelial cells.

Cell Stem Cell
SVZ Stem Cell Niche

Figure 1. Dividing Cells Lie Adjacent to Blood Vessels in the SVZ
Schema of whole-mount dissection of the adult mouse brain depicting the en-
tire lateral wall of the lateral ventricle (LV) and underlying SVZ (boxes indicate
areas shown in [A] and [B]).

(A) Projection of confocal Z stack images of CD31 immunoreactive blood ves-
sels inthe SVZ, showing the planar architecture of the capillary plexus that runs
parallel to the ventricular wall.

(B) Image of blood vessels in the cortex, where capillaries branch frequently in
random directions and are more tortuous.

(C) Projection of Z stack images of the anterior SVZ in a whole-mount prepa-
ration double immunostained for the cell proliferation marker Ki67 (green) and
endothelial marker CD31 (red). Note the close proximity of individual dividing
cells and proliferating cell clusters to blood vessels. Not all blood vessels
have dividing cells adjacent to them. RMS (rostral migratory stream), OB
(olfactory bulb).

Scale bars, 100 um.

Quantification of Association of SVZ Cell
Types and Blood Vessels
To define the spatial relationship of cells at each stage in the SVZ
stem cell lineage to the vascular plexus, we performed immunos-
taining for SVZ cell-type-specific markers and CD31 and mea-
sured the distance between the outer surface of SVZ blood
vessels and the nuclei of individual cells. This analysis was per-
formed on cells from all regions of the SVZ, including dorsal,
ventral, rostral, and caudal aspects of the ventricle.

SVZ stem cells are a subset of glial fibrillary acidic protein
(GFAP)-expressing astrocytes (Doetsch et al., 1999a). We
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utilized a transgenic mouse line that expresses green fluorescent
protein (GFP) under the control of gfap promoter elements (Zhuo
et al., 1997) to visualize the cell body and processes of SVZ as-
trocytes. We first confirmed the specificity of GFP expression
within the SVZ in GFAP::GFP mice (Figure S3). GFP was
expressed in GFAP+ astrocytes (Figure S3A) and was absent
in neurons (Figure S3B), ependymal cells (Figure S3C), and neu-
roblasts (Figure S3D). A small proportion of GFP+ astrocytes
expressed the epidermal growth factor receptor (EGFR)
(Figure S3F), as previously described (Doetsch et al., 2002).
However, the majority of EGFR+ cells, which correspond to
transit-amplifying C cells (Doetsch et al., 2002), were GFP-neg-
ative (Figure S3E). Thus, GFAP::GFP mice allow us to distinguish
GFAP+ astrocytes within the SVZ.

Only a small subset of Ki67+ cells in the SVZ were GFP+ as-
trocytes (Figure 2A), and 51.2% (n = 22/43) of them directly
contacted blood vessels. As previously described, dividing as-
trocytes had a simpler shape than the complex multipolar mor-
phology characteristic of parenchymal astrocytes (Garcia et al.,
2004). Sox2 is expressed in neural stem cells during develop-
ment (Graham et al., 2003). We investigated whether it could
also be used as a marker to identify stem cell astrocytes in
the adult SVZ. However, Sox2 was highly expressed by all
SVZ cell types (Figure S4) and could not be used as a unique
marker of SVZ stem cells. Therefore, we used label retention
as an alternative approach to identify putative stem cells. La-
bel-retaining cells (LRCs) retain bromodeoxyuridine (BrdU) for
extended periods due to their relatively long cell-cycle time
(Cotsarelis et al., 1989; Potten and Morris, 1988; Spangrude
et al., 1988). In contrast, rapidly dividing cells dilute the label,
and differentiated progeny migrate away. GFAP::GFP mice
were injected with BrdU and analyzed either immediately, to
ensure that cell death was not being induced, or 6 weeks later
to assess the distribution of GFP+ LRCs. At 1 hr after the final
BrdU injection, 94% of cells were double labeled for both BrdU
and Ki67, and only 1.6% were TUNEL+ (Figures S5A, S5B, and
S5D), confirming that our labeling regime labeled dividing cells.
At 6 weeks after labeling, 55.4% of label-retaining cells were
adjacent to blood vessels, and 70% of GFP+ LR astrocytes
were within 10 um of blood vessels (Figures 2B, 2C, 3A, and
3B). GFP-expressing BrdU label-retaining astrocytes were sig-
nificantly closer to blood vessels (11.2 pum) than nonlabel-
retaining astrocytes (16.6 pm) (p = 2.08 x 107, Wilcoxin
rank sum test; n = 1018 for nonlabel-retaining astrocytes, n = 55
for label-retaining astrocytes) (Figures 3A-3C). Thus, prolif-
erating stem cell astrocytes were located in close apposition
to blood vessels.

The vast majority of dividing cells adjacent to the vascular
plexus were the highly proliferative transit-amplifying C cells (av-
erage distance 8.8 um, n = 800), with 49.0% located within 5 um
of blood vessels (Figures 2D, 2E, and 3A-3C). Transit-amplifying
C cells express EGFR (Doetsch et al., 2002) and Mash1 (Parras
et al., 2004). Most Ki67+ cells (85.3%, n = 151/177 cells) were
EGFR+ (Figure 2E), and 81.2% (n = 329/405) of EGFR+ cells ex-
pressed Mash1 (Figure 2D). Moreover, transit-amplifying cells
whose somas did not contact blood vessels frequently extended
long processes toward the vasculature (data not shown).

In contrast to dividing SVZ astrocytes and transit-amplifying
cells, most neuroblasts were less intimately associated with

P

EGFR Ki67

Figure 2. Stem Cell Astrocytes and Transit-Amplifying Cells Lie
Adjacent to Blood Vessels in the SVZ

(A) A small fraction of dividing cells near blood vessels are astrocytes. Arrow-
head points to Ki67+ (blue), GFP-expressing astrocyte (green) in GFAP::GFP
mice. Scale bar, 20 um.

(B) Many LRCs (green) are found adjacent to blood vessels (arrowheads).
Scale bar, 50 pm.

(C) GFP+ LRCs (38% of all LRCs, arrowhead) are frequently found near blood
vessels. Scale bar, 20 um.

(D and E) The majority of dividing cells that lie adjacent to the SVZ vascular
plexus are transit-amplifying C cells. (D) Most EGFR+ cells (green) express
the C cell marker Mash1 (blue). (E) Z stack projection of whole-mount SVZ
showing that the vast majority of Ki67 immunoreactive cells (blue) near blood
vessels are EGFR+ (green). Often, these cells were found in clusters (arrow)
near the vasculature. Scale bars, 50 pm.

blood vessels (Figure 3D). We used doublecortin (Gleeson
et al., 1999) as a marker for neuroblasts after confirming that
its expression overlaps with PSA-NCAM and mCD24 (Calaora
etal., 1996; Doetsch et al., 1997) (Figures S4E-S4G). While blood
vessels ran parallel to the aggregates of chains of neuroblasts in
the dorsal SVZ and RMS (data not shown), individual neuroblasts
were largely not apposed to blood vessels (average distance
18.3 um, n = 800 cells), and only 13.9% were within 5 um of
the vasculature (Figures 3A-3C). When chains of neuroblasts
did intersect the vasculature, the blood vessels often dipped
into the parenchyma away from the ventricle, allowing the chains
of neuroblasts to pass through.
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Figure 3. Quantification of the Distance of SVZ Cell Types to Blood Vessels

(A) Histogram depicting the distribution of distances to blood vessels for each SVZ cell type. (Green) Transit-amplifying C cells. (Blue) Label-retaining astrocytes.
(Gray) Nonlabel-retaining astrocytes. (Red) Neuroblasts.

(B) Histogram depicting the first 15 um of the distributions shown in (A) for each SVZ cell type. 49.0% of EGFR immunoreactive cells and 27.8% of label-retaining
astrocytes are found within 5 um of the vasculature, whereas only 13.9% of neuroblasts are. Pairwise comparisons of the distribution of distance measurements
for all cell types revealed statistically significant differences (p < 0.05) between all cell types, except for neuroblasts and nonlabel-retaining astrocytes, which did
not differ significantly (p = 0.085, Wilcoxin rank sum test).

(C) Histogram of the average distance (in um) between individual cells and the nearest blood vessel for neuroblasts (18.3 um), GFP+ nonlabel-retaining astrocytes
(16.6 pm), GFP+ BrdU label-retaining astrocytes (11.2 pym), and C cells (8.8 um). Error bars represent 2 x SEM.

(D) Z stack projection of whole-mount SVZ immunostained with antibodies against CD31 (red) and the neuroblast marker doublecortin (DCX, blue). In some in-
stances, neuroblasts migrate short distances parallel to blood vessels (arrows). However, while they often cross over blood vessels (arrowheads), the majority of
neuroblasts are less closely associated with the vasculature. Scale bar, 100 um.

Vascular-Derived Signals Access the SVZ

The close association of SVZ stem cells and transit-amplifying
cells with blood vessels suggests that they may receive impor-
tant signals from the vasculature. To test whether blood-derived
signals enter the SVZ, we perfused sodium fluorescein, a small
molecular weight molecule (376 Da), into the blood using a proto-
col modified from Hawkins and Egleton (2006), and we examined
whether sodium fluorescein was detected in the SVZ. In order to
visualize the vasculature, we coinjected isolectins, which bind to
the luminal walls of blood vessels as they flow through. Strikingly,
we saw a high intensity of sodium fluorescein in the SVZ (Fig-
ure 4A) that was not present in other areas of the brain, such
as the cortex (Figure 4B). The intensity was similar to that in
the area postrema (Figure 4C), a brain region that is permeable
to signals in the blood (Gross, 1992). Interestingly, the striatal,
septal, and callosal walls of the lateral ventricle all exhibited
a similar intense band of labeling, suggesting that all periventric-
ular regions of the lateral ventricles have access to circulating
factors. This labeling was most intense in sections at the level
of the choroid plexus (Figure 4D). In addition to the broad band
of diffuse staining throughout the SVZ, a higher intensity of fluo-
rescence was observed near some isolectin-positive SVZ blood

vessels (Figures 4E-4G). This suggests that small molecules
from the blood may access the SVZ via two routes, directly
from vessels in the SVZ vascular plexus and from vessels in
the choroid plexus, which produces cerebrospinal fluid (CSF)
that fills the ventricles.

Stem Cells and Transit-Amplifying Cells Contact Blood
Vessels at a Specialized Neurovascular Interface
Although the SVZ is not classically thought to possess an altered
BBB, the above tracer experiments suggest that the neurovas-
cular interface of the SVZ may have unusual features. Therefore,
we investigated the components of the BBB in SVZ blood ves-
sels. The BBB is made up of tight junctions between endothelial
cells. Anintegral component of the BBB is the endfeet of perivas-
cular astrocytes, which envelop the abluminal surface of endo-
thelial cells. In addition, pericytes are interposed between endo-
thelial cells and astrocyte endfeet.

Tight junctions can be revealed by immunostaining for occlu-
din, a component of tight junctions, and zonula occludens pro-
tein-1 (ZO-1), a protein that links tight junctions to the cytoskel-
eton (Abbott et al., 2006; Zlokovic, 2008). Tight junctions were
present in SVZ blood vessels (Figures 4H and S6). However, at
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Figure 4. Vascular-Derived Signals Directly
Access the SVZ

(A-G) Confocal images of frozen frontal sections of
mice in which sodium fluorescein (green) and
TRITC-labeled isolectins were perfused intracar-
dially. Prior to perfusion, the descending aorta
was cut to open the circulation to avoid acute
hypertension during injection. All periventricular
walls (st, striatum; se, septum; cc, corpus cal-
losum), including the SVZ (arrows), were brightly
labeled with sodium fluorescein (A) at a similar in-
tensity to the area postrema (C). Note the absence
of sodium fluorescein in the cortex (B). (D) Sodium
fluorescein brightly labels the choroid plexus (CP)
and adjacent periventricular walls at more caudal
levels of the SVZ (arrows). Images in (A)—(D) were
acquired at the same confocal settings. (E-G)
While sodium fluorescein was diffusely distributed
throughout the SVZ (E), some isolectin-positive
vessels (F, red) had high concentrations of sodium
fluorescein (green) directly surrounding them (ar-
rowheads, E-G). Scale bars, (A-D) 100 um; (E)
50 pm.

(H) Tight junctions are present in SVZ vasculature,
although patches on some blood vessels ap-
peared to lack tight junction staining (arrowhead).

Striatum

(I) Immunostaining revealed areas (arrowheads) on CD31+ blood vessels (blue) in the SVZ lacking AQP4 staining (red). Scale bars, 20 pm.
(J-L) Confocal images acquired using identical confocal settings showing the intensity of AQP4 staining around average vessels from the SVZ (J), cortex
(K), and striatum (L). AQP4 staining is much less intense around SVZ vessels as compared to vessels in nonneurogenic regions (cortex and striatum).

Scale bars, 5 um.

some sites, it appeared that SVZ vessels may lack tight junctions
(Figures 4H and S6D), which would be consistent with the high
density of sodium fluorescein adjacent to some vessels in the
tracer experiments (Figures 4E-4G).

The endfeet of astrocytes can be visualized by immunostain-
ing for Aquaporin-4 (AQP4), a water channel highly enriched in
astrocyte endfeet at the BBB (Nico et al., 2001). Strikingly, small
patches on blood vessels in the SVZ were devoid of AQP4 stain-
ing (Figures 4l and 4J), and EGFR-expressing cells often con-
tacted the vasculature at these sites (Figures 5A, S7A, and
S7B). The gaps in AQP4 staining were unique to the SVZ, as ves-
sels from the cortex or adjacent striatum were completely en-
sheathed by astrocyte endfeet (Figures 4J-4L and S7C-S7E).
Overall, AQP4 staining was much less pronounced in SVZ blood
vessels as compared to the cortex and striatum. Ultrastructural
analysis of the SVZ confirmed that transit-amplifying cells di-
rectly contact blood vessels at sites that lack astrocyte endfeet
(Figures 5B-5D). Furthermore, pre-embedding immunostaining
for AQP4 followed by electron microscopy (EM) confirmed that
unlabeled glial endfeet were not present at sites at which tran-
sit-amplifying cells contact blood vessels (Figure 5B). Our EM
analysis revealed that 38% of transit-amplifying cells contacted
blood vessels directly at sites that lack astrocyte endfeet (n = 8/
21). While large areas of direct contact were occasionally ob-
served (Figure 5B), frequently, the sites of contact were small
(Figures 5C, 5D, and S8), suggesting that they may be dynamic
in nature.

We next examined the distribution of pericytes on SVZ blood
vessels to determine whether sites that lacked AQP4 also ex-
hibited withdrawal of pericytes. Pericytes can be visualized
by immunostaining for NG2, a chondroitin sulfate proteoglycan.
SVZ vessels were ensheathed by bright NG2+ cells (Figures 6A,

6B, and S9A-S9C). To confirm that these NG2+ perivascular
cells were pericytes, and not progenitors that are present in
the SVZ and throughout the brain (Aguirre et al., 2004; Nish-
iyama et al., 2002), we performed coimmunostaining for des-
min, a marker of pericytes (Hellstrom et al., 1999) and EGFR.
All perivascular NG2+ cells ensheathing the vessels expressed
desmin (Figure 6C), and none expressed EGFR (0/64 cells)
(Figure S9C). We observed three categories of EGFR+ cells
contacting blood vessels: 40.4% contacted at sites that lacked
both AQP4 and pericytes, 31% at sites that lacked pericytes
but were AQP4+, and 28% at sites that had both AQP4 and
pericytes (Figures 6D, 6E, S9D, and S9E). Thus, 71.4% of
EGFR+ cells contacted blood vessels at sites that lacked
pericyte coverage. The SVZ, therefore, contains a specialized
neurovascular interface, which may support ongoing adult
neurogenesis.

SVZ Regeneration Is Coupled to Blood Vessels

Our above findings reveal that dividing SVZ astrocytes and tran-
sit-amplifying cells are closely apposed to blood vessels during
homeostasis. To assess whether the vasculature is relevant to
SVZ stem cell function, we examined the relationship of stem
cells to blood vessels during regeneration. After elimination of
transit-amplifying cells and neuroblasts with the antimitotic
drug cytosine-B-D-arabinofuranoside (Ara-C), stem cell astro-
cytes divide to rapidly regenerate the SVZ (Doetsch et al.,
1999b). After Ara-C treatment, dying cells were distributed
throughout the SVZ (Figures S5C and S5D), confirming that the
drug was accessible to all dividing cells. At 12 hr after cessation
of Ara-C treatment, when stem cell astrocytes begin to divide
and regenerate the SVZ, 64.5% (n = 203 cells from three mice)
of BrdU+ nuclei were superimposed directly on the vasculature
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Figure 5. EGFR+ Transit-Amplifying C Cells Contact the Vasculature
at Regions of Blood Vessels Lacking Astrocyte Endfeet

(A) Confocal images of SVZ blood vessels in cross-section showing transit-
amplifying C cells (green) contacting the vasculature (blue) at AQP4-negative
(red) patches (arrowheads) on blood vessels. Serial optical sections of cell in
(A) are shown in Figure S7. Scale bar, 10 um.

(B) Composite electron micrograph depicting contact between transit-amplify-
ing C cell (labeled C) and blood vessel (BV) at a region of the vasculature that
lacks AQP4 staining (arrows). Note the gold particles from AQP4 labeling
(arrowheads) on the SVZ astrocyte (type B cell). Magnification, 15,800 X.

(C and D) Electron micrographs showing an example of a transit-amplifying C
cell (labeled C) directly contacting a blood vessel (BV). Image in (D) depicts
high-power view of contact points shown in (C). A low-power view of this
cell is shown in Figure S8. Magnification, (C) 15,800 x; (D) 52,900 x.

(Figures 7A and 7D). None of these cells were TUNEL+ (Figures
S5C and S5D). Newly appearing transit-amplifying cells were
also directly coupled to the vasculature 2 days later (60.6%,
n = 216) (Figures 7B-7D). These regenerating EGFR+ cells
were frequently localized (43.4%, n = 23/53) at sites on the blood
vessels that lacked AQP4 staining (Figure 7C). We did not detect
any BrdU+ pericytes, BrdU+ endothelial cells, or upregulation of
EGFR in pericytes at 7 days after pulsing with BrdU (data not
shown). Thus, the SVZ vascular plexus acts as a scaffold for
seeding regeneration of the SVZ niche, with regeneration fre-
quently occurring at sites of the vasculature where cells ex-
hibited direct contacts with blood vessels.

DISCUSSION

Our results show that the vasculature is an integral component of
the SVZ stem cell niche, possessing unique properties that sup-
port stem cell proliferation and regeneration. Dividing cells —pri-
marily stem cells and transit-amplifying cells—lie adjacent to the

Cell Stem Cell
SVZ Stem Cell Niche
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Figure 6. Transit-Amplifying C Cells Contact Blood Vessels at Sites
Lacking Pericyte Coverage

(A and B) Distribution of NG2+ pericytes (green) along CD31+ blood vessels
(red) in the SVZ. Note that NG2 is broadly expressed (asterisks), but perivascu-
lar NG2+ cells have a distinct morphology (arrowheads). Scale bar, (A) 50 um.
(C) NG2+ perivascular cells in the SVZ express the intracellular pericyte marker
Desmin. Scale bar, 20 um.

(D) EGFR+ transit-amplifying C cells (green) contact the vasculature at sites
(arrowhead) lacking pericyte coverage (NG2, red) and AQP4 staining (blue).
Serial optical sections of cell in (D) are shown in Figure S9D. Scale bar, 10 pm.
(E) Schematic of proportion and types of contact with blood vessels (black cir-
cles) by EGFR+ cells (green) at (a) sites lacking both AQP4 (blue) and pericyte
coverage (red), (b) sites with AQP4 coverage but no pericytes, and (c) sites with
both AQP4 coverage and pericyte coverage.

SVZ vascular plexus (Figure 7E) whose planar structure and
composition is different from vessels in nonneurogenic brain re-
gions. Intriguingly, patches of the SVZ vasculature lack coverage
both by astrocyte endfeet and pericytes. We find that stem cells
and transit-amplifying cells directly contact the vasculature at
these sites. Furthermore, regeneration often occurs at these
foci, highlighting their importance in supporting adult stem cell
function. Strikingly, signals derived from the blood directly ac-
cess the SVZ. As such, SVZ stem cells and transit-amplifying
cells are uniquely poised to receive spatial cues and signals
from the vasculature that regulate self-renewal and differentia-
tion. These specialized features of the SVZ vasculature may un-
derlie the high levels of neurogenesis in this region.
Interestingly, unlike the adult hippocampus, where active
angiogenesis accompanies neurogenesis (Palmer et al., 2000),
blood vessels in the adult SVZ seem to comprise a relatively sta-
ble vascular bed; we did not observe angiogenic sprouting of en-
dothelial cells or endothelial cell division in the SVZ. Furthermore,
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Figure 7. SVZ Stem Cells and Transit-Amplifying Cells Contact
Blood Vessels during Regeneration

(A) At 12 hr after cessation of Ara-C treatment, BrdU+ cells in the SVZ (green,
arrowheads) are immediately adjacent to the vasculature (red). Scale bar,
30 um.

(B) After 2 days, EGFR+ C cells (green) contact blood vessels (red). Scale bar,
30 pm.

(C) Regeneration (EGFR+ cells, green) occurs at sites on blood vessels (blue)
that lack AQP4 staining (red). Scale bar, 5 um.

(D) Histogram showing percentage of cells contacting blood vessels at 12 hr
and 2 days after cessation of Ara-C treatment.

(E) Model of the vascular SVZ stem cell niche. Schema of a coronal brain sec-
tion, with SVZ in orange. Box is expanded to the right to show SVZ cells. Blood
vessels (BV) are an integral component of the SVZ niche. Stem cell astrocytes
(labeled B, blue) and transit-amplifying C cells (C, green) often contact the vas-
culature at regions on blood vessels lacking astrocyte endfeet (dark blue) and
pericyte coverage (yellow), giving them direct access to vascular and blood-
derived signals. Stem cell astrocytes also contact the lateral ventricle. Chains
of neuroblasts (labeled A, red) are less closely associated with the vasculature.
Ependymal cells (E, gray) line the lateral ventricles.

we did not observe gaps in astrocyte coverage in the SGZ (data
not shown). As such, the two neurogenic niches may be funda-
mentally different. The unique architecture of the SVZ vascular
niche may provide signaling cues that angiogenesis provides in
the SGZ.

In the dorsal-most aspect of the SVZ and the RMS, we
observed long blood vessels that paralleled the overall migra-
tion route of newly generated neurons. Blood vessels may
thus facilitate the migration of neuroblasts as they traverse
long distances in the brain. Indeed, once neuroblasts reach
the olfactory bulb and escape the chains to migrate radially
into the granule cell and periglomerular layers, they become
tightly associated with blood vessels (Bovetti et al., 2007).
However, at the individual cell level, tangentially migrating neu-
roblasts within the SVZ network of chains were not often
closely coupled with the SVZ vascular plexus. It remains to
be determined whether neuronal differentiation occurs in
response to leaving the vascular bed or whether cells do so
once they are committed to differentiation.

Some SVZ stem cells and transit-amplifying cells did not ap-
pear to be closely associated with the vasculature. These cells
may, in fact, contact blood vessels deeper in the tissue or via
long processes or may contact laminin-positive fractones that
extend from vessels. Alternatively, these cells may be at different
stages of activation or phases of the cell cycle. Relatively quies-
cent stem cells have been proposed to be maintained in hypoxic
regions in other stem cell niches such as the bone marrow (Par-
mar et al., 2007). Once markers have been identified that allow
the visualization of stem cell astrocytes, it will be possible to
establish whether more quiescent SVZ stem cells also contact
the vasculature or reside away from blood vessels.

Our findings reveal that the SVZ vascular niche is complex and
encompasses diverse aspects of the vascular system. These in-
clude both diffusible signals and direct contact with endothelial
and perivascular cells, the vascular basal lamina and associated
fractones, as well as small molecules circulating in the blood. En-
dothelial cells are a source of diffusible signals, such as VEGF,
FGF2, IGF1, PEDF, BDNF, and unidentified factors that affect
neural precursors (Biro et al., 1994; Jin et al., 2002; Leventhal
et al., 1999; Ramirez-Castillejo et al., 2006; Shen et al., 2004).
In vivo, these factors may bind to the vascular basal lamina
and to fractones that extend from the vasculature in the SVZ
(Mercier et al., 2002), as has been shown for FGF2 (Kerever
et al., 2007). As such, the rich vascular basal lamina and frac-
tones present in the SVZ may be an important site of integration
of niche signals arising not only from the vasculature, including
pericytes, endothelial cells, and factors from the blood, but
also from ependymal cells, mesenchymal cells, axon terminals,
and the CSF. It will be important to further define the ECM mol-
ecules present in the SVZ and how they influence SVZ progeni-
tors. Indeed, the laminin receptor «61 integrin is important for
tethering SVZ progenitors to the vascular niche, and perturbation
of this interaction affects adhesion and proliferation (Shen et al.,
2008 [this issue of Cell Stem Celll).

An unusual facet of the SVZ vascular niche is the direct con-
tact that transit-amplifying cells and stem cells make with blood
vessels at sites that lack astrocyte endfeet and pericyte cover-
age. These sites are unique to the SVZ and may be specialized
microdomains that are important for stem cell regulation. It will
be important to establish whether these gaps are stable spe-
cialized structures that provide enhanced access to different
vascular components of the niche (direct contact with the basal
lamina, endothelial cells, possible sites of diffusion of circulat-
ing factors) or whether they are dynamic, transitory structures
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that arise as stem cell astrocytes retract perivascular pro-
cesses when they become activated to generate transit-ampli-
fying cells. We observed AQP4-negative gaps that lacked
EGFR+ cells, suggesting that they may, at least in part, be
stable structures. ldentifying markers that distinguish stem
cell astrocytes from niche astrocytes and defining whether
stem cells themselves are AQP4+ will be helpful in determining
whether stem cell astrocytes actively participate in forming the
neurovascular interface.

Intriguingly, our tracer experiments reveal that vascular-de-
rived small molecules have direct access to the SVZ, suggesting
that the SVZ may have a modified BBB. Stem cells and transit-
amplifying cells may, therefore, have greater access to molecules
circulating in the bloodstream, such as growth factors, hormones,
nutrients, and oxygen. It will be important to determine the size
and identity of molecules that enter the SVZ from the blood. At
present, we cannot distinguish whether small molecules arise
from both the choroid plexus and SVZ vessels or only one source.
Interestingly, SVZ astrocytes contact the CSF via a process that
extends between ependymal cells (Doetsch et al., 1999b). These
astrocytes also contact blood vessels (Shen et al., 2008). As such,
stem cell astrocytes contacting the CSF may be poised to
integrate signals from multiple niche compartments.

The specialized neurovascular interface of SVZ vessels and
direct access of circulating factors we describe here also have im-
portant clinical implications for restorative neurogenesis and dis-
ease. In gliomas and multiple sclerosis (MS), one of the clinical fea-
tures is withdrawal of astrocyte endfeet (Arismendi-Morillo and
Castellano, 2005; Rafalowska et al., 1992), which may contribute
to activation of endogenous progenitors in MS and invasive migra-
tion in gliomas. Indeed, glioma cells migrate and proliferate on ce-
rebral blood vessels (Farin et al., 2006; Gilbertson and Rich, 2007).
Furthermore, alterations in blood vessels that occur with aging
(Burns et al., 1981; Hicks et al., 1983; Wilkinson et al., 1981) may
underlie age-dependent decline of SVZ function (Luo et al,
2006; Molofsky et al., 2006; Tanaka et al., 2007). Finally, the SVZ
may be more accessible to pharmacological agents, both toxic
and therapeutic. This property of the SVZ stem cell niche may
facilitate the stimulation of endogenous stem cells for brain repair.

Here, we identify the vasculature as an important component
of the SVZ stem cell niche and uncover specialized features of
the SVZ vasculature, including an altered BBB and access
to blood-derived signals, that functionally distinguish blood ves-
sels in the SVZ niche from nonneurogenic brain regions. Further
defining how these unique elements of the niche interact will
provide additional insight into the regulation of in vivo stem
cell behavior.

EXPERIMENTAL PROCEDURES

Animal Use

Two- to 3-month-old CD1 (Charles River) GFAP::GFP mice (Jackson Labora-
tories) or TIE-2::GFP mice (Jackson Laboratories) were used in accordance
with institutional guidelines.

Immunostaining

Whole mounts were immunostained as described (Doetsch and Alvarez-
Buylla, 1996). See Supplemental Data for complete details. Briefly, whole
mounts were blocked in 10% donkey serum (Jackson Immuno), incubated
in primary antibodies overnight or 48 hr at 4°C, revealed with secondary anti-
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bodies (Jackson Immuno), and imaged using a Zeiss LSM510 confocal micro-
scope. For SMA, AQP4, and NG2, immunostaining was also performed on
40 um frontal sections. All immunostainings were done in triplicate.

BrdU Labeling

To identify LRCs, BrdU (Sigma) was injected intraperitoneally (28.5 pug/gm
body weight) every 4 hr for a 12 hr period. Mice were either sacrificed imme-
diately or 6 weeks later, and whole mounts were immunostained for BrdU
(sheep 1:100; Fitzgerald Industries) as described (Doetsch et al., 1999b).

Quantification of Association of SVZ Cell Types and Blood Vessels
To quantify distances between cells and the vasculature, immunostaining for
each SVZ cell type was performed, and high-magnification 30 um Z stacks
were taken from 15 randomly chosen fields in all regions of the SVZ of three
different mice using a Zeiss LSM510 confocal microscope. Distances were
measured from the estimated center of the nuclei of individual cells to the near-
est blood vessel in each plane of the Z stack using Image-J software. Wilcoxin
rank sum tests (assuming unequal variance) were used to determine statistical
significance for comparisons of the distributions of distance measurements
between the different cell types. To ensure that distances to blood vessels
were not overestimated (due to the possibility that a blood vessel in a different
Z plane could be closer to the cell of interest), all planes in the Z stack were
evaluated for the presence of blood vessels in close proximity to the individual
cells from any given plane.

Pre-Embedding Immunogold Labeling and EM

Brains were perfused with 0.5% glutaraldehyde/3% paraformaldehyde and
postfixed overnight. Vibratome sections (50 um) were cut and blocked in
PBS/5% BSA/5% NGS for 30 min, rinsed in incubation buffer (1% BSA-C/
PB), and incubated with antibodies against AQP4 (rabbit 1:250; Chemicon)
for 24 hr at 4°C. Sections were revealed with secondary antibodies conjugated
to ultrasmall (<1 nm) gold particles (1:100 Electron Microscopy Sciences) for
4 hr, washed, postfixed with 2.5% glutaraldehyde for 20 min, washed, post-
fixed with 1% osmium tetroxide for 1 hr, washed, and silver enhanced
20-30 min at room temperature. Immunostained sections were dehydrated
and embedded in LX-112 resin (Ladd). Sixty nanometer sections were cut
and collected on Formvar-coated single-slot grids, stained with uranyl acetate
and lead citrate, and analyzed on a JEOL JEM-1200EX Il microscope equip-
ped with a Hamamatsu ORCA XR-60. The images were processed with
AMT’s CCD imaging system (version 5). Brains were processed for conven-
tional EM as described (Doetsch et al., 1997).

Sodium Fluorescein Perfusion

We adapted the method from Hawkins and Egleton (2006). Briefly, mice were
anesthesized and perfused intracardially with 9 ml of oxygenated Ringer solu-
tion containing 1 g/l sodium fluorescein (Sigma) and 0.02 g/I TRITC-labeled
Griffonia simplicifolia Lectin (Sigma) over the course of 6 min. A large incision
of the descending aorta was made immediately preceding the delivery of so-
dium fluorescein to open the vascular system to provide pressure relief and
avoid hypertension. Brains were dissected and immediately frozen in tissue-
freezing medium (Triangle Biomedical Sciences). Frozen sections (30 pM)
were analyzed on a Zeiss LSM510 confocal microscope.

Ara-C Infusion

Ara-C mini-osmotic pumps were implanted as described (Doetsch et al.,
1999b). Whole mounts were immunostained as described in the Supplemental
Data 12 hr and 2 days after pump removal (n = 3 for each survival).

SUPPLEMENTAL DATA

The Supplemental Data include Supplemental Experimental Procedures and
nine figures and can be found with this article online at http://www.
cellstemcell.com/cgi/content/full/3/3/279/DC1/.
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