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Abstract
Adult Neural Stem Cells and their Perivascular Niche
Elizabeth E. Crouch
1

Stem cells reside in specialized niches that support their selfrenewal and differentiation .
A balance between intrinsic and extrinsic signals mediates stem cell quiescence, activation and
proliferation. In the mammalian subventricular zone (SVZ), the stem cells are a subset of GFAP
2-4

+

+

astrocytes . A quiescent pool of GFAP stem cell astrocytes generates activated (actively dividing)
+

+

5

+

GFAP EGFR stem cell astrocytes . These in turn generate EGFR transit amplifying cells, which give
rise to neuroblasts that migrate to the olfactory bulb. In the SVZ niche, dividing cells localize next to blood
vessels. SVZ stem cells and transit amplifying cells also directly contact blood vessels at sites that lack
6,7

glial end feet and pericyte coverage, a feature unique to SVZ vasculature . Diffusible signals from
transformed endothelial cell lines have been shown to increase survival, proliferation and neurogenic
8

differentiation of SVZ neural stem cells and their progeny in vitro . However, the effect of primary
endothelial cells is unknown. Furthermore, previous studies have not elucidated whether vascular signals
from neurogenic and non-neurogenic regions are different and/or act on specific stages of the neural
stem cell lineage. Moreover, the role of pericytes in the SVZ stem cell niche has not been defined.
Here we describe a FACS methodology to isolate pure, primary endothelial cells and pericytes
from neurogenic and non-neurogenic brain regions and perform studies in vitro to examine their effect on
distinct stages of the SVZ neural stem cell lineage. Primary endothelial cells from both cortex and SVZ
support proliferation and neuronal differentiation of activated stem cell astrocytes and transit amplifying
cells in the absence of any exogenous growth factors. Notably, their signals are more potent than those
secreted from the immortalized bend.3 endothelial cell line. Proliferation of activated stem cell astrocytes
and transit amplifying cells with conditioned medium from primary cortical cells was shown to depend on
EGFR in vitro. Here we define for the first time the effect of pericytes on SVZ neural stem cells. Pericytes
promote the proliferation of activated stem cell astrocytes and transit amplifying cells, but to a lesser
extent than endothelial cells. Strikingly, activated stem cell astrocytes and transit amplifying cells

	
  
	
  

	
  

	
  

generate proportionally more neurons in response to pericyte conditioned medium than other conditions,
and SVZ pericyte signals are particularly potent on activated stem cell astrocytes.
Little is known about the heterogeneity of pericytes in the brain. After culturing FACS-purified
pericytes, we observed multiple in vitro phenotypes of pericytes from both cortex and SVZ. Over time,
both cortical and SVZ pericyte cultures became dominated by a rapidly proliferating cell with a progenitor
morphology, which could be serially passaged. In preliminary studies, this passaged pericyte exhibited
features of mesenchymal stem cells. To probe pericyte heterogeneity in the brain, we used mesenchymal
stem cell markers. Novel pericyte subpopulations could be prospectively purified from both the cortex and
+

-

-

SVZ using CD13, CD146, and CD105. Interestingly, CD13 CD105 CD146 pericytes were the most
proliferative population from both the SVZ and cortex, but only those from SVZ could be passaged.
Staining with these markers in vivo demonstrated specific morphologies and staining patterns on different
sized vessels in the SVZ. Fractones, an ECM structure unique to the SVZ, arose from pericytes. As an
endothelial marker, CD146 displayed different patterns of staining on different sized vessels, and stained
naked vessels that lacked a basement membrane. While the SVZ vascular bed is largely quiescent, we
+

also detected rare CD146 tip cells.
Collectively, these studies demonstrate the use of a powerful methodology to directly purify
endothelial cells and pericytes from the brain in a neurogenic region, the SVZ, and a non-neurogenic
region, the cortex. We uncover previously undescribed vascular cell diversity in the brain, and a novel role
for brain pericytes on neural stem cells and their progeny. In addition to elucidating novel roles of vascular
cells in the SVZ niche, this protocol offers a flexible and effective platform to obtain pure and contextually
precise cells for future experiments in other brain regions or stem cell niches. Defining the different
components of the niche is central to understanding the regulation of stem cells under homeostatic
conditions and conversely how these signals are lost or perturbed during aging and tumorigenesis.
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Introduction
	
  

Stem cells
Studying stem cell biology is a valuable and exciting pursuit, with potential to discover governing
principles of biology, cell replacement therapy and cancer therapeutics. In recognition of their
contributions to this field and the importance of this discipline, the 2012 Nobel Prize in Physiology or
Medicine was awarded to two stem cell researchers, John Gurdon and Shinya Yamanaka. The seminal
discoveries of both researchers pioneered the idea that mature cells can, with intervention, be
reprogrammed to become pluripotent. Gurdon first demonstrated that a mature nucleus could be
9

reprogrammed into an embryonic cell by somatic cell nuclear transfer working in xenopus in 1958 . Work
in Yamanaka’s lab discovered that skin fibroblasts could be made into induced embryonic stem cells with
10

the exogenous addition of 4 specific core transcription factors expressed in the embryo . This work
underscores the pure scientific merit and translational value of stem cell research by uncovering some of
the mechanisms involved in cell maturation and fate as well as providing new sources of tissue for stem
cells. Practically, these technologies may circumvent some of the political and practical hurdles involved
in translating stem cell studies into human therapies, as well as represent new approaches to understand
specific diseases themselves.
Investigations by McCulloch and Till at the University of Toronto in the 1960s launched the stem
cell field. At the time, interest in radiation damage arose from both fall-out from nuclear weapons and its
use against tumors, and therapeutic bone marrow transplant was being attempted but poorly understood.
By performing serial transplantations of bone marrow cells, McCulloch and Till’s studies showed selfrenewal, or the ability to go through cycles of cell division while maintaining an undifferentiated state.
Using irradiation and the chromosomal abnormalities that resulted, their experiments also evidenced
multipotency, or the competence to produce multiple different cell types

11,12

. Self-renewal and

multipotency are now considered to be the cardinal features of stem cells.
Research today is then separated into two categories: embryonic stem cells and tissue-specific or
adult stem cells. Embryonic stem cells are derived from the inner cell mass of an embryo and are
pluripotent, giving rise to all ectodermal, mesodermal, and endodermal tissues

13,14

. Tissue-specific stem

cells typically reside within a particular organ and are responsible for maintaining the functionality of that
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tissue under homeostatic or injury conditions. In addition to historical reasons, investigations into blood
stem cells launched the field because they are a liquid organ and more accessible. Since then,
researchers have developed methods to study solid tissue organs. These may be divided into systems
which are constantly regenerating such as the skin and intestine

15,16

, and those which appear to have

limited regenerating capacity or can do so only under injury, such as liver, pancreas, and lung

17-19

. These

differences reflect key distinctions in the stem cells contained in these tissues. Constantly regenerating
organs require an actively proliferating stem cell, whereas stem cells in liver and lung appear to be largely
quiescent, but capable of proliferating after a stimulus such as injury. Tissues composed of a key postmitotic cell type, such as myocytes in muscle, specifically cardiomyocytes in the heart, and neurons in the
central nervous system (CNS) pose a greater challenge

20,21

. In the CNS, the devastating consequences

of ischemia, neurodegeneration, or physical spinal cord injury have demonstrated that either endogenous
stem cells are limited in their ability to replace the injured cells or are prevented from doing so by another
mechanism. Thus, determining whether stem cells exist in the CNS, their cellular identity and important
facets of their environment, their function, and ways in which they might be manipulated for therapeutic
purposes are critical goals.

Adult neurogenesis
	
  

The discovery of adult neurogenesis by Joseph Altman in the 1960s overturned the dogma that

no new neurons are generated in the adult brain. The use of tritiated thymidine to mark dividing cells and
the discovery that this labeled nucleotide is incorporated exclusively into the nuclei of dividing cells
allowed Altman to begin studies investigating glial proliferation after injury. During these experiments, he
also observed labeled neuronal cells. Given that mitotic figures were never seen in neurons, it had been
thought that neogenesis of neurons could not exist in the adult brain. Altman then correctly hypothesized
22

that these new neurons may arise from a different precursor cell . The fact that labeled neurons and glia
were found in distinct regions from the site of damage suggested that CNS proliferation could be a
“normal” phenomenon and not just an injury response. To directly address this question, Altman then
injected uninjured rats and cats with tritiated thymidine and observed labeled astrocytes and neurons,
particularly noting the abundance of labeled granule cells in the hippocampus of the rat, and later studies
also noted the extensive germinal matrix in the “ependymal and subependymal” layers of the lateral

	
  

3	
  
	
  
23

ventricles . Altman also discovered and named the Rostral Migratory Stream (RMS), the tangential
pathway for adult-born neuroblasts to migrate to the olfactory bulb and become granule cell interneurons.
Performing these experiments on cats as well as rodents established that neurogenesis and gliogenesis
occur in higher order animals and opened the door to future experiments with primates. Altman and his
wife, Shirley Bayer, continued to investigate these phenomena for the next twenty years, and showed that
select cells in the germinal matrix of the hippocampal hilus, called the subgranular zone, proliferated
throughout adulthood. Importantly, these newly born cells added to the number of neurons in the granule
24

zone throughout adulthood , implying that adult neurogenesis may actively influence hippocampal
circuitry and therefore function.
Fernando Nottebohm and colleagues at the Rockefeller University then pioneered studies on
adult neurogenesis in two avian models: the canary and the zebra finch. In these animals, the
evolutionary drive to recruit a mate is executed by learning to sing a song. Males sing complex songs
25

while females sing only simple songs rarely ; the size of the brain nuclei which execute this singing
behavior correspond to the production of song. Male canaries and zebrafinch possess larger nuclei than
females of either species. However, female canaries maintain larger nuclei than female zebra finches,
and female canaries but not zebra finches can be induced to sing with testosterone injections, when
26

some of their song nuclei double in size . Originally, Nottebohm and colleagues suggested that these
27

changes were supported by dendritic pruning, a hypothesis that was proved correct , but the substantial
change in volume in the higher vocal center (HVC) suggested another possibility as well: neuronal
recruitment. This idea was confirmed with tritiated thymidine labeling which demonstrated labeled cells in
the ventricular zone, and later studies confirmed the migration of these cells to the HVC and other
telecephalic areas and their neuronal identity

28-30

. Questions then arose about the embryonic origins of
+

this adult stem cell. Nottebohm and colleagues determined that a population of vimentin radial cells,
reminiscent of the radial glia thought to disappear after birth, existed in the ventricular zone of the adult
31

32

canary . The radial cells divided to give rise to young neurons in adulthood . The glial nature of stem
cells was later established in mammals as well.
The isolation of multipotent neural stem cells from the adult mammalian brain initiated the reemergence of adult neurogenesis. Reynolds and Weiss isolated cells from the adult mouse subventricular

	
  

4	
  
	
  
zone (SVZ) in 3-18 month old animals that were able to proliferate, be passaged, and differentiate in vitro
33

in the presence of EGF . These neurospheres, three-dimensional proliferative structures that contain a
34

35

mix of stem cells, progenitors, and more differentiated cells in vitro , were also produced with FGF2 .
These studies were then followed by others demonstrating that the SVZ was the source of the neural
stem cells, which also produced neurons in the olfactory bulb in vivo

36-38

. While initially thought to reside

only in the anterior part of the SVZ, a network of newly born neuroblasts was later shown to exist
39

thoughout the ventricular wall . In the mouse hippocampus, CNS stem cells were isolated soon
thereafter, similarly producing neurons, astrocytes, and oligodendrocytes in culture with growth
factors

40,41

. Taking advantage of BrdU injections performed in patients for cancer diagnostics, labeled

neurons in the human hippocampus determined that neurogenesis continues throughout life for our
42

species as well .
In the hippocampus and SVZ, a subset of astrocytes, long considered to be support cells in the
2-4

brain, were then definitively demonstrated to be the in vivo neural stem cells in rodent and human brain .
In the SVZ, the largest neurogenic niche in the adult mammalian brain, there are three types of neural
progenitor cells: type B astrocytes, type C transit amplifying cell, and type A neuroblasts. Type B
astrocytes are astrocyte-like in that they express glial fibrillary acid protein, GFAP, but they possess stem
cell capabilities in vivo and in vitro

21

. After Ara-C treatment, these cells can repopulate the entire neural

43

stem cell lineage . Type B astrocytes divide to give rise to rapidly dividing transit amplifying cells. Both
proliferating stem cell astrocytes and transit amplifying cells express nestin and Lewis X antigen and give
rise to neurospheres

44

+

. In vivo, transit amplifying cells then in turn produce new neurons (PSA-NCAM )
21

that migrate to the olfactory bulb .
Within this basic framework, major questions remain. Quiescent stem cell astrocytes throughout
+

the SVZ divide rarely to give rise to epidermal growth factor receptor (EGFR ) proliferating stem cell
astrocytes

5,21

. Since there are no exclusive markers for stem cell astrocytes, the exact identity of these

quiescent stem cell astrocytes cannot be separated from neighboring niche astrocytes and also preclude
lineage tracing experiments, although one study performed lineage tracing with split-cre technology and a
45

combination of markers . Therefore, the directionality of the neural stem cell lineage, and particularly
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whether activated stem cell astrocytes and transit amplifying cells can revert into a quiescent astrocyte
state, is unknown.
Intrinsic and extrinsic factors surely cooperate to regulate many aspects of neurogenesis in the
SVZ, but the details are still being elucidated. Newly-born neuroblasts mature into periglomerular and
granule cell interneurons in the olfactory bulb of diverse molecular identities. The final neuronal subtype
46

produced is strongly influenced by intrinsic properties of stem cell astrocytes . In the hippocampus,
47

external factors such as exercise and antidepressants increase neurogenesis , but the ability of
environmental factors to alter neurogenesis and final cell fate in the SVZ is not known.
The function of these cells in vivo is still unknown in mice and in humans. Newly born neurons do
48

form functional synapses in the olfactory bulb , but eliminating neurogenesis in the mouse demonstrated
no effect on olfactory discrimination or acquisition of olfactory associated memories, at least in the tested
49

paradigms . As neurogenesis is increased during pregnancy, it may have an effect on maternal
50

behaviors . In humans, newly born neurons migrate from the SVZ to both the olfactory and the prefrontal
cortex up to age 2. In adults, a ribbon of proliferating astrocytes is located adjacent to but not contacting
the ventricle. Chain migration of newly born neuroblasts does not exist in adult humans but proliferating
4

astrocytes can function as neural stem cells in vitro . Further work may therefore be required to translate
studies in rodent and non-human primates into human therapies.
Decades of research has identified a prolific population of neural stem cells resident in the adult
mammalian brain. Identifying the unique features of adult neurogenic niches that regulate stem cell selfrenewal and differentiation is key to understanding stem cell behavior and eventually harnessing these
cells for therapeutic purposes. In particular, the only major cell population that does not exhibit constant
51

turn-over in the olfactory bulb is the projection neurons , implying that studying SVZ neurogenesis may
provide important insights about brain plasticity.

Studying stem cells with flow cytometry
Studying brain stem cells poses particular challenges, given the solid nature of the organ, its
multiple protective coverings, and sensitivity to insult. In vivo approaches through the ventricle provide
data about stem cells and their immediate environment, but are labor-intensive with small yields. In vitro
neurosphere or adhesive assays allow higher throughput experiments but lose niche cues, and until
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recently, prospective cell type identity. Flow cytometry is a technique that was invented in World War II to
study aerosolized bacteria in a bioterrorism context

52

53

and then adapted to particles suspended in liquid .

Coulter determined that impedence, or resistance to voltage, could be quantified and correlated with cell
size (BD Beckman Coulter www.coulterflow.com). In New York, Kametzsky and Melamed put these
principles together with charging the particles to deflect them into separate containers to invent the first
54

cell sorting machine . Göhde coupled fluorescence, which was being developed for microscopy, with the
device to create a rough prototype of today’s fluorescence activated cell sorting (FACS) machine. The
ability to separate cells in a liquid suspension facilitated adoption of these principles in the study of
hematology. Weissman and colleagues, as well as others, then developed a protocol to separate
55

hematopoetic stem cells (HSC) by flow cytometry . The HSC field continues to lead stem cell biology in
this regard, and different cell surface markers now identify specific stages of stem cell potency in the
56

bone marrow . In the brain, stem cell astrocytes, transit amplifying cells, and neuroblasts in the adult
SVZ can now be isolated using a transgenic GFAP::GFP reporter mouse, a fluorescently-conjugated EGF
5

ligand, and an antibody against CD24-PE . Subsequently, other studies have used other markers to
57

identify SVZ neural stem cells . Notably, strategies on separating out niche cells in a comprehensive
manner are absent from the literature, but would provide valuable insights on the role of extrinsic factors
on FACS purified SVZ neural stem cell populations.

EGFR, its ligands, and the SVZ niche
The epidermal growth factor receptor, EGFR, is a 170-kd transmembrane glycoprotein whose
signaling is responsible for a number of intracellular phenomenon including the following: a rise in
intracellular calcium levels, increased glycolysis and protein synthesis, and increases in the expression of
certain genes including the gene for EGFR. Ultimately, these pathways lead to DNA synthesis and
cellular survival, proliferation, and differentiation. EGFR, also known as HER-1 or erbB-1, is a part of the
erbB tyrosine kinase family that contains three other members: HER2/c-neu (ErbB-2), Her 3 (ErbB-3)
and Her 4 (ErbB-4). There are 11 ligands for the erbB family, seven of which bind to EGFR. They are
Epidermal Growth Factor (EGF), Transforming Growth Factor-alpha (Tgf-α), Heparin-binding Epidermal
-

Growth Factor (HB EGF), betacellulin (BTC), amphiregulin, epigen and epiregulin. Cognate receptor
binding EGFR is translated into homo or hetero dimerization of the receptor, subsequent
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autophosphorylation of the tyrosine kinase cytoplasmic tail, and internalization of the receptor. Signal
transducers and activators of intracellular substrates such as Ras can then bind to the phosphorylated
58

cytoplasmic domain .
EGFR is overexpressed in the majority of solid tissue tumors, including breast, lung, neck, nonsmall cell lung cancer, renal, ovarian, and colon cancer. In gliomas, gene amplification leads to
59

overexpression of EGFR in more than 50% of glioblastomas . Such overexpression leads to a
hyperactivation of downstream signaling pathways, and cancer cells are therefore more proliferative and
invasive. In order to attack these cancers, targeted inhibitors of erbB have therefore been developed.
Most targeted therapies focus on one of two protein regions: the extracellular domain, where neutralizing
or inhibitory monoclonal antibodies can bind, or small molecular inhibitors, which prevent phosphorylation
of the intracellular tyrosine kinase domain. Tyrphostins are small organic molecules with molecular
weights of 200-400 Da that were modified into specific and potent EGFR inhibitors with small chemical
modifications. While AG99, a specific inhibitor of EGFR, was shown to inhibit EGFR-dependent serum60

free proliferation and survival of a bladder cancer cell line , no studies have used tyrphostins to
investigate EGFR activity in SVZ neural stem cells or their progeny.
EGF and EGFR play a central role in the biology of stem cell astrocytes and transit amplifying
cells in the SVZ and other brain astrocytes. In vivo, short infusion of EGF increased the number of
+

astrocytes contacting the ventricle, doubled the number of transit-amplifying Dlx2 cells in the SVZ and
reduced the number of neurons by one half. Longer infusions altered mainly transit amplifying cell
61

migration from the olfactory bulb into exogenous white matter tracts . Additional studies identified a
5

group of activated astrocytes that also expressed EGFR . Betacellulin, BTC, is a ligand for both EGFR
and ErbB-4 that localizes perivascularly and in the choroid plexus in vivo. While BTC-null mice do not
show any phenotype, their ability to regenerate the SVZ upon Ara-C treatment was reduced. Unlike
infusion of EGF, ventricular infusion of BTC induced some proliferation of astrocytes, transit amplifying
cells and neuroblasts without invasion into other brain regions and increased the number of newly-born
neurons into the olfactory bulb. EGF activates the Erk pathway while both Erk and Akt pathways are
activated by BTC, which could explain why low concentrations of BTC stimulate neurosphere growth and
prevent spontaneous differentiation more efficiently than EGF in vitro
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. Cortical astrocytes need EGF
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ligands to survive in culture and may compete for vascular-derived trophic factors during development in

vivo. HB-EGF and TGF-α were equally effective at promoting astrocyte survival, but their effect was not
63

additive suggesting that they signal through the same pathway. Amphiregulin, however, was ineffective .
These studies with cortical astrocytes were greatly strengthened by the matching of in vivo expression
data from cortical astrocytes and cortical vascular cells. Notably, studies with BTC used HUVEC, an
umbilical cord primary endothelial cell, and a human neural stem cell line, to investigate neural stem cell
responses, presumably because purifying primary brain-specific vascular cells has not been possible
previously.

Vascular and neural development
Early in development, blood vessels and blood vessel precursors are absent from the CNS. As
the germinating neural tissue expands, its hypoxia must be relieved by vasculature from the surrounding
perineural plexus. While beautiful descriptive studies of the patterns of CNS vasculature were performed
in 1949, the mechanisms for neurovascular cross-talk are only beginning to be elucidated. Previously, it
had been thought that angioblasts and endothelial cells migrate into the neural tissue in a non-specific
manner. However, the vasculature in the brain is highly anatomically stereotyped, and the balance of
extrinsic and intrinsic factors instead indicates a collaboration between intrinsic and extrinsic cue to
regulate the CNS vascular architecture. In xenopus, fate mapping studies show that endothelial cells in
distinct regions arise from distinct angioblasts, suggesting that endothelial cells may adopt a positional
64

and/or temporal identity . In agreement, recent studies in the mouse telencephalon have shown a cell
autonomous requirement for Nkx2.1, Dlx1/2 and Pax6 in orchestrating compartment-specific
65

angiogenesis gradients, and arguing that endothelial cells have intrinsic developmental differences .
Extrinsic factors likely interact with these innate programs. Altering VEGF-A levels in the developing
neural tissue altered blood vessel ingression and patterning, and hemodynamics in the nascent CNS
66

vasculature modulate pruning in zebrafish . Other factors in controlling the morphological aspects of the
developing CNS such as the role of mural cells are completely unknown.
Mature vasculature is composed of blood vessels that are formed by endothelial cells and
perivascular support cells, including pericytes and smooth muscle cells. Roughly, the vasculature can be
divided into two categories: blood vessels, including arteries, veins, and capillaries, and lymphatic
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vessels, which transport lymph throughout the organism. Blood vessels are ensheathed by a vascular
basal lamina. This basal lamina, along with other vascular associated extracellular matrix (ECM)
components, provide structural support for the contact between endothelial cells, pericytes, smooth
muscle cells, and other cells in the local microenvironment. In stable vasculature, the basal lamina is
composed of laminin, collagen IV, elastin, and other ECM molecules, which provide necessary contacts
between endothelial cells and the surrounding tissue, to maintain vessel patency.
Endothelial cells originate from mesodermal angioblasts or hemangioblasts during development.
A key marker for endothelial cells is platelet endothelial cell adhesion molecule (PECAM-1), or CD31,
which is a member of the immunoglobulin superfamily expressed on the cell surface of platelets and
67

endothelial cells , as well as other blood cells. It is involved in a variety of critical vascular functions such
68

as leukocyte migration, angiogenesis, and integrin activation .

Pericytes
Pericytes are a support cell of the microvasculature whose role in normal vascular physiology,
pathology and endogenous tissue repair is just beginning to be understood. Although these cells were
first described by Eberth in 1871, Zimmerman later coined the term “pericytes” for their proximity to
endothelial cells. He also called them “Rouget cells” after Charles-Marie Benjamin Rouget, who described
a population of perivascular contractile cells in 1873. The gold-standard definition of a pericyte is a cell
encased in the same basement membrane as endothelial cells. However, this definition’s shortcomings
are well documented, given that the basement membrane is absent during periods of angiogenesis and
delineating the basement membrane requires electron microscopy. Pericytes are often described as a
perivascular cell, but macrophages and fibroblasts can be found in the same compartment with similar
morphology. Additionally, exciting new research about perivascular cells with mesenchymal stem cell
(MSC) properties

69

highlights the current lack of clarity with regard to pericyte identity, as no pericyte
70

exclusive markers exist. Alanyl-aminopeptidase, or CD13 , is a cerebral-specific pericyte marker whose
function in this cell type is still unknown. Much of the function of cerebral pericytes, however, was
deciphered using Platelet-derived Growth Factor (PDGF) mutants, which demonstrated their definitive
role in microvessel stabilization

71

and later in the blood brain barrier

72,73

. These studies established that

pericytes are responsible for attenuating vascular permeability during embryonic brain development. They
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accomplish this task by interactions with the other two predominant blood brain barrier cell types: by
polarization of astrocyte end feet and decreasing expression in endothelial cells of vascular permeability
and CNS immune cell infiltration genes. Conversely, constitutive activation of PDGFR-β in brain pericytes
led to increased CNS pericyte coverage and inhibition of mature pericyte markers. Consistent with
previous studies that demonstrated how pericyte loss could activate immune pathways, activation of
PDGFR-β led to an increase in immune response genes. Given the known involvement of pericytes in
abnormal vascular states such as atherosclerosis and tumors, it is interesting to speculate how alterations
74

in PDGFR-β signaling may impact CNS autoimmune disorders like multiple sclerosis .
Alzheimer’s Disease has been linked to pericyte dysfunction. In pericyte mutants, loss of
pericytes is associated with concurrent blood brain barrier breakdown and cerebral perfusion deficits,
75

both of which contribute to impairments in memory and learning with aging . ApoE is normally expressed
by astrocytes in the brain, and ApoE4 is a human allele associated with a major genetic risk for
Alzheimer’s disease. In a model of ApoE deficiency, ApoE4 expression by astrocytes showed the same
phenotype as the knock-out: blood brain barrier breakdown through a proinflammatory CypA–nuclear
factor-kB–matrix-metalloproteinase-9 (MMP9) pathway in pericytes and subsequent accumulation of
76

neurotoxins in neurons .
Recently, human brain pericytes isolated from the cortex and subventricular zone were
77

78

demonstrated to possess mesenchymal stem cell properties . First isolated in the bone marrow ,
mesenchymal stem cells are a heterogenous cell type found in many tissues whose definition is largely
based on in vitro assays: adherence to plastic, expression of mesenchymal stem cell markers with
79

exclusion of endothelial, blood, and macrophage or microglial markers , and in vitro adipogenic,
78

osteogenic, and chondrogenic potential at a minimum . While mesenchymal stem cells from the brain
have been reported to possess neurogenic or gliogenic potential in vitro

80

, this idea is still controversial.

The human retinal pigment epithelium (RPE) was recently demonstrated to possess mesenchymal and
neural stem cell properties in vitro

81

. Using a different approach, investigators recently reprogrammed
82

cultured human pericytes with retrovirus-mediated Mash1 and Sox2 to a GABA-ergic neuronal fate .
They corroborated the pericyte origin of this cell by using a cre recombinase under a tissue specific
alkaline phosphatase driver in the mouse. These studies establish that with in vitro intervention, pericytes
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from the brain can contribute to mesodermal and even neurogenic lineages. In vivo, how pericytes might
contribute to the stem cell niche is a completely open question. One study demonstrated that intracellular
calcium release in type B astrocytes/neural stem cells cause them to release ATP and other vasodilating
83

factors which act on purinergic receptors in pericytes to increase blood flow in the SVZ .
The discovery of mesenchymal stem cell potential within the pericyte population raises the
question of whether pericytes are a heterogenous or homogeneous cell type. Within the CNS, studies in
+

82

human brain observed heterogeneity of CD13 and CD146 in PDGFR-β cultured cells . Another study
used a Glast-Cre driver to mark a population of perivascular cells called “Type A pericytes” that
compromise 10% of the pericyte population in the spinal cord but contribute significantly to the formation
84

of scar tissue upon spinal cord injury . Developmentally, pericytes of the CNS were shown to have two
origins in an avian model. In the anterior/ventral forebrain, pericytes originate from neural crest cells,
which compose all the tissue of the vasculature except the endothelial cells in the forebrain, retina, facial
structures, and the meninges covering the forebrain. Within the meninges, pericytes of a mesodermal
origin cover the endothelial cells dorsally and posteriorly, as well as the underlying brain parenchyma.
These two types of pericytes cover mutually exclusive territories and interact at only a few places,
including the Circle of Willis.

The blood brain barrier
Ehrlich and Goodman first observed that water soluble dyes injected into the peripheral
circulation did not stain the brain. Lewandowsky was studying potassium ferrocyannide penetration into
the brain, and first coined the term "bluthirnschranke", or blood brain barrier. The concept of a blood brain
85

and blood CSF barrier therefore arose out of these dye studies . Electron microscopy studies with
horseradish peroxidase by Reese and Karnovsky, and later by Brightman and colleagues, pinpointed
86

endothelial junctions as the key functional component of the barrier . Finally, Stewart and
Wiley addressed the cause of the barrier. Since the developing CNS does not have vascular tissue, they
performed transplants of embryonic quail brain into embryonic chick gut, and vice versa. When invading
abdominal endothelial cells then developed blood brain barrier properties in the transplanted brain, they
86

concluded that blood brain barrier properties are conferred by the home tissue .
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Endothelial cells in the brain are connected by tight junctions and enwrapped by smooth muscle
cells in arteries or pericytes in the microvasculature. At least in vitro, pericytes and endothelial cells are
87

connected by gap junctions . A basal lamina, an electron-dense ECM structure consisting of laminin,
fibronectin, tenascin, collagens, and proteoglycans88, courses on the abluminal side of endothelial cells
and also covers pericytes. Astrocyte end-feet further insulate this complex, and astrocytes in the bloodbrain barrier have gap junctions and adherens junctions between cells as well. Although astrocytes play a
vital role in the formation of the blood brain barrier during embryogenesis, the 20 um gap between
89

astrocyte end feet on the vasculature indicates that they are not barrier-forming in the mature structure .
Neuronal terminals can be found in the blood brain barrier complex, as well (Figure 2A), but their
involvement during vascular development is unclear.

The stem cell niche
We celebrate stem cells for their potential in exogenous therapeutic purposes, but also for their
abilty to protect their endogenous source tissue from homeostatic insults and thereby reveal important
biological principles. But removing these special cells from their microenvironment often strips them of
their sustaining properties. This concept is highlighted by transplantation studies with adult neural stem
cells, which have shown that neurogenic regions promote the generation of neurons even from cells
90

isolated from non-neurogenic regions . Conversely, non-neurogenic regions are largely refractory to
91

neurogenesis .

Thus the concept of a stem cell niche is not only an anatomic one but a functional definition,
as a site that allows stem cells to reproduce or self-renew92. Schofield’s prescient analysis of the
discrepancies between hematopoietic stem cell reports first proposed the idea of a niche:
“To account for these inconsistencies, a hypothesis is proposed in which the stem cell is
seen in association with other cells which determine its behaviour. It becomes essentially
a fixed tissue cell. Its maturation is prevented and, as a result, its continued proliferation
as a stem cell is assured. Its progeny, unless they can occupy a similar stem cell 'niche',
are first generation colony-forming cells, which proliferate and mature to acquire a high
93
probability of differentiation, i.e., they have an age-structure.”

While the necessity of the niche is now a familiar concept, parsing out the contributions of individual cell
types and extracellular components is an area of intense debate. Studies in invertebrates, Caenorhabditis
elegans and Drosophila melanogaster, identified somatic stem cells that anchored the gonadal stem cell
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94

in its niche and prevented its depletion . The idea of a specific cell type as the crucial part of a niche was
supported by emphasizing the osteoblast in the mammalian hematopoietic stem cell, and endothelial cells
in the hematopoietic stem cell and neural stem cell systems

95,96

. However, drosophila intestinal stem cells

require contact with the basement membrane, casting doubt on the idea that the functional part of the
niche is composed of heterologous cell type

97,98

. In addition to its fundamental importance in stem cell

biology, hypotheses about the capacity of tumor niches to maintain or foster malignant cells promote
99

intense study for therapeutic purposes as well .

Blood vessels and their role in stem cell niches
The importance of the vasculature during development as well as in adult stem cell and cancer
cell niches is just beginning to emerge. Vascular niches have been identified for several adult stem cells
including hematopoietic stem cells

100

, spermatogonia

6

adult mouse SVZ	
   and the adult songbird brain

103

101

, adipocyte progenitors

102

, neural stem cells in the

. In the adult rat hippocampus, neurogenic and

angiogenic foci are coupled. Small microvessels terminate in dividing clusters, and interestingly, 40% of
BrdU labeled cells after one hour are endothelial. Reciprocal cell types express factors that affect the
96

opposite cell: endothelial cells are immunoreactive for FLK-1 and astrocytes express endothelin . In
brain tumors, endothelial cells secrete factors that maintain tumor cells in a stem-like state

104,105

. The role

of endothelial cells in stem cell niches is also important in the hematopoietic stem cell niche where normal
endothelial function is required for hematopoiesis in vivo and endothelial cells promote the maintenance
of hematopoietic stem cells in culture

106,107,182

.

Investigating the role of pericytes and/or mesenchymal stem cells with other tissue-specific stem
cells is just beginning. Hematopoietic stem cells reside in a complex niche, but the exact components and
interactions of this microenvironment are still debated. Within this niche, a perivascular nestin

+

mesenchymal stem cell was shown to be important for maintenance of long term reconstituting
hematopoietic stem cell (HSC) in the bone marrow, and for homing of this cell to the niche in a lethally
irradiated mouse

108

. Another study selectively deleted Stem Cell Factor (Scf, also known as KITL) from

many reported components of the niche, such as nestin-expressing perivascular cells, osteoblasts, and
hematopoietic cells. None of these genetic deletions perturbed the abilities or abundance of
hematopoietic stem cells, but deleting Scf from endothelial cells and a different population of perivascular
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cells, leptin receptor-expressing cells, depleted HSCs from the bone marrow, an effect that was
additive

107

. These investigations highlight another instance of perivascular cell diversity and also identify

molecular factors that transduce vascular niche and stem cell interactions.

The SVZ niche
SVZ stem cells reside in a highly specialized and complex niche comprising multiple components.
Recent studies have begun to clarify the 3D structure of this microenvironment

6,7,109

. A planar vascular

plexus resides on the lateral side of the SVZ while multi-ciliated ependymal cells line the ventricular
surface. These two components are thought to correspond to an activated, or proliferating, neural stem
cell vascular niche and a quiescence-promoting ependymal or ventricular niche. Using a whole mount
39

preparation, which reveals the SVZ in its entirety without the need for serial sectioning , it was shown
that the SVZ contains an extensive planar vascular plexus. The SVZ vasculature has unique features that
6

differ from blood vessels in non-neurogenic regions of the brain . Strikingly, both stem cells and transit
amplifying cells directly contact blood vessels at sites that lack astrocyte end-feet, as well as pericyte
coverage. Dividing cells, especially stem cells and transit amplifying cells, are tightly associated with this
vascular plexus. SVZ progenitors also express α6β1 integrin, and blocking this inhibits their adhesion to
7

endothelial cells, affecting their proliferation in vivo . Diffusible tracers injected intracardially also access
the SVZ, unlike other non-neurogenic regions like the cortex. Unlike the hippocampus, the vascular bed in
the SVZ is largely quiescent.
Long branched basal lamina structures, called fractones, extend from perivascular cells in the
SVZ and terminate in large bulb-shaped structures just under the ependymal layer
been proposed to capture growth factors in the SVZ, such as bFGF

111

110

. Fractones have

. Laminin, collagen IV, fibronectin,

syndecan, agrin, and other ECM molecules are expressed in the SVZ, particularly in the vascular niche.
Receptors for these molecules are expressed by neural stem cells, transit amplifying cells, and
34

neuroblasts and are dynamic regulated during regeneration to regulate proliferation . Other ECM
molecules, such as tenascin-C, appear to play a more minor role in SVZ structure and neural stem cell
function

112

. Thus, there are tantalizing hints that the ECM of the SVZ is different than other brain regions

and that these unique structures impact neurogenesis. However, a comprehensive understanding of how
and why these structures exist is missing. In other words, are they embryonic remnants or constantly
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being synthesized? While almost all of these factors are expressed in the vascular niche and did not have
34

noticeable differences in the adjacent striatal tissue , which vascular cells produce these molecules and
how they interact is completely unknown. It is equally possible that modules of ECM factors are singularly
expressed in the SVZ vasculature and/or that the specificity is on the neural stem cell side. Resolving
these two possibilities will contribute substantially to understanding why astrocytes are neural stem cells
in only selective brain regions.
When viewed from the ventricular surface, ependymal cells are arranged in striking pinwheel
structures. A subset of astrocytes extend processes that both contact blood vessels and intercalate
between ependymal cells to contact the ventricle

7,109

. Ependymal cells secrete diffusible factors such as

noggin to create a neurogenic microenvironment (Lim et al., 2000). Furthermore, three recent studies
support the quiescent ventricular niche hypothesis. First, only a few of the type B astrocytes that contact
the ventricle are proliferating

113

. Secondly, type B astrocytes also express VCAM1 selectively on their

end-feet which interdigitate between pinwheels. Disruption of VCAM1 leads to disintegration of the
pinwheel structure, proliferation and depletion of many type B astrocytes, and increases neurogenesis in
the olfactory bulb

114

. Finally, stromal-derived factor 1 (Sdf1) is a niche factor expressed by both

ependymal and vascular niche cells in a U-shaped gradient, with higher levels at the ventricular surface.
High levels of Sdf-1 in the hematopoietic system promote receptor internalization, desensitization, and
quiescence, whereas lower levels encourage proliferation

115

. Accordingly, activated stem cell astrocytes

and transit amplifying cells express the cognate receptor of Sdf-1, CXCR4, and Sdf-1 upregulates both
EGFR and α6β1 integrin in these cells, promoting their migration towards the vasculature. These
expression patterns and results therefore support the idea of two niches

116

.

Other cell types are known to exist in the niche but their roles are not well understood. Microglia
are present in the SVZ and in vitro studies have shown that they secrete factors that are instructive for
SVZ neurogenesis (Walton et al., 2006). Axon terminals from distant brain regions are also found in the
niche

110,111,117

+

. Transit amplifying EGFR cells express dopamine receptors, and tyrosine hydroxylase

+

fibers provide dopamine that stimulates proliferation of transit amplifying cells. D2L dopamine receptor
activation promoted proliferation of neurospheres in vitro, and dopamine denervation in vivo conversely
+

decreased EGFR cell proliferation and the abundance of new neurons in the olfactory bulb
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neurotransmitter GABA affects both the proliferation of neural stem cell astrocytes and the migration rate
of neuroblasts in the SVZ. Neuroblasts express GABAA receptors and release their own GABA but
astrocytes, whose processes ensheath the migrating chains of early neurons, can alter the levels of
GABA by removing extracellular GABA in a GAT4-dependent fashion

119

Nonsynaptic GABA release from

neuroblasts also feeds back on astrocytes to limit their progression through the cell cycle

120

. Thus, the

SVZ niche has adapted the neurotransmitters present in the brain to play roles in stem cell biology as
well.

Diffusible endothelial cell signals affect proliferation and neurogenesis
The identities of factors from endothelial cells that regulate adult neural stem cells are as yet
largely unknown. Members of the vascular endothelial growth factor, VEGF, family can stimulate
neurogenesis as well as angiogenesis and have been investigated. In response to stroke, highly
proliferative stem cell astrocytes can upregulate growth factor receptor mRNA such as VEGFR-3 (Shin et
al 2009) and neuroblasts will divert their migration path to the cortex or striatum and localize to blood
vessels in response to the vascular-derived molecules SDF-1 and angiopoeitin

121-123

. Another co-culture

study with slices of rat neonatal SVZ determined that neural stem cells and differentiated neurons and
glia were expanded by VEGF secreted by endothelial cells
lymphangiogenesis and angiogenesis

125

124

. VEGFR-3 has roles outside the brain in

, but is not expressed in the vasculature of the SVZ. Instead,

VEGF-C, its ligand, is expressed by neural progenitors and acts on VEGFR-3 in an autocrine fashion to
enhance proliferation

126

.

In vitro studies have been widely utilized to address endothelial cell-neural stem cell interactions.
Co-cultures with transwell inserts have shown that diffusible signals from endothelial cells regulate stem
cell self-renewal and neurogenesis

127

. Pigment epithelium derived factor (PEDF) is a candidate factor

produced by endothelial cells, which increases neural stem cell self-renewal in vivo through Notch
signaling. During development, Notch signaling maintains the undifferentiated state of progenitor cells in
various stem cell niches. Mechanistically, PEDF activated non-canonical members of the NF-κB to
facilitate the nuclear export of the transcriptional repressor N-CoR from Notch-responsive
promoters

128,129

. However, as both endothelial cells and ependymal cells produce PEDF in vivo, its

vascular-derived role remains unclear. Recent experiments have suggested that co-culture of SVZ cells in
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direct contact with endothelial cells leads to reduced proliferation due to BMP signaling and may promote
a quiescent state

130

. However, BMPs are known to promote glial differentiation of adult stem cells

131-133

and it is not clear if the reduced proliferation is due to terminal astrocyte differentiation or stem cell
quiescence. Notably, knockdown of BMP, PEDF, or VEGF never completely abolishes the effect of
endothelial cells on SVZ cells. Shen et al specifically tested the ability of EGF, PDGF, CNTF, TGFβ,
IGF1, IL1, IL6, G-CSF, M-CSF, GM-CSF, LIF, BDNF, Steel factor, VEGF and EGF to recapitulate the
effects of endothelial cell co-culture and found that none could duplicate its effect. LIF and VEGF together
increased nestin expressed compared to control cultures but cultures differentiated into predominantly
glia

128,130,134

. However, all of these studies used exogenous growth factors, either FGF2 and/or EGF in the

co-culture media. Their experiments therefore are truly testing the effect of endothelial signals on top of
very mitogenic factors, and whether endothelial factors are proliferative alone is unknown. Reported
effects on neurogenesis could also be acting through EGF and FGF or in isolation. Furthermore, whether
endothelial cells themselves make EGF and FGF that is active in culture is unknown due to these
conditions.
Performing co-culture experiments in this way also precludes knowledge about whether SVZ
endothelial cells possess unique signals (Table 2). Given the distinctive features of the niche, it is
possible that factors released from SVZ endothelial cells may differ from endothelial cells in other brain
regions but very few studies have attempted to investigate if the effects of endothelial cells on neural
stem cells have regional distinctions. Additionally, while pericytes have been known to exist in the SVZ
83

niche, their role was completely unknown until relatively recently . Considering that endothelial cells and
pericytes collaborate to construct the very essence of the blood brain barrier during development, it is
also tempting to propose that they may release a synergistic milieu to affect neural stem cells, but
unfortunately the identity of diffusible signals from pericytes are completely mysterious. Furthermore,
although many of the results described above used a primary endothelial cell to confirm important results,
many findings were based on data using immortalized mouse brain endothelial cells, bend.3

124,130,134-136

.

In human endothelial cells, the highly expressed genes of immortalized endothelial cells were involved in
DNA repair, RNA processing, mitosis and immune/ virus response, probably a consequence of
immortalization with human telomerase reverse transcriptase (hTERT) and the Simian virus (SV40) large
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T antigen (TAg). In contrast, primary cells in culture highly expressed genes involved with metabolic
processes, vesicle transport, endothelial cell migration and differentiation/maturation

137

. These

discrepancies highlight a need for primary vascular cultures, to address questions about the individuality
of brain vascular cells by cell type and region, as well as how these signals interact with one another.
Context specific studies have been performed in reference to stroke. While neural stem cells
cultured with endothelial cells increased neurosphere numbers and altered neuronal and glial morphology
of differentiated cells compared with control cultures, cultures with oxygen-glucose deprived endothelial
cells stimulated chain migration in matrigel compared to controls

136

. Another study determined that

ischemic endothelial cells promoted increased neural stem cell proliferation over control endothelial cells,
and conversely stroke neural progenitor cells promoted tube formation of endothelial cells in a VEGFR-2
dependent manner

138

. It will be important to determine if other endothelial effects on neural stem cells

vary with regional specificity, or how the factors secreted from arteries, capillaries and veins are unique,
and critically how other perivascular cells affect these signals.

Probing vascular diversity using microarrays
Since microarray technology became popular in the mid-2000s, researchers have performed
studies on vascular cells to probe their transcriptome and look for patterns of gene expression that could
correlate with cellular function. Laser-capture of tip cells provided a nice way to look at the gene
expression of this specific cell type

139,140

. Comparing the vasculature among organs has provided useful

information about the blood brain barrier
across organ systems

142

141

, or conversely, to look for a generic endothelial signature

. Since in vitro models of blood brain barrier are increasingly common, a few

groups have looked specifically at aspects of these systems such as the differences of immortalized cell
lines. Interventions like hydrocortisone treatment of in vitro endothelial cells can help restore an in vivo
phenotype

137,143

. Finally, because angiogenesis is a critical step of malignancy, others have turned to this

technology to look for tumor-specific vascular markers for therapeutic purposes

144-146

. Unfortunately,

many of these studies use markers that pool endothelial cells and other perivascular cells, precluding a
consideration of cell-type specific distinctions. Furthermore, while organ-specific vascular studies are
useful, an organ such as the brain likely has significant heterogeneity itself, with multiple regions of
greatly varying function and vascular morphologies.
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Pericyte microarray studies are even more scarce, and experiments almost always use a mixed
74

vascular cell source for RNA in the fat tissue , the brain
does not label all pericytes

107

72,141

, or a label like Scf-1 in the bone marrow that

. A transcriptional profile that includes all pericytes without contaminating

cells would be very insightful for pericyte biology. Furthermore, using microarrays as a tool to investigate
interactions with stem cells has only been performed in the bone marrow

107

.

Introductory conclusions
Conceptually, our understanding of the heterogeneity of brain vasculature lags far behind studies
of brain parenchyma, certainly of neurons, but astrocytes as well

147

. While specific neuron morphologies

in distinct brain domains have been known since the time of Santiago Ramon y Cajal, endothelial cells
are more homogenous morphologically, except in the case of angiogenesis. With new molecular tools, it
is easier to dissect their heterogeneity. Given that CNS vasculature is highly stereotyped among
members of the same species, it is reasonable to expect that there are specific spatial and temporal cues
in neurovascular development; work in this area is nascent but progressing. This idea corresponds nicely
with our growing appreciation of neural stem cell diversity as well. In the future, considering brain
vasculature not as a homogenous highway but as a dynamic platform with flexibilities to adapt itself
functionally to specific brain regions will produce critical insights in our goals towards greater brain
plasticity.
Flow cytometry has already proved itself an invaluable tool for the study of multiple cell types
including stem cells and other brain cells. Finding sensitive and specific cell surface markers and/or
faithful reporters of internal proteins along with considerations of cell viability and purity are the most
substantial concerns. Applying this technology to the study of brain vascular cells is a powerful way to
move forward with in vivo, in vitro, or in silico experiments to address a variety of questions about neural
stem cell biology, neurovascular coupling, barrier functions, and other topics.
In neural stem cell biology, in vitro studies have been key informants of functional properties. As
the therapeutic potential of these cells becomes more tangible, in vitro experiments with contextually
appropriate cues will be the most informative. Particularly, evidence for the superiority of primary cells in
culture is mounting, and techniques to modify them for better in vitro function will be very useful in this
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regard

148

. As the scientific community dissects with precision the temporal and cell-type interactions,

using saturating amounts of generic exogenous growth factors could become a historical note.
A well-designed and controlled microarray study can launch multiple consecutive experiments,
when studying a relatively obscure cell type like pericytes. While their critical function in the formation of
the blood brain barrier is now established, their function in adult tissue is controversial. For example, their
position and superficial similarities to smooth vascular cells would imply that they might serve a
contractile function, but this idea has not been proven. In mammals, their developmental origins in the
CNS in mammals are still completely unknown, as well. Understanding their lineage, both in
embryogenesis and in adult homeostasis, will provide key gains, particularly in the diseases in which
they’ve been implicated.

Summary of results chapters:
Chapter 2: Diffusible signals from transformed endothelial cell lines have been shown to increase
8

survival, proliferation and neurogenic differentiation of SVZ neural stem cells and their progeny in vitro .
However, the effect of primary endothelial cells is unknown, and previous studies have not elucidated
whether vascular signals from neurogenic and non-neurogenic regions are different, or act on specific
stages of the neural stem cell lineage. Moreover, the role of pericytes in the SVZ stem cell niche has not
been defined. Here we describe a FACS methodology to isolate pure, primary endothelial cells and
pericytes from neurogenic and non-neurogenic brain regions and perform studies in vitro to examine their
effect on distinct stages of the SVZ neural stem cell lineage. Activation of quiescent stem cell astrocytes
and survival of SVZ neural stem cell lineage populations were not affected by primary endothelial or
pericyte signals. However, primary endothelial cells and pericytes from both cortex and SVZ support
proliferation and neurogenic differentiation of activated stem cell astrocytes and transit amplifying cells in
the absence of any exogenous growth factors. Furthermore, primary endothelial cell signals exert a much
more potent effect on proliferation of activated stem cell astrocytes and transit amplifying cells than
bend.3, a commonly used transformed endothelial cell line. From both cortex and SVZ, pericytes
promoted the generation of more neurons per total cells than endothelial cells during differentiation. The
involvement of pericytes in SVZ neural stem cell proliferation and differentiation is completely novel.
Moreover, these results suggest that endothelial cells may be especially enriched in secreted factors that
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enhance proliferation, while pericyte-derived signals promote neuronal differentiation. Preliminary
microarray experiments reveal that bend.3 transformed endothelial cells cluster outside of primary
endothelial cells and pericytes, confirming their foreign nature. These data also provide a tool for future
investigations of reciprocal ligands and receptors.
Chapter 3: Very little is known about molecular vascular diversity in the brain. Using our FACS
protocol to purify both endothelial cells and pericytes in specific brain regions, we observed multiple
different in vitro phenotypes of pericytes. After a month, both cortex and SVZ pericyte cultures were
dominated by a particular rapidly proliferating cell with a progenitor morphology. We were able to serially
passage this cell and perform preliminary confirmation of its mesenchymal stem cell properties.
We then turned to mesenchymal stem cell markers to identify pericyte subpopulations. Novel
pericyte subpopulations could be prospectively purified from both the cortex and SVZ using CD13,
+

-

-

CD146, and CD105. Interestingly, CD13 CD105 CD146 pericytes were the most proliferative population
from both the SVZ and cortex, but only those from SVZ could be passaged. Staining with these markers

in vivo demonstrated specific morphologies and staining patterns on different sized vessels in the SVZ.
Large, medium, and small vessels have different distributions of pericyte subpopulations. Furthermore,
+

we show that laminin fractones arise from pericytes. As an endothelial marker, CD146 displayed different
patterns of staining on different sized vessels, and stained nascent vessels that lacked a basement
+

membrane. While the SVZ vascular bed is largely quiescent, we detected rare CD146 tip cells. These
studies identify useful markers to probe vascular diversity in the brain, and begin to elucidate functional
consequences for distinct endothelial cells and pericytes.
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Chapter 2: A FACS purification strategy to study the role of the
perivascular niche on neural stem cells and their progeny
	
  

Introduction
1

Stem cells reside in specialized niches that support their self-renewal and differentiation . A
balance between intrinsic and extrinsic signals mediates stem cell quiescence, activation and
proliferation. The vasculature constitutes a critical component of the niche in multiple stem cell systems,
including spermatogonia

101

, adipocyte progenitors

102

, and hematopoietic and neural stem cells

6,7,40,100

.

The vascular niche can also be subverted in pathologic situations, as endothelial cells secrete factors that
maintain tumor cells in a stem-like state in gliomas

104,105

. Defining the different components of the niche is

central to understanding the regulation of stem cells under homeostatic conditions and conversely how
these signals are lost or perturbed during aging and tumorigenesis.
Stem cells in the adult mammalian brain continuously generate new neurons in two regions, the
subgranular zone (SGZ) of the hippocampus and the subventricular zone (SVZ) of the lateral ventricle. In
+

the mammalian subventricular zone (SVZ), the stem cells are a subset of GFAP astrocytes
+

+

21,149

.A
+

quiescent pool of GFAP stem cell astrocytes generates activated (actively dividing) GFAP EGFR stem
5

+

cell astrocytes . These in turn generate EGFR transit amplifying cells, which give rise to neuroblasts that
migrate to the olfactory bulb.
While vascular niches are present in both adult neurogenic regions, they are fundamentally
different. In the brain, most endothelial cells are connected by tight junctions and enwrapped by smooth
muscle cells in arteries or pericytes in the microvasculature. A basal lamina, an electron-dense ECM
structure, courses on the abluminal side of endothelial cells and also covers pericytes. Astrocyte end-feet
further insulate this complex, and neuronal terminals can be found there, as well (Figure 2A). In the SGZ,
96

neurogenesis is coupled with angiogenesis . In the SVZ, the vascular bed is largely quiescent. SVZ stem
cells and transit amplifying cells directly contact blood vessels at sites that lack glial end feet and pericyte
6,7

coverage, a feature unique to SVZ vasculature (Figure 1). Moreover, in the SVZ, unique basal lamina
structures called fractones extend from the vessels and capture growth factors
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In vitro and in vivo, diffusible signals from endothelial cells have been shown to play important
roles in homing, proliferation, and differentiation of neural stem cells and their progeny

7,124,128,129

.

However, almost all of these studies have used transformed endothelial cell lines or primary endothelial
cells from a heterotypic organ or species as well as exogenous growth factors in the medium (Table 2).
Using primary cells in in vitro cultures, important physiologically relevant findings can be elucidated, such
as the pro-neurogenic effect of endothelial cells activated by ischemia on neural progenitor cells in a
stroke model

136,138

. Whether the vasculature is different in neurogenic and non-neurogenic areas is

unknown. Furthermore, previous studies have not elucidated whether vascular signals act on specific
stages of the neural stem cell lineage.
Pericytes are just emerging as key players in neural biology; major findings have recently
implicated these cells in development, pathology, and new possibilities for brain repair. During
development, pericytes are required for formation of the blood brain barrier and regulate the endothelial
73

expression of specific blood brain barrier genes . Conversely, pericyte loss procedes neuronal loss in a
model of Alzheimer’s disease during aging

75,76

. However, the role of pericytes in the neural stem cell

niche is unknown.
To study the vasculature, previous methods have utilized harsh and time-consuming isolation
protocols combined with immunopanning or selective culture techniques

150

. These methods obtain

cultures with mixed vascular cells and require a large amount of starting material (Table 1). Fluorescence
activated cell sorting (FACS) presents an alternative approach to isolate and compare the effects of SVZ
and cortical vascular cells on purified SVZ neural lineage populations. FACS has emerged as a powerful
method to isolate pure populations of cells with organ specificity or even regional specificity within an
55

6,7

organ . Morphological distinctions between SVZ and cortical blood vessels have been observed .
Studying the vasculature with FACS may then begin to dissect the cellular and molecular distinctions
between cortex and SVZ and progress toward understanding their functional consequences.
Here we describe a FACS methodology to isolate pure, primary endothelial cells and pericytes from
neurogenic and non-neurogenic brain regions and perform studies in vitro to examine their effect on
distinct stages of the SVZ neural stem cell lineage. Primary endothelial cells from either cortex or SVZ
support proliferation and neurogenic differentiation of activated stem cell astrocytes and transit amplifying
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cells in the absence of any exogenous growth factors. Moreover, their signals are more potent than those
secreted from the immortalized bend.3 endothelial cell line. We also found that diffusible pericyte factors
promote proliferation of activated stem cell astrocytes and transit amplifying cells; the involvement of this
cell type in SVZ stem cell proliferation is completely novel. Strikingly, activated stem cell astrocytes and
transit amplifying cells generate proportionally more neurons in response to pericyte conditioned medium
than other conditions, and SVZ pericyte signals are particularly potent on activated stem cell astrocytes.
Proliferation of activated stem cell astrocytes and transit amplifying cells with primary cortical endothelial
signals was shown to depend on EGFR in vitro. In addition to elucidating novel roles of vascular cells in
the SVZ niche, this protocol offers a flexlble and powerful platform to obtain pure and contextually precise
cells for future experiments in other brain regions or stem cell niches.

Methods
Immunostaining. The Columbia University Institutional Animal Care and Use Committee approved
all protocols involving the use of experimental animal in this study. SVZ whole mount preparations were
39

prepared as described previously . 40um thick vibrotome coronal sections were also immunostained.
Tissue was blocked for one hour at room temperature in 10% donkey serum in 0.5% TritonX (Sigma). All
primary antibodies were incubated at 4°C in 10% donkey serum in 0.5% TritonX in 1X phosphate
buffered saline (PBS) for two nights, washed at room temperature in 1X PBS over two hours, followed by
a two hour incubation with the secondary antibody for unconjugated antibodies in 0.5% TritonX in 1X
PBS, followed by three more washes in 1X PBS. Primary antibodies: rat anti-mCD13 (abcam, 1:500),
-

Phycoerythryn (PE)-conjugated rat anti-mCD31 (BD Biosciences, 1:50), rabbit anti-mPDGFR β (Cell
Signaling Technologies, 1:200), rabbit anti-mLaminin (Sigma, 1:200), rabbit anti-mNG2 1:200 (Millipore),
rabbit anti-mKi67 (abcam, 1:500) and allophycoerythrin (APC) conjugated rat-anti-mCD146 (BD
Biosciences, 1:50). Whole mounts or sections were mounted and imaged on a Zeiss 510 confocal
microscope in Zstacks.
Purification of primary perivascular cells with fluorescence activated cell sorting. The cortex and
SVZs of CD-1 two month old male mice (Charles River) were microdissected in 2% FBS in 1X PBS and
separately processed; for each experiment, we used 10 mice to obtain SVZ samples and one mouse for
the cortex. For cortical samples, the meninges were removed with a fine tweezer. Tissue was minced with
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a scalpel and digested with collagenase/dispase (3 mg/ml) (Roche) for 30 minutes at 37°C with rotation,
triturated in 2% FBS in 1X PBS with DNase (0.25 mg/ml), and centrifuged through 22% Percoll to remove
myelin. The samples were incubated on ice for 15 minutes with Fluorescein isothiocyanate	
  (FITC)conjugated rat-anti-mCD13 (BD Biosciences, 1:20) to label pericytes, allophycoerythrin (APC)-conjugated
-

rat-anti-mCD31 (BD Biosciences, 1:50) to label endothelial cells, PE-conjugated rat anti mCD45 (BD
Biosciences, 1:200) and PE-conjugated rat anti-mCD41 (BD Biosciences, 1:200) to exclude blood cells,
megakaryocytes and platelets. After washing, samples were resuspended in HBSS buffer with DAPI
(Sigma 1:500) to exclude dead cells. Cells were sorted using a Becton Dickinson FACS Aria using 13 psi
pressure and 100um nozzle aperture. All FACS gates were set using unlabeled cells and single color
controls from WT CD-1 mice. Dead cells and doublets were removed from the analysis. The actual
cell/ratio was determined by counting 100 events and counting the number of Vybrant dye positive cells.
To determine survival, cell were stained with Vybrant dye at 24 hours, and the percentage of live cells
based on the number of actual cells after FACS.
To perform acute immunostaining, approximately 1,000 purified cells were plated in 16-well
-

chambered dishes (Lab Tek) coated with collagen (Stem Cell Technologies) in EGM-2 (Lonza) endothelial
medium. Dishes were spun down immediately after plating, and fixed with 3.2% PFA after 2-3 hours. For
long-term cultures, cells were fixed after two weeks. Cells were immunostained with rat anti-mCD31-PE
(BD Biosciences, 1:50) and mouse anti-mCD105 (abdserotec, 1:50), or rat anti-PDGFRβ (ebiosciences,
1:100) and rat anti-mCD13-PE (BD Biosciences, 1:20). Secondary only controls were performed on acute
immunostainings.
+

-

-

qPCR of primary perivascular cells. After FACS, approximately 20,000 CD31 CD13 CD41 CD45
-

+

-

-

-

and CD31 CD13 CD41 CD45 cells from the cortex or the SVZ were collected and spun down in one well
of a 96 well qPCR plate. Pellets were resuspended in 4ul of Prelude Direct Lysis Buffer (NuGEN) and 1 ul
of this solution was added directly to WT-Ovation™ Pico RNA Amplification System (NuGEN). cDNA was
purified (Qiagen MinElute Reaction Clean-up Kit) before performing qPCR. The quality of each sample
was assessed by performing qPCR for housekeeping genes (b-actin, HPRT, GAPDH), cell-type specific
genes, (CD31 and Glut1 for endothelial cells; PDGFR-β and desmin for pericytes) and GFAP to exclude
astrocyte contamination. qPCR was performed in duplicate using SYBR green on a Stratagene MX3000
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thermocycler (Applied Biosystems) with the following program: 1. 1 cycle at 95°C 10 minutes; 40 cycles
for 95°C for 5 seconds (2) and 60°C for 20 seconds (3); 4. 95°C for 1 minute 5. 55°C for 30 seconds 6.
95°C for 30 seconds.
-

The relative expression of the genes was determined using the 2^ ΔΔCt equation.
Primer Sequences used for endothelial cell and pericyte validation by qPCR
Gene

Forward Primer Sequence (3’-5')

Reverse Primer Sequence (5’-3')

b-actin

TGAGAGGGAAATCGTGCGTGACAT

ACCGCTCGTTGCCAATAGTGATGA

Glut1

CAGCAGCAAGAAGGTGACGGGC

CCGAACTGCAGTGATCCGAGCA

CD31

AGCCACAGAGACGGTGTACAGTGA

GGGACGTGCACTGCCTTGACT

vWF

TGTCCCCCAGGCATGGTCCG

CTCCCGGGGCGTACTCTGCA

Zo1

AGCCCGTGGAGCTACGCTTG

TTAGGGTCACCCGACGAGGAGT

GFAP
PDGFR-β

GCTTCAAGGAGACACGGGCG
CGGCGCTGGCGAGTTAGTTTT

AGCTGCCAGCGCCTTGTTTT
CACCTACTTTTGAGGTCTCTGCAGG

Desmin

GGGCGAGGAGAGCAGGATCAAC

AGAACCCCTTTGCTCGGGGCT

Nestin

GGGCCCAGAGCTTTCCCACG

GGGCATGCACCAGACCCTGTG

Abcc9

TGCTTCCATCGACATGGCCACG

ACACGGTGAGCTATGGTTACGACC

Culture of FACS purified perivascular cells: Endothelial cells or pericytes from the cortex or SVZ
were pooled from 4-6 FACS experiments and cultured in EGM-2 media (Lonza) on collagen-coated wells
for 2-3 weeks before obtaining conditioned media. Cells were washed with 1X PBS prior to adding
neurosphere medium [(DMEM/F12 media (Invitrogen): N2 (1X final concentration, Gibco), B27 (1X final
concentration, Gibco), glucose (0.6% final concentration, Sigma), L-glutamine (2 mM final concentration,
Invitrogen) Insulin-Transferrin-Selenium (1.72 mM insulin final concentration, Invitrogen), Hepes (15 mM
final concentration, Invitrogen), and Antibiotic/antimycotic (1X, Gibco)], without growth factors.
Conditioned medium was harvested after 24 hours and added to SVZ cells. This was repeated every 2-3
days for the duration of the experiment. Neurosphere media without growth factors or with EGF (20ng/ml)
served as negative and positive controls, respectively.
FACS purification of SVZ cells: The SVZs from 2 month old GFAP-GFP mice, which express GFP
under the control of the human GFAP promoter (Zhuo et al., 1997), or wild type CD-1 mice (Charles
River), were dissected and dissociated as previously described (Pastrana et al., 2009). Cells were
-

incubated for 15 minutes with PE-conjugated rat anti mCD24 (BD Pharmingen 1:100), Alexa647complexed EGF ligand (1:300, Molecular Probes) and biotinylated rat anti-mCD133 (1:20, eBioscience).
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After washing, samples were incubated with Streptavidin PE-Cy7 conjugate (1:1000, BD Biosciences) for
CD133 staining. DAPI (1:500; Sigma) is added to the cells prior to sorting to exclude dead cells. Cells
were sorted using a Becton Dickinson FACS Aria using 13 psi pressure and 100µm nozzle aperture. All
FACS gates were determined using unlabeled CD1 SVZ cells as well as multiple color controls. Dead
cells and doublets are excluded from the analysis.
Conditioned media experiments Quiescent neural stem cells (GP) cells were plated at a density
of approximately 300 cells per well of a 16 well chambered dish (Lab-Tek) coated with 500 ug/ml poly-D
lysine (Sigma) and 10 ug/ml fibronectin (Sigma). Activated neural stem cells and transit amplifying cells
were plated at approximately 70 cells/well. Single cell activated stem cell astrocyte experiments were
performed by plating 1 event/well in 20 wells per condition on poly-D lysine and fibronectin. Efficiency was
determined by counting 100 events with vybrant dye to assess cell/event ratio at the time of plating. Fresh
-

conditioned media was added every 2 3 days for the duration of the experiment. To measure survival,
+

cells were fixed one day after plating and the number of DAPI nuclei counted. To assess activation of
quiescent stem cells, cells were fixed after 4 days. Activated quiescent neural stem cells were
determined by DAPI-stained nuclear size and nestin staining (see text). To assess proliferation, cells
were fixed after 7 days or 12 days (single cell experiments) and immunostained for GFP, nestin, and
Tuj1. The dilutions of primary antibodies were as follows: sheep anti-GFP (Ab Serotec, 1:200) to identify
neural stem cells and confirm that no perivascular cells were transferred with conditioned media, mouse
anti-nestin (Developmental Hybridoma Studies Bank, 1:1) to assess activation, and rabbit anti-Tuj1
(Covance 1:500) to mark neurons. All cells were counted in all wells. For differentiation experiments, SVZ
cells were cultured with conditioned medium or neurosphere medium with EGF or neurosphere medium
alone for 10 days, then switched to neurosphere medium alone for 5 days. Cultures were fixed and
immunostained with rabbit anti-GFAP (Dako, 1:1000) for astrocytes, mouse anti-O4 (Millipore, 1:1000) for
oligodendrocytes and mouse anti-TuJ1 (Covance 1:200) for neurons. O4 staining was performed on live
cells for 30 minutes at 37C before fixation. All other staining conditions were as described above for
whole mounts, except that primary antibodies were only incubated one night. We also counted all primary
co-culturing vascular cell types and bend.3 cells at the end of each experiment to ensure that effects were
not due to increased cell numbers.
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Inhibitor experiments. For EGF inhibitor experiments, AG99 (Calbiochem) was added to
conditioned media from cortical endothelial cells. Experiments with neurosphere media with EGF (20
ng/ml) and AG99 were performed in parallel. Conditions with no AG99 contained DMSO at the highest
concentration as a control. Cultures with AG99 were fixed after 7 days in vitro and the number of
+

+

GFP nestin cells counted.
Analysis and Quantification: Cells were imaged on a Zeiss Axiovert 200M microscope. The total
number of cells and their phenotype were quantified per well. All experiments were performed at least
three times with three wells per condition and statistical analysis performed by ANOVA to determine
significance followed by the student’s t-test on pair-wise comparisons.
Microarray experiments. cDNA from SVZ and cortical endothelial cells and pericytes was
obtained as described above for qPCR analysis. For bend.3 cells, total RNA was isolated and used in
WT-Ovation™ Pico RNA Amplification System (NuGEN). 5ug of cDNA from primary or bend.3 samples
was biotinylated and fractionated (NuGEN Encore Biotin Module) and hybridized to mouse 430.2
microarrays (Affymetrix). Expression analysis was analyzed using Genespring software.

Results
Immunostaining with CD31 and CD13 in the SVZ and cortex reveals region-specific
vascular features. Platelet endothelial cell adhesion molecule (PECAM-1), or CD31, is expressed by
67

endothelial cells and other cell types , and alanyl-aminopeptidase, or CD13, is expressed in cerebral
70

pericytes . To validate that these two surface markers could be used to mark pericytes and endothelial
cells in the SVZ and cortex, we performed immunostaining in whole mounts and sections with
combinations of CD31, CD13, Beta-type platelet-derived growth factor receptor (PDGFR-β), a marker of
pericytes

151

. CD13 and PDGFR-β co-labeled CD31- perivascular cells in both the cortex (Figure 2) and in
+

the SVZ (Figure 3). CD31 endothelial cells were clearly visible underneath pericyte soma (Figure 2 and
3). As further confirmation, we performed immunostaining of NG2, a surface proteoglycan, and CD13 in
SVZ whole mounts. NG2 is expressed in pericytes as well as oligodendrocyte precursors in the brain. We
+

found that NG2 and CD13 co-labeled perivascular cells and were clearly distinct from NG2 CD13oligodendrocyte precursors in the brain (Figure 4).
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These stainings confirmed that CD31 and CD13 were cell surface markers that could be used to
label endothelial cells and pericytes, respectively, in both SVZ and cortex. The ratio of pericytes to
endothelial cells has been reported to be approximately 1:3 in the brain and as low as 1:10 in other
organs

152

, but sub-regional differences in the brain are not known. Since our tissue preparation allowed

us to examine pericyte abundance in two different CNS vascular beds, we counted the number of pericyte
soma per millimeter of vasculature, determined with CD31 staining (Figure 5). In the SVZ and cortex, this
revealed that the SVZ had greater pericyte abundance with 11.7 pericytes/mm of vasculature as
compared to 7.3 in the cortex (p<0.02).
Isolation of endothelial cells and pericytes by FACS from the SVZ stem cell niche and
cortex. To define the functional effect of different perivascular cell types on purified SVZ neural stem cells
and to compare neurogenic and a non-neurogenic perivascular cells, we optimized an efficient method to
purify primary perivascular cells from the SVZ and cortex using CD31 and CD13 in FACS (Figure 6).
Previous approaches to isolate perivascular cells in the brain have involved a combination of tissue
chopping and homogenization to dissociate the tissue, with collagenase/dispase digestion. To obtain
microvessel fragments, these methods used a dextran gradient, or successive filtrations. Finally, the cells
were isolated with immunopaning or selective culturing or passaging. To obtain endothelial cells and
pericytes from a small area like the SVZ, we found that these approaches were ineffective.
Homogenization killed many perivascular cells, critically decreasing the yield. Dextran ultracentrifugation
resulted in a pure pellet but many cells were lost, and we wanted a more precise method to obtain pure
populations of vascular cells. Therefore, we finely dissected and minced SVZ and cortical tissue. For
5

digestion, we first tried papain, a cysteine protease used in other FACS protocols . However, papain
digested CD31 in a time-dependent fashion and CD13 pericytes were completely absent (Figure 7). Thus,
we utilized a combination of collagenase and dispase, a neutral protease, for 30 minutes. To achieve a
single cell suspension, we triturated the digested solution with DNase, and used a 22% Percoll spin to
remove myelin. We stained with CD45, (also known as PTRTC), a pan-leukocyte marker, to eliminate
blood cells. We included CD41 (also known as ITGA2B) in the same channel to exclude megakaryocytes
-

+

and platelets, which are CD45 CD31 . We used an antibody against CD13 to label pericytes and CD31 to
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label endothelial cells (Figure 8H). After washing, samples were resuspended in HBSS buffer with DAPI
(1:500 Sigma) to exclude dead cells.
To isolate cortical and SVZ endothelial cells and pericytes, we first set all FACS gates using
controls (data not shown). After excluding debris (Figure 8A), doublet cells (Figure 8B), dead cells (Figure
+

+

+

-

+

8C), and CD41PE and CD45PE cells, we obtained two clearly distinct CD31 CD13 and CD13 CD31
+

-

-

populations, corresponding to endothelial cells and pericytes. In the cortex and SVZ, CD31 CD13 cells
+

-

comprised 6.0% and 3.4% of total cells respectively and CD13 CD31 cells comprised 1.6% and 1.2% of
total cells respectively (Figure 8D and E). As such, the ratio of pericytes:endothelial cells is greater in the
SVZ (1:2.8) than the cortex (1:3.7) (p<0.001) (Figure 8G). Importantly, these data were in agreement with
our earlier result that the abundance of pericytes on a given blood vessel is greater in SVZ than cortex.
To determine the purity of FACS-purified endothelial cells and pericytes, we performed acute
immunostaining, qPCR analysis, and immunostaining of long-term cultures. CD105, or endoglin, is a
marker of endothelial cells
+
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. By acute immunostaining, 99.2% and 97.3% of DAPI-labeled endothelial
+

+

+

cells were CD105 and CD31 respectively in the cortex, and 99.3% CD105 and 97.7% CD31 in the
SVZ (Examples shown in Figure 9A-D; quantification in E). Similarly, 98.8% and 97.7% of DAPI-labeled
+

+

+

pericytes were PDGFR-β and CD13 respectively in the cortex, and 96.3% and 96.3% PDGFR-β and
+

+

CD13 in the SVZ. (Examples shown in Figure 10A-D; quantification in E). No pericytes were CD31 , nor
+

were any endothelial cells PDGFR-β .
Second, we performed qPCR for endothelial (CD31, Glut1) and pericyte markers (PDGFR-β,
desmin) on three independent biological replicates of purified endothelial cells and pericytes. Endothelial
cells are enriched for CD31 and Glut1 but not PDGFR-β or desmin, whereas pericytes were enriched for
PDGFR-β and desmin
+

151

but not CD31. GFAP was expressed by neither cell type (Figure 11A-E).

-

+

-

Therefore, CD31 CD13 cells correspond to endothelial cells and CD13 CD31 cells are pericytes. These
data confirmed that we have developed a rapid protocol for isolation of endothelial cells and pericytes
from small brain regions with high purity.
Finally, we analyzed the properties of the purified cells in culture. We determined that
approximately 40% of cortical, and 30% of SVZ, endothelial cells and pericytes survived after 24 hours in

vitro (Figure 12A and B). After two weeks in culture, individual endothelial cells developed a beautiful, flat
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fan shape and formed a monolayer with a characteristic cobblestone morphology (Figure 12C)

154

.

Pericytes, in contrast, possessed small, irregularly shaped soma that protruded up from the dish with
intricate and multiple processes that crossed over one another (Figure 12D), as previously described

155

.

CD31 immunostaining of endothelial cells revealed strong, jagged staining of all cells at intercellular
contacts and weak staining throughout the cell surface (Figure 12E). All pericytes expressed PDGFR-β
(Figure 12F).
In summary, we have developed an efficient FACS purification strategy to rapidly separate
vascular cells from specific brain regions in approximately six hours. Beginning with ten SVZs and one
cortex, this procedure allows the isolation of approximately 20,000-40,000 pure endothelial cells and
10,000-15,000 pericytes in culture after one experiment. This procedure offers many advantages for
studying the unique properties of the vascular cells in a small region such as the SVZ.
Effects of region and cell-type specific vascular conditioned media on neural stem cells
and transit amplifying cells. In vitro studies with endothelial cells and neural stem cells have led to
important insights about the role of vascular factors in neural stem cell survival, proliferation and
differentiation. However, the use of transformed endothelial cell lines and exogenous growth factors in
these cultures hampers their interpretation. Moreover, the effect of endothelial cells on specific stages of
the neural stem cell lineage is unknown. We recently developed a simple strategy combining three
markers that allowed us to purify cells at each stage of the SVZ lineage directly from their in vivo niche in
a single sort. By combining a fluorescently conjugated EGF-ligand and an antibody against CD24 in
GFAP-GFP mice, which astrocytes express GFP under the GFAP promoter (Zhuo et al 1997), activated
+

+

+

+

stem cell astrocytes (GFP EGFR ), transit amplifying cells (EGFR ) and neuroblasts (CD24 ) can be
5

simultaneously isolated . By including prominin, or CD133, into this procedure we are for the first time
+

+

+

able to separate quiescent neural stem cells (GFP CD133 ) from niche astrocytes (GFP ) (Figure 13).
Quiescent stem cell astrocytes do not express nestin, or markers of the cell cycle such as Ki67 or
minichromosome maintenance complex component (MCM2) (Codega et al, in revisions). In vitro,
quiescent stem cells are characterized by a small, condensed nucleus. Quiescent stem cells rarely give
rise to neurospheres or adherent colonies and do so with much smaller kinetics than activated stem cells.
Quiescent stem cells undergo a characteristic set of morphological and molecular changes as they

	
  

32	
  
	
  
become activated in vitro. First, their nucleus decondenses, and the cell size increases. They then turn on
nestin, MCM2 and EGFR, elaborate processes, and begin to divide rapidly. In contrast, the activated
stem cell astrocytes and transit amplifying cells are very proliferative in vivo and vitro with exogenous
growth factors like EGF and FGF2. (Figure 13C, Codega et al, in revisions). The ability to isolate distinct
stages of the SVZ neural stem cell lineage provides a powerful method to directly test the effect of factors
from vascular cells on specific stages of the neural stem cell lineage.
To determine the effect of primary endothelial cells and pericytes on SVZ neural stem cells, we
plated the quiescent and activated stem cell astrocytes and transit amplifying cells and added conditioned
medium from cortical or SVZ endothelial cells or pericytes or bend.3 immortalized endothelial cells.
Importantly, these cultures were done in the absence of exogenous growth factors such as EGF or FGF2.
This medium had been conditioned for 24 hours. We also tested the effects of neurosphere medium
alone (negative control) or neurosphere medium with exogenous EGF (positive control). We designed
these experiments to examine five separate parameters in culture (Figure 14): survival, activation of
quiescent neural stem cells, proliferation, and differentiation.
Primary endothelial cell signals are significantly more proliferative than bend.3
conditioned medium. While previous studies have determined that diffusible factors from endothelial
cells influence important behaviors of neural stem cells and their progeny, almost all of these studies
were performed with transformed endothelial cell lines or heterotypic endothelial cells and exogenous
growth factors. Using our FACS-isolated cortical and SVZ endothelial cells, we performed conditioned
medium experiments to determine the effect of primary vs bend.3 endothelial cell factors on SVZ neural
stem cells. Moreover, we compared the effect of signals from cortical and SVZ endothelial cells.
+

First, we assessed survival by counting DAPI cells after 24 hours in vitro. Neither primary nor
bend.3 diffusible endothelial factors improved the survival of quiescent or activated stem cell astrocytes or
transit amplifying cells after 24 hours in vitro over control conditions with neurosphere medium with or
without growth factors (Figure 15). Second, we evaluated the activation of quiescent neural stem cells by
+

counting nestin cells with a large nucleus after four days in vitro. At this time point, approximately one
clone was activated per well, and no endothelial condition significantly affected their activation or
proliferation over neurosphere medium alone (Figure 16).
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To assess the effect of endothelial factors on the proliferation of distinct stages of the neural stem
cell lineage, SVZ cells were fixed and stained for GFP, nestin, and Tuj1 (Figure 17). Endothelial cells did
not promote the proliferation of quiescent stem cell astrocytes. In contrast, both activated stem cell
astrocytes and transit amplifying cells responded robustly to endothelial conditioned media, and activated
stem cell astrocytes produced the most cells. In our hands, bend.3 conditioned medium significantly
promoted the proliferation of activated populations over control conditions with neurosphere medium
alone, producing 3.8-fold more cells per well on average from activated astrocytes and 10.1-fold more
cells from transit amplifying cells (p<0.05, p<0.03, respectively). Strikingly, both SVZ and cortical primary
endothelial signals elicited a much greater proliferative effect than bend.3 signals on activated stem cell
astrocytes (p<0.05, p<0.04), increasing proliferation by 36- and 59-fold over neurosphere medium alone,
but not significantly differently from one another (p=0.15). While the proliferative effect of SVZ endothelial
conditioned medium was not superior over bend.3 on transit amplifying cells, cortical endothelial signals
were the most potent on transit amplifying cells, significantly more so than either bend.3 (p<0.05) or SVZ
primary endothelial cells (p<0.03), producing 12-fold more cells than neurosphere medium alone.
Morphologically, conditioned media from primary cortical or SVZ endothelial cells produced activated
+

+

+

neural stem cell colonies with large, flat, nestin astrocytes, and nestin Tuj1 immature neurons started to
appear after 7 days in culture. bend.3 diffusible signals had a similar phenotypic effect but the colonies
were on average smaller (Figure 17A-C).
We next used single-cell conditioned medium experiments to determine whether primary
endothelial conditioned medium increased the number of cells produced by activated stem cells by
recruitment of additional cells to divide or by additional stimulation of proliferating clones (Figure 18). We
also tested neurosphere medium with exogenous EGF as a positive control. In this assay, no additional
activated stem cell astrocyte clones were recruited by any type of endothelial conditioned medium
compared to exogenous EGF (Figure 18G). However, we observed two types of activated stem cell
astrocyte clones: one that produced thousands of cells, and another that produced hundreds (Figure
18E). The percentage of large clones produced by SVZ and cortical endothelial conditioned medium was
exactly the same (18% of colonies, 2/11), but the colonies produced by cortical diffusible signals were
larger than SVZ (average 2747 versus 1811 cells/colony). EGF promoted 57% (4/7) clones to produce
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>1,000 cells, whereas no large colonies were produced with bend.3 conditioned medium. Among smaller
colonies, cortical conditioned medium was the most proliferative, producing on average 256 cells per
clone versus 138 in SVZ (p<0.02) and 31 in bend.3 (p<0.05 with SVZ and p<0.001 with bend.3) (Figure
+

18E). Interestingly, Tuj1 cells also appeared in these cultures after 12 days, their numbers increasing
with the size of the colony (Figure 18H).
Cortical endothelial signals cause proliferation of activated stem cell astrocytes and
transit amplifying cells through the epidermal growth factor receptor (EGFR). Exogenous growth
factors such as EGF and FGF2 have been utilized in neural stem cell in vitro assays since the original
33

isolation of neurospheres by Reynolds and Weiss . Because EGF is a potent mitogen for these cells and
our conditioned medium did not contain exogenous growth factors, we tested whether signaling through
the EGF receptor was responsible for the effect of cortical endothelial medium on activated stem cell
astrocytes and transit amplifying cells with the EGFR-inhibitor AG99 (Figure 19). As expected, in
neurosphere medium with exogenous EGF (20ng/ul), treatment with 10 uM AG99 (IC50=10uM) decreased
the number of cells produced by activated stem cell astrocytes by 38%, and treatment with 20uM
decreased the proliferation by 83%. Conditions with 35uM AG99 completely inhibited EGF-mediated
proliferation; the wells contained the same numbers as neurosphere medium alone cultures (Figure 20A).
Transit amplifying cells followed a very similar trend (Figure 20B). Consistent with the hypothesis that
cortical endothelial cells are making EGF ligands, treatment of cortical endothelial conditioned medium
with 10 uM AG99 (IC50=10uM) decreased the number of cells produced by activated stem cell astrocytes
by 25%, and treatment with 20uM decreased the proliferation by 75%. Like exogenous EGF conditions,
35uM AG99 completely abolished any effect of cortical endothelial medium on proliferation of activated
stem cell astrocytes (Figure 19A). On transit amplifying cells, 10uM AG99 decreased the number of cells
produced by cortical endothelial conditioned medium by 72% and 20uM was only slightly more effective.
Again, however, all effect on proliferation was eliminated by 35uM of AG99 (Figure 19B). These
experiments therefore suggest that proliferation in response to cortical conditioned medium is dependent
on EGFR. Performing these experiments without exogenous growth factors allows us to source the EGF
ligands to the primary cells themselves, a notable strength of this system.
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Activated stem cell astrocytes and transit amplifying cells proliferate in response to
diffusible pericyte signals. The role of diffusible factors from pericytes on neural stem cells and their
progeny is unknown. We therefore tested the effects of our FACS-purified cortical and SVZ pericytes on
the survival, activation, and proliferation of quiescent and activated stem cell astrocytes and transit
amplifying cells. Similar to endothelial signals, primary pericyte conditioned medium from either the cortex
or SVZ did not increase the survival of any SVZ neural stem cell population after 24 hours in vitro (Figure
15), or activate quiescent stem cell astrocytes (Figure 16). However, in conditioned medium experiments
after 7 days, activated stem cell astrocytes and transit amplifying cells proliferated in response to
diffusible signals from SVZ and cortical pericytes, producing 6.7-(p<0.04) and 7.0-fold (p<0.03) more and
1.8- (p<0.01) and 3.4-fold (p<0.03) more transit amplifying cells than neurosphere medium alone,
respectively (Figure 17). Interestingly, the potency of the effects from both pericyte populations was
significantly less than either primary endothelial cell population, but not bend.3, and not statistically
significantly different from one another. Morphologically, the colonies produced by pericyte conditioned
medium were smaller and more spread out than those with endothelial signals (Figure 17D and E)
Activated stem cell astrocytes and transit amplifying cells generate proportionally more
neurons in response to pericyte conditioned medium. In previous reports, co-cultures with bend.3
cells produced more neurons from neural stem cells than co-cultures with cortical cells

8,134,138

. After seven

+

days in culture, Tuj1 neurons appeared in both neural stem cell and transit amplifying cell cultures
(Figure 17A-E). To formally test the effect of primary vascular cells on differentiation, we added
conditioned medium to quiescent and activated neural stem cells and transit amplifying cells for ten days
and then cultured the cells in neurosphere medium alone without growth factors for an additional five
days (Figure 20). Because quiescent stem cell astrocytes seldom proliferated enough to produce a
colony, there were no significant effects on neurogenesis or oligodendrogenesis from vascular signals on
this population. Very rarely, however, an exceptional clone would produce a string of neurons attached to
a single astrocyte, a colony morphology not seen among activated stem cell astrocytes and transit
amplifying cells (Figure 21). We observed 4 colonies of this type from the quiescent stem cell astrocytes
over 3 experiments that appeared in the presence of pericyte conditioned medium only.
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The effects of primary vascular signals on activated stem cell astrocytes and transit amplifying
cell were much more robust (Figure 20). The total number of neurons generated is the greatest in the
condition with EGF because the total number of cells produced is greater than any other condition by 10
fold. However, analyzing the proportion of neurons produced revealed differences. On activated stem cell
astrocytes, conditioned medium from both primary endothelial cell sources was significantly more
effective at producing neurons than bend.3 (20.3%, p<0.05 for cortex and p<0.03 for SVZ). Although SVZ
endothelial signals generated slightly more neurons than cortical ones (39.2% of total cells versus 29.7%,
p=0.11) this was not significant. Strikingly, SVZ pericytes were the most potent promoters of neuronal
differentiation, producing 55.6% neurons out of all cells, in comparison to 35.2% by cortical pericyte
factors (p<0.03). Oligodendrocytes were also produced from this population with all vascular conditioned
media, but at a very low percentage (<1%, data not shown). Transit amplifying cells were fairly
neurogenic under control (neurosphere medium alone) conditions (13.2%), and therefore no endothelial
cell signal improved the production of neurons from this population. Again, however, primary pericyte

-

derived signals were very effective at influencing the production of neurons from this population, with
54.9% of all cells expressing Tuj1 from cortical pericyte conditioned medium and 50.3% from SVZ
(p<0.01 for CTX and p<0.02 SVZ pericytes from control). These results reveal for the first time, a role for
pericytes in the neural stem cell niche, and furthermore, highlight the responsiveness of different stages
to primary vascular signals.	
  	
  

Discussion
These experiments offer a new perspective and methodology to study the SVZ vascular niche.
Using FACS, we have developed a method to separate endothelial cells and pericytes from the cortex
and SVZ with high purity. With this method, we determined that the number of pericytes per endothelial
cell is higher in the SVZ than the cortex. We then employed this protocol to query the effects of primary
endothelial cells and pericytes on quiescent and activated stem cell astrocytes and transit amplifying
cells. Primary endothelial or pericyte signals did not affect the survival of any SVZ neural stem cell
population, or the activation or proliferation of quiescent neural stem cells. However, conditioned medium
from all primary cells, as well as bend.3, had a significant effect on the proliferation of activated stem cell
astrocytes and transit amplifying cells. Additionally, factors from primary endothelial cells were much
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more potent on activated stem cell astrocytes than bend.3, and conditioned medium from cortical
endothelial cells significantly increased the proliferation of transit amplifying cells compared to all other
conditions. Interestingly, experiments with cortical conditioned medium and an EGFR inhibitor
demonstrated that all of its proliferative effects were downstream of this receptor, at least in vitro. In
differentiation experiments, all conditioned medium was statistically more neurogenic than control media
on activated stem cell astrocytes, but factors from SVZ pericytes were the most potent, producing 55%
neurons out of all cells. On transit amplifying cells, cortical and SVZ pericyte conditioned medium were
the only conditions that significantly increased the proportion of neurons produced over control conditions.
While both endothelial cells and pericytes exert proliferative and neurogenic effects on activated
stem cell astrocytes and transit amplifying cells, these experiments suggest that endothelial cells may
specialize in proliferation, while pericytes specialize in neuron production. We ruled out that these effects
were due to starting with different numbers of primary perivascular cells by fixing and staining the all
+

vascular cells after conditioned medium experiments and counting the number of DAPI cells. We
determined that conditioned medium was obtained from similar numbers of cells (data not shown), and
therefore, these effects seem to be authentic to the cell type. Collectively, these results propose a model
of a generic brain vasculature that may be modified to interact with specific cell types, neural stem cells or
pyramidal neurons or granule cell neurons, in unique ways in vivo. In the future, these data suggest that
non-neurogenic vasculature may already possess properties that allow it to promote critical stem cell
behaviors, good news for long-term goals in brain repair.
Pericyte conditioned medium had distinct effects from endothelial conditioned medium, with less
proliferation but proportionally more neurons produced. These results for the first time assign a role for
pericytes in the SVZ neural stem cell niche. Pericytes could release different factors from endothelial cells
that act on neural stem cell and their progeny, or they could release the same signals that have different
effects at different concentrations. In vitro assays could be used to combine separate endothelial and
pericyte signals and provide further information about the nature of these diffusible cues.
It seems intuitive that the primary brain vascular cell signals could be better matched with neural
stem cell receptors than a transformed brain endothelial cell line. To begin to identify these factors, we
performed microarray profiling of primary endothelial cells and pericytes and bend.3 cells (Figure 22). In
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hierarchical clustering, we found that primary endothelial cells clustered together, and primary pericytes
clustered together. bend.3 cells were drawn apart from either of these groups, emphasizing the foreign
character of transformed endothelial cell lines. This result is also consistent with studies of transcriptional
profiles of human immortalized endothelial cells that show enrichment of processes necessary for
immortalization such as mitosis, DNA repair, and viral immune response, in contrast to the cell-cell
adhesion and differentiation/maturation/development gene clusters in primary cells

137

. Using these

microarray profiles, we can test particular candidate ligands and receptors in the future.
The fact that SVZ endothelial cells were generally less proliferative than cortical endothelial cells
suggests that SVZ endothelial cells may regulate proliferation in different ways. As blocking the EGFR
receptor eliminated proliferation in response to cortical endothelial conditioned medium, it is likely that
these cells produce ligands that bind to the EGFR receptor in vitro such as EGF, TGF-α, HB-EGF,
epiregulin, amphiregulin, betacellulin and/or epithelial mitogen, at least in vitro. In single cell activated
stem cell astrocyte assays, the number of activated clones produced by SVZ endothelial cells was not
different than cortical endothelial cells, but their colony size distribution was distinct. This result suggests
that SVZ endothelial cell signals could stimulate the same cells to a lesser degree, and therefore could be
producing EGF ligands. The fact that the colonies look morphological similar supports this idea.
Alternatively, they could be recruiting different clones, an exciting possibility for the specificity of nichederived signals, or simultaneously emitting both proliferative cues and inhibitors of proliferation.
Combining SVZ and cortical conditioned medium could distinguish these explanations. Additionally, this
experiment determined that increased proliferation from activated stem cell astrocytes by primary
endothelial cell signals is due to an enhanced effect on activated clones. These results are consistent
with the idea that certain neural stem cells are poised to receive input and while signals from primary cells
do not alter those numbers, their signals, in amount or specificity, are superior to bend.3.
Our results may of course also be influenced by the nature of our assay. None of our conditioned
medium affected the survival of neural stem cell astrocytes or transit amplifying cells. It is likely that
supplements like B27 and N2 in our neurosphere medium increased the basal level of survival such that
differences could not be detected. Furthermore, while the simplicity of in vitro neural stem cell cultures is
advantageous, there are also limitations and biases
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collagen, or fibronectin allows more quantitative analysis, but the tendency of few quiescent stem cell
astrocyte clones, approximately 30% of activated stem cell astrocyte clones, and approximately 10% of
transit amplifying cell clones to proliferate in vivo was not changed between neurosphere and adhesive
assays. Primary vascular signals were not able to activate quiescent neural stem cell astrocytes to
proliferate. It is possible that prominin (CD133) is not identifying the quiescent stem cell astrocytes, that
we have not yet found the signal or the source of the signal that alters their quiescent state, or that the
integrins which fibronectin bind in this assay are preventing their proliferation in this population.
Nonetheless, we observed that pericyte conditioned medium produced rare colonies from these cells that
consisted of a single central astrocyte with multiple chains of neurons. These colony types were never
seen with endothelial conditioned medium or with exogenous EGF, implying that there may be an
exceptional interaction between these two cell types. As activating this population may provide clues
about how to activate other non stem-cell astrocytes in brain, this is a worthy pursuit.
As flow cytometry is becoming a popular way to separate out distinct populations of cells, we
hope that this vascular FACS protocol finds wide applicability in a variety of neuroscience and stem cell
investigations. Previous methods to purify vascular cells require greater amounts of starting material, and
use dextran spins combined with harsh steps like homogenization to separate vascular cells . These
steps greatly decrease yield, and still mixed vascular cells types are obtained in the final culture. In
contrast, our FACS methodology recovered primary and pure endothelial cells and pericytes from wildtype mice for contextually accurate studies in vivo or in vivo. The fact that we were able to corroborate our
whole mount immunostaining with pericyte: endothelial ratios in flow cytometry suggests that we are able
to obtain a representative population of cells from both areas.
In addition to our novel findings about the neurogenic effect of pericytes, we also find that there
are more pericytes in the SVZ than cortex in vivo. Pericytes are thought to increase the barrier properties
of endothelial cells and/or maintain quiescent endothelial beds. The blood-brain-barrier properties of the
+

SVZ may be different from other brain regions; EGFR cells in the SVZ contact blood vessels at sites
lacking astrocyte end-feet and pericyte coverage and diffusible tracers can enter the brain tissue through
6

SVZ vessels and not cortical ones . As such, the finding that there are significantly more pericytes in the
SVZ compared to the cortex is somewhat contradictory to the first statement, although consistent with the
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6

lack of angiogenesis in the SVZ vasculature . Pericytes have recently been shown to possess
77

mesenchymal stem cell properties , and mesenchymal stem cells serve to tether the most potent stem
cell to its niche in the hematopoietic stem cell system

108

. Beyond the vascular responsibilities, it is

tempting to hypothesize that heterotypic stem cell interactions may be a crucial requirement of stem cell
niches in general. Future investigations with purified SVZ pericytes may be able to shed light on this
possibility.
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Chapter 2 figure legends
1. Schema of the SVZ neural stem cell niche, from Tavazoie et al. 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 vasculature 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.
2. CD13 labels pericytes in the adult mouse cortex. A. Schema of blood vessels in the brain.
Adapted from Kandel et al, Principles of Neuroscience. (B-D). Single color images a blood vessel
in a coronal section of the cortex, immunostained for CD13 (blue, B), CD31 (red, C), and PDGRFβ (green, D). (E-H) CD13 and PDGRF-β co-label perivascular cells (F) and do not co-label with
CD31+ endothelial cells (E, G). Merge in (H). Scale bar, 10um.
3. CD13 labels pericytes in the adult mouse SVZ. (A-D). In a single optical slice of SVZ whole mount
immunostained for CD13 (blue, C) and PDGRF-β (green, A) co-label perivascular cells of the
vasculature, although the distributions of these antigens on the cell surface is not identical.
Neither marker labels underlying CD31+ endothelial cells (red, B). Scale bar, 22um. (Credit:
Chang Liu)
4. CD13 and NG2 co-label pericytes in the SVZ. (A-C).In a confocal Z stack projection of the SVZ,
NG2 (A) and CD13 (B) co-label (merge, C) bulbous protruding pericytes along the blood vessels
(arrows). NG2 also labels oligodendrocyte progenitors (arrowhead). Scale bar, 25um.
5. Pericytes are more abundant on SVZ blood vessels than cortical ones. Representative projection
of confocal Z stack images from cortical (A) and SVZ (B) vascular beds immunostained for CD31
to show endothelial cells and CD13 for pericytes. Note the morphological differences in tortuous
cortical vasculature versus planar SVZ vasculature. Scale bar, 20um. C. Quantification of
average number of pericytes per mm of vasculature in 10 images from four animals. p< 0.02
(Credit: Nick Moore)
6. Flow chart outlining a FACS strategy to separate perivascular cells from distinct brain regions.
Left: previously published protocols. Right: our FACS strategy. Left: Previous protocols required
large amounts of tissue, precluding isolation of vessels from small regions of the brain. Harsh
methods like homogenization were used to dissociate tissue. Many cells were lost in dextran
gradient steps, and digestion with collagenase/dispase ranged from 1.5 hours to overnight.
Immunopanning or selective culture introduced additional time in culture or contaminating cell
types. Right: FACS protocol. Dissect the cortex and SVZ from the same animal and place tissue
in separate Falcon tubes. Finely mince the tissue, digest in collagenase/dispase for 30 minutes
followed by trituration and layering of the solution on top of Percoll. Immunostain with markers to
identify endothelial cells and pericytes as well as exclude blood cells, then perform fluorescence
activated cell sorting. Plating after FACS cultures two pure, regionally-specific vascular
populations in approximately 5 hours.
7. Enzymatic digestion with papain compromises CD31 expression and greatly decreases CD13+
pericyte cell yield. Increasing time of papain digestion (A-C) shifts the fluorescence intensity of
CD31 staining. Moreover, CD13+ are almost completely absent when compared to 30 minutes of
collagenase/dispase (D).
8. Endothelial cells and pericytes can be isolated from small brain regions with FACS. After
excluding debris (A), doublet cells (B) and dead cells (C), CD45PE and CD41PE cells are
+
analyzed for expression of CD31APC and CD13FITC (D). CD31 CD13 endothelial cells and
+
CD31 CD13 pericytes are collected (CTX, E; SVZ, F). The average percentage of total cells is
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shown next to each gate. G. Histogram showing the pericyte endothelial ratios in the cortex and
SVZ. (p<0.001). H. Markers used to identify endothelial cells (CD31), pericytes (CD13), and blood
cells (CD45 and CD41) by FACS.
9. Confirmation of endothelial cell identity of FACS-purified cells by acute immunostaining. (A-E).
Microphotographs showing cortical endothelial cells immunostained with DAPI (A), CD105 (B),
and CD31 (C), merge in (D). E. Histogram showing quantification of percentage of positive cells
for each marker in cortex and SVZ. Images are representative from three experiments with at
least 100 counted cells per experiment.
10. Confirmation of pericyte identity of FACS-purified cells by acute immunostaining. A-E).
Microphotographs showing cortical pericytes immunostained with DAPI (A), PDGFR-β (B), and
CD13 (C), merge in (D). E. Histogram showing quantification of percentage of positive cells for
each marker in cortex and SVZ. Images are representative from three experiments with at least
200 counted cells per experiment.
11. Confirmation of endothelial cell and pericyte identity of FACS-purified cells by qPCR. Expression
level fold change relative to β-actin of CD31 (A), Glut1 (B), PDGFR-β (C), desmin (D), and GFAP
(E). in acutely purified SVZ and cortical endothelial cells and pericytes. Graphs are representative
of fold change versus. (Credit: Chang Liu)
12. Endothelial cell and pericyte identity and morphology in culture. (A, B). Histograms showing
survival of endothelial cells and pericytes in culture 24 hours after FACS. C. Typical cobblestone
morphology of endothelial cells, and stereotypical protruding cell body and fine processes of
pericytes (D) after two weeks in vitro. All endothelial cells spread out and show expected CD31
staining at cell-cell contacts (E). Pericytes are smaller cells that pile on top of one another and
express PDGFR-β in vitro (F). Scale bar, 100um.
13. SVZ lineage and FACS purification of SVZ astrocyte populations (A). SVZ lineage and markers of
SVZ cells. Lineage and markers for each stage of the SVZ lineage. Table shows markers used
FACS purify each cell type. (B). Representative FACS plots for the purification of SVZ astrocytes
from adult GFAP-GFP transgenic mice. GFAP+ SVZ astrocytes were separated based on GFP
expression from GFP- SVZ cells. From the GFP+ pool, three distinct SVZ astrocyte populations
can be isolated based on EGFR and CD133 expression. (C). Properties of SVZ neural stem cell
populations.
14. Schema outlining experimental paradigms to test the effect of diffusible signals from primary
perivascular cell signals on neural stem cells in vitro. Endothelial cells and pericytes from the
cortex and SVZ were collected and cultured for approximately two weeks. The day prior to
obtaining SVZ neural stem cell populations, endothelial media was replaced with neurosphere
media without exogenous growth factors to condition overnight. FACS-purified stem cell
astrocytes and transit amplifying cells are cultured with conditioned neurosphere media from
primary vascular cells or bend.3. Survival is assessed after one day, activation of stem cell
astrocytes after 4 days, proliferation of all populations after 7 days, activated stem cell astrocytes
in single cell assays after 12 days, and differentiation of all populations after 17 days. For
differentiation experiments, medium was changed to neurosphere medium alone after 12 days.
15. Survival of neural stem cells is not affected by perivascular cell signals. Histogram showing
survival of quiescent stem cell astrocytes (GP), activated stem cell astrocytes (GPE), and transit
amplifying cells (E) at 24 hours in conditioned medium. n=3 wells per experiment, average of 3
experiments. Error bars represent s.e.m.
16. Quiescent neural stem cells are not activated by perivascular cell signals. (A-D). Micrograph
showing activated quiescent stem cell astrocyte (arrow), with its characteristic enlarged nucleus,
nestin+ staining, and bipolar morphology. Note inactivate quiescent stem cell astrocyte

	
  

43	
  
	
  
(arrowhead) with its small, condensed nucleus. Scale bar, 0.1. E. Histogram showing
quantification of activated quiescent stem cell astrocytes. n=3 wells per experiment, average of 3
experiments. Error bars represent s.e.m.
17. Proliferation of neural stem cell astrocytes and transit amplifying cells in response to endothelial
and pericyte conditioned medium. (A-E) Typical morphology of activated stem cell astrocyte
colonies in response to conditioned medium. Scale bar, 2um. F. Quantification of average nber of
cells produced per well in each population by conditioned medium. ANOVAs were performed by
cell type. Quiescent stem cells were not significantly proliferative versus neurosphere medium
alone. Results for activated stem cell astrocytes were significant by ANOVA. Post-hoc testing
revealed that all conditions were significantly more proliferative than neurosphere medium alone.
CTX and SVZ endothelial cells were significantly more proliferative than bend.3 (p<0.5 and p<0.3,
respectively.) Transit amplifying cells were also significant by ANOVA. Post-hoc testing reveal
that all conditions were significantly more proliferative than neurosphere medium alone. In
addition, cortical endothelial cell conditioned medium was more proliferative than SVZ endothelial
or bend.3 conditioned medium (p<0.4, p<0.2, respectively.) n=3 wells per experiment, average of
3 experiments. Error bars represent s.e.m.
18. Primary endothelial cell signals enhance the proliferation of existing clones rather than recruiting
new ones. (A-D). Typical morphology of colonies generated by activated stem cell astrocyte
single cells in response to primary endothelial conditioned medium, bend.3 conditioned medium,
or EGF alone. Scale bar, 2um. E. Histogram showing distribution of colony size of activated stem
cell astrocyte in each condition. F. Histogram plotting average colony size of <1000 cell clones.
Significant post-ANOVA t-tests shown for endothelial medium. G. Histogram showing percentage
of activated clones. H. Number of Tuj1+ cells plotted versus total number of cells. n=3 wells per
experiment, average of 3 experiments. Error bars represent s.e.m.
19. The proliferative effects of cortical conditioned medium are eliminated with EGFR inhibition. A.
Activated stem cell astrocytes B. Transit amplifying cells. n=2 wells per experiment, average of 4
experiments.
20. Cell-type specific effects on the differentiation of activated stem cell astrocytes and transit
amplifying cells. (A-F) Typical morphology of activated stem cell astrocytes upon differentiated
with cell-type and region-specific conditioned media. Scale bar, 2um. G. Histogram of
quantification of Tuj1% of total cell after differentiation. No conditioned medium was statistically
significant in quiescent stem cell astrocytes. In activated stem cell astrocytes, both endothelial
and pericyte conditioned medium were more neurogenic than neurosphere medium alone or with
EGF. Other significant comparisons are shown, performed with post-ANOVA t-test. In transit
amplifying cells, pericyte conditioned medium is more neurogenic than NS medium alone, NS
medium with EGF, and endothelial conditioned medium. Post-ANOVA significant t-tests are
shown for endothelial and pericyte comparisons. n=3 wells per experiment, average of 3
experiments. Error bars represent s.e.m.
21. Pericyte signals produce rare, small colonies with a central astrocyte surrounded by many
neurons. Scale bar, 0.1um.
22. Microarray profiles of primary endothelial cells and pericytes from SVZ and cortex, and bend.3
cells. Primary endothelial cells cluster together and primary pericytes cluster together in
hierarchical clustering analysis. Gene expression profiles of bend.3 cells are distinct from primary
cells. n=3 biological replicates per cell type.
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Chapter 3: Pericyte diversity in the adult mammalian brain
Introduction
More than simply a passive conduit for cerebral blood distribution, proper brain vascular function
is essential for neuronal function

75,76

. The brain vasculature contains a number of special features

compared to vascular beds in other organs, and this architecture is often referred to as the blood brain
barrier. Endothelial cells in the brain are connected by tight junctions and enwrapped by smooth muscle
cells in arteries or pericytes in the microvasculature. A basal lamina, an electron-dense ECM structure,
courses on the abluminal side of endothelial cells and also covers pericytes. Astrocyte end-feet further
insulate this complex, and neuronal terminals can be found there, as well. In the SVZ, unique basal
lamina structures called fractones extend from the vessels and capture growth factors

111

. These

structures have been proposed to arise from macrophages.
Pericytes are a support cell of the microvasculature, originally called Rouget cells after their
discovery and description in 1888 by Rouget. Their current nomenclature arises from their perivascular
location, and they are hypothesized to play a role in controlling the diameter of capillaries

151

. PDGFR-β is

required for pericyte recruitment to angiogenic vessels during development, and PDGFR-β homozygous
knock-outs die perinatally of hemorrhages, thrombocytopenia, and severe anemia

157

. In the brain, lack of

PDGFR-β leads to endothelial cell hyperplasia, increased vessel diameter and morphological signs of
increased vascular permeability, perhaps as a consequence of VEGF-A secretion in response to vascular
stress

158

. By altering the dose of PDGFR-β expression with selective retention motif deletions or PDGFR-

β hypomorphs, pericytes were determined to control the development of the blood brain barrier by
suppressing endothelial transcytosis and immune cell infiltration, and polarizing astrocyte end-feet

72,73

.

Pericytes have been proposed to play a role in pathological situations as diverse as diabetes,
Alzheimer’s, and tumors. The loss of retinal pericytes, a hallmark of early diabetic retinal changes, leads
to the development of microaneurysms, retinal hemorrhages and neovasculization
decreased pericyte coverage is an unfavorable prognostic indicator

160-162

159

. In tumors,

. Decreased pericyte coverage

increases metastasis through epithelial-mesenchymal transition downstream of Met and Hif1α in the
hypoxic, dysfunctional tumor vasculature
76

to precede neuronal dysfunction .
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. In a model of Alzheimer’s disease, pericyte loss was shown
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Molecular diversity in pericytes has only been investigated in the context of scar-formation

84

or

mesenchymal stem cells. Pericytes have been proposed to possess mesenchymal stem cell (MSC)
properties. MSCs are a heterogenous cell type found in many tissues whose definition is largely based on

in vitro assays: adherence to plastic, expression of mesenchymal stem cell markers and in vitro
adipogenic, osteogenic, and chondrogenic potential

78,79

. In multiple human tissues including skeletal

muscle and white adipose tissue, perivascular cells expressing NG2 and CD146 were reported to have in

vitro mesenchymal stem cell abilities69. Because the definition of these cells does not require an in vivo
phenotype and there are no specific mesenchymal stem cell markers

164

, many conflicting reports exist

about their cell of origin and role in vivo. Markers commonly used include CD44, CD73, CD90 (Thy-1),
69

CD105 (Endoglin), CD140a (also known as PDGFR-α), and CD146 . Interestingly, mesenchymal stem
cells have been isolated from CNS in the human retina, brain parenchyma, and the mouse brain with
neurogenic or gliogenic potential in vitro

80,81

.

The SVZ vasculature plays a critical role in the self-renewal, proliferation, homing, and
differentiation of neural precursors

124,130,134,138

, but very little is known about the molecular characteristics

of the cells which compose the vasculature itself. Using a novel protocol to purify both endothelial cells
and pericytes in specific brain regions, we observed multiple different in vitro phenotypes of pericytes.
Here we show that pericytes exhibit morphological heterogeneity in vivo and in vitro. Novel pericyte
subpopulations can be prospectively purified from both the cortex and SVZ using CD13, CD146, and
+

-

-

CD105. Interestingly, CD13 CD105 CD146 pericytes were the most proliferative population from both
the SVZ and cortex, but only those from SVZ could be passaged. Staining with these markers in vivo
demonstrated specific morphologies and staining patterns on different sized vessels in the SVZ. Large,
medium, and small vessels have different distributions of pericyte subpopulations. We show that laminin

+

fractones arise from pericytes. CD146 as an endothelial marker displayed different patterns of staining on
different sized vessels, and stained nascent vessels that lacked a basement membrane. While the SVZ
+

vascular bed is largely quiescent, we detected rare CD146 tip cells. These studies uncover novel
vascular cell diversity in the brain.
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Methods
Immunostaining. The Columbia University Institutional Animal Care and Use Committee approved
all protocols involving the use of experimental animal in this study. SVZ whole mount preparations were
39

prepared as described previously . Tissue was blocked for one hour at room temperature in 10% donkey
serum in 0.5% TritonX (Sigma). All primary antibodies were incubated at 4°C in 10% donkey serum in
0.5% TritonX in 1X phosphate buffered saline (PBS) for two nights, washed at room temperature in 1X
PBS over two hours, followed by a two hour incubation with the secondary antibody for unconjugated
antibodies in 0.5% TritonX in 1X PBS, followed by three more washes in 1X PBS. Primary antibodies: rat
anti-mCD13 (abcam1:500), Phycoerythryn (PE)-conjugated rat anti-mCD31 (BD Biosciences, 1:50), rabbit
-

anti-mPDGFR β (Cell Signaling Technologies, 1:200), rabbit anti-mLaminin (Sigma, 1:200), rabbit antimKi67 (abcam 1:500) and allophycoerythrin (APC)-conjugated rat-anti-mCD146 (BD Biosciences, 1:50).
Whole mounts were mounted with Aquamount and imaged on a Zeiss LSM510 Meta confocal
microscope.
Purification of pericyte subpopulations with fluorescence activated cell sorting. The tissue was
processed as described for flow cytometry. Cells were labeled with PE-conjugated rat anti-mCD45 (BD
Biosciences, 1:200), PE-conjugated rat anti-mCD41 (BD Biosciences, 1:200), and PE-conjugated rat antimCD31 (BD Biosciences, 1:200) to exclude blood cells, megakaryocytes, platelets, and endothelial cells.
We used Fluorescein isothiocyanate	
  (FITC)-conjugated rat-anti-mCD13 (BD Biosciences, 1:20) to label
pericytes, and allophycoerythrin (APC)-conjugated rat-anti-mCD146 (BD Biosciences, 1:50) and
biotinylated rat anti-mCD105 (ebiosciences 1:100) to label pericyte subpopulations. After washing, we
added Streptavidin PE-Cy7 conjugate (BD Biosciences, 1:1000) for CD105 staining. DAPI (Sigma, 1:500)
is added prior to sorting to exclude dead cells. Cells were sorted using a Becton Dickinson FACS Aria
using 13 psi pressure and 100µm nozzle aperture. All FACS gates were determined using unlabeled CD1
SVZ cells as well as multiple color controls. Dead cells and doublets are excluded from the analysis.
Experiments with pericyte subpopulations were performed at least three times with SVZ and the cortex.
Relative abundance of each population was determined with FlowJo software.
Tissue culture of purified pericyte populations. After sorting, pericyte subpopulations were plated
at similar densities on collagen-coated 24-well plates in EGM-2 media. Cells were cultured for 2-4 weeks
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prior to fixing or passaging. For passaging, pericytes were trypsinized for approximately 5 minutes or until
the majority of cells had begun to round. They were replated at 1:2 dilution ratio. Cells were fixed for 20
minutes in 3.2% PFA and washed three times with PBS. Cells were stained with DAPI (1:500) and
imaged on an Olympus 1X71 microscope to determine morphology in vitro. Numbers were determined
+

with DAPI staining. The percentage of Ki67 cells in each population was established by overnight
staining with Rabbit anti-mKi67 1:100 (abcam) as described in Chapter2 for culture staining followed by
+

+

DAPI staining. All DAPI and KI67 cells were counted in each well on a Zeiss Axiovert 200M microscope.

Results
Pericytes exhibit heterogenous morphologies, in vivo and in vitro. To identify pericytes in
the SVZ, we performed immunostaining for PDGFR-β, CD31, and CD13 in whole mount preparations. In
these images, PDGFR-β and CD13 co-localized on pericytes that protruded off vessels, and CD31
labeled underlying endothelial cells (Figure 23). We identified at least two types of pericytes: those with
bulbous soma which protruded further from the vessel, and others which lay flat against the vasculature
and whose soma tended to be longer. Although both types of cells could be found on vessels of large and
small diameter, the flatter cells tended to be found on large vessels. Since larger vessels are found in the
rostral ventral portion of the SVZ, more flat cells could also be identified there, but we identified both
types of pericytes throughout the SVZ. The cortex also contained both types of pericytes (data not
shown).
Pericyte subpopulations can be distinguished with CD146. We also observed pericyte
+

heterogeneity in FACS-purified CD13 cultured pericytes (Figure 24A-D). After two weeks in culture, cells
exhibited different morphologies and sizes within a single well; all were present at approximately the
same ratios. Some pericytes were small and spindly (Figure 24A), others flat, round, and expansive
(Figure 24C), and another group were elongated and thin (Figure 24B). After a month in culture, one
population, exhibiting a bipolar, progenitor-like morphology (Figure 24D) proliferated extensively in both
SVZ and cortical cultures. In SVZ cultures, the well became confluent and we were able to serially
passage the cells. This progenitor-like pericyte was also present in cortex, but the cells took longer to
reach confluency. While the pericyte were initially plated on collagen after FACS, passaged pericytes
were adherent on plastic alone. While both SVZ and cortical pericytes could be serially passaged
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extensively, the rate of proliferation of cortical pericytes was less (Figure 24E). In two separate cultures,
SVZ pericytes initiated this rapidly proliferating cells, while cortical cultures did so only once, suggesting
that this cell is more rare in the cortex. Furthermore, there were 30 fewer population doubling by cortical
compared to SVZ pericytes. We were able to differentiate passaged pericytes into adipogenic,
osteogenic, and chrondrogenic lineages in vitro from one round of SVZ and cortical passaged pericytes,
(data not shown).
Adherence to plastic, extensive proliferative capacity, and in vitro adipogenic, osteogenic, and
chondrogenic potential are qualities of MSCs. These cells are also defined by their expression of specific
markers, so we looked at the expression of MSC markers from other organs on brain pericytes. We
focused on cell surface markers that could be used in flow cytometry, particularly CD44, CD73, CD90
(Thy1), CD105 (endoglin), CD140a (PDGFR-α), and CD146 (MCAM). We prepared the cells for flow
cytometry as described in Chapter 2 with the following alterations: CD45, 41, and 31 were labeled with
+

-

PE to exclude all of these cell types (Figure 25A). This allowed us to analyze pericytes, CD13 PE cells,
with two additional markers (Figure 25B). We could not detect CD73 and CD140a expression in pericytes
in the SVZ or cortex by flow cytometry. CD44 and CD90 labeled few cells (data not shown). Interestingly,
by including CD105 (endoglin) and CD146 (MCAM) in our sort, we defined three distinct populations of
+

pericytes, CD13 CD105

low

-

+

CD146 ; CD13 CD105

low

CD146

low

+

+

and CD13 CD105 CD146

high

(Figure 25B).

All populations were present at similar ratios in both SVZ and cortex (Figure 25D). We further analyzed
each of these populations by forward and side scatter metrics in flow cytometry; these parameters can
measure the size and density or granularity, respectively. Each subtype exhibited slightly different
+

characteristics: CD13 CD105
+

low

CD146
+

low

cells were a fairly homogenous population of small cells with

similar density while CD13 CD105 CD146
+

CD13 CD105

low

high

cells were larger, with more complex or granular cytoplasm.

-

CD146 cells contained two populations, one small and another larger and more dense.

These populations could not be separated by CD105

negative

or CD105

low

distinctions but rather were

spread throughout the CD146negative population.

In vitro, each pericyte subpopulation displayed a corresponding distinct morphology (Figure 26).
+

As in FACS, CD13 CD105

low

CD146

low

cells were smaller in size than the other populations, and extended

delicate, slender processes (Figure 26B). These cells were rarely seen in groups of more than three.
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+

+

CD13 CD105 CD146

high

cells also corresponded to their size in FACS and were comparatively larger,

with abundant cytoplasm and wide, fanning processes (Figure 26C). Usually these cells were present in
+

groups not larger than approximately ten. In contrast, CD13 CD105

low

-

CD146 were the most proliferative

from cortex and SVZ, and with a characteristic bipolar progenitor morphology and migrating processes
-

(Figure 27A). SVZ CD146 pericytes, however, were much more proliferative than cortical pericytes
(Figure 27E), and they alone out of all the populations could be passaged (n=2), up to five times. They
also produced mesenspheres (n=1 experiment) (Figure 26D).
Diverse vascular morphologies in the SVZ. Capillaries compose most of the vasculature of the
SVZ

6,83 165

	
  

, but very little is known about the molecular diversity of endothelial cells and pericytes in this

region. To determine the distribution of pericyte subpopulations in vivo in the SVZ, we used combination
immunostaining for CD13, CD146, and laminin in whole mount preparations. The stereotypic architecture
of the SVZ vasculature can be visualized in whole mount preparations. A large vessel enters the anterior
ventral SVZ from which most of the anterior, central vasculature sprouts in all whole mounts (Figure 27).
Vascular smooth muscle cells enwrap the entire abluminal side of the arterioles and have scant
151

cytoplasm. These cells become more protruding and extend more processes in precapillary arterioles

.

+

On the larger vessel that enters the anterior ventral SVZ, we saw that few CD13 cells decorated the
abluminal side and extended processes off the vessels, in contrast to smaller vessels where the
+

processes of CD13 cells lay flat against the vasculature (Figure 27-29). One of these cells on the large
vessel was dividing, as determined by Ki67 staining (Figure 27). Most noticeably, CD146 staining in
endothelial cells revealed a striking striation of the vessels of this size with bright bands circling the vessel
transversely and periodic gaps in the staining.
Two populations of pericytes were observed on medium and smaller vessels in the SVZ: CD13
+

+

+

-

CD146 pericytes whose small soma extended off the vascular wall, and CD13 CD146 pericytes. This
-

CD146 pericyte population possessed a more irregularly shaped cell body, and many elaborated laminin
-

processes (Figure 28). In other areas, CD146 pericytes predominated, with many of them extending
processes either to bridge another vessel or to terminate in the midst of the previously described laminin
“bulbs”

110

7

or “specks in the wall of the ventricle (Figure 28), suggesting that pericytes are also an origin

of fractone ECM structures. Finally, in addition to labeling pericytes, medium sized vessels did still show
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noticeable vessel segmentation with CD146 labeling endothelial cells, but smaller vessels had only one or
two discrete demarcations (Figure 28).
CD146 may serve as a novel marker for nascent vasculature in the SVZ. Some images
-

+

-

+

showed thin, CD13 CD146 laminin vascular structures. In other locations, we observed CD146 cells
+

displaying a classic tip cell morphology (Figure 29). Interestingly, CD146 tip cells often burst forth from
the end of a CD146

high

vessel, suggesting that CD146 may label newly born endothelial cells in nascent
+

vessels in the SVZ (Figure 29A-D). As these cells extend off the end of a laminin cap (Figure 29E-H), it
follows that the basal lamina of these vessel may not yet be established. Future studies examining the
distribution and prevalence of these tip cells will further our understanding of the dynamics of the SVZ
vasculature.

Discussion
During brain vascular development, endothelial cells, pericytes, astrocytes, and the growing
neural tissue collaborate to produce a vascular bed that functions to deliver critical oxygen as well as
prohibit the passage of soluble toxins and immune cells. In adult neurogenesis, the SVZ vasculature
plays a vital role in neural stem cell activities. To study the role of the vasculature on SVZ neural stem
cells and their progeny, we developed a protocol to separate endothelial cells and pericytes from distinct
brain regions, the SVZ and the non-neurogenic cortex. This revealed multiple morphological phenotypes
of pericytes but not endothelial cells in vitro from both cortex and SVZ. We also isolated a cell with
mesenchymal stem cell properties from FACS-purified pericytes from both SVZ and cortex. We then
turned to reported mesenchymal stem cell markers to probe further pericyte diversity. While CD44, CD73,
CD90, and CD140α were expressed by very few pericytes in the cortex or SVZ, prospective purification of
low

pericyte populations with CD146 and CD105 revealed three populations, CD105 CD146negative,
CD105

low

CD146

low

, and CD105

high

CD146

high

.

CD146, or melanoma cell adhension molecule, has been most studied in the context of
melanoma and breast cancer, where human samples with high levels of CD146 are more likely to have
metastasized

166 167

	
  

. It is expressed on endothelial cells, and a small subset of B and T lymphocytes, and

is a mesenchymal stem cell marker, at least in human tissue. It is hypothesized to play a role in cell
adhesion, but no definitive studies have been performed. Surprisingly, since CD146 is a mesenchymal
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stem cell marker, in our hands only the CD146negative were proliferative in vitro. Thus, it is possible
there are species-specific differences in regard to this marker, or that selective culturing conditions allow
+

-

the activation of different types of pericytes, or that there is a CD146 CD13 mesenchymal stem in
+

addition to those in the CD13 pericyte population. CD44 and CD90 mark approximately 1% of pericytes,
and these are found in the CD146 negative fraction. Determining the behavior of these few cells in vitro
may uncover a different set of mouse brain MSC markers.
-

Additionally, while cortical CD146 pericytes were more proliferative than the other subtypes, SVZ
-

CD146 pericytes only could be passaged. Given this difference between pericytes derived from
neurogenic and non-neurogenic regions, the role of MSCs in vivo warrants further investigation. Pericytes
83

have been hypothesized to cooperate in neurovascular coupling in the SVZ . In the hematopoietic stem
cell niche, a perivascular mesenchymal stem cell has been proposed to anchor the earliest stage of the
hematopoietic stem cells in the niche and prevent premature depletion

108

. These studies suggest that

pericytes/mesenchymal stem cells may be an important partner with tissue-specific stem cells,
collaborating to maintain a functional niche. In the SVZ, stem cell astrocytes contact the ventricle with
processes that interdigitate between ependymal cells in certain regional hot-spots, particularly the middle
dorsal and anterior ventral domains

109

. These ventricular-contacting astrocytes may correspond to the

quiescent stem cell astrocytes hypothesized to inhabit the ependymal niche

114,116

. While the vascular

niche is thought to be more proliferative, some astrocytes contact the ventricle and blood vessels

109

.

-

Given that CD146 pericytes chiefly reside on large and medium-sized vessels in the SVZ which
predominate in the anterior ventral SVZ, it is possible that they could play a similar role to mesenchymal
stem cells in the HSC niche.
Pericytes in the brain have two developmental origins, from the neural crest, which colonize the
anterior telecephalon, and the mesenchyme, which cover the rest of the neural tissue in the avian
brain

168

. Lineage tracing experiments with neural crest and mesenchymal markers would be enlightening

to determine the source of pericytes in the mouse and whether this impacts their MSC potential in the
adult brain.
Staining with CD13, CD146 and laminin exposed a previously unknown level of vascular diversity
in the SVZ, and begin to suggest that vascular cells are arranged in particular distributions on different
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sized vessels. Capillaries are the predominant blood vessel type in the SVZ

6,83

. As different molecular

signals are known to control the specification of arteries versus veins in development {Wang:1998uk},
understanding the molecular diversity of the SVZ vessels may reveal important functional roles. CD146
revealed interesting patterns for both endothelial cells and pericytes. Large and medium presumptive
arterioles display segmented patterns of CD146 and laminin staining on endothelial cells. The function of
this arrangement may play a role in contraction of larger vessels or it may simply reflect the way the
-

vessels came together during development. While pericytes on larger vessels were largely CD146 ,
-

+

medium vessels displayed both CD146 and CD146 pericytes. Pericytes that were largely CD146

-

extended at least two types of processes: shorter processes that often were vessel-bridging and longer
+

processes that terminated in previously-described areas of laminin specks. Fractones, special lamininrich ECM structures, course through the SVZ and capture growth factors like FGF-2

110,111

, and have been

+

proposed to originate from macrophages. Our new data demonstrate that laminin processes also
+

emanate from pericytes, although not all pericytes do so, and not all laminin structures originate from
pericytes (data not shown). Examining whole mounts that have been stained for macrophage and
pericyte markers, as well as other ECM molecules like collagen IV, will resolve and clarify the cellular
origins of fractones. Furthermore, investigating the existence of these structures over their lifespan from
embryonic stages until late adulthood may provide hints about their function.
In addition to its expression on subsets of pericytes, we found rare laminin-naked vessels stained
+

96

with CD146 and occasional CD146 tip cells. Unlike the hippocampus , where active angiogenesis
6

accompanies neurogenesis, the vasculature of the SVZ is largely quiescent , and tip cells have not
previously been observed. Thus, the mechanisms by which this quiescent vasculature niche supports
neurogenesis have been hypothesized to be different than those of the hippocampus. To Validate CD146
as a tip cell marker, it will be important to perform co-staining in angiogenic areas like the hippocampus or
during embryogenesis with other endothelial markers such as CD31, and tip cell markers such as Delta+

like 4. Separating CD146 tip cells by FACS and culturing or probing their transcriptome may provide
more information about the identity and role of these cells in the SVZ as well.
In summary, these results provide novel insights into the brain vascular niche. As our population
ages and neurodegenerative disease places a greater burden on society, understanding the composition

	
  

75	
  
	
  
and biology of the support cells in the brain becomes increasingly critical. Further investigations into
vascular cell diversity will contribute to our understanding of brain vasculature as a dynamic,
heterogenous, plastic component of brain physiology and pathology.	
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Chapter 3 figure legends
23. Pericyte diversity in vivo. Co-staining with PDGRF-β and CD13 in a confocal Z-stack projection
reveals different pericyte morphologies in the SVZ (A-F). Note the two different cell types of
+
+
PDGRF-β CD13 CD31 cells: small, bulbous cell (arrows) and large, flat cells (arrowheads).
Scale bar, 20um.
24. Pericyte diversity in vitro. Representative images of different morphologies of FACS-isolated SVZ
pericytes in one well after two weeks in vitro (A-D). Cortical pericytes also have diverse
morphologies (data not shown). Scale bar, 100um. E. Growth curves of primary pericytes. n=1 for
cortex and SVZ.
25. Using FACS to probe in vivo pericyte heterogeneity. (A-C). Gating for CD105 and CD146 on
+
low
+
CD13+ cells yields three populations CD13 CD146 CD105 (yellow gate); CD13
low
low
+
high
+
CD146 CD105 (blue gate) and CD13 CD146 CD105 (red gate) that also can be
distinguished by their size (forward scatter) and density (side scatter) (C). All three populations
are present at similar ratios in the cortex “C” and SVZ “S” (D). n=>10 FACS experiments
+

-

low

26. In vitro behavior of pericyte subpopulations. (A-C). Typical morphology of CD13 CD146 CD105
+
low
low
high
+
(A); CD13 CD146 CD105 (B) and CD13+CD146 CD105+ (C). (D) Only the CD13 CD146
low
CD105 from the SVZ divide rapidly, could be passaged (n=2) and gave rise to “mesospheres”
(n=1). (E) Histogram showing percentage of Ki67+ cells in each population after one month in
vitro. Cortex “C” and SVZ “S”, n=1.

27. CD146 reveals unique endothelial cell staining in large vessels in the anterior ventral SVZ. In a
confocal z-stack image, CD146 (blue, C), does not co-localize with CD13+ pericytes (B red), one
+
of which is dividing (arrow, Ki67 , A). Scale bar, 6uM.
28. Fractone structures emanate from pericytes in the SVZ. (A-D, E-H, I-L). In confocal Z-stack
projections of SVZ, vascular features such as the following can be visualized:
+
+
+
laminin CD13 CD146 fractone structures (arrowhead), CD13 CD146 bridging pericytes (double
+
+
+
arrowheads), other CD13 CD146 pericytes (asterisks), CD13 CD146 pericytes (arrows),
+
+
nascent, laminin CD13 CD146 nascent vessels (double asterisks) and vascular segmentation
(double arrows). Scale bars, (A-D 20um, E-H 20um, I-L 1um).
29. CD146+ tip cells in the SVZ. (A-D). In confocal Z stack images, CD146 (green, A) labels cells
with obvious tip cell morphology (arrow). These cells are laminin CD13 . Note the presence of a
bridging pericyte (arrowhead). Scale bar, 5uM (E-H). High power magnification of a tip cell in the
SVZ. Scale bar, 2uM.
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Summary and conclusions
The studies in this thesis represent a new and superior way to study the neural stem cell niche,
and demonstrate novel findings that can be elucidated with this approach. To study stem cells, the power
of FACS lies in its ability to reduce different cells to simple combinations of surface antigens, and in this
reductionist approach creates wide applicability. Theoretically, all one needs is surface markers and the
right enzyme, at least before years of optimization to increase yield. FACS was first used to study a stem
cell system by Weissman and colleagues in the late 1980s; scientists have now begun to use FACS to
define distinct populations in the SVZ neural stem cell niche in a parallel manner. In the brain, one of the
key questions is why astrocytes are only stem cells in certain discreet areas. Using FACS, we can start
with transcriptional profiling and in vitro assays to probe the differences between SVZ astrocytes and
other non-neurogenic regions, as well as look at similarities to other neurogenic regions like the
hippocampus. It is likely that niche component maintain stem cells as well, either passively or actively.
Only two studies have used to FACS to separate out niche components, and both of them required
specific genetic markers. Our system uses wild-type mice and a protocol that requires only five hours
from dissection to plating, and therefore could also find relevance in studying the blood brain barrier.
-

Since CD13 is a cerebral specific pericyte marker, PDGFR-β, chondroitin sulfate proteoglycan 4 (NG2),
SUR2 (ATP-binding cassette, subfamily C (CFTR/MRP), member 9, (Kir6.1), potassium inwardly
rectifying channel, subfamily J, member 8 (Abcc9), or Endosialin could plausibly be used to adapt this
protocol to other organs

151

.

FACS represents a considerable technical improvement over previous methods to study the brain
vasculature. When endeavoring to isolate vascular cells from a region as small as the SVZ, all of the
previous protocols used procedures that were harmful to delicate vascular cells, and did not allow
separation of specific vascular sub-types. Homogenization is commonly used to dissociate tissue, but this
brute force step can easily be replaced with fine scalpel mincing. Dextran gradients were previously used
to separate neural and vascular tissue, but we find that the majority of vascular cells are also eliminated.
Dextran solutions require time to prepare, and using different molecular weight dextrans can greatly
impact yield. FACS purification with cell-type specific markers eliminate the need for this step entirely.
Percoll can be employed to separate myelin, which can be toxic to cells, but this step requires only ten
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minutes versus the 30 minutes and ultracentrifugation of dextran. Blood vessels are lined by a basement
membrane, which contains ECM molecules such as laminin, fibronectin, and collagen type IV. Therefore,
a combination of collagenase and dispase is the best enzyme for digestion, as dispase, a neutral
protease, digests fibronectin, collagen I and collagen IV. Papain, another enzyme commonly used for
tissue dissociation, digests CD31 and either kills pericytes or does not separate them from neighboring
cells or ECM. With a thorough mincing of the tissue, collagenase/dispase incubations greater than 30
minutes are unnecessary and in fact can degrade cell-surface epitopes and decrease cell viability.
The technical steps above highlight the changes from previous protocols that needed to be made to
obtain reasonable numbers of cells from an area as small as the SVZ. Apart from the greatly increased
yield, the other major advantage of FACS is its purity. While immunopanning works on the same
principles, it requires that markers be cell-type exclusive in the tissue of interest, or the investigator must
perform multiple rounds of purification. Selective culture of vascular cells to purify them is highly
problematic. Endothelial cells in most vascular beds in adult tissue are quiescent. In examining studies
where brain vascular cells were passaged before use in particular experiments, it is highly like that these
actually represent pericytes or mesenchymal stem cells

77,155

. Theoretically, these experiments could be

performed with the foreknowledge that the vascular portion is mixed. However, endothelial cells and
pericytes exist in specific ratios in the CNS vasculature, and it is more authentic to therefore add these
cells in representative numbers.
The blood brain barrier is the defining property of brain vasculature, and interestingly, some of
+

these properties seem to be altered in the adult SVZ. EGFR cells contact vessels at sites that lack
astrocyte end feet and pericyte coverage, and certain molecular weight injectable tracers diffuse into the
SVZ but not in cortex. While we did not perform these studies, our system could be easily utilized in blood
brain barrier studies. For example, one could measure the transendothelial electrical resistance naively
and after hydrocortisone treatment, which induces barrier properties in vitro
astrocytes are required for blood brain barrier acquisition in vivo

72,73

143

. As pericytes and

, one could also separate astrocytes

5

from specific brain regions and study their role additively. Recently studies in vascular biology have
begun to consider the tubular 3D structure of these cells in vivo, and replicated this architecture in vitro
{Sacharidou:2010jj}. Combining the previously mentioned cell types in a 3D assay would create a
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technologically advanced in vitro blood brain barrier model. However, this method does require large
amounts of cells, and thus has been used exclusively with cell lines. E4ORF, an adenoviral gene product,
induces endothelial cells without transformation and therefore maintains long-term survival and facilitates
organ-specific purification of primary endothelial cells

148

. Although studies thus far have used this

technology with hematopoietic endothelial cells, addition of this gene could allow long-term propagation of
primary brain endothelial cells as well.
In addition to the regional specificity of the vascular cells, conditioned medium experiments with
distinct stages of the neural stem cell lineage without growth factors produced novel findings about the
factors secreted by these cells. No vascular cell conditioned medium increased survival of neural stem
cell astrocytes or transit amplifying cells, nor did conditioned medium augment the activation of quiescent
stem cell astrocytes. However, the findings on proliferation of activated stem cell astrocytes and transit
amplifying cells were characteristic and notable. Cortical endothelial cells were the most proliferative,
significantly more so on transit amplifying cells. Both SVZ and cortical endothelial cells were significantly
more proliferative than bend.3 on activated stem cell astrocytes and transit amplifying cells. This result is
critical in that it reveals the natural fit between factors secreted by organ-specific primary vascular cells
and neural progenitors. The fact that cortical endothelial cells were more proliferative than SVZ is
somewhat counterintuitive because the cortex is a non-neurogenic area. SVZ endothelial cells may be
secreting less activating factors, or their mileu may be more nuanced, and simultaneously promote
proliferation and regulate proliferation. Combining SVZ and cortical conditioned medium could
differentiate these possibilities.
Primary endothelial cells were significantly more neurogenic on activated stem cell astrocytes
than bend.3 cells. This result, and the corresponding lack of a significant effect on transit amplifying cells,
suggests that neural stem cells may have specific critical periods in which their cell fates can be
+

influenced. EGFR cells are found close to the vasculature in vivo

6,7

. Although both activated stem cell

astrocytes and transit amplifying cells are included in this category, this localization may demonstrate the
importance of diffusible endothelial factors on distinct cell stages in vitro. Moreover the general efficacy of
cortical endothelium conditioned medium on proliferation and neurogenesis are good news for future
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brain repair, in that these cells can support these critical neural stem cell activities without exogenous
growth factors, at least in vitro.
One study has been performed on the role of pericytes in the SVZ stem cell niche. It determined
that pericytes cause vasodilation that leads to an increase in blood flow which accompanies S phase
entry of neural progenitors. Whether pericytes secrete any factors which influence neural stem cell
survival, proliferation, and differentiation was completely unknown. While less potent than endothelial cell
signals, pericyte conditioned medium did increase proliferation of activated stem cell astrocytes and
transit amplifying cells compared to neurosphere medium alone. On differentiation, pericyte conditioned
medium was neurogenic, and SVZ pericytes in particular were the most neurogenic on activated stem cell
astrocytes. This strengthens the hypothesis that activated stem cell astrocytes may exist in a particularly
receptive state to neurogenic signals.
Again, these effects were conferred without the use of exogenous growth factors, and are not
reflective merely of cell numbers in culture. While fewer pericytes were purified from cortex and SVZ, they
proliferated slightly more in the presence of neurosphere medium, increasing their cell numbers (data not
shown). Furthermore, neurosphere medium itself is rich with factors, and protein concentration readings
did not demonstrate any difference between conditioned medium and neurosphere medium alone. Thus,
the factors that are secreted by vascular cells in vitro must be at a relatively low concentration, and yet
very potent. Again, combining endothelial and pericyte conditioned medium will elucidate whether they
secrete similar signals or different ones.
EGF is a potent mitogen in vitro and in vivo

61

. We observed that our results on activated stem

cell astrocyte and transit amplifying cell proliferation seemed to minic the effects of exogenous EGF, but
to a lesser extent. We then performed experiments with an EGFR-selective inhibitor to determine whether
cortical conditioned medium acts through that receptor, demonstrating that it is responsible for all of the
effects on proliferation in this condition. Previous studies have observed that high levels of EGF cause
increased proliferation and astrocytic differentiation whereas low levels still promote progression through
61

the cell cycle, but with greater neurogenic differentiation . Given that the endothelial cells were generally
more proliferative and the pericytes less so in our assay, it is possible that different levels of EGF ligands
are responsible for all of the effects in these experiments. First, this result highlights the critical nature of
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performing co-culture experiments, as these results would be masked or the outcome could be very
different. Secondly, the growing list of vascular-derived factors demonstrated to influence neural stem
cells suggests that this is not the case in vivo

62,128

. All of our studies were performed with cultures of stem

cell astrocytes and transit amplifying cells on fibronectin. Laminins bind fibronectin and are widely
expressed on neural stem cells and progenitors

7,34

. While signaling between EGFR and laminin is not

known, it is possible that the substrate of our assay is dictating the dominance of this particular receptor.
This idea is also supported by the inability of any external factors to increase the activation of quiescent
neural stem cells in vitro. By design, these cells do not express EGFR. The few of them that become
activated in culture and proliferate essentially assume the identity of activated neural stem cell astrocytes
in regards to their neurosphere forming and passaging capabilities. Therefore, if their proliferation is
dependent on EGFR in vitro on fibronectin, until a signal or stochastic event upregulates EGFR, they will
not become activated. Of course, it still may be fruitful to pursue signaling pathways upstream of EGFR.
In sum, these results strengthen the hypothesis of the active, proliferative stem cell niche. At least

in vitro, endothelial cells promote proliferation and neurogenesis to a lesser extent, while pericytes
potently promote neurogenesis and less effectively influence the proliferation of neural stem cells and
transit amplifying cells. In addition to these cell types, it would be interesting to simultaneously purify
ependymal cells and study the effects of their conditioned medium. In light of this model, one of the
significant remaining questions involves the mechanisms of activation in these stem cells. Although
7

astrocyte nuclei can be found interdigitating between the ependymal cells , interkinetic nuclear migration
has not been shown. Some stem cell astrocytes contact the ventricle and blood vessels

109

are therefore

must be experiencing both niches. VCAM is an adhesion factor that tethers stem cell astrocytes to the
ventricular wall

114

but whether its expression could be dynamically regulated by cell intrinsic or extrinsic

properties remains to be seen. Furthermore, one of the strong findings of these studies is that primary
cortical endothelial cells and pericytes support proliferation and neurogenesis in vitro. While these results
open new possibilities for brain repair by latent stem cell proliferation in normally non-neurogenic brain
regions, their results also suggest that the vascular cells are not themselves specific to stem cell niches.
Therefore, either the stem cell properties of particular astrocytes in the subventricular zone are intrinsic,
or they are receptive to vascular signals whereas astrocytes in other brain regions are not.
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In pathological situations such as tumor or stroke, purifying vascular cells from specific regions
may provide novel insights. Previous investigations have studied the effects of ischemic endothelial cells
136

versus uninjured endothelial cells, but one study used a transformed endothelial cell line
used unpurified vascular cells from the entire brain

138

while the other

. These studies also found that soluble factors from

neural progenitor cells increased the tube-forming abilities of vascular cells. Endothelial cells and
pericytes cooperate during angiogenesis with PDGFR-β, TGF-β, and Angiopoietin/Tie2 signaling
(reviewed in Gaengel et al, 2009). Thus, it would be enlightening to separate the two components in
studies of stroke vasculature. In mouse models, middle cerebral artery occlusion is commonly used to
simulate stroke and ischemia, but atherosclerosis is a more common cause of stroke in human patients.
Purifying brain vasculature from atherosclerotic mouse models and comparing to normal brain
vasculature may provide highlight pathways involved in cerebral atherosclerosis

169

. Comparing brain

endothelial cells to other organs in these models may enrich for mechanisms specific to brain vascular
pathophysiology. While the contribution of smooth muscle cells in plaque formation in atherosclerosis is
well known, pericytes have also recently been implicated in this process

170

. Long-term, it could be

interesting to create chimeras of atherosclerotic mice and normal mice to determine the contributions of
each on atherlosclerosis in the brain and other organs. Additionally, in preliminary studies in our lab
looking at the aged SVZ vasculature niche, it appears that the vasculature may degenerate or become
disorganized. Purifying aged endothelial cells and pericytes and comparing their effects in vitro on
specific stages of the young stem cell lineage, and vice versa, could begin to address fundamental
questions about the aging of the niche.
Alternative approaches of studying the SVZ niche
Transplantation in the HSC field catalyzed key experiments and findings, including the discovery
of stem cells themselves

171

. In brain stem cell studies, we can transplant cells

proliferating cells with Ara-C

5,43

123

and eliminate

. But transplantation is really looking at the effect of adding additional cells

to the niche, and Ara-C eliminates proliferation but stem cell astrocytes are able to recover. Therefore, it
would be useful to create a blank slate of brain tissue to examine the role of stem cells without these
caveats. Investigations aimed at developing better organs for transplantation have developed protocols to
decellularize entire organs, leaving the ECM, including the basal lamina, intact

172,173

. In heart, liver, and

lung, these studies have then reconstituted the organ with endothelial cells and parenchymal progenitors.
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In the brain, starting with an ECM scaffold and working out towards a complete niche would provide a
novel way to assess the role of different components on neural stem cell biology. Purified vascular cells
would comprise a critical part of this model, but other components like macrophages and ependymal cells
would be important as well. One could also take cortical ECM and probe the behavior of specific stages of
the neural stem cell lineage in a foreign brain region, as well. In SVZ explant cultures, SDF-1 and its
receptor CXCR4 promoted homing of neural stem cells to the vascular niche. These studies occurred
after 16 hours presumably because the tissue is compromised subsequently

116

. Decellularized brain

tissue would allow longer experiments. One challenge with this approach in the brain is that neurons
make long term connections between brain regions, and nerve terminals are present in the SVZ as
well

110,117

. Repopulating the neural component the brain will require further investigations.

The decellularized SVZ might also catalyze visualization of events in the SVZ niche. In vitro live
imaging has provided important details about SVZ stem cell biology, particularly in regards to single cell
lineage tree

134,174

. In vivo, cell behaviors such as division and migration cannot be visualized in real time

due to the SVZ’s location deep in the brain. Key factors in HSC localization have been determined with
intravital microscopy in the skull

175

. Observing the dynamics of SVZ neural stem cells would provide a

fascinating window into their real-time behavior. Taking another hint from HSCs, blood flow has been
shown be required for HSC development

176

. Blood flow rates could be manipulated with cannulation of

the reconstituted SVZ niche vasculature, the SVZ response determined. In sum, developing a more
architecturally representative environment in which the behavior of stem cells could be queried could in

vitro could allow the investigation of questions that are not currently feasible.
Blood-derived factors and the SVZ niche
Intriguingly, diffusible tracers injected intracardially were able to access the SVZ and not other
6

-

non-neurogenic brain regions . This result implies that the SVZ may be open to blood born factors that
could promote stem cell activity of the astrocytes in this region. To date, it has been difficult to approach
studying the role of blood-derived factors on the SVZ niche. Preliminarily, we used parabiosis between
young and old mice to see if factors from young animals were able to rescue the decline in stem cell
proliferation and neurogenesis that occurs with aging

177

. We did not observe an increase in stem cell

proliferation or neurogenesis, but as previous experimental paradigms with parabiosis looked at the
effects on regeneration
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, it is possible that young serum is not able to affect homeostatic proliferation in
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47

aged animals. In the hippocampus, exercise and antidepressants augment neurogenesis , and it is likely
that these influences act systemically. To begin, it could be worthwhile to perform careful titration with
different molecular weight dextrans to look at the exact size of factors that might be permitted into the
SVZ.
Organs such as the liver and pancreas do not have constitutive stem cell activity but latent stem
cells can be activated with injury. In the brain, pericyte depletion leads to blood brain breakdown, which
has detrimental consequences to neuronal function. With blood brain barrier perturbations, soluble factors
like IgG and fibrin accumulate perivasulcarly

75,76

. In the hippocampus, active angiogenesis occurs and

therefore the blood brain barrier is disrupted as well. It is curious to then consider that the adult
neurogenesis may be enabled by mechanisms similar to stem cell stimulation after injury in other models.
The pathways that are then activated in pancreatic and liver stem cells after injury could be constitutively
active in neural stem cells, and are worth pursuing.
Curiously, increased pericyte density across organs is correlated with an increased endothelial
barrier

151

. Thus, the increased permeability and increased pericyte density in the SVZ seem in opposite.

Pericytes have also been proposed to play a role in maintaining a quiescent vascular bed. The SVZ
vasculature is quiescent compared to the hippocampus where active angiogenesis accompanies
neurogenesis

6,96

. However, we found evidence of tip cells, suggested that pericytes in the SVZ may not

be functioning in this way, either. Very little is known about pericyte diversity in the adult mammalian
brain. Using our newly developed FACS protocol, one could perform transplant studies with cortical and
SVZ pericytes. The opposite regional cell type could be injected into the heterotopic region to probe their
role in development, or conversely, it would be interesting to see if injected cortical or SVZ pericytes were
able to increase recovery after AraC.
Blood flow itself plays a critical role in vascular development, and in birth of hematopoietic stem
cells

176

. Furthermore, blood flow is increased in capillaries due to their smaller size, and the SVZ

vasculature is predominantly capillaries. High-resolution Doppler studies might provide insight into
whether blood flow is perturbed in the SVZ, or this idea could also be pursued in in vitro models.
Furthermore, if the oxygen delivery of these capillaries is somehow altered, it could be interesting to
measure the levels of oxygen in the SVZ and determine if relative hypoxia is driving stem cell activity.
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Genetic manipulation of the brain vasculature
Long term, the studies in this thesis are working towards a better cellular, molecular, and genetic
understanding of the brain vasculature. In the future, region- and cell-type specific transcriptome analysis
will provide an enormous resource. Microarray studies have been performed to determine the differences
between physiological and pathological angiogenesis, using liver regeneration as a model of nonmalignant angiogenesis. Glioma tumor cells have also recently been shown to produce their own
vasculature	
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. Purifying and studying these cells in vitro could provide novel insights about their

biology. Additionally, as glioma cells have been hypothesized to arise from the SVZ niche

181

, it would be

interesting to see if the transcriptome of SVZ vasculature cells in any way more closely resembles tumor
endothelium compared to cortex, and if SVZ endothelial cells and pericytes interact with malignant cells in
unique ways.
Furthermore, inducible and cell-type specific promoters are now an important tool in a variety of
settings, including vascular and stem cell biology. Beyond the transcriptome of the cells themselves,
microarray technology could be curated to provide detailed knowledge about transcriptionally active
genetic promoters in a particular brain area. We could then, for example, specifically target cortical or
SVZ endothelial cells and endow them with genes expressed in the other region. As the SVZ vasculature
has permeability to certain molecular tracers and the cortex does not, we could probe the transcriptome
for tight junction molecules, or transporters, that are differentially expressed in one population versus the
other. Over-expressing or knocking-down these genes may provide a way to artificially transplant
vascular niches, and explore their role on neural stem cell and neuronal biology. These experiments
provide another example of future possibilities in brain repair. Considering the involvement of the
vasculature in a wide range of brain pathologies, building a model for situ neuronal regeneration may also
produce discoveries that lead to greater cognitive functioning throughout life.
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