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Abstract 

Neural stem cells (NSCs) are multipotent, self-renewing progenitors that 

generate progeny that differentiate into neurons and glia. NSCs in the adult 

mammalian brain are generally quiescent. Environmental stimuli such as 

learning or exercise can activate quiescent NSCs, inducing them to proliferate 

and produce new neurons and glia. How are these behaviours coordinated? The 

neurovasculature, the circulatory system of the brain, is a key component of the 

NSC microenvironment, or ‘niche’. Instructive signals from the 

neurovasculature direct NSC quiescence, proliferation, self-renewal and 

differentiation. During ageing, a breakdown in the niche accompanies NSC 

dysfunction and cognitive decline. There is much interest in reversing these 

changes and enhancing NSC activity by targeting the neurovasculature 

therapeutically. Here we discuss principles of neurovasculature-NSC crosstalk, 

and the implications for the design of NSC-based therapies. We also consider the 

emerging contributions to this field of the model organism Drosophila 

melanogaster. 

 

Introduction 

Neural stem cells (NSCs) are multipotent progenitors that self-renew and give rise to 

cells that differentiate into neurons and glia. NSCs proliferate rapidly during 

embryogenesis, when they generate the functional nervous system. In adult mammals, 

in contrast, NSCs are relatively quiescent and are restricted to two regions of the brain 

– the ventricular-subventricular zone (V-SVZ) of the lateral ventricles and the 

subgranular zone (SGZ) of the dentate gyrus in the hippocampus (Doetsch et al., 

1999a; Morshead et al., 1994; Seri et al., 2001). Physiological or pathological 

processes such as learning, exercise or injury stimulate proliferation and neurogenesis 

(Gould et al., 1999; Gould and Tanapat, 1997; Kempermann et al., 1997; Rochefort et 
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al., 2002; van Praag et al., 1999a; 2005; Zhang et al., 2001). New neurons integrate 

functionally into existing circuitry in the V-SVZ and SGZ and allow adaptive 

responses to environmental changes, for example by increasing odour discrimination 

(Carleton et al., 2003; Livneh et al., 2014; van Praag et al., 2002) or spatial pattern 

separation (Clelland et al., 2009; Sahay et al., 2011; Tronel et al., 2012). NSCs 

therefore play essential roles in development, homeostasis and behavioural plasticity 

in the nervous system.  

 

Each of the NSC behaviours – quiescence, proliferation, self-renewal and 

differentiation – must be precisely balanced to avoid pathology. Excessive self-

renewal at the expense of differentiation, for example, can result in brain tumour 

formation (Palm and Schwamborn, 2010; Sanai et al., 2009). In contrast, premature 

differentiation can deplete the stem cell pool.  

 

NSCs reside in specialised microenvironments, or ‘niches’, in the V-SVZ and SGZ, 

which tightly regulate their behaviour (Bjornsson et al., 2015; Bond et al., 2015; 

Fuentealba et al., 2012; Silva-Vargas et al., 2013). The vascular system is a prominent 

feature of both niches (Gómez-Gaviro et al., 2012a; Licht and Keshet, 2015). Blood 

vessels distribute oxygen, hormones and metabolites around the body, performing 

essential support and signalling functions. Pericytes and niche astrocyte end feet 

associate closely with the walls of blood vessels and control their development and 

functional properties. NSCs and their progeny frequently divide in the vicinity of 

blood vessels (Mirzadeh et al., 2008; Palmer et al., 2000; Shen et al., 2008; Tavazoie 

et al., 2008). In the V-SVZ, NSCs further away from blood vessels extend long 

processes to contact the vasculature (Mirzadeh et al., 2008; Shen et al., 2008; 

Tavazoie et al., 2008). It is now clear that the vasculature not only supports but 

directly controls NSC behaviours. Several diffusible and non-diffusible vascular 

signals control NSCs and their progeny. Importantly, blood vessels are intimately 

associated with stem cells in many other organs (Gómez-Gaviro et al., 2012a). It is 

likely that the principles of NSC regulation discovered in the brain also apply to other 

stem cell compartments, such as muscle and bone marrow, and vice versa. 

 

Here we review our understanding of the vasculature as a NSC niche, focussing on 

the V-SVZ, the largest germinal zone in the adult mammalian brain. NSC number and 
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activity decline during ageing, accompanied by drastic reductions in the 

neurovascular network (Ahlenius et al., 2009; Farkas and Luiten, 2001; Katsimpardi 

et al., 2014; Maslov et al., 2004; Riddle et al., 2003; Tropepe et al., 1997). What 

factors cause these changes and, importantly, are they reversible? Simpler organisms, 

such as Drosophila melanogaster, are emerging as powerful models to study the 

neurovascular niche. We consider how the principles learnt from rodents and 

Drosophila could shape future therapies targeting human NSCs. 

 

1) NSCs: a lifetime of neurons and glia 

NSCs in the adult V-SVZ, also known as Type B cells, are a subpopulation of 

astrocyte glia residing in the walls of the lateral ventricles (Doetsch et al., 1999a). 

Rodent models have allowed detailed characterisation of adult NSCs and their 

progeny. Unlike embryonic NSCs, adult NSCs are generally quiescent. They can 

become activated to divide and produce new neurons and glia, and have attracted 

attention as potential targets for stem cell-based regenerative therapies (Cave et al., 

2014; Taupin, 2007). Quiescent NSCs are sufficient to regenerate the V-SVZ 

following ablation of activated progenitors (Doetsch et al., 1999b). This demonstrates 

that quiescent NSCs are bona fide stem cells with lifelong neurogenic and gliogenic 

potential. 

 

Several stimuli activate quiescent NSCs in the V-SVZ and SGZ, including learning 

(Gould et al., 1999; Kempermann et al., 1997; Rochefort et al., 2002), exercise (van 

Praag et al., 2005; 1999b) and injury (Gould and Tanapat, 1997; Zhang et al., 2001). 

Activated V-SVZ NSCs give rise to progeny with characteristic molecular profiles 

(Fig. 1A). NSCs generate rapidly dividing transit-amplifying progenitors (TAPs, also 

known as Type C cells) that, in turn, divide symmetrically around three times before 

differentiating into neuroblasts (NBs, also known as Type A cells) (Doetsch et al., 

1999b). In rodents, NBs migrate as long chains in the rostral migratory stream 

towards the olfactory bulb (Doetsch and Alvarez-Buylla, 1996) where they 

differentiate into post-mitotic interneurons and integrate into the local circuitry 

(Carleton et al., 2003). V-SVZ NSCs also produce some corpus callosum 

oligodendrocyte glia, which function in axon myelination.  

 

The V-SVZ niche 
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Stem cells in many adult tissues reside in a dedicated microenvironment, or niche. V-

SVZ NSCs and their progeny are effectively sandwiched between two major niches in 

the walls of the lateral ventricles (Fig. 1B). On the apical side is a layer of ependymal 

cells, arranged in pinwheel structures (Mirzadeh et al., 2008). Ependymal cells line 

the walls of the ventricles, which are filled with cerebrospinal fluid (CSF) - a growth 

factor and cytokine-rich fluid demonstrated recently to control adult NSC 

proliferation (Silva-Vargas et al., 2016). The choroid plexuses, heavily vascularised 

tissues suspended in the ventricles, are responsible for secreting the CSF (Lehtinen et 

al., 2013). NSCs can intercalate or penetrate the ependymal cell layer (Conover et al., 

2000; Doetsch et al., 1999b; Mirzadeh et al., 2008; Shen et al., 2008) and extend a 

primary cilium into the ventricle (Conover et al., 2000; Doetsch et al., 1999b)  to 

communicate with the ependymal cell/CSF niche. Since the choroid plexuses are 

heavily vascularised, the CSF represents one access route for blood-borne or vascular 

endothelial cell signals to reach V-SVZ NSCs (Silva-Vargas et al., 2016). 

 

The neurovasculature is located basally, deeper in the ventricle wall. Some NSCs 

located in the ependymal cell layer extend a basal process to contact blood vessels 

(Mirzadeh et al., 2008; Shen et al., 2008). These NSCs are in a unique environment, 

able to sense signals both from the vasculature and the ependymal cell/CSF niches. 

Just beneath these NSCs lies a second group of ‘tangential’ NSCs, with one or more 

cellular processes that run along or between blood vessels (Shen et al., 2008). The 

vasculature is therefore a prominent feature of the NSC niche, forming multiple 

contacts with NSCs. Apart from the apical (ependymal cell/CSF) and basal 

(neurovascular) niches, NSCs also contact their TAP and NB progeny that may be 

considered a third, ‘intermediate’ niche (Fuentealba et al., 2012; Silva-Vargas et al., 

2013). 

 

2) The neurovasculature: more than a support line 

The neurovasculature acts as the blood-brain barrier (BBB), which permits transport 

of oxygen, nutrients and hormones to the brain, whilst removing harmful xenobiotics 

and waste metabolites. The formation and physical features of the BBB during health 

and disease have been reviewed excellently elsewhere (Banks, 2016; Weiss et al., 

2009; Zhao et al., 2015), and also in this issue (Stefanie Limmer, this issue), and shall 

not be covered here. We will consider the emerging roles of the neurovasculature 
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specifically in the context of stem cell regulation. The BBB and vasculature exhibit 

unique features specifically in neurogenic regions of the adult mammalian brain, and 

it is tempting to think that they are adaptations to permit dialogue with NSCs. 

 

General features of the neurovasculature 

The neurovasculature refers to the cellular and acellular components associated with 

blood vessels, primarily capillaries, in the brain. Endothelial cells are the structural 

elements of capillary vessel walls and form the conduits for blood transport. Tight 

junctions between endothelial cells prevent paracellular leakage. A basal lamina rich 

in extracellular matrix (ECM) molecules such as laminin, collagen IV and fibronectin 

(Kazanis et al., 2010; Mercier et al., 2002; Tavazoie et al., 2008) encases endothelial 

cells. Pericytes and niche astrocytes enwrap and contact blood vessels respectively, 

and modulate BBB permeability, neurovascular signalling and angiogenesis (Abbott 

et al., 2006; Armulik et al., 2010). Together, the neurovascular niche is ideally placed 

to receive systemic signals from the circulation and instruct local responses in the 

brain. Systemic signals that affect NSC behaviour include changes in diet, age, 

exercise or stress (Katsimpardi et al., 2014; Rafalski and Brunet, 2011). 

 

Specialisations in the V-SVZ neurovasculature 

Whole mounts and 3D reconstructions have revealed unique morphological and 

functional specialisations of the V-SVZ vasculature that are absent from non-

neurogenic regions of the adult brain (Culver et al., 2013; Mirzadeh et al., 2008; Shen 

et al., 2008; Tavazoie et al., 2008). V-SVZ blood vessels form a relatively shallow, 

but extensive, planar network running parallel to the plane of the ventricle, with 

perpendicular branches invading the underlying striatum (Shen et al., 2008; Tavazoie 

et al., 2008). This is dissimilar to the tortuous organisation of blood vessels in non-

neurogenic regions such as the cortex (Culver et al., 2013; Tavazoie et al., 2008). The 

V-SVZ is more densely vascularised than neighbouring brain regions (Culver et al., 

2013; Kazanis et al., 2010). Interestingly, the V-SVZ vasculature is largely quiescent 

(Tavazoie et al., 2008). This contrasts with the SGZ, the other major neurogenic 

region of the adult mammalian brain, in which angiogenesis (sprouting of new blood 

vessels) proceeds in parallel with neurogenesis (Palmer et al., 2000; Tavazoie et al., 

2008).  
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A particularly conspicuous feature of the V-SVZ is the presence of fractones - thin, 

highly branched rods of ECM composed of heparan sulphate proteoglycans, perlecan, 

nidogen and collagens (Kerever et al., 2007; Mercier et al., 2002). Fractones are 

continuous with the blood vessel basal lamina, contact all cell types of the V-SVZ and 

terminate at bulb-like structures just beneath the ependymal cell layer (Mercier et al., 

2002; Tavazoie et al., 2008). Fractones therefore connect NSCs with both the 

neurovascular and ependymal cell/CSF niches. Recent studies implicate fractones in 

capturing CSF-borne growth factors and distributing them throughout the ventricle 

wall (Douet et al., 2012; 2013; Kerever et al., 2007; Mercier and Douet, 2014). These 

growth factors also bind blood vessel ECM (Douet et al., 2013; 2012; Mercier and 

Douet, 2014), suggesting an intimate relationship with the neurovasculature that is yet 

to be resolved.  

 

In addition to a unique structure, the V-SVZ vasculature exhibits functional 

differences in its BBB properties and transport of blood. V-SVZ blood vessels are 

more permeable, due to a local reduction in endothelial cell tight junctions and sparser 

pericyte and astrocyte end feet coverage (Tavazoie et al., 2008). This selective 

leakiness indicates that blood-borne factors have easier access to the brain 

parenchyma in the vicinity of NSCs, although the importance of this in vivo remains 

to be determined. Blood flow is slower in the V-SVZ (Culver et al., 2013). Although 

this was expected to cause a hypoxic environment around blood vessels, chemical 

tracers showed that this was not the case (Culver et al., 2013; Roitbak et al., 2011). 

Nevertheless, fluid dynamics and shear stress can influence endothelial cell gene 

expression (Chien, 2007; Tzima et al., 2005) and a role of blow flow rate in stem cell 

regulation cannot be excluded. Indeed, when NSCs are induced to proliferate by 

infusion of growth factors, blood flow increases locally (Lacar et al., 2012). Fluid 

flow plays an important role in the CSF niche (Sawamoto et al., 2006). Further studies 

will illuminate the contributions of fluid dynamics and BBB leakiness to NSC 

regulation. 

 

3) Partners in crime: NSC-neurovasculature crosstalk 

Endothelial cells secrete soluble factors that promote V-SVZ progenitor self-renewal 

and differentiation in vitro (Shen et al., 2004). This important observation opened up 

the possibility of a similar interaction occurring in the adult brain in vivo. Indeed, 
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dividing NSCs and TAPs are associated with blood vessels both in the V-SVZ (Shen 

et al., 2008; Tavazoie et al., 2008) and the SGZ (Palmer et al., 2000). Quantitative 

analyses have confirmed that proliferating cells are, on average, significantly closer to 

blood vessels than other V-SVZ cell types (Shen et al., 2008; Tavazoie et al., 2008). 

Remarkably, dissociated and transplanted adult progenitor cells (NSCs and TAPs) 

migrate and associate preferentially with the vasculature (Kokovay et al., 2010), 

demonstrating that this partnership is actively established. Vascular association is 

dependent on chemokine receptor 4 (CXCR4) and stromal-derived factor 1 (SDF1, 

also known as CXCL12), which allow NSCs to bind laminin in the basal lamina 

(Kokovay et al., 2010; Shen et al., 2008). 

 

The neurovasculature can signal to NSCs through three major routes (Fig. 1C). The 

first is direct contact between NSCs and blood vessels. Dividing NSCs associate with 

the vasculature, and more distant NSCs have basal processes terminating on blood 

vessels in areas lacking pericyte and astrocyte coverage (Tavazoie et al., 2008). 

Secondly, neurovascular cells can synthesise and secrete diffusible cues into the V-

SVZ. Diffusible cues can also arrive from the ependymal cell/CSF niche, for capture 

and distribution by fractones and blood vessel-associated ECM. Notably, several 

ligands controlling NSC behaviour are present both in the CSF (some originating 

from the vasculature in the choroid plexus) and the local neurovasculature. Thirdly, 

blood-borne cues such as hormones, synthesised outside of the V-SVZ, can diffuse 

into the NSC niche, likely aided by the locally permeable BBB. We consider each of 

these access routes in turn.  

 

Direct contact maintains quiescence 

Despite the intimate association between V-SVZ NSCs and the neurovasculature 

(Mirzadeh et al., 2008; Shen et al., 2008; Tavazoie et al., 2008), only one study has 

demonstrated contact-mediated NSC regulation in vivo. Endothelial cells express 

ephrinB2 (Efnb2) and Jagged1 (Jag1), transmembrane ligands for Eph and Notch 

receptors respectively (Ottone et al., 2014). Conditional knockout of either ligand 

specifically in endothelial cells in vivo results in an increase in dividing NSCs, 

suggesting loss of signals inhibitory to proliferation. The increased division is 

followed by a significant, long-term depletion of NSCs (Ottone et al., 2014). This 

depletion phenotype is reminiscent of that observed upon mutation of FoxO genes in 
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adult NSCs (Paik et al., 2009), which abrogates quiescence. It is thought that 

excessively dividing NSCs eventually lose the capacity to self-renew. These data are 

consistent with Efnb2 and Jag1 normally promoting quiescence. Convincingly, Jag1 

localises to sites between NSCs and the vasculature (Ottone et al., 2014). Mice mutant 

for both Efnb2 and Jag1 exhibit stronger phenotypes than each of the single mutants, 

suggesting that these ligands act in a cooperative but independent manner to maintain 

NSC quiescence.  

 

Diffusible signals: a cocktail of factors with opposing roles 

In the embryo, the nervous and vascular systems develop in parallel and share 

expression of patterning transcription factors (Vasudevan et al., 2008). In an 

analogous manner, classical signals acting on the vasculature can also influence adult 

NSCs. Important angiogenic signals, sometimes secreted from the vasculature itself, 

are vascular endothelial growth factors (VEGFs), which bind VEGF receptors 

(VEGFRs) (Keck et al., 1989; Leung et al., 1989), and angiopoietin-1 (Ang1) and 

angiopoietin-2 (Ang2), which bind the Tie2 receptor (Maisonpierre et al., 1997; Suri 

et al., 1996). NSCs and TAPs also express VEGFRs (Calvo et al., 2011; Jin et al., 

2002) and Tie2 (Androutsellis-Theotokis et al., 2009; Rosa et al., 2010). Introducing 

VEGFA, VEGFB or Ang2 into the V-SVZ stimulates neural progenitor cell 

proliferation in vivo (Androutsellis-Theotokis et al., 2009; Jin et al., 2002; Sun et al., 

2006), while Ang1 has a similar effect on V-SVZ-derived cell cultures (Rosa et al., 

2010). It is possible that at least some of these responses are indirect consequences of 

building a larger vasculature. Indeed, in the adult songbird brain, VEGF stimulates 

endothelial cells to secrete brain-derived neurotrophic factor (BDNF) that, in turn, 

promotes neurogenesis (Louissaint et al., 2002). Notably, VEGFC and its receptor 

VEGFR3 stimulate adult neurogenesis but not angiogenesis (Calvo et al., 2011), 

providing the first evidence for a direct effect of VEGF upon NSCs. Numerous V-

SVZ cell types express VEGFC (Calvo et al., 2011), and it will be important to 

identify the sources relevant to NSCs. 

 

Endothelial cells secrete additional pro-proliferative signals. Pigment epithelium-

derived factor (PEDF, also known as Serpin-F1), produced by endothelial cells and 

ependymal cells, specifically increases NSC self-renewal in vivo (Ramírez-Castillejo 

et al., 2006) through influencing Notch-dependent transcription (Andreu-Agulló et al., 
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2009). It remains unclear whether PEDF recruits more quiescent NSCs to an activated 

state and/or increases self-renewal of previously activated NSCs. Intriguingly, PEDF 

protein contains sites for interaction with the ECM, in particular collagen I (Meyer et 

al., 2002), suggesting that its levels or activity may be modulated by the basal lamina 

or fractones. Endothelial cells also secrete the epidermal growth factor (EGF) family 

member betacellulin (BTC) (Gómez-Gaviro et al., 2012b). BTC binds epidermal 

growth factor receptor (EGFR) on NSCs, and ErbB4 receptors on NBs, and promotes 

proliferation through the MEK/Erk and Akt pathways (Gómez-Gaviro et al., 2012b). 

Since the choroid plexus also produces BTC (Gómez-Gaviro et al., 2012b), it can 

presumably also reach NSCs through the ependymal cell/CSF niche. 

 

In contrast to PEDF and BTC, blood vessel-derived Neurotrophin-3 (NT-3) reduces 

NSC proliferation (Delgado et al., 2014), demonstrating conflicting roles for 

diffusible ligands. Conditional NT-3 knockout in endothelial cells increases NSC 

proliferation in vivo (Delgado et al., 2014) and, in a similar manner to FoxO, Efnb2 

and Jag1 mutant mice (Ottone et al., 2014; Paik et al., 2009), heterozygous NT-3 

mutants exhibit a short-term increase in activated NSCs, which become depleted over 

time (Delgado et al., 2014). NT-3 promotes the activity of the endothelial isoform of 

the enzyme nitric oxide synthase (eNOS) in NSCs. eNOS produces nitric oxide (NO), 

a gaseous signalling molecule that acts in an autocrine manner to reduce proliferation. 

Although the authors conclude that NT-3 promotes NSC quiescence, it also remains 

possible that NT-3 decreases the proliferation of activated NSCs. How the NO 

produced by NSCs is distinguished from other sources of NO, such as the nitrergic 

neurons adjacent to the V-SVZ (Moreno-López et al., 2000), remains unclear. 

 

In addition to synthesising its own factors, the vasculature can capture and 

concentrate diffusible signals from other sources. It is thought that many growth 

factors, such as fibroblast growth factor 2 (FGF2), bone morphogenetic protein 4 

(BMP4) and BMP7, are produced in the choroid plexus and transported to the V-SVZ 

via the CSF. FGF2 promotes NSC/TAP proliferation (Kuhn et al., 1997), while BMP4 

and BMP7 inhibit proliferation (Lim et al., 2000; Mercier and Douet, 2014). All of 

these factors bind to N-sulphated heparan sulphate proteoglycans in fractones and in 

the basal lamina of the vasculature (Douet et al., 2013; 2012; Kerever et al., 2007; 

Mercier and Douet, 2014). N-sulphated heparan sulphate proteoglycans are abundant 
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in neurogenic regions of the brain (Mercier and Arikawa Hirasawa, 2012). Abrogating 

FGF2 or BMP7 binding to the ECM eliminates their mitogenic effects on NSCs 

(Douet et al., 2013; 2012; Kerever et al., 2007), suggesting that the ECM stimulates 

growth factor signalling. Conversely, disrupting the ECM association of BMP4 

strengthens its inhibitory effect on NSC proliferation (Mercier and Douet, 2014), 

demonstrating that the ECM can also sequester and antagonise growth factor activity. 

The branched networks of fractones and the basal lamina are an ideal substrate for 

growth factor delivery to NSCs throughout the V-SVZ. It will be interesting to see 

whether blood vessel ECM and fractones act as a functional continuum, or whether 

they play distinct roles in growth factor binding. 

 

Circulating factors couple systemic metabolism to NSC activity 

Metabolites and nutrients in the bloodstream fulfil the energy demands of adult NSCs. 

However, more context-specific roles have been shown for several circulating factors. 

For example, the hormone prolactin promotes neurogenesis during pregnancy in 

female mice (Shingo et al., 2003). A fascinating insight into blood-borne signals came 

from experiments in which the circulatory systems of young and aged mice were 

joined experimentally (heterochronic parabiosis). ‘Young’ blood in aged brains can 

rejuvenate the neurovasculature and increase NSC/TAP proliferation and neuron 

production in the V-SVZ (Katsimpardi et al., 2014) (see also section: 4) NSCs and the 

neurovasculature during ageing). Thus the contents of the blood change during 

ageing and, importantly, the infusion of a ‘youthful’ factor can restore neurogenesis. 

 

Oxygen concentration fluctuates around 2% in the adult brain (Silver and Erecińska, 

1998; L.-L. Zhu et al., 2005), compared to the 20% oxygen levels used to culture 

NSCs in vitro. Lowering the oxygen concentration to physiological levels enhances 

embryonic NSC proliferation in culture (Studer et al., 2000). Remarkably, a complete 

lack of oxygen (anoxia), for example during transient ischaemic stroke, can trigger 

NSC proliferation and neurogenesis in the adult V-SVZ (Arvidsson et al., 2002). 

These experiments demonstrate the abilities of NSCs to sense and respond to oxygen. 

Oxygen sensing is likely to occur through hypoxia-inducible factor 1α (HIF-1α), as 

shown for embryonic NSCs in vivo (Tomita et al., 2003). Indeed HIF-1α supports 

NSC maintenance in the adult V-SVZ (L. Li et al., 2014). Interestingly, HIF-1α 

mutation causes first a deterioration of the vascular network followed by NSC 
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depletion (L. Li et al., 2014), suggesting a survival effect dependent on the 

neurovascular niche. 

 

Recent results also implicate circulating platelets in NSC control. Platelets contain a 

cocktail of bioactive molecules, such as platelet derived growth factor (PDGF), FGF, 

EGF and VEGF (for a review, see (Mazzucco et al., 2010)), many of which affect 

NSCs. Injection of platelet lysate significantly increases proliferation of vascular and 

V-SVZ progenitor cells following stroke (Hayon et al., 2013). In a corpus callosum 

injury model, platelets migrate out of the vasculature in the V-SVZ in proximity to 

NSCs and are associated with increased survival of NSC lineages and production of 

oligodendrocyte glia precursors (Kazanis et al., 2015). These data suggest that, in 

addition to their well-known role in blood clotting, platelets also promote 

neurogenesis and gliogenesis following injury and may act as an injury-sensitive 

niche. However the signalling molecules involved, and the target progenitor cell 

population (NSC or TAP) remain unclear.  

 

An array of diffusible, non-diffusible and circulating cues influences NSC quiescence, 

proliferation, self-renewal and differentiation. A key question is how NSCs integrate 

all of these signals, particularly since they can have overlapping or antagonistic 

effects. Some ligands, such as PEDF and BTC, have multiple sources (Gómez-Gaviro 

et al., 2012b; Ramírez-Castillejo et al., 2006) – does the source influence the effect on 

NSCs? The majority of neurovascular studies have focussed on endothelial cells. The 

difficulty in identifying pericytes in vivo means that their contributions to NSC 

behaviour are only just emerging (Crouch et al., 2015). How do pericytes and 

astrocytes interact with the endothelial cell-NSC crosstalk? Advances in single cell 

transcriptional profiling, as well as cell type-specific tools for manipulating cells in 

vivo, will no doubt shed light on these questions. 

 

4) V-SVZ NSCs and the neurovasculature during ageing 

Neurogenesis in the V-SVZ declines during ageing, concomitant with a reduction in 

NSC activity and number (Ahlenius et al., 2009; Enwere et al., 2004; Maslov et al., 

2004; Tropepe et al., 1997). The neurovascular niche also deteriorates, with 

reductions in blood vessel density and blood flow (Farkas and Luiten, 2001; 

Katsimpardi et al., 2014; Riddle et al., 2003). These changes are thought to contribute 
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to the decline in cognitive ability commonly associated with ageing. Despite these 

drastic changes, NSCs isolated from aged mice have an almost similar capacity to 

proliferate and differentiate in vitro as those from younger mice (Ahlenius et al., 

2009; Tropepe et al., 1997). This important observation demonstrates that changes in 

the NSC niche, not the NSCs themselves, can drive reductions in neurogenesis. 

Developing methods to restore endogenous NSC activity would be beneficial not only 

for ageing individuals, but also for sufferers of neurodegenerative diseases such as 

Parkinson’s disease or Alzheimer’s disease. Emerging data indicate that rejuvenating 

the neurovascular niche is an efficient way to achieve this. 

 

The ageing circulation is associated with accumulation of detrimental factors and loss 

of ‘youthful’ factors (Katsimpardi et al., 2014). Joining the bloodstreams of young 

and aged mice results in significant restoration of blood vessel volume and branching 

and blood flow levels in the aged partner. This increases NSC/TAP proliferation and 

neurogenesis, and enhances the performance of aged mice in behavioural assays. 

Remarkably, infusion of GDF11 (also known as BMP11) alone recapitulates many of 

these improvements (Katsimpardi et al., 2014). GDF11 is a circulating factor whose 

levels decline in the bloodstream during ageing (Loffredo et al., 2013). Thus GDF11 

is a ‘youthful’ factor, with rejuvenating properties. In contrast, vascular endothelial 

cells increasingly express transforming growth factor β1 (TGFβ1) with ageing 

(Pineda et al., 2013), which is therefore an ‘ageing’ factor. TGFβ1 signalling induces 

NSC quiescence and apoptosis of TAPs (Pineda et al., 2013; Wachs et al., 2006). 

Blocking TGFβ signalling pharmacologically or by using antibodies restores NSC 

proliferation and neurogenesis in aged mice (Pineda et al., 2013). Thus GDF11 and 

TGFβ are age-regulated factors associated with the neurovasculature, and are 

promising targets for rejuvenating blood vessel networks to restore NSC function. 

 

In an interesting parallel, a recent study demonstrated that changes in the choroid 

plexus secretome during ageing also alter NSC proliferation (Silva-Vargas et al., 

2016). Conditioned medium harvested from the choroid plexuses of young mice 

increased NSC proliferation when infused into the lateral ventricles of aged mice. 

Reciprocally, ‘aged’ conditioned medium decreased NSC proliferation. Since many 

neurovascular signals are also present in the CSF, the interactions between these two 

niche compartments during ageing will be of great future interest. 
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5) Drosophila: an invertebrate model to understand the neurovascular niche 

Drosophila melanogaster is emerging as a simpler model to study the neurovascular 

niche.  The ease of cell type-specific genetic manipulation and opportunities for live 

imaging make Drosophila an attractive system to dissect neurovascular regulation in 

manners that are difficult or not currently possible in the mammalian brain. 

 

As in mammals, Drosophila NSCs generate the nervous system during embryonic 

development, become quiescent and must be reactivated post-embryonically (Fig. 2A) 

(Datta, 1995; Hartenstein et al., 1987; Ito and Hotta, 1992; Truman and Bate, 1988). 

Drosophila NSCs are well studied in the context of niche regulation in vivo (Chell 

and Brand, 2010; Ding et al., 2016; Poon et al., 2016; Sousa-Nunes et al., 2011). The 

brain is suspended in an open solute- and metabolite-filled fluid known as the 

haemolymph, which is circulated around the body cavity by a heart-like organ and is 

analogous to the blood circulation (Fig. 2B). Two layers of glial cells, the perineurial 

and subperineurial glia, encase the brain and together form the BBB (reviewed in 

(Limmer et al., 2014)). In particular, subperineurial glia form septate junctions with 

one another, which function similarly to endothelial cell tight junctions in the 

mammalian brain by blocking paracellular flow. The BBB glia equate to the 

neurovascular niche for Drosophila NSCs. Remarkably, despite the difference in 

structure of the BBB between Drosophila and mammals, parallels can be found in the 

principles of NSC regulation. Interestingly, the BBBs of primitive vertebrates such as 

elasmobranch fish (sharks and skates) are also composed of glia (Bundgaard and 

Cserr, 1981), not endothelial cells as found in mammals. The Drosophila BBB may 

be closely related to an evolutionarily ancestral structure from which the mammalian 

BBB also derives (Bundgaard and Abbott, 2008).  

 

Drosophila NSC behaviours 

Drosophila NSCs divide in a self-renewing, asymmetric manner to generate 

intermediate progenitor cells known as ganglion mother cells (GMCs). GMCs divide 

once, differentiating into neurons or glia. This ‘Type I’ division mode closely 

resembles that of NSCs in the adult mammalian V-SVZ, although lacking a transit-

amplifying cell equivalent. Drosophila NSCs proliferate in two waves during 

development. The first occurs during embryogenesis, giving rise to the larval nervous 
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system, and the second during larval life, resulting in the complete adult nervous 

system (Fig. 2A) (Datta, 1995; Hartenstein et al., 1987; Ito and Hotta, 1992; Truman 

and Bate, 1988). NSCs become quiescent between these two waves of proliferation, 

and must ‘reactivate’ post-embryonically to contribute to the second proliferative 

wave. Reactivation occurs in a synchronous manner across the brain. Drosophila 

NSCs therefore exhibit the self-renewal, differentiation, quiescence and proliferation 

characteristics of mammalian NSCs. 

 

The Drosophila neurovascular niche 

Drosophila NSCs are located at the surface of the brain, in close proximity to the 

BBB glia (Fig. 2C). The BBB is, in turn, well placed to sense and respond to changes 

in the circulation. Feeding, for instance, alters haemolymph metabolite composition 

(Handke et al., 2013; Rovenko et al., 2015) and acts as a readout for environmental 

changes. 

 

The BBB communicates organismal nutrition to NSCs 

Dietary nutrition underpins NSC reactivation from quiescence. NSCs fail to reactivate 

when larvae are starved of essential amino acids (Britton and Edgar, 1998). The 

sensing of amino acids in the circulation occurs in the fat body - the liver and adipose 

tissue equivalent. The fat body secretes unidentified signal(s), originally called the fat 

body-derived mitogen (FBDM), to reactivate NSCs (Britton and Edgar, 1998).  

 

The Drosophila neurovasculature plays a central role in the nutritional relay between 

fat body and NSCs (Fig. 2D). BBB glia on the surface of the brain sense the fat body 

signal(s) in the circulation. In response, the BBB glia secrete the growth-promoting 

Drosophila insulin/IGF-like peptides (dILPs) directly onto quiescent NSCs (Chell and 

Brand, 2010; Spéder and Brand, 2014) located just beneath them. dILPs activate PI3K 

and TOR signalling in NSCs to induce reactivation. Remarkably, activating the PI3K 

or TOR pathways in NSCs is sufficient for reactivation in the absence of amino acids, 

uncoupling NSCs from systemic metabolic signals (Chell and Brand, 2010; Sousa-

Nunes et al., 2011). The NSCs only respond to dILPs synthesised locally by the BBB 

niche and are physically isolated from systemic dILPs circulating in the haemolymph, 

which instead control overall body size (Chell and Brand, 2010; Sousa-Nunes et al., 
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2011). This example demonstrates the function of the BBB in communicating the 

nutritional status of the animal to NSCs. 

 

Live imaging of a calcium sensor (gCAMP) (Tian et al., 2009) expressed specifically 

in the subperineurial glia revealed that they exhibit synchronised calcium pulses in 

response to dietary amino acids (Spéder and Brand, 2014). These calcium waves 

induce both dILP expression and secretion from the BBB, and are dependent on 

functional gap junctions (Spéder and Brand, 2014). Thus BBB coupling is required to 

coordinate glia and induce synchronous NSC reactivation. Remarkably, this is 

reminiscent of insulin secretion by β-cells in the mammalian pancreas, which is also 

dependent upon gap junctions and coordinated calcium oscillations (MacDonald and 

Rorsman, 2006; Rocheleau et al., 2006). 

 

Drosophila: future contributions 

The Drosophila BBB is only recently attracting attention as a model for the 

neurovascular niche (Hindle and Bainton, 2014). One of the strengths of Drosophila 

is the powerful genetic toolkit available, which allows unambiguous labelling and 

manipulation of specific cell types in isolation from one another – a feat not always 

possible in mammalian models. Side-by-side comparisons have highlighted striking 

similarities between the transcriptional signatures of BBB glia and the mammalian 

BBB (Daneman et al., 2010; DeSalvo et al., 2014; Zlokovic, 2008). Indeed, 

insulin/IGF signalling also promotes NSC proliferation in the adult mammalian SGZ 

(Bracko et al., 2012). Cell type-specific transcriptional profiling in vivo (Gay et al., 

2013; Southall et al., 2013) will identify new molecular signals between the BBB and 

NSCs.  

 

6) Future perspectives 

Recent advances in cell isolation and transcriptional profiling have highlighted unique 

gene signatures for V-SVZ NSCs (Codega et al., 2014; Llorens-Bobadilla et al., 2015; 

Mich et al., 2014) and the various cells of the neurovascular niche (Crouch et al., 

2015; Daneman et al., 2010; Lee et al., 2012; Nolan et al., 2013). Cell sorting and co-

culture experiments recently demonstrated that placental growth factor 2 (PlGF2), 

secreted by endothelial cells, activates quiescent NSCs and promotes proliferation of 

active NSCs and TAPs in vitro (Crouch et al., 2015). Specific isolation of poorly 
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understood cell types, such as pericytes, will allow assessment of their contribution to 

NSC behaviour. Co-culturing primary V-SVZ pericytes with NSCs revealed that 

pericytes increase NSC proliferation and differentiation of their progeny into neurons 

(rather than glia), although not as significantly as endothelial cells (Crouch et al., 

2015). In the future, it will be possible to identify novel pericyte- and astrocyte-

derived signals and their effects on NSCs. 

 

A better understanding of niche signalling will enable several complex questions to be 

dissected. It is now appreciated that adult NSCs are a molecularly and functionally 

heterogeneous population (Chaker et al., 2016; Llorens-Bobadilla et al., 2015; Shin et 

al., 2015). It will be interesting to discover how heterogeneous the components of the 

neurovasculature are, both within the V-SVZ and in comparison to the SGZ, and 

whether regional specialisations of the neurovasculature impact upon NSC 

heterogeneity. Blood vessel endothelial cells isolated from the cortex, a non-

neurogenic region of the adult brain, can induce NSC proliferation more potently than 

V-SVZ endothelial cells (Crouch et al., 2015). This surprising result also indicates 

that further study of the regional properties of the vasculature will be fruitful. 

 

The myriad effects of the neurovasculature have important implications for the design 

of NSC-based therapies. The deterioration of the neurovasculature during ageing, and 

consequent reduction in NSC proliferation, demonstrate that blood vessels should be 

considered in rejuvenation and tissue repair strategies. Transplanted NSCs are a 

potential treatment for neurodegenerative conditions such as Parkinson’s disease, as 

they may be able to self-renew and replenish lost neurons (reviewed in (Chou et al., 

2015)). However, neural progenitors often exhibit poor survival upon transplantation. 

Co-transplantation of neural progenitors with vascular progenitor cells or endothelial 

cells leads to enhanced survival, proliferation, neurogenesis and functional recovery 

after stroke (J. Li et al., 2014; Nakagomi et al., 2009). In a similar manner, neural 

cells engineered to express angiogenic factors such as VEGF survive better upon 

engraftment to diseased and non-diseased brains (Casper et al., 2002; Maurer et al., 

2008; W. Zhu et al., 2005). Reconstituting a local vascular niche is clearly beneficial 

for NSC transplantation-based therapies. An alternative strategy to stimulate 

neurogenesis is to enhance the activity of endogenous NSCs in the adult brain. 

Exciting studies have demonstrated that rejuvenating the neurovascular niche is an 
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efficient way to increase NSC proliferation and neurogenesis (Katsimpardi et al., 

2014; Pineda et al., 2013). 

 

With the potential for therapeutic applications, it is important to verify that the NSC-

neurovasculature interactions identified in rodents are conserved in humans. 

Neurogenesis occurs both in the V-SVZ and SGZ of adult humans (Eriksson et al., 

1998). One striking difference is that NBs produced in the V-SVZ migrate to the 

medial prefrontal cortex in humans (Sanai et al., 2011), rather than the olfactory bulb. 

V-SVZ NSCs may also contribute neurons to the striatum in adult humans (Ernst et 

al., 2014), although these results are contested (Wang et al., 2014). Clearly, there are 

some differences between rodent models and humans.  

 

A key limitation in studying humans remains, of course, access to living material. A 

recent study has co-cultured human adult endothelial cells with human embryonic 

NSCs to emulate human neurovascular interactions in vitro (Chou et al., 2014). 

Although promising, this system does not recapitulate the 3D environment or the full 

cellular complement present in vivo. Current ambitious projects aim to fully 

recapitulate 3D human neuron/neurovasculature/CSF interactions ‘on a chip’ in vitro 

(see, for example, (Alcendor et al., 2013; Brown et al., 2015; Walter et al., 2016), 

reviewed in (van der Helm et al., 2016)). These models reconstitute some, or all, of 

the cell types of the neurovascular unit and will allow pharmacological drug testing 

on cells derived from patients of different ages, metabolic conditions or pathologies. 

The inclusion of NSCs would allow direct testing of the neurovascular niche in a 

human context. Such projects, combined with in vivo data on signalling molecules 

from rodents and Drosophila, will surely allow us to harness the neurovasculature for 

NSC-based treatments in human patients. 
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Figure Legends 

 

Figure 1. The adult mammalian V-SVZ niche 

A: The lineage of adult V-SVZ neural stem cells (NSCs). Quiescent NSCs become 

activated and generate, in sequence, transit amplifying progenitors (TAPs), migratory 

neuroblasts (NBs) and neurons (Neu). It is unclear whether activated NSCs can return 

to a quiescent state. B: The anatomy of the V-SVZ, illustrating the neurovascular and 

CSF niches. Abbreviations – Epend: ependymal cell, Ast: niche astrocyte, Peri: 

pericyte, Endo: endothelial cell. C: Three routes for neurovascular signalling to 

NSCs. 

 

Figure 2. Drosophila as a model for the BBB niche 

A: Drosophila NSC behaviour during embryonic and post-embryonic development. 

NSCs proliferate in two waves, separated by a quiescent period. Proliferating NSCs 

generate ganglion mother cells (GMCs), which divide to produce neurons and glia. B: 

Simplified anatomy of a Drosophila larva. The brain and fat body (liver and adipose 

tissue equivalent) are suspended in an open circulatory system (haemolymph). C: The 

BBB niche for Drosophila NSCs. Quiescent NSCs are in close contact with blood-

brain barrier (BBB) glia (inner, subperineurial glia (SPG) and outer, perineurial glia 

(PG)). Quiescent NSCs also contact the neuropil, the synapse-dense region of the 

brain. D: BBB signalling reactivates quiescent NSCs. Amino acids in the diet cause 

the fat body to secrete unknown signal(s) that induce BBB glia to secrete Drosophila 

insulin/IGF-like peptides. This activates insulin signalling in quiescent NSCs. Insulin 

secretion is dependent on gap junctions and calcium signalling. 
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