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Abstract

Neural progenitors are central players in the development of the brain neural circuitry. They not 

only produce the diverse neuronal and glial cell types in the brain, but also guide their migration in 

this process. Recent evidence indicates that neural progenitors also play a critical role in the 

development of the brain vascular network. At an early stage, neural progenitors have been found 

to facilitate the ingression of blood vessels from outside the neural tube, through VEGF and 

canonical Wnt signaling. Subsequently, neural progenitors directly communicate to endothelial 

cells to stabilize nascent brain vessels, in part through down-regulating Wnt pathway activity. 

Furthermore, neural progenitors promote nascent brain vessel integrity, through integrin αvβ8-

dependent TGFβ signaling. In this review, we will discuss the evidence for, as well as questions 

that remain, regarding these novel roles of neural progenitors and the underlying mechanisms in 

their regulation of the nascent brain vascular network.
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1. Introduction

In the developing brain, neural progenitors refer to undifferentiated cells that eventually give 

rise to all the major cell types in the adult brain. These stem cells, called radial glia, derive 

from the early pseudostratified neuroepithelium (Kriegstein and Alvarez-Buylla, 2009), and 

are the founder for most mature neural cells, including neurons and glia, in the central 

nervous system (CNS) (Anthony et al., 2004). They also provide the scaffolding for 

migrating neurons during the formation of the layered cerebral cortex (Rakic, 1971). While 

it was clear from decades of research that radial glia play a pivotal role in neurogenesis, their 
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impact on vascular development has only recently come under the spotlight (Ma et al., 

2013). The vascular system delivers oxygen and nutrients to tissues throughout the body, 

and vessels are known to show distinct patterns based on the metabolic demands of specific 

tissues. This is especially prominent in the brain, an organ that consumes 10 times as much 

energy per unit volume as the rest of the body (Clarke and Sokoloff, 1999). Accordingly, the 

brain vasculature displays a highly complex and hierarchical pattern, with layer upon layers 

of organization (Blinder et al., 2013; Schaffer et al., 2006). This suggests intimate 

communication between blood vessel and neural cell types during brain vascular 

development. Indeed, recent findings have implicated neural progenitors as a major neural 

cell type in the regulation of several early steps of brain vessel development, including 

initial vessel ingression from outside the CNS, nascent vessel stabilization as well as vessel 

maturation and integrity (Arnold et al., 2014; Daneman et al., 2009; Haigh et al., 2003; 

James et al., 2009; Ma et al., 2013; McCarty et al., 2005; Proctor et al., 2005; Raab et al., 

2004; Stenman et al., 2008). In the article, we will review the signaling mechanisms by 

which neural progenitors regulate these key steps of brain vascular network formation.

2. Regulation of vessel ingression by VEGF and Wnt signaling from neural 

progenitors

The first step in the development of CNS vasculature is the ingression of blood vessels into 

the neural tube. Originally it was thought that the neural tube contained angioblasts born in 

situ. However, grafting experiments using chick-quail chimeras showed that endothelial 

cells in the neural tube have an extraneural origin (Kurz et al., 1996). Studies over the past 

two decades showed that neural progenitors, the main cell type in the neural tube at the onset 

of vessel ingression, play a pivotal role in promoting vessel ingrowth. Vascular endothelial 

growth factor (VEGF) is a major mitogen for endothelial cells and regulates angiogenesis 

throughout the body (Carmeliet et al., 1996; Ferrara et al., 1996). VEGF is strongly induced 

by hypoxia via activation of the oxygen sensing hypoxia-inducible factor (HIF) (Semenza, 

2012) and is found to generally co-localize with hypoxic regions in the embryo (Lee et al., 

2001). In the early brain neuroepithelium, VEGF mRNA is strongly expressed in the 

ventricular zone, a region occupied by the neural progenitor cell body (Breier et al., 1992). 

This suggests that neural progenitors, driven by hypoxia-HIF activity and potentially other 

factors, may provide VEGF as a spatial cue for vessel ingression. Several groups have tested 

this idea using both genetic knockout and mis-expression approaches (Haigh et al., 2003; 

James et al., 2009; Raab et al., 2004). By taking advantage of VEGF-A conditional, as well 

as hypomorphic alleles, Haigh et al showed that CNS-specific loss of VEGF-A exerts a 

dosage-dependent effect on vessel development. In mice with CNS-specific deletion of one 

VEGF-A allele, they found a moderate decrease in vascular density in the postnatal brain. 

When a hypomorphic allele was introduced in the place of the wild type allele to further 

reduce VEGF dosage, this resulted in a drastic vascular deficiency in the cortex. These 

effects can be observed as early as embryonic day 10.5 (E10.5) with corresponding dosage 

effects on vessel branching (Haigh et al., 2003). Similarly, Raab et al generated mice with a 

complete loss of VEGF-A from the CNS, which resulted in smaller brains with reduced 

blood vessel density. Importantly, Raab et al found that at E10.5, large areas in the forebrain 

were avascular, indicating that VEGF is required for the invasion of blood vessels into the 
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neural tube. Furthermore, they found that in the mid- and hindbrain, capillaries that have 

invaded stopped their radial growth and grew parallel to the ventricular zone (Raab et al., 

2004). These results demonstrate that the spatial expression of VEGF in the embryonic brain 

is important for the invasion of capillary sprouts, and that local VEGF gradients provide 

positional information.

More recently, using mis-expression approaches, researchers have further illustrated the 

instructive role of VEGF-A in guiding vessel ingression (James et al., 2009). In the 

developing spinal cord, blood vessels enter the neural tube in a highly stereotypic manner, 

which suggests existence of local cues guiding vessel ingression. To analyze potential roles 

of the various VEGF-A isoforms, James et al optimized conditions for moderate and 

localized ectopic expression of VEGF 121, VEGF 165, or VEGF 189 in the neural tube. 

They found that ectopic blood vessel ingression was induced by the heparin-binding 

isoforms, VEGF165 and VEGF189. Indeed, supernumerary ingression points were 

consistently localized next to cells mis-expressing either of these isoforms. By contrast, 

ectopic expression of VEGF 121, which does not bind to heparin and is more diffusible in 

the extracellular space, did not induce ectopic ingression. These manipulations highlight the 

role played by specific VEGF isoforms in the process of vessel ingression.

Vessel ingression into the CNS is regulated not only by VEGF signaling, but also by CNS-

specific pathways, especially canonical Wnt signaling, that emanate from neural progenitors 

(Fig. 1). Several Wnt ligands, especially Wnt7a and Wnt7b, are highly expressed in the 

neural tube during early development, and Wnt pathway activity is observed in CNS 

endothelial cells (Daneman et al., 2009; Liebner et al., 2008; Stenman et al., 2008). To 

examine whether neural progenitor-originated Wnt signaling regulates CNS angiogenesis, 

Stenman et al employed genetic approaches and found that conditional removal of both 

Wnt7a and Wnt7b from the neural tube resulted in severe hemorrhaging specific to the CNS 

(Stenman et al., 2008). These mutations also resulted in a severely reduced number of 

endothelial cells and pericytes in the neural tube. Consistent with the interpretation that Wnt 

signaling is directly received by endothelial cells, they also found that specific deletion of β-

catenin, a key mediator of canonical Wnt signaling, from endothelial cells resulted in similar 

CNS-specific hemorrhaging as well as the absence of both endothelial cells and pericytes 

from the neuroepithelium. In contrast, removal of β-catenin from neural progenitors did not 

produce any obvious vascular phenotypes. These results thus revealed a specific role of 

neural progenitor-derived Wnt ligands in promoting vessel ingression into the CNS. Around 

the same time, Daneman et al also provided evidence for a critical role of Wnt/β-catenin 

signaling in CNS angiogenesis (Daneman et al., 2009). They found that the Wnt pathway 

was specifically activated in endothelial cells of the CNS during development, which 

correlated with neural progenitor expression of Wnt ligands and blood vessel expression of 

Wnt receptors. Importantly, through their experiments, Daneman et al showed that 

endothelial specific deletion of β-catenin resulted in major vascular defects in the CNS, but 

not in non-neural tissues including the liver, lung, skin, jaw and tail. Similarly, systematic 

delivery of a dominant negative Frizzled construct that interferes with Wnt signaling also 

resulted in vascular malformations in the forebrain, but not in non-neural tissues. 

Furthermore, they found that Wnt7a induced a strong effect on the migration of a mouse 
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brain endothelial cell line in vitro. Taken together, these results illustrate a specific role of 

canonical Wnt signaling in promoting CNS angiogenesis.

Interestingly, recent findings indicate that Wnt7a/b signaling in the brain requires the unique 

involvement of several unconventional cell surface components including GPR124, a G 

protein-coupled receptor (GPCR) of the adhesion GPCR subfamily. First noted for its high 

expression in the tumor vasculature, GPR124 is prominently expressed in brain endothelial 

cells during embryogenesis and, when mutated, results in severe brain hemorrhage and 

angiogenesis arrest (Cullen et al., 2011; Kuhnert et al., 2010). These phenotypic similarities 

to Wnt7a/b mutants prompted several groups to investigate a potential link. Indeed, GPR124 

was found to potently and specifically stimulate Wnt7a/b-β-catenin signaling in cultured 

cells and to genetically interact with the canonical Wnt-β-catenin pathway in vivo 

(Posokhova et al., 2015; Vanhollebeke et al., 2015; Zhou and Nathans, 2014). Furthermore, 

by using a zebrafish model with live single-cell resolution, Vanhollebeke et al found that 

this GPR124-dependent Wnt7a/b-β-catenin pathway selectively controls tip cell function. 

These results have provided new insights into the regulation of brain angiogenesis by Wnt-

β-catenin signaling.

3. Neural progenitors promote down-regulation of endothelial Wnt 

signaling and stabilization of nascent brain vessels

Blood vessels in the embryonic cortex, after initial ingression and rapid expansion, show an 

overall reduction in branching frequency despite a relatively constant net growth rate (Ma et 

al., 2013). This suggests potential involvement of vessel stabilization and/or pruning in 

cortical vascular patterning during late embryonic stages. A role for neural progenitors in 

this process was first revealed by chance, following the ablation of radial glia at this stage 

using a conditional orc3 allele, which resulted in brain vessel regression (Ma et al., 2013) 

(Fig. 1). orc3 encodes one of the core subunits of origin recognition complex (ORC), a 

protein complex essential for DNA replication and the cell cycle. Ma et al used a neural cell-

specific nestin-cre to delete orc3 from cortical radial glia. Not surprisingly, they found that 

this resulted in the blockade of radial glial proliferation, leading to their depletion during late 

embryogenesis and consequently disrupted neurogenesis. To their surprise, they found that 

this also caused severe cortical hemorrhaging especially near the midline, an area with the 

most severe radial glial depletion. Analysis showed that blood vessels were nearly 

completely absent from the neonatal mutant cortex (Fig. 2). However, these observed 

vascular alterations do not appear to be secondary effects due to neurogenesis defects, since 

other mutations that similarly affect cortical neuron production and/or migration, as in orc3/

nestin-cre mutants, do not produce these phenotypes. Moreover, deleting orc3 from radial 

glia using a different neural cell-specific hGFAP-cre also produced similar vascular 

phenotypes (Ma et al., 2012). Further analysis revealed that the cortical vascular network 

initially developed normally in the mutants, but after E16.5, vessel density and branching 

frequency began to decrease. Even after adjusting for increases in cortical size, vessel 

density in the mutants still decreased from E16.5 to E17.5 and from E17.5 to P0. Thus, not 

only does radial glial ablation result in stalled vessel growth, but it also leads to 
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destabilization and consequent loss of vessels already formed. Thus, for the first time, these 

results implicate neural progenitors in the stabilization of nascent brain vascular network.

To better understand the molecular mechanisms at play, Ma and colleagues focused on the 

Wnt pathway. As mentioned previously, Wnt signals provided by neural progenitors are 

critical to initial vessel ingression into the neural tube. Later, as vessel development 

continues in the brain during late embryogenesis, Wnt signaling becomes down-regulated 

(Liebner et al., 2008; Ma et al., 2013). Interestingly, Ma et al found that in orc3/nestin-cre 

mutants, Wnt signaling was not down-regulated, but remained high in brain endothelial 

cells. They found that the mutant endothelial cells exhibited increased proliferation and 

elevated expression of several genes regulated by Wnt signaling. The expression level of the 

BAT-lacZ Wnt pathway reporter was also substantially higher along mutant vessels, 

indicating abnormally high Wnt signaling in mutant endothelial cells. These authors further 

demonstrated that this ectopic Wnt signaling is at least in part responsible for cortical vessel 

regression. They showed that pharmacological activation of Wnt signaling during late 

embryonic corticogenesis resulted in vessel regression similar to that observed in orc3/

nestin-cre mutants. This indicates that elevated endothelial Wnt signaling can lead to brain 

vessel destabilization and regression. They also showed that attenuating canonical Wnt 

signaling in orc3/nestin-cre mutants, by genetically removing one of the Wnt ligands 

involved, partially restored the vascular network and suppressed the severity of the 

hemorrhage. This indicates that the normal down-regulation of canonical Wnt signaling in 

cortical endothelial cells during development is critical for nascent brain vascular network 

stabilization, and neural progenitors play a pivotal role in this process. In addition, Ma et al 

provided some clues about why endothelial down-regulation of Wnt signaling may be 

important for vessel stabilization. They showed that elevated Wnt signaling is associated 

with increased vessel expression of matrix metalloproteinases as well as decreased vascular 

basement integrity. They further established that genetic inhibition of matrix 

metalloproteinase activity in orc3/nestin-cre mutants partially restored the brain vascular 

network and suppressed hemorrhaging. These results provide novel insights into the 

regulation of nascent brain vessel stabilization, a process that remains poorly understood at 

the molecular level.

Although the question of how neural progenitors down-regulate Wnt signaling remains open 

at the molecular level, Ma et al showed that this likely involves short distance interactions 

between radial glia and endothelial cells. Through three-dimensional confocal microscopy, 

these authors showed that in the embryonic cortex, radial glial processes physically interact 

with endothelial cells through surface areas not bound by pericytes. This suggests direct 

communication and coordination between these cell types during development. Employing 

an in vitro low-density co-culture assay, they demonstrated that endothelial cells in contact 

with neural progenitors overwhelmingly down-regulate Wnt signaling while those in 

isolation do not. This suggests that a short distance interaction is responsible for radial glial 

down-regulation of Wnt signaling in endothelial cells. At the molecular level, Wnt signaling 

is a well-studied pathway regulated by a multitude of mechanisms (Clevers and Nusse, 

2012). For example, it has been shown that the Wnt pathway cross-talks with many other 

signaling pathways during development (e.g. Collu et al., 2014; Itasaki and Hoppler, 2010). 
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Vertebrate Wnt target genes are also regulated by a variety of LEF/TCF isoforms, each of 

which possesses distinct transcriptional regulatory activities (Cadigan and Waterman, 2012). 

In addition, in different cell types, Wnt target genes appear to be influenced by distinct 

epigenetic modifications (Wohrle et al., 2007). Furthermore, Wnt pathway components and 

modulators can themselves be regulated at the epigenetic level (e.g., Jiang et al., 2008). 

These nodes of regulation provide many potential input points for radial glial down-

regulation of endothelial Wnt signaling. Elucidation of the nature of the signal(s) involved 

as well as how it impinges on these nodes will further illuminate mechanisms of 

neurovascular crosstalk during brain vascular development.

4. Regulation of brain vessel maturation and integrity by integrin αvβ8-

dependent TGFβ signaling from neural progenitors

Besides ingression and stabilization, neural progenitors also play a key role in regulating the 

integrity of nascent blood vessels in the developing brain. This function of neural 

progenitors was first suggested by the finding that genetic knockout of integrin αv resulted 

in severe intracerebral hemorrhaging in mutants that survived to the neonatal/postnatal stage 

(Bader et al., 1998; McCarty et al., 2002). In the embryonic cortex, αv expression is 

restricted to radial glial cells (Schmid and Anton, 2003). This suggests that αv function in 

neural progenitors is critical for regulating brain vessel integrity, likely including 

endothelial-endothelial as well as endothelial-pericyte cell-cell junctions and interactions. 

The subsequent observation of extensive intracerebral hemorrhaging in integrin β8 mutants 

further strengthened this interpretation, since β8 expression is also localized to 

periventricular (radial glial) cells in the brain (Zhu et al., 2002). Importantly, although αv 

subunits can normally form functional dimers with a number of β subunits, including β1, β3, 

β5, β6, and β8, only β8 mutants displayed vascular phenotypes similar to αv. This indicates 

that αv likely partners specifically with β8 in regulating brain vessel development. 

Curiously, despite distended vessel morphology, most other aspects of vessel development, 

including endothelial cell proliferation, migration, tube formation, sprouting and branching, 

appear normal in both αv and β8 mutant brains. Thus, integrin αvβ8 acts specifically to 

regulate vessel differentiation and integrity in the brain.

Cell type specific gene deletions have since further established the role of neural progenitors 

in regulating brain vessel integrity (McCarty et al., 2005; Proctor et al., 2005). By taking 

advantage of two different neural cell specific cre lines, hGFAP-cre and nestin-cre, 

McCarty et al showed that integrin αv is specifically required in neural cell types. Consistent 

with this conclusion, they also found that αv deletion using the endothelial cell-specific 

Tie2-cre line did not result in cerebral vascular defects (McCarty et al., 2005). Similarly, 

Proctor et al demonstrated that only deleting integrin β8 from neural cell types using nestin-

cre resulted in cerebral hemorrhage, while deleting β8 from endothelial cells using Tie2-cre 

did not. Notably, deleting β8 from post-mitotic neurons using a nex-cre also failed to perturb 

brain vessel development (Proctor et al., 2005). Except for a very small number of immature 

astrocytes, radial glia and neurons are the only neural cell types in the brain throughout 

embryonic development (Kriegstein and Alvarez-Buylla, 2009). This therefore, specifically 

implicates neural progenitors as essential regulators of nascent brain vessel integrity.
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Recent evidence indicates that neural progenitors likely regulate brain vessel integrity 

through αvβ8-dependent activation of transforming growth factor β (TGFβ) signaling (Fig. 

3). TGFβ is a major family of extracellular signaling molecules involved in many 

developmental, physiological and pathological processes, including angiogenesis throughout 

the body (Jakobsson and van Meeteren, 2013; ten Dijke and Arthur, 2007). TGFβ ligands 

normally exist in a latent form, bound by peptides that include the latency-associated 

peptides (LAPs), which are themselves peptide fragments derived from the amino-terminal 

regions of full-length pro-TGFβ. Studies have found that integrin αvβ8 can activate TGFβ1 

and TGFβ3 through binding to and then dissociating LAPs from the latent TGFβ complex, 

via a process dependent on membrane-bound metalloproteinases (Mu et al., 2002; Yang et 

al., 2007). In fact, double mutations in TGFβ1 and TGFβ3, consisting of a TGFβ3 null 

mutation in combination with a mutation in the LAP region of TGFβ1 that renders it 

incompatible for αvβ8 binding and activation, resulted in a cerebral hemorrhage phenotype 

very similar to αv and β8 mutations (Mu et al., 2008). This indicates that neural progenitor-

expressed integrin αvβ8 likely regulates TGFβ activation to control vessel integrity. This 

conclusion is supported by the most recent finding that neural cell-specific β8 deletion 

results in a loss of active TGFβ1 from the brain, as well as a reduction in the endothelial 

activity of Smad3, a downstream mediator of TGFβ signaling (Arnold et al., 2014). It is also 

supported by previous findings from the adult brain and from other tissues. For example, 

adult neural stem cells from β8 null mutants have been found to exhibit a reduced capacity 

for activating TGFβ (Mobley et al., 2009). In the retina, deletion of integrin β8 from 

neuroglial progenitors also leads to a reduced activity of Smad3 in endothelial cells (Arnold 

et al., 2012). Furthermore, astrocytes, a cell type with significant similarity to neural 

progenitors, have also been found to activate TGFβ in vitro (Cambier et al., 2005; Hirota et 

al., 2011). Thus, these lines of evidence strongly indicate that neural progenitors regulate 

brain vessel integrity by controlling integrin αvβ8 and consequently TGFβ activation and 

signaling to the endothelium. Interestingly, recent findings showed that deletion of TGFβ 

receptors from brain neural precursors using a Foxg1-cre also resulted in intracerebral 

hemorrhage (Hellbach et al., 2014). This suggests a potentially more complex role of TGFβ 

signaling in regulating brain angiogenesis.

Unlike other family members, Smad4 is a common downstream mediator for both TGFβ and 

BMP (bone morphogenetic protein) signaling. Similar to αv and β8 mutants, conditional 

deletion of Smad4 from brain endothelial cells results in severe brain hemorrhaging (Li et 

al., 2011). However, Smad4 deficiency is additionally associated with defective mural cell 

(pericyte) coverage of the brain vasculature, a phenotype not observed in either αv or β8 

mutants (Arnold et al., 2014; McCarty et al., 2002; Proctor et al., 2005). This suggests that 

Smad4 mediates more than αvβ8-dependent TGFβ signaling in brain endothelial cells. 

Moreover, Smad4 deletion from endothelial cells also results in impaired mural cell 

development outside the nervous system (Lan et al., 2007). This implicates TGFβ/BMP 

signaling in mural cell development throughout the vasculature of the body. Thus, while 

mural cell development appears to depend on a common TGFβ/BMP pathway conserved 

between neural and non-neural tissues, the differentiation and integrity of brain vessels are 

specifically regulated by αvβ8-dependent TGFβ signaling from neural progenitors.
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5. Conclusion

Establishing the vascular network in the brain is an intricate and multifaceted process. 

Strong evidence indicates that neural progenitors play a central role throughout several steps 

of this process, including initial vessel ingression, nascent vessel stabilization, as well as 

vessel maturation and integrity. A complex interplay also begins to emerge between the 

molecular pathways that regulate these steps. For example, while canonical Wnt signaling is 

essential for initial vessel ingression into the CNS, its subsequent down-regulation by neural 

progenitors (via a yet to be identified pathway) appears to be critical for nascent vessel 

stabilization. Many questions still remain unanswered on how neural progenitors actually 

regulate these steps at the molecular level. For example, while Wnt signaling appears to be 

required specifically for CNS, but not non-CNS, angiogenesis, it remains unclear what 

specific gene expression programs are activated by Wnt signaling in endothelial cells to 

facilitate vessel ingression into the brain. It has also yet to be determined what molecular 

pathway(s) subsequently down-regulates Wnt signaling and how this contributes to vessel 

stabilization, and equally important, how vessel stabilization is temporally and spatially 

coordinated with that of vessel growth in this dynamic process. Similarly, although integrin 

αvβ8-dependent TGFβ signaling is crucial for CNS vessel integrity, it remains obscure what 

gene expression programs are involved and how they may regulate the various aspects of 

vascular structural and functional integrity. Increasing evidence indicates that vascular 

dysfunction, including compromised vessel integrity, destabilization, and regression, plays 

an important role in the pathogenesis of a large number of brain diseases in both children 

and adults (Lo et al., 2003; Lynch, 2009; Zlokovic, 2008). Elucidation of these questions 

will not only improve knowledge of normal brain development, but may also allow better 

understanding and improved treatment for these diseases.
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Highlights

• VEGF and Wnt signaling from neural progenitors regulates brain vessel 

ingression

• Neural progenitors stabilize new vessels by down-regulating Wnt/β-catenin 

signaling

• Neural progenitors promote vessel integrity via integrin αvβ8 activation of 

TGFβ
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Figure 1. Neural progenitor (radial glial) regulation of vessel ingression and stabilization during 
vascular network formation in the developing brain
At the onset of brain vascular network formation, Wnt7a/7b signaling from neural 

progenitors (radial glia, RG) is essential for activation of the canonical GSK/β-catenin 

pathway in endothelial cells (ECs) and facilitates EC migration and ingression from the 

perineural vascular plexus (PNVP) into the brain (early step). As brain vascular network 

begins to elaborate during late embryogenesis, neural progenitors send a second as yet 

unknown signal (large question mark) that shuts down canonical Wnt pathway activity and 

Wnt target gene expression, including that of matrix metalloproteinase 2 and 9 (MMP2/9), 
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in ECs, allowing nascent vessels to become stabilized (late step). BM, basement membrane; 

MZ, marginal zone; CP, cortical plate; VZ, ventricular zone.
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Figure 2. Radial glial ablation results in vessel loss in the developing mouse brain
An elaborate vascular network (isolectin B4 staining, in green) is observed in wildtype 

cerebral cortex at the neonatal stage (P0). Following radial glial ablation during mid 

corticogenesis in the orc3/nestin-cre mutants, few vessels are observed in the neonatal brain. 

Analysis showed that this resulted from blood vessel regression during late embryogenesis.
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Figure 3. Neural progenitors regulate brain vessel maturation and integrity through integrin 
αvβ8-dependent activation of TGFβ signaling
Integrin αvβ8 are specifically expressed by radial glial (RG) progenitors in the brain. They 

activate latent TGFβ ligands through binding to latency-associated peptides (LAPs) derived 

form the N-terminus of pro-TGFβ protein, and in a process depending on the activity of 

membrane bound metalloproteinases including MMP14. Once activated, TGFβ signals 

through receptors on endothelial cells (EC) and activates intracellular Smad2/3. This in turn 

leads to the formation of nuclear Smad2/3/4 complex and consequently the activation of 

genes promoting vessel maturation and integrity.
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