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The mammalian central nervous system (CNS) is comprised 
of billions of neurons and glia that are intertwined with an elabo-
rate network of blood vessels. These various neural and vascular 
cell types actively converse with one another to form integrated, 
multifunctional complexes, termed neurovascular units. Cell-cell 
communication within neurovascular units promotes normal 
CNS development and homeostasis, and abnormal regulation of 
these events leads to a variety of debilitating CNS diseases. This 
review will summarize (1) cellular and molecular mechanisms that 
regulate physiological assembly and maintenance of neurovascular 
units; and (2) signaling events that induce pathological altera-
tions in neurovascular unit formation and function. An emphasis 
will be placed on neural-vascular cell adhesion events mediated 
by integrins and their extracellular matrix (ECM) ligands. I will 
highlight the role of a specific adhesion and signaling axis involving 
αvβ8 integrin, latent transforming growth factor β’s (TGFβ’s), 
and canonical TGFβ receptors. Possible functional links between 
components of this axis and other signal transduction cascades 
implicated in neurovascular development and disease will be 
discussed. Comprehensively understanding the pathways that regu-
late bidirectional neural-vascular cell contact and communication 
will provide new insights into the mechanisms of neurovascular 
unit development, physiology and disease.

Neurovascular Units in CNS Development, Physiology and 
Disease

Neurovascular units are dynamic, multicellular complexes 
comprised of CNS neurons and glia, vascular endothelial cells and 
pericytes, as well as a milieu of ECM proteins.1-3 Intimate relation-
ships between neural cells and vascular cells initiate at early stages 
of vertebrate development, and these associations are maintained 
throughout post-natal life. For example, vascular patterning in the 
embryonic CNS is established when angiogenic blood vessels invade 

the neural parenchyma along a pre-formed latticework of radial glial 
cells.4,5 Radial glia are embryonic neural stem cells,6 and elegant 
lineage-tracing analyses have revealed that these cells give rise to 
neurons and astrocytes in many regions of the CNS.7 In neurogenic 
regions of the adult brain, neural stem cells retain many radial 
glial-like characteristics and preferentially cluster around cerebral 
blood vessels in ‘vascular niches.’8 These associations likely regulate 
adult neural stem cell growth, survival and fate determination.9-13 
Astrocytes, which are the most abundant cell type in the post-natal 
CNS, and are derived from radial glial cells, maintain long-term 
functional connections with blood vessels.14,15 These interactions 
are essential for many CNS physiological processes, including 
homeostatic regulation of the blood-brain barrier and modulation of 
cerebral blood flow and metabolism.16-18

Abnormal neural-vascular cell communication is linked to 
a variety of fetal- and adult-onset diseases.19-21 Intraventricular 
hemorrhage is a birth defect prevalent in premature infants, and 
is characterized by vascular hemorrhages in neurogenic regions of 
the developing brain which often lead to long-term cognitive and 
motor deficits.22 In the adult brain, vascular occlusions leading 
to stroke cause acute neurovascular unit perturbations, leading to 
blood-brain barrier breakdown and neuronal dysfunction.23-25 In 
cancer, primary and metastatic brain tumors induce pathological 
angiogenesis, and tumor-associated blood vessels often lack normal 
neurovascular unit cytoarchitecture and have enhanced blood-
brain barrier permeability.26,27 Lastly, age-related dementias such 
as Alzheimer disease and vascular dementia are linked to chronic 
abnormalities in blood flow and blood-brain barrier permeability 
which, in part, contribute to the progressive neurodegeneration that 
signifies these diseases.28,29

Integrin-Mediated Adhesion and Signaling in Neurovascular 
Units

Cell-cell communication within neurovascular units occurs mainly 
via basement membranes that contain a milieu of ECM proteins 
(Fig. 1). Perivascular neural cells adhere to ECM proteins primarily 
via integrins, which are heterodimeric transmembrane receptors 
consisting of α and β subunits.30 Functions for integrins and their 
ECM protein ligands are linked to neurovascular unit develop-
ment, homeostasis and disease. For example, β1 integrin protein 
expression is downregulated in cerebral endothelial cells following 
experimentally-induced ischemia31 and this correlates with elevated 
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MMP-mediated degradation of ECM proteins.32 α6β4 integrin, 
a laminin receptor, is expressed in perivascular astrocytes where it 
plays important roles in regulating proper cell-ECM adhesion within 
neurovascular units.33 Expression of α6β4 integrin is rapidly dimin-
ished following ischemia in the brain and this correlates with reduced 
astrocyte-endothelial cell adhesion and increased blood-brain barrier 
permeability.34 Another laminin receptor, α6β1 integrin, mediates 
adhesion between adult neural stem cells and basement membranes 
within brain vascular niches, which likely influences neural stem cell 
fate determination.11

The αv subfamily of integrins is comprised of five members: 
αvβ1, αvβ3, αvβ5, αvβ6 and αvβ8.35 These integrins bind to RGD 
peptide motifs present in ECM proteins, including vitronectin,36 
collagen IV,37 and the latent forms of TGFβ’s.38,39 Molecular 
genetic studies reveal essential roles for αv integrins in neurovascular 
unit development. Mouse embryos genetically null for αv integrin 
expression in all cells, and thus lacking all five αv integrin-con-
taining heterodimers, develop CNS vascular pathologies that include 
abnormal cerebral blood vessel morphogenesis, endothelial cell 
hyperplasia and intracerebral hemorrhage.40,41 Complete ablation 
of the β8 integrin gene also leads to very similar CNS angiogenesis 
defects;42 in contrast, genetic deletion of the other four αv-associated 
β subunits does not yield similar CNS phenotypes.39,43-45

In addition to CNS-specific neurovascular phenotypes, αv and 
β8 integrin mutant mice develop a cleft palate and are unable to feed 
after birth, which likely accounts for their early neonatal death.40 In 
order to study integrin functions in the post-natal CNS, Cre/Lox 
strategies were used to selectively ablate the αv or β8 integrin genes in 
CNS neural progenitor cells. Mutant animals develop CNS-specific 
vascular phenotypes, however, they do not develop a cleft palate and 
survive for several post-natal months. Interestingly, all αv conditional 
mutants develop progressive neurological phenotypes, including 
sporadic seizures and a rigid gait, and die by eight months of age.46 
Similar phenotypes have been reported for the conditional β8  integrin 

mutants,47 suggesting that the neurological impairments that develop 
in the αv mutants are due largely to loss of αvβ8 integrin functions. 
Interestingly, in these conditional knockouts the severe neurovascular 
pathologies that are so apparent in embryonic and neonatal periods 
mostly resolve by adulthood. Resolution of the neurovascular pathol-
ogies occurs within a developmental period (three to four post-natal 
weeks) when CNS blood vessels transition from an angiogenic to a 
quiescent status,48 suggesting that αvβ8 integrin provides essential 
roles in modulating active phases of CNS blood vessel development. 
It remains to be determined if this integrin is also involved in blood 
vessel homeostasis in the adult CNS, or if pathological angiogenesis 
in the adult CNS is regulated by αvβ8 integrin.

The β subunit cytoplasmic domains of most integrins bind 
to effector proteins and regulate multiple intracellular signaling 
cascades. Interestingly, the cytoplasmic domain of β8 integrin does 
not contain signaling motifs that are present in other β subunits, 
suggesting unique signaling capabilities. Along these lines, members 
of the Band 4.1 family of cytoskeletal adaptors interact selectively 
with the β8 integrin cytoplasmic tail, but not with other integrins.49 
The functional significance of the αvβ8-Band 4.1 associations have 
yet to be determined, but it is enticing to speculate that Band 4.1’s 
may serve to ‘bridge’ αvβ8 integrin with other signaling effectors, 
resulting in the formation of multi-protein complexes in perivascular 
astrocytes that modulate blood vessel morphegenesis in the CNS 
(Fig. 1).

Integrin-Mediated TGFβ Activation Regulates CNS 
Neurovascular Development

TGFβ’s are potent cytokines that are secreted from cells as 
ECM-bound, inactive complexes.50 Dissociation of bioactive TGFβ’s 
from latency-associated peptides (LAPs) leads to release from the 
ECM, facilitating receptor engagement and activation of intracellular 
signaling events.51 The LAPs that associate with TGFβ1 and TGFβ3, 

Figure 1. A Model of αvβ8 integrin-mediated adhesion and signaling pathways in neurovascular units. (A) The multicellular composition of a central nervous 
system neurovascular unit, comprised of a capillary endothelial cell and pericyte, as well as neurons and astrocytes that adhere to extracellular matrix pro-
teins within intervening vascular basement membranes. (B) A more detailed view of the boxed area in (A) showing the astrocyte-endothelial cell interface 
that is coupled, in part, by the αvβ8 integrin-TGFβ adhesion and signaling axis. αvβ8 integrin on the astrocyte binds to latent TGFβ’s in the vascular base-
ment membrane and induces TGFβ activation, resulting in liberation of TGFβ from the extracellular matrix. TGFβ signaling pathways in endothelial cells are 
likely regulated by canonical TGFβ receptors, but may also involve cross talk with Neuropilin 1. In astrocytes, αvβ8 integrin also interacts with Band 4.1B, 
a cytoskeletal adaptor protein, which may link this integrin with other intracellular and cell surface signaling effectors. Various molecular genetic data reveal 
that perturbation of normal astrocyte-endothelial cell coupling, via ablation of genes encoding the αvβ8 integrin or TGFβ signaling components, leads to 
abnormal neurovascular development and premature death.
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including abnormal angiogenesis and intracerebral hemorrhage.63 
Id1/3 mutant embryos display increased numbers of neurons in 
the CNS due to premature differentiation of radial glial cells. This 
raises the interesting possibility that radial glial cells, which serve as 
guides for angiogenic blood vessels, may be progressively depleted, 
thus contributing to the abnormal blood vessel morphogenesis and 
hemorrhage in Id1/Id3 mutant mice. Alternatively, Id1 and Id3 may 
regulate expression of other gene products that normally function in 
conjunction with αvβ8 integrin in radial glial cells.

Presenilin 1 is a component of the γ-secretase complex and muta-
tions in the human presenilin 1 gene are linked to familial forms of 
the age-related dementia, Alzheimer disease.64 Interestingly, genetic 
ablation of presenilin 1 in mice leads to severe developmental 
neurovascular pathologies in the CNS,65 and these phenotypes can 
be rescued by transgenically expressing presenilin 1 in embryonic 
neural progenitor cells.66 These data reveal that Presenilin 1, like 
αvβ8 integrin, is a neural cell regulator of angiogenesis in the CNS. 
Various data also link the amyloid precursor protein, a substrate for 
the γ-secretase complex, to neurovascular physiology and pathology. 
Transgenic expression of amyloid precursor protein containing the 
naturally occurring ‘Dutch’ mutation results in cerebral angiopathy, 
intracerebral hemorrhage and Alzheimer disease-like phenotypes.67 
Various reports have linked amyloid precursor protein to integrin-
mediated cell adhesion and signaling.68 Full-length amyloid precursor 
protein, in complex with its intracellular binding partner FE65, 
regulates integrin-dependent cell migration. Integrins directly bind 
to an RHDS tetrapeptide motif within the C-terminus of amyloid 
precursor protein and Aβ peptides. This RHD peptide sequence is 
very similar to the RGD motif commonly found in ECM ligands 
for αvβ8 integrin, including latent TGFβ’s. Interestingly, muta-
tions in the TGFβ1 gene are linked to early-onset AD, and elevated 
TGFβ1 expression in mice and humans correlates with increased Aβ 
deposition.69 Based on these in vivo and in vitro data, there is likely 
crosstalk between presenilin 1, amyloid precursor protein and αvβ8 
integrin signaling pathways, and these events may cooperatively regu-
late neurovascular unit development and/or homeostasis.

Wnts are ECM-associated proteins that regulate intracellular 
signaling pathways via their Frizzled/Wingless and LRP cell surface 
receptors.70 A recent report by Stenmann et al. has revealed that 
combined ablation of the Wnt7a and Wnt7b genes in CNS neural 
stem cells leads to neurovascular pathologies, including CNS-specific 
hemorrhage.71 Genetic ablation of β-catenin in vascular endothelial 
cells induces CNS neurovascular pathologies. Similarly, Dejana and 
colleagues have shown that Wnt-mediated activation of β-catenin 
induces blood-brain barrier properties in cultured endothelial 
cells.72 Collectively, these data reveal that canonical Wnt-dependent 
signaling pathways are required for neurovascular development 
during mouse embryogenesis. It will be fascinating to determine 
how Wnt-mediated processes are functionally connected to the other 
adhesion and signaling pathways, particularly integrin activation of 
TGFβ’s, as summarized above.

Like other organs, microvessels in the CNS are composed 
of endothelial cells and pericytes that communicate with each 
other via the ECM and direct cell-cell contacts. In the developing 
chick embryo, blocking antibodies directed against the homophilic 
cell adhesion receptor, N-cadherin, causes impaired endothelial-
pericyte interactions, leading to abnormal brain angiogenesis and  

but not TGFβ2, contain RGD peptide sequences that are classic 
integrin binding motifs. All five αv-containing integrins can adhere 
to LAP-TGFβ’s via these RGD sequences, however, only αvβ6 and 
αvβ8 integrin have been reported to activate TGFβ’s.38,39 The func-
tional significance of integrin-mediated TGFβ activation has been 
demonstrated using ‘knock-in’ strategies, in which the RGD binding 
within the endogenous TGFβ1 gene was mutated to RGE, resulting 
in abrogation of integrin adhesion. These mutant mice develop 
phenotypes that are identical to those observed in TGFβ1-null mice, 
indicating that integrins play central roles in TGFβ activation.52 
Mice lacking active TGFβ1 or TGFβ3 gene products do not develop 
obvious neurovascular pathologies; however, mice deficient for both 
active TGFβ1 and TGFβ3 develop CNS-specific neurovascular 
phenotypes that are very similar to those observed in αv and β8 inte-
grin knockout mice.53 These data strongly support a model whereby 
activation of TGFβ signaling, primarily via αvβ8 integrin in radial 
glial cells and astrocytes, is critical for proper regulation of CNS 
angiogenesis and blood-brain barrier formation (Fig. 1). In support 
of this model, D’Amore and colleagues have shown that astrocyte 
induction of blood-brain barrier properties in endothelial cells 
occurs via a two-step process: the first requires cell-cell interactions 
between astrocytes and endothelial cells, and the second involves 
activation of TGFβ1-dependent signaling pathways in endothelial 
cells.54 Similarly, Nishimura and colleagues have shown that TGFβ1, 
activated by cultured astrocytes, leads to the upregulation of various 
factors in endothelial cells that regulate angiogenesis and promote 
blood-brain barrier formation.55

TGFβ’s modulate intracellular signal transduction pathways 
primarily via two canonical receptors.56 TGFβ receptors are expressed 
in nearly all cell types and are linked to various physiological events; 
however, gene-targeting strategies in mice reveal that they are essen-
tial for normal vascular development.57 For example, ablation of 
TGFβ receptor signaling selectively in murine vascular endothelial 
cells leads to defective angiogenesis and lethality by embryonic day 
11,58 making it difficult to determine if integrin-activated TGFβ’s 
signal primarily via the canonical TGFβ receptors, or if other non-
canonical TGFβ receptors are involved.59 Neuropilin 1, a cell surface 
receptor that binds secreted semaphorins as well as vascular endothe-
lial growth factors, has also been reported to bind to TGFβ’s.60 
Interestingly, genetic ablation of Nrp1 leads to CNS neurovascular 
phenotypes that are similar, although not as severe, as those observed 
in αvβ8 integrin and TGFβ knockouts.61,62 Based on these data, 
it is enticing to speculate that αvβ8 integrin, latent TGFβ’s, 
canonical TGFβ receptors, and possibly Nrp1, are components of 
a signal transduction axis that bridges astrocytes, vascular basement 
membranes and endothelial cells, and is essential for neurovascular 
unit development and homeostasis in the CNS.

Functional Links between αvβ8 Integrin and other Signal 
Transduction Pathways

While αvβ8 integrin-mediated TGFβ activation is critically 
involved in CNS neurovascular development, it is likely that 
other signaling cascades also play roles in this process. Indeed, 
several knockout mouse models develop CNS vascular pathologies 
that are similar to those reported for αvβ8 integrin and TGFβ1/
TGFβ3 mutants. For example, genetic ablation of the  transcription 
factors Id1 and Id3 leads to severe neurovascular pathologies, 
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intracerebral hemorrhage.73 Functional links between integrin and 
cadherin signaling pathways have been reported,74,75 and it will be 
interesting to determine if integrins also play roles in endothelial-
pericyte associations in CNS neurovascular units.

In conclusion, neurovascular units are the cellular and molecular 
interfaces between the vascular system and central nervous system. 
We are just beginning to grasp the complex pathways underlying 
regulation of physiological and pathological cell-cell communication 
within neurovascular units. A comprehensive understanding of how 
these various signaling pathways are interconnected will not only 
increase our understanding of mechanisms that promote neurovas-
cular development and physiology, but will also provide new insights 
into the causes of debilitating neurovascular pathologies, such as 
birth defects, stroke, cancer and age-related dementias.
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