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Abstract  

The unceasing metabolic demands of brain function are supported by an intricate 3-dimensional 
network of arterioles, capillaries and venules, designed to effectively distribute blood to all neurons 
and provide shelter from harmful molecules in the blood. The development and maturation of this 
microvasculature involves a complex interplay between endothelial cells with nearly all other brain 
cell types (pericytes, astrocytes, microglia, and neurons), orchestrated throughout embryogenesis and 
the first few weeks after birth in mice. Both the expansion and regression of vascular networks occur 
during the postnatal period of cerebrovascular remodeling. Pial vascular networks on the brain surface 
are dense at birth and are then selectively pruned during the postnatal period, with the most dramatic 
changes occurring in the pial venular network. This is contrasted to an expansion of subsurface 
capillary networks through the induction of angiogenesis. Concurrent with changes in vascular 
structure, the integration and crosstalk of neurovascular cells lead to establishment of blood-brain 
barrier integrity and neurovascular coupling to ensure precise control of macromolecular passage and 
metabolic supply. While we still possess a limited understanding of the rules that control 
cerebrovascular development, we can begin to assemble a view of how this complex process evolves, 
as well as identify gaps in knowledge for the next steps of research. 
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Introduction 

The brain represents only ∼2% of the body's total mass, yet consumes ∼20% of its resting energy 
production. This corresponds to a 10-fold higher rate of energy consumption, compared to an 
equivalent volume of tissue in the rest of the body.1 The high metabolic demand of the brain is fuelled 
by a constant flow of blood, supplied through a pervasive network of small arterioles, capillaries, and 
venules. The brain’s microvasculature is remarkable in several ways. First, it is densely packed into 
brain tissue. Every cubic millimetre of brain tissue contains a meter of total vascular length.2 
Extrapolated over the entire brain, this means that ~400 miles of vasculature is held within the adult 
human brain, most of which is comprised of miniscule capillaries. Second, the microvasculature in the 
cerebral cortex is organized such that every cell is no more than 15 micrometers away from a 
capillary.3 This ensures that every brain cell is adequately supplied with oxygen and nutrients, 
including those distant from an arteriole perfusion source. Third, the brain vasculature is unique in its 
ability to form a blood-brain barrier (BBB), which tightly regulates the passage of molecules in and 
out of the brain. These barrier properties are first established during embryogenesis, but continue to be 
refined after birth. Fourth, the brain is a highly dynamic organ with fluctuating energy demands. The 
microvasculature must also be able to communicate with neurons to dilate or constrict during the 
regulation of cerebral blood supply.  
 
There is still much to be learned about how the cerebrovasculature develops to become an efficient 
system for blood supply. However, existing data has already revealed an evolving growth and 
refinement in microvascular structure, which is contrasted to the marked stability of vascular 
networks of the adult brain.4-6 This process involves interplay between endothelial cells and mural 
cells (smooth muscle cells and pericytes) as chief engineers of the vessel wall, and then the gradual 
incorporation of other brain cell types (glia and neurons) and structural components (basement 
membrane) to further specialize vascular structure and function. In this review, we will explore the 
process of cerebrovascular development with a primary focus on changes in vascular network 
structure in the initial month after birth, primarily in rodent models. To appreciate the end product, we 
first present the microvasculature of the adult mouse cerebral cortex, which is a well-studied 3-
dimensional network with distinct microvascular zones. We then detail the establishment of this 
network during postnatal development and how it gains its key physiological roles, with a primary 
focus on BBB integrity. We further describe endothelial interactions with other cell types to support 
the sculpting and refinement of the capillary network. Finally, we discuss how live imaging could 
help grow our knowledge on postnatal vascular development. This review draws primarily on data 
from rodent cerebral cortex, and thus timing of events in other CNS regions, and other model 
organisms, may differ. 
 
The design of a mature brain microvascular network 

To illustrate the structural features of brain microvasculature, we turn to the adult cerebral cortex. At 
the brain surface, pial arterioles lie within the subarachnoid space of the brain meninges (Fig. 1A). 
These arterioles range from tens to hundreds of micrometers in diameter and are comprised of an 
endothelial layer and internal elastic lamina, surrounded by 2-3 cell layers of concentric, ring-link 
contractile smooth muscle cells. These arterioles also have an outer adventitial layer comprised 
mostly of collagen fibers and perivascular nerves. This wall composition enables arterioles to dilate or 
constrict under the control of peripheral nerve ganglia or intrinsic brain neurons, which enables to 
modulation of cerebrovascular tone and brain perfusion.7 
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Figure 1. Neurovascular unit of the adult rodent brain. The cellular components that comprise the vascular 
wall across different microvascular zones in cerebral cortex. This schematic shows cross-sectional views of the vascular wall 
composition at the level of pial arterioles on the brain surface (A), and downstream penetrating arterioles (B), pre-capillary 
arterioles (C), capillaries (D), and ascending venules (E) within the brain parenchyma. 
 
On a broader structural level, pial arterioles exist as an interconnected two-dimensional network 
composed of the branches of the major cerebral arteries (middle, anterior or posterior cerebral 
arteries), and shorter anastomotic connections linking these major arterial branches (Fig. 2A, red).8 
Collateral arterioles further connect the distal ends of the cerebral arteriole territories to link the 
perfusion across distinct arterial domains. The pial arteriole network offers a number of intriguing 
attributes. First, it facilitates the distribution of blood supply across the cortex when serving the 
demands of local neuronal activity, i.e. neurovascular coupling. That is, blood flow can be more easily 
shifted from less active tissues to tissues with metabolic need through a multitude of flow routes 9. 
Second, in the case of brain ischemia due to focal arterial occlusion, the anastomotic connections 
allow blood to be re-routed from normally flowing arterioles into the under-perfused tissues.10, 11   
 
Penetrating arterioles branch from the leptomeningeal network and plunge into the cortical depth to 
bridge blood flow from the brain surface with capillary networks of the brain parenchyma (Fig. 1B 
and 2B).12 Penetrating arterioles range from 10-30 micrometers in diameter, and like pial arterioles, 
are composed of an endothelial layer surrounded by a single cell thick layer of smooth muscle. They 
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are surrounded by a cerebrospinal fluid-filled Virchow-Robin space in the upper layers of cortex, 
which is a continuation of the subarachnoid space.13, 14 As the penetrating arteriole descends into 
cortex, the Virchow-Robin space disappears and the glial limitans is formed as the endfeet of 
parenchymal astrocytes come in close apposition to the vessel wall. Penetrating arterioles are also 
highly dynamic in their response to neuronal activity, but the conveyance of signals during 
neurovascular coupling differ from pial arterioles, and remain an active area of investigation.15 

 
 
Figure 2. Microvasculature of the adult rodent cortex captured by in vivo imaging. (A) An image of 
the cerebral cortex surface captured by in vivo two-photon microscopy through a cranial window in an adult rat. Pial 
arteriole networks are pseudocolored in red, and pial venular networks are in blue. Major branches of the middle cerebral 
artery traverse the entirety of the window (white asterisks), and smaller anastomotic connections link these major branches 
to create an interconnected web (white arrowheads; two examples shown). (B, left) Highly magnified view of a pial arteriole 
descending into the parenchyma as a penetrating arteriole (PA; red), and an ascending venule (AV; blue) emerging from 
cortex and draining into a pial venule. The dense subsurface capillary network (white) is also visible in this image because 
the image is a projection across 700 µm of total cortical depth. (B, right) The same penetrating arteriole in the left panel is 
shown from a side view, revealing its descent into the cortex. A pre-capillary arteriole offshoot branches from the 
penetrating arteriole and ramifies into the capillary network. 
 
Pre-capillary arterioles branch from the penetrating arterioles at different depths below the pial 
surface (Figure 1C and 2B). Pre-capillary arterioles are smaller in diameter (5-8 micrometers) than 
the parent penetrating arteriole, yet still covered by contractile mural cells with a hybrid morphology 
of smooth muscle cells and pericytes (termed ensheathing pericytes in our past work).16 This zone is 
relatively small and occupies the first 2-3 branches before the microvasculature further ramifies into a 
dense 3-dimensional network of capillaries. Capillaries are the predominant vessel type in the brain, 
representing more than 90% of the total cerebrovascular length, and interweave with neurons and glia 
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of the brain parenchyma to facilitate much of the nutrient and gas exchange (Figure 1D and 2B). 
They are composed of thin endothelial tubes (average 4 µm in diameter), covered by true capillary 
pericytes, with protruding ovoid cell bodies that extend long thin processes.17 
 
After transiting the capillary bed, blood is then routed back to the brain surface via post-capillary 
venules that empty into ascending venules, which have thin, stellate mural cells that incompletely 
cover the vascular wall (Figure 1E and 2B, left).17 At the pial surface, the blood circulates through a 
network of venules that are interconnected much like the leptomeningeal arteriolar system, but still 
maintain a tree-like structure (Fig. 2A, blue). In the rodent brain, there are 2-3 ascending venules for 
every penetrating arteriole, suggesting multiple outputs for blood from the brain parenchyma.18, 19 
Blood then empties into pial venules and larger draining veins and sinuses on the brain surface.  
 
The cortical vasculature has been studied across multiple species, from rodent 3, 8 and cats 20, to non-
human primates 21 and human.22, 23 Remarkably, apart from some difference such as arteriole:venous 
ratio 24, the same hierarchical organization of vessels seems to be preserved across phylogeny. Thus, 
the basic building principles and mechanisms for blood allocation is similar between model organisms 
and the human brain. 
 
 
Development of microvascular architecture 

How the vasculature is shaped during brain development remains less clear, though a good amount of 
knowledge has amassed.25, 26 New vessels can be generated by two different processes, vasculogenesis 
and angiogenesis. Vasculogenesis is the process by which new vessels are formed de novo from 
vascular precursor cells (angioblasts). In contrast, angiogenesis corresponds to the growth and 
branching of existing blood vessels to expand the complexity of vascular networks. During 
embryogenesis, the process of vasculogenesis establishes the first vascular networks, which are then 
expanded via angiogenesis.27  
 
In the rodent brain, vascularization starts with the formation of the perineural vascular plexus via 
vasculogenesis at the ventral neural tube at approximately embryonic day (E) 7.5–8.5.25 Then, at E9.5 
the first angiogenic vascular sprouts from perineural vascular plexus invade the neuroepithelium from 
the pial surface. The invasion is followed by branching, arborization and migration of vascular sprouts 
from the pial network toward the ventricles where angiogenic factors, such as vascular endothelial 
growth factor (VEGF), are highly expressed.25, 28 Hypoxia is the principal regulator of VEGF 
expression, as it is a direct transcriptional target of both hypoxia-inducible factors (HIF)-1α and HIF-
2α.29, 30 Deficiency in HIF-1α and its dimerization partner HIF-1β results in embryonic lethality at 
around days E9.5 and E10.5, with severe defects in vessel formation, particularly in the yolk sac.31, 32 
During normal brain development, oxygenation is lower in the non‐vascularized cortex at E10.5 than 
in the already vascularized ventral forebrain, and oxygen levels increase as the cortex becomes 
vascularized.33 However, there is a scarcity of data on how tissue oxygen content contributes to 
vascular growth postnatally.  
 
At the time of birth, the pattern of interconnected pial arterioles has resemblance to what it will 
become in the adult brain (Fig. 1C and Fig. 2).34-36 Major branches of the cerebral arterioles are 
present, and the arterial tree has many short anastomotic connections, as seen in the adult brain. 
Further, collaterals arterioles that link the distal ends of separate cerebral arteriole domains are already 
present, as their formation occurs between E15.5 to E18.5.37 Postnatal remodeling of the pial 
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vasculature primarily involves pruning about one half the anastomotic connections within the 
branches of the arterial trees, as well as pruning of collaterals linking the major cerebral arteries.37 At 
P7, the pial arterioles alter their diameter, possibly due to adjustments in vascular tone, and lengthen 
to accommodate the growing cortex.  
 
Interestingly, large differences in collateral artery density are seen between certain strains of mice, 
underscoring the importance of genetic factors that govern vascular patterning and density. In 
particular, Faber and colleagues have shown that BALB/c mice exhibit 60% fewer collaterals between 
middle and anterior cerebral artery territories than C57Bl/6 mice.37 This difference was a result of 
reduced collateral formation during embryogenesis rather than postnatal vascular pruning. Subsequent 
studies have identified genes, such as VEGF-A38 and chloride intracellular channel-439, that positively 
regulate collaterogenesis and increase collateral density during adulthood. Collaterals are critical for 
maintenance of blood supply in occlusive disease, and accordingly, mouse strains endowed with 
greater collateral density are more resilient to stroke injury caused by middle cerebral artery 
obstruction.40 Understanding the genetic basis of collaterogenesis may yield clinical biomarkers to 
identify patients with higher susceptibility to stroke injury due to collateral deficiency, and provide a 
means to harness collaterogenesis for stroke prevention and treatment. 
 
In contrast to arterioles, the pial venular network begins as a dense vascular plexus covering most of 
the cortical surface at birth (Fig. 3 and Fig. 4A) 34, 35, 41. This plexus is composed of small diameter, 
short distance loops that have been referred to as a superficial “capillary-like” network, though they 
appear distinct from true parenchymal capillaries 35. By P7-P14, this dense plexus is then gradually 
pruned away in regions intervening the major draining venules over the course of 1-2 weeks. As a 
result, the branches of the venous network become more evident and blood flow within the remaining 
vessels increases to more effectively drain blood.  
 
The remodeling of pial venules during brain development bears marked resemblance to vascular 
changes in the developing mammalian lung and the avian chorioallantoic membrane (CAM).42, 43 The 
key process to note is intussusceptive angiogenesis, where two indentations on opposing sides of the 
lumen grow and gradually connect to create a cylindrical pillar-like structure within the lumen. This 
results in the creation of two daughter branches separated by the pillar. Intussusceptive pillars may 
then further widen to change the structure of the two daughter vessels. Imaging data from brain 
suggests the presence of similar events occur during pial venule development34, evident as the 
formation of small black “holes” in a vascular tube (Fig. 4A,B), similar to that noted by imaging 
studies of Djonov and colleagues in the chicken CAM 44, and more recently in the zebrafish caudal 
vein plexus.45 However, rather than increase vascular network complexity, this intussusceptive 
process results in pruning of the initially amorphous venous plexus into a hierarchical tree-like 
structure for effective blood drainage.  
 
The transduction of mechanical forces by blood flow and pressure can strongly influence the 
remodeling process through alteration of endothelial structure and organization.46, 47 By collecting 
detailed vasodynamic information using repeated two-photon imaging, Letourneur et al. found a 
positive relationship between the shear rate of blood flow, a metric proportional to shear stress force, 
and the subsequent diameter of venules one day later. That is, venules with low shear rate were likely 
to be pruned away, while those with high shear rate widened and stabilized within the network.34 
Similarly, repeated imaging of mid-brain microvessels in zebrafish revealed that flow in vessels 
destined to be pruned was lower and more variable that in microvessels that persisted within the 
network.48 Flow-dependent pruning must be essential for removal of redundant connections and 
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promotion of efficient routing of cerebral blood flow. Since, improper venous remodeling can impact 
on cerebral circulation by impairing cerebrovascular output, further studies on how mechanical forces 
govern cerebrovascular development are warranted. 
 
Beneath the brain surface, the penetrating arterioles and ascending venules are present at birth, though 
their characteristics continue to be refined. The penetrating arterioles are initially thin and capillary-
like within the first few days after birth, but then their lumen expand and walls muscularize to become 
more arteriole-like by P10.49 Penetrating arterioles give off branches to perfuse downstream 
capillaries. However, there is little data on the development of the pre-capillary arteriole zone, which 
recent studies have shown to be critical for the initiation of neurovascular coupling.50, 51  
 
 

 
 
Figure 3. Postnatal remodeling of cortical vasculature in rodents: Refinement above, expansion below. 
Arteries are represented in red and veins in blue. At birth, the pial surface is covered by a dense plexus of veins that 
undergoes pruning over the initial few weeks postnatally. Pial arteriolar structure is generally unchanged, but there is 
regression of some anastomotic connections. Concurrently, the capillary bed undergoes massive proliferation through 
generation of new angiogenic sprouts. By postnatal day 15 to 25, the capillary bed is almost formed and rates of endothelial 
proliferation decrease. 
 
The capillary network at birth is sparse and incomplete compared to the dense networks of the adult 
brain (Fig. 3). The numerous ongoing angiogenic and regression events result in non-flowing 
endothelial tubes that may contain only a trickle of blood plasma until they become patent. Over the 
course of weeks, the cortical capillary network undergoes dramatic expansion via angiogenesis.4, 27, 52 
The length of capillary branches and individual endothelial cells also elongates to keep pace with the 
rapidly expanding cortical volume.53 Detailed histological analyses of endothelial sprouting have 
revealed bursts of angiogenesis that occur at different stages and cortical layers.49 From P5 to P25, 
new capillary loops are often formed by short distance sprouting without the need for proliferating 
endothelial cells. That is, single endothelial tip cells can reach to connect with other capillary 
branches through the extension of their cellular processes.4 In vivo imaging of postnatal vascular 
development has revealed that many of the nascent angiogenic sprouts are eliminated, with only a 
small subset forming lasting connections within the capillary network.4 However, it was not clear 
from data of Harb et al. whether eliminated vessels were true capillaries, or “capillary-like” venules 
near the brain surface, which are known to regress as discussed above. Nevertheless, capillary 
refinement by regression is still greatly outweighed by angiogenesis. By P15 to P25, the extent of 
capillary angiogenesis begins to subside and capillary density stabilizes.4, 54, 55 During this 
stabilization, the proliferation rates of both pericytes and endothelial cells decline.4   
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In light of data from other vertebrate models (zebrafish)56 and mammalian organs (heart and retina) 57, 

58 showing that angiogenic sprouts tend to emerge from venules, the microvascular zone in which 
nascent angiogenic sprouts emerge in the postnatal brain needs further characterization. Venous 
sprouts can in fact give rise to arterioles through migration and reprogramming of endothelial cells, 
though in the mammalian postnatal brain this seems to be less likely with arterioles pial and 
penetrating arteriole structures already defined. The underlying reason for why veins are a source of 
angiogenic sprouts remains obscure. Decreased tendency to rupture due to lower intravascular 
pressure59, or decreased oxygen content surrounding venules are logical hypotheses for this 
phenomenon. 
 

 
 
Figure 4. Evidence for intussusceptive remodeling in the developing pial vein plexus. (A) Image montages 
from in vivo two-photon microscopy provide a wide-field view of pial arteriole and venule remodeling between P4 to P6. 
Arteries are pseudocolored in red and veins in blue. The inset shows a region of the vein plexus that forms small holes 
(yellow arrows) that grow in size and depth over a day. These regions are devoid of blood plasma because they do not label 
with an intravenously injected fluorescent dye that enables visualization during microscopy, consistent with an 
intussusceptive pillar. Images adapted from Letourneur et al.34. (B) A schematic depicting a hypothesized mechanism for 
venous remodeling in the developing mammalian brain, involving intussusceptive angiogenesis and then pruning.   
 

Gray and white matter tissues require different levels of metabolic supply. It is estimated that white 
matter, which is densely packed with energy efficient myelinated axons, requires 1/4 to 1/3 the energy 
used by gray matter. It is therefore not surprising that capillary networks of white matter are less 
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dense compared to gray matter. Interestingly, developmental studies have revealed that capillary 
density in gray matter doubles during the period of birth to P20, while capillary density in white 
matter structures increases to a far lesser extent, or even decrease with age 55.  

 

Sidebar title: Relating animal models to human development 

Early-life development is characterized by dramatic changes that can impact brain function over an entire 
lifespan. Like with rodents, a considerable portion of human brain development occurs after birth, with 
individual regions of the brain maturing at different rates.52 Nevertheless, cross-comparisons of developmental 
benchmarks between rodents and humans, including the timing of neuroanatomical changes, neurogenesis, 
synaptogenesis, gliogenesis, and myelination, have revealed that the rodent brain at P1 to P5 roughly 
corresponds roughly to 23 to 32-weeks of gestation in the humans.60 P10 in rodents roughly corresponds to 40-
weeks of gestation in human development. Thus, studying rodent models just within the first 2-weeks following 
birth provides access to a wide range of events relevant to prenatal and human neonatal brain development.  

 
Postnatal refinement of the blood-brain barrier 

The capillary endothelium creates an efficient physical and biochemical barrier between the blood and 
the brain.61 Through tight regulation of intracellular trafficking and dynamics of intercellular 
junctions, endothelial cells control several aspects of BBB function, including transport of micro- and 
macro-nutrients, receptor-mediated signalling, leukocyte trafficking, and osmoregulation. The multi-
step process of BBB development does not occur with endothelial cells alone (Fig. 5). The 
recruitment and crosstalk of other cell types (pericytes, microglia, astrocytes, neurons) in the 
neurogliovascular unit are required for refinement and maturation of the BBB. In particular, astrocytes 
are only fully integrated after birth suggesting that BBB development extends into the postnatal 
period in rodents. Excellent reviews have been written about the complex molecular and cellular 
events involved in barriergenesis26, 62, 63, much of which has been characterized during embryogenesis. 
Here, we aim to highlight some aspects of this process that suggests that BBB maturation continues to 
occur postnatally. 
 
When endothelial cells first invade the CNS, there are features of endothelial permeability, including 
fenestrae, upregulated rates of transcytosis 64, 65 and also high levels of leukocyte adhesion 
molecules.66 While endothelial tight junction structure are already present at E12, detailed 
ultrastructural analyses in late embryonic (E15-18) to postnatal stages (P1) have revealed an increase 
in their density and complexity until adulthood.66, 67 Measurements of transendothelial electrical 
resistance (TEER) and vascular permeability in situ from fetal to postnatal rat brain vasculature 
revealed a gradual sealing of the BBB from E17 to P33.68 Ultrastructural analyses of capillaries walls 
in rat corpus callosum, which were already covered by pericytes, showed a numerous pinocytotic 
vesicles at P1 through P7 with high permeability to intravenously injected ferritin. At approximately 
P14 there is a decrease in vesicle abundance and ferritin leakage, concomitant with increasing 
coverage of the capillary wall by astrocytic endfeet. During this maturation, the peri-capillary spaces 
are reduced in size and replaced by an astrocytic-basement membrane interface 65.  
 
Endothelial expression of the efflux transporter Pg-P (P8) 66 and ABC-transporters 69 increases during 
postnatal development, indicating greater capacity for molecular efflux from the brain. The glucose 
transporter, GLUT1, is already expressed in early embryonic stages in capillary tight barrier 
structures. However major changes in the regional pattern of GLUT1 distribution occurs at P3 until 2 
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months of age.55, 70 Moreover, combined FACS purification with GeneChip analysis was used to 
generate a transcriptional profile of highly purified CNS endothelial cells across different ages. 
Comparing the ages ranges of P2-P8 with P60-70, endothelial cells exhibited differences in genes that 
control angiogenesis and formation of the BBB, suggesting a continued maturation of the BBB 
postnatally.66 
 
 
Building the wall: from a vascular network to a neurogliovascular unit 

The assembly of the neurogliovascular unit involves interaction with pericytes, astrocytes, neurons 
and non-cellular structural components such as the basement membrane (Fig. 5). This process initiates 
at embryonic stages, but is completed in early postnatal stages of development. Below, we discuss the 
multicellular dynamics that occur postnatally to form a functional vascular network.  
 
 
Pericyte-endothelial dynamics: angiogenesis and vessel stabilization 

Pericytes are mural cells embedded in the basement membrane of brain capillaries, directly abluminal 
to the endothelium.71 Communication between the endothelial cells and pericytes is essential for the 
establishment of a number of cerebrovascular functions, including vascular structure and BBB 
integrity. This communication is mediated by signaling at direct cell-cell contacts occurring within 
peg and socket interactions, as well as through the release of growth factors and the modulation of the 
extracellular matrix. Pericytes may also be linked to the endothelium through gap junctions, tight 
junctions, and focal adhesions junctions.72 One ultrastructural imaging study revealed pericyte-
endothelial ‘gap junctions’ in embryonic rat brain capillaries73, which may be required for 
endothelium-induced differentiation of mural cells.74 Numerous signaling pathways underlie pericyte-
endothelial crosstalk for the development of vascular structure and barriergenesis, and these have 
been reviewed in detail previously.72  
 
Pericytes are present on the brain endothelium as early as E10, and contribute to a large expansion of 
capillaries that occurs between E14.5 and E18.5 75. These early pericytes or pericyte progenitors 
express established marker genes Pdgfrb and Cspg4, but still lack other markers such as Anpep 
(CD13) seen in the adult brain, suggesting an ongoing maturation of their phenotype. At the time of 
birth, the morphological characteristics of brain pericytes are distinct from that in the adult brain (Fig. 
5). Stereotyped protruding cell body of pericytes are less conspicuous, and cellular processes fully 
enwrap the endothelium, as opposed to the partial coverage seen in adulthood.65 It is widely 
appreciated that pericytes promote quiescence and inhibition of endothelial growth 76, 77. However, in 
early development pericytes must also be supportive of rapid capillary network expansion. Indeed, a 
recent study showed that pericyte ablation in postnatal retina led to impaired endothelial sprouting and 
patterning via disruption of local VEGF/VEGFR signaling between pericytes and endothelial cells.78 
  
There are two seemingly opposing views to how pericytes and endothelial cells coordinate the 
formation of new capillaries during sprouting angiogenesis. The predominant concept is that 
endothelial cells lead the process, and pericytes lag behind. Endothelial tip cells first migrate from 
existing capillary networks through a VEGF-dependent mechanism, and penetrate into the tissue.79 
Endothelial stalk cells then follow the tip cell and proliferate to further extend the angiogenic sprout. 
Tip cells release the growth factor PDGF-B, which is deposited in dimeric form (PDGF-BB) on the 
surrounding vascular extracellular matrix and forms the signal for pericyte recruitment to the nascent 
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endothelial tube, leading to subsequent vessel stabilization and maturation.80-82 Crosstalk between 
pericytes and endothelial cells then promotes vascular stability and increase in BBB integrity by 
increasing expression of endothelial tight junction proteins and reduced transcellular transport through 
caveolae.66, 83 This concept suggests that there is a window of endothelial plasticity and BBB 
immaturity until pericytes are invested into new capillaries. In retina, this window can be significant, 
lasting up to several days, before pericytes invade the endothelial plexus.84 
 

	

Figure 5. Maturation of the neurogliovascular unit. The upper panels are a schematic depicting the gradual 
integration of different cell types and the basement membrane in brain capillaries. The lower panels show a cross-sectional 
view of the capillary wall at each developmental stage. Developmental periods (embryonic and neonate) show an angiogenic 
sprout with extensive filopodia. This sprout connects with an existing part of the capillary network and becomes patent. 
Increased tight junction density, basement membrane thickness, and astrocytic endfoot investment contributes to BBB 
maturation.  

A second view is that pericytes lead the angiogenic process by invading the parenchyma, followed in 
turn by endothelial cells.85 In this case, pericytes may be a source of VEGF that provides the guiding 
signal for endothelial cells.86 This concept implies that pericytes are already present on angiogenic 
sprouts and capable of delivering signals to rapidly promote BBB integrity and vessel stabilization, 
thereby limiting the window for vessel immaturity. It further raises the possibility that pericytes have 
some role in deciding the location of new angiogenic sprouts in existing capillary networks, and in 
guiding or bridging the sprout through the brain parenchyma. This mechanism may be more relevant 
to angiogenesis occurring in vascular networks already abundant in pericytes. However, these 
opposing views come from diverse model systems and organs, and likely differ in various angiogenic 
contexts. Recent data from Payne et al. reveal a potential middle ground where pericyte and 
endothelial tip cells co-migrate, taking turns to lead the new capillary sprout.87 The relative position of 
pericytes and endothelial cells was hypothesized to be dependent upon fluctuations in the availability 
of ligands such as PDGF-BB at the angiogenic front.  
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While most of the vascular growth within the capillary network is attributed to sprouting 
angiogenesis, a second means to increase capillary network complexity is through intussusception or 
“splitting angiogenesis”.42 While, intussusceptive angiogenesis has been characterized in other 
developing organs, such as the lung, it remains unclear whether it contributes significantly to 
development of brain capillary networks.  
 
Pericytes contact the majority of the endothelium via long processes that run longitudinally along the 
vessel axis. These processes allow a single pericyte to contact and communicate with hundreds of 
micrometers of capillary length.17 The processes incompletely enwrap the underlying endothelium, 
and studies often report the extent of this overlap as “coverage”, which ranges ~ 50-70% coverage in 
the normal brain. The extent to which pericytes cover the endothelium is developmentally regulated 
by PDGF-B/PDGFRbeta signaling.88  While mice that are null for the Pdgfb or Pdgfrb null genes 
have near complete absence of brain pericytes, and are perinatal lethal 82, 89, mice experiencing partial 
disruption in PDGF-B/PDGFRbeta signaling are viable and useful for postnatal developmental 
studies. For example, PDGFBret/ret mice harbor a mutation to PDGF-B that inhibits ligand binding to 
the vascular basement membrane, thereby removing the signal for pericyte recruitment. These mice 
have pericyte coverage of only 25% of the endothelium and exhibit aberrant capillary dilations and 
increased transcellular BBB leakage.83 They also exhibit fewer branch points in the capillary network, 
consistent with a role for pericytes in capillary patterning. Using hypomorphs that collectively exhibit 
a range of severities in pericyte loss, pericyte coverage was found to correlate with BBB integrity, 
where greater pericyte loss was associated with worsened leakage through transcellular routes.66 
Transcriptomic studies further revealed that pericytes suppressed pathways for endothelial leakage, 
including genes involved in promotion of immune cell trafficking.  
 
Pericytes also regulate endothelial expression of major facilitator super family domain containing 2a 
(MFSD2A), and lipid transporting protein at the plasma membrane. Genetic ablation of Mfsd2a leads 
to BBB leakage due to increased transcytosis from embryonic to adult stages.90 Recent work also 
showed that the spatiotemporal expression of a cell adhesion receptor, CD146, is important for 
pericyte recruitment/attachment and BBB maturation.91 Pericyte-specific deletion of CD146 causes 
BBB breakdown and impairment in pericyte coverage.  
 
 
The vascular basement membrane: More than just cement. 
 
The microvascular basement membrane is a thin layer of extracellular matrix, composed of structural 
proteins, glycoproteins and proteoglycans, located between the endothelium and perivascular endfeet 
of the parenchyma. Pericytes that are located within this intermediate space are completely embedded 
within the basement membrane. The basement membrane anchors cells within the neurogliovascular 
unit and forms a physical barrier to regulate cellular migration, such as leukocyte trafficking. The 
basement membrane also serves critical roles in facilitating cell-cell communication at the vascular 
wall. For example, it provides a scaffold to retain signalling molecules such as PDGF-BB and VEGF 
crucial for angiogenesis and pericyte recruitment.  Bioactive components such as laminin are also 
required for cell differentiation and migration. The basement membrane is evident as early as E20 in 
rat embryos but still ill-defined at birth. Its density and thickness increases with postnatal 
development suggesting continued formation by perivascular cells (Fig. 5).65, 92 In mice, laminin and 
agrin are the earliest proteins to appear at the vascular wall around P0, reaching the peak levels as 
early as P7.93 This early basement membrane and its junctions with astrocytic endfeet become critical 
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for establishing the polarization of proteins, such as the water channel aquaporin-4 (AQP4), at the 
vascular interface. 
 
Highlighting the importance of basement membrane for vascular integrity, alterations and disruption 
of the basement membrane can lead to changes in the endothelial cell cytoskeleton, which in turn 
affects tight junction protein structure and BBB integrity. Accordingly, laminin α2 subunit-null mice 
at P21 exhibit BBB hyperpermeability correlated with significant decreases in VE-cadherin, claudin-
5, and occludin, as well as lower pericyte and astrocytic endfoot coverage.94 More specifically, Yao 
and colleagues showed that the laminin produced by astrocytes is needed for polarization of astrocytic 
endfeet, pericyte differentiation and maintenance of BBB properties.95 Additionally, it has been 
shown that endothelial laminin, laminin α4, regulates vascular integrity at embryonic/neonatal stage, 
and its deletion leads to impaired microvessel maturation causing haemorrhages during the embryonic 
and neonatal period.96 Mutations in collagen type IV, which causes alterations in the basement 
membrane, similarly leads intracerebral haemorrhage in both mice and humans during development.97  
 

Astrocyte-endothelial crosstalk: Barriergenesis and vascular remodeling  

In the adult brain, astrocytes form a layer of fine lamellae, called endfeet, that is closely opposed to 
the abluminal surface of the endothelium and basement membrane.98 This layer forms a physical 
barrier at the vascular wall, and also facilitates the neurovascular cross-talk needed for BBB 
maturation. Astrocytes first become prominent during the perinatal period, coincident with the onset 
of expansion of cortical capillary networks (Fig. 5).99, 100 Some findings show that after populating the 
cortex, astrocytes continue to proliferate locally during the first 3-weeks of postnatal development.101 
In the rat brain, increase in astrocyte density proceeds until P50, when adult density levels are 
reached.102, 103 Also, endfoot expression of AQP4, a channel for water transport across the BBB with 
implications in glymphatic drainage, was weakly expressed at P7 and showed a sharp increase in 
expression towards adulthood.93, 104, 105 It has been suggested that pericytes may be needed to attract or 
maintain astrocyte endfoot coverage of the vessels, as pericyte-deficient mice exhibit defects in 
association and polarization of astrocytic endfeet.83  
 
Astrocytes seem to also serve a critical role in regulating vascular architecture, as the astrocytes 
interact closely with blood vessels by P5-P7, and inhibition of astroglial proliferation results in a 
drastic reduction in the density and branching of cortical blood vessels.100 Loss of astrocyte 
investment also leads to abnormal endothelial proliferation and enlargement of vessel diameter. 
Further, the expression level of several of the proteins normally present at the perivascular astrocyte 
endfeet is very low in immature astrocytes, including the canonical astrocyte marker glial fibrillary 
acidic protein.93 
 
Astrocytes also orchestrate the postnatal formation and reorganization of vascular scaffolds for 
cellular migration. Detailed gain and loss of function studies have shown that astrocyte release of 
VEGF influenced the formation of blood vessels in the rostral migratory stream, which is used as a 
scaffold for neuroblasts migrating to the olfactory bulb.106 In vivo downregulation of VEGF 
specifically in the astrocytes affected vascular development and led to complications in neuronal 
migration. Curiously, postnatal expression of VEGF by astrocytes is unique to the rostral migratory 
stream, as expression in cerebral cortex is higher in neurons at early stages of development.106 
However, as vascular beds stabilize around P24, the proportion of astrocytes expressing VEGF 
increases in cortex relative to neurons.107  
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Microglia-endothelial contact 
 
Microglia are the resident innate immune cells of the brain, and represent ~10-15% of all glia in the 
brain.108 Studies from developing brain and retina suggest that microglia cells colonize prior to tissue 
vascularization, but then come in close contact with the microvasculature during the vasculogenic and 
angiogenic process.109 Microglia interact with endothelial tip cells to coordinate anastomotic 
connections within the capillary bed (Fig. 4). They are often seen at sites where two tip cells with 
filopodia come in close contact and anastomotic connections are likely to occur.110 Rymo and 
colleagues further probed the role of microglia in combined in vivo and ex vivo studies of mouse 
retina and an aortic ring model.111 First, by examining mice with microglial deficiency (M-CSF/CSF-
1 deficient mice), they showed that microglial absence led to a sparser vascular network. Then using 
aortic ring cultures, they showed that microglia could stimulate vessel sprouting and branching via 
release of a soluble, microglial-derived molecule. Together, this indicates a bi-directional 
communication between microglia and endothelial tip cells during the formation of new vascular 
connections. With respect to underlying mechanisms of microglia-endothelial communication, work 
from Tammela and colleagues suggested that a subpopulation of microglial cells express VEGF-C, 
which is able to activate VEGFR-3 in tip cells to reinforce Notch signaling.109 This contributes to a 
phenotype change of the endothelial cell at sites of vascular fusion.  
 
In addition to roles in regulation of vascular growth, microglial cells associated with brain capillaries 
in the early postnatal stage exhibit a phagocytic, amoeboid morphology. Over a period of 3-weeks, 
this shape then shifts to the classic morphological profile of ramified, resting surveillant microglial 
seen in the normal adult brain.112, 113 Amoeboid microglia are able to uptake and retain intravenously 
injected dyes, suggesting that they serve as front-line protection from exogenous substances that may 
enter the pericapillary space by transendothelial transport during brain development.65 
 

Neuronal activity alters the development of capillary structure 

The microvascular architecture of the brain is shaped by neural activity during the postnatal period.114, 

115 Lacoste and colleagues showed that enhancement of neural activity between P0 to P5 by gentle 
whisker stimulation (15 minutes per day over 8 days) lead to increased vascular density and branching 
in the barrel field of sensory cortex.114 Conversely, vascular density and branching were decreased 
when vibrissal sensory input was reduced by genetic impairment of neurotransmitter release at 
thalamocortical synapses, or by whisker plucking. Whiteus and colleagues also examined the relation 
between neural activity and vascular structure and reported that excessive stimulation and repetitive 
neural activation during P15 to P25 caused decreases in vascular density by reducing endothelial 
proliferation and sprouting.115 This effect was observed using a variety of stimulation paradigms, 
ranging from treadmill exercise to auditory stimulation. While these two seminal studies seem 
contradictory at first, the contrasting outcomes may be explained by the extent of stimulation given, 
where Lacoste et al. used more physiologically relevant stimulation and Whiteus et al. aimed to test 
the effects of over-stimulation. It seems that physiological stimulation strengthens the neurovascular 
link, while over-stimulation disrupts this link and leads to lasting deficits in microvascular density.  In 
contrast to the plasticity of the capillary bed, a recent study demonstrated that the structure of pial 
arteriole networks was unaffected by sensory deprivation.116 The absence of vibrissal input from P2 to 
P30, due to continual whisker plucking, had no effect on the branching or pial arterioles, the density 
of penetrating arterioles, or anastomotic connections, suggesting that this system is already set prior to 
birth. 
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The construction of vascular and neuronal network is guided by similar mechanisms during 
development.117s Many signaling molecules important for axonal guidance, such as netrins, 
semaphorins, slits, nogo, and ephrins, are also able to influence vascular growth through attractive or 
repulsive cues. For example, recent studies discovered that a membrane protein RTN4 (previously 
NOGO-A), which inhibits axonal growth in adults, also acts as a negative regulator of angiogenesis 
during postnatal CNS development.118 RTN4 is expressed in neurons in the postnatal brain (P10), with 
close proximity to vasculature endothelial tip cells and their filopodial protrusions. Genetic ablation or 
antibody-mediated neutralization of RTN4 in P4 or P8 mice led to a significant increase in the number 
of endothelial tip cells at P10, and the addition of new patent capillary branches in the microvascular 
network.119 Another common pathway that influences both neural and vascular development is WNT 
signalling. WNTs are secreted glycoproteins with well-established roles in development of neuronal 
circuitry.120 In vascular development, WNT/β-catenin signaling has dual effects on angiogenesis and 
BBB development through embryogenesis to postnatal periods. Loss of WNT 7a/b or WNT receptor, 
Frizzled 8, reduces vessel density and capillary bed structure, and also results in vascular leakage due 
to decreased tight junction protein expression and structural integrity.121-123 
 
A well-studied positive regulator of angiogenesis is VEGF signaling. As discussed above, in postnatal 
rats (P8 – P13), VEGF is primarily expressed by neurons. Since VEGF release can be modulated by 
neural activity, it is can serve as a neurovascular link for regulation of angiogenesis.124 Between P13 
and P24, VEGF expression decreases in neurons and increase in astrocytes. Since astrocytes are 
ideally positioned to sense neuronal activity and interact with the vasculature, this shift in expression 
may continue to shape vascular architecture concurrent with the maturation of astrocyte-endothelial 
signals required for vascular tone and neurovascular coupling.125 
 
Functional imaging studies of the developing human brain have observed patterns of hemodynamic 
responses that differ from adult responses. In adults, the increase of local neural activity is nearly 
always accompanied by increases in local blood flow to the active brain area, i.e. functional 
hyperemia. In contrast, the developing brain exhibits absent or even inverted vascular responses to 
neural activity.126, 127 To better understand this phenomenon, Kozberg and colleagues examined the 
spatiotemporal dynamics of oxidative phosphorylation (inferred by fluorescence changes in 
flavoprotein) concurrent with neuronal activity in P7 mice 126. They concluded that neural activity led 
to local oxygen consumption, but concurrent vascular responses were insufficient to supply additional 
oxygen. This was postulated to create conditions of local tissue oxygen depletion, which could reduce 
thresholds for hypoxic injury, indicating a period of vulnerability during early development. On the 
other hand, local oxygen reduction may be necessary as an angiogenic trigger to link the most active 
brain regions with the greatest capillary density. Nevertheless, absolute levels of tissue oxygen 
reduction during brain activity in neonates remain to be measured in detail, and this could be 
facilitated with the advent of new phosphorescent tissue oxygen probes.128  
 
New techniques in imaging of live mouse pups have created fertile ground for understanding how 
neurovascular coupling is established, concurrent with maturation of the vascular architecture and 
neurovascular unit. Indeed, capillary networks in the adult brain provide retrograde hyperpolarization 
for upstream arteriolar dilation, and the architecture needed to convey these endothelial signals may 
be lacking in early development 129. Further, the essential cellular elements for coupling, including 
astrocytes and pericytes, are also not fully integrated 130. 
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Open questions. 

Collective research on cerebrovascular development has emphasized key topics for future emphasis. 
These include, but are not limited to:  
 
(1) The mechanisms that establish the microarchitecture of brain capillaries. Research suggests that 
developing capillary networks are modifiable by neural activation/inhibition in the perinatal period 
and that these signals set the branching pattern and density of capillaries that ultimately serve blood 
flow in the adult brain. It will be critical to understand the mechanism and endothelial cues underlying 
this approach for modulating capillary structure and function, and whether it can be harnessed to 
promote microcirculatory function in human disease.  
 
(2) The basis of neurovascular coupling in the developing brain remains understudied. Given that 
functional hyperemia is distinctly regulated in the infant brain, the interpretation of fMRI signals that 
rely on blood flow and oxygenation state as a surrogate for neural activity requires careful evaluation. 
Further, it is important to understand if the apparent lack of vascular reactivity despite robust neural 
activation creates conditions of oxygen deficiency in the infant brain. Does lowered oxygen content 
lead to increased vulnerability to hypoxia, or is this a normal angiogenic signal to link neuronal 
demand to vascular supply?  
 
(3) The perinatal refinement of blood-brain barrier integrity is poorly characterized. It remains 
controversial as to whether humans are born with a fully functional BBB.131 This is important to 
clarify because differences in permeability to drugs and other pharmacological agents may have 
inadvertent effects in treatments of nursing mothers and neonates. Further, while much is known 
about structural elements and genetics of the BBB, there remains limited information on the crosstalk 
that occurs between cells of the neurovascular unit that leads to BBB maturation. In the developing 
brain, there are both signals that promote cell proliferation, as well as those that support vascular 
maturation. It remains unclear how these processes coexist to produce a functional vascular system. 
 
 
A window to visualize the developing brain 
 
While mouse brain development has been extensively studied using histology and in vitro approaches, 
quantitative characterization of morphological changes over time remains a challenge. Ex vivo and in 
vitro studies are unable to replicate the complexity of neurovascular connections and the dynamics of 
perfused blood vessels in the intact brain. In vivo imaging through cranial imaging windows using 
two-photon microscopy (TPM) has emerged in recent years as one approach to overcome this 
limitation 4, 34. In addition to providing cellular to subcellular resolution of microvessels below the 
brain surface, TPM allows longitudinal assessment of physiological dynamics and remodeling over 
days (Fig. 6). The use of thinned-skull windows reduces the likelihood of inducing inflammation or 
exposing the brain to air, which can change the trajectory of cerebrovascular development.34 In 
combination with powerful genetic approaches currently available to fluorescently label and 
manipulate neurovascular cells 132, TPM holds promise for understanding the orchestration of 
cerebrovascular development in vivo. It further allows the opportunity to track the maturation of tight 
junction complexes, concurrent with assessments of BBB permeability133, and vascular reactivity to 
neuronal metabolic demand.  
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In vivo imaging provides an additional advantage of noninvasive optical manipulation of cell types at 
specific times in the developmental process to probe the effects of their absence in cerebrovascular 
development. Recent studies have shown the possibility of precision optical ablation of a variety of 
cell types, including pericytes 134, 135, microglial cells 136, astrocytic endfeet 137, and neurons 135 in the 
adult brain. This approach has yet to be applied to study the role of specific cell types during 
cerebrovascular development. It is a powerful alternative to genetic ablation studies, i.e. using 
diphtheria receptor and toxin induced apoptosis, as it does not disrupt cell types in a global fashion, 
and does not rely on the availability of Cre drivers, which are often not entirely specific for the cell 
type of interest. 
 

 
 
Figure 6. In vivo two-photon imaging of capillary network expansion in the postnatal brain. 
(Upper row) Capillaries visualized through a chronic, thinned-skull window in a P8 mouse pup. The mouse is double 
transgenic for Tie2-GFP and PDGFRbeta-tdTomato, allowing concurrently visualization of endothelial cells (green) and 
pericytes (red). An intravenous dye (Alexa 680-dextran; 2MDa) was injected intravenously to label the blood plasma (i.e. 
dye). To aid in visualization, the middle panel shows only endothelial cells with pericytes, and the right panel shows only 
endothelial cells and the i.v. dye.  Note that many capillaries are covered by pericytes, but some regions still lack pericyte 
coverage/contact (middle panel). Also, many capillaries have not yet lumenized, i.e. not filled with the i.v. dye (right panel). 
Further, angiogenic sprouts are clearly visible in this expanding network (white arrowheads). (Middle row). The same 
region of cortex was re-examined 1 day later. The angiogenic sprouts have grown further and are now integrated into an 
existing part of the capillary network (white arrow). (Lower row). The nascent capillary branches formed over the previous 
two days are still present, and further increase in pericyte coverage (middle panel). 
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Conclusion 

Research in cerebrovascular development has revealed that vascular architecture remains remarkably 
plastic and modifiable in the first few weeks of like. This process involves refinement of vascular 
networks at the pial surface, concurrent with increasing growth and density of sub-surface capillary 
networks. It has also demonstrated the complex interplay of cell types required to assemble a 
functional neurovascular unit. In collating the data, we have highlighted open questions worth 
examining with respect to development of neurovascular structure, reactivity, and integrity. 
Innovative in vivo imaging approaches have enabled researchers to begin tracking complex 
developmental processes in the living brain. A better understanding of cerebrovascular development 
will improve our knowledge of how the vasculature serves the immense task of feeding the brain in 
adulthood, and may also unveil approaches to leverage developmental programs for the improvement 
of vascular function in diseases of the adult and aging brain. 
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