1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Curr Opin Neurobiol. 2013 December ; 23(6): 1057-1064. doi:10.1016/j.conb.2013.06.006.

“Sealing off the CNS”: cellular and molecular regulation of
blood-brain barriergenesis

Julie A. Siegenthaler®, Fabien Sohet?, and Richard Daneman?
1Department of Pediatrics, Section of Developmental Biology, University of Colorado, Denver;
Aurora, CO 80045

2Department of Anatomy, University of California, San Francisco; San Francisco, CA 94143

Abstract

From their initial ingression into the neural tube to the established, adult vascular plexus, blood
vessels within the CNS are truly unique. Covered by a virtually continuous layer of perivascular
cells and astrocytic endfeet and connected by specialized cell-cell junctional contacts, mature CNS
blood vessels simultaneously provide nutritive blood flow and protect the neural mileu from
potentially disruptive or harmful molecules and cells flowing through the vessel lumen. In this
review we will discuss how the CNS vasculature acquires blood-brain barrier (BBB) properties
with a specific focus on recent work identifying the cell types and molecular pathways that
orchestrate barriergenesis.

The blood-brain barrier (BBB) is a physiological barrier that controls the extracellular
environment of the central nervous system (CNS) and is critical to allow for proper neuronal
function as well as protect the neural tissue from injury and disease. This barrier is not a
single property but rather an amalgam of structural, cellular and physiological components
possessed by CNS endothelial cells that allows these cells to tightly restrict the trafficking of
molecules, proteins and cell types between the blood and the brain (Figure 1). These
include: 1) specialized tight junctions (TJs) between brain endothelial cells that strictly limit
movement of ions and molecules within the paracellular space, 2) unusually low rates of
trans-cellular transport (e.g., transcytosis, lack of fenestrations), 3) expression of numerous
uni- or bi-directional transporters that move required substances, like water-soluble amino
acids and glucose, into the brain and transport out potentially toxic substances, and 4) low
expression of leukocyte adhesion molecules (LAMS) that helps limit movement of immune
cells from the blood into the brain. Thus CNS endothelial cells both contain unique BBB-
specific properties (TJs and transporter expression) that confer a ‘tight” barrier, but also lack
peripheral, ‘leaky’ endothelial-specific properties (transcytosis, fenestra, LAMSs). Although
these are properties of the endothelial cells, transplant studies have demonstrated that they
are induced by interactions with the CNS microenvironment in what is termed the
neurovascular unit.
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Emergence of BBB properties during neurovascular development and maturation is gradual.
The earliest events are appearance of ‘tight” properties including the formation of TJs
between brain endothelial cells and expression of glucose transporter Glut-1.
Ultrastructurally, some TJs are evident in blood vessels at their earliest stages of ingression
into the rodent brain (embryonic day or E10-11) [1,2] and TJ protein occludin is expressed
in patches along vessel lengths in E12 rodent brain [3]. Similarly, Glut-1 is expressed as
early as E10 in mouse, which essentially coincides with vessel ingression into the neural
tube [4]. The barrier functionality, however, at this stage is incomplete since BBB
permeability studies using horseradish peroxidase indicate that the fetal BBB is permeable
to HRP until ~E15 in rodents and E13 in chick [5,6]. At these early stages this leakage may
be attributed to the fact that CNS vessels still have some peripheral ‘leaky’ properties
including high levels of transcytosis and expression of LAMs [3]. Measurements of
transendothelial resistance (TEER) in fetal and post-natal rat brain vasculature, an measure
of BBB permeability, reveal gradual maturation in the BBB from late gestation to early post-
natal stages [7]. This is likely due to a progressive tightening of junctional complexes caused
by increased expression of TJ proteins and a reduction in transcellular transport. Indeed,
ultrastructural and freeze fracture analysis in late embryonic and postnatal rodent observe
the disappearance of interjunctional clefts (spaces between endothelial cells without
components of the tight junctions), an increase in the density and complexity of tight
junctions [1,8] and a decrease in evidence of vesicular trafficking in brain endothelial cells
[3]. Co-incident with decreased paracellular and transcellular transport is loss of brain
endothelial cell expression of LAMs that normally promote immune cell trafficking [3].
Much like TJ maturation, expression of efflux transporters that actively remove potentially
toxic substances from the brain increases from pre- to postnatal stages [9]. Thus BBB
development appears to be a complex multi-step process in which “tight’ properties are
induced and then mature, and ‘leaky” properties are inhibited.

Despite the importance of the BBB, several important questions remain: What are the
cellular and molecular interactions that regulate the development and function of the BBB?
Are each of the properties of the BBB regulated by similar or divergent mechanisms? Are
these properties induced by differentiation signals during development or regulated
maintenance signals throughout life? Here we will discuss what is known about the cellular
and molecular regulation of BBB formation during development.

Cellular regulation of barriergenesis: Pericytes

Pericytes are an important perivascular cell type related to vascular smooth muscle cells
(VSMCs) and are largely defined by their location with the vascular plexus (small-diameter
capillaries) and close interaction with endothelial cells [10]. Pericytes are found at high
density in CNS vasculature and their important role in neurovascular development is
underscored by mouse models of pericyte-deficiency caused by genetic disruption of
platelet-derived growth factor-B (PDGFB) signaling [11,12]. Endothelial cell-derived
PDGFB is critical for recruitment of vSMCs and pericytes to the developing vasculature and
their maintenance in adulthood. Reduction in pericyte coverage in PDGFB or PDGFr /3
mutant mice causes a particularly severe phenotype in the fetal brain, including vessel
hyperplasia and, occasionally, micro-hemorrhage [12,13]. Though in vitro work has

Curr Opin Neurobiol. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Siegenthaler et al.

Page 3

implicated brain pericytes in blood brain barriergenesis [14,15], recent citations describing
severe defects in BBB integrity in pericyte-deficient mutants both pre- and postnatally
provides the most compelling evidence to date [3,16]. In the near absence of brain pericytes,
as observed in PDGFrg-null fetal brain, several BBB properties do not develop properly
causing permeability to small and large molecular weight tracers, increased expression of
LAMs and increased evidence of transcytosis in endothelial cells [3]. Increased vascular
permeability in these mutants is not caused by lack of tight junctions between endothelial
cells but rather may be connected to increased transcellular trafficking across the endothelial
cell layer. Two important conclusions about blood brain barriergenesis can be drawn from
analysis of PDGFrg-null fetal brain. First, key features of the BBB are acquired as the
vasculature develops suggesting that the immature brain, like the adult brain, needs
protection from blood contents. Second, pericytes are needed in the developing brain
vasculature for certain aspects of BBB maturation. Specifically, analysis of structure and
gene expression of endothelial cells from PDGFr4-null fetal brain suggests that pericytes are
not required to induce BBB-specific ‘tight’ properties such as TJs and transporter
expression, rather, they are required to stabilize the vasculature and inhibit the expression of
‘leaky’ properties, including transcytosis and leukocyte adhesion, normally associated with
non-neural vessels.

As in development, pericytes are needed to maintain BBB properties in the mature, adult
vasculature. To address this question, Armulik et al. circumvented the perinatal lethality of
PDGFrg-null and PDGFB-null mutants by using postnatally viable PDGFB mutants and
generating mice that expressed one or two copies of the human PDGFB gene specifically in
endothelial cells on the PDGFB-null background [16]. The result is viable mice that have
moderate to significantly reduced pericyte coverage of adult vessels. Adult pericyte-
deficient mutants have both increased vascular permeability and rates of trancytosis in
endothelial cells. The authors also described defects in the association and polarization of
astrocytic processes (“endfeet”) with the surface of the vasculature in adult pericyte-
deficient mutants. Establishment of astrocytic-vascular interactions is a post-natal event [3];
this phenotype suggests that pericytes may be needed to attract or maintain astrocytic
coverage of vessels. Consistent with a critical role for pericytes in BBB maintenance,
progressive loss of pericytes in the aging brains of PDGFr -heterozygous mice leads to
widespread vascular leak as well as significant loss of capillary density [17]. The resulting
decrease in brain perfusion and toxicity causes neurodegeneration and cognitive defects. The
connection between age-related pericyte loss and neurodegeneration in mice has sparked
interest in a role for pericytes in the vascular pathology of neurodegenerative disorders like
Alzheimer’s disease [18]. Indeed, recent work indicates that pericyte loss is a feature of the
vascular pathology observed in the brains of Alzheimer’s patients [19].

A major question that remains is how pericytes interact with endothelial cells to both
stimulate acquisition of BBB properties developmentally and help maintain these properties
in mature neurovasculature. Key features of pericyte-mediated barrier properties appear to
be sufficient coverage of and direct contact with the abluminal endothelial cell surface.
Adult pericyte deficient mutants with severe to moderate loss of pericyte coverage (26% and
40%) both displayed BBB defects whereas mice with a small but significance decrease in
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pericyte coverage (76%) did not [16]. Possibly, there is threshold level of pericyte coverage,
and thus pericyte-derived signals, required for barriergenesis and maintenance. In vitro
studies using pericyte-endothelial cell co-cultures in which the two cells types are in contact
displayed a greater decrease in permeability than non-contact co-cultures [15]. This may be
due to the need for cell surface mediated signaling or perhaps pericyte-derived factors act
best at short range. At the molecular level, what are possible pericyte-derived signals?
Profiling analysis of blood vessel isolated from both embryonic and adult pericyte-deficient
mice indicate that pericytes may regulate barrier integrity properties of endothelial cells
through release of pro-vascular stability signals like angiopoiten-1 and suppression of
angiopoiten-2 expression, related to vascular instability, by brain endothelial cells [3,16].
Also, pericytes suppress expression of several well-known leukocyte trafficking proteins by
brain endothelial cells and in this way likely prevent unwanted movement of immune cells
into the CNS [3]. Pericytes have recently been implicated in the post-natal and adult BBB
defects observed in apolipoprotein E (ApoE) knockout mice [20]. Pericytes in ApoE-KO
mice express excessive levels of both the pro-inflammatory cytokine cyclophilin A and, via
NF-kB mediated signaling, MMP9. Both factors likely contribute to the decline in
expression of TJ proteins by endothelial cells, BBB leakiness and subsequent
neurodegeneration. APOE mutations are strongly linked to Alzheimer’s disease risk [21] and
identification of specific signaling pathways in pericytes related to APOE dysfunction may
lead to new therapeutic strategies. Though ApoE is implicated in post-natal and adult BBB
maintenance, more studies are needed to determine if ApoE is involved in earlier stages of
barriergenesis.

Cellular regulation of barriergenesis: Astrocytes

In the latter half of gestation in human development [22] and soon after birth in mice [3],
astrocytic processes or endfeet ensheath the brain endothelium and, in this position, they are
poised to aid to the maturation and maintenance of the BBB. Evidence of a role for
astrocytes in barrier maturation is based on several in vitro studies showing that either co-
culture with astrocytes or astrocyte-conditioned media induces BBB properties in cultured
endothelial cells, specifically increased TEER and TJ organization and luminal polarization
of transporters like Glut-1 and P-polyglycoprotein (P-pg) [23-27]. Furthermore,
transplantation of astrocytes into non-neural tissue induces barrier properties in peripheral
endothelial cells [28]. Taken together these data have supported a critical role for astrocytes
in regulating BBB function. Recent evidence, however, suggests that barrier properties are
formed during development well before astrocytes are generated and ensheath the vessels,
indicating that astrocytes likely modulate BBB permeability maintenance rather than its
induction during development. Recently, several astrocyte-derived factor(s) that regulate
BBB properties in brain endothelial cells have been identified. For instance, sonic hedgehog
(Shh) was shown to play an important role in barriergenesis and maintenance [29]. The
authors showed that astrocytes, but not pericytes or endothelial cells, expressed Shh and
disruption of hedgehog signaling in endothelial cells leads to BBB disruption in vivo.
Though Shh likely has other sources in the mature brain, including neurons, the proximity of
astrocyte-derived Shh to the endothelium makes it a potentially important source of this
signal. Astrocytes also produce and cleave angiotensinogen into angiotensin, which binds
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and activates angiotensin receptors expressed by brain endothelial cells [30]. Angiotensin
receptor signaling modifies TJ proteins like occludin to promote efficient organization of
TJs. Astrocyte-derived retinoic acid (RA) has also been recently been implicated in inducing
barrier properties in cultured human brain endothelial cells [31]. In addition, the authors
showed that RA-biosynthetic enzymes are expressed by astrocytes and retinoic acid
receptors localize to brain endothelial cells in human fetal brain tissue.

Astrocytic endfeet that contact the pericyte-endothelial layer are uniquely polarized with
regard to their expression of specific proteins, including the water channel Aquaporin-4
(Agp4). Localization of Agp4 to astrocyte endfeet is an early event in astrocyte-endothelial
contact [3], one that may require signals from pericytes [16]. Aqu4 does not appear to be
required for BBB maturation or maintenance [32] rather it is involved in pathologic edema
following brain injury [33].

Molecular regulation of barriergenesis

Cell types directly contacting endothelial cells during barriergenesis, especially perciytes,
induce certain barrier properties (e.g., decreased trancytosis and LAM expression) but other
important features appear to be under the control of signals coming directly from the brain
itself. The appearance of specialized TJs and the expression of influx and efflux transporters
are important events in barriergenesis that arise in the absence of pericytes, and prior to
astrocyte generation, and likely depend on neural-derived signals.

Elegant mouse-chick and chick-quail chimera experiments provided the first evidence that
neural tissue drives the acquisition of certain BBB characteristics in endothelial cells.
Transplantation of avascular mouse or quail brain into chick chorio-allantoic membrane or
coelomic cavity induces expression of BBB-specific proteins and the formation of TJs in
non-neural endothelial cells [34,35]. Wnt ligands are strong candidates as a neural-derived
BBB signal. Analysis of Wnt reporter mice suggests that canonical Wnt signaling is
activated specifically in CNS endothelial cells as they invade the neural tissue, but not
endothelial cells vascularizing peripheral tissues [36,37]. Disruption of Wnt signaling either
by knocking out neural derived Wnt ligands (specifically Wnt7a and Wnt7b), by disrupting
Whnt binding to Frizzled receptors, or by conditional depletion of beta-catenin in endothelial
cells generate embryonic lethality with major CNS-specific angiogenesis defects [36,37].
Therefore, Wnts are uniquely required for normal growth of blood vessels into the brain
making them one of the few known CNS-specific angiogenic factors. Treatment of brain
endothelial cells with a canonical Wnt ligand, Wnt3a, leads to up-regulation of TJ proteins
and the appearance of tight junctions between cultured endothelial cells [37,38]. Conditional
deletion of p-catenin, a key component of the Wnt signaling pathway, in postnatal mouse
brain endothelial cells leads to downregulation of the TJ protein claudin-3 and loss of BBB
integrity [38]. Mice that lack the Wnt receptor Frizzed-4 display BBB defects, though
notably only in the cerebellum [39]. Wnt signaling in brain endothelial cells is also involved
in the early expression of the glucose transporter Glut-1. Brain capillaries in Wnt7a/\Wnt7b
double mutants and embryos with conditional inactivation of B-catenin in endothelial cells
fail to up-regulate Glut-1 [36,37]. Expression of efflux transporter Ppg is also modulated by
Whnt signaling in cultured brain endothelial cells [40]. Recently, a novel protocol for
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deriving endothelial cells with BBB-properties from human induced pluripotent stem cells
utilized a method where neural and endothelial cells are co-differentiated [41]. The authors’
determined that Wnt ligands Wnt7a and Wnt7b were produced by neural cells in the cultures
and Wnt signaling in the induced brain endothelial cells were key to acquisition of BBB
traits, including expression transporters Glut-1 and Ppg. Wnt’s involvement in
barriergenesis likely involves direct transcriptional regulation of proteins with BBB
functions but also may function through downstream intermediates, like that of the recently
described Wnt/B-catenin transcriptional targets DR6 and Troy [42]. Notably, DR6-KO
embryos show defects in barriergenesis and adult mutants have reduced vascular density and
BBB leakiness associated with reduced expression of the TJ protein ZO-1. Taken together
these data suggest that Wnt is critical for driving angiogenesis in the CNS while also
inducing BBB-specific ‘tight” properties in endothelial cells including TJs and transporter
expression. Loss of Gprl24, a g-protein coupled receptor expressed by brain endothelial
cells, in mouse embryos leads to significant defects in forebrain angiogenesis and decreased
expression of Glut-1 [43] similar to that observed during inhibition of Wnt signaling. The
ligand for Gpr124 is neural-derived but has currently not been identified, and its relationship
to Whnt signaling is still unknown.

Though there is considerable evidence that neural-derived Wnt ligands are key signals in
barriergenesis, there are other signals coming from that brain that are involved in early
establishment of the BBB. During mouse pre-natal development, Shh produced by neuronal
progenitors/neural cells and Shh signaling in brain endothelial cells has a role in the initial
stages of barriergenesis. Shh-KO embryos have reduced expression of TJ proteins in brain
vasculature and endothelial cell-conditional knockouts of the Shh receptor Smoothened have
brain vasculature that is abnormally leaky to serum proteins at pre-natal stages [29].
Interestingly, these mutant mice appear to have normal CNS angiogenesis suggesting that
unlike Wnt, Shh regulates barrier properties after the vessels are formed. Similarly,
inhibition of the RA signaling during fetal mouse development leads to reduced expression
of TJ proteins and increased BBB permeability [31]. At this stage of mouse brain
development, RA may come from the brain [44] itself or the meninges and CSF [45,46].

Concluding remarks

The complexity of signals involved in blood brain barriergenesis not only reflects the
different properties of the BBB but also the temporal acquisition of these properties during
pre- and post-natal brain development. Expression of different transporters, accumulation of
TJ structures and proteins and decline in LAMs are not instantaneous events as blood
vessels enter neural tissue. The induction of these properties appears to be orchestrated by a
series of different cellular interactions occurring sequentially during brain vascular
development (Figure 2). First, early BBB ‘tight’ properties like Glut-1 transporter
expression and immature TJs between endothelial cells are induced by neural derived
signals, like Wnt ligands, that also help drive endothelial cells into the neural tissues. Next,
pericytes help stabilize the nascent vessels and inhibit ‘leaky’ properties in these vessels via
suppression of transcellular pathways and expression of LAMs. Finally, full maturation of
the BBB as defined by expression of an array of transporters and increased number and
complexity of TJs seal off the CNS and BBB properties are maintained by pericytes,
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astrocytes and other neural cells throughout life, which appears to involve SHH, RA and
AGT.

Though the barrier is by no means fully mature in the developing brain, numerous studies
reviewed here now indicate that the fetal brain vasculature efficiently restricts both trans-
and paracellular movement. This suggests that the immature brain is at largely protected
from molecular and cellular blood contents. This raises the question of why the developing
brain, in which synaptic transmission is scarce and the potential for neuron “re-generation”
is high, must be sequestered. One possibility is that morphogenic gradients of molecules like
FGF, Wnt and BMPs, critical for normal brain development, could be disrupted by
contamination of serum-derived growth factors. Also, proliferating neural progenitors have a
limited capacity for neuron generation and neurotoxicity caused by exposure to blood
contents at these early stages could significantly impact total neuronal output. Alternatively,
precise extracellular composition may be required for neuronal function such that
appropriate activity-dependent circuits are formed. Future work with animal and in vitro
models of barriergenesis could shed light on these and other, unresolved questions including
the identity of pericyte and astrocyte-derived signals that induce BBB properties in brain
endothelial cells.
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Figure 1. Schematic representation of the neurovascular unit
A) Cellular components of the blood-brain barrier. Capillaries in the central nervous system

are made up of endothelial cells (purple) which form the walls of the blood vessels, and their
ablumenal surface is incompletely covered by a pericytes (green) which are embedded in the
vascular extracellular matrix. Astrocytes (blue), a major glial cell population, extend cellular
processes whose endfeet ensheath the blood vessels. Between the astrocytes and the vascular
tube are two layers of extracellular matrix, the vascular extracellular matrix secreted by the
endothelial cells and pericytes, and the glial matrix secreted by astrocytes.

B) Barrier components of the blood-brain barrier. Many of the properties of the BBB are
manifested within the endothelial cells that make up the walls of the vessels. The endothelial
cells are held together by tight junctions (TJs) which create tight paracellular barrier, and
polarize the cells creating distinct lumenal (L) and ablumenal (AL) membrane
compartments. The TJs are made up of transmembrane molecules including claudin family
members, occludin and JAMs which are linked to the cytoskeleton and adherens junctions
by cytoplasmic adaptors including ZO-1 and ZO-2. The endothelial cells undergo extremely
low rates of transcytosis, mediated by low levels of PLVAP, limiting the transcellular
movement of molecules and ions. These endothelial cells also express polarized transporters
that determine the movement of many solutes across the endothelial cells. These include
lumenal efflux transporters, such as Pgp and BCRP, which use ATP hydrolysis to actively
transport a variety of small molecule substrates into the blood, as well as solute carriers such
as Glutl, MCT1, and LAT1 which deliver specific nutrients (glucose, lactate and amino
acids respectively) into the CNS. In addition endothelial cells express low levels of
leukocyte adhesion molecules, including Icam1, which correlates with the low levels of
CNS immune surveillance. These properties allow CNS endothelial cells to tightly regulate
the movement of ions, molecules, and cells between the blood and the brain.
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Figure 2. Schematic representation of BBB development
A) During early development, endothelial cell progenitors (brown) form a vascular plexus

surrounding the developing neural tissue (blue).

B) Angiogenic sprouts, consisting of endothelial tip and stalk cells, invade the neural tissue
under the influence of general angiogenic factors (VEGF) as well as CNS-specific
angiogenic factors (Wnt). These initial sprouts recruit pericytes (green) and are observed to
have “tight’ properties including tight junction proteins as well as Glutl expression, as well
as ‘leaky’ properties including high rates of transcytosis and expression of leukocyte
adhesion molecules (LAMS) such as lcam1.

C) Over the next several days and weeks under the influence of pericyte-derived factors,
neural derived factors and astrocyte derived factors, the endothelial cell tight junctions
mature, the cells start to increase expression of efflux transporters and lower their
transcytosis and expression of LAMS.
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