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Astrocytes dynamically regulate the
blood-brain barrier in the healthy

brain

Agné Pociité, Augustas Pivorilinas, Alexei Verkhratsky’

The blood-brain barrier (BBB) (discovered and
defined by Max Lewandowsky and Lina Stern,
and not, as it is universally, and yet erroneously
believed, by Paul Ehrlich (Verkhratsky and
Pivoriunas, 2023)) that separates the nervous
system from the circulation is evolutionarily
conserved from arthropods to man. The primeval
BBB of the invertebrates and some early
vertebrates was made solely by glial cells and
secured (in invertebrates) by septate junctions; in
most vertebrates, including mammals, the barrier
is associated with endothelial cells and secured
with tight junctions. This, however, is a simplified
view, as brain-fluid barriers in general and the
BBB in particular, are complex structures, which
dynamically control traffic between nervous tissue
and the circulation. The vascular part of the BBB
complex (Figure 1) includes hemocompatible
glycocalyx, which outlines and protects the single-
cell layer of brain endothelial cells (BECs) clamped
together with tight and adherence junctions that
restrict paracellular transport. Tight junctions
form a highly efficient barrier for ion fluxes that
translates into a very high (up to 5000 Q/cm?)
electrical resistance (generally referred to as
transendothelial electrical resistance or TEER)
of the brain endothelial barrier, which is > 100
times larger as compared to peripheral capillaries
where TEER varies between 2 and 20 Q/cm?.
Brain endotheliocytes are in direct contact with
pericytes, several subtypes of which are associated
with capillaries and pre- and post-capillary vessels.
Pericytes and endothelial cells are covered with the
vascular basement membrane. In arterioles and

venules, the basement membrane is surrounded
by smooth muscle cells regulating vasodilatation
and vasoconstriction. The parenchymal part of the
BBB is made by endfeet of protoplasmic (in grey
matter) or fibrous (in white matter) astrocytes;
every protoplasmic astrocyte extends at least
one (and usually several) perivascular processes
(Hosli et al., 2022). Astrocytic endfeet rest on the
parenchymal basement membrane; together they
form the glia limitans perivascularis (which also
includes processes of juxtavascular microglia).
The composition of vascular and parenchymal
basal membranes is different, reflecting distinct
extracellular matrix components secreted by
endotheliocytes and astrocytes. At the level of
arterioles and venules, vascular and parenchymal
membranes are separated by perivascular space
filled with cerebrospinal fluid; this perivascular
space, together with glia limitans, provides
the anatomical substrate for the brain-wide
glymphatic system. At the level of capillaries, both
basement membranes join while perivascular
space disappears.

The BBB is an integral part of the brain’s active
milieu, which brings together all cell types
to create a functionally active nervous tissue
(Semyanov and Verkhratsky, 2021). The complex
of cells related to the BBB (i.e., endothelial
cells, pericytes, smooth muscle cells, astrocytes,
microglia, and neurons) is formally defined as a
neurogliovascular unit. The astrocyte, which (in
rodents) occupies an individual territorial domain,
is considered as an integrator that brings all the
aforementioned cells together to form a functional
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Figure 1 | Structural organization of the vasculature in the brain.

(A) Schematic representation of astrocyte endfeet coverage of brain capillaries. (B) Cellular components of the blood-
brain barrier. (C) Proposed dual effect of bFGF on the regulation of permeability of the blood-brain barrier endothelial
cells. bFGF: Basic fibroblast growth factor; FGFR: fibroblast growth factor receptor.

and relatively independent unit (Schaeffer
and ladecola, 2021). Of note, the territorial
domain organization of astrocytes, which is
quite prominent in rodents, may not extend to
all species; for example, in ferret and human
cortex, astrocytes seem to display a high degree
of overlapping and criss-crossing each other’s
territories.

Astrocytes do not contribute to the embryonic BBB
formation and function; the vascular permeability
in the mouse embryo starts to decrease from
embryonic day 13 and BBB is functional as early
as on embryonic day 16, whereas astrogenesis
does not start until embryonic day 18. Astrocytes
join the BBB complex in earnest in the postnatal
brain with astrocyte endfeet coverage of blood
vessels in the mouse brain being completed at
postnatal day 5 (P5) in the cortex and at P13
in pial vessels. Astrocyte perivascular endfeet
maturation is characterized by MLC1 and Glial CAM
proteins forming a complex during P10-P15 and
this correlates with BBB maturation as shown by
increased levels of claudin-5 and P-glycoprotein in
BECs (Gilbert et al., 2019).

Basement membranes prevent direct parenchymal
cell-vascular cell contacts; hence astrocyte-
pericyte and astrocyte-endotheliocyte interactions
occur through a paracrine route. Astrocyte-
conditioned medium as well as non-contact co-
culturing of BECs with astrocytes up-regulates
expression of tight junction proteins directly
responsible for maintaining barrier properties in
BECs, increases TEER and reduces paracellular
permeability in vitro (Siddharthan et al., 2007).
However, in vivo studies are far more ambiguous
as the contribution of astrocytes in the regulation
of BBB function under physiological conditions
remains obscure, waiting for appropriate animal
models to answer this fundamental question.
Removal of perivascular astrocytic endfeet by
laser ablation in mice did not compromise the
integrity of the BBB, while re-coverage of vessels
by another endfoot coming from neighboring
intact astrocyte began as soon as fifty minutes
after ablation (Kubotera et al., 2019). Arguably,
the duration of loss of astrocyte-endothelial
interaction was too short to induce BBB damage.
In contrast, inducible astrocyte-specific ablation in
genetically engineered mice leading to a sustained
removal of astrocytes revealed their critical role
in the maintenance of the BBB in the adult brain.
Loss of astrocytes led to extravasation of plasma
fibrinogen, reduction of expression of main tight
junction protein zonula occludens-1; the BBB
leakage sustained for several weeks after ablation
(Heithoff et al., 2021).

Astrocytes are the main secretory cells in the
central nervous system (CNS); however, most
paracrine factors affecting the BBB in vitro are
not expressed or expressed at a low level under
physiological conditions. These include Sonic
hedgehog, glial-derived neurotrophic factor,
angiopoietin, basic fibroblast growth factor
(bFGF), and vascular endothelial growth factor
A (VEGF-A) (Heithoff et al., 2021; Verkhratsky
and Pivoriunas, 2023). In pathology, expression
of BBB permeability-inducing factors like VEGF,
matrix metalloproteinases, and nitric oxide is
increased, whereas in certain contexts astrocytes
secrete BBB integrity-promoting factors, such as
glial-derived neurotrophic factor or retinoic acid.
Reactive astrocyte-derived Sonic hedgehog, for
example, restores BBB integrity after CNS injury
by upregulating the expression of tight junction
proteins although its expression in astrocytes in
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the healthy brain is low with neurons being the
main source (Heithoff et al., 2021).

The Wnt/B-catenin signaling pathway is one of the
most powerful regulators of angio- and barrier-
genesis. This signaling cascade plays a key role
during development as well as in maintaining
the BBB integrity in the adult healthy brain and
is intimately involved in the pathophysiology of
various disorders linked to BBB destruction (Wang
et al., 2022). Components of the Wnt pathway in
the developing CNS are mainly secreted by neural
precursor cells. In the postnatal brain, neuronal
secretion of Wnt significantly decreases although
continuous Wnt/B-catenin signaling aimed at BECs
is required for proper BBB functioning. Neither
pericytes nor smooth muscle cells express Wnt
proteins; astrocytes, however, act as the main
source of Wnt factors in the adult brain. Inhibiting
astrocytic Wnt release by the cell-specific
deletion of the Wnt secretion mediator evenness
interrupted gene from ~90% of astrocytes results
in a decreased expression of Wnt/B-catenin
target genes in BECs, instigated brain edema,
increased extravasation of fluorescent tracers and
up-regulation of caveolin-1. The Wnt signaling
pathway target genes were downregulated in
astrocytes as well; at the same time, astrocytic
endfeet coverage of blood vessels was altered
and swollen endfeet were observed (Guerit et al.,
2021).

Astrocyte-specific neogenin (Neo-1) knock-
out mice were used to demonstrate that Neo-
1 depletion results in various defects in the BBB:
an increase in dextran leakage, disrupted basal
membrane, reduced pericyte coverage, and
decreased blood flow. Neo-1 is a netrin receptor
that has a role in cell migration and axonal
guidance, while netrins can act as angiogenesis-
inducing or suppressing factors. Moreover,
during the study, netrin-1 (Ntn-1) expression was
shown to be significantly reduced in astrocytes.
The addition of Ntn-1 to Neo-1 knock-out mice
condition medium attenuated BECs proliferation
and revealed the Neo-1/Ntn-1 pathway to be
involved in BBB maintenance in a healthy brain (Yao
et al., 2020).

Another factor that may regulate BBB function
in a healthy brain is bFGF, which is expressed in
astrocytes. Genetic manipulations demonstrated
that FGF signaling keeps astrocyte reactivity at
bay as cell-specific deletion of FGF receptors
triggered astrogliosis. This effect could be seen in
both healthy and injured brains. However, the BBB
remained intact as no leakage of tracer molecules
to the brain tissue was observed (Kang et al.,
2014). Suppression of bFGF signaling in BECs using
FGF receptor 1 inhibitor PD173074 reduced TEER.
Exogenous bFGF in concentrations exceeding
4 ng/mL impaired barrier integrity through the
ERK1/2 signaling pathway in a concentration-
dependent manner as shown by decreased
TEER values in human BECs monolayers. This
demonstrates a dual role of bFGF in the regulation
of barrier properties — autocrine FGF signaling is
required to maintain high TEER values, whereas
at high concentrations bFGF impairs the integrity
of the BBB. Increased expression of bFGF in BECs,
astrocytes and pericytes was associated with
various CNS injuries (Kriauciunaite et al., 2023).
However, the exact mechanism of barrier integrity
disruption by bFGF remains unknown. bFGF could
indirectly contribute to the regulation of the BBB
by increasing the expression of permeability-
inducing factors. In particular, bFGF promotes
the expression of VEGF and angiopoietin-2 (Ang-
2) (Fujii and Kuwano, 2010). A study in rats,
characterized by increased expression of Ang-

2, demonstrated a negative effect of Ang-2
on BBB permeability: decreased expression of
tight junction protein claudin-5 and adherens
junction molecule VE-cadherin, increased
expression of endothelial transcytosis-related
molecule caveolin-1 in brain endotheliocytes
led to increased intracellular and transcellular
permeability of the BBB (Gurnik et al., 2016).
On the other hand, several studies have shown
the protective effect of bFGF on the BBB after
intracerebral hemorrhage and traumatic brain
injury (Wang et al., 2016). However, most of the
studies of the effects of bFGF on the BBB were
conducted under pathological conditions, and
there are very little data on its impact on the
healthy brain. It is also important to consider the
administration method. BECs are characterized
by polarised apical and basolateral expression of
transporters, metabolite-degrading enzymes, and
receptors (Schaeffer and ladecola, 2021). Thus, it
is possible that the same factor could have distinct
effects depending on whether it was administrated
from the luminal or abluminal side of BECs. Future
studies using cell-type specific knockouts of bFGF
secretion in astrocytes and (or) FGF receptor
depletion in brain endotheliocytes together with
simultaneous monitoring of the BBB permeability
in vivo will be instrumental for understanding the
role of astrocytic bFGF in the regulation of the
BBB.

Surprisingly, little is known about the effects of
astrocyte-secreted factors on the integrity of
the BBB under physiological conditions. Recent
evidence indicates that local changes in the
secretion of paracrine factors by astrocytes can
be important for the dynamic regulation of the
BBB. We expect that future studies employing
conditional knockouts of astrocytic paracrine
factor secretion and (or) expression of cognate
receptors in BECs and pericytes will help to clarify
these issues.
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