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Abstract 
Neurovascular unit (NVU) is an elaborated multicellular brain-vessel-blood interface supporting 
a controlled blood-brain communication through the selective-permeable blood-brain barrier 
(BBB) and an adequate neurovascular and neurometabolic coupling. Impairment of NVU during 
aging and neurologic disorders is accompanied by microvascular dysfunction, BBB opening, 
neurovascular uncoupling, and neuroinflammation, with deleterious effects on brain microenvi-
ronment and neuronal signaling. After stroke, neurons are usually lost in the infarct core and as-
trocytes become reactive and proliferative, dysregulating the balance between neuronal and 
non-neuronal cells of the NVU in the lesioned area. In this review, we present major cytological 
responses of the NVU to cerebral ischemia with an emphasis on the aged brain. Early responses 
of the neurovascular unit to chronic hypoxia include neutrophils infiltration, brain edema, blood 
vessel disintegration, astrocytes and endothelial cells proliferation as well as conversion of res-
ident microglia to phagocytic microglia. Later responses include the confinement of the peri-in-
farcted region by a scar tissue composed mainly of reactive astrocytes and endothelial cells, and 
angiogenesis. However, the newly formed capillary network is disorganized and the blood ves-
sels are leaky making a successful regeneration of the damaged area, unlikely. 
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Introduction  
Brain functioning and its responses to var-

ious physiologic or pathologic conditions de-
pend on an elaborated cross-talk between its 
constituting cells, both neuronal and non-neu-
ronal. The neurovascular unit (NVU) is a multi-
cellular assembly of cerebral microvascular 
endothelium, pericytes, myocytes, perivascular 
astrocytes, microglia, and neurons, surrounded 
by extracellular matrix (Fig. 1). Each cell type 
from this heterogeneous unit essentially con-
tributes to NVU function, and all together are 
structurally and functionally interconnected to 

sustain homeostasis of the 
cerebral microenvironment and 
brain function (Abbott and 
Friedman, 2012; Attwell et al., 
2010).  

NVUs are complex brain-ves-
sel-blood interfaces that form 
the selective-permeable blood-
brain barrier (BBB) and pro-
mote the neurovascular and 
neurometabolic coupling by 
appropriately adjusting the 

local blood flow and nutrient delivery to the 
neuronal activity and metabolism (Abbott, 
2002). The fine-tuning of this coupling is facili-
tated by the small distance of about 8-25 μm 
between capillaries and neurons, thus a small 
number of neurons within one NVU (Abbott, 
2004).  

All these aspects confer to NVUs essential 
roles for the health and function of the central 
nervous system (CNS) (Zagrean et al., 2017).  

Impairment of NVU cells during aging and 
diseases like stroke or neurodegenerative dis-
eases, triggers microvascular dysfunction, BBB 
permeabilization, alteration of neurovascular 
coupling, and neuroinflammation, with delete-
rious effects on brain microenvironment, neu-
ronal excitability and connectivity, and cellular 
metabolism and cell viability. Finding more 
aspects of cellular interrelations within the NVU 
and their shaping in aging and neurological dis-
eases could promote the development of more 
efficient therapeutic approaches to prevent or 
mitigate the BBB dysfunction and brain homeo-
stasis impairment (Attwell et al., 2015).  
 

Figure 1 
The neurovascular unit (NVU) of the 
brain. Schematic representation of 
the NVU, showing the complex 
interconnections between different 
cell types – endothelial cells of the 
capillary with their tight junctions, 
pericytes, basal lamina, 
perivascular astrocytes, microglia, 
neurons – directly connected or 
communicating through the 
exosomes released from all cells 
(shown as small circles in the 
interstitial space).
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Cellular cooperation and  
coordination in the nervous system –  
the neurovascular unit 

The NVUs are elaborated multicellular func-
tional modules that work on the basis of a dy-
namic cellular interdependence, cooperation 
and coordination. Within this assembly consist-
ing of endothelial cells, pericytes, astrocytes, 
microglia and neurons, the structural and func-
tional particularities of each cell type, but also 
the way they keep close communication, con-
tribute to the whole NVU function (Fig. 1).  

The intercellular communication consists in 
direct cellular contacts, including gap junction, 
ligand-receptor interactions and paracrine sig-
naling (Goodenough et al., 1996), but also in di-
rect cell-to-cell transfer of biological information 
through membrane vesicles, especially exo-
somes and microvesicles, released extracellu-
larly from all cell types (Valadi et al., 2007) (Fig. 
1). The exosomes are the smallest nano-sized 
(30-100 nm) vesicles that facilitate cell-to-cell 
communication by freely passing through cell 
membranes, impacting on target cells function. 
By unrestricted bidirectional transport through 
all membrane barriers as BBB, the exosomes fa-
cilitate an intricate intercellular cross-talk, both 
locally, within NVU microdomains, and system-
ically, between blood and brain (Krämer-Albers 
and Hill, 2016). The exosomes are currently re-
searched for their therapeutic potential in 
pathologies missing an efficient treatment, like 
stroke, but also as biomarkers cargo (Barile and 
Vassalli, 2017; Zagrean et al., 2018). 

The endothelial cells of the cerebral microcir-
culation are closely interconnected by adherend 
and tight junctions to form the BBB. The con-
tinuous layer of BBB endothelial cells prevents 
the paracellular transport and uncontrolled fluc-
tuations in the composition of brain interstitium 
consecutive to changes in the blood content 
(Abbott, 2013). Instead, the BBB allows a 
highly-selective transcellular transport by mem-
brane transport systems such as ion transfer, 
carrier- and receptor-mediated transport, ad-
sorptive-mediated passage, efflux carriage, 
fluid-phase endocytosis (Zlokovic, 2008). The 
cerebral endothelium has a dynamic phenotype 
in response to signaling from perivascular as-
trocytic end-feet, pericytes, neurons and micro-
glia. In turn, cerebral endothelial cells exert a 
modulatory effect on neurogenesis and neu-

ronal cells, by secreting vascular endothelial 
growth factor, nerve growth factor and brain-de-
rived neurotrophic factor (Ward and Lamanna, 
2004). The cerebral capillary endothelium is in 
contact at its abluminal side with pericytes em-
bedded in an extracellular matrix, further 
coated by astroglial end-feet processes (glia 
limitans perivascularis) (McArthur et al., 2016).  

Within the NVU, perivascular astrocytes con-
nect neurons and cerebral microvessels. In the 
gray matter, gap junctions interconnected pro-
toplasmic astrocytes form a functional syncy-
tium, rising the contacted synapses up to 
160.000 (Cabezas et al., 2014). The astrocytic 
syncytium also contacts endothelial cells 
through gap junctions and facilitates transmis-
sion of Ca2+ waves to signal within NVU. Various 
transduction pathways are activated consecu-
tive to Ca2+ signaling, impacting on cytoskeletal 
proteins and tight junctions (Abbott et al., 
2006). Moreover, Ca2+ activates constitutive ni-
tric oxide (NO) synthase that produces NO and 
vasodilation. In the case of inflammation, the 
inducible NO synthase is activated, resulting in 
large amounts of NO that further increase the 
compromised BBB permeability already altered 
by the inflammatory process (Kuhnline Sloan et 
al., 2012). Another facet of perivascular astro-
cytes role within NVU is the water redistribution 
within the interstitial fluid and perivascular 
space, enabled by the presence of aquaporin 4 
(AQP4) in their membrane (Abbott, 2002).  

Pericytes are contractile cells surrounding and 
contacting the capillary endothelial cells by gap 
junctions (Pardridge, 1999). Through their exten-
sive contacts in microvascular domains, pericytes 
enable a quick vasodilation effect in response to 
neuronal activation (Hall et al., 2014), thus partic-
ipating in the neurovascular coupling. Also, peri-
cytes contribute to basement membrane 
formation and BBB integrity (Saeed et al., 2014). 

List of Symbols and Abbreviations: 
neurovascular unit, NVU 
blood-brain barrier, BBB 
matrix metalloproteases, MMP 
central nervous system, CNS 
nitric oxide, NO 
glial fibrillary acidic protein, GFAP 
tumor necrosis factor, TNF 
5-bromo-2-deoxyuridine, BrdU 
vascular endothelial growth factor, VEGF||
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Microglia are constantly scanning the brain 
environment and through the synaptic pruning, 
they mediate remodeling of synapses in re-
sponse to physiological stimuli (Davalos et al., 
2005; Nimmerjahn et al., 2005; Salter and 
Beggs, 2014; Schafer et al., 2012). In addition, 
byproducts of neuronal activity are cleaned by 
microglia, avoiding their detrimental accumula-
tion in the CNS.  

Active neurons can also directly signal to the 
endothelial cells within NVU by releasing trans-
mitters like histamine, a process known as neu-
robarrier coupling. Along with increasing 
glucose transport into the brain, this neuron-to-
endothelial cell coupling transiently modifies 
the permeability of tight junctions, making the 
BBB more permissive to larger molecules like 
antibodies or growth factors (Abbott et al., 
2006).  
 
Neurovascular unit in aging and disease 

During aging, the NVU is subjected to struc-
tural and functional impairments that make it 
more vulnerable to various pathophysiologic 
processes, like stroke and neurodegenerative 
diseases (Cai et al., 2017). The aging-related 
cerebral changes encompass a lower microvas-
cular density and diminished regional and 
global cerebral blood perfusion, accompanied 
by a lower metabolic rate, as confirmed by neu-
roimaging assessment (Marques et al., 2013).  

Aging also entrains an impairment of peri-
cytes and endothelial cells of the NVU, de-
creased occludin-1 and other tight junction 
proteins (Elahy et al., 2015), increased BBB per-
meability, white matter lesions alterations sec-
ondary to plasma protein leakage and low 
activity of the P-glycoprotein efflux transporter 
(Popescu et al., 2009), and endothelial oxi-
dative stress and inflammation, accompanied 
by deficient memory and learning (Enciu and 
Popescu, 2013).  

During neurologic disorders, morphologic 
and functional changes in the BBB and NVU en-
train changes in the barrier permeability with 
significant implications on brain functions and 
cognitive status. In acute ischemic stroke, there 
is a BBB disruption that triggers severe con-
sequences. An initial, still reversible phase of 
the BBB impairment is related to the activation 
of matrix metalloproteases 2 (MMP-2) and con-
tinues with a secondary irreversible disruption 

related to MMP-3 and MMP-9 activation (Yang 
and Rosenberg, 2011). 

Secondary to stroke, neurons are usually lost 
in the infarct core. Moreover, astrocytes become 
reactive and proliferative, dysregulating the bal-
ance between neuronal and non-neuronal cells 
of the NVU in the lesioned area, especially in 
the aged brain. Therefore, restoring the balance 
between neurons and non-neuronal cells within 
the post-stroke perilesional area is crucial for 
post-stroke recovery. In addition, glial cells be-
come reactive and proliferate, building up 
gliotic scars which have an initial protective role 
by confining the damaged area. In the long-
term, however, the gliotic scar is deleterious by 
acting as a barrier to neural regeneration. “Melt-
ing” glial scars have been attempted for dec-
ades with little success. Alternative strategies 
include transforming inhibitory gliotic tissue 
into an environment conducive to neuronal re-
generation and axonal growth. The latter idea 
has gained momentum following the discovery 
that in vivo direct lineage reprogramming in the 
adult mammalian brain is a feasible strategy for 
reprogramming non-neuronal cells into neu-
rons. This exciting new technology emerged as a 
new approach to circumvent cell transplantation 
(Gresita et al., 2019; Muraoka et al., 2014; 
Tsunemoto et al., 2015). However, the potential 
of this new methodology has not been tested to 
improve the restoration of structure and func-
tion in the hostile environment caused by the 
fulminant inflammatory reaction in the brains of 
aged animals following stroke.  

The NVU disruption in various pathologic 
conditions may have devastating consequences 
for the CNS and the organism, considering that 
the integrity of NVU is essential for the brain 
normal functioning.   
 
Early responses of the neurovascular unit  
to cerebral ischemia 

Overt injuries like cerebral ischemia causes 
the damage of the BBB and the disruption of 
NVU functionality. The increased fragility of 
aged blood vessels due to decreases in disten-
sible components of the microvessels such as 
elastin (Hajdu et al., 1990) may lead, upon is-
chemic stress, to fragmentation of capillaries, 
promoting the leakage of hematogenous cells 
into the infarct area (Popa-Wagner et al., 2007; 
Wang et al., 2020) (Fig. 2A). Hypoxia-induced 
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vessel dilation leads to the release of pericytes 
(Fig. 2B), smooth muscle cells and fibroblasts 
from pre-existing vessels. These changes prime 
the vasculature for an angiogenic response by 
rising vascular permeability to proteases, angio-
genic myeloid cells or inflammatory cytokines 
(Buga et al., 2014; Popa-Wagner et al., 2006). 
The detachment of the endothelial cells from 
the basal lamina is caused by hypoxia-activated 
matrix metalloproteases (MMPs) and perivascu-
lar microglia. Thus, endothelial cells are phago-
cytized during the brain blood vessel 

disintegration, a process that can be visualized 
by labelling with BrdU and pericytes markers, 
like prolyl 4-hydroxylase beta (Jolivel et al., 
2015; Popa-Wagner et al., 2006; Sabeh et al., 
2009) (Fig. 2B).  

The detachment of endothelial cells from the 
basal lamina is paralleled by the proliferation of 
neuroepithelial cells having a BrdU-positive nu-
cleus, in aged rats. Thus, at three days following 
the ischemic event, we detected clusters of nes-
tin-immunopositive cells in the ischemic hemi-
sphere of young and aged rats (Fig. 2C). 
Traditionally, nestin has been reported to be ex-
pressed by neuroepithelial cells during devel-
opment, and by reactive astrocytes after injury 
(Schwab et al., 2001). The nestin-positive cells 

overlapped, in part, with glial fibrillary acidic 
protein (GFAP)-positive cells. Indeed, the vast 
majority of cells expressed both nestin and 
GFAP with a BrdU-positive nucleus, suggesting 
that these cells were still proliferating (Fig. 2D). 
We assumed that those cells displaying mixed 
nestin-GFAP phenotype are capillary-derived, 
differentiating cells that migrate and populate 
the infarct area, whereas GFAP-positive cells 
represent simply local astrocytes (Popa-Wagner 
et al., 2006). Nestin is regarded as a marker for 
neuroepithelial stem cells of mesenchymal 

origin (Michalczyk and Ziman, 2005). However, 
we have shown that after stroke nestin-positive 
cells arise from the capillary wall, according to 
the current model of vascular wall structure 
(Jain, 2003) (Fig. 2D). Nevertheless, the infarct 
core was not fully developed and delimited by 
thread-like, nestin-reactive processes until day 
14 post-stroke.  

Following hypoxic insult, stressed but viable 
neurons may reversibly expose the ’eat-me’ sig-
nal phosphatidylserine (PS) on neuronal sur-
face. Migrating microglia detect exposed 
‘eat-me’ signals and engulfment of neurons or 
parts of neurons exposing such signals follows. 
This process is known as primary phagocytosis 
or „phagoptosis“ (Fuhrmann et al., 2010; Neher 

Figure 2 
Early responses of the 
neurovascular unit to cerebral 
ischemia.  
(A) Disintegration of brain 

vasculature in the hypoxic area.  
(B) Detachment of endothelial cells 

from the vascular wall.  
(C) Proliferation of neuroepithelial 

cells in the corpus callosum (Cc).  
(D) Proliferation of nestin- and 

GFAP-positive cells in the peri-
infarcted (PI) area.  

Abbreviations:  
Bv, blood vessel;  
Cc, corpus callosum.
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et al., 2011). Toxic neuronal insults, such as 
dying neurons after stroke, irreversibly expose 
the ‘eat-me’ signal recognized by primed micro-
glia, with subsequent phagocytosis of dead 
neurons, known as secondary phagocytosis 
(Brown and Neher, 2014) (Fig. 3A). As a con-
sequence, early events following the cortical in-
sult include invasion of blood-born 
inflammatory cells at the damage site, the 
buildup of brain edema and activation of astro-
cytes, resulting in the confinement of the ne-
crotic zone by a barrier formed of activated 
astrocytes, fibroblasts and a network of blood 
vessels, constituting the so-called scar tissue 
(Fig. 3B, D) (Popa-Wagner et al., 2006). Acti-
vated microglia and macrophages were shown 
to release the pro-inflammatory cytokine tumor 
necrosis factor-alpha (TNF-alpha) within the in-
farct area, which induces a number of pro-in-
flammatory changes. These, in turn, increase 

leukocyte adhesion, transendothelial migration, 
vascular leakage, and edema formation (Buga 
et al., 2014). During the early events, numerous 
neuronal cells are dying and are removed from 
the necrotic zone by brain macrophages. 
 

Late responses:  
Neurovascular unit reconstruction 

After the build-up of the scar, neurovascular 
remodeling is noted and involves multiple cellu-
lar signals, including trophic factors, guidance 
molecules, axonal sprouting, and matrix pro-
teases that dissolve the necrotic environment to 
make a place for the emergence of new blood 
vessels and proliferation of astroglial cells.  

Hypoxia powerfully stimulates angiogenesis. 
During the activation phase of angiogenesis, 
endothelial cells (ECs) and fibroblasts migrate 
into extracellular space, proliferate and release 
cytokines and angiogenic chemokines like 
CXCL1, CXCL12/CXCR4 and vascular endothelial 
growth factor (VEGF), which in turn activate cir-
culating endothelial progenitor cells (EPCs), 
which eventually integrate into tube structures 
to further differentiate into mature EC.  

Tissue hypoxia activates VEGF-A and VEGF-C 

expression and other angiogenic factors such 
as angiopoietin 2 (Angpt2), angiopoietin-like 2 
(Angptl2) and 4 (Angptl4), and the endothelial 
and smooth muscle cell (SMC) chemoattractant 
Cxcl1 and its receptor Cxcr2 on EC (Buga et al., 
2014). During the resolution phase, migration 

Figure 3 
Late responses of the 
neurovascular unit to cerebral 
ischemia.  
(A) Macrophages in the infarct 

core (IC) will remove dead 
neurons and cellular 
debris.  

(B) Buildup of the scar tissue 
from proliferating 
endothelial cells (Popa-
Wagner, 2006).  

(C) Reconstruction of the 
basement membrane of 
the blood vessel in the 
infarcted area.  

(D) The scar tissue is both 
nestin- and GFAP-positive 
suggesting the dynamic 
formation of this structure.  

Abbreviations:  
Pi, peri-infarct;  
Sc, Scar;  
IC, infarct core;  
ED1, CD68 marker for 

activated microglia,  
ColIV, collagen IV;  
RECA, rat endothelial cell 

antigen;  
BrdU, 5-bromo-2-
deoxyuridine.
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and proliferation of ECs is stopped, and the 
basal lamina is reconstructed based on an in-
creased expression of collagen type IV (Fig. 3C), 
alpha 2 (Col4a2), fibronectin 1 (Fn1), laminin 
gamma 1 (Lamc1), nidogen 2 (Nid2) and podo-
planin 3 (Plod 3) mRNAs (Buga et al., 2014). 
Subsequent to proliferation of ECs and EPCs, 
the new cells start reorganizing into three-di-
mensionally capillary-like tubular structures. 
During vascular maturation, ANGPT2-TIE2 in-
duces EC apoptosis and participates, along with 
VEGF-C and the tumor necrosis factor, member 
10 (Tnfsf10) in lymphatic patterning.    

The cerebral vascular system in adults is con-
sidered to be steady under normal physiological 
conditions. However, we have recently shown 
that in uninjured adult rat brain there is a con-
tinuous remodeling of the brain vasculature 
showed by the incorporation of BrdU into the nu-
clei of endothelial cells lining the lumen of exist-
ing blood vessels. Following injury, blood 
vessels in the remote areas relative to the infarct 
core and in the contralateral non-lesioned cor-
tex, showed co-labelled BrdU/RECA+ endothe-
lial cells shortly after the BrdU injection, which 
strongly suggests a bone marrow origin of the 
endothelial cells. Such cells probably entered 
the brain from the circulation via leptomenin-
geal blood vessels. In the peri-infarcted area, 
double labelling with BrdU/prolyl 4-hydroxylase 
beta, a marker of proliferating endothelial cells 
in the close proximity to collagen IV-labelled 
basement membrane, suggests that in addition 
to bone-marrow derived endothelial cells, the 
disintegrating vascular wall itself could also be a 
source of proliferating endothelial cells (Surugiu 
et al., 2018). In addition, the patchy distribution 
of newly incorporated endothelial cells in the 
mature blood vessels of the adult rat brain is 
highly suggestive of random incorporation of the 
new endothelial cells into the mature cerebral 
blood vessels (Surugiu et al., 2018). 
 

The newly formed neurovascular unit  
is imbalanced 

Unlike angiogenesis which is initiated early 
after stroke, the post-stroke NVU consists of nu-
merous oligodendroglia, astrocytes and acti-
vated microglia embedded in a disorganized 
network of blood vessels. Neurogenesis is a 
rare event in the damaged cortical areas located 
far from the neurogenic zones - the subventricu-
lar zone and the hippocampus. Occasionally, 
axonal sprouting from the surviving neurons is 
noted. It seems that only the damaged area 
nearby the subventricular zone, including the 
striatum, becomes populated with neurons mi-
grating from the adjacent neurogenic zone. In 
view of the complexity of these systems, the de-
velopment of neurorestorative therapies is a 
true challenge, in which age aspects carefully 
need to be considered (Hermann et al., 2015; 
Hermann and Chopp, 2012). 
 
Conclusions 

An intact NVU is essential for the normal 
functioning of the CNS. Therefore, NVU disrup-
tion may have devastating consequences for 
the CNS and the organism. Overt injuries like 
cerebral ischemia cause the damage of the BBB 
and the disruption of NVU functionality. Early 
responses of the NVU to chronic hypoxia in-
clude neutrophils infiltration, brain edema, 
blood vessel disintegration, astrocytes, and en-
dothelial cell proliferation, as well as the con-
version of the resident microglia to phagocytic 
microglia. Later responses include the confine-
ment of the peri-infarcted region by a scar tis-
sue composed mainly of reactive astrocytes and 
endothelial cells, and angiogenesis. The newly 
formed capillary network is, however, disorgan-
ized and the blood vessels are leaky, making a 
successful regeneration of the damaged area, 
unlikely. 

✔
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