
NEURAL REGENERATION RESEARCH 
June 2016,Volume 11,Issue 6 www.nrronline.org

914

PERSPECTIVE

The implication of neurovascular unit 
signaling in controlling the subtle 
balance between injury and repair 
following ischemic stroke

Neurovascular unit (NVU): Brain microvasculature has a close 
structural and functional relationship with brain parenchyma, an 
aspect governed by the NVU (Hermann and ElAli, 2012). The con-
cept of it was introduced by the Stroke Progress Review Group who 
defined it as triad of neurons, glia (astrocytes and microglia), and 
adjacent vasculature (arterioles and capillaries) [The Stroke Progress 
Review Group (SPRG) 2002. Stroke Priorities for the 21st Century. 
http://www.ninds.nih.gov/about_ninds/groups/stroke_prg/sprg_
overview.pdf]. More precisely, the NVU constitutes an integrative 
biological system comprising tightly sealed endothelial cells, forming 
the blood-brain barrier (BBB), that interact with extracellular matrix 
proteins, pericytes, astrocyte endfeet, microglia and neurons (Her-
man and ElAli, 2012). The NVU is a site of dynamic and complex 
biochemical and cellular interactions that work in concert to enable 
proper brain homeostasis and functioning (Hermann and ElAli, 
2012). It maintains an optimal biochemical microenvironment suit-
able for neuronal function and viability by controlling neurovascular 
coupling, adjusting regional cerebral blood flow (rCBF) and regu-
lating BBB function (Hermann and ElAli, 2012). Besides, the NVU 
constitutes an important checkpoint that shapes the adaptive and 
innate immune responses of the brain (Lampron et al., 2013). More 
precisely, pericytes and perivascular macrophages have an antigen 
presentation potential in adaptive immunity, whereas endothelial 
cells and microglia are richly endowed with innate immunity (Lam-
pron et al., 2013). 

Ischemic stroke: The homeostasis of the NVU is altered in sev-
eral neurological diseases, namely stroke (Hermann and ElAli, 
2012). Stroke is one of the leading causes of death and disability 
in the industrialized world. Ischemic stroke accounts up to 85% 
of stroke cases (Dirnagl, 2012). Ischemic stroke is caused by the 
sudden occlusion of a cerebral blood vessel, interrupting cerebral 
microcirculation in a specific region of the brain, thus initiating 
the ischemic cascade that leads to neuronal death (Dirnagl, 2012). 
Ischemic stroke challenges NVU function by causing BBB break-
down, BBB transport deregulation, extracellular matrix protein 
degradation, pericyte and astrocyte endfeet detachment in the 
acute phase (minutes to hours after ischemic stroke onset), thus 
jointly contributing to the secondary progression of brain injury, 
by increasing brain edema and exacerbating the inflammatory re-
sponse in the sub-acute phase (hours to days after ischemic stroke 
onset) (Dirnagl, 2012). The severity of these early events reduces 
the capacity of neurons to recover in the chronic phase (days to 
weeks after ischemic stroke onset), thus significantly worsening 
stroke outcomes (Dirnagl, 2012). Importantly, ischemic stroke re-
sults in two major zones of injury, the core, which is constituted by 
dead tissues caused by necrosis, and the penumbra, which is consti-
tuted by damaged tissues undergoing programmed cell death (Lo, 
2008). The slow progression of cell death in the penumbra implies 
that therapeutic salvage is possible. However, although significant 
progress has been made in stroke prevention and supportive care, 
still no disease-modifying therapy that aims at protecting injured 
brain tissue from death and promoting its recovery in the acute 
and sub-acute phases of ischemic stroke exists. Today, recombinant 
tissue-plasminogen activator (rtPA)-induced thrombolysis remains 
the only approach that is used in clinics to recanalize the obstruct-
ed artery. Paradoxically, and although stroke is a cerebrovascular 

disease, most efforts in the field focused on strategies that aimed 
essentially at targeting neurons per se, omitting somehow the cen-
tral implication of vascular injury in ischemic stroke pathobiology. 
The failure of acute and sub-acute ischemic stroke therapies was 
attributed to the fact that clinical trials did not succeed to properly 
target the ischemic penumbra in patients (Lo, 2008). Initial exper-
imental studies presumed that injured tissues within the ischemic 
penumbra would inevitably evolve towards a complete irreversible 
infarct (Lo, 2008). However, in the last decade, the overwhelming 
experimental findings suggest that the injured NVU integrates a 
continuum of complex molecular and cellular responses, which di-
rectly affect the balance between injury and repair within the pen-
umbra (Lo, 2008). Understanding these signaling responses may 
reinvigorate the hope for making breakthroughs in stroke therapies 
in the near future.

NVU signaling following ischemic stroke: Several reports are 
suggesting that the biochemical and cellular signaling responses 
orchestrated at the NVU following injury decisively influence the 
pathobiology of ischemic stroke. These signaling responses trans-
late an adaptation attempt from the injured brain to counter and 
face the stress signals triggered by ischemic injury, during which 
NVU structural, biochemical and cellular integrity are reshaped 
(Hermann and ElAli, 2012). This process is thought to aim essen-
tially at promoting tissue repair within the ischemic penumbra. 
However, depending on injury severity, the signaling responses that 
aim at reshaping NVU structural, biochemical and cellular integrity 
are not always successful and may lead to NVU loss-of-function, 
or even prevent successful brain pharmacotherapies (Hermann 
and ElAli, 2012). The signaling responses orchestrated at the NVU 
following ischemic stroke are complex, as they integrate several 
pleiotropic molecular and cellular signals (Hermann and ElAli, 
2012). Therefore, in this report we will exemplify these signals by 
referring to specific studies. For instance, matrix metalloprotein-
ases (MMPs) have been demonstrated to play a multifaceted role 
at the NVU following ischemic stroke. In the acute phase, MMPs 
activation contributes to NVU dysfunction by destabilizing BBB 
structure, whereas in the chronic phase their activity is required to 
achieve successful neurovascular remodeling and plasticity (Zhao 
et al., 2006). In parallel, ischemic stroke upregulates the expression 
of ATP-binding cassette transporter B1 (ABCB1) (i.e., multidrug 
resistance protein-1; Mdr-1), which eliminate a wide range of mol-
ecules and xenobiotics across the BBB (ElAli and Hermann, 2010). 
Although this adaptive response orchestrated at the NVU aims 
essentially at eliminating toxic metabolites generated in the brain 
during the ischemic insult and limiting the entry of toxic molecules 
into the brain, it impedes the entry of neuroprotective drugs into 
the ischemic brain (ElAli and Hermann, 2010). In addition, it has 
been demonstrated that even after a successful cerebral reperfu-
sion, the oxidative and nitrative stress associated to ischemic stroke 
triggers pericyte contraction thus inducing brain microvasculature 
constriction, which consequently alters cerebral blood reflow in 
the injured region (Yemisci et al., 2009). Strategies that aimed at 
preventing pericyte contraction enhanced brain microvasculature 
patency and promoted neuronal recovery (Yemisci et al., 2009). On 
the other hand, pericytes play a crucial role in maintaining brain 
microvasculature stability. Furthermore, strategies that aim at en-
hancing pericyte coverage and interaction with brain endothelial 
cells have been demonstrated to be efficacious in restoring the 
homeostasis of brain microenvironment in a way that promotes 
neuronal recovery (Zechariah et al., 2013). Additionally, a recent 
report showed that following ischemic stroke pericytes acquire a 
multipotent activity and differentiate into microglial cells, which 
are an important cellular component of the NVU. For instance, 
microglia has been shown to play a double role in ischemic stroke. 
In the sub-acute phase of ischemic stroke microglia adopts a pro-
tective phenotype that resembles the phenotype “alternatively” ac-
tivated by interleukin-4 (IL-4) or interleukin-13 (IL-13), which has 
been shown to be involved in tissue repair, healing and remodeling 
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(Hu et al., 2012). However, over time microglial cell phenotype shifts 
toward a destructive phenotype that resembles the phenotype “clas-
sically” activated via toll-like receptors (TLRs) or by interferon-γ 
(INF-γ), which have been shown to be involved in the inflammatory 
responses that exacerbate ischemic injury (Hu et al., 2012). Several 
experimental findings have revealed a previously unrecognized role 
of high mobility group box-1 (HMGB1), which plays an important 
role in the inflammatory response, in ischemic stroke pathophys-
iology (Hayakawa et al., 2010). The early release of HMGB1 by 
ischemic neurons into the extracellular space following ischemic 
injury may aggravate ischemic injury at the penumbra mainly by 
exacerbating the inflammatory response, and triggering BBB break-
down caused by astrocyte endfeet swelling, pericyte contraction and 
endothelial tight junction destabilization (Hayakawa et al., 2010). 
However, it has been reported that in the chronic phase of ischemic 
stroke HMGB1 plays a beneficial role by promoting neurovascular 
recovery (Hayakawa et al., 2010). Recently, it has been shown that 
reactive astrocytes in the peri-infarct areas increase the expression of 
pentraxin 3 (PTX3), a prototypical member of the long pentraxin 
family, thus resulting in BBB preservation by decreasing vascular en-
dothelial growth factor (VEGF)-induced brain endothelial permea-
bility (Shindo et al., 2016). The authors concluded that this response 
orchestrated by astrocytes at the NVU constitutes an intrinsic com-
pensatory mechanism that aims at maintaining BBB function after 
ischemic stroke (Shindo et al., 2016).

NVU restitution and loss-of-function balance: The NVU serves 
as the minimal functional unit in the brain, thereby the subtle 
balance that has been proposed to exist between the two opposite 
biological signals within the ischemic penumbra directly affects 
NVU reshaping following ischemic stroke (Lo, 2008), which itself 
influences ischemic injury development within the penumbra on 
the short- and long-term. These signals include the repair signals 
that promote NVU restitution, and the dysfunction signals that 
lead to NVU loss-of-function (Figure 1). Depending on the nature 
and severity of ischemic injury, three scenarios could take place; (a) 
the repair signals dominate and shift the balance towards NVU res-
titution, (b) the dysfunction signals dominate and shift the balance 
towards NVU loss-of-function and in some cases (c) both signals 
are equally evoked and mutually neutralized giving rise to a virtual-
ly silent NVU reshaping, which, due to the repetitive chronic stress 
that accumulates over time, could evolve and lead to a progressive 
NVU loss-of-function, such as observed in vascular dementia 
(Moskowitz et al., 2010). This subtle balance between the repair 
and dysfunction signals constitutes a new framework to address 
how NVU signaling influences ischemic stroke pathobiology at the 
penumbra, which may allow the development of novel therapeutic 
strategies that combine the reinforcement of the repair signals, and 
minimize the consequences of dysfunction signal, thus shifting the 
balance towards NVU restitution and consequently neuroresto-
ration. Therefore, future studies should emphasize on deciphering 
the spatiotemporal regulation of the signaling responses orchestrat-
ed at the NVU following ischemic stroke in order to get better in-
sights into disease pathobiology, which may allow the development 
of novel efficacious therapeutic interventions. In addition, instead 
of focusing on directly targeting neurons, stroke therapies should 
promote the overall function of the NVU. 
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Figure 1 Neurovascular unit (NVU) signaling. 
A schematic illustration that represents the subtle balance between two op-
posite biological signals: the repair signals that lead to NVU restitution and 
the dysfunction signals that lead to NVU loss-of-function. Three possible 
scenarios could take place; (a) the repair signals dominate, thus shifting 
the balance towards NVU restitution and consequently stimulating neu-
rorestoration, (b) the dysfunction signals dominate, thus sifting the balance 
towards NVU loss-of-function and consequently hampering neuroresto-
ration, and (c) both signals are equally evoked and mutually neutralized, 
thus giving rise to a silent reshaping that can evolve over time to a total 
NVU loss-of-function and consequently hampering neurorestoration.  
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