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Abstract: Background: Every year, strokes take millions of lives and leave millions of individuals
living with permanent disabilities. Recently more researchers embrace the concept of the
neurovascular unit (NVU), which encompasses neurons, endothelial cells (ECs), pericytes,
astrocyte, microglia, and the extracellular matrix. It has been well-documented that NVU emerged
as a new paradigm for the exploration of mechanisms and therapies in ischemic stroke. To better
understand the complex NVU and broaden therapeutic targets, we must probe the roles of multiple
cell types in ischemic stroke. The aims of this paper are to introduce the biological characteristics of
brain pericytes and the available evidence on the diverse functions and mechanisms involving the
pericytes in the context of ischemic stroke.

Methods: Research and online content related to the biological characteristics and
pathophysiological roles of pericytes is review. The new research direction on the Pericytes in
ischemic stroke, and the potential therapeutic targets are provided.

Results: During the different stages of ischemic stroke, pericytes play different roles: 1) On the
hyperacute phase of stroke, pericytes constriction and death may be a cause of the no-reflow
phenomenon in brain capillaries; 2) During the acute phase, pericytes detach from microvessels and
participate in inflammatory-immunological response, resulting in the BBB damage and brain edema.
Pericytes also provide benefit for neuroprotection by protecting endothelium, stabilizing BBB and
releasing neurotrophins; 3) Similarly, during the later recovery phase of stroke, pericytes also
contribute to angiogenesis, neurogenesis, and thereby promote neurological recovery.

Conclusion: This emphasis on the NVU concept has shifted the focus of ischemic stroke research
from neuro-centric views to the complex interactions within NVU. With this new perspective,
pericytes that are centrally positioned in the NVU have been widely studied in ischemic stroke.
More work is needed to elucidate the beneficial and detrimental roles of brain pericytes in ischemic

stroke that may serve as a basis for potential therapeutic targets.
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1. INTRODUCTION

Every year, strokes take millions of lives and leave
millions of individuals living with permanent disabilities [1,
2]. Seriously, it is a major public-health problem that puts a
severe economic burden on the world [3, 4]. Ischemic stroke
is the dominant subtype of stroke, characterized by the
sudden cessation of cerebral blood flow (CBF) to an area of
the brain, bringing about a homologous loss of neurologic
function [5]. For decades, stroke researchers have devoted to

*Address correspondence to these authors at the Department of Patho-
physiology, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China; E-mail: zhulg@mail hust.edu.cn and Department
of Neurology, Union Hospital, Tongji Medical College, Huazhong University
of Science and Technology, Wuhan, China; Tel: +86-13707114863;

Fax: +86-27-85726028; E-mail: hubo@mail.hust.edu.cn

#These authors contributed equally to this work.

1570-159X/17 $58.00+.00

interrogate the pathophysiology of ischemic stroke and have
focused on how to salvage and protect agonal ischemic
neurons. However, several promising approaches which have
showed efficacy in experimental stroke models failed to be
put into clinical practice [6, 7]. The translational failure of
neuroprotective agents is largely attributed to the fact that
stroke affects various cellular functions of the brain and
disturbs multiple cellular signaling among different cell
types, but most clinical trials using a single agent often
aim at protecting neurons [6-8]. Therefore, recently more
researchers embrace the concept of the neurovascular unit
(NVU), which encompasses neurons, endothelial cells (ECs),
pericytes, astrocyte, microglia, and the extracellular matrix
[8, 9] (Fig. 1). It has been well-documented that NVU emerged
as a new paradigm for the exploration of mechanisms and
therapies in ischemic stroke. To better understand the
complex NVU and broaden therapeutic targets, we must
probe the roles of multiple cell types in ischemic stroke. In
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Fig. (1). The multifunction role of brain pericytes at the neurovascular unit. Schematic representation showing a simplified NVU that
encompasses neurons, endothelial cells (ECs), pericytes, astrocyte, microglia, and the basement membrane. Pericytes can regulate capillary
diameter and CBF, BBB permeability, angiogenesis, phagocytosis, neuroinflammation and multipotent stem cell activity.

the present review, we go into more details concerning the
perivascular cell in the NVU, which was called “pericytes”.

The perivascular cell was firstly described by Charles
Rouget (1898) as “contractile elements” surrounding the ECs of
small blood vessels. Furthermore, Zimmermann distinguished
three subgroups of these cells and coined the term “pericytes”
according to their morphology and location in 1923 [10, 11].
Over a century later, the biology and functions of pericytes
in the CNS have been remarkably advanced via in vitro BBB
models, brain slice preparations and pericytes-deficient
transgenic mice [12]. It has been established that pericytes
are not simply an important component of BBB, but also have
a central position in the NVU among ECs, astrocyte and
neurons. Pericytes receive, orchestrate and process signals
from their neighboring cells to generate diverse neurovascular
functions, including regulation of capillary hemodynamics,
BBB permeability, clearance of toxic metabolites,
angiogenesis and stem cell activity, all of which are necessary
for normal brain homeostasis [12-14] (Fig. 1). Due to this
versatile functionality, a growing number of studies focus on
the roles of brain pericytes in ischemic stroke in recent years
[15-18]. In this review article, we firstly introduce the
biological characteristics of brain pericytes. Then we discuss
in detail the available evidence on the diverse functions and
mechanisms involving the pericytes in the context of ischemic
stroke. In particular, we focus on four problem areas: (1) The
current controversy about whether pericytes act as regulators
of cerebral blood flow and culprit of no-reflow phenomenon;
(2) The possible mechanisms of pericytes that affect BBB
protection or damage; (3) The novel views that pericytes can
involve in inflammation and immune response during stroke;
(4) The signaling pathways that pericytes drive are
angiogenesis and neurogenesis. Finally, we attempt to discuss
epigenetic role of pericytes and explore the potential pericyte-
related drug targets for future ischemic stroke therapies.

2. BIOLOGICAL CHARACTERISTICS OF PERICYTES
IN THE BRAIN

2.1. Origin of Pericytes

Brain pericytes originate from several different progenitor
cells. During early embryonic vascularization, origins of

brain pericytes depend on the anatomical location of blood
vessels. Quail-chick chimerization experiments have established
that pericytes found in the forebrain are derived from neural
crest cells, whereas those of mesodermal origin cover the
vessels in the mid-brain, brainstem and spinal cord [19-21].
This idea was reinforced with recent observations that the
neuroectoderm-derived progenitor cells give rise to pericytes
in the anterior part of the brain, while the mesodermal origin
of pericytes exists in the hindbrain vessels by utilizing live
imaging and lineage tracing in zebrafish [22]. During later
embryonic development and the early postnatal period,
further increase of brain pericytes population rely on the
proliferative expansion of pre-existing pericytes pools and
this progress is also called “longitudinal recruitment” [12,
23]. In a rat model of stroke, circulating bone marrow-
derived progenitor cells and subventricular zones (SVZ)-
derived progenitor cells have been shown to contribute to
adult brain pericyte populations [24-26]. Whereas critical
insights have been obtained into the embryonic origin of
brain pericytes, much less is known about how pericytes
replenish and turnover in the adult and aging brain under
physiological conditions.

2.2. Ultrastructure of Pericytes

For decades, ultrastructure of brain pericytes has been
well-established (Fig. 2a). Brain pericytes nucleus is relatively
large, kidney-shaped and protrudes into tubal antrum [27].
The small amounts of perinuclear cytoplasm usually contain
mitochondria, Golgi apparatus, endoplasmic reticulum,
ribosomes and lysosomes [27]. Contractile microfilaments
(containing actin, myosin and tropomyosin) and intermediate
filaments are also observed in these cells [27, 28]. Moreover,
numerous caveolae principally located in abluminal pericytes
surface and single caveolae usually appear in the branches of
pericytes (known as processes) [27]. Pericytes are embedded
within the basement membrane (BM) surrounding ECs. In
the areas lacking BM, pericytes and ECs form direct cell-to-
cell contacts with each other by interdigitation, referred
to as “peg-and-socket” contacts. These contacts include the
connexin-43 hemichannels (CX-43) mediated gap junctions
and N-cadherin based adherence junctions [29-31]. The other
type of contacts, known as “adhesion plaques”, mediate the
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Fig. (2). Brain pericytes anatomy. (a) Ultrastructural of brain pericytes. Brain pericytes nucleus is relatively large, kidney-shaped and
protrudes into tubal antrum. The small amounts of perinuclear cytoplasm usually contain mitochondria, endoplasmic reticulum and
lysosomes. Contractile microfilaments (containing actin, myosin and tropomyosin) and intermediate filaments are also observed in these
cells. Numerous caveolae principally locate in abluminal pericytes surface and single caveolae usually appear in the processes of pericytes.
In the areas lacking BM, pericytes and ECs form direct cell-to-cell contacts with each other by interdigitation, referred to as “peg-and-
socket” contacts. These contacts include the connexin-43 hemichannels (CX-43) mediated gap junctions and N-cadherin based adherence
junctions. The other type of contacts is “adhesion plaques”. (b) Topology and morphology of brain pericytes. Schematic showing the
continuum of mural cell types along the cerebral microvessels. Brain arterioles wrapped by a continuous of vascular smooth muscle cells
(vSMCs) further ramify and transit into smaller precapillary arterioles. The mural cells located in the point of transition show a mixed
phenotype of vSMCs and pericytes, termed as “smooth muscle-pericytes hybrids”. Another type of pericytes at the precapillary arterioles,
referred to as “mesh pericytes”, exhibit more interlocking mesh progresses. Pericytes in capillary beds have protruding cell bodies with thin
strand or helical primary processes that run parallel to the long axis of mid-capillary tube. Mesh pericytes with many slender, branching
processes become more prevalent on postcapillary venules. The boexs represent “arterioles-capillary junction”. (Reproduced from Hartmann
et al. [32] with permission).

connection of the BM to the plasma membrane, and the
underlying microfilament bundles of pericytes and ECs [27,
28]. The special connections of pericytes and ECs within the
NVU are vital for proper CNS vascular homeostasis.

2.3. Topology and Morphology of Pericytes

Anatomically, brain pericytes are located directly on
small blood vessels including capillaries, pre-capillary arterioles
and post-capillary venules [12] (Fig. 2b). It has long been
recognized that structure, morphology and distribution of

pericytes vary along the arterial-venous axis, which has been
identified by electron microscopy and recently by live confocal
microscopy [27, 28, 32]. The topology and morphology of
pericytes in the microvascular bed can be divided as follows:

2.3.1. Precapillary Pericytes

Brain arterioles wrapped by a continuous vascular
smooth muscle cells (vSMCs) further ramify and transit into
smaller precapillary arterioles. The mural cells located in the
point of transition show a mixed phenotype of vSMCs and
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pericytes, as previously confirmed in ultrastructural studies,
termed as “smooth muscle-pericytes hybrids” [32]. These
cells are more elongated than vSMCs, encircled the entire
vessel lumen, and also pose protruding ovoid soma similar to
those of pericytes. Another type of pericytes at the
precapillary arterioles, referred to as “mesh pericytes”,
exhibit more interlocking mesh progress.

2.3.2. Capillary Pericytes

The capillary pericytes have protruding cell bodies with
thin strands or helical primary processes that run parallel to
the long axis of the mid-capillary tube. Small secondary
processes extend perpendicularly from the primary processes.

2.3.3. Post-capillary Pericytes

Mesh pericytes with many slender, branching processes
become more prevalent on post-capillary venules.

2.4. Identification of Pericytes

Several recent reviews have provided lists of reliable
markers for pericytes [10, 11, 33]. But until now, the marker,
completely stable and specific identification forebrain
pericytes is lacking. This is due to several reasons: Firstly,
these immuno-chemical markers are also expressed in other
brain cells. For example, desmin, neuron-glial 2 (NG2) and
a-smooth muscle actin (a-SMA) are mainly expressed by
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both pericytes and vSMCs [34-36], thus the identification of
these two cell types must consider the vascular localization.
Secondly, all of the markers presently used are dynamically
expressed in pericytes, which may be up or down-regulated
in different developmental stages, pathological processes,
and even different culture conditions in vitro [10]. The last
reason may be explained by the numerous lineages from
which pericytes are derived and that pericytes themselves are
multi-potent cells [37]. More recently, transgenic mice that
base on several practicable markers have been developed,
which provide great tools to better explore the fate and roles
of brain pericytes [32]. In general, the relatively accurate
identification of brain pericytes rely on a combination of
at least two markers as well as the consideration of the
topology, morphology and some specific circumstances.
Table 1 provides lists of presently reliable and often-used
brain pericytes markers as well as transgenic markers for
murine studies.

3. ROLES OF PERICYTES IN CEREBRAL BLOOD
FLOW REGULATION DURING STROKE

3.1. Pericytes are Contractile Cells

As mentioned above, contractile capabilities have been
attributed to pericytes ever since the first descriptions by
Rouget in the 1870s. Firstly, pericytes in the brain express
actin and myosin filaments which exist as smooth muscle and

Table 1.  Cell marker for brain pericytes.
Pericytes Markers Other Cells Stained in the Brain Comments Refs.
Cytosolic markers
a-SMA (alpha-smooth vSMCs Contractile and cytosketetal proteins; expression in brain pericytes along | [36, 38]
muscle actin) the micro-vessels is controversial.
RGSS5 (regulator of vSMCs GTPase activating protein; involved inproliferation and recruitment of [164]
G protein signaling 5) pericytes during angiogenesis.
Desmin vSMCs Cytosketetal proteins. [35]
Membrane bound markers
PDGFR-B(plateletderived Neurons; neuronal progenitors A tyrosine kinase receptor involved in important function of pericytes; [165]
growth factor receptor-beta) most frequently used and best characterized.
NG2 (neuron-glial 2) vSMCs; neuronal progenitors,  |Integral membrane chondroitin sulfate proteoglycan; broadly expressed in [34]
oligodendrocyte progenitors activated pericytes during development and in the adult under both
physiological and pathological conditions.
CD13 (aminopeptidasesN) vSMCs; endothelium Type Il membrane zinc-dependent metalloprotease. [166]
Kir6.1 (potassium inwardly vSMCs ATP-sensitive potassium-channel; implicated in ion transport and [167]
Rectifyingchannel) intercellular signaling; highly expressed in brain pericytes.
Transgenic markers
NG2-DsRed vSMCs; oligodendrocyte progenitors| BAC-transgene, reposited in the Jackson Laboratory, stock #008241. [168]
RGS5-GFP vSMC GFP+ pericytes co-expressed PDGFR-f and CD13, but not a-SMA. [85]
NG2-creER-eGFP vSMCs Reposited in the Jackson Laboratory, stock #008533. [48]
NG2/PDGFRB-Cre-tdTomato vSMCs NG2-tdTomato line is inducible, whereas PDGFRB-tdTomato line [32]
expressed tdTomato constitutively.
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non-smooth muscle isoforms [36, 38]. Other contraction-
related proteins such as tropomyosin and desmin have also
been detected in pericytes [39]. Secondly, a variety of
vasoactive molecules, neurotransmitters and extracellular
ions activate the respective receptors and ion channels
expressed in pericytes, raising the intracellular calcium
concentration and resulting in constriction and dilation of
cultured brain pericytes [40, 41]. Finally, electrophysiological
and pharmacological studies have showed that brain
pericytes are electrically excitable cells, thus the interaction
between Ca’’ signals and membrane potentials concertedly
modulates the constriction of pericytes [42, 43]. But
unfortunately, for the past decade, all of the above studies
were indirect evidence that pericytes probably mediate the
constriction of capillaries.

3.2. Pericytes as Regulators of Cerebral Blood Flow

What is the physiological relevance of brain pericytes
contractility? To maintain neuronal function, the brain has
invoked “neurovascular coupling” mechanisms to increase
local blood flow to regions in which neurons are active, this
process is termed functional hyperemia [44, 45]. It is widely
accepted that VSMCs present at penetrating arterioles and/or
pre-capillary arterioles regulate CBF by changing their tone in
response to synaptic transmission and vasoactive substances
[40]. As imaging techniques have evolved, this view has
been challenged by the evidence that pericytes may regulate
CBF at the capillary level. Bell et al. showed pericytes loss
leads to diminishing in vivo CBF in response to functional
hyperemia in pericytes-deficient mice [46]. Peppiatt er al.
demonstrated that pericytes could constrict capillaries
diameter in situ in cerebellar slices and retina preparations
[41]. However, there is no blood flow, sheer stress and
perfusion pressure in the blood vessels of brain slices, thus
pericytes-mediated constriction of capillaries ex vivo cannot
deduce that pericytes also participate in functional hyperemia.

More precisely, Fernandez-Klett and colleagues measured
the capillary diameter by in vivo live imaging after application
of a thromboxane A2 analog (U46619) inbicuculline-induced
seizure model (a pathologic model of functional hyperemia),
and in the cortical spreading depression model (CSD)
[47]. Nevertheless, they failed to find capillaries dilatory
response to functional hyperemia. On the contrary, Hall ef al.
described that capillaries dilate approximately 1 second
before penetrating arterioles, which, may contribute up to
80% of the increase in blood flow evoked by neuronal
activity, using electrical whisker pad stimulation, a more
physiologic model of functional hyperemia [15]. Of note,
Hall et al. did not propose explicitly which vessel segment of
capillary could dilate in response to functional hyperemia.
There may be two reasons for this contradictory conclusion:
Firstly, both studies have a similar experimental set-up to
observe brain capillaries in response to neuronal activity, but
the functional hyperemia model was different; Secondly,
brain pericytes in different vessel segments may have diverse
functions in hemodynamic regulation.

Paradoxically, Hill et al. against the prevailing dogma
that pericytes are involved in the regulation of cerebral blood
flow, and put forward those arteriolar SMCs may be the key
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players in this basic process [48]. This may be because they
regarded all contractile pericytes in the precapillary arterioles
as SMCs, which leads to the opposite conclusion that
“pericytes” cannot regulate vessel diameter. Therefore, the
argument whether “these cells” in the precapillary arterioles
is pericytes or SMCs due to the vague definition of
“precapillary arterioles”. For a detailed discussion, the reader
is referred to recent review articles [49]. In view of the above
discussion, we can define the vague segments from pre-
capillary arterioles to adjacent capillaries as “arterioles-
capillary junction” (Fig. 2b). Pericytes residing at this
junction appeared to a mixed phenotype, suggesting it
possesses both characteristics of pericytes and SMCs [32].
More importantly, Hill et al. and Hall et al. found the cells at
arterioles-capillary junction could dilate capillary, which is
consistent with previous works [15, 48]. In general, these
studies supported the idea that pericytes of arterioles-
capillary junction may be the gatekeepers to control blood
flow into the capillary beds.

3.3. Pericytes Contribute to Cerebral No-reflow Phenomenon

In the clinical settings, recanalization with thrombolysis
is the best conceivable treatment for acute ischemic stroke
but the narrow therapeutic window limits its efficacy [1].
In addition, there is also another obstacle to restrict
recanalization therapies. After reopening of the occluded
blood vessel, the microcirculatory flow fail to complete
restoration, which is the so-called “no-reflow phenomenon”
[50, 51]. Electron microscopic examination of the brain
micro-vasculature in ischemic regions revealed capillary
damage in the form of swollen ECs and astrocyte end-feet,
intravascular platelets and fibrin, and leukocyte plugging
[51, 52]. Experimental date of past decades and recent
clinical evidence suggested these damage changes together
compress the capillaries, resulting in the persistence of
microcirculatory obstructions.

Although controversial, Yemisci et al. recently revealed
that pericytes which controlled capillary diameter also has an
unexpected role in ischemic stroke [16]. Pericytes remain
contracted during ischemia despite successfully reopening of
the main feeding artery, which may be a major cause of the
no-reflow phenomenon by limiting oxygen/nutrients supply
to the affected brain regions. Persistent pericytes contraction
could be reversed by suppressing peroxynitrite formation
and oxidative-nitrative stress, contributing to restoration of
microcirculatory patency and the survival of ischemic tissue
[16, 53]. More recently, Hall et al. demonstrated that rat
brain ischemia indeed induces persistent pericytes contraction
and subsequent pericytes death, which is consistent with a
previous report shown that capillary pericytes rapidly die
after MCAO in mice [15]. Interestingly, Hall et al. suggested
that pericytes death in rigor mortis (the stiffness of death)
lead to the long-lasting reduction of capillary blood flow.
Moreover, the death may be evoked by excitotoxicity, but is
not reduced by suppressing oxidative-nitrative stress [15,
54]. However, ischemia-induced coverage of pericytes in the
vascular endothelium increases in young adult mice at 3 and
72 h, but without any change in aged mice, as shown by
ultrastructural analysis of BBB in the peri-infarct zone [55].
It is suggested that pericytes in the aged brain may be more
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susceptible to ischemia. Above studies raise several questions
that warrant further exploration: Does only some subtype of
pericytes die during brain ischemia? Why are pericytes in the
aged brain susceptible to ischemia-induced death?

Multiple signaling pathways may result in pericytes
constriction and death after stroke. Brain pericytes constriction
during ischemia is characterized by rising intracellular
calcium concentration [15, 16, 42]. Brain ischemia leads to a
lack of ATP molecules, which not only inhibit ion pumping
but also hinders the separation between myosin and actin
[15, 41]. Oxygen and nitrogen radicals formed in the
microvasculature during ischemia/reperfusion also cause the
persistent pericytes constriction that could be reversed by
suppressing oxidative-nitrative stress [16]. Pericytes death
may be partly evoked by excitotoxicity, because blocking
jonotropic glutamate receptor or removing external Ca’’
significantly could reduce pericytes death [15]. Therefore,
pharmacological agents that can prevent pericytes dysfunction
or death may bring the thrombolytic and neuroprotective
treatments to light.

4. ROLES OF PERICYTES IN BLOOD BRAIN
BARRIER FUNCTION AND STROKE

4.1. Pericytes Contribute to BBB Formation and
Maintenance

Studies over the past two decades have revealed that
there is a pivotal role for pericytes in the formation and
maintenance of the BBB. Early in embryogenesis, pericytes
are recruited to the nascent vessels, induce formation of a
functional BBB [56]. Furthermore, pericytes contribute to
the BBB integrity by regulating tight junctions formation and
transendothelial vesicle trafficking [56]. In addition, pericytes
inhibit CNS immune cell infiltration and the expression of
molecules that increase vascular permeability during the
BBB development [56]. Corresponding studies in adult
pericyte-deficient pdgfif”" mice revealed that pericytes are
vital to maintain the BBB properties, as the loss of brain
pericytes could disrupt ECs tight junctions and finally result
in increased non-specific paracellular transport [57]. Other
works using young pericyte-deficient pdgfif+/- mice has also
demonstrated, somewhat unexpectedly, that vessel permeability
could be increased by enhanced tansendothelial vesicular
transport (transcytosis) [46]. Age-dependent pericytes loss in
pdgfrB"" mice leads to impair CNS function progressively
through leakage and accumulation of several potentially
neurotoxic and vasculotoxic substances [46], which may
amplify neuronal functional and structural damage changes
related to ischemic stroke and neurodegeneration disease.

4.2. Pericytes Contribute to BBB Protection in Stroke

Destruction of the BBB after ischemic stroke is an
intractable event that conduces to further progress and
enlargement of the injury. BBB dysfunction and damage
not only promotes the evolution of neuroinflammation and
brain edema, but also increases the risk of intracerebral
hemorrhage of thrombolytic therapies [58]. This may limit
the application of recombinant tissue plasminogen activator
(rtPA) and results in a poor prognosis. Thus, BBB protection
must remain an urgent priority for purpose of braking the
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downstream progression of brain parenchymal injury. As
described above, brain pericytes contribute to the formation
and maintenance of the BBB in developing an adult brain.
Not surprisingly, pericytes also contribute to ECs survival
and BBB protection after stroke [59]. In the ECs/pericytes
co-culture model exposed to hypoxic condition, pericytes
enhance tighter barrier function and protect endothelial
monolayers from hypoxic injury [59]. During severe and
prolonged oxygen deprivation, co-culture of ECs with
pericytes is more effective than with astrocyte in preserving
barrier function by maintaining TJs localization and
protecting ECs survival [60]. Studies using the ultrastructural
analysis of BBB in the peri-infarct zone found process area
and vessel coverage of pericytes increased at 72 h after
ischemia, suggesting a compensatory mechanism to limit
BBB breakdown [55]. Similarly, pericytes in retinal micro-
vascular can strengthen TJs of the blood-retinal barrier
(BRB) by reversing occluding decrease under hypoxia [61].
In general, despite limited information, brain pericytes have
appeared to protect ECs and stabilize BBB under hypoxic
injury and ischemic stroke. Thus, BBB protection mechanisms
of pericytes after ischemic insults remain poorly understood
and warrants deeper exploration.

4.3. Pericytes Contribute to BBB Disruption in Stroke

Previous researches show that disassembly and reassembly
of TJ protein complexes (TJs) are the major reasons for BBB
breakdown after stroke [5]. However, recent works have
demonstrated BBB disruption in response to ischemia is a
complex, biphasic temporal profile by utilizing ultrastructural
analysis, advanced imaging and transgenic animal models
[62]. This profile contained early BBB hyperpermeability
associated with upregulation of endothelial transcytosis
(within 4-6 h after stroke), and followed by a delayed
opening of the BBB mediating by dissolution of TJs (within
2-3 days after stroke) [56, 62]. In addition, pericytes have
been shown to detach from brain microvessels within 2h after
focal or global cerebral ischemia [63, 64]. This detachment
indicates that ECs-pericytes signaling interactions and
intercellular contacts are also disrupted, resulting in BBB
breakdown. Pericytes promote BBB formation and
maintenance by releasing inhibitory signals to reduce the
number of caveolac and rate of endothelial transcytosis
under physiology condition [46, 56]. This inhibitory signal
may be removed after ischemic stroke, inducing increased
caveolae and transcytosis in ECs [63, 65, 66]. In addition,
the early detachment of pericytes also results in the loss of
TJs contributing to BBB leakage through the paracellular
pathway. Moreover, pericytes-derived MMPs, including MMP
2, 3 and 9, lead to secondary dissolution of TJs structure and
function [67, 68]. Therefore, the detachment of pericytes and
pericytes-derived factors promotes BBB disruption through
both transcellular and paracellular pathways and contributes
to stroke progression.

5. PERICYTES INVOLVING IN IMMUNE AND
INFLAMMATION RESPONSE IN ISCHEMIC
STROKE

Recent in vitro studies utilizing human and mouse brain
pericytes have suggested that pericytes are implicated in
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immune and inflammation response at the NVU under
physiological and pathophysiological conditions. Brain
pericytes express receptors of damage-associated molecular
patterns (DAMPs) such as toll-like receptor 4 (TLR4),
recognizing and responding to micro-environmental cues
[69, 70]. Soon after the onset of ischemic stroke, the injured
brain tissues release various DAMPs, including high-mobility
group boxl (HMGBI1), adenosine triphosphate (ATP) and
heat shock protein (HSP), initiating non-infectious immune
responses [71-73]. Interestingly, HMGB1 binds to TLR4 on
the human brain pericytes in vitro and induces the secretion
of the proinflammatory cytokines and chemokines, including
interleukin-6 (IL-6), IL-8, CXCL1, CXCL2, CXCL3, and
CCL2 [69]. HSP also binds to TLR4 and stimulates the
production of proinflammatory cytokines IL-6 in cultured
pericytes [74]. These indicated brain pericytes may be a
sensor in response to tissue damage, thereby involving in
inflammatory response in ischemic stroke.

In addition, in vitro studies have also suggested multiple
inflammatory conditions could induce human brain pericytes
express proinflammatory cytokines, chemokines, or adhesion
molecules. For example, tumor necrosis factor-alpha (TNF-
o) and transforming growth factor beta 1 (TGFB1) enhanced
the expression of classical pro-inflammatory cytokines IL-6
in human brain pericytes [75, 76]. Tumor necrosis factor-
alpha (TNF-a) and IL-1f stimulated brain pericytes to
secrete chemokines IL-8 [77]. In response to interferon-
gamma (IFN-y), brain pericytes upregulated the expression
of intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1) [78]. Therefore, stroke-
derived inflammatory cytokines also induce pericytes to
release proinflammatory cytokines, chemokines and other
inflammatory mediators, which could impair cells of the
NVU and disrupt the BBB. However, it is also found that
TGFB1 attenuated the IL-1B-induced expression of CX3CL1,
MCP-1 and VCAM-1 in pericytes and attenuated the
phagocytic ability of pericytes by downregulating the
expression of scavenger receptors CD36, CD47 and CD68
[76]. A single study reported that activation of CCAAT/
enhancer binding protein delta (C/EBPJ) in pericytes could
downregulate IL-1B-induced production of ICAM-1 and
monocyte chemoattractant protein-1 (MCP-1) [79]. Therefore,
brain pericytes may adopt pro- or anti-inflammatory phenotype,
according to inflammatory conditions during stroke, which
requires further exploration. Overall, these works suggest
that pericytes may be effectors as well as amplifiers of brain
inflammatory processes during ischemic stroke.

Under CNS homeostasis conditions, pericytes express
several macrophage makers, including Fc receptors (FcR),
CDl11b, ED2 and scavenger receptors [80, 81]. Pericytes can
take up small and soluble molecules from the blood or brain
parenchyma through interstitial fluid [82, 83]. Moreover,
pericytes are capable of transporting substances by pinocytosis,
phagocytosis and receptor-mediated endocytosis [83]. Thus,
brain pericytes may be considered as another “resident
macrophage” in the brain apart from microglia, involved in
the first line of immunologic defense of the brain. Mounting
evidence shows that pericytes have similar traits and
overlapping markers with mesenchymal stem cells (MSCs)
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in vitro studies, suggesting brain pericytes have multipotent
potential [10]. Unexpectedly, it has been reported that
pericytes could be activated, proliferated and could migrate
into the adjacent ischemic brain parenchyma, where they
express microglia markers and acquire microglial phenotypes
[84-86]. Therefore, pericytes may transform into microglia
to phagocyte cell debris and involve in inflammation,
immune during stroke. On the other hand, studies using
transgenic pericytes-deficient mice have shown that leukocyte
trafficking was enhanced in microvascular regions lacking
pericytes coverage [56, 87, 88]. Thus, it is suggested that the
detachment of pericytes may contribute leukocyte infiltration
in ischemic stroke. Further studies are warranted to identify
the more inflammatory role of pericytes in brain ischemia
and provide an important new target for the development of
future stroke anti-inflammatory therapies.

6. ROLES OF PERICYTES IN NEURORESTORATION
AFTER STROKE

6.1. Pericytes and Angiogenesis after Stroke

Angiogenesis refers to the sprouting of new blood vessels
from pre-existing ones and is often induced by hypoxia in
physiological (e.g., development) and pathological (e.g.,
ischemic stroke) situations [89, 90]. Formation of new blood
vessels would help to increase CBF and replenish oxygen/
nutrients supply to the affected brain tissue, thereby salvages
agonal ischemic neurons and contributes to improve
recovery of tissue-at-risk. The increased vascular density
which is induced by angiogenesis in the peri-infract area was
found at 3 days after the ischemic stroke in human and
animal brain samples [91, 92]. Indeed, stroke patients with
greater cerebral vascular density appear to have better
recovery and longer survival than those with lower vascular
density [93]. Angiogenesis in the brain is a step-wise
process, which can be tightly regulated by a dynamic balance
between pro-angiogenic and anti-angiogenic factors. Therefore,
we must advance our basic understanding of the dynamic
changes of post-stroke angiogenesis and develop practicable
proangiogenic therapies.

The vascular angiogenesis remodeling after stroke includes
three phases: (1) initiation of angiogenesis; (2) sprout
formation, migration and stabilization; (3) maturation or
termination [94, 95]. Pericytes may be involved in all of
these three stages, which have recently become a growing
interest research field and emerged as potential targets for
post-stroke pro-angiogenic therapies. During the angiogenesis,
the bidirectional ECs-pericytes signaling is crucial [12, 95].
Firstly, upon exposure to pro-angiogenic stimuli, pericytes
express multiple MMPs (such as MMP-2, 3 and 9) to degrade
the BM components, leading to detachment of pericytes and
subsequent liberation of ECs [89, 96, 97]. In addition,
increasing of vascular permeability leads to extravasation of
plasma proteins, providing a provisional scaffold for
vascular sprouting [98]. Then, pericytes secrete vascular
endothelial growth factor-A (VEGF-A), which stimulates
ECs to become motile and protrude filopodia, forming the tip
cells [99, 100]. Following tip cells, stalk cells proliferate to
support sprout elongation and form a vessel tube [101]. In
this process, pericytes attach to ECs and regulate the
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deposition of extracellular matrix as well as the formation of
inter-endothelial TJs, contributing to nascent lumen
stabilization. At the same time, pericytes also secrete survival
signals to protect ECs and maintain integrity of the immature
vessel. Finally, tip cells anastomose with neighboring sprouts
to build microvessels loops [102]. After this, pericytes
convert to inhibit ECs proliferation and re-establish ECs
quiescence in order to terminate angiogenesis. In addition,
pericytes also secrete metalloproteinase 3 (TIMP3) to
prevent possible proteolysis of matrix proteins of new
formed vessels thereby promoting vessel maturation [103].
Here we conclude the major pericytes-associated signaling
pathways driving angiogenesis after stroke.

6.1.1. VEGF-A/VEGFR?2 Pathway

Pericytes (paracrine manner) and ECs (autocrine manner)
secrete VEGF-A, the main component of the VEGF family,
which activates the VEGF receptor-2 (VEGFR2) in ECs to
trigger multiple downstream signals (such as PI3K/Akt and
MEK/ERK pathways) that promote angiogenesis [104, 105].
VEGF-A/VEGFR2 pathway up-regulates DLL4 expression
in tip cells which subsequently activates Notch in stalk cell.
Activated Notch could down-regulate VEGFR-2 expression
in stalk cell to induce a stable stalk cells identity [106].
During hypoxia, brain pericytes began to express VEGF
within 24h, which was earlier than astrocyte [107]. Moreover,
expression of VEGF and VEGFR-2 in microvessels within
the peri-infarct region increased obviously 3h and 48h after
stroke respectively, which is co-localized with neovas-
cularization and continues up to 7 days [108]. Indeed, studies
using laser scanning imaging technique to measure local
cerebral blood flow, have demonstrated that VEGEF/
VEGFR2-mediated signaling plays an important role in
promoting post-ischemia neurovascular remodeling [109].

6.1.2. PDGF-BB/PDGFRp Pathway

The platelet-derived growth factor B (PDGF-B) and its
receptor (PDGFRp) are critical for recruitment of brain
pericytes into newly formed vessels during angiogenesis
[110, 111]. In particular, PDGFRp is mainly expressed on
pericytes in the brain [111, 112]. ECs secrete PDGF-B as a
disulfide-linked homodimer (PDGF-BB) [113, 114], which
is confined in the extracellular matrix (ECM) or on the
surface of the ECs, leading to localized retention of PDGF-
BB that forms a concentration gradient [115]. The steep
gradient is required for proper proliferation, migration and
attachment of PDGFRp-expressed pericytes in angiogenic
context [56, 116, 117]. Inactivation of PDGF-BB/PDGFRf
signaling results in pericytes deficiency, microvascular
reduction and micro-aneurysm formation [56, 111]. Analysis
of human brain samples showed that PDGF-B and its
receptor were expressed on microvessels following stroke
[118]. PDGFRp expression was significantly increased in
microvessels, mainly on pericytes, in the infracted area 48h
after MCAO [119].

6.1.3. TGF-B/TGFRpB2 Pathway

TGF-B is a bidirectional cytokine between ECs and
pericytes which regulates cellular differentiation, attachment
and maturation [30, 110, 120]. TGF-p is expressed in ECs
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and pericytes in a latent preform that can be activated by
thrombospondin, proteases and integrins [110]. Once
activated, TGF-P binds to its receptor TGFRP2, which leads
to recruitment and phosphorylation of activin-like kinase 1
(Alkl) or AIk5 [121]. Of note, Alk5 is expressed both on
pericytes and ECs, but Alkl only in ECs [122]. In pericytes and
ECs, TGFRP2/AIKS initiates mothers against decapentaplegic
homolog 2 (Smad2)/3/4 signaling that inhibits proliferation
and promotes differentiation [121, 122]. Alk5-Smad2/3/4
pathway also enhances proper pericytes attachment to ECs
via upregulation of the adhesion molecule N-cadherin and
ECM proteins [123]. In ECs, activation of Alkl induces
Smadl1/5/8 signaling that promotes ECs proliferation and
migration [124, 125]. Accordingly, it is hypothesized that
Alkl singling may dominate in the early phase during
angiogenesis, leading to cell proliferation and migration,
whereas AlkS singling may dominate later, resulting in cell
differentiation and ECM proteins production, thereby
promoting vessel maturation. TGF-f was significantly increased
in microvessels in the ischemic areas, as shown by aser
capture microdissection [126]. Upregulation of TGF-f mRNA
has also been reported in the ischemic areas following stroke
in human brain samples [127].

6.1.4. Notch Pathway

It has been well-documented that Notch signaling plays
important role in angiogenesis [128]. In mammals, there are
four Notch receptors (Notch1-4) and five ligands (DLL1, 3,
and 4 and Jaggedl-2), all of which are transmembrane
proteins. Pericytes mainly express Notch 3, while ECs
express Notch 1 and 4 receptors [14]. The ligand binds to its
relevant receptors activating the proteolytic cleavages of
receptors within the membrane and subsequently releasing
the Notch intracellular domain (NICD). NICD translocates to
the nucleus and binds to several transcription factors such as
recombination signal binding protein Jk (RBP-Jk), resulting
in downstream transcription of Notch-related genes [128].
As previously mentioned, VEGF and Notch signaling
cooperate in an intercellular feedback manner to affect tip
and stalk cells [89]. Recent studies have demonstrated that
Notch signaling also play important roles in pericytes
attachment and survival. For instance, the inhibition of
Notch disrupts vessel stability and lead to pericytes
detachment from the already formed vessel lumen [129].
Studies using Smad4 mutant mice have revealed that there is
a mechanistic link between Notch and TGF-/Smad4, which
contributes to pericytes attachment to ECs via upregulating
N-cadherin [30]. On the other hand, ECs induce the
differentiation of mural cells (pericytes and vSMCs) by
upregulating Notch protein [130]. In addition, Notch 3 has
also been implicated in survival of mural cells [131, 132].

6.1.5. Ang-Tie2 Pathway

During angiogenesis, the angiopoietin (Ang)/Tie system
is involved in blood vessel sprouting, maturation and
maintenance. The Ang/Tie family in human contains three
ligands (Ang-1, 2, 4) and two receptors (Tie 1, 2) [110].
Pericytes-derived Ang-1 binds to Tie2 on ECs to stimulate
pericytes coverage and BCM proteins deposition, thus
decreasing vascular permeability [10]. In addition, Ang-
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1/Tie2 forms a paracrine loop that promotes the survival of
ECs and maintains ECs quiescence [103, 133]. Conversely,
Ang-2 is expressed by angiogenic tip cell (autocrine manner)
and acts as antagonistic ligands for Tie2. Ang-2/Tie2 activates
the PI3K/Akt pathway to loosen the contacts between ECs
and pericytes, resulting in vessel destabilization and pericytes
detachment [103]. Furthermore, Ang-2 also binds to
endothelial integrins to induce ECs migration and sprouting
[134]. Both Ang-1 and Ang-2 was described to be increased
up to even 28 days and their receptors also upregulated in
capillaries in peri-infarct region following an ischemic injury
[135, 136]. Thus, regulation of Angl, 2/Tie2 signaling is
vital to the maintenance and survival of nascent capillary
tubes after stroke.

6.2. Pericytes and Neurogenesis after Stroke

Neurogenesis refers to the process of generating new
neurons from neural stem cells (NSCs) and neural progenitor
cells (NPCs) mainly residing in the subventricular zone
(SVZ) and the subgranular zone (SGZ) [137, 138]. Neuro-
genesis in the brain occurs throughout life, which is
stimulated by physiological factors and pathological
situations, such as ischemic stroke [139]. Mounting works in
rodents have revealed that brain ischemia induced the
proliferation of endogenous NSCs and these newly generated
neurons could migrate into an ischemic brain and express
mature neuron phenotype [140-143]. More importantly,
analysis of human brain biopsies from stroke patients has
demonstrated that there are newborn neurons in the ischemic
penumbra [144, 145]. Stroke-induced compensatory neuro-
genesis may replace the necrotic neurons and reconstruct the
neural circuitry, suggesting it could contribute to post-stroke
recovery and represent a target for stroke therapy.

Recent evidence support the views that stroke-induced
neurogenesis and angiogenesis is highly coordinated and
coupled [146]. For example, several angiogenic factors like
VEGF, FGF and signaling pathways such as Notch, Ang-2
signaling are also crucial in ischemia-induced neurogenesis
in the adult brain [139, 147]. In addition, newly formed
microvessels are used as migratory conduits for neuroblasts
to ischemic boundary zone, and provide neurotrophic support
to newborn neurons [143, 148]. Thus, pericytes-related
angiogenesis is involved in the formation of the vascular
niche, which is required for neurogenesis after stroke.
During hypoxia, pericytes secrete nerve growth factor (NGF)
that contributes to neuronal survival [149]. In addition,
pericytes also produce neurotrophin (NT)-3 that induce
astrocyte to produce NGF under hypoxic conditions [149].
As previous mentioned, brain pericytes have multipotent
potential [12]. Previous report also shows that brain
pericytes may be an origin of NSCs [150]. Recently, a study
reported that pericytes extracted from mouse brains and
human brain acquired multipotential stem cell activity and
differentiated into neural and vascular lineage cells
following ischemic stroke [84]. In addition, pericytes can
regulate inflammation that is also seen as a key factor
influencing neurogenesis after ischemic injury [151]. Thus,
brain pericytes with neurovasculogenic potential contribute
to both angiogenesis and neurogenesis, which can be
targeted to repair the injured CNS after stroke.
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7. EPIGENETIC ROLE OF PERICYTES IN ISCHEMIC
STROKE

MicroRNAs (miRNAs) are small non-coding RNAs of
~21 nucleotides, which act as negative regulators of target
gene expression by binding to the 3’-untranslated regions
(UTR) [152, 153]. They regulate diverse biological functions
and processes, including growth, proliferation, differentiation,
lineage determination, metabolism and apoptosis [152, 153].
Several recent reviews have revealed the role of miRNAs in
stroke risk factors such as hypertension, atherosclerosis and
atrial fibrillation [154-156]. The role of miRNAs in the
component cells of NVU following ischemic stroke has been
the subject of more recent investigations. For example, brain
pericytes change the expression of miRNAs under hypoxic
stress, which contain the upregulation of 27 miRNAs and the
downregulation of 31 miRNAs [157]. In addition, pericytes
expression of Let-7 miRNA is involved in pericytes
differentiation in response to hypoxia [158]. Increased levels
of MiR-145 in pericytes target the Friend leukemia virus
integration 1 (Fill) to block pericytes migration in response
to a stable gradient of PDGF-BB using a microfluidic
chemotaxis chamber [159]. Under conditions mimicking
hyperglycemia and ischemia, pericytes could uptake ECs-
derived miR-503, which reduce coverage of capillaries and
increase capillary permeability [160]. On the other hand,
stroke also significantly alters cerebral long non-coding
RNAs (IncRNA) expression profiles [161]. Recent studies
have demonstrated that IncRNA-myocardial infarction-
associated transcript (MIAT) or IncRNA-metastasis-
associated lung adenocarcinoma transcript 1 (MALATI)
breakdown could ameliorate pericytes loss in diabetes
mellitus—induced microvascular dysfunction [162, 163].
With miRNA and IncRNA research in pericytes still in its
infancy, studies are required in this area to explore
epigenetic regulation that provides a promising target in
stroke therapeutics.

CONCLUSION AND PERSPECTIVES

This emphasis on the NVU concept has shifted the focus
of ischemic stroke research from neuro-centric views to the
complex interactions within NVU. With this new perspective,
pericytes that are centrally positioned in the NVU have been
widely studied in ischemic stroke. After a stroke, the
persistent constriction and death of pericytes could
contribute to no-reflow phenomenon during the hyperacute
phase, and the inflammatory action and detachment of
pericytes may aggravate the BBB damage during the acute
phase. However, on the other hand, pericytes also provide
beneficial roles in neuroprotection by protecting ECs,
stabilizing BBB and releasing neurotrophins. Pericytes have
potent neurorestorative effects after stroke by conducing to
angiogenesis and neurogenesis. Therefore, the beneficial and
detrimental effects of pericytes in brain injury and repair
designate pericytes as a promising therapeutic target for
ischemic stroke.

One of the effective approaches is to reveal how pericytes
communicate with other NVU components (especially the
neuron) as well as how they regulate each other’s functions,
which could help to develop alternative approaches to
protect the BBB and neuron during ischemic stroke. For
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example, discovering more ECs-derived or astrocytes-
derived vasoactive substances that contract pericytes could
boost to understand contractile mechanisms and inspire
therapeutic strategy to restore incomplete microcirculatory
reperfusion by reversing the persistent pericytes constriction.
In addition, balancing the bidirectional effects (including
anti-/pro-inflammatory effects of pericytes, anti-/pro-
angiogenesis modulators released by pericytes) is very
critical for any therapeutic strategies targeting at post-stroke
repair. Recent research has highlighted the success in the
effort to transplant MSCs into ischemic areas. And likewise,
pericytes or pericytes progenitor cell transplantation may
also promote tissue survival or NVU reconstruction. Therefore,
future studies are warranted to evaluate the curative effect of
pericytes or pericytes progenitor cell transplantation into
ischemic brain areas. Last but not the least, we need to
consider the age-related structural and functional changes of
pericytes as important factors that promote the vulnerability
to ischemic injury. However, according to this versatile
functionality, a key question is whether pericytes are a
heterogeneous cell population. Additionally, it is also
confused how each pericytes subtype (e.g. contractile pericytes
contributing to no-reflow phenomenon versus those
determining BBB protection or damage) play its roles in
ischemic stroke. Thus, we need to develop specific markers
in different vessel segments and genetic models combined
with RNA-seq and proteomic analyses, which will greatly
help to promote the studies about the roles of pericyte
subtypes in ischemic stroke.
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