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Editorial on the Research Topic

Involvement of Blood Brain Barrier Efficacy, Neurovascular Coupling and Angiogenesis in the
Healthy and Diseased Brain

As we wrote to introduce this topic, the complexity of the neurovascular unit (NVU) ensure two
crucial function’s in brain: the blood brain barrier (BBB) and neurovascular coupling (NVC). In
this first volume, reviews and articles, reporting original research and methods, address the theme
of this Research Topic through pathologies such as stroke or traumatic brain injury (TBI) by in
vivo or post-mortem techniques both in animal models and in humans. Original points of view
are presented on the functions of pericytes, glycocalyx, and Wnt pathways, as well as on vascular
alterations and their link with the loss of nervous system functions in preeclampsia, amyotrophic
lateral sclerosis, and Parkinson’s disease.

Single-cell omic analyses have shown a radically increased vascular diversity along the arterial-
venous axis compared to our previous understanding. This diversity should be considered in
studies of neurovascular functions. The diverse functions of the endothelial cells (ECs), pericytes,
and vascular smooth muscle cells (VSMC) should be considered alongside the perivascular
macrophages that reside in the Virchow-Robin space. Moreover, the perivascular fibroblast-like
cells, identified by RNAseq on arteries and veins (but not capillaries), are also described and
proposed to be the pericyte precursors. Finally, astrocytes are included in the list because of the
direct interaction between their endfoot processes and the ECs. The review of all cells participating
in the neurovascular unit (NVU) is a good entry into the field of NVC and to understand the
complexity of the links between cerebrovascular disorders and neurodegenerative diseases (Ross
et al.). The functional importance of heterogeneity of cell subtypes reported by transcriptomic
analysis is illustrated here with heterogeneity of calcium responses of astrocytes induced by cortical
hyperemia due to whisker stimulation (Sharma et al.). This work suggests that the heterogeneity of
calcium response is able to transduce multiple specific signals to fine-tune the NVC process.

The role of pericytes in NVC is under development not only because of its function in the
regulation of brain flow, but also because of other currently unknown functions involved in
pathologies. In fact, pericytes cover 90% of the length of capillary beds. The recent research using
RNAseq approaches has proposed that several pericyte lines present in the brain that regulate
cerebral blood flow also have potential other functions. The comparison of available RNAseq
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to characterize pericyte subtypes is exhaustively presented
(Hariharan et al.). The diversity of potassium channels expressed
in pericytes around brain capillaries suggest their important
role in metabolism-electrical coupling required for cerebral
blood flow (CBF) regulation. Moreover, the putative roles of
TRP-, voltage-gated calcium- and chloride channels, as well as
the reticulum calcium channels inositol trisphosphate receptors
(InsP3R) are also discussed. The regulation of these channels is
assumed by the variety of G protein-coupled receptors (GPCRs)
expressed in pericytes in response to external stimuli (Hariharan
et al.). As presented in other articles (see below), disorders
affecting brain function could be linked to alteration of the
NVU and especially pericytes. As mentioned in the perspectives
in Hariharan et al, “pericytes appear exceptionally sensitive
to pathological perturbations,” but the specific pharmacological
targeting of ion channels and GPCRs expressed in pericytes
could represent new therapeutic approaches. One research article
illustrates this by the description of the role of NLRP3 on
pericytes. In fact, its deficiency in transgenic mice induced a
decrease in the number of pericytes as well as reduced collagen-
IV platelet-derived growth factor receptor f (PDGFRp), and
CD13 expression. Moreover, in cultured pericytes, the process
is inhibited by MCC950, the antagonist of NLRP3 and II-18
treatment (Quan et al.). Research on pericytes and other cells that
compose the NVU has benefited greatly from the development of
technologies that allow in vivo monitoring of cellular activity in
animal models using various techniques, including two-photon
microscopy. These techniques require the installation of a cranial
window according to standardized procedures (Kili¢ et al.). The
time-controlled focal photothrombosis has classically been used
to described the acute effect of ischemia, but it can also be used
to follow the time course of the BBB alterations in the penumbra
and to measure the distance of effect, including the contralateral
hemisphere, in order to describe the possible spatiotemporal
progression of the damages correlated to the intensity of the
ischemia (Weber et al.). By coupling two-photon microscopy
with the use of fluorescein isothiocyanate (FITC)-gelatin (as a
MMP9-activity probe) and photothrombosis (using Rose Bengal)
in a mouse model expressing tdTomato in pericytes, it has
been possible to follow the time course of capillary occlusion
and its physiological consequences (Underly and Shih). During
ischemia, the pericytes are immediately affected and participate
in the protein degradation via MMP9-dependent mechanism.
L-NIL (inhibitor of nitric oxide (NO) synthases) attenuated
capillary leakage and the addition of anisomycin (inhibitor of
protein synthesis), led to near complete elimination of FITC-
gelatin cleavage and vascular leakage. These results indicate that
both NO synthase and new protein synthesis are involved in the
rapid activation of MMP-9 during ischemia (Underly and Shih).
Stroke is the most important acute event that induces NVU
remodeling. Freitas-Andrade et al. present a comprehensive
update on this remodeling. General concepts about stroke and
therapeutic approaches are linked to the endocrine function
of ECs to induce neuronal development. However, how
neuronal activity is responsible for plasticity and remodeling
of cerebrovascular network (angiogenesis and barriergenesis)

has also been studied. The time course of the ischemia-
reperfusion effects is important to understand the alterations of
EC structure and functions; the roles of pericytes, astrocytes,
microglial cells, and the perivascular macrophages’ roles on the
BBB and NVC efficacies. Where and when these processes are
engaged is crucial to understand the importance of biological
processes such as degradation of the basement membrane
or angiogenesis following ischemic and hemorrhagic strokes.
The authors also addressed the issue of sexual differences
in cerebrovascular outcomes of stroke through the prism of
the effects of hormones on CBF and risk of ischemic stroke.
Finally, limitations of preclinical stroke research concerning
models of stroke are discussed. This review is well-completed
by another article focused on glycocalyx, which is proposed to
be responsible for endothelial mechanobiology in collaboration
with channels specialized in mechanosensitivity. Variations
of pressure on the BBB (or cells of the NVU) is one
of the pathways that signals pathological changes (Nian et
al.). Collagen-IV and fibronectin could represent markers of
extracellular matrix reorganization due to ischemia as shown
by immunohistochemistry in preclinical animal models and in
the human brain (Michalski et al.). To test a new therapeutic
pathway, more than one parameter should be followed. After
ischemia, DL-3n-butylphthalide promotes angiogenesis in the
perifocal region to restore the vasculature, but it can also acutely
protect the BBB integrity as suggested in rat models by oral
administration 1h after the beginning of reperfusion process
starting 2h from a transient middle cerebral artery occlusion
(Mamtilahun et al.).

The second severe alteration to the NVU is due to TBI
The review of preclinical experiments performed on mice have
shown that alterations of the BBB can trigger or enhance the
neurodegenerative disorders following mild TBI (Wu et al.).
Because TBI and ischemic and hemorrhagic strokes have some
similarities, Menet et al. recapitulated the works on genetic
variants of Wnt partners representing risk factors of stroke as
well as preclinical studies on animal models reporting Wnt
partners as biomarkers or targets to reduce the deleterious effects
of ischemic and hemorrhagic stroke and their implications in
TBI. Because Wnt pathways are involved in the regulation of
neurogenesis, synaptogenesis, angiogenesis, and BBB formation
and stabilization as well as in dendritic cells implicated in
immunity and inflammation, they are potentially “druggable
targets” (Menet et al.).

Alterations of the NVU and NVC are also observed in
neurodegenerative disorders. The accumulation of amyloid
peptides is considered to drive the pathogenesis of Alzheimer’s
disease and cerebral amyloid angiopathy (CAA). Interestingly,
the amyloid precursor protein (APP) could have a role in
BBB maintenance (Ristori et al.). The links between nitric
oxide and amyloid pathways in ECs, vascular disorders
observed in transgenic mice with APP alterations (KO,
expression of mutations-induced neurodegeneration, etc.), the
APP physiological role in ECs (particularly in angiogenesis even
if the functionality of the new vessels is always moot), and
cell adhesion and transcription factors (AICD provided from
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the cleavage of APP is a regulator of transcription and calcium
signaling) are reviewed. CAA could also be induced by the
impairment of the transport of amyloid peptides through the
basement membrane, and the molecular interactions between
amyloid peptides and basement membrane proteins could be
responsible for their aggregation and pathogenicity (Howe
etal.).

The alteration of the BBB is now well-documented in
AD patients and animal models, but it is also observed in
Parkinson’s disease (PD) animal models. Alterations of blood
pressure, angiogenesis and vascular remodeling are reported in
PD patients, and now BBB disruption is reported in the white
matter of PD patients by MRI study (Al-Bachari et al.).

Since the nervous and vascular systems are developed together
and because of the crucial role of NVC to sense the neuronal
function, it is essential to know the development of the
vascular network of the spinal cord to better consider the post-
traumatic repair of this nervous tissue and also to understand
pathologies such as amyotrophic lateral sclerosis or arteriovenous
malformations (Vieira et al.).

Finally, vascular pathologies can induce or exacerbate
cognitive problems as shown with hypertension. For example,
préclampsia is a common hypertensive disorder in pregnant
women potentially linked with cognitive disorders. Mice,
chronically overexpressing human angiotensinogen and
renin (RTAT mice), display characteristics of preeclampsia
and have now been validated to investigate cognitive
alterations in post-partum females and their pups (Trigiani
etal.).

In conclusion, as we can read in this first volume of
“Involvement of Blood Brain Barrier Efficacy, Neurovascular
Coupling and Angiogenesis in the Healthy and Diseased Brain,”
many questions are still open to better understanding the
interactions between cells of the NVU to study the efficacy
of brain functions, the activated molecular pathways, and the
time course of their alterations after vascular trauma or in
neurodegenerative disorders.
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Maintenance of cerebral blood vessel integrity and regulation of cerebral blood flow
ensure proper brain function. The adult human brain represents only a small portion
of the body mass, yet about a quarter of the cardiac output is dedicated to energy
consumption by brain cells at rest. Due to a low capacity to store energy, brain health is
heavily reliant on a steady supply of oxygen and nutrients from the bloodstream, and is
thus particularly vulnerable to stroke. Stroke is a leading cause of disability and mortality
worldwide. By transiently or permanently limiting tissue perfusion, stroke alters vascular
integrity and function, compromising brain homeostasis and leading to widespread
consequences from early-onset motor deficits to long-term cognitive decline. While
numerous lines of investigation have been undertaken to develop new pharmacological
therapies for stroke, only few advances have been made and most clinical trials have
failed. Overall, our understanding of the acute and chronic vascular responses to stroke
is insufficient, yet a better comprehension of cerebrovascular remodeling following
stroke is an essential prerequisite for developing novel therapeutic options. In this
review, we present a comprehensive update on post-stroke cerebrovascular remodeling,
an important and growing field in neuroscience, by discussing cellular and molecular
mechanisms involved, sex differences, limitations of preclinical research design and
future directions.
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GENERAL CONCEPTS

Stroke is an injury to the central nervous system (CNS) with a vascular cause, leading to high
rates of disability and representing the second leading cause of death worldwide (Mittmann
et al., 2012; Krueger et al., 2015; Mozaffarian et al., 2015). Stroke compromises cerebral blood
flow (CBF) following either blood vessel occlusion (i.e., ischemic stroke) or blood vessel rupture
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(i.e., hemorrhagic stroke), which includes intracerebral
hemorrhage (ICH) or subarachnoid hemorrhage (SAH)
(Sacco et al., 2013). Hemorrhagic strokes represent ~20% of
cases, while ischemic lesions account for almost 80% of all strokes
(Qureshi et al., 2009; Donkor, 2018). Most stroke survivors are
left with residual impairments requiring chronic rehabilitation
therapy (Bernhardt et al., 2019; Hayward et al., 2019). Moreover,
the 30-day mortality rate of ischemic stroke has been estimated
at ~15% in high-income countries (Gattringer et al., 2019),
which may vary depending on sex-specific factors (Arnao et al.,
2016) and economic disparities (Osypuk et al., 2017). A recent
study from the Netherlands showed that in >15,000 patients
who had a first stroke at age 18-49 in 1998-2010, cumulative
15-year mortality among 30-day survivors was 13.3 per 1,000
person-years, compared with an expected mortality of 2.4 per
1,000 person-years in the general population (Ekker et al,
2019). In addition, brain microinfarcts (<5 mm lesions) play an
insidious role in aging and dementia, since these microscopic
strokes may accumulate over several years before manifesting as
detectable symptoms (Hakim, 2014; Ferro et al., 2019).

By limiting tissue perfusion, stroke affects both neuronal
health and vascular health (Iadecola and Anrather, 2011a,b;
Tymianski, 2011; Silasi and Murphy, 2014) with widespread
consequences. While numerous lines of investigation have aimed
to develop neuroprotective therapies for stroke (Dirnagl et al.,
2013; Willis and Hakim, 2013; Corbett et al., 2014; Meschia et al.,
2014; Ploughman et al., 2015), there were too few significant
advances. For instance, only thrombolysis with recombinant
tissue plasminogen activator rtPA (Hebert et al., 2016) or acute
endovascular treatment (Goyal et al., 2015) have led to significant
benefit for ischemic stroke (Richardson et al., 2014; Teasell
et al., 2014a,b; Gurewich, 2016). Within the first hours after
ischemic stroke, the goal is to promptly restore perfusion (Lin
and Sanossian, 2015; Prabhakaran et al., 2015), and intravenous
administration of rtPA has been the first line of intervention
for years (The National Institute of Neurological Disorders,
and Stroke rt-Pa Stroke Study Group, 1995; Gurewich, 2016).
Unfortunately, rtPA must be administered within a narrow
therapeutic window (~4 h following stroke). Moreover, due to
safety concerns, its use is limited to 10-15% of stroke victims
(Jauch et al., 2013; Gurewich, 2016; Suzuki et al., 2016).

Maintenance of brain health is ensured by key vascular
features: (i) The safeguarding of vascular networks for efficient
perfusion; (ii) The function of the blood-brain barrier (BBB)
to preserve brain homeostasis; and (iii) The regulation of CBF
to match energy demands of brain cells (Andreone et al,
2015). During development, neuronal and vascular network
formation share similar mechanisms of growth and maturation
(Carmeliet and Tessier-Lavigne, 2005; Gu et al., 2005; Eichmann
and Thomas, 2013). Endothelial cells (ECs) secrete factors that
modulate neurogenesis (Goldman and Chen, 2011; Delgado et al.,
2014; Licht and Keshet, 2015; Walchli et al., 2015) and neuronal
activity controls brain angiogenesis and barriergenesis (Lacoste,
2014; Biswas et al., 2020). In the mature brain, relationships
between neural and vascular cells ensure a functional matching
such that changes in neuronal activity are coupled to changes
in CBF (i.e, neurovascular coupling) (Hillman, 2014). This

involves balanced secretions of vasoconstrictor and vasodilator
molecules including, but not limited to, endothelial-derived
nitric oxide (NO), or astrocyte-derived prostaglandin E, (PGE,)
(Attwell et al., 2010; Cauli and Hamel, 2010; Mishra et al,,
2016). The underlying structure of neurovascular coupling is the
neurovascular unit (NVU), which corresponds to a multicellular
ensemble in which ECs, neurons, pericytes, astrocytes, and
microglia orchestrate brain function (Zlokovic, 2010; Lind et al.,
2013; ElAli et al., 2014; Howarth, 2014) (Figure 1). The NVU also
constitutes the BBB which controls the efflux/influx of substances
for a controlled brain homeostasis (Daneman, 2012; Ben-Zvi
et al.,, 2014; Andreone et al.,, 2015; Profaci et al., 2020). The
structural and functional interdependence between brain cells
and blood vessels renders the brain particularly vulnerable to
declines in CBF that result from stroke.

Post-stroke NVU remodeling represents a growing field in
neuropathophysiology (Maki et al., 2013; Knowland et al., 2014;
Liu et al., 2014; Prakash and Carmichael, 2015; Munji et al., 2019).
While the mechanisms underlying ischemia-induced neuronal
plasticity are an ongoing focus in stroke research (Mostany et al.,
2010; Swayne and Wicki-Stordeur, 2012; Silasi and Murphy,
2014; Felling and Song, 2015), our understanding of acute and
chronic vascular responses to stroke is only in its infancy.
NVU remodeling is rapidly activated after stroke and occurs
at the molecular and cellular levels. Within minutes following
an ischemic insult, proangiogenic genes are upregulated and
growth factors are secreted to promote both angiogenesis and
survival of glial and neuronal cells within peri-infarct tissues
(Ergul et al, 2012; Gutierrez-Fernandez et al,, 2012; Talwar
and Srivastava, 2014). These events stimulate neurogenesis,
synaptogenesis and neuronal plasticity, improving functional
outcome (Ergul et al., 2012). In addition, changes in mechanical
shear stress due to arterial occlusion result in increased flow
through pre-existing collaterals and trigger significant changes in
blood vessels (Nishijima et al., 2015). Paradoxically, endogenous
repair mechanisms also have detrimental effects on the brain
vasculature, as we will discuss in this review. Altogether,
these cellular and molecular responses to stroke contribute
to vascular and neuronal injury (Haley and Lawrence, 2016;
Nabhirney et al., 2016).

Despite recent advances in significant areas of stroke
pathophysiology, certain aspects of stroke, and particularly
spatiotemporal cerebrovascular responses, require further
attention. Stroke doubles the risk for dementia (post-stroke
dementia), and approximately 30% of stroke survivors develop
cognitive dysfunction within 3 years (Allan et al., 2011; Vijayan
and Reddy, 2016). The link between stroke and dementia was also
observed in patients younger than 50 years, up to 50% of whom
exhibit cognitive deficits after a decade (Schaapsmeerders et al.,
2013). There is also mounting evidence indicating that stroke
can precipitate the likelihood of developing neurodegeneration
(Vijayan and Reddy, 2016). Vascular vulnerabilities caused by
stroke result in neurovascular uncoupling and affect the integrity
of the BBB; these changes impact proper brain functioning
and are characteristics found in the early stages of several
neurological disorders including Alzheimer’s disease. Therefore,
understanding the mechanisms involved in cerebrovascular
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FIGURE 1 | Cellular and acellular constituents of the neurovascular unit (NVU). (A) At the level of penetrating arteries, upstream capillaries, endothelial cells (ECs) are
surrounded by vascular smooth muscle cells. At this level, cerebral vessels are still surrounded by the pia. The Virchow—Robin space is located between the pia and
the glial limitans formed by the astrocytic endfeet. This perivascular space plays an important role in waste removal and in regulation of the interstitial fluid of the
brain. (B) At the level of intracerebral capillaries, the NVU is comprised of ECs, pericytes, astrocytes, microglia, and the basement membrane. Both the ECs and
surrounding pericytes are unsheathed by a common basement membrane. Pericyte processes encase most of the endothelial surface. Astrocytic endfeet completely
surround the capillary wall. Resting microglial have a ramified morphology and are in constant surveillance around brain microvessels. Gap junction channels enable
cytoplasmic continuity between astrocytic endfeet, and also exist between pericytes and ECs at peg-socket structures providing quick communication between
these cells. Specialized tight junctions between ECs prevent paracellular leakage into the brain parenchyma. (C) The NVU undergoes dramatic structural changes
following stroke, affecting cerebrovascular integrity, neuro-vascular coupling and neuronal survival within the peri-infarct territory. Figure prepared with BioRender.
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adaptation to brain injury may have profound long-term clinical
outcomes. In this review, we present an overview of recent
advances in cerebrovascular research on stroke, and we discuss
limitations and ideas for future investigation.

EFFECTS OF STROKE ON THE
NEUROVASCULAR UNIT

Capillary brain ECs and surrounding pericytes, astrocytes,
microglia, neurons, and extracellular matrix (ECM) of the
basement membrane altogether compose the NVU. The multiple
interactions between these cellular and acellular elements are
disrupted after stroke.

Effects of Stroke on Endothelial Cells
Effects of Stroke on Endothelial Cell Structure and
Molecular Profile

The EC layer provides the CNS with an important physical,
functional, and metabolic barrier, which limits the entry of
circulating hydrophilic molecules, such as peptides and proteins
into the brain parenchyma. Gaseous molecules such as oxygen
(O3) and carbon dioxide (CO;), as well as small lipophilic
molecules less than 500 Da can diffuse freely through brain
ECs. Brain ECs are attached to each other by specialized ‘tight’
junctions (TJs) consisting of various molecular components
(Chow and Gu, 2015; Delaney and Campbell, 2017). The TJs
form the physical barrier of the BBB (Reese and Karnovsky, 1967)
and regulate permeability of the endothelial layer. T] proteins
have also been implicated in regulation of gene expression, cell
proliferation and differentiation (Zlokovic, 2008; Sweeney et al.,
2019). Brain ECs also express gap junction proteins, such as
connexin (Cx)-37, Cx40 and Cx43 that contribute to T] integrity
(Nagasawa et al., 2006; De Bock et al, 2011) and cell-cell
communication (Figueroa and Duling, 2009; De Bock et al,
2014). The role of endothelial Cxs in BBB function, particularly
during aging, remains poorly explored (De Bock et al., 2014).

TJ disruption is a hallmark of both ischemic and hemorrhagic
stroke and is typically associated with increased vascular
permeability and homeostatic changes in the neuronal
microenvironment. It was shown in an ischemia/reperfusion
model that BBB permeability exhibited a biphasic pattern
(permeability occurring at 3 and 72 h of reperfusion), which
was linked to changes in claudin-5, occludin and ZO-1 protein
levels (Jiao et al., 2011). More recently, Knowland et al. (2014)
used transgenic mice expressing a fusion protein of eGFP with
claudin-5 and elegantly demonstrated that TJs were stable
during the early phase of reperfusion (up to 24 h) following
30 min of transient middle cerebral artery occlusion (tMCAo),
but underwent significant remodeling and breakdown from 48
to 58 h after reperfusion (Knowland et al.,, 2014). This study
demonstrates the stepwise dysfunction that occurs initially
at the transcellular level followed by paracellular impairment
that accounts for BBB deficits in stroke. Furthermore, it links
caveolin-1 (cav-1) to impaired transcellular route.

Caveolae-mediated transcytosis is a major pathway for
transport across ECs and it is normally suppressed in the

healthy brain (Drab et al., 2001; Predescu et al., 2001; Schnitzer,
2001; Tuma and Hubbard, 2003; Ben-Zvi et al., 2014). Caveolae
are 50-100 nm invaginations in the plasma membrane and
are highly enriched in saturated phospholipids, sphingolipids,
ethanolamine plasmalogens and cholesterol (Andreone et al,
2017). The formation of caveolae vesicles requires both caveolin
coat proteins and cytosolic adaptor proteins belonging to
the cavin family (Ayloo and Gu, 2019). Under physiological
conditions, major facilitator super family domain containing 2a
(MFSD2A) is selectively expressed in brain endothelium (Ben-
Zvi et al., 2014). MFSD2A acts as a lipid flippase, transporting
phospholipids, from the outer to inner plasma membrane leaflet
thus altering the plasma membrane composition in such a way
that caveolae vesicles are unable to form (Andreone et al., 2017).
Inhibition of caveolae formation and trafficking ensures BBB
integrity under normal conditions. However, caveolae-mediated
transcytosis is activated following tMCAo, and cav-1 expression
increases early following stroke or brain injury, prior to TJ
disassembly (Knowland et al., 2014). A significant correlation
between the extent of BBB disruption following brain ischemia
and cav-1 expression was recently confirmed in mice subjected
to focal cortical ischemia induced by photothrombosis (Choi
et al, 2016). In summary, ischemia/reperfusion-induced BBB
disruption in the peri-infarct region involves (i) upregulation of
caveolae-mediated endothelial transcytosis in the early phase of
reperfusion (between 0 and 12 h); (ii) major T] remodeling in
the late phase (48-60 h) (Cipolla et al., 2004; Knowland et al.,
2014; Haley and Lawrence, 2016; Nahirney et al., 2016). The
first phase, which peaks at 6 h, leads to non-selective vesicular
transport of blood-borne molecules across ECs. The second
phase leads to breakdown of the vessel wall, exacerbating BBB
dysfunction. It remains unclear why ECs respond in two phases
and whether increased transcytosis provides a signal to the NVU.
An enticing notion would be to test whether stroke disrupts
the unique endothelial cell membrane lipid composition in such
a way that induces cav-1 dependent transcytosis. Other factors
can also be at play, for example, in a mouse model of retinal
vein occlusion, activated ECs expressed caspase-9, the caspase-
9 induced non-apoptotic endothelial dysfunction, and barrier
breakdown (Avrutsky et al., 2020). Nonetheless, BBB disruption
via increased caveolae-mediated bulk-flow fluid transcytosis
allows free mobility of toxic substances and accumulation into the
brain of plasma proteins that notably include immunoglobulins,
albumin, laminin, thrombin and ferritin, collectively leading to
neuroinflammation, neuronal death and functional impairment
(Zlokovic, 2010).

Other important endothelial players are involved in vascular
responses to stroke. Rho-associated coiled-coil kinase (ROCK),
a downstream effector of the small GTPase RhoA, is a major
regulator of endothelial function (van Nieuw Amerongen
et al, 2003; Allen et al., 2010; Mikelis et al., 2015; De Silva
et al., 2016) and is involved in the pathogenesis of vascular
diseases (Yao et al, 2010; Hartmann et al., 2015; Kajikawa
et al, 2015). ROCKs belong to the serine-threonine family
of kinases, with two isoforms (1 and 2) that play different
pathophysiological roles (Hartmann et al., 2015). Both ROCK1
and ROCK2 are expressed in ECs (Montalvo et al., 2013), and
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ROCK?2 is abundantly found in the brain (Nakagawa et al.,
1996) where it plays a pivotal role in endothelial homeostasis.
ROCKs play integral roles in cell adhesion, migration and
proliferation (Riento and Ridley, 2003) and when activated
by RhoA it regulates assembly of the actin cytoskeleton and
smooth muscle cell contractility (Noma et al, 2012). In
rodent tMCAo, ischemia-reperfusion promotes RhoA/ROCK
signaling (Cui et al., 2013; Canazza et al., 2014). Pathological
RhoA/ROCK2 activation in ECs promotes the association
between endothelial NO synthase (eNOS) and cav-1 and their
translocation to membrane caveolae compartments (Zhu et al.,
2003) where eNOS is inhibited (Ju et al., 1997; Drab et al., 2001;
Ming et al., 2002), which might in turn impair permeability
(Siddiqui et al., 2011). In vivo evidence from pharmacological
studies in mice show that non-selective inhibition of ROCKs
following tMCAo exerts neurovascular protection by significantly
reducing lesion volumes and improving CBE, in an endothelium-
dependent manner (Rikitake et al., 2005; Shin et al, 2007;
Sugimoto et al., 2007; Satoh et al., 2010; Vesterinen et al,
2013). Non-selective inhibition of ROCKs by hydroxyfasudil
also attenuates early BBB disruption following intracerebral
hemorrhage in rats (Fujii et al., 2012; Fu et al., 2014). Selective
pharmacological ROCK2 inhibition by KD025 (SLx-2119) was
recently demonstrated as efficacious and safe acutely after
tMCAo in mice (Lee et al., 2014). ROCK also directly inhibits
expression of eNOS (Nos3) by decreasing the mRNA stability
of eNOS (Noma et al, 2012). Interestingly, expression and
activity of eNOS are constitutively enhanced in brain ECs
from heterozygous ROCK2 knockout (Rock2t/~) mice that
display reduced infarct volume following tMCAo (Hiroi et al,
2018). Accumulating in vitro evidence also shows that increased
expression and activity of ROCKs in ECs account for ischemia-
induced barrier dysfunction, for instance following oxygen-
glucose deprivation (OGD) (Allen et al., 2010; Gibson et al,
2014; Yang et al., 2016). Pathological activation of ROCK2 also
promotes oxidative stress (Rivera et al., 2007; Soliman et al.,
2012), and pharmacological blockade of ROCKs reduces OGD-
induced hyperpermeability via inhibition of endothelial oxidative
stress (Gibson et al., 2014).

As a result of a tightly sealed BBB, brain ECs express
specialized transporter proteins on both their luminal and
abluminal surfaces. Efflux transporters, primarily localized
on the luminal surface, include ATP-binding cassette (ABC)
transporters, the multidrug resistance transporter P-glycoprotein
(Pgp) and several multidrug resistance-associated proteins
(MRPs) that work together to reduce penetration of toxic
compounds into the brain (Shen and Zhang, 2010). Among
many other transport systems, brain ECs also express the glucose
transporter-1 (GLUT1), involved in delivering glucose into the
brain (Winkler et al., 2015; Tang M. et al., 2017; Vaudano et al,,
2017). For instance, isolated bovine brain capillaries subjected to
an OGD paradigm displayed decreased Pgp and MRP expression
after 24 h of reoxygenation (Tornabene et al., 2019). Interestingly,
vitamin E a-tocotrienol was reported as protective against
tMCAo in mice through upregulation of MRP-1, resulting in an
increase in efflux of toxic oxidized glutathione (Park et al., 2011).
In this study, the authors investigated the effects of a-tocotrienol

on neuronal MRP-1, but the role of endothelial MRP-1 in the
context of ischemia/reperfusion remains to be explored.

Cerebral ECs also express a wide array of ion transporters
and channels, asymmetrically distributed between the luminal
and abluminal plasma membranes. This polarized arrangement
of channels and transporters allows ECs to participate in the
regulation of brain interstitial fluid volume and composition.
During the early hours following ischemic stroke in animal
models, edema builds up via processes involving stimulation of
EC ion transporters on the luminal side and increased secretion
of Nat, CI™, followed by water from the blood stream into the
brain across the BBB (O’Donnell, 2014). These transporters also
represent possible targets for therapeutic intervention in stroke
(O’Donnell, 2014; Brzica et al., 2017).

As mentioned earlier, endogenous mechanisms recruited
following brain ischemia have detrimental effects on the brain
vasculature (Beck and Plate, 2009). Vascular endothelial growth
factor (VEGF) is a potent inducer of microvascular permeability
(Dvorak, 1995; Zhang et al., 2002) via rapid (within minutes)
stimulation of caveolae-mediated transcytosis (Feng et al., 1999;
Chen et al., 2002). Moreover, oxidative stress is promptly
elevated in the peri-infarct region (Carbonell and Rama, 2007;
Shi and Liu, 2007; Pradeep et al, 2012; Rodrigo et al,
2013) and represents a major cause of vascular dysfunction
through neutralization of NO by reactive oxygen species. This
decreases NO bioavailability and inhibition of its modulatory
role in angiogenesis and vascular reactivity (Nedeljkovic et al.,
2003; Park et al, 2005; Fisher, 2008; Xu C. et al, 2016;
van Leeuwen et al, 2020). Interestingly, in patients with
acute stroke, low NO levels following stroke correlate with
outcome severity (Rashid et al., 2003). Oxidative stress also
induces vascular hyperpermeability through oxidant-induced
phosphorylation of cav-1 and increased caveolae-mediated
transcytosis in ECs in culture (Takeuchi et al., 2013). Altogether,
these mechanisms contribute to the early-onset vascular injury
observed in the peri-infarct region (Haley and Lawrence, 2016;
Nahirney et al., 2016).

Collectively, these studies reveal a high complexity at the level
of the BBB, which raises challenges but also new opportunities
for stroke therapy (Abdullahi et al, 2018; Liberale et al,
2020). Recent publications are unmasking novel endothelial
metabolic pathways that are conserved across diseases and
species (Rohlenova et al., 2020). Interestingly, Munji et al. (2019)
recently investigated brain EC transcriptomic changes in four
different brain injury models associated with BBB disruption:
permanent MCAo (coagulation of the distal portion of the
left middle cerebral artery), experimental encephalomyelitis,
traumatic brain injury and kainate-induced seizures (Munji
et al.,, 2019). Remarkably, 2 days following injury onset, when
the most severe BBB dysfunction was observed, 54 common
genes were upregulated in all four injury models, and 136
genes appeared upregulated in at least three models. These
include genes that regulate leukocyte trafficking and proteolytic
cleavage of ECM. Multiple members of several gene families
were upregulated: extracellular proteases of the Serpin family
(Serpinel and Serpingl), Adams and Adamts families (Adam12,
Adam19, Adamts4, and Adamts8), collagens (Collal, Colla2,
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Col3al, Col5al, Col5a2, and Coll2al), centromere proteins
(Cenpe and Cenpf), Igf-binding proteins (Igtbp4 and Igtbp5),
kinesins (Kif11, Kifl5, and Kif20b), lysyl oxidases (lox, LoxI2,
and Lox3), sulfatases (Sulfl and Sulf2), thrombospondins
(Thbsl and Thbs2), and pleckstrin domain-containing genes
(Plekhol and Plekho2). Taken together, BBB dysfunction-
induced changes in gene expression affect cell division, blood
vessel development, inflammatory response, wound healing,
leukocyte migration and focal adhesion, highlighting a role
for angiogenesis and inflammation in this response (Munji
et al., 2019). In addition, mesenchyme homeobox 1 (Meox1),
placental growth factor (pgf) and insulin-like growth factor
binding protein 4 and 5 (Igfpb4 and 5) were among the genes
associated with angiogenesis and upregulated following stroke
(Freitas-Andrade et al., 2012; Smith et al., 2018; Wu et al.,
2018; Munji et al., 2019). The authors also found that, in each
disease model, brain ECs acquired a “peripheral” (i.e., leakier)
endothelial gene expression profile. These findings highlight the
importance of transcriptomic studies that reveal novel pathways
involved in brain endothelial dysfunction and unmask common
pathways that may be significant targets for stroke therapy. Of
note, while this elegant study provides invaluable molecular
insights into BBB dysfunction, the animals used for MCAo
were all young, 2-3-month-old males (Munji et al., 2019).
Limitations related to the age of animal models are discussed
later in this review.

Effects of Stroke on Endothelial Cell Function
Endothelial cells are master regulators of neurovascular coupling
and CBF (defined as the blood volume that flows per unit
mass or volume of brain tissue per time unit) in the healthy
brain, in particular through production of vasodilatory NO
via eNOS (Yamada et al., 2000). However, other factors
produced by ECs such as, epoxyeicosatetraenoic acids (EETs),
prostacyclin as well as endothelium-derived hyperpolarizing
factor (EDHF) can also trigger vasodilation (Kisler et al.,
2017). For example, mechanical shear stress in vessel lumen
activates EC production of arachidonic acid (AA) and its
metabolic products EETs via cytochrome P450 activity, and
prostacyclin via cyclooxygenase 1 (COX1) activity. These by-
products act on the surrounding vascular smooth muscle
cells (VSMCs) and induce vasodilation (Kisler et al., 2017).
Under pathological conditions, dysregulation of eNOS activity
is involved in cardiovascular disease, vascular aging, vascular
dementia and stroke (Huang et al., 1995; Lange-Asschenfeldt
and Kojda, 2008; Sawada and Liao, 2009; Toda et al., 2009;
Toda, 2012; Zhu et al, 2016; Wang et al, 2018). eNOS is
constitutively expressed in ECs, briefly activated by increases in
intracellular calcium, and underlies agonist (e.g., acetylcholine)-
induced endothelium-dependent vasodilation. NO released by
ECs triggers relaxation of VSMCs, and a partial modulation
of eNOS is sufficient to induce large changes in CBF
(Samdani et al., 1997).

Ischemic stroke, resulting in acute loss of regional CBE,
rapidly initiates vascular remodeling via eNOS (Liu et al,
2014; Hoffmann et al., 2015; Lapi and Colantuoni, 2015;
Prakash and Carmichael, 2015). Following MCAo in rats, while

eNOS inhibitors reduce CBF and increase infarct volume,
intra-arterial administration of NO donors increases CBF
and decreases infarct volume (Dalkara and Moskowitz, 1994;
Dawson, 1994; Tadecola, 1997). As such, eNOS activation
is considered neuroprotective (Zhu et al., 2016). The Statin
class of drugs, which upregulate eNOS, have neuroprotective
properties in experimental animal models of stroke (Vaughan
and Delanty, 1999). The upregulation of eNOS by Statins
is mediated by inhibition of small GTPase RhoA (Sawada
and Liao, 2009), reducing activation of RhoAs downstream
effector ROCK2 (Hao et al, 2016; Tang F. C. et al, 2017).
Using pharmacological intervention to directly target eNOS
function might represent an interesting avenue to promote stroke
recovery. This is important as direct eNOS modulation may
prevent expansion of penumbral cell death, a notorious clinical
problem. The effects of eNOS enhancers on stroke recovery
have not yet been tested in animal models of stroke. AVE3085
and AVE9488 are small-molecule eNOS enhancers that are
protective in rodent models of cardiovascular disease, including
heart failure, myocardial infarction and diabetes (Bauersachs
and Widder, 2008; Fraccarollo et al., 2008; Wohlfart et al.,
2008; Frantz et al,, 2009; Schafer et al, 2009; Cheang et al.,
2011). These therapeutic benefits were attributed to ameliorated
endothelial function via increased NO bioavailability and reduced
oxidative stress.

In the cerebral vasculature, direct intercellular
communication through gap junctions is instrumental, as
synchronization of VSMCs and ECs along the vessel is required
for proper vasomotor tone. Indeed, the low electrical resistance
of these channels allows for faster signaling over long distances
such as retrograde propagation of dilation to upstream arteries;
gap junctions are hence critical in conducting a hyperpolarizing,
electrical wave between ECs that modulates vascular tone
(Behringer and Segal, 2012). Gap junction communication
between the endothelium and astrocytes, as well as between ECs
and pericytes, mediate neurovascular coupling and vasomotor
control, respectively (De Bock et al, 2017; Pohl, 2020). For
example, several endothelial signaling factors that control
vasomotor function, such as prostacyclin and NO, rely on the
increase in endothelial intracellular Ca?* concentration. Gap
junctional transfer of Ca’* (or Ca?* releasing compounds)
plays an important role in controlling endothelial-dependent
vasomotor function (Pohl, 2020). Under stroke conditions, this
finely tuned coupling between cells is disrupted (Bolon et al.,
2005; Yu et al., 2010). The role of endothelial gap junctions in
CBF after stroke remains to be fully elucidated.

Collateral vascular remodeling, a process known as
arteriogenesis, is initiated by fluid shear stress rather than
hypoxia (Nishijima et al, 2015). ECs lining the collateral
vasculature detect increased flow shear stress, which triggers
the expression of transient receptor potential cation channel,
subfamily V, member 4 (Trpv4) (Schierling et al., 2011).
This mechanosensitive Ca>* channel has been shown to induce
significant collateral growth length and diameter in rats subjected
to bilateral common carotid artery occlusion. Indeed, proper
collateral vascular responses in stroke can significantly affect
stroke outcome and mortality (Kimmel et al., 2019; Nannoni
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et al., 2019). However, current understanding of collateral vessel
dynamics is not clear; interestingly, a recent study reported that
collateral vessels have distinct endothelial and smooth muscle cell
phenotypes (Zhang et al., 2019). Understanding the molecular
factors that govern collateral responses to brain injury may
illuminate new avenues for therapeutic approaches.

Effects of Stroke on Pericytes

Effects of Stroke on Pericyte Structure

Pericytes are cells located within the basement membrane
surrounding cerebral capillaries, and are in intimate contact with
ECs through gap junctional complexes, called peg-socket contacts
where the basement membrane is absent (Figure 1B). Pericytes
represent a heterogeneous cell population with differences in
morphology, location within the vascular tree and function
(Winkler et al., 2014). Pericyte subtypes include ‘mid-capillary’
pericytes in the vast majority of the capillary bed, ‘transitional’
pericytes close to VSMCs and ‘stellate’ pericytes on post-capillary
venules (Hartmann et al., 2020). Whether different pericyte
subtypes have different functions, for example regulation of
BBB permeability or control of CBF remains to be determined
(Kisler et al., 2017).

Pericytes can constrict or relax, affecting capillary diameter,
as discussed later in this review. Pericytes also promote vascular
stability (Nishioku et al., 2009; Thomas and Augustin, 2009;
Bell et al., 2010) and secrete basement membrane components
(Virgintino et al., 2007). Studies have also underscored the
importance of pericytes in modulating BBB integrity (Armulik
et al., 2010; Daneman et al., 2010). Daneman et al. (2010)
demonstrated that pericytes do not induce BBB-specific genes
in ECs, but rather inhibit the expression of genes that
promote vessel permeability. Pericytes have also been shown
to affect functional aspects of the BBB, controlling both the
structure of TJs and the rate of vesicular trafficking. Lack
of pericytes (pericyte coverage between 20 and 40%) resulted
in increased BBB permeability to water and a range of
tracers of different molecular weights via increased endothelial
transcytosis (Armulik et al., 2010). Similarly, a study using
pericyte-specific Cre line crossed with mice carrying Cre-
dependent human diphtheria toxin receptor showed that 40%
pericyte coverage resulted in circulatory failure including BBB
disruption, development of vasogenic edema and loss of CBF
(Nikolakopoulou et al., 2019).

Following stroke, pericytes play a role in BBB remodeling
and vessel stability (Su et al., 2019). Pericytes were shown
to migrate away from brain microvessels in the first 2 h
after occlusion of the internal carotid artery in cats (Gonul
et al,, 2002). Following photothrombotic occlusion of superficial
cortical capillaries in mice, it was demonstrated that ischemia
resulted in rapid activation of matrix metalloproteinase-9 (MMP-
9) and plasma leakage at places where pericyte somata adjoined
the capillary wall (Underly et al., 2017). The authors postulated
that MMP-9 secreted from pericyte somata degraded underlying
TJ complexes. This process was suggested as an intermediate
step between leakage by transcytosis (transcellular leakage) and
eventual T] degradation (paracellular leakage). An important

point raised by the authors, which would support findings
from Gonul et al. (2002), is that pericytes may use MMP-
9 to actively migrate from the endothelium to participate in
revascularization (Underly et al.,, 2017). In addition, activation
of PDGFR-P and Angl/Tie2 signaling pathways are triggered by
ischemic stroke, enhancing pericyte survival as well expression
of TJ proteins in ECs, as reviewed elsewhere (EIAl et al,
2014). Finally, the control of endothelial transcytosis by pericytes
following stroke requires further investigation. It has been
proposed that pericytes may regulate transcytosis via expression
of MFSD2A in brain ECs (Ben-Zvi et al., 2014; Keaney and
Campbell, 2015; Sweeney et al., 2016; Chow and Gu, 2017).
Importance of this cell-cell interaction in stroke remains
to be comprehended, particularly in light of a recent study
demonstrating the protective role of MFSD2A upregulation in
rodent SAH (Zhao et al., 2020).

Effects of Stroke on Pericyte Function

The role of pericyte-dependent CBF regulation at the level
of capillaries is currently debated, pericytes have the capacity
to contract or relax, affecting capillary diameter in various
physiological or pathological conditions (Hall et al., 2014; Hill
et al, 2015; Cai et al, 2018). They possess the machinery
necessary for cytoskeletal plasticity, including alpha-smooth
muscle actin (a-SMA), tropomyosin and myosin. Pericytes are
also sensitive to direct electrical stimulation or to neuronal
activity via transmitters including NO, glutamate, noradrenalin,
PGE2 or ATP (Peppiatt et al,, 2006; Puro, 2007; Hall et al,
2014), and they respond by changes in intracellular Ca?* by
relaxation or constriction around the endothelium (Kawamura
et al, 2003, 2004). A recent study reported that genetic
ablation of pericytes in the mouse cerebral cortex correlated
with 50% reductions in CBF responses to sensory stimulation
(Kisler et al., 2020). A study by Hartmann et al. (2020)
elegantly demonstrated, using two-photon live imaging, that
optogenetic stimulation of pericytes decreased lumen diameter
and CBE but with slower kinetics than mural cells from
upstream vascular beds.

The reactivity of pericytes is affected by stroke. Both
physiological hypoxia and short-term hypoxia after stroke
induce pericyte relaxation, a process modulated by PDGEF-
B, ATP, NO, and oxygen (Arimura et al, 2012; Cai et al,
2017). However, sustained hypoxic-ischemic damage leads
to constriction and death of pericytes. Fernandez-Klett
et al. (2013) reported that pericytes are rapidly lost 24 h
after cerebral ischemia in both experimental (1-h tMCAo)
and human stroke. In wvivo, pericyte constriction/injury
following ischemia-reperfusion was attributed to increased
oxidative stress (Shojace et al., 1999; Yemisci et al., 2009).
OGD-induced ischemia in rat cerebellar slices triggered
capillary constriction by pericytes followed by pericyte death,
similarly 90 min of tMCAo in rats led to increased pericyte
death in the lesioned hemisphere (Hall et al, 2014). Loss
of pericytes also have profound effects on neurotrophic-
dependent neuronal survival. This was demonstrated by
genetic ablation of pericytes resulting in loss of pleiotrophin
(PTN) expression; PTN is a pericyte-secreted growth factor
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and loss of this factor contributed to neuronal death in
this study (Nikolakopoulou et al, 2019). Hence, pericytes
can play a detrimental role in ischemia-reperfusion injury
and thus represent a promising therapeutic target, as
reviewed elsewhere (Cai et al, 2017; Su et al, 2019;
Uemura et al., 2020).

Effects of Stroke on Astrocytes

Effects of Stroke on Astrocyte Structure

Located between synapses and capillaries, astrocytes extend
processes that physically link neighboring neurons with their
surrounding blood vessels (Figure 1), allowing them to sense
changes in the neuronal microenvironment and adjust the
microvasculature accordingly (Attwell et al, 2010; Gordon
et al., 2011; He et al.,, 2012). Several lines of evidence have
implicated astrocytes in promoting and modulating the BBB
identity of brain ECs (Abbott et al., 2006; Al Ahmad et al,
2011). In brief, perivascular astrocytes increase the tightness of
TJs (Lee et al., 2003), promote the expression and localization
of endothelial transporters (McAllister et al., 2001) and induce
the expression of enzymes associated with the metabolic
endothelial barrier (Abbott et al., 2006). Astrocytes are critical
to neuronal survival and repair, a large part of this function
being mediated through gap junction proteins that connect
astrocyte networks into a cooperative functional syncytium (De
Bock et al,, 2017; Laird et al., 2017; Freitas-Andrade et al., 2019;
Freitas-Andrade et al., 2020).

Generally, astrocytes are more resistant to hypoxic conditions
than other CNS cells (Anderson and Nedergaard, 2003; Chen
and Swanson, 2003). However, they are highly vulnerable
to the coupling of acidosis and hypoxia during cerebral
ischemia (Bondarenko and Chesler, 2001). In cell culture
and in vivo, differences in sensitivity to hypoxia have been
reported between different populations of astrocytes from
different parts of the brain (Zhao and Flavin, 2000; Lukaszevicz
et al., 2002; Shannon et al, 2007). Indeed, astrocytes differ
between various regions of gray matter, or within a single
brain region (Molofsky et al., 2012; Tsai et al., 2012; Clavreul
et al, 2019; Batiuk et al., 2020). Astrocytes express gap
junction proteins (Belliveau and Naus, 1994), neurotransmitter
receptors, transporters (Zhou and Kimelberg, 2001; Matthias
et al, 2003) and ion channels (Verkhratsky and Steinhauser,
2000). These specific molecular characteristics allow astrocytes
to fulfill a range of homeostatic functions. However, this
molecular diversity may bestow, to some astrocyte subtypes,
vulnerabilities to stroke. One can also postulate that astrocytes
are regulated by different cell types. For example, in a
recent study, rats were subjected to global cerebral ischemia,
performed by cardiac arrest of 10 min duration, then allowed
to survive 2 years post-ischemia. After the 2 years, the
authors found that in the hippocampal CA1l and CA3, and
in the motor cortex, co-activation of both microglia and
astrocytes was significant; however, in the resistant brain areas
(that is, the dentate gyrus, sensory cortex, striatum, and
dorso-lateral nucleus of the thalamus), significant activation
was observed for astrocytes only (Radenovic et al, 2020).

Similarly, in mice subjected to permanent MCAo, pericytes
within the infarct area produced trophic factors activating
astrocytes, thereby enhancing peri-infarct astrogliosis (Shibahara
et al., 2020). This interplay between astrocyte and microglial
and/or pericytes following ischemia remains elusive. Emerging
technologies such as single-cell RNA sequencing, coupled with
quantitative transcriptional genome-profiling, could molecularly
define astrocytic subtypes and unmask mechanisms that affect
astrocyte sensitivity to stroke.

In pathological conditions such as stroke, astrocyte survival
has been correlated with neuronal survival (Chen and Swanson,
2003). Astrocytes secrete neurotrophic factors and, along with
perivascular stromal cells, minimize damage to neighboring
cells through formation of a glial scar (Krum et al, 2008;
Fernandez-Klett et al., 2013). However, the glial scar can
also be detrimental to functional recovery, by acting as a
barrier to neuronal regeneration (Beck et al, 2008). Under
ischemic conditions, astrocytes also secrete pro-angiogenic
factors that promote the growth of new capillaries toward
the infarcted tissue (Chow et al, 2001). Following brain
injury, astrocytes upregulate glial fibrillary acidic protein
(GFAP), an intermediate filament involved in astrocyte
activation (Li et al,, 2008). Interestingly, mice exposed to 1
hr of tMCAo coupled with a novel live imaging approach,
Cordeau et al. (2008) reported that GFAP upregulation
following ischemic brain injury may not have the same
functional significance in male versus female mice (Cordeau
et al, 2008). The authors showed that chronic estrogen
deprivation (40 days after ovariectomy) resulted in a significant
increase in GFAP upregulation in astrocytes after 24-72 h
after reperfusion, compared with mice that were subjected
to only 14 days of estrogen deprivation. However, the
extent to which sexually dimorphic mechanisms affect
astrocytic responses to stroke requires further investigation
(Roy-O’Reilly and McCullough, 2018).

Effects of Stroke on Astrocyte Function

Astrocytes play important roles in homeostatic control of
arterial blood pressure and CBF (Marina et al., 2020). Astrocytes
are intimately associated with tens of thousands of synapses
through highly ramified branches (Fields et al, 2015) and
modulate CBF in response to synaptic activity (Anderson
and Nedergaard, 2003). Astrocytes express metabotropic
glutamate receptors (mGluRs) and sense glutamate release
from synaptic clefts, and activation of mGluRs induces an
increase in intracellular Ca?* concentration spreading to
the astrocytic endfeet (Zonta et al., 2003). These increases in
Ca%* concentration induce release of vasoactive factors from
astrocytic endfeet and are dependent on the metabolic state of
the neuronal microenvironment (Mulligan and MacVicar, 2004;
Gordon et al., 2008).

Following stroke, profound functional changes occur at the
level of astrocytes, which significantly affects neurovascular
coupling. At the cellular level, post-stroke astrogliosis is
noticeable around brain vessels (McConnell et al., 2019). At
the molecular level, intracellular factors in astrocytes affect
their ability to respond to neurometabolic needs. For instance,
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Howarth et al. (2017) demonstrated a novel mechanism
of CBF regulation involving astrocytes and dependent on
glutathione, a factor that is substantially reduced after stroke.
When glutathione levels are reduced in conditions such as
stroke, Ca®*-evoked release of PGE2 by astrocytic endfeet was
decreased and vasodilation inhibited, an effect dependent of
microsomal prostaglandin E synthase-1, downstream of COX-1
(Howarth et al., 2017).

A critical factor contributing to decreased CBF following
stroke and implicating astrocytes are injury depolarizations, also
known as Cortical Spreading Depressions or CSDs (Takano et al.,
2007; Attwell et al., 2010). CSDs are slowly propagating waves
of neuronal and glial depolarization (Lauritzen et al.,, 2011;
Ayata and Lauritzen, 2015) that spontaneously occur within
minutes after ischemic stroke and originate from the peri-infarct
region (Dreier, 2011; Lauritzen et al, 2011; Kao et al, 2014;
Lauritzen and Strong, 2016; Kirov et al., 2020). CSDs impair
recovery in rodent stroke models (Risher et al., 2010; von
Bornstadt et al., 2015) and correlate with clinical deterioration
in stroke patients (Nakamura et al., 2010; Lauritzen and Strong,
2016). In the rat cerebral cortex, CSDs were shown to increase
the vasoconstrictor 20-hydroxyeicosatetraenoic acid (20-HETE)
which is generated in astrocytes from arachidonic acid, and
known to induce constriction of VSMCs (Attwell et al., 2010;
Fordsmann et al.,, 2013). It was postulated that 20-HETE secreted
by astrocytes could have a significant impact on vascular function
during stroke (Attwell et al., 2010). Astrocytic gap junctions have
also been implicated in propagating CSDs and brain damage
(Martinez and Saez, 2000; Rovegno and Saez, 2018).

Collectively, these studies show that cellular and molecular
mechanisms normally associated with astrocytic regulation of
CBF are hijacked following stroke. Dissection and understanding
of these mechanisms represent another critical avenue for
stroke research.

Effects of Stroke on Microglia

Microglia play critical roles in both innate and adaptive
immune responses in the CNS. They vigilantly monitor their
microenvironment and perform homeostatic functions that are
necessary for proper brain homeostasis (Nimmerjahn et al.,
2005; Wake et al., 2009). Microglia are also involved in brain
development, playing important roles in synaptic pruning,
modulation of neurogenesis and myelination, as reviewed
elsewhere (Tremblay et al., 2011; Wu et al., 2015; Hammond
et al., 2018). A recent study using single cell transcriptomics
discovered that mouse microglia are far more diverse than
originally thought, comprising distinct subpopulations with
unique molecular signatures (Hammond et al., 2019). While
microglial ablation in the mature mouse brain does not
affect BBB function (Parkhurst et al., 2013; Haruwaka et al.,
2019), microglia can modulate BBB integrity in opposite ways
during inflammation.

Following ischemic or hemorrhagic stroke, microglia
dynamically transition into a reactive state (Eldahshan et al,
2019; Rawlinson et al, 2020). The initial leakage of blood
serum components such as fibrinogen induces local activation
of microglia. Microglia are finely tuned to sense any small

disturbance in the BBB (Hines et al., 2009; Petersen et al.,
2018), and their recruitment to blood vessels occurs within 6 h
of reperfusion with significant accumulation in perilesional
tissue. After 24 h of reperfusion, microglia fully enwrap small
blood vessels in the peri-infarct region (Jolivel et al., 2015).
Individual perivascular microglia displayed intracellular vesicles
containing CD31-positive inclusions, suggesting phagocytosis
of brain ECs, which was correlated with BBB breakdown as
shown by the extravasation of Evans blue from perfused vessels.
At 72 h post-MCAo, blood vessel degradation was complete
and remaining vascular debris were cleared by microglia and
invading immune cells (Jolivel et al., 2015). Following stroke,
reactive microglia also secrete MMP-9 and MMP-3, proteases
that can break down the basement membrane surrounding
brain-blood vessels and exacerbate BBB leakage (Yenari et al,
2010), as discussed below.

Following ICH, blood invading the brain parenchyma induces
a rapid inflammatory response from microglia. Activated
microglia develop into an MIl-like phenotype resulting in
production of pro-inflammatory cytokines such as [interleukin
(IL)-1B, IL-6, IL-12, IL-23, tumor necrosis factor alpha (TNF-
a)], chemokines, redox molecules (NADPH oxidase, phagocyte
oxidase, inducible NO synthase), costimulatory proteins (CD40),
and major histocompatibility complex II (MHC-II) (Zhang et al.,
2017). In the acute phase of ICH, both in the clinical and
experimental rodent models, proinflammatory factors are present
in the brain starting 3 h after ICH and peaking at 3 days. Due
to their proinflammatory phenotype, M1 microglia are linked to
short-term brain damage. Within 1 week, a M1-to-M2 microglial
phenotypic switch occurs (Lan et al., 2017). M2-like microglia are
associated with anti-inflammatory and phagocytic functions and
assist in the clearance of the haematoma. Microglia can also be
activated by IL4/IL3 to the M2 polarization state, which produces
anti-inflammatory mediators IL-10, transforming growth factor
beta (TGFp), and glucocorticoids (Zhang et al., 2017). Several
factors have been implicated in inducing microglial polarization
including, nuclear factor-kB (NF-kB), signal transducer and
activator of transcription (STAT1-STAT6), high mobility group
protein B1 (HMGB1) as well as PGE2 (Lan et al., 2017). Finally,
studies have shown that age, environmental factors and sex
differences can influence microglial responses and polarization
to injury (Crain et al, 2013; Bisht et al, 2016; Lan et al,
2017). Taken together, this shows that various conditions may
have a profound impact on the responsiveness of microglia
following stroke.

Effects of Stroke on Perivascular
Macrophages

Although different from microglia, the function of brain
perivascular macrophages (PVMs) are of growing interest
in stroke research. PVMs are myeloid cells located in the
perivascular space surrounding cerebral blood vessels (Faraco
et al,, 2017). In the healthy brain, PVMs contribute to BBB
integrity and help regulate infiltration of large molecules into
the brain through scavenger activity (Mendes-Jorge et al., 2009).
PVMs have largely been implicated in their role as scavengers in
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the context of Alzheimer’s disease and CNS infection, however,
there is increasing evidence for their role in the regulation
of CBE, vascular function and stroke pathogenesis. Depletion
of PVM has been shown to prevent changes in vascular
structure associated with chronic hypertension (Pires et al., 2013).
Additionally, PVMs were shown to promote BBB degradation
through ROS production in a mouse model of hypertension,
which could be reversed by depleting PVMs, effectively
reducing oxidative stress, improving CBF dysfunction, restoring
neurovascular coupling, and rescuing cognitive impairment
(Faraco et al., 2016). In post-mortem tissues, cells positive for
the PVM marker CD163 were found accumulated in brains
with ischemic, but not hemorrhagic, lesions (Holfelder et al.,
2011). Furthermore, CD163-positive cells isolated from rats
following 1-h tMCAo followed by 16-h reperfusion showed
upregulation of the HIF-1 pathway, as well as of genes encoding
the ECM and leukocyte chemoattractants (Pedragosa et al.,
2018). Depletion of PVMs reduced granulocyte infiltration, BBB
permeability and VEGF expression (Pedragosa et al., 2018).
Because VEGF promotes migration of cells to participate in
angiogenesis, it is possible upregulation of HIF-1 and VEGF
by PVMs is pathological in the acute phase following ischemic
stroke. It has been hypothesized that activation of PVMs in
cerebrovascular pathologies may initially be protective through
their phagocytic activity, but may in turn be detrimental with
repeated long-term activation (Koizumi et al, 2019). Further
research is required to fully elucidate the role of PVMs in the
context of stroke.

Effects of Stroke on the Basement
Membrane

The basement membrane forms a three-dimensional protein
network composed of laminins, collagen, nidogen and heparan
sulfate proteoglycans (HSPGs) that mutually support interactions
between ECs, pericytes and astrocytes (Figure 1) (Thomsen et al.,
2017). The basement membrane functions as a second barrier,
limiting movement between the blood and the brain. At the NVU,
ECs, astrocytes and pericytes synthesize and deposit different
laminin isoforms in the basement membrane, which have been
shown to modulate BBB function (Gautam et al., 2016, 2019).
Penetrating arteries and parenchymal arterioles are surrounded
by a basement membrane composed of two distinct entities:
the basement membrane produced by the endothelium, and
the parenchymal membrane located between vascular smooth
muscle cells (VSMCs) and astrocytes, produced by pial cells
and astrocytic endfeet. Pericytes also contribute to basement
membrane formation by producing and secreting ECM proteins
(Yao, 2019).

Several lines of evidence suggest that integrin matrix adhesion
receptors expressed by ECs and astrocytes exhibit dynamic
cellular influences (Milner et al, 2008; McCarty, 2020). In
addition, matrix adhesion by endothelial p1-integrin receptors
affect claudin-5 expression and regulate BBB permeability (Osada
et al, 2011). Interestingly, studies have also indicated the
importance of the basement membrane in cerebrospinal fluid
regulation (Morris et al., 2016; Albargothy et al., 2018; Howe
et al, 2019). Impaired basement membrane integrity is a
significant contributor to neuronal loss after stroke.

The ECM of the basement membrane plays a role in limiting
the transmigration of erythrocytes during hemorrhage, and
of leukocytes during inflammation. Following ischemic stroke,
MMPs produced by activated ECs and pericytes degrade the
basement membrane (Thomsen et al, 2017; Kang and Yao,
2020). Other proteinases, including plasminogen activators,
heparinases and cathepsins also contribute to ECM degradation.
The proteolytic breakdown of ECM proteins such as laminin-5
or type IV collagen exposes cryptic epitopes that promote EC
and pericyte migration (Hangai et al., 2002). A recent study
highlighted the complex molecular cascades and plethora of
genes induced by stroke that are in relation to ECM and NVU
integrity (Aleithe et al., 2019). Aging is also an important factor
in basement membrane integrity after stroke. TGF-f signaling
in hypoxic astrocytes induces basement membrane fibrosis and
chronically impairs perivascular CSF distribution, specifically
in aged animals after permanent MCAo (Howe et al., 2019),
providing a new mechanism by which brain injury can lead to
prolonged functional impairment in the elderly.

Interestingly, disruption of astrocyte-derived laminin
expression resulted in spontaneous hemorrhagic stroke in
deep brain regions (basal ganglia), which are similarly affected
in human patients. Chen et al. (2013) generated conditional
knockout mice in which astrocytes do not express laminin y1
chain, an essential subunit of most laminins (Durbeej, 2010).
Lack of astrocyte-derived laminin y1 resulted in impaired VSMC
differentiation and decreased levels of contractile proteins in
VSMCs around small arteries and arterioles (diameter 8-20 pwm),
but only in the striatum. The authors observed that while
mutant astrocytes throughout the brain did not produce laminin,
hemorrhaging occurred only in the basal ganglia. In the normal
brain, penetrating arteries and arterioles are surrounded by
a basement membrane composed of two distinct entities: the
basement membrane produced by the endothelium and the
parenchymal membrane. As arteries branch into small arteries,
and small arteries ramify into arterioles, the contribution of the
pia meninges decrease. At the capillary level, there are no pia
meninges, and the basement membrane between the astrocytic
endfeet and VSMC become very thin, at some points along the
capillary endfeet directly contact VSMCs or ECs (Yao, 2019).
It was postulated that, due to the close relationship between
astrocytes and VSMCs in the striatal vasculature, the lack of
astrocyte-derived laminins had a direct effect on the underlying
VSMCs within this brain region (Chen et al., 2013). In contrast,
this close relationship between astrocytes and VSMCs was not
observed in the cerebral cortex. The phenotype presented by the
transgenic animals appears similar to abnormalities found in
human hypertensive hemorrhagic patients in the striatum (Chen
et al., 2013). More recently, Gautam et al. (2020) demonstrated
in mutant mice lacking mural cell-derived laminin that the
latter attenuates BBB damage in ICH via decreasing caveolin-1
and transcytosis.

Following 6 h of tMCAo, basement membrane degradation
was observed 10 min after reperfusion, and basement membrane
loss was detected as early as 1-3 h after ischemia (Yao, 2019).
In a non-human primate study after middle cerebral artery
occlusion/reperfusion both MMP-2 and -9 are significantly
upregulated and digest ECM proteins of the basement
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membrane, affecting BBB integrity (Heo et al., 1999). A possible
harmful consequence of MMP-9 activation during acute stroke
treatment is that rtPA can leak out of the vessel through the
permeable BBB and substantially further enhance MMP-9 levels,
resulting in hemorrhage (Tsuji et al., 2005; Yao, 2019).

Cathepsin B and L proteases are enhanced soon after stroke
onset and degrade heparan sulfate proteoglycans (HSPGs)
(Becker et al., 2015). Reduction of HSPG has a dramatic
effect on the BBB, as the HSPG Agrin is known to stabilize
adherens junctions in mouse brain ECs (Steiner et al., 2014).
While proteases activated during stroke may have detrimental
effects during initial stages, they also play an important role in
angiogenesis and vascular remodeling (Thomsen et al., 2017).
MMPs are integral players in angiogenesis, breaking down
ECM proteins to facilitate endothelial tip cell and pericyte
migration. It has also been demonstrated that degraded fragments
of the HSPG Perlecan reduce neuronal death and infarct
volume, as well as enhance angiogenesis (Lee et al., 2011;
Bix et al.,, 2013).

Targeting MMPs has some potential therapeutic benefits
(Chaturvedi and Kaczmarek, 2014). Minocycline is a lipophilic
tetracycline and was shown to inhibit MMP-9 activity and
expression in rats subjected to 3 h of tMCAo (Machado
et al., 2006). In this study, minocycline was administered after
the stroke and given at a clinically relevant concentration
(intra-peritoneal minocycline 45 mg/kg). Although, the authors
did not show whether minocycline reduced infarct damage,
minocycline later appeared neuroprotective in several models
of brain injury (Naderi et al., 2020) with demonstrated efficacy
in acute stroke patients (Malhotra et al, 2018). Moreover,
as mentioned previously, MMP-9 has been associated with
hemorrhagic transformation in the setting of tPA therapy (Aoki
et al., 2002). MMP-9 is associated with BBB breakdown and
subsequent vasogenic edema, and an MMP-9 polymorphism was
shown to confer susceptibility to ischemic stroke in a Chinese
population (Jiang et al., 2020). HIBISCUS-STROKE is a cohort
study including acute ischemic stroke patients with large vessel
occlusion treated with mechanical thrombectomy following
admission magnetic resonance imaging (MRI) (Mechtouft et al,,
2020). In this study, MMP-9 levels were assessed to determine
whether it correlated with infarct growth and hemorrhagic
transformation. The study showed that MMP-9 levels measured
6 h after admission predicted infarct growth and hemorrhagic
transformation (Mechtouff et al., 2020).

In summary, sudden and sustained interruption of blood
flow to the brain induces dynamic highly complex cellular and
molecular responses in the NVU (Figure 1C and Table 1).
While the disruption at the NVU is catastrophic, the mechanisms
triggered by ischemia or hemorrhage are set in motion in order
to restore homeostatic balance. Increased BBB permeability and
basement membrane breakdown due to secretion of MMPs
by ECs, pericytes and astrocytes facilitate cell migration and
vascular remodeling. Fibrinogen and other blood components
leaking into the parenchyma activates microglia and promote
phagocytosis of cellular debris. Secreted factors by these cells
as well as components of the basement membrane induces
angiogenesis and capillary network formation after stroke.

Regulation of Angiogenesis Following
Stroke

Lessons From Developmental Biology

To gain further insight into angiogenesis in the injured/ischemic
adult brain, it is critical to understand developmental
angiogenesis, given that developmental processes are re-
activated following stroke (Lee et al., 2004; Gonzenbach and
Schwab, 2008; Milner et al., 2008).

Stroke triggers a complex set of cellular and molecular
responses that evolve from minutes to days. Energy supply
and ionic balance are immediately compromised in the
ischemic core, leading to rapid neuronal demise. Directly
surrounding the infarct core, the peri-infarct region (also
referred to as “ischemic penumbra’) is a territory that still
receives limited perfusion by collateral blood vessels. Due
to the inadequate blood supply, this peri-infarct region is
functionally silent, yet potentially salvageable (del Zoppo
et al., 2011). In the early 1990%, a post-mortem study on
human brains demonstrated that stroke activates angiogenesis
mostly in the peri-infarct region, and a higher blood vessel
count correlated with longer survival time (Krupinski
et al, 1994). Subsequent human studies demonstrated a
correlation between improved stroke outcome and levels
of circulating pro-angiogenic factors (Lee et al, 2010;
Navarro-Sobrino et al., 2011).

During early development, brain vascularization is mediated
through ingression of blood vessels in the presumptive cerebral
cortex from a superficial vascular plexus, with hypoxia and
genetic programs as driving forces. Blood vessels within the brain
then sprout and expand into vast highly connected networks
and remodel into a complex vascular tree characterized by an
arterial and venous hierarchy (Carmeliet and Tessier-Lavigne,
2005; Tata et al., 2015). As brain tissue expands and oxygen
diffusion from neighboring capillaries is insufficient, a mild
hypoxia promotes activation of hypoxia-inducible transcription
factors (HIFs). HIFs are heterodimeric proteins consisting of
a constitutive subunit HIF-18 as well as either a HIF-1a or
HIF-2a subunit. HIF-1a and -2a subunits are rapidly degraded
in normoxia, which is initiated by the hydroxylation of two
conserved prolyl residues in the HIF-a subunits (Tomita et al.,
2003). When cellular oxygen concentration is reduced, HIF-
la and -2a protein levels increase dramatically. More than
1,000 genes are directly transactivated by HIFs in response to
hypoxia (Semenza, 2014; Rattner et al., 2019). HIFs induce the
expression of angiogenic genes that act both on the nascent
cerebrovascular system, as well as developing neurons. The
intimate relationship between the vasculature and neurons is
established early during development. For example, signaling
factors associated with axonal guidance (Netrins, Semaphorins,
and Ephrins) as well as angiogenic factors (VEGFs) are
common signals orchestrating the regulation of both vessels
and neuronal development (Gu et al., 2005; Oh and Gu, 2013).
Detailed reviews about neuro-vascular development can be
consulted (Tam and Watts, 2010; Eichmann and Thomas, 2013;
Andreone et al,, 2015; He et al., 2018; Paredes et al., 2018;
Coelho-Santos and Shih, 2020).
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TABLE 1 | Major features (non-exhaustive list) of structural and functional remodeling of the neurovascular unit following stroke.

Selected references

Structural NVU Remodeling

Ischemic Stroke

Hemorrhagic stroke

— Reparative angiogenesis primarily in the peri-infarct.
— Biphasic BBB breakdown:

(1) Increased caveolae-mediated transcytosis.

(2) Tight junction breakdown.

— Secretion of MMPs by pericytes, ECs, and microglia promotes
degradation of the basement membrane and TJ disruption, leading,
to increased BBB permeability and edema.

— Secreted MMPs also facilitate angiogenesis and vascular
remodeling by promoting EC and pericyte migration.

— Basement membrane fibrosis induced by TGF-g.

— Astrocytes contribute to glial scar formation which is both beneficial
and detrimental to nearby cells.

— Astrocytes upregulate GFAP soon after stroke and secrete
neurotrophic and proangiogenic factors.

— Pericytes secrete trophic factors that contribute to astrogliosis.

— Leakage of blood-borne factors into brain parenchyma results in
rapid microglia activation that enwrap and phagocytose ECs in the
peri-infarct region.

— ECs proliferate around hematoma following ICH.

— BBB breakdown and tight junction disruption.

— Blood in parenchyma results in rapid microglia activation to a
pro-inflammatory phenotype, which eventually polarize to an
anti-inflammatory phenotype.

— Mutations in genes that encode basement membrane proteins are
associated with ICH.

— Loss of astrocyte-derived basement membrane proteins is
associated with hemorrhagic stroke in deep brain regions.

— MMP-9 implicated in hemorrhagic transformation following
treatment for ischemic stroke.

— VEGF can also increase BBB permeability, which may help
peripheral macrophages infiltrate into the brain.

Functional NVU Remodeling

Ischemic stroke

Hemorrhagic stroke

— Acute loss of CBF initiates vascular remodeling via eNOS.

— Acute hypoxia induces pericyte relaxation, however, sustained
hypoxia leads to pericyte constriction and death.

— Functional changes in astrocytes significantly affect NVC.

— Decrease in glutathione impairs astrocytic regulation of CBF.

— Astrocytes implicated in propagating CSD and VSMC constriction
contributing to decreased CBF.

— Cell death of perivascular neurons exacerbates brain damage and
leads to neurovascular uncoupling.

— Hypoxia activates and stabilizes HIFs, upregulating VEGF signaling
and promoting angiogenesis.

— Angiogenic response provides a scaffold for neuronal regeneration,
mediated by neural precursor cells.

— VEGF and its receptors upregulated persistently.

— Increased VEGF increases vessel density and improves stroke
outcome.

— Beneficial effects of VEGF mediated through aquaporin-4.

— Morphology of newly formed vessels resemble that of the
developing brain.

Chow et al., 2001; Hangai et al., 2002; Beck et al., 2008; Krum

et al., 2008; Yu et al., 2010; Yenari et al., 2010; Jiao et al., 2011;
Ben-2vi et al., 2014; ElAli et al., 2014; Knowland et al., 2014; Jolivel
et al., 2015; Choi et al., 2016; Nahirney et al., 2016; Thomsen

et al., 2017; Underly et al., 2017; Eldahshan et al., 2019; Howe

et al., 2019; Muniji et al., 2019; Yao, 2019; Shibahara et al., 2020.

Manoonkitiwongsa et al., 2001; Gould et al., 2006; Chen et al.,
2013; Fu et al., 2014; Lan et al., 2017; Zhang et al., 2017; Gautam
et al., 2020; Mechtouff et al., 2020.

Marti et al., 2000; Attwell et al., 2010; Arimura et al., 2012;
Fernandez-Klett et al., 2013; Hall et al., 2014; O’'Donnell, 2014;
Hoffmann et al., 2015; Reeson et al., 2015; Howarth et al., 2017;
Cai et al., 2018; Rovegno and Saez, 2018; McConnell et al., 2019;
Tornabene et al., 2019.

Josko, 20083; Tang et al., 2007; Chu et al., 2013; Sugimoto and
Chung, 2020.

Selected references are displayed. BBB, blood-brain barrier; TJ: tight junction; MMPs, matrix metalloproteinases; EC, endothelial cell; ICH, intracerebral hemorrhage;
NVC, neurovascular coupling; NVU, neurovascular unit; CBF, cerebral blood flow, CSD, cortical spreading depression; VSMC, vascular smooth muscle cell; HIF, hypoxia-
inducible transcription factors; VEGF, vascular endothelial growth factor.

Angiogenesis After Ischemic Stroke

Similar to the developing brain, low O, levels increase the
stability and activity of HIFs in vulnerable cells of the peri-
infarct region, triggering angiogenesis from non-affected tissue
and pial vessels. New vessels grow through the hypoxic micro-
environment of the penumbra into the core of the infarct (Marti
et al., 2000). Post-stroke HIF activation induces the expression

of several angiogenic and inflammatory factors including VEGF.
Serum VEGF is significantly increased in ischemic stroke
patients (Dassan et al, 2012; Paczkowska et al., 2013), in
whom highest VEGF expression occurs 7 days post-stroke, and
remains significantly elevated 14 days after stroke (Slevin et al.,
2000; Matsuo et al., 2013). VEGF and its receptors (VEGFR-
1 and -2) play a central role in initiating CNS angiogenesis,
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stimulating endothelial cell survival, proliferation and migration.
In permanent MCAo mouse model, VEGF expression was
detected within the first 24 h after occlusion in hypoxic peri-
infarct tissues and in the pia above the infarcted area. Within
the same brain regions, VEGFR-1 and subsequently VEGFR-2
were increased 48 h after MCAo (Marti et al., 2000). After 48
and 72 h of ischemia, a dramatic increase in proliferating ECs
was measured within the peri-infarct area as well as the pial
surface. The authors reported that VEGFRs were induced mainly
in ECs, but that VEGFR-2 was also detected in hippocampal
neurons in both the ipsilateral and contralateral hemispheres,
suggesting that the VEGF/VEGFR pathway could be associated
with neuroprotection. Other studies using either permanent or
transient MCAo showed similar spatio-temporal dynamics in
VEGF/VEGEFR expression (Plate et al., 1999; Beck et al., 2002).
Taken together, these studies indicate that ischemia is a significant
driving force of angiogenesis during the initial stages of stroke
and is mediated by VEGF and its receptors.

While VEGFR-1 is involved in attenuating the effects of
VEGF (Kearney et al., 2002; Meyer et al., 2006) and modulating
inflammatory responses (Cardenas-Rivera et al., 2019), VEGFR-
2 activation, induces intracellular pathways associated with EC
activation and neuroprotection. VEGFR-2-PI3K-Akt signaling
pathway was linked to neuronal survival and reduced infarct
size in mice subjected to 90 min of tMCAo (Kilic et al., 2006).
However, it was also shown that VEGFR-2 mediated PI3K-
Akt signaling induced BBB permeability (Kilic et al., 2006).
While the benefits of VEGF-dependent activation of VEGFR-
2 have been demonstrated, the detrimental effects on vascular
permeability are also well known (Zhang et al., 2002; Reeson
etal,, 2015; Geiseler and Morland, 2018). Due to these contrasting
effects, the use of VEGF as a therapeutic strategy in stroke has
been challenging.

In addition, a role for ADAMTSI13 in reparative angiogenesis
after ischemic stroke was recently discovered in vivo. Normally
after vascular injury, von Willebrand factor is secreted as
hyperactive ultralarge multimers that are rapidly cleaved by
ADAMTSI3 into less reactive fragments (Crawley et al., 2011).
Following permanent MCAo, Adamts13~/~ mice displayed
reduced neovascularization, reduced brain capillary perfusion, as
well as accelerated BBB breakdown (Xu et al., 2017).

Angiogenesis After Hemorrhagic Stroke

The two types of hemorrhagic stroke are: intracerebral
hemorrhage (ICH), defined as bleeding into the brain
parenchyma, and subarachnoid hemorrhage (SAH) caused
by bleeding into the cerebrospinal fluid (CSF)-containing sulci,
fissures and cisterns (Smith and Eskey, 2011). There are marked
differences in neurological cascade of events between ischemic
and hemorrhagic strokes (Qureshi et al., 2009). However, both
hemorrhagic and ischemic strokes share common angiogenic
mechanisms. Tang et al. (2007) demonstrated that angiogenesis
in rat brains subjected to collagenase-induced ICH was similar
to those observed following ischemic stroke. Seven days after
collagenase injection into the right globus pallidus, enlarged
and thin-walled microvessels appeared along the border of the
hematoma and continued to grow into the core, and then spread
all over the clot by 21 days. Endothelial cell proliferation was

also observed around the hematoma 2 days after collagenase
injection and peaked from 7 to 14 days. Within the same time
frame, VEGF as well as VEGFR-1 and -2 mRNA were detected
as early as 2 days after ICH; mRNA levels peaked at 21 days
and persisted for at least 28 days post-ICH (Tang et al., 2007).
Interestingly, the authors noted that newly formed microvessels
displayed an enlarged and thin-walled morphology, reminiscent
of those found in the developing brain. Similarly, angiogenesis
was observed in rats subjected to a SAH stroke paradigm, and
expression of VEGF was induced by hypoxia resulting from
vasospasm (Josko, 2003). Similar to ischemic stroke, CSD also
occurs in hemorrhagic stroke (Sugimoto and Chung, 2020).
Subsequent ICH studies suggested that angiogenesis may have
therapeutic benefits (Lei et al., 2013; Pan et al, 2018). For
instance, treatment with EGb761, a Ginkgo biloba extract,
increased microvessel density and promoted neuroprotection
in mice subjected to ICH induced by collagenase injection (Pan
et al., 2018). EGb761 treatment enhanced VEGF expression,
while inhibition of this VEGF expression negatively affected
stroke outcome (Pan et al., 2018). Similarly, the effects of VEGF
inhibition on collagenase-induced ICH in rats was demonstrated
through pharmacological inhibition of high-mobility group
box 1 protein (HMGBI1), a member of the damage-associated-
molecular-pattern (DAMP) family of proteins. Inhibition
of HMGBI resulted in reduced levels of VEGF and nerve
growth factor (NGF), and reduced recovery of neurological
function following ICH (Lei et al., 2013). Beneficial effects
of VEGF on brain edema following ICH were also reported
(Chu et al.,, 2013). In this particular study, ICH was induced by
microinjecting autologous whole blood into the right striatum
of transgenic aquaporin-4 (AQP4) Wild-Type (AQP4*/*) and
knockout (AQP4~/~) mice. One day after injury, recombinant
human VEGF injected intracerebroventricularly induced AQP4
expression in the striatum of AQP4"/+ mice 1 day after VEGF
injection, and peaked at 3 days. AQP4 was still present 7 days
post-injection and concentrated in glial endfeet surrounding the
hematoma (Chu et al., 2013). While AQP4/* mice injected
with VEGF showed reduced neurological deficits and decreased
brain edema following ICH at 1, 3, and 7 days post-treatment,
AQP4~/~ ICH mice did not benefit from VEGF injection.
Moreover, this study demonstrated that VEGF did not affect BBB
permeability after ICH. In view of these studies, VEGF may have
therapeutic potential for ICH.

Reparative Angiogenesis as Support for Post-stroke
Neurogenesis

A key role for angiogenic responses to ischemic injury is
to provide a scaffold for neuronal regeneration. Proper cell-
cell communication within vascular niches of neurogenesis is
crucial for regenerative mechanisms in the adult brain. Close
reciprocal relationships between brain ECs and neural progenitor
cells (NPCs) regulate neurogenesis in both the developing and
adult brain (Goldman and Chen, 2011; Licht and Keshet, 2015;
Segarra et al., 2015, 2018; Tata and Ruhrberg, 2018). NPCs
secrete proangiogenic factors that promote brain vascularization,
and brain ECs instruct NPCs to proliferate, differentiate, or
remain quiescent through release of angiocrine messengers
including NO, BDNF, stromal-derived factor 1, or angiopoietin
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1 (Ohab et al., 2006; Goldman and Chen, 2011). Stroke triggers a
regenerative response in the peri-infarct region, adjacent to the
core area of cell death. A focal cortical stroke in mice induced a
strong neurogenic response with induction of GFAP-expressing
NPCs in the subventricular zone, followed by migration of
neuroblasts along existing and newly formed vascular beds
toward the peri-infarct cortex (Ohab et al, 2006; Ohab and
Carmichael, 2008). Following this important discovery that
angiogenesis and neurogenesis are causally linked in the post-
stroke niche, several studies have investigated these complex
structural and molecular neuro-vascular interactions, as recently
reviewed elsewhere (Fujioka et al, 2019; Hatakeyama et al,
2020). Overall, this supports the idea that enhancing post-stroke
angiogenesis might represent a valuable strategy to promote
post-stroke functional recovery.

In summary, angiogenesis is a multistep process involving
basement membrane breakdown, cell proliferation and
migration, capillary morphogenesis, vascular maturation
and vascular pruning and cellular apoptosis. Similar angiogenic
mechanisms are triggered in both ischemic and hemorrhagic
brain injury. Many of these mechanisms are also critical during
brain development and are similarly induced by ischemia.
Importantly, formation of new capillaries, through angiogenic
processes, provide a scaffold for neuronal stem cell recruitment
both during brain injury and CNS development.

SEX DIFFERENCES IN
CEREBROVASCULAR OUTCOMES
OF STROKE

Sex differences in brain morphology, function and disease are
eliciting growing interest, but very little is known about the
cellular and molecular underpinnings of sex differences in
vascular outcomes of stroke. Biological sex markedly influences
CBEF as well as the prevalence and progression of cardiovascular
diseases, including stroke (Krause et al., 2006; Cosgrove et al.,
2007; Hofer et al., 2007; Cowan et al., 2017). It is well recognized
that stroke differentially affects women and men. Although men
have a higher incidence of stroke compared to age-matched
pre-menopausal women, epidemiological studies show that most
women have strokes when they are post-menopausal, resulting
in increased stroke severity, worse psychological outcomes,
and higher rates of disability (Persky et al., 2010; Turtzo and
McCullough, 2010; Barker-Collo et al., 2015; Ahnstedt et al., 2016;
Madsen et al., 2019; Wang et al., 2019). Despite this, the effects of
sex hormones on cerebrovascular regulation in the healthy and
ischemic brain have yet to be fully comprehended.

The concept of sex differences in neuro-vascular research
was not well appreciated until recently. A common finding is
an increased baseline CBF in women versus men (Cosgrove
et al., 2007; Ghisleni et al., 2015). Women also display greater
perfusion during cognitive tasks (Gur et al., 1982; Esposito
et al., 1996), and better autoregulation of CBF as they age
(Deegan et al., 2011). Yet, the underlying causes of these sex
differences are unknown. Sex differences in CBF are due in part
to the combined modulation by steroid hormones. Estradiol,
testosterone and dehydroepiandrosterone sulfate are modulators

of brain perfusion (Ghisleni et al., 2015). Testosterone mainly
exerts vasoconstrictive effects, and its supplementation decreases
CBF in post-menopausal women. 17B-estradiol (E2) is the most
abundant and potent estrogen in mammals. Binding of E2 to its
receptor ERa increases NO production through upregulation of
eNOS (Miyazaki-Akita et al., 2007), as well as via decreasing the
concentration of NO-scavenging superoxide anion (Novella et al.,
2012). eNOS is modulated by ERa activation via: (1) typical ERa
signaling with nuclear translocation of intracellular receptors,
leading to increased eNOS gene (Nos3) expression, or (2) the
lesser-studied stimulation of membrane-bound ERa leading to
phosphatidylinositol-3-kinase pathway stimulation and eNOS
activation (Novella et al., 2012). Signaling through these pathways
results in increased bioavailability of NO, a potent relaxant of
VSMCs and therefore vasodilator (Chen et al., 2008; Moncada
and Higgs, 1993).

Lower incidence rates of stroke in pre-menopausal women
has been linked to a protective effect of estrogens (Turtzo
and McCullough, 2010), and after menopause rates of stroke
dramatically increase (Lisabeth and Bushnell, 2012; Xu J. et al,,
2016). As women have a longer life expectancy, they account for
60% of stroke events when incidence rates are adjusted for age
(Reeves et al., 2008). Following menopause, estrogen production
by the ovaries decreases by >50%. This has supported the theory
that estrogens are protective in CVD, which has been attributed
in part to the ability of estrogens to enhance NO production via
stimulation of eNOS (Krause et al., 2006; Nevzati et al., 2015).

Protective roles of estrogens have been reported in a variety
of animal models of cerebral ischemia. Numerous studies show
that estrogen treatment or activation of estrogen receptors
reduces lesion size in these animal models (Yang et al., 2000;
McCullough et al, 2001; Selvaraj et al., 2018; Xiao et al,
2018) while removing endogenous estrogen through ovariectomy
(Ovx) worsens their outcomes (Alkayed et al, 1998; Fukuda
et al., 2000). Furthermore, female rats that undergo tMCAo
during the proestrus phase of their estrous cycle (i.e., highest
estradiol levels) have smaller infarcts than females in other phases
of the cycle (Liao et al., 2001). Estrogen supplementation of
Ovx rodents prior to stroke has also been found to preserve
BBB integrity by reducing EC death and preventing the loss
of TJ proteins (Liu et al, 2005; Shin et al, 2016). In vitro,
estradiol protects the endothelium by reducing mitochondrial
reactive oxygen species (ROS) production following ischemic
injury (Razmara et al, 2008; Guo et al, 2010). These
protective mechanisms may contribute to preserving not only
neuronal health, but also vascular health, during and following
cerebral ischemia.

Overall, there are very few mechanistic investigations on
disparities between sexes in post-stroke CBF outcome. Ovx rats
displayed significantly lower CBF following tMCAo compared
to intact females. Upon estrogen supplementation, CBF in Ovx
rats could be rescued 1 day post-stroke (Yang et al, 2000).
Long-term estrogen treatment increases eNOS expression in
cerebral blood vessels from male and female rats (McNeill
et al, 1999), suggesting that NO may play a protective
role through vasorelaxation. In contrast, males treated with
estrogen immediately following tMCAo had increased CBF up
to 10 min following stroke, but not past 90 min (McCullough

Frontiers in Physiology | www.frontiersin.org

August 2020 | Volume 11 | Article 948


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Freitas-Andrade et al.

Stroke-Induced Cerebrovasculaire Remodeling

et al.,, 2001), but not past 90 min, suggesting that modulation
of hormones might not be a viable therapeutic option.
Additionally, following photothrombotic distal MCAo, female
rats showed quicker vascular remodeling of occluded and
peripheral vessels compared to males (Yang et al.,, 2019). Only
one study has shown that CBF values of females are higher
following stroke compared to males and Ovx females, and
the mechanism behind this difference has yet to be elucidated
(Alkayed et al., 1998).

Despite the promising effects of estrogens in rodent stroke
models, hormone therapy containing either combined estrogen
and progesterone, or estrogen alone, increases the risk of
ischemic stroke by 40-50% in healthy postmenopausal women
(Wassertheil-Smoller et al., 2003; Hendrix et al., 2006; Hale
and Shufelt, 2015). In this case, the stroke is most often
thrombotic, which is attributed to decreased plasma levels
of endogenous circulating anticoagulants in response to high
estrogen levels (Mendelsohn and Karas, 1999). There is also
the timing hypothesis for hormone therapy, which suggests that
treatment with exogenous estrogens and progesterone causes
more harm when EC viability is already compromised, as is
often the case in aging women (Lisabeth and Bushnell, 2012).
Additionally, hormone replacement therapy using estrogens
can increase the risk of ovarian and breast cancer (Brown
et al., 2018). For these reasons, hormone replacement therapy
to reduce stroke risk in post-menopausal women is not
recommended. Therefore, it is critical to better understand how
sex hormones regulate vascular function in order to refine
future therapies. Switching to novel targets might represent
safer options, but further preclinical research is warranted.
Known eNOS enhancers (e.g., AVE3085 and AVE9488) that
have been beneficial for peripheral cardiovascular disease (CVD)
in animal studies might prove particularly efficient in post-
menopausal women.

In summary, although existing literature on sex differences
in stroke severity and mortality are somewhat contradictory,
women suffer from worse functional outcomes and have high
levels of long-term disability. Animal models do not entirely
reflect what is observed in the clinic and estrogen therapy,
while Dbeneficial in rodent experiments, failed to translate
into the clinical setting. Many factors may influence sex-
specific responses to stroke including epigenetics, immune
responsiveness, inflammation and chromosomal contributions.
This area of research has been largely overlooked, and given the
significant impact stroke has in women it is imperative that more
research is conducted.

CONCLUDING REMARKS

Limitations of Preclinical Stroke

Research

The majority of preclinical work on cerebrovascular stroke
outcomes has been performed in anesthetized healthy rodents,
often using solely males. Moreover, two important limitations
of preclinical studies on sex differences in stroke have been
(i) the use of young animals and (ii) the misconception that

Ovx (i.e., model of reduced steroid influence) mimics human
menopause. Aging is a key risk factor for stroke, together with
several comorbidities such as hypertension and atherosclerosis
that develop with age. The use of young healthy male rodent
models, not reflective of the human condition, is a contributing
factor to the failure to translate drugs into the clinic. While these
concerns are addressable by using rodent cohorts that better
mimic the human population most often affected by stroke,
there are inherent problems that must be accounted for in
preclinical stroke models.

Experimental MCAo is the most commonly used animal
model of ischemic stroke, which consists of either permanent
(without reperfusion) or transient (with reperfusion) occlusion
of the middle cerebral artery (MCA). While reproducible, MCAo
has important translational limitations. As typically used, MCAo
creates large infarcts equivalent to malignant human brain
infarction (Carmichael, 2005). Furthermore, permanent and
complete occlusion of the MCA does not accurately represent
human ischemic stroke, and the transient model that allows
for quick reperfusion is more representative of global ischemia
conditions rather than a focal ischemic stroke (Sommer, 2017).
While MCAo has a similar inflammatory profile as seen in
humans and is useful to assess neuroprotection, as it allows for
sensitive measures of neuronal death, it is not reccommended for
stroke recovery studies that rely on behavioral outcomes (Corbett
et al,, 2017; McCabe et al., 2018). However, it has recently been
suggested that the MCAo model may be useful for mimicking the
conditions associated with endovascular treatment of ischemic
stroke (Sommer, 2017).

Accordingly, it is preferable to create focal ischemia using
the photothrombotic (PT) or endothelin-1 (ET-1) stroke models,
which are both highly recommended by recent international
consensus panels (Tennant and Jones, 2009; Roome et al., 2014;
Corbett et al., 2017). Stereotaxic injection of the peptide ET-
1, a potent vasoconstrictor, restricts blood flow to the region.
This is followed by reperfusion when the effects of ET-1 wear
off after several hours (Biernaskie et al., 2001). The reperfusion
creates an ischemic penumbra (Weinstein et al., 2004; Gauberti
et al., 2016), largely absent in PT stroke, corresponding to a
region where neurons remain at risk but are salvageable (Heiss,
2012; Wetterling et al., 2016). PT strokes are induced by cortical
photoactivation of a light-sensitive dye that is administered
peripherally, resulting in singlet oxygen production, endothelial
damage, platelet activation and aggregation, causing permanent
occlusion of vessels in the irradiated region of the brain
(Uzdensky, 2018). ET-1 and PT stroke models precisely target
cortical regions relevant to cerebrovascular and behavioral
recovery, are reproducible, and more closely mimic the size
(on a proportional basis) of human strokes, with or without
reperfusion. There is minimal edema associated with the ET-1
model (Schirrmacher et al., 2016) and lack of BBB disruption
(Hughes et al., 2003), while PT stroke is associated with
simultaneous cytotoxic edema due to cell death and vasogenic
edema due to BBB disruption (Chen et al., 2007). This varies
from the primarily cytotoxic edema seen initially in human
stroke which is later followed by vasogenic edema (Provenzale
et al., 2003). Furthermore, PT stroke corresponds with a strong
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immunogenic response characterized by increased infiltration of
circulating leukocytes, as well as high levels of ROS and pro-
inflammatory cytokines (Cotrina et al., 2017). Both PT and ET-1
are reproducible, convenient, and minimally invasive, however,
they must be used accordingly regarding these considereations.

Perhaps the most accurate representation of ischemic stroke
as seen in humans is the thromboembolic model of embolic
stroke, whereby spontaneous or thrombin-induced clots of
heterologous or autologous blood are injected into a cerebral
artery. Alternatively, thrombin can be directly injected into the
MCA or internal carotid artery to induce vascular occlusion.
This accurately represents vascular occlusion most often seen
in humans; however, the thrombi are mainly composed of
polymerized fibrin, and therefore differ from thrombi in
human patients that contain large amounts of both thrombin
and erythrocytes (Duffy et al, 2019). Nevertheless, use of
thrombolytic agents in this stroke model has the potential
to mimic reperfusion following treatment that current stroke
models do not as accurately represent (Fluri et al., 2015).
Additionally, variability in clot size and stability results in
variable infarct size and location. While thromboembolic stroke
provides an accurate clinical representation of stroke in terms
of edema, BBB breakdown, and inflammatory response, the
inherent variability of the model requires large sample sizes to
overcome this (Sommer, 2017).

In addition, the choice of anesthetic regimen is crucial when
performing stroke surgery in rodents, as it can strongly influence
CBF and stroke outcome, and may contribute to translational
failure (O’Collins et al., 2006). For instance, isoflurane is a potent
vasodilator with neuroprotective effects (Tsuda, 2010; Gaidhani
et al.,, 2017; Jiang et al,, 2017; Lu et al,, 2017) via modulation of
eNOS activity (Kehl et al., 2002; Krolikowski et al., 2006), which
strongly confounds results. Ketamine/Xylazine (K/X) anesthesia
affects baseline CBF to a lesser extent, but has also been shown
to modulate eNOS (Chen et al., 2005). To circumvent these
methodological obstacles, one should compare stroke outcomes
in anesthetized versus awake mice when possible.

Overall, there is an urgent need to carefully refine
experimental designs to prevent translational failure. In depth
comparisons of the advantages and disadvantages of currently
used stroke models and their applications in different areas of
research has been reviewed elsewhere (Fluri et al., 2015; Sommer,
2017). Choosing the appropriate stroke model is essential to
provide meaningful data and avoid translational failure.

What the Future Holds for
Cerebrovascular Stroke Research

Unfortunately, stroke research has suffered many setbacks,
primarily due to a number of potential therapeutic candidates
that have not delivered the expected benefits. As such, industry
investment in the field dwindled owing to the perception of
stroke research as a high-risk/low reward investment. Most
negative results stemmed from failure of scientists to apply the
information supplied by animal models to clinical trials. One
compelling example, N-methyl-D-aspartate (NMDA) antagonists
were only found to be neuroprotective when given to rats up
to 90 min after blood vessel occlusion. However, in clinical

trials patients were not given these drugs until 6 h later
(Green and Shuaib, 2006). Despite these setbacks, researchers
are continuously developing new methods and refining models,
as well as investigating novel avenues of research that hold
significant promise in improving stroke outcome (Silasi et al.,
2015; Gouveia et al., 2017; Kannangara et al., 2018; Freitas-
Andrade et al., 2019; Hill et al., 2020; Mendonca et al., 2020;
Rayasam et al., 2020; Zhang et al., 2020). A greater appreciation
for the role of physical rehabilitation and insight into the
molecular mechanisms at play has led to a significant impact on
the quality of life after stroke (Fang et al., 2019; McDonald et al.,
2019; Sun and Zehr, 2019).

Novel molecules and new approaches focused on
manipulating the cerebral vasculature to mitigate the effects
of stroke are ongoing (Stanimirovic et al, 2018; Kanazawa
et al, 2019). For example, Salvinorin A (derived from the
ethnomedical plant Salvia divinorum), a selective kappa opioid
receptor (KOR) agonist (Butelman and Kreek, 2015), has been
shown to reduce cerebral vasospasm and alleviate brain injury
after SAH via increasing expression of eNOS, and decreasing
ET-1 concentration and AQP-4 protein expression (Sun et al.,
2018). A recent study also showed that this drug can protect
EC mitochondrial function following stroke (Dong et al., 2019).
Remarkably, cutting-edge techniques, such as, single-cell RNA
sequencing are unmasking the inner workings of ECs at an
unprecedented level (Vanlandewijck et al., 2018; Munji et al.,
2019; Kalucka et al., 2020; Kirst et al., 2020; Rohlenova et al,,
2020). Finally, rigorous guidelines for effective translational
research have been proposed, including the use of rodent models
that are more representative of human strokes integrating
comorbidities (Lapchak et al., 2013; Reeson et al., 2015). Given
that the incidence of stroke increases with vascular diseases,
animal models that incorporate comorbidities are critical in
stroke research. A clinical study demonstrated that patients
with chronic cerebral small vessel disease were associated with
poor recruitment of collaterals in large vessel occlusion stroke
(Lin et al, 2020). Another comorbidity, hypertension, is a
modifiable risk factor for stroke. Hypertension is prevalent
in the stroke population and is an important comorbidity to
investigate (Cipolla et al., 2018). Hypertension promotes stroke
through increased shear stress, endothelial cell dysfunction
and large artery stiffness that transmits pulsatile flow to the
microcirculation in the brain. Indeed, dysfunctional angiogenesis
may occur in diabetic and/or hypertensive elderly patients in the
recovering penumbra following stroke (Ergul et al., 2012).

While exciting new developments are in the pipeline, several
lines of investigation indicate a significant impact lifestyle
has on vascular health (Hakim, 2014, 2019) and particularly
on brain angiogenesis and stroke outcome (Schmidt et al,
2013). A short interval of exercise prior to stroke was shown
to improve functional outcomes by enhancing angiogenesis
(Pianta et al., 2019). A possible mechanism of action was
demonstrated to result from exercise-induced increase in VEGF
expression via the lactate receptor HCARI in the brain
(Morland et al., 2017). However, other mechanisms including
growth factors or eNOS-dependent pathways have been reported
(Geiseler and Morland, 2018).
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Therefore, the scientific community must emphasize the
importance of lifestyle in reducing the burden of stroke; we
have the knowledge and responsibility to urge implementation of
more extensive public health awareness and strategies to promote
healthy vascular aging.
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Pericytes play a central role in regulating the structure and function of capillaries in the
brain. However, molecular mechanisms that drive pericyte proliferation and differentiation
are unclear. In our study, we immunostained NACHT, LRR and PYD domains-
containing protein 3 (NLRP3)-deficient and wild-type littermate mice and observed that
NLRP3 deficiency reduced platelet-derived growth factor receptor g (PDGFRp)-positive
pericytes and collagen type IV immunoreactive vasculature in the brain. In Western
blot analysis, PDGFRB and CD13 proteins in isolated cerebral microvessels from the
NLRP3-deficient mouse brain were decreased. We further treated cultured pericytes
with NLRP3 inhibitor, MCC950, and demonstrated that NLRP3 inhibition attenuated
cell proliferation but did not induce apoptosis. NLRP3 inhibition also decreased protein
levels of PDGFRB and CD13 in cultured pericytes. On the contrary, treatments with
IL-1B, the major product of NLRP3-contained inflammasome, increased protein levels
of PDGFRB, and CD13 in cultured cells. The alteration of PDGFRB and CD13 protein
levels were correlated with the phosphorylation of AKT. Inhibition of AKT reduced both
protein markers and abolished the effect of IL-1p activation in cultured pericytes. Thus,
NLRP3 activation might be essential to maintain pericytes in the healthy brain through
phosphorylating AKT. The potential adverse effects on the cerebral vascular pericytes
should be considered in clinical therapies with NLRP3 inhibitors.

Keywords: Alzheimer’s disease, neuroinflammation, NLRP3, pericyte, cerebral perfusion

INTRODUCTION

Brain pericytes wrapping around endothelial cells regulate various functions in the brain,
which include blood-brain barrier (BBB) permeability, angiogenesis, and capillary hemodynamic
responses (Sweeney et al, 2016). Pericytes express platelet-derived growth factor receptor
p (PDGFRP) and CD13. The binding of PDGFRP with endothelial cells-released platelet-
derived growth factor (PDGF)-B is essential for pericyte proliferation and integration into
the blood vessel (Lindahl et al., 1997). CD13 promotes angiogenesis in hypoxic tissues, and
response to stimulation of angiogenic growth factors, such as vascular endothelial growth

Abbreviations: Af, amyloid B peptide; AD, Alzheimer’s disease; APP, Alzheimer’s precursor protein; BBB, blood-brain
barrier; BDNF, brain-delivered neurotrophic factor; HBPC, human primary brain vascular pericytes; HBSS, Hanks’
balanced salt solution; IL-1p, interleukin-1p; LPS, lipopolysaccharide; MyD88, myeloid differentiation primary response
88; NLRP, NACHT, LRR and PYD domains-containing protein; PCNA, proliferating cell nuclear antigen; PDGFRS,
platelet-derived growth factor receptor f; TLR, Toll-like receptor; TNF-a, tumor necrosis factor a.
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factor, basic fibroblast growth factor, and transforming growth
factor (Rangel et al.,, 2007). Deficiency of PDGFRB decreases
pericyte number, accumulates blood-derived fibrin/fibrinogen,
reduces vasculature, and attenuates blood flow in the
mouse brain, which finally leads to the white matter lesions
characterized by loss of oligodendrocytes, demyelination, and
axonal degeneration (Montagne et al., 2018). Growing evidence
suggests that pericyte impairment mediates vascular dysfunction
and contributes to the pathogenesis of Alzheimer’s disease (AD;
Love and Miners, 2016). In the AD human brain, pericytes are
lost in association with increased BBB permeability at a very early
disease stage (Sengillo et al., 2013; Nation et al., 2019). In AD
mouse models that overexpress Alzheimer’s precursor protein
(APP) in neurons, the deletion of pericytes increases deposition
of amyloid B peptide (AB) in both brain parenchyma and blood
vessels, which potentially exaggerates cognitive deficits (Sagare
et al, 2013). However, molecular mechanisms that regulate
pericyte survival and activation in the brain are largely unknown.

Pericytes express pattern recognition receptors, such as
Toll-like receptor 2 and 4 (TLR-2 and -4) and NACHT, LRR
and PYD domains-containing protein 1 and 3 (NLRP-1 and -3;
Guijarro-Mufioz et al., 2014; Leaf et al,, 2017; Nyul-Téth et al,,
2017). Cultured brain pericytes release cytokines and chemokines
after being challenged with lipopolysaccharide (LPS), tumor
necrosis factor (TNF)-a or E. coli infection (Kovac et al.,
2011; Guijarro-Mufoz et al, 2014; Nyudl-Téth et al., 2017).
Cultured pericytes secret active interleukin (IL)-1p when they
are intracellularly stimulated with LPS, although how NLRP3-
contained inflammasome is activated remains unclear (Nyul-
Toth et al, 2017). It is interesting to ask whether innate
immune signaling regulates cell fate and functions of pericytes in
the brain.

In AD research, NLRP3-contained inflammasome attracted
great attention, as it is activated in AD brain and potentially
mediates microglial inflammatory responses, exaggerates Ap and
Tau protein aggregation in APP or Tau-transgenic mice (Heneka
et al., 2013; Venegas et al., 2017; Ising et al., 2019; Stancu et al,,
2019). NLRP3 is considered as a promising therapeutic target
for AD patients (Dempsey et al., 2017). However, the effects of
NLRP3 activation on pericytes and vascular dysfunction were not
addressed. The animal models used in published studies have
also limited AD-associated vascular pathology. Thus, whether
NLRP3 inhibition protects or damages microvascular circulation
in the AD brain remains unclear. Moreover, AD pathology
is mainly localized in temporal and parietal lobes, instead of
covering the whole brain. Between AD lesion sites as shown
with AP deposits, neurofibrillary tangles, and gliosis, the brain
tissues are relatively or absolutely healthy (Deture and Dickson,
2019). It is, therefore, necessary to understand the physiological
function of NLRP3 in brain pericytes, which is helpful to predict
potential off-target effects of NLRP3 inhibitors in the future
anti-AD therapies.

In this study, we used NLRP3-knockout mice and treated
cultured pericytes with NLRP3 inhibitor, MCC950, or IL-
18, a major product of NLRP3-contained inflammasome. We
observed that NLRP3 might be essential for the maintenance of
healthy pericytes in the brain. We further observed that AKT

(also known as protein kinase B) might mediate the physiological
function of NLRP3 in pericytes.

MATERIALS AND METHODS

Mice

NLRP3-encoding gene knockout (NLRP3~/~) mice were kindly
provided by N. Fasel (University of Lausanne, Lausanne,
Switzerland; Martinon et al., 2006). Mice with the knockout
of gene encoding myeloid differentiation primary response 88
(MyD88~/~) were originally provided by S. Akira and K. Takeda
(Osaka University, Osaka, Japan; Adachi et al., 1998). Breeding
between heterozygous mutants (+/—) on a C57BL/6 background
was used to maintain mouse colonies. Mice were compared
only between littermates. Animal experiments were performed
following all relevant national rules and were authorized by the
local research ethics committee.

Tissue Collection and Isolation of Blood

Vessels

Animals were euthanized by inhalation of isoflurane and
perfused with ice-cold phosphate-buffered saline. The brain was
removed and divided. The left hemisphere was immediately
fixed in 4% paraformaldehyde (Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany) for immunohistochemistry. The cortex
and hippocampus from the right hemisphere were carefully
dissected and brain vessel fragments were isolated according to
the published protocol (Boulay et al., 2015). Briefly, brain tissues
were homogenized in HEPES-contained Hanks™ balanced salt
solution (HBSS) and centrifuged at 4,400 ¢ in HEPES-HBSS
buffer supplemented with dextran from Leuconostoc spp.
(molecular weight ~70,000; Sigma-Aldrich) to delete myelin.
The vessel pellet was re-suspended in HEPES-HBSS buffer
supplemented with 1% bovine serum albumin (Sigma-Aldrich)
and filtered with 20 pm-mesh. The blood vessel fragments were
collected on the top of the filter for biochemical analysis and
stored at —80°C for biochemical analysis.

Histological Analysis

To analyze pericytes in capillaries, serial 30-pum-thick sagittal
sections were cut from the dehydrated and cryoembedded left
brain hemisphere with a Leica cryostat (Leica Mikrosysteme
Vertrieb, Wetzlar, Germany). Three sections per mouse with
300 wm of an interval between neighboring layers were
used. Antigen retrieval was performed by heating sections
in 10 pM citrate buffer (pH 6). After blocking with
5% goat serum in PBS/0.3% Triton X-100, brain sections
were incubated with rabbit anti-PDGFRP monoclonal antibody
(clone: 28E1; Cell Signaling Technology Europe, Frankfurt am
Main, Germany) at 4°C overnight and then Alexa488-conjugated
goat anti-rabbit IgG (Thermo Fisher Scientific, Darmstadt,
Germany) at room temperature for 1 h. Thereafter, brain sections
were further stained with biotin-labeled Griffonia simplicifolia
Lectin I isolectin B4 (Catalog: B-1205; Vector Laboratories,
Burlingame, CA, USA) and Cy3-conjugated streptavidin (Roche
Applied Science, Mannheim, Germany). The whole cortex
was imaged under a Zeiss Axiolmager.Z2 microscope (Carl
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Zeiss Microscopy GmbH, Goéttingen, Germany) equipped with
a Stereo Investigator system (MBF Bioscience, Williston,
VT, USA). Ten regions per section were randomly chosen
under a 40X objective. Blood vessels with <6 pm of
diameter were examined. Fluorescence-labeled areas were
measured with Image] software!. The coverage of pericytes
was calculated as a ratio of PDGFRp/isolectin B4-positive
staining area.

To detect the expression of NLRP3 in pericytes, brain sections
were incubated at 4°C overnight with mouse anti-NLRP3
monoclonal antibody (clone: Cryo-2; AdipoGen Life Sciences,
San Diego, CA, USA), which was followed by incubation with
Cy3-conjugated goat anti-mouse IgG (Jackson ImmunoResearch
Europe Ltd., Cambridgeshire, UK) at room temperature for
1 h. Thereafter, brain sections were further stained with rabbit
anti-PDGFRB monoclonal antibody and Alexa488-conjugated
goat anti-rabbit IgG as described above. Stack images were
acquired with a Zeiss Axiolmager.Z2 microscope under a 63x
oil objective with an interval of 0.2 pm between neighboring
layers, processed with deconvolution and finally Z-projected with
maximum intensity.

For analysis of the impairment of BBB in NLRP3-deficient
mice, brain sections from NLRP3 - knockout and wild-type mice
were stained with Alexa488-conjugated goat anti-mouse IgG
(Thermo Fisher Scientific) after blocking with goat serum as we
did in a previous study (Hao et al., 2011), and co-stained with
biotinylated isolectin B4 and Cy3-conjugated streptavidin.

To quantify vasculature in the brain, our established protocol
was used (Decker et al, 2018). The left hemisphere was
embedded in paraffin and 40-pm-thick sagittal sections were
serially cut. Four serial sections per mouse with 400 pm
of distance in between were deparaffinized, heated at 80°C
in citrate buffer (10 mM, pH = 6) for 1 h, and digested
with Digest-All 3 (Pepsin; Thermo Fisher Scientific) for
20 min. Thereafter, brain sections were stained with rabbit
anti-collagen IV polyclonal antibody (Catalog: #ab6586; Abcam,
Cambridge, UK) and Alexa488-conjugated goat anti-rabbit IgG
(Thermo Fisher Scientific). After being mounted, the whole
brain including the hippocampus and cortex was imaged with
Microlucida (MBF Bioscience). The length and branching points
of collagen type IV staining-positive blood vessels were analyzed
with free software, AngioTool2 (Zudaire et al., 2011). The
parameters of analysis for all compared samples were kept
constant. The length and branching points were adjusted with an
area of interest.

Western Blot Analysis

Isolated blood vessels were lysed in RIPA buffer [50 mM Tris (pH
8.0), 150 mM NacCl, 0.1% SDS, 0.5% sodium deoxycholate, 1%
NP-40, and 5 mM EDTA] supplemented with protease inhibitor
cocktail (Roche Applied Science) on ice. The tissue lysate was
sonicated before being loaded onto 10% SDS-PAGE. For Western
blot detection, rabbit monoclonal antibodies against PDGFRf
and CD13/APN (clone: 28E1 and D6VIW, respectively; Cell

Uhttps://imagej.nih.gov/ij/
Zhttps://ccrod.cancer.gov/confluence/display/ROB2/

Signaling Technology Europe) were used. In the same sample,
p-actin was detected as a loading control using a rabbit
monoclonal antibody (clone: 13E5; Cell Signaling Technology
Europe). Western blots were visualized via the ECL method
(PerkinElmer LAS GmbH, Rodgau, Germany). Densitometric
analysis of band densities was performed with Image] software.
For each sample, the protein level was calculated as a ratio of
target protein/B-actin.

Culture of Pericytes

Human primary brain vascular pericytes (HBPC) were
immortalized by infecting cells with tsSV40T lentiviral particles
(Umehara et al., 2018). The selected immortalized HBPC clone
37 (hereafter referred to as HBPC/ci37) was used for our study.
HBPC/ci37 cells were cultured at 33°C with 5% CO,/95%
air in pericyte medium (Catalog: #1201; Sciencell Research
Laboratories, Carlsbad, CA, USA) containing 2% (v/v) fetal
bovine serum, 1% (w/v) pericyte growth factors, and penicillin-
streptomycin. Culture flasks and plates were treated with
Collagen Coating Solution (Catalog: #125-50; Sigma-Aldrich).
HBPC/ci37 cells were used at 40-60 passages in this study.

Analysis of Pericyte Proliferation and
Apoptosis

Pericytes were seeded at 1.0 x 10% cells on 96-well plate/100 1
(day 0), and cultured in pericyte medium containing
NLRP3 inhibitor, MCC950 (Catalog: #PZ0280; Sigma-Aldrich),
at 0, 25, 50 and 100 nM, or containing recombinant human
IL-1p (Catalog: #201-LB; R&D Systems, Wiesbaden, Germany)
at 0, 5, 10 and 50 ng/ml. The cell survival was detected with
MTT-based Cell Proliferation Kit I (Catalog: #11465007001;
Sigma-Aldrich) on days 1, 2, 3, 4, 5, 6 and 7. In MTT assay,
yellow and water-soluble 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) enters viable cells and
passes into the mitochondria where it is reduced by succinate
dehydrogenase to an insoluble, dark purple formazan product.
The measured absorbance as shown with optical density (OD) at
590 nm is proportional to the number of viable cells.

To further detect cell death and proliferation of pericytes, cells
were cultured in 12-well plate at 5.0 x 10° cells/well, and treated
with MCC950 as described in MTT assay. After 24 h, pericytes
were collected and lysed in RIPA buffer. Quantitative Western
blot was used with rabbit monoclonal antibody against cleaved
caspase-3 (clone: 5A1E; Cell Signaling Technology Europe),
mouse monoclonal antibody against proliferating cell nuclear
antigen (PCNA; clone: PC10; Cell Signaling Technology Europe)
and rabbit monoclonal antibody against Ki-67 (clone: SP6;
Abcam). a-tubulin and B-actin were detected as internal control
with mouse monoclonal antibody (clone: DM1A; Abcam)
and rabbit monoclonal antibody (clone: 13E5; Cell Signaling
Technology Europe), respectively.

In this experiment, we also detected NLRP3 and cleaved
caspase-1 in the cell lysate from pericytes with and without
treatment of MCC950, with rabbit monoclonal antibodies against
NLRP3 and cleaved caspase-1 (Asp297; clone D4D8T and
D57A2; Cell Signaling Technology Europe), respectively.
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Treatments of Pericytes for Detection of
PDGFRp and CD13 and Phosphorylated

Kinases

Pericytes were cultured in a 12-well plate at 5.0 x 10° cells/well.
Before experiments, we replaced the culture medium with
serum-free pericyte medium and cultured cells at 37°C for
3 days to facilitate cell differentiation (Umehara et al., 2018).
Thereafter, pericytes were treated for 24 h with MCC950, at
0, 25, 50 and 100 nM, recombinant human IL-1p (Catalog:
#201-LB; R&D Systems) at 0, 5, 10 and 50 ng/ml, or AKT
Inhibitor VIII (Catalog: #124018; Sigma-Aldrich) at 0, 0.5, 1 and
5 wM. To investigate whether AKT mediates the effect of IL-1f,
pericytes were pre-treated with 1 wM AKT inhibitor VIII for
1 h and then incubated with IL-1p at various concentrations
in the presence of AKT inhibitor for 24 h. The cell lysate
was prepared in RIPA buffer supplemented with protease
inhibitor cocktail (Roche Applied Science) and phosphatase
inhibitors (50 nM okadaic acid, 5 mM sodium pyrophosphate,
and 50 mM NaF; Sigma-Aldrich). For quantitative Western
blot, the following antibodies were used: rabbit monoclonal
antibodies against PDGFRP, CDI13/APN, phosphorylated
AKT (Ser473), phosphorylated ERK1/2 (Thr202/Tyr204),
phosphorylated NFkB p65 (S536), NFkB p65, B-actin, GAPDH
(clone: 28E1, D6V1W, D9E, D13.14.4E, 93H1, D14E12, 13E5,
and 14C10, respectively; Cell Signaling Technology Europe),
rabbit polyclonal antibodies against AKT and phosphorylated
GSK-3p (Ser9; Catalog: #9272 and Catalog: #9336, respectively;
Cell Signaling Technology Europe) and mouse monoclonal
antibodies against ERK1/2 and GSK-3p (clone: L34F12 and
3D10, respectively; Cell Signaling Technology Europe) and
a-tubulin (clone: DM1A; Abcam).

Statistics

Data were presented as mean £ SEM for mice and mean =+ SD for
cells. For multiple comparisons, one-way or two-way ANOVA
followed by Bonferroni or Tukey post hoc test. Two independent-
samples Students t-test was used to compare means for two
groups of cases. All statistical analyses were performed with
GraphPad Prism 5 version 5.01 for Windows (GraphPad
Software, San Diego, CA, USA). Statistical significance was set
at p < 0.05.

RESULTS

NLRP3 Deficiency Reduces Pericyte Cell
Coverage and Decreases Protein Levels of
PDGFRg and CD13 in the Brain

To explore the effects of NLRP3 on the maintenance of
pericytes in the brain, we first detected the expression of
NLRP3 in pericytes. In brain sections, we observed widely
distributed NLRP3-immune reactive cell bodies and processes,
part of which were co-stained by PDGFRp-specific antibodies
(Figure 1A), which suggests that pericytes express NLRP3.
Then, we estimated the coverage of PDGFRB-positive cells in
brains from 9-month-old NLRP3-knockout (NLRP3~/~ and
NLRP3*~) and wild-type (NLRP3*/*) littermate mice. As shown

in Figures 1B,C, deficiency of NLRP3 significantly decreased
the coverage of PDGFRB-immune reactive cells in microvessels
with < 6 pwm of diameter in a gene dose-dependent manner
as compared with that in NLRP3-wildtype mice (one-way
ANOVA, p < 0.05; n 4 per group). We continued to
isolate blood vessels from brains of 9-month-old NLRP3~/~,
NLRP3*/~ and NLRP3*/* littermate mice for the detection of
pericyte protein markers, PDGFRp, and CD13. We observed
that the deletion of NLRP3 significantly reduced PDGFRS
and CD13 proteins in the cerebral blood vessels also in a
gene dose-dependent manner (Figures 1D,E; one-way ANOVA,
p < 0.05; n > 7 per group). Unfortunately, we failed to detect
cleaved caspase-3 and PCNA in the tissue lysate of blood vessels
(data not shown), which are markers for cell apoptosis and cell
proliferation, respectively.

In further experiments, we asked whether innate immune
signaling serves a common effect on pericyte survival in
the brain. We detected PDGFRB and CDI13 proteins in
cerebral blood vessels isolated from 6-month-old MyD88~/~,
MyD88*~ and MyD88*'* littermate mice. MyD88 is a
common adaptor down-stream to most TLRs and mediates the
inflammatory activation of IL-1f (O’Neill and Bowie, 2007).
We observed that protein levels of CD13 and PDGFRp were
significantly lower in MyD88-deficient mice than in MyD88-
wildtype controls (Figures 1EG; one-way ANOVA, p < 0.05;
n > 6 per group).

NLRP3 Deficiency Reduces Vasculature in

the Brain

Pericytes are essential for the development of cerebral
circulation. Dysfunction of pericytes reduces vasculature
and increases the permeability of BBB (Sweeney et al., 2016;
Montagne et al., 2018). We asked whether NLRP3 deficiency
affects the structure of cerebral blood vessels. We observed that,
in 9-month-old mouse brains, deficiency of NLRP3 significantly
reduced the total length and branching points of collagen
type IV-positive blood vessels (Figures 2A-C; one-way
ANOVA, p < 0.05 n > 6 per group). The reduction of
brain vasculature was dependent on the copies of the NLRP3-
encoding gene. However, we did not detect IgG leakage into
the brain parenchyma, which suggested that the intactness of
BBB in NLRP3-deficient mice was not severely damaged (see
Figure 2D).

NLRP3 Inhibition Attenuates Cell

Proliferation in Cultured Pericytes

After we observed that NLRP3 deficiency decreased
the number of pericytes in the brain, we continued to
investigate whether NLRP3 directly regulates the proliferation
and death of pericytes. We detected NLRP3 proteins in
our cultured pericytes with different passaging numbers
(Figure 3A). We also detected cleaved caspase-1 in pericytes,
with the remarked reduction of proteins after cells were
treated with NLRP3 inhibitor, MCC950 (Figure 3B).
Thus, the NLRP3-caspase-1 signaling pathway is active in
pericytes and potentially regulates the cellular function.
Activated caspase-1 cleaves pro-IL-1f into active IL-1B
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were co-stained for NLRP3 and PDGFRB. PDGFRB-immune reactive cell bodies (in green; marked with arrows) were stained by NLRP3-specific antibodies (in red).
(B) Brain tissues from 9-month-old NLRP3-knockout (—/— and +/—) and wild-type (+/+) littermate mice were then co-stained for PDGFRB (with anti-PDGFRB
antibodies, in green) and endothelial cells (with isolectin B4, in red). (C) The coverage of PDGFRB-positive pericytes was calculated as a ratio of PDGFRp/isolectin
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PDGFRB and CD13. *p < 0.05 and **p < 0.01.

Then, we investigated whether NLRP3 regulates pericyte
proliferation. After treating cultured pericytes with MCC950 at
different concentrations, we observed that NLRP3 inhibition
significantly reduced the conversion of MTT into its colorful

(Gross etal,, 2011). However, we were not able to show
that NLRP3 inhibition reduced IL-1f secretion as the IL-1p
release from non-activated pericytes was undetectable (data are
not shown).
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(D) Nine-month-old NLRP3-deficient and wild-type mouse brains were further
stained for mouse IgG and isolectin B4. We could not detect mouse IgG in
the brain parenchyma.

product, formazan, in a dose-dependent manner (Figure 3C;
two-way ANOVA, p < 0.05; n = 4 per group). The amount
of formazan as shown with OD values is proportional
to the number of viable cells. In further experiments,
we detected no cleavage of caspase-3 in MCC950-treated
cells (Figure 3D), while MCC950 treatments significantly
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FIGURE 3 | NLRP3 inhibition attenuates cell proliferation in cultured
pericytes. (A) The cell lysates collected from cultured pericytes with different
passaging numbers were detected for NLRP3 with Western blot. (B)
Pericytes were treated with NLRP3 inhibitor, MCC950, at 0, 25, 50, and

100 nM for 24 h and then detected for cleaved caspase-1. After inhibition of
NLRP3, cleaved caspase-1 was nearly undetectable. (C) Cultured pericytes
were treated with MCC950 with various doses and analyzed for proliferation
with MTT assay every day for 7 days. Two-way ANOVA followed by Tukey
post hoc test, n = 4 per group. “*p < 0.01 and **p < 0.001. (D-H) Pericytes
were cultured and treated with MCC950 at indicated concentrations for 24 h.
Cell lysates were detected for cleaved caspase-3, PCNA, and Ki-67 with a
quantitative Western blot. As a positive control for cleavage of caspase-3, the
brain lysate from neuronal ATG5-deficient mice was used. The result in (D)
shows one experiment representative of four independent experiments. The
inhibition of NLRP3 reduces protein levels of PCNA and Ki-67 in a
dose-dependent manner. One-way ANOVA followed by Tukey post hoc test,
n = 3 per group for PCNA, and n = 4 per group for Ki-67. *p < 0.05 and

**p < 0.01. (I) cultured pericytes were further treated with recombinant IL-18
at 0, 5, 10, and 50 ng/ml and analyzed with MTT assay every 2 days for

7 days. Two-way ANOVA analysis did not show the effects of IL-18 on cell
proliferation, n = 3 per group.

(Figures 3G,H; one-way ANOVA, p < 0.05; n = 4 per group),
which are two typical protein markers for cell proliferation.

decreased protein levels of both PCNA (Figures 3E,F; Thus, inhibition of NLRP3 suppresses the proliferation
one-way ANOVA, p < 0.05 n = 3 per group) and Ki-67  of pericytes.
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In additional experiments, we treated cultured pericytes with
recombinant IL-1f cytokine. IL-1p at 5, 10 and 50 ng/ml did
not alter the cell proliferation as measured with MTT assay
(Figure 3I; n = 3 per group).

NLRP3 Inhibition Attenuates the
Expression of PDGFR@ and CD13 in

Cultured Pericytes

PDGEFRP and CD13 are two protein markers of pericytes in the
brain, which mediate the physiological and pathophysiological
functions of pericytes (Lindahl et al., 1997; Rangel et al., 2007).
We observed that treatments with MCC950 inhibited expression
of PDGFRP and CD13 in pericytes in a dose-dependent
manner (Figures 4A-C; one-way ANOVA, p < 0.05;
n = 4 per group). To analyze underlying mechanisms, through
which NLRP3 drives pericyte differentiation, we detected
phosphorylation of AKT, ERK, and NF-kB in MCC950-treated
cells. Activation of AKT and ERK is involved in pericyte
proliferation and migration (Bonacchi et al., 2001; Yao et al,
2014). We observed that inhibition of NLRP3 reduced the

protein levels of both phosphorylated AKT and ERK in a
dose-dependent manner (Figures 4D-F; one-way ANOVA,
p < 0.05 n = 4 per group). However, phosphorylation of
NF-kB in pericytes was not significantly altered by treatments
with MCC950 (Figures 4G,H; one-way ANOVA, p = 0.094;
n =3 per group).

IL-18 Increases the Expression of PDGFRp

and CD13 in Cultured Pericytes

Although IL-1f did not increase pericyte proliferation
(Figure 3I), we hypothesized that IL-18 might affect the
differentiation of pericytes. We treated cultured pericytes
with IL-1B at different concentrations. IL-1f did increase
the protein expression of PDGFRP and CD13 also with a
concentration-dependent pattern (Figures 5A-C; one-way
ANOVA, p < 0.05; n = 3 per group). As potential mechanisms
mediating effects of IL-1f activation, we observed that IL-1f
treatments significantly increased phosphorylation of AKT
but not of ERK (Figures 5D-F; one-way ANOVA, p < 0.05;
n =3 per group).

Frontiers in Cellular Neuroscience | www.frontiersin.org

August 2020 | Volume 14 | Article 276


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Quan et al.

NLRP3 and Pericytes

A

AKT inhibitor (uM)
005 1 5

p-AKT

o

total AKT

W -
- -
- —

p-/total AKT

p-GSK3p

o
o

p-/total GSK3p

total GSK3P | W b -

GAPDH 05 1 5 0 0.5 1 5

AKT inhibitor (uM) AKT inhibitor (uM)

AKT inhibitor (uM)
005 1 5

PDGFRB

-

o-tubulin [em ———

PDGFRp/a-tubulin
CD13/B-actin

CD13 |

[B-actin: [Se. s——

0 05 1 5 0 05 1 5

G

AKT inhibitor:
IL-1B (ng/ml):

oM 1M
0 51050 0 5 10 50

CD13

PDGFRB/GAPDH
b

PDGFRp | = s mmgm ™ = " 7

GAPDH

IL-1B (ng/ml):
AKT inhibitor:

CD13/GAPDH
°

b
o

—]
10

ILAB(g/ml): 0 5
AKT inhibitor:

oM

FIGURE 6 | Inhibition of AKT signaling pathway suppresses protein
expression of PDGFRB and CD13 and abolishes the effect of IL-1B in cultured
pericytes. Pericytes were cultured and treated with AKT inhibitor at O, 0.5, 1,
and 5 uM for 24 h. (A-C) Western blot was used to detect phosphorylated
and total AKT, and GSK3, which shows that phosphorylation of both AKT
and GSK3p was significantly inhibited by treatments with AKT inhibitors.
One-way ANOVA followed by Tukey post hoc test, n = 4 per group. (D-F)
The cell lysate from AKT inhibitor-treated pericytes were detected for protein
levels of PDGFRB and CD13 with a quantitative Western blot. The inhibition of
AKT decreases protein levels of PDGFRB and CD13 in a dose-dependent
manner. One-way ANOVA followed by Tukey post hoc test, n = 3 per group.
*p < 0.05, *p < 0.01 and **p < 0.001. (G-I) Cultured pericytes were
pre-treated with 1 M AKT inhibitor and then incubated with IL-18 at O, 5, 10,
and 50 ng/ml, in the presence of AKT inhibitor for 24 h. AKT inhibition
abolished the effect of IL-18 on the up-regulation of PDGFR and

CD13 expression. one-way ANOVA followed by Tukey post hoc test,

n = 3 per group. *p < 0.01.

Inhibition of AKT Suppresses Expression
of PDGFR@ and CD13 in Cultured Pericytes

As activation of AKT in pericytes was suppressed by
NLRP3 inhibition but enhanced upon IL-1f activation,
we supposed that AKT signaling plays a key role in the
differentiation of pericytes. We treated pericytes with
AKT inhibitors at 0, 0.5, 1, and 5 pM. Phosphorylation
of AKT and phosphorylation of GSK3p, a kinase

down-stream to AKT, were both reduced (Figures 6A-C;
one-way ANOVA, p < 0.05 n 4 per group), which
verified the successful inhibition of AKT signaling. With
such an inhibition, expression of both PDGFRP and
CD13 was significantly down-regulated in a dose-dependent

manner (Figures 6D-F; one-way ANOVA, p < 0.05
n =3 per group).
In the following experiments, we treated cultured

pericytes with IL-1f at different concentrations in the
presence and absence of 1 wM AKT inhibitor. Without
co-treatment of AKT inhibitor, IL-1p activation did increase the
expression of PDGFRP and CD13 in pericytes (Figures 6G-I;
one-way ANOVA, p < 0.05 n 3 per group), which
corroborated our previous experiments (see Figure 5).
Interestingly, inhibition of AKT abolished the effect of IL-
18 on the up-regulation of PDGFRP and CD13 proteins
in pericytes (Figures 6G-I; one-way ANOVA, p > 0.05;
n =3 per group).

DISCUSSION

Pericytes play a central role in regulating microvascular
circulation and BBB function in the brain (Sweeney
et al, 2016). Our study demonstrated that the deletion
of NLRP3 under physiological conditions decreases the
coverage of pericytes and protein levels of PDGFRP and
CD13 in cerebral blood vessels. PDGFRB and CD13, together
with neural/glial antigen-2 and CD146 are expressed in
capillary-associated pericytes, and often used as protein
markers of brain pericytes (Smyth et al., 2018). PDGFRf and
CD13 also trigger proliferation and migration of pericytes
after stimulation with angiogenesis-associated growth factors
(Lindahl et al., 1997; Rangel et al., 2007). Thus, the reduction
of CDI13 and PDGFRp represents not only the loss of
pericytes but also the dysfunction of pericytes in the brain.
Indeed, we observed that the deletion of NLRP3 reduces
the vasculature in the brain, which corroborates a recent
observation that the dysfunction of pericytes decreases
the length of cerebral blood vessels in PDGFRB-mutated
mouse brain (Montagne et al, 2018). Our study suggests
that NLRP3 is essential in the maintenance of functional
pericytes in healthy brains. We did not observe the leakage of
IgG from serum into brain parenchyma in NLRP3-deficient
mice. However, we could not exclude the impairment in the
ultrastructure of BBB, which might be caused by the lack
of NLRP3.

NLRP3-contained inflammasome activates caspase-1 and
produces active IL-1f (Gross et al,, 2011). MyD88 mediates
inflammatory activation after the challenges of TLRs ligands
and IL-1p (O’Neill and Bowie, 2007). We observed that
deficiency of either NLRP3 or MyD88 decreases protein
levels of PDGFRB and CDI13 in the mouse brain. We
supposed that NLRP3 drives a basal inflammatory activation
in pericytes and promotes pericyte survival, although it was
difficult to detect the secretion of IL-1 from pericytes
in the brain. In cultured pericytes, we did observe that
caspase-1 is activated and inhibition of NLRP3 attenuates
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phosphorylation of multiple inflammation-related kinases, such
as AKT and ERK, and perhaps also NFkB (p = 0.094),
which is correlated with decreased cell proliferation and
PDGFRf and CD13 expression. Moreover, treatments with
IL-1B increase PDGFRB and CD13 expression in our cultured
pericytes. It is consistent with a report that TNF-a at
10 ng/ml promotes cultured pericytes to proliferate and
migrate (Tigges et al, 2013). Thus, it is not surprising
that angiogenesis is activated with pericyte proliferation in
inflammatory lesion sites of multiple sclerosis (Girolamo
et al., 2014). However, we observed that IL-1B treatments
did not increase pericyte proliferation, which suggests that
the regulation of pericyte proliferation by NLRP3 might not
depend on IL-1p production. During early wound healing,
NLRP3 facilitates angiogenesis; and the production of IL-
1 was not always necessary for this repair process, either
(Weinheimer-Haus et al., 2015).

As there are no pericyte-specific NLRP3-knockout mice
available, we had to work on animals with an overall deficiency of
NLRP3. We know that NLRP3 is expressed also in non-pericyte
brain cells, i.e., microglia (Heneka et al, 2013). We cannot
exclude the possibility that NLRP3 deficiency in microglia
decreases the coverage of pericytes in brain vessels. Microglia,
located at the perivascular space, is the major component of
the neurovascular unit. In response to systemic inflammation,
microglia protect BBB integrity in an initial phase by expressing
tight-junction protein Claudin-5 and turn to damage BBB
through phagocytizing astrocytic end-feet after the inflammation
is sustained (Haruwaka et al., 2019). However, the regulation of
BBB function and especially pericyte activation by blood vessel-
associated microglia under physiological conditions has not been
fully explored.

It should be noted that NLRP3 might not fully offer
protective effects on pericytes when the inflammatory
activation surrounding pericytes is uncontrolled. In the
AD brain, NLRP3-contained inflaimmasome is activated
(Heneka et al., 2013), whereas, pericytes are impaired
and lost (Sengillo et al, 2013; Nation et al, 2019). There
must be other mechanisms, which damage pericytes,
compensating for the protective effects of NLRP3 activation.
For example, brain-delivered neurotrophic factor (BDNF)
drops down and the activation of the BDNF receptor,
TrkB, is impaired in the AD brain (Tanila, 2017). TrkB
signaling regulates pericyte migration. The deletion of TrkB
in pericytes reduces pericyte density and causes abnormal
vasculogenesis in the heart (Anastasia et al, 2014). The
deletion of NLRP3 in APP or Tau-transgenic mice was
reported to rescue neuronal functions and shift microglial
activation from pro-inflammatory to anti-inflammatory profile
(Heneka et al, 2013; Ising et al, 2019). Unfortunately, the
microvascular circulation in NLRP3-deficient AD mice has not
been investigated.

AKT is a known kinase to regulate cell survival,
proliferation, and angiogenesis in response to extracellular
signals (Manning and Cantley, 2007). AKT activation
prevents pericyte loss in diabetic retinopathy (Yun et al,
2018). In our experiments, AKT phosphorylation is reduced

by NLRP3 inhibition but enhanced by IL-1B activation.
Inhibition of AKT directly down-regulates the expression
of PDGFRP and CDI3 and also abolishes the effect
of IL-1f to elevate the protein levels of PDGFRP and
CD13 in pericytes. Thus, AKT activation might mediate
the protective effects of NLRP3 in pericytes. As PDGFR@
activation induces phosphorylation of AKT (Lehti et al,
2005), PDGFRP and AKT even activate each other and
form positive feedback to maintain the healthy pericytes in
the brain.

In summary, our study suggested that NLRP3 activation
maintains healthy pericytes in the brain through activating
AKT signaling pathway. In the following studies, we are
evaluating potential cerebral vascular impairment in AD mice
with both genetic and pharmacological inhibitions of NLRP3.
The potential adverse effects of NLRP3 inhibition on pericyte
function and microcirculation should be considered when
NLRP3 inhibitors are administered to treat AD or other
inflammatory disorders.
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Mild traumatic brain injury (MTBI) represents more than 80% of total TBI cases
and is a robust environmental risk factor for neurodegenerative diseases including
Alzheimer’s disease (AD). Besides direct neuronal injury and neuroinflammation, blood-
brain barrier (BBB) dysfunction is also a hallmark event of the pathological cascades
after mTBIl. However, the vascular link between BBB impairment caused by mTBlI
and subsequent neurodegeneration remains undefined. In this review, we focus
on the preclinical evidence from murine models of BBB dysfunction in mTBI and
provide potential mechanistic links between BBB disruption and the development of
neurodegenerative diseases.

Keywords: mild traumatic brain injury, blood-brain barrier, murine model, vascular link, neurodegenerative
diseases

INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of death and long-term disability around the world
(Hackenberg and Unterberg, 2016). Based on the severity, TBI can be classified as mild, moderate,
and severe TBI (Chamelian and Feinstein, 2004). As more than 80% of cases are estimated to be mild
cases (Rutland-Brown et al., 2006), it is particularly important to understand the pathophysiological
mechanisms of mild TBI (mTBI) and develop novel and effective therapeutic approaches.
Accumulating evidence has demonstrated that mTBI can result in a series of pathologic events,
including neuroinflammation, oxidative stress (Katz et al., 2015), cerebrovascular impairment such
as edema, circulatory insufficiency, and blood-brain barrier (BBB) breakdown (Doherty et al.,
2016). These events are highly interactive, and all contribute to the long-term cognitive and
emotional impairments in mTBI patients (Riggio, 2011).

The BBB is a highly selective membrane that mainly encompasses endothelial cells, sealed by
tight junctions, and fortified by pericytes and astrocytic endfeet (Daneman and Prat, 2015). This
coordinated network of cells plays an important role in the brain’s physiological homeostasis and
functions, while disruption of this network can trigger multiple pathologic events (Zhao et al.,
2015). In fact, BBB dysfunction has been increasingly noticed in many neurological conditions of
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the central nervous system (CNS), including acute injuries such
as TBI and stroke, and chronic neurodegenerative disorders
such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
and chronic traumatic encephalopathy (CTE) (Sweeney et al,
2019). It is worth noting that BBB dysfunction was commonly
observed in both mTBI patients and experimental animal models
(Sandsmark et al., 2019). For instance, histological evidence from
human patients indicated that microvascular dysfunction widely
occurred from mild to moderate and severe TBI, and not only
in the acute and subacute stages after the primary injury but
also in the chronic stage in long-term survivors (O’Keeffe et al.,
2020). These clinical findings are in general backed up by the
evidence from preclinical animal models (Sandsmark et al., 2019),
which demonstrated that mTBI induces cellular and molecular
events at the BBB, including alteration of endothelial transport
functions (Villalba et al., 2017), disruption of the crosstalk
between endothelial cells and pericytes (Bhowmick et al., 2019),
pericyte loss (Zehendner et al., 2015), cerebral blood flow (CBF)
reduction, and tissue hypoxia (Han et al., 2020; O’Keeffe et al,,
2020). These vascular pathological events interact and evolve
with neuroinflammation (Blennow et al., 2012) and contribute to
chronic neurodegeneration post-injury.

More importantly, clinical data indicated that BBB
impairment can persist for many years and is highly associated
with long-term neurological deficits in mTBI patients (Shlosberg
2010). Therefore, it is crucial to evaluate the extent
of BBB disruption after mTBI and elucidate the underlying
molecular cascades in preclinical models. Such knowledge
will not only define a clear vascular link between mTBI and
long-term neurological impairments, as well as build up a
foundation for developing novel therapeutic approaches. Animal
models, more specifically murine models, often closely mimic
key neuropathological features in human patients and allow us
to study the underlying mechanisms of BBB dysfunction and
its associated pathophysiologies in CNS diseases. Therefore, in
this review, we summarize recent evidence in the last 10 years
obtained from experimental murine models of mTBI, address
the BBB disruptions and its associated pathologic changes
in mTBI, and depict the vascular link between mTBI and
subsequent neurodegeneration (Figure 1). The criteria used
for mTBI (include repetitive mTBI) are mainly based on the
recent systematic review (Bodnar et al., 2019). Only studies with
histological and/or behavioral validation of mTBI were included
to ensure a closer recapitulation of clinical observations under
the mTBI category (Bodnar et al., 2019).

et al.,

BLOOD-BRAIN BARRIER
DYSFUNCTION IN MURINE MODELS OF
MILD TRAUMATIC BRAIN INJURY

Murine models have helped us tremendously to understand the
pathogenic events after mTBI, including cerebral microvascular
injury and BBB dysfunction. We searched over 6,000 publications
related to mTBI on PubMed and found 232 studies potentially
covering cerebrovascular impairment and BBB dysfunction
(Figure 2). Among them, 17 research articles in the last 10 years
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FIGURE 1 | Blood-brain barrier (BBB) dysfunction and its associated
pathologic events involved in mild traumatic brain injury (mTBI). mTBI can
cause a series of pathologic changes including cerebrovascular impairment
and BBB dysfunction, neuronal cell death, and axonal damage, as well as
gliosis and neuroinflammation. Also, BBB dysfunction can accelerate the
accumulation of pathologic products such as A, tau, and a-synuclein; on the
other hand, their deposition around the cerebral vessel has a chronic toxic
effect which enhances the BBB disruption and ultimately may lead to
neurodegenerative diseases. AD, Alzheimer’s disease; CTE, chronic traumatic
encephalopathy; PD, Parkinson’s disease.

were based on murine models of mTBI (Table 1) and selected.
The models include not only the well-established weight drop
and piston-driven models (Bodnar et al, 2019) but also the
increasingly appreciated models including modified controlled
cortical impact (CCI), mild blast injury, and fluid percussion
(Lifshitz et al., 2016; Bharadwaj et al., 2018). The results were
organized by the timing of assessments and mechanism of
pathogenesis and discussed in the context of methods used to
generate the impact and detection of the vascular impairment.
We surveyed the BBB dysfunction and relevant pathologic
changes found in mouse or rat models, covering the acute and
subacute stages that evolve within the first 2 weeks after mTBI
and the chronic stage that usually takes place 2 weeks after
mTBI. The methods commonly used for BBB functional analysis
in murine models are (i) histological assessment using plasma
proteins such as immunoglobulin G (IgG) and/or exogenous
tracers such as Evans blue dye, horseradish peroxidase (HRP),
or fluoresce labeled albumin; (ii) in vivo imaging techniques
including magnetic resonance imaging (MRI) and multi-photon
imaging; and (iii) additional methods such as brain water content
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FIGURE 2 | Flowchart of article selection. Identification through PubMed
searches yielded 232 articles related to blood-brain barrier (BBB) and
vascular impairment in mild traumatic brain injury (mTBI) published during
2010-2020, which were further screened. Based on abstract and eligibility,
215 articles were excluded, and a total of 17 original research articles with
BBB dysfunction in murine models of mTBI were determined by full-text
examination and included in the review.

calculation for cerebral edema (wet/dry weight ratio). Analysis of
the protein and mRNA expression of tight junction protein was
also reported.

BLOOD-BRAIN BARRIER DYSFUNCTION
IN ACUTE AND SUBACUTE STAGES OF
MILD TRAUMATIC BRAIN INJURY

Twelve out of 17 of these mTBI studies showed that the BBB
breakdown is an early event in murine models of mTBI, even as
early as 5 min post-injury. For example, Li et al. (2016) examined
the integrity of BBB in a modified CCI model of mTBI via the
in vivo two-photon imaging of intravenously injected rhodamine
B. They showed that BBB disruption in wild-type C57BL/6 mice
occurred at a very early stage of mTBI (between 5 and 60 min),
which was even exacerbated in Slit2-Tg mice (Li et al., 2016).
Using peripherally injected radiotracer, 1*C-sucrose and **™Tc-
albumin, Logsdon et al. (2018) found BBB disruption by mild blast
exposure in just 15 min. Moreover, based on immunostaining
of endogenous IgG, BBB disruption was detected in both adult
and juvenile mice from 6 h to 2 days after mTBI (Laurer et al.,
2001; Huh et al.,, 2008; Ichkova et al., 2020). By administering
exogenous tracers Evans blue dye or fluoresce labeled albumin, the
BBB breakdown was also detected from the mTBI between 1 and
24 h after mTBI based on extravascular leakages (Yang et al., 2013;
Chen et al,, 2014; Katz et al., 2015; Yates et al., 2017). Tagge et al.
(2018) applied a novel closed-head concussive left-lateral impact

injury mouse model to investigate the microvascular injury after
mTBI. Both Evans blue extravasation and in vivo dynamic MRI
of systemically administered gadolinium-based contrast agent
confirmed acute and persistent BBB disruption in the ipsilateral
cortex of impacted mice. They also examined the postmortem
neuropathological changes and did not find the evidence of
hemorrhagic contusion, suggesting BBB dysfunction rather
than intraparenchymal hemorrhage resulted in permeability
changes (Tagge et al., 2018). These data indicate that BBB
breakdown occurs within minutes after mTBI; however, it
may only be detected by more sensitive methods than classic
histological analysis.

The mechanism of the BBB dysfunction after mTBI was
also investigated in some of the studies. For example, reduced
expression of tight junction protein claudin-5 and BBB
disruption were detected in an mTBI model with a blast method,
and inhibiting nitric oxide-dependent signaling pathways and
preserving tight junction integrity were helpful to maintain BBB
integrity after injury (Logsdon et al., 2018). mTBI-induced acute
BBB disruption was also associated with microvascular structural
damages including swollen astrocyte endfeet and deformation of
pericytes in cortical regions 6 h post-injury (Bashir et al., 2020).
Using a closed-head TBI model, Tagge et al. (2018) described that
mTBI induced capillary retraction, changes in the extracellular
matrix and basal lamina, and astrocytic endfeet engorgement,
which all contribute to BBB disruption. Interestingly, these
vascular structural changes such as loss of tight junctions and
pericytes and swollen endfeet (Figure 3, left) are commonly
seen in neurodegenerative diseases such as AD, suggesting that
a shared underlying mechanism may exist in these distinct
pathological conditions.

However, five recent studies found no evident BBB disruption
after mTBI (Table 1). For example, Kane et al. (2012) found mild
astrocytic activation but lack of BBB disruption to IgG or edema
in weight drop model of mTBI in mice, while Whalen’s group
reported that the BBB integrity was not compromised after single
or repetitive closed head injury by immunohistochemical analysis
of Evans blue or intracerebral levels of mouse IgG (Meehan
et al., 2012; Chung et al,, 2019; Wu et al, 2019). In a long-
term study, Lynch et al. (2016) also found no BBB leakage to
Evans blue at 7 months after repetitive midline mTBI, despite
vascular abnormality still existed at that time. These different
results may reflect the differences in animal models, methodology
in detecting BBB changes, and observation time points.

BLOOD-BRAIN BARRIER
DYSFUNCTION IN THE CHRONIC STAGE
OF MILD TRAUMATIC BRAIN INJURY

In addition to its breakdown during the acute and subacute
phases of mTBI, the pathological changes of BBB integrity in the
chronic phase of mTBI have been well documented in human
patients, yet underexplored in animal models (Jullienne et al.,
2016; Sandsmark et al., 2019). For example, Tomkins et al.
(2011) found that 13 of 27 mTBI patients showed parenchymal
regions with BBB disruption based on MRI scans, which were
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TABLE 1 | An update on mTBI studies in murine models in recent 10 years.

Study Animal Model BBB Impairment Neuropathology Neuroinflammation Motor function Cognitive function
Yang et al., 2013 Mouse Weight drop BBB disruption Increased expression of Increased expression of Deficit in rotarod test on Impairment (NOR:
detected by Lucifer serum NSE at 1.5-6 h, brain MDC and MIP-1a 1-5 days 1-4 days)
yellow and 1 day on 1 day
FITC-albumin at
1.5-6h
Chen et al., 2014 Mouse Modified CCI BBB disruption Axonal injury on 1 day; Activation of astrocytes Deficit in rotarod test on No impairment (SOR
detected by Evan blue Increased neuronal and microglia on 8 days 1-38 days and contextual fear
at1h degeneration on conditioning: 5-8 days)
1-8 days
Gama Sosa et al., 2014 Rat Blast exposure; RHI Altered microvascular n/a Activation of astrocytes n/a n/a
ECM, microvascular in 10 months
occlusion and
degeneration,
intraventricular
hemorrhage at
6-10 months
Katz et al., 2015 Rat LFP BBB disruption n/a Activation of astrocytes n/a Impairment in NBS and
detected by Evan blue at 24 h; Cytokine NSS tests at 2-24 h
at24 h upregulation at 24 h
Lietal, 2016 Mouse Micro TBI BBB disruption Increased cell death at n/a n/a n/a
compression detected by rhodamine 6-24 h
B at 5-60 min
Logsdon et al., 2018 Mouse Blast exposure; RHI BBB disruption n/a Activation of astrocytes n/a n/a
detected by and microglia on 3 days
14C-sucrose and
99MTe-albumin at
0.25 h, 3 days
Adams et al., 2018 Mouse CHI; RHI Decreased CBF and Reduced evoked Activation of astrocytes n/a n/a
CVR detected by MRI neuronal responses on 14 days
on 14 days without changes in
neuronal density on
14 days
Bharadwaj et al., 2018 Mouse MFP BBB disruption n/a n/a n/a n/a
detected by HRP
staining and
nanoparticles at 3 h
Tagge et al., 2018 Mouse Lateral CHI BBB disruption Neuronal damage on Activation of astrocytes Transient impairments n/a

detected by Evans
blue, extravasated
serum albumin, and
DCE-MRI at 24 h

1 day; Decreased
neuronal density on
3-14 days

and microglia on
1-3 days

in neurobehavioral
response tests

51

(Continued)
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TABLE 1 | Continued

Study Animal Model BBB Impairment Neuropathology Neuroinflammation Motor function Cognitive function
Wendel et al., 2018 Mouse (juvenile) CHI Increased vessel White matter disruption n/a n/a n/a

density and length on 4-14 days

detected by IHC on

4-60 days
Yates et al., 2017 Rat Weight drop; RHI BBB disruption n/a No activation of Deficit in Foot-fault test Impairment in MWM on

Ichkova et al., 2020

Kane et al., 2012

Meehan et al., 2012

Lynch et al., 2016

Chung et al., 2019

Wu et al., 2019

Mouse (juvenile)

Mouse

Mouse

Mouse (aged)

Mouse

Mouse (adolescent)

CHI

Weight drop; RHI

Weight drop; RHI

CHI; RHI

CHI

CHI; RHI

detected by Evan blue
on 3 days

BBB disruption and
altered cortical
cerebrovascular
reactivity detected by
1gG staining on

1-38 days

No BBB disruption by
IgG staining on 7 days

No BBB disruption by
IgG staining at 1 h, 24 h

No BBB disruption by
S1008 ELISA or
occludin at 7 months
No BBB disruption by
1gG staining at 24 h

No BBB disruption by
Evan blue at 4 h

Axonal pathology on
30 days; No neuronal
loss on 1, 3, 7, 30 days

n/a

No changes in neuronal
degeneration and
axonal injury at 1 h,

24 h

n/a

No changes in neuronal
degeneration at 24 h,
48 h

No changes in neuronal
degeneration at 1 year

astrocytes and
microglia on 4 days

n/a

Mild activation of
astrocytes on 7 days

n/a

Activation of astrocytes
and microglia in the CC

Increased infiltration of
CD11b*/CD45*
leukocytes at 72 h

No activation of
astrocytes and
microglia at 4 h—1 year

on 1 day

n/a

Deficit in rotarod test on
1 day and locomotor
activity on 5 days

n/a

n/a

No deficit in Foot-fault
test on 1-14 days

n/a

4 days

Deficit in open-field test
on 1-30 days

n/a

Impairment in MWM at
1 month

Spatial memory deficits
in Barnes Maze task at
1-6 months
Impairment in MWM on
3-42 days

Impairment in MWM on
7 days-9 months

BBB, blood-brain barrier; CBF, cerebral blood flow; CC, corpus callosum; CCl, controlled cortical impact; CHI, closed head injury; CVR, cerebrovascular reactivity; DCE-MRI, dynamic contrast-enhanced MRI; ECM,
extracellular matrix; ELISA, enzyme-linked immunosorbent assay; FITC, fluorescein isothiocyanate; HRP, horseradish peroxidase; IHC, immunohistochemistry; LFR, lateral fluid percussion; MDC, macrophage-derived
chemokine; MFF, midline fluid percussion; MIP-1a, macrophage inflammatory protein-1a; MRI, magnetic resonance imaging; mTBI, mild traumatic brain injury; MWM, Morris water maze; NBS, neurobehavioral scores;
NSS, neurological severity scores; NOR, novel object recognition; NSE, neuron-specific enolase; RHI, repetitive head injury; SOR, spatial object recognition.
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FIGURE 3 | Blood-brain barrier (BBB) dysfunction in the acute/subacute stage (Left) and chronic stage (Right) of mild traumatic brain injury (mTBI). In the
acute/subacute stage, mTBI induces the endothelial cell (EC) death, loss of pericytes and tight junction proteins, astrocytic endfeet swelling, as well as basement
membrane damage and ultimately an impairment of BBB permeability. In the chronic stage, mTBI causes BBB leakage and influx of neurotoxic blood-derived
proteins and cells into the brain parenchyma, which can induce gliosis and misfolded protein accumulation post-insult; mTBI-induced clearance deficiency of BBB
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identified up to a median of 2.5 months after the initial
trauma event, indicating that lasting BBB disruption exists in
nearly half of the mTBI patients. In a different cohort of 17
mTBI patients with post-concussion syndromes (PCSs), eight
of them exhibited abnormal BBB permeability based on single-
photon emission computed tomography (SPECT) of *™Tc-
diethylenetriaminepentaacetic acid radiotracer (Korn et al,
2005). These patients were scanned between 1 month and 7 years
after their respective head injuries. More recently, Yoo et al.
(2019) demonstrated that mTBI patients with PCS, who had
a median of 4-month time interval between injury and MRI
examinations, exhibited much higher BBB permeability based
on K" measurement from dynamic contrast-enhanced MRI
(DCE-MRI) when compared with controls. Similar situations
were also reported from patients diagnosed with concussion in
adolescent sports (O'Keeffe et al., 2020) and football players
(Weissberg et al., 2014).

Consistent  with  observations human patients,
cerebrovascular dysfunction was detected in a repeated mTBI

in

mouse model at 2 weeks after the insult (Adams et al., 2018).
Functional assessments revealed that repeated impacts cause
sustained decreases of CBF and cerebrovascular reactivity, along
with neuronal function deficits and astrogliosis in peri-contusion
areas (Adams et al., 2018). In addition, mTBI can elicit an early
and long-lasting cerebrovascular dysfunction in juvenile mice
(Wendel et al., 2018; Ichkova et al, 2020), accompanied by
astrocyte response and gliovascular changes (Rodriguez-Grande
et al., 2018; Clément et al., 2020). Furthermore, pediatric mTBI
can morphologically alter the vasculature of the ipsilateral corpus
callosum differentially between the acute/subacute stage and
the chronic stage (Wendel et al., 2018). As demonstrated, mTBI
induced an initial increase in vessel parameters (e.g., vessel
density and length) at 4 days post-injury (DPI), which was
followed by a transient decrease at 14 DPI but with a subsequent
increase in vessel density at 60 DPI (Wendel et al., 2018). It
suggested that these microvascular alterations contribute to
the long-term reorganization of the ipsilateral corpus callosum
after mTBI (Wendel et al, 2018). Finally, chronic changes
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in the microvasculature were also reported in rats several
months after the initial blast exposure (Gama Sosa et al., 2014).
In particular, intraventricular hemorrhage was observed in
four out of 23 blast-exposed animals examined between 6
and 10 months after the last blast exposure, which may be
attributed to continued vascular fragility within the choroid
plexus post-injury (Gama Sosa et al., 2014). As suggested, blast
exposure may induce the degradation and remodeling of the
extracellular matrix, which contributes to chronic microvascular
pathology after injury (Gama Sosa et al, 2014). Due to the
limited number of reports, the potential molecular and cellular
mechanisms of BBB dysfunction in the chronic phase of
murine mTBI remain largely unknown. Abnormal expressions
of junctional proteins and matrix metallopeptidases may
potentially involve the degradation of the extracellular matrix
and prolonged BBB breakdown, and chronic inflammation may
also play a crucial role. More importantly, the crosstalk between
vascular impairment and neuroinflammation in the context of
persistent BBB dysfunction after mTBI is yet to be determined
(Figure 3, right).

BLOOD-BRAIN BARRIER
DYSFUNCTION OF MILD TRAUMATIC
BRAIN INJURY MODEL IN THE
HIGH-THROUGHPUT SEQUENCING ERA

Over the past decade, high-throughput sequencing methods have
revolutionized the entire field of biology. The RNA sequencing
to study the entire transcriptomes in detail has driven many
important discoveries for various neurological disorders (von
Gertten et al., 2005; Redell et al., 2013; Lipponen et al., 2016; Meng
et al., 2017). The brain microvascular endothelial cells are the
major component of the BBB and play critical roles to maintain
its normal function and integrity. Therefore, understanding
endothelial cell-specific transcriptional profiles can help us to
identify novel mechanisms of TBI-induced changes within the
BBB. As most of the previous genomic profiling studies of TBI
are based on heterogeneous mixtures of brain cell types, Munji
et al. (2019) recently used endothelial cell enrichment for deep
RNA sequencing to decipher the transcriptome differences at
24 h (acute), 72 h (subacute), and 1 month (chronic) after
TBI in mice. They found that most unique and dramatic
changes were at the acute time point, whereas few overlapped
genes were observed between acute and chronic periods. These
findings reflect the severity of the initial insult on the endothelial
functions and BBB integrity and immediate response at the
early stage, yet clearly point out to the distinct molecular
mechanisms that are involved in acute/subacute and chronic
phases of TBI. In addition, they also found that the synthesis
of extracellular matrix molecules and activation of proteases
further contributed to the BBB changes in the acute and subacute
period. On the other hand, the immune response may play
a more prominent role in the chronic period. These findings
provided us further directions for investigating the endothelial
dysfunction in TBI.

The diversity of cell types at the BBB (Vanlandewijck et al.,
2018), only focusing on endothelial cells, will mask crucial signals
from other BBB-related cell types. Therefore, single-cell RNA
sequencing represents an approach to overcome this problem.
Arneson et al. (2018) firstly investigated the mTBI pathogenesis
in thousands of individual brain cells in parallel using single-
cell RNA sequencing. Unsupervised clustering analysis identified
BBB-associated cell types such as endothelial cells and mural cells.
Besides, they also found a previously unknown cell type after
mTBI, which likely is a migrating endothelial cell, as it carries
key signatures of cell growth and migration as well as endothelial
identity. This is consistent with previous research that endothelial
cell is a main component of BBB that is destroyed after mTBI
(Shlosberg et al., 2010), and the proliferation and migration
of endothelial cells are inherent aspects of neovascularization
after injuries (Salehi et al,, 2017). More importantly, pathway
analysis informed by genes with significant changes from both
endothelial cells and astrocytes implicates endoplasmic reticulum
dysfunction after mTBI. As endoplasmic reticulum stress is a
key contributor to the injury-induced neurodegeneration (Oakes
and Papa, 2015), the single-cell RNA sequencing data indicated
that endoplasmic reticulum dysfunction in BBB may be an
overlooked mechanism in mTBI. In addition, their data also
demonstrated that cellular interactions based on extracellular
matrix of endothelial cells are also heavily impacted after mTBI
(Arneson et al., 2018), which is consistent with a recent report
(Munji et al, 2019). Taken together, deep RNA sequencing
and single-cell RNA sequencing data have become valuable
resources to explore BBB dysfunction in mTBI, which will
likely bring new insights to the true mechanism of vascular
impairment after mTBI.

BLOOD-BRAIN BARRIER DYSFUNCTION
AND NEUROINFLAMMATION IN MILD
TRAUMATIC BRAIN INJURY

In animal models of mTBI, BBB dysfunction is closely associated
with neuroinflammation in both acute/subacute stage and
chronic period. In the event of mTBI, the tight junction
complexes and basement membrane are disrupted, which results
in increased permeability of BBB and inflammatory response
after injury (Chodobski et al., 2011). Activation of microglia,
stimulation of astrocytes, and neuronal cell death are closely
associated with neurodegeneration after mTBI (Ramos-Cejudo
et al., 2018; Figure 1). Notably, many studies reported that
microglia and astrocytes are activated in the acute period
after mTBI. For example, in a lateral impact of closed head
injury mouse model, Tagge et al. (2018) reported that activated
microglia and reactive astrocytes were detected at 24 h post-
injury in the ipsilateral cortex, which peaked around 3 DPI
and started to be resolved in 2 weeks, although perivascular
accumulation of hemosiderin-laden macrophages may persist.
Limited evidence has indicated that BBB dysfunction precedes
gliosis and neuroinflammation at least in murine models of
mTBI. For example, Huh et al. (2008) showed that BBB
disruption in their midline CCI rat model of mTBI occurs within
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6 h after impact, while glial fibrillary acidic protein (GFAP)
immunoreactivity in the cortex at 24 h was comparable to that
observed in sham-injured animals, and astrogliosis was only
observed on day 3 and day 8 post-injury. As BBB breakdown and
extravasation of plasma proteins such as fibrinogen are a driving
force of microglia activation after injury (Davalos et al., 2012)
and capable of inducing neurotoxic reactive astrocytes after TBI
(Liddelow and Barres, 2017; Liddelow et al., 2017) and cognitive
impairment (Fulop et al., 2019), the vascular link between mTBI
and neuroinflammation should be defined in future studies.

BLOOD-BRAIN BARRIER
DYSFUNCTION AND COGNITIVE
IMPAIRMENT IN MURINE MILD
TRAUMATIC BRAIN INJURY MODELS

Among the 17 articles of BBB dysfunction in mTBI, nine
of them studied whether mTBI-induced BBB dysfunction was
related to cognitive impairment in mice and rats. Meehan
et al. (2012) and Yates et al. (2017) used a weight drop model
of mTBI as well as Huh et al. (2008) used a midline brain
injury model and found that mTBI induced BBB dysfunction
and significant reduction in Morris water maze (MWM)
performance from injured mice and rats when compared
with sham-operated controls. Yang et al. (2013) also found
that mTBI mice with BBB impairment spent significantly less
time in investigating a novel object during the novel object
recognition test in the first few days. In addition, Katz et al.
(2015) used a lateral fluid percussion model to induce mTBI
in rats and noted that mTBI rats displayed significant BBB
leakage as well as acute cognitive impairment. These injured
rats exhibited significantly lower neurological severity score
(NSS) and neurobehavioral score (NBS) at 2 and 24 h after
injury (Katz et al, 2015). Additionally, Ichkova et al. (2020)
found that an early cerebrovascular pathology including BBB
disruption may contribute to long-term behavioral deficits in
mice following experimental juvenile mTBI, while the exact
topographical coherence and the direct causality between these
two events require further investigation.

However, Chen et al. (2014) and Laurer et al. (2001) found
mTBI caused no significant impairments in either acute or
long-term cognitive ability in the CCI models, although BBB
dysfunction was reported in these animals. On the other hand,
although Kane et al. (2012) and Meehan et al. (2012) found
motor and cognitive deficits in mTBI animals, no BBB disruption
was observed. While the different injury methodologies between
groups may underlie the discrepancies in behavioral outcomes,
further studies should still address the link between BBB
dysfunction and cognitive impairment in animal models of mTBI.

DISCUSSION

Mild traumatic brain injury commonly occurs in professional
sports (such as American football and boxing) and military
service, which can be exacerbated by repetitive mild trauma

injury (Baker and Patel, 2000). There are growing interests
to investigate the acute/subacute and long-term pathologic
changes after mTBI, as well as a focus on motor and cognitive
impairments. In this study, we collected preclinical evidence from
murine models to describe the role of BBB dysfunction in mTBI.
BBB plays a key role in maintaining brain function stability,
the integrity of BBB may be compromised under pathologic
conditions such as TBI, stroke, brain tumor, and AD (Sweeney
etal., 2019). For example, previous research showed BBB leakage
was detected in a stroke model of rat (Michalski et al., 2010). In
our review, we included 17 representative studies that described
the BBB breakdown after mTBI. Twelve of them reported that
the BBB was compromised after mTBI; however, five studies
indicated that BBB breakdown was not detected in mTBI,
even in receptive mTBI models. Up to now, it is still unclear
whether the minor discrepancy was a result of the differences
in mTBI animal models, animal ages, procedures, time points of
observation, or methodology.

Mechanistically, impairment of BBB can initiate a series
of adverse events, including the leakage of serum-derived
circulating agents into the brain parenchyma and improper
activation of signaling pathways (Manev, 2009). As some
studies indicated that mTBI can induce sustained shear
stress located within the impact zone, capillary retraction,
pericyte degeneration, and astrocytic endfeet swelling, which
all contribute to microvascular injury and BBB breakdown
post-insult (Tagge et al., 2018), the exact mechanism of BBB
impairment in different models of mTBI could still vary and
depend on the severity. Importantly, emerging evidence from
human genome-wide association studies suggests that many
signature genes and network regulators of TBI may be associated
with neurological disorders, which could be used as elements
of prognosis and plausible interventional targets for TBI (Meng
et al., 2017). Single-cell molecular alterations were reported
after mTBI by using unbiased single-cell sequencing, which
provides new insights to the molecular pathway mechanism
and therapeutics in mTBI and its related neurodegeneration
(Arneson et al., 2018).

Mild traumatic brain injury is considered a long-term
risk for neurobehavioral changes, cognitive decline, and
neurodegenerative disease including AD (McAllister and
McCrea, 2017). Cognitive and motor function changes
commonly occur after mTBI and may have lifelong consequences,
which are still difficult to detect and trace in clinical settings.
On the other hand, murine animal models of mTBI provide
us quantitative measures and longitudinal follow-ups. Most
used methods for motor function tests include Foot-fault,
rotarod, and beam walking assays, and cognitive function
tests include nest construction, food burrowing, novel object
recognition, fear conditioning, MWM, etc. In our review,
we found that most studies reported the motor deficit and
cognitive impairment after mTBI range from 1 day to several
months. However, few studies indicated the absence of motor or
cognitive function impairment, which may be due to differences
in animal models or procedures as described above. Vascular
dysfunction and BBB breakdown are associated with cognitive
impairments in aging and neurodegenerative diseases such as AD
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(Tadecola, 2004). In the mTBI event, cerebrovascular dysfunction
can result in circulatory insufficiency and cause neuronal
dysfunction (Jullienne et al., 2016). Edema formation and BBB
breakdown after mTBI can also disturb the brain homeostasis
and the clearance of toxic products such as f-amyloid, which
will accelerate the neuronal damage and contribute to the
mTBI-associated late-life neurodegeneration. Can we target
vascular dysfunctions in mTBI as a potential therapeutic
intervention? Histological and genetic profiling evidence has
indicated changes in different BBB modalities after mTBI (Meng
et al., 2017; Arneson et al., 2018; Munji et al., 2019; Sandsmark
et al., 2019), including alteration of extracellular matrix and
basement membrane, metalloproteinase, etc. Targeting these
endophenotypes may offer novel therapeutic opportunities. But
the journey is still out there.

CONCLUSION

In this review, we focused on BBB dysfunction after
mTBI in murine models and found that BBB breakdown
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Cerebrovascular homeostasis is maintained by the blood-brain barrier (BBB), a highly
selective structure that separates the peripheral blood circulation from the brain and
protects the central nervous system (CNS). Dysregulation of BBB function is the precursor
of several neurodegenerative diseases including Alzheimer’s disease (AD) and cerebral
amyloid angiopathy (CAA), both related to p-amyloid (Af) accumulation and deposition.
The origin of BBB dysfunction before and/or during CAA and AD onset is not known.
Several studies raise the possibility that vascular dysfunction could be an early step in
these diseases and could even precede significant Ap deposition. Though accumulation
of neuron-derived Ap peptides is considered the primary influence driving AD and CAA
pathogenesis, recent studies highlighted the importance of the physiological role of the
B-amyloid precursor protein (APP) in endothelial cell homeostasis, suggesting a potential
role of this protein in maintaining vascular stability. In this review, we will discuss the
physiological function of APP and its cleavage products in the vascular endothelium.
We further suggest how loss of APP homeostatic regulation in the brain vasculature could
lead toward pathological outcomes in neurodegenerative disorders.

Keywords: blood-brain barrier, $-Amyloid precursor protein, Alzheimer’s disease, cerebral amyloid angiopathy,
vascular homeostasis, -Amyloid

INTRODUCTION

The brain vasculature is characterized by the presence of the blood-brain barrier (BBB), a
specialized structure that maintains the separation between the circulating blood and central
nervous system (CNS). The BBB surrounds most of the vessels in the brain and is characterized
by the establishment of specialized endothelial tight junctions that consist of transmembrane
proteins (claudin3/5, occludins, and JAMs) and cytoplasmic scaffolding proteins (e.g., ZO-1,
Z0-2, and ZO-3), involved in cell-to-cell contacts and interacting with actin cytoskeleton and
associated proteins (G-proteins, protein kinases, and small GTPases). The tightly interconnected
endothelial cells that form the inner lining of BBB vessels not only deliver nutrients and oxygen
to brain tissues to ensure neuronal function but also protect the brain by limiting entry of
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toxins, pathogen, and inflammatory cells. BBB is not the same
in all the regions through the brain. While most blood vessels
in the brain are situated in the BBB, there are some regions,
like the circum-ventricular organs where the microvessels are
permeable and lack this specialized structure, allowing the free
passage of substances (Wilhelm et al., 2016). The BBB is an
essential part of the neurovascular unit (NVU), defined as a
complex functional and anatomical structure composed of BBB
endothelium, basement membranes (basal lamina and extracellular
membranes), astrocytes, pericytes, microglial cells, and neurons.
In this context, the neuronal-vascular interaction is critical for
proper brain function, and the structural and functional integrity
of blood vessels is essential to maintain appropriate brain perfusion
and to preserve normal neurological function. Pathological
changes in the NVU, including impairment of neurovascular
coupling and BBB dysfunction, are present in a variety of
neurovascular diseases (Chou et al., 2015; Cai et al, 2017;
Iadecola, 2017; Liu et al., 2019; Nizari et al., 2019; Nortley
et al, 2019). Increasing evidence supports the hypothesis that
vascular dysfunction plays a major role in P-amyloid (Af)
diseases such as cerebral amyloid angiopathy (CAA) and
Alzheimer’s disease (AD) (de la Torre, 2018; Klohs, 2020). While
AD is characterized by formation of amyloid plaques in the
brain parenchyma, CAA refers to AP deposits on the walls of
cerebrovasculature. CAA is a common comorbidity of patients
with AD. Though accumulation of neuron-derived AP in the
brain and vessel walls is considered the primary influence driving
CAA and AD pathogenesis, clinical trials based on immunotherapy
that target and clear AP have failed to reverse cognitive loss.
The most-cited explanation for the failure of such trials is that
the drugs were given too late in the progression of the disease,
when the process of AP deposition was advanced and at a
point of no return in the progression of the disease. This is
due in part to an incomplete understanding of the mechanisms
that trigger AP aggregation and deposition and a lack of notions
about the functional role of this peptide and its precursor protein,
the amyloid precursor protein (APP) in the cerebrovascular
homeostasis. Interestingly, immunotherapy with bapineuzumab,
a monoclonal antibody targeting both fibrillar and soluble Ap,
showed severe vascular adverse events like brain vasogenic edema
and microhemorrhages, possibly due to a loss in cerebrovascular
integrity (Gustafsson et al., 2018). This suggests that physiological
levels of AP are necessary for normal vascular homeostasis.
Furthermore, several studies showed the importance of AP and
APP for proper physiological function of endothelium, and APP
has been hypothesized to play a protective role in vascular
dysfunction. In this work, we summarize these findings and
highlight the importance of APP and its metabolites on the
normal physiology of the vascular system.

APP PROCESSING IN HEALTH AND
DISEASE

APP belongs to a conserved gene family that includes two
mammalian homologues, the APP-like proteins (APLPs), APLP1
and APLP2. These proteins are type I integral membrane proteins

that share similar structural organization and partially overlapping
functions, and this may explain why single-gene-knockout animal
models have failed to show any major phenotype (Shariati and
De Strooper, 2013). Structurally, APP and APLPs share conserved
regions, although APP is the only family member containing
the sequence encoding AP peptides (d'Uscio et al., 2017). APP
presents three major isoforms, generated by alternative splicing:
APP695, APP751, and APP770. The APP695 isoform is mainly
expressed in neurons, whereas APP751 and APP770 are the
predominant forms expressed in non-neuronal cells, including
endothelial cells and platelets (Van Nostrand et al., 1994). Under
physiological conditions, APP is cleaved by different secretases
through two main proteolytic pathways: the amyloidogenic and
non-amyloidogenic processing (Figure 1). The latter leads to
the release in the extracellular space of the soluble form soluble
amyloid precursor protein (sAPP-a) generated by a-secretase
(ADAM10) cleavage and the p3 peptide through cleavage of
a-secretase and the y-secretase complex (composed of four
subunits: presenilins, nicastrin, Aph-1, and Pen-2). By contrast,
in the amyloidogenic processing, B-secretase (BACE1) cleavage
releases soluble amyloid precursor protein cleaved by p-secretase
(sAPP-B; another soluble form with different structure and
physiological properties), and subsequent cleavage of BACE1
and y-secretase generates different Af isoforms of various lengths.
Moreover, y-secretase cleavage in the APP transmembrane region
yields the biologically active APP intracellular domain (AICD)
in both the proteolytic pathways. The main species of Af
peptides involved in CAA and AD are AP1-40 and AP1-42.
The AP1-42 peptides are the predominant form in AD neuronal
plaques, whereas deposition of AB1-40 peptides on the cerebral
vasculature contributes to the onset of CAA (Stakos et al,
2020). While the neuronal origin of AP deposits observed in
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FIGURE 1 | Processing of amyloid precursor protein (APP). APP is
processed by two proteolytic pathways: the non-amyloidogenic processing
(in blue) and the amyloidogenic processing (in orange). The non-
amyloidogenic processing releases in the extracellular space sAPPa and p3
fragments, while the amyloidogenic processing releases sAPPp and $-amyloid
(AB) peptides. Both pathways release APP intracellular domain (AICD)
fragments into the intracellular space that then translocate to the nuclei and
regulate cellular transcription. [sAPPa, soluble amyloid precursor protein; p3,
APP non-amyloidogenic extracellular fragment; C83 (BCTF), APP C-terminal
fragment beta; AICD, APP intracellular domain; sAPPg, soluble amyloid
precursor protein cleaved by p-secretase; Ap, beta-amyloid peptide; C89
(«CTF), APP C-terminal fragment alpha].
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AD and CAA is well established, evidences show that activated
endothelial cells and platelets are also able to release AP1-40
peptides (Kitazume et al., 2012; Canobbio et al., 2015). Under
normal physiological conditions, APP is predominantly processed
through the non-amyloidogenic pathway, and the AP peptide
is constitutively generated at relatively low levels. In addition,
several mechanisms of AP clearance involving the
cerebrovasculature contribute to maintain the concentrations
of these peptides to physiological levels in the brain. Some of
these mechanisms include Ap degradation by proteolytic enzymes,
phagocytosis by macrophages, intramural periarterial drainage,
and receptor mediated AP transport across the BBB in which
the main transport proteins are: the P-glycoprotein (P-gp), the
low-density lipoprotein receptor related protein-1 (LRP-1), and
the receptor for advanced glycation end-products (RAGE). While
LRP-1 mediates the efflux of AP from the brain to the blood
circulation, RAGE plays an opposite role by promoting the
influx to the brain, thus promoting its accumulation in the
parenchyma (Deane et al., 2004; Wan et al., 2014; Wang et al,,
2016). Impaired clearance of AP across the cerebrovascular
endothelium is considered the main cause of CAA (Qi and
Ma, 2017). Recent studies suggested the involvement of heparan
sulfate proteoglycans (HSPGs) in modulating AP clearance and
that the altered distribution and increased levels of HSPGs
in AD brains might contribute to AP aggregation and plaque
formation (Zhang et al., 2014; Liu et al.,, 2016). Interestingly,
APP processing is influenced by its cellular distribution: the
cell-surface accumulation of APP favors non-amyloidogenic
processing (Jiang et al., 2014). On the contrary, the retention
of APP in acidic compartments, such as early endosomes,
promotes amyloidogenic processing (O'Brien and Wong, 2011).
Furthermore, the soluble fragment sAPP-a has a role in the
auto regulation of APP processing. One of the proposed
mechanisms is that the sAPP-a modulates BACEI activity
promoting the non-amyloidogenic process of APP, thus
decreasing AP production (Kaden et al, 2008; Gralle et al,
2009; Obregon et al., 2012). All cell types in the NVU express
APP and release biologically active APP metabolites, however
increasing evidence suggests that dysregulation of APP
homeostasis in the brain vasculature would shift the balance
toward pathological outcomes. In fact, reduced expression of
APP in senescent brain microvascular endothelium contributes
to downregulation of sAPPa and promotes the amyloidogenic
processing of APP, suggesting that aging-induced loss of APP
function might increase the susceptibility to neurovascular
dysfunction (Kern et al,, 2006; Sun et al, 2018). Moreover,
the amyloidogenic secretase BACEl1 shows an age-related
increased expression and activity in specific brain regions (e.g.,
cortex) in a mouse model, probably due to alterations of the
cellular microenvironment (Chiocco and Lamb, 2007). Not
only AP production but also its accumulation appears to follow
an age-related specific regional pattern (e.g., leptomeningeal
and parenchymal vessels), indicating age- and spatial-related
efficiency of BBB mechanisms for Ap clearance and degradation
(Lewis et al., 2006; van Assema et al., 2012; Zoufal et al.,
2020). Based on this evidence, the alteration of APP expression
and processing affects the integrity and functionality of

neurovascular tissues, and this may be a critical step in the
pathogenesis of neurodegenerative diseases.

APP AND CEREBRAL VASCULATURE

APP is highly expressed in embryonic endothelium, suggesting
an important role of this macromolecule and its metabolites in
early angiogenesis (Ott and Bullock, 2001). A strong correlation
between APP loss-of-function models and vascular dysfunction
has been reported, supporting the importance of this protein
and its metabolites on vascular homeostasis. In the zebrafish
embryo, knockdown of APP by morpholino causes diffused
angiogenic defects especially in the brain. This phenotype can
be rescued by reintroducing Af peptides supporting the hypothesis
that these peptides have an essential role in angiogenesis during
embryonic development (Luna et al., 2013). Indeed, blocking
AP production by inhibition of BACEI or y-secretase activity
causes reduced angiogenesis both in vitro and in vivo (Paris
et al,, 2005). Several studies showed that APP exerts vascular
protective properties under physiological conditions. APP regulates
expression and function of endothelial nitric oxide synthase
(eNOS) in cerebrovascular endothelium (d'Uscio et al., 2018).
Loss of APP leads to a loss of eNOS protein expression and
to an increase of oxidative stress both in vivo and in vitro models
(d'Uscio et al., 2018; d'Uscio and Katusic, 2019). On the other
hand, in eNOS*~ mouse model, reduced availability of endothelial
NO leads to increased cerebrovascular concentrations of A
(Austin and Katusic, 2020) and transgenic mice overexpressing
APP show increased oxidative stress and cerebrovascular
dysfunction, associated with altered vasoactive signaling (Tong
et al,, 2005). In experimental models of stroke, the compensatory
increase in cerebrovascular blood flow induced by the occlusion
of the common carotid artery is attenuated in APP~~ mice (Koike
et al, 2012). Due to this reduced ability to adjust blood flow,
APP™" mice die shortly after the common carotid artery occlusion,
whereas wild-type mice survive. Conversely, in transgenic-AD
rats, the overexpression of wild-type APP in neuronal tissue
exerts neuroprotective effect from ischemic damage (Clarke et al.,
2007). APP may also play a role in pathogenesis of atherosclerosis.
APP and AP can be found in advanced human carotid plaques
and in atherosclerotic aortas of Apolipoprotein E-deficient (apoE™")
mice, where the APP overexpression in this mouse model
accelerates the development of aortic atherosclerotic (De Meyer
et al., 2002; Austin et al., 2009; Tibolla et al., 2010). Moreover,
transgenic B6Tg2576 mice overexpressing double Swedish mutated
human APP (K670N/M671L) develop non-dietary induced early
atherosclerotic (Li et al., 2003). On the contrary, the lack of
APP attenuated atherogenesis and leads to plaque stability in
double knockout mice APP~"/apoE™~ (Van De Parre et al., 2011).
A recent study suggested that the increased pulsatile stretch on
the microvessel walls induced by hypertension functions as a
mechanic stimulus that modifies the expression and processing
of APP, promoting APP overexpression, and favoring APP
amyloidogenic processing, and linking APP processing with
hypertension (Gangoda et al., 2018). Moreover, modifications of
vascular tone could be caused by an alteration of normal
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neurovascular coupling. Since components of the NVU, such as
astrocytes and neurons, control vasodilation by releasing vasoactive
molecules, altered vasomotor signals might affect APP processing
in cerebral microvasculature (Niwa et al., 2001, 2002; Park et al.,
2004, 2005). These studies suggest that several vascular risk
factors are linked to APP dysfunction. Although the vascular
function of APP has not been defined yet, these evidences suggest
the importance of this protein on vascular development and on
maintaining the normal tissue homeostasis.

APP PHYSIOLOGICAL ROLES IN
CEREBRAL VASCULATURE

Several physiological roles have been attributed to APP and
its processing products, some of which impact neurovascular
development and function. Even if APP is notoriously known
for its contribution to pathogenesis of neurodegenerative
diseases, and many physiological roles have been identified
in neural cells (Perez et al., 1997; Nicolas and Hassan, 2014;
Nhan et al., 2015; Habib et al., 2017; Coronel et al., 2018),
little is known on its function on endothelial cells and cerebral
vasculature (Figure 2). Growing evidence suggests that
perturbations of some of APP functional activities may
contribute to cerebral angiopathy and neurodegeneration
(Pearson and Peers, 2006; Thinakaran and Koo, 2008; d’Uscio
etal., 2017; Muller et al., 2017). Studying APP cellular functions
is complex since both the full-length protein and the secreted
or intracellular metabolites have biological activity. The AP
peptide appears to be involved in protecting the body from
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FIGURE 2 | Physiological roles of APP and its metabolites. Several studies
investigated the physiological functions of APP on neural tissue: APP
promotes neuron viability and axonogenesis (Perez et al., 1997); membrane
APP full-length protein shows cell-adhesive properties in neurons (Sosa

et al., 2017); sAPPa has been shown to be neuroprotective and to have
neuronal trophic properties (Habib et al., 2017); sAPP is important for
neuronal development (Nicolas and Hassan, 2014); C99 and C83
fragments are involved in neurite outgrowth (Nhan et al., 2015); AICD
controls neural differentiation (Coronel et al., 2018). On the contrary only
few studies investigated the physiological role of APP in vascular tissue:
low concentrations of Ap promote endothelial cells migration and
proliferation and angiogenesis (Cantara et al., 2004); and APP regulates
expression of endothelial nitric oxide synthase (eNOS) and may exert a
protective role (d’Uscio et al., 2018).

various types of infections, sealing leaks in the BBB, improving
outcomes after injury, and stimulating angiogenesis by modifying
the response to angiogenic factors (Cantara et al, 2004;
Brothers et al, 2018). Full-length APP protein has been
suggested to function as an important factor for proper
migration of neuronal precursors into the cortical plate during
the development of mammalian brain (Young-Pearse et al,
2007). The secreted ectodomain sAPP-« is sufficient to rescue
prominent deficits in APP~~ mice such as reduction in brain
and body weight, impairment in spatial learning, and long-
term potentiation (Ring et al., 2007). Moreover, different APP
isoforms may have distinct roles in various cell types. While
the intracellular C-terminus is conserved in all APP isoforms,
the extracellular N-terminus of APP differs between isoforms.
The endothelial-specific isoforms, APP751 and APP770, contain
two conserved extracellular regions (E1 and E2) connected
by an acidic domain (AcD), a Kunitz protease inhibitor (KPI)
region, and an OX-2 antigen domain, while the neuronal
isoform APP695 lacks the KPI and OX-2 domains. The
N-terminal of all APP isoforms presents functional binding
sites for metals (zinc and copper) and extracellular matrix
(ECM) proteins (heparin, collagen, and laminin; Zheng and
Koo, 2011; van der Kant and Goldstein, 2015). Here,
we summarize the physiological roles of APP full-length protein
and its metabolites in cerebral vasculature.

APP and Angiogenesis

Many studies have clearly shown the detrimental role of Af
accumulation on vascular stability; however, evidences suggest
that APP mediates endothelial cells’ response to angiogenic
growth factors and modulates angiogenesis. Different APP
metabolites have been shown to have different roles in
angiogenesis and vascular maintenance. AP peptides, for
example, show both anti-angiogenic and pro-angiogenic effects
in a dose-dependent manner in vitro. In fact, high micromolar
concentrations of different AP variants impair angiogenesis,
while low nanomolar concentrations of either AB1-40 or
AP1-42 promote angiogenesis in cultured cerebral and
peripheral endothelial cells by promoting cell proliferation,
migration, and tube formation (Cantara et al., 2004; Cameron
et al., 2012). However, the role of AP on angiogenesis in
vivo is still controversial since cerebral hyper-vascularization
was observed in human AD brains and transgenic animals
overexpressing APP (Biron et al., 2011). To note, the majority
of neo-formed vessels observed in AD is so called “string
vessels,” non-functional capillaries composed by connecting
tissue and lacking endothelial cells (Brown, 2010; Forsberg
et al., 2018). It has been proposed that the Ap-induced
aberrant angiogenesis may be the basis for BBB disruption
in AD (Biron et al, 2011). Af peptides can modulate
angiogenesis by functionally interacting with important
angiogenic signaling pathways, such as the FGF-2, the vascular
endothelial growth factor (VEGF), and the notch signaling
(Cantara et al., 2004; Patel et al., 2010; Cameron et al., 2012);
however, in vivo and in vitro studies showed once again
controversial results. While brains of patients with AD show
upregulation of the VEGF suggesting an interaction of VEGF
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with APP processing (Burger et al., 2009), in vitro studies
revealed that high concentrations of AP act as a VEGF
antagonist, inhibiting VEGR receptor (VEGFR2) activation
as well as VEGF-stimulated activation of eNOS in endothelium
(Patel et al.,, 2010; Lamoke et al., 2015; Cho et al., 2017).
Another APP metabolite, the secreted APP-a ectodomain,
sAPP-a, has been proposed to modulate angiogenesis by
binding to the FGF-2 receptor (FGFR-1). In particular, sAPP-«
may counterbalance Af anti-angiogenic effect by competing
with AB and FGF-2 for binding to FGFR-1 (Reinhard et al,
2013). More studies are needed to unravel the dichotomy of
AP roles on angiogenesis and to establish the exact role of
each APP metabolite on angiogenesis.

APP and Cell Adhesion

While the APP soluble metabolites act mostly as ligands, the
APP full-length membrane protein functions as a membrane
receptor and interacts with cell-adhesion molecules and the
ECM. APP extracellular domain binds a series of ECM
molecules, including collagen, spondin, laminin, reelin, and
HSPGs (glypican and syndecans), and to cell adhesion molecules
(CAMs) expressed in neighbor cells, suggesting an important
function of APP as an adhesion molecule (Sosa et al., 2017).
Many of these interactions stimulate neuronal migration and
neurite outgrowth, and we can assume a similar function in
endothelial cells (Sosa et al.,, 2017). The APP extracellular
domain is also able to self-dimerize and bind to cell surface
receptors, promoting APP surface localization (Deyts et al.,
2016). As already discussed, cell-surface accumulation of APP
favors non-amyloidogenic processing, thus cell-surface
dimerization of APP as well as binding to ECM appears to
modulate APP proteolytic processing by secretases. This suggests
that APP-dependent adhesive contacts contribute to the control
of the dynamics of APP extracellular and intracellular fragments
generation. Moreover, APP connects the extracellular
environment to the cellular cytoskeleton by physically linking
ECM and CAMs elements to the actin cytoskeleton through
intracellular scaffold proteins. The cytosolic region of APP
presents a YENPTY amino acid sequence motif that is recognized
by adaptor proteins (such as Fe65, Mint/X11, and Dabl)
capable to link with the actin cytoskeleton and Eb41 (component
of cortical cytoskeleton that directly interacts with alpha-actin).
Based on this evidence, APP acts as a cell adhesion molecule;
however, this physiological role in endothelial cells has not
yet been explored.

APP and Transcription Factors

The AICD plays an important role as a transcriptional regulator
and shares many structural and functional similarities with
the receptor Notch, a key regulator of endothelial cell phenotype.
The cleavage of APP by y-secretase acts as a receptor processing
of APP transmembrane region yielding the biologically active
cytosolic fragment AICD that participates in cell signaling.
This processing step is shared by many membrane-anchored
proteins, included Notch (Kopan and Ilagan, 2004). AICD
has a short half-life and is rapidly degraded resulting in low

steady-state concentrations. Analogous to Notch receptor
signaling, AICD regulates gene expression interacting with
transcription factors. In particular, AICD interacts with Fe65
and Tip60 to form a transcriptionally active complex that
has been reported to promote glycogen synthase kinase 3 f
(GSK3p) gene expression (Cao and Sudhof, 2001; Deyts et al,,
2016). APP activates or inhibits GSK3f depending on its
subcellular localization: The signaling associated with AICD
transcription promotes GSK3f activation, while retaining
AICD at the membrane favors inhibition of GSK3p signaling
(Chang et al., 2006; Deyts et al., 2012). Dysregulation of
GSK3p is involved in several aspects of AD development
and progression, pointing out the importance of a correct
regulation of APP interacting proteins (Llorens-Martin et al.,
2014). Similar to the Notch intracellular domain (NICD),
the AICD has been also found to regulate cellular calcium
homeostasis through a 7y-secretase dependent mechanism
(Leissring et al., 2002; Hamid et al, 2007). Notch is an
essential protein for endothelial cells, and Notch signaling
controls fundamental aspects of angiogenic blood vessel growth
and regulates vascular remodeling, vessels stabilization, and
endothelial cells quiescence (Mack and Iruela-Arispe, 2018).
Similarly, AICD may contribute to the stability of endothelial
phenotype by modulating various APP physiological functions
including trafficking and signal transduction. The complete
understanding of AICD-mediated intracellular molecular
mechanisms promoting vascular functionality and BBB integrity
requires further investigation.

CONCLUSION

APP is a very complex protein that can function as a full-
length membrane protein but also through its processing
metabolites (included AP). While the APP soluble metabolites
function mostly as ligands, the APP full-length membrane
protein functions as a membrane receptor and interacts with
cell-adhesion molecules and the ECM. The processing of this
protein through an amyloidogenic or non-amyloidogenic
pathway is a key point for the development of amyloid
deposits observed in AD and CAA. The failure of clinical
trials targeting the amyloidogenic processing and AP clearance
suggests that more effort is needed to understand the
physiological function of APP and modulation of APP
processing in cell homeostasis. Even if all cell types of the
NVU express APP, experimental in vivo and in vitro evidence
show that endothelial cells dysfunction is related to loss of
vascular APP homeostasis. Vascular risk factors such as aging
and hypertension can alter APP homeostasis in cerebrovascular
tissue not only by modulating APP expression and processing
but also by affecting APP protein interaction network. In
conclusion, the loss of the physiological activity of APP and
its metabolites may have a very important clinical significance.
Understanding the influence of APP roles on the functionality
of the vascular system might shed light on new therapeutic
targets and provide a new perspective on treatment options
of neurodegenerative diseases.
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The Wnt pathway, which comprises the canonical and non-canonical pathways,
is an evolutionarily conserved mechanism that regulates crucial biological aspects
throughout the development and adulthood. Emergence and patterning of the
nervous and vascular systems are intimately coordinated, a process in which Wnt
pathway plays particularly important roles. In the brain, Wnt ligands activate a cell-
specific surface receptor complex to induce intracellular signaling cascades regulating
neurogenesis, synaptogenesis, neuronal plasticity, synaptic plasticity, angiogenesis,
vascular stabilization, and inflammation. The Wnt pathway is tightly regulated in the adult
brain to maintain neurovascular functions. Historically, research in neuroscience has
emphasized essentially on investigating the pathway in neurodegenerative disorders.
Nonetheless, emerging findings have demonstrated that the pathway is deregulated
in vascular- and traumatic-mediated brain injuries. These findings are suggesting that
the pathway constitutes a promising target for the development of novel therapeutic
protective and restorative interventions. Yet, targeting a complex multifunctional signal
transduction pathway remains a major challenge. The review aims to summarize the
current knowledge regarding the implication of Wnt pathway in the pathobiology of
ischemic and hemorrhagic stroke, as well as traumatic brain injury (TBI). Furthermore,
the review will present the strategies used so far to manipulate the pathway for
therapeutic purposes as to highlight potential future directions.

Keywords: Wnt pathway, cerebrovascular diseases, traumatic brain injury, signal transduction, neurovascular
interactions

INTRODUCTION

The Wnt pathway regroups evolutionarily conserved intracellular signal transduction cascades that
regulate key biological aspects, such as cell proliferation, polarity, migration, and fate determination
during development (Willert and Nusse, 2012). Wnt proteins have been discovered 30 years ago
(Nusse and Varmus, 1982), and the name is an abbreviation resulting from the fusion of the
name of Drosophila segment polarity gene “Wingless” and that of its vertebrate proto-oncogene
orthologous gene “Integrated, Int-1” (Nusse and Varmus, 1982). Nineteen Wnt genes have been
identified so far in humans and rodents, clustering into 12 subfamilies (Foulquier et al., 2018).
Wnhts are secreted glycoproteins that activate intracellular signals upon binding to cell-specific
transmembrane receptors (Hermann and EIAli, 2012). Wnt proteins activate different pathways
that comprise the canonical pathway, which depends upon B-catenin-mediated gene regulation,
and the non-canonical pathway that includes the planar cell polarity (PCP) and calcium (Ca>")
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pathways, which are both p-catenin-independent (Croce and
McClay, 2008). The canonical Wnt pathway is mediated
essentially by the action of Wntl, Wnt3, Wnt3a, Wnt7a, Wnt7b,
Wnt8 and Wnt9 ligands, and involves the recruitment of low-
density lipoprotein receptor-related protein-5/6 (LRP5/6) to
Frizzled (Fzd) receptors to form a transmembrane receptor
complex, and the non-canonical Wnt pathway is mediated
essentially by Wnt4, Wnt5a, Wnt6, and Wntl11 ligands, without
the involvement of LRP5/6 (Croce and McClay, 2008). In the
brain, Wnt proteins are secreted essentially by neurons and
astrocytes, and act as cell-specific ligands that orchestrate a wide
range of biological processes during development and adulthood
(Hermann and EIAli, 2012; Noelanders and Vleminckx, 2017). In
the developing brain, Wnt pathway has been shown to regulate
neural patterning, neurogenesis, axon guidance, synaptogenesis,
and vascular development (Hermann and EIAli, 2012; Lambert
et al., 2016; Noelanders and Vleminckx, 2017; Jaworski et al.,
2019). Recent evidence is demonstrating that Wnt pathway
is required to maintain brain homeostasis and functioning
during lifespan by fine-tuning adult neurogenesis, synaptic
plasticity, vascular stability, blood-brain barrier (BBB) integrity,
and inflammation (Hermann and EIAli, 2012; Noelanders and
Vleminckx, 2017). The emerging findings are indicating that the
Wnt pathway is deregulated in several brain disorders, namely
Alzheimer’s disease (AD), anticipating its importance as a novel
target for the development of new therapies (Hermann and EIAli,
2012). Dysfunction of the Wnt pathway in neurodegenerative
disorders is largely covered in the literature. In the recent years,
deregulation of the Wnt pathway has been reported in vascular-
and traumatic-mediated brain injuries, outlining a direct and
major impact on the mechanisms related to injury, as well as
protection and regeneration. Yet, there is still a gap in the
literature in this particular field. In this review, we will summarize
the implication of Wnt pathway in the pathobiology of ischemic
and hemorrhagic stroke, as well as traumatic brain injury (TBI),
and outline its role in the development of novel therapeutic
interventions for these neurological conditions.

THE CANONICAL Wnt PATHWAY

In the canonical Wnt pathway, Wnt ligands bind to 10 different
Fzd receptors (Wang et al., 2006). The interaction between Wnt
and Fzd receptors requires LRP5/6, which acts as a co-receptor.
The complex Wnt-Fzd-LRP5/6 recruits and activates the scaffold
protein Disheveled (Dvl), which induces the disassembly of B-
catenin destruction complex, which comprises the adenomatous
polyposis coli (APC), Axin, casein kinase-la (CKla), and
glycogen synthase kinase3-p (GSK3B) (Croce and McClay,
2008). LRP5/6 phosphorylation by CKla induces inhibition of
the destruction complex (Croce and McClay, 2008). In the
presence of Wnt ligands, the serine kinase activity of GSK3p
is inhibited, resulting in the disassembly of the destruction
complex, leading to the stabilization and accumulation of
pB-catenin in the cytosol and subsequent translocation into the
nucleus (Hermann and EIAli, 2012). In the nucleus, p-catenin
binds and activates the lymphoid enhancer factor (LEF)/T cell

factor (TCF) transcription factor to regulate the expression
of Wnt target genes (Niehrs, 2012). TCF/LEF activation by
B-catenin regulates several genes implicated in neurogenesis,
synaptogenesis, neuronal plasticity, synaptic plasticity, BBB
formation, cell survival, and inflammation (Liebner et al., 2008;
Hur and Zhou, 2010; Marchetti and Pluchino, 2013; Zhou Y.
etal.,, 2014; Ma and Hottiger, 2016). The interaction of Wnt with
Fzd-LRP5/6 receptor complex is tightly regulated to assure an
adequate activation of the pathway (He et al., 2016; Lambert et al.,
2016). The endogenous secreted proteins Dickkopf-1 (Dkk1) and
sclerostin (Scl) play particular important roles in modulating
pathway activation (He et al., 2016; Lambert et al., 2016).

LRP5 and LRP6 are 70% identical and represent a unique
group of the LDLR family (He et al., 2004; MacDonald and
He, 2012). These single transmembrane receptors have an
extracellular domain containing 4-tandem B-propeller (E1-E4)
(MacDonald and He, 2012). Some Wnt ligands such as Wntl,
Wnt2, Wnt2b, Wnt6, Wnt8a, Wnt9a and Wnt9b interact with
El, whereas others such as Wnt3 and Wnt3a prefer E3 and E4
(Takanari et al., 1990; Bourhis et al., 2010; Rochefort, 2014). The
domains that are implicated in binding other Wnt ligands such as
Wnt7a and Wnt7b remain unknown (Takanari et al., 1990). It has
been shown that Dkk1 binds to all B-propeller domains of LRP5
and LRP6, thus inhibiting Wntl, Wnt9b, and Wnt3a for binding
to LRP5/6 and consequently preventing pathway activation
(Bourhis et al., 2010; Rochefort, 2014). Furthermore, Dkk1 binds
to E3 and E4 fragments, thus competing with Wnt3a for binding
to LRP6, and preventing the formation of the Wnt3a-Fzd8-
LRP6 complex. Inhibition of Wnt3a binding to LRP6 by Dkk1
does not disrupt Wnt3a-Fzd8 interaction, but rather prevents
the formation of Wnt-Fzd-LRP5/6 complex (Bourhis et al., 2010;
Rochefort, 2014). Scl binds the first B-propeller of LRP5 and LRP6
to inhibit the biological activity of Wntl (Rochefort, 2014), and
Wnt9b (Bourhis et al., 2010), respectively, and similar to Dkk1,
prevents pathway activation. In addition, Dkk1 and Scl can use
co-receptors, such as Kremen-1/2, to increase their inhibitory
activity by facilitating the internalization of the Fzd-LRP5/6
receptor complex (Mao et al., 2002). In the healthy brain, Wnt
pathway basal activity is required to maintain tissue homeostasis.
However, accumulating evidence is suggesting that the pathway
is deregulated in brain injuries associated to cerebrovascular
diseases and trauma, impacting adult neurogenesis, neuronal
plasticity, synaptic plasticity, angiogenesis, vascular stability and
the immune response (He et al., 2016; Lambert et al., 2016).

THE NON-CANONICAL Wnt PATHWAY

The non-canonical Wnt pathway comprises Wnt/PCP and
Wnt/Ca?* pathways, which are B-catenin-independent, and are
largely associated to cell mobility and differentiation (Ng et al.,
2019). The Wnt/PCP pathway is initiated when Fzd receptors
activate a cascade of intracellular cascades involving the small
guanosine triphosphate (GTP)ases, Ras-related C3 botulinum
toxin substrate-1 (RAC1), and Ras homolog gene family member
A (RHOA), cell division cycle 42 (CDC42), as well as the
c-Jun N-terminal-kinase (JNK), independently of LRP5/6 (Habas
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and Dawid, 2005). The Wnt/PCP pathway is divided into
two sub-branches: the RHOA and its effector Rho-associated
protein kinase-1/2 (ROCK1/2) “RHOA/ROCK pathway” and
JNK effector c-Jun “INK/c-Jun pathway.” RHOA/ROCK pathway
does not always involve the recruitment of key components of
the canonical pathway including Wnt itself, but involves mostly
Dvl and specifically its PDZ (post-synaptic density protein-95,
PSD95/disks large homolog, DLG/zonula occludens-1, ZO1) and
DEP (DvlI/EGg laying defective, EGL-10/Pleckstrin) domains,
as well as the Dvl-associated activator of morphogenesis-1
(DAAMI1) (Habas et al., 2001). These domains link Fzd and
Dvl to the small GTPases RHO, which in turn activate their
effector ROCK, leading to cytoskeletal reorganization (Veeman
et al,, 2003). The JNK/c-Jun pathway involves as well Dvl
that interacts through its DEP domain with RAC1 to form a
complex independently of DAAMI, stimulating JNK activity
and mediating profilin binding to actin (Habas et al., 2001;
Veeman et al., 2003). The PCP pathway regulates a variety of
cellular processes including planar polarity, cell mobility, and cell
migration of neural crest cells (Veeman et al., 2003; Komiya and
Habas, 2008; Ng et al., 2019).

The Wnt/Ca?* pathway shares several components
with the PCP pathway. The pathway is activated when
Wnt ligands bind to the Fzd receptors, which activates
heterotrimeric G proteins, stimulating the release of Ca’™
from intracellular stores (Marchetti and Pluchino, 2013). The
increased Ca’" concentration subsequently activates various
Ca**-dependent effectors, namely protein kinase C (PKC),
Ca®*-calmodulin-dependent protein kinase II (CaMKII), and
the Ca?T-calmodulin-sensitive protein phosphatase calcineurin
(Marchetti and Pluchino, 2013; Ng et al, 2019). Several
downstream components of the Wnt/Ca?" pathway have been
shown to interact with the canonical Wnt pathway. Furthermore,
the association of Fzd receptors with Knypek (Kny), RAR-related
orphan receptor-2 (ROR2), or related to receptor tyrosine
kinase (RYK) receptors can activate JNK, promoting target
gene expression through Activator protein-1 (AP1) (Marchetti
and Pluchino, 2013). The Wnt/Ca?* pathway is implicated in
regulating dorsal axis formation, cell adhesion, migration, and
tissue separation during embryogenesis (Komiya and Habas,
2008). Little is known about the physiological role of the non-
canonical Wnt pathway in the adult brain. Nonetheless, the
recent findings suggest that the pathway is deregulated in brain
injuries, such as cerebrovascular diseases and trauma, impacting
adult neurogenesis, angiogenesis, BBB permeability and the
immune response (Johnson and Nakamura, 2007).

THE Wnt PATHWAY IN BRAIN
PHYSIOLOGY

Implication in Neurogenesis

The adult hippocampal stem/progenitor cells (AHPs) express
receptors and several components for the Wnt pathway (Lie
et al, 2005). It has been shown that the canonical Wnt
pathway exhibits a basal activity, and Wnt3 is expressed in the
hippocampal neurogenic niche (Lie et al., 2005). Importantly,

Wnt3 overexpression was sufficient to increase neurogenesis
from AHPs in vitro and in vivo (Lie et al, 2005), outlining
the importance of the pathway in regulating this process. In
addition, B-catenin was detected in progenitor cells within the
adult sub-ventricular zone (SVZ) of Axin2-d2EGFP transgenic
mice, a mouse line reporter for Wnt pathway activity (Lie
et al.,, 2005). Indeed, when canonical Wnt pathway is blocked
via the expression of a dominant negative LEF1 (dnLEFI) in
AHPs, a reduction of neuronal differentiation was observed in
hippocampal cultures (Lie et al., 2005). The presence of astrocyte-
derived secreted Fzd receptor progenitor-2/3 (sFRP2/3), which
acts as decoy receptor negatively regulating pathway activity,
decreased the percentage of AHPs, outlining canonical Wnt
pathway participation to the differentiation of AHPs through
factors derived from the hippocampal astrocytes (Lie et al,
2005). Furthermore, inhibition of GSK3p promoted both the
proliferation and neuronal differentiation of human neural
progenitor cells (NPCs) (Esfandiari et al., 2012), and increased
neurogenesis in the sub-granular zone (SGZ) of adult mice
(Adachi et al., 2007). Inhibition of Wnt signaling using dominant
negative Wnt (dnWnt) (Jessberger et al.,, 2009), and dnWntl
(Lie et al., 2005) reduced the level of adult hippocampal
neurogenesis, and impaired the cognitive functions of mice.
Importantly, the retroviral injection of DKkl into the SVZ
reduced the proliferation of mammalian achaete-scute homolog-
1 (MASH1)*™ NPCs (Adachi et al, 2007). Furthermore, in
Nestin-Dkkl mice in which Dkkl is specifically depleted
in NPCs, neurons and glial cells, an increased number of
neural progenitors was observed, accompanied by an enhanced
dendritic complexity and neuronal activity in the dentate
gyrus (DG) (Seib et al,, 2013). Interestingly, reduction of the
paracrine Wnt3 during aging has been shown to impair adult
neurogenesis by modulating expression of the neuronal-lineage
factors NeuroD1, retrotransposon L1, and doublecortin (Dcx)
(Okamoto et al., 2011). Finally, the loss of Wnt7a expression
reduced the expansion of NPCs in vitro, and in Wnt7a~/~ mice a
decreased number of newborn neurons at the SGZ was observed,
accompanied by altered neuronal maturation translated by an
impaired dendritic development, thus linking Wnt7a to self-
renewal and differentiation (Qu et al., 2013).

Implication in Synaptogenesis

Wnt ligands have been shown directly modulate the function
as well as the architecture of the pre-synaptic regions (Cerpa
et al,, 2008). Wnt3a and Wnt7a have been reported to stimulate
exocytosis and recycling of synaptic vesicles in hippocampal
neurons, thus enhancing the synaptic transmission and plasticity
(Cerpa et al.,, 2008; Rosso and Inestrosa, 2013). Wnt3a and
Wnt7a, which are expressed as well by post-synaptic components,
have been shown to promote the assembly of pre-synaptic
structures at the early stages of synapse formation (Cerpa
et al., 2008). Wnt7a stimulated the pre-synaptic assembly via
inhibition of GSK3p, without transcriptional regulation (Cerpa
et al., 2008), and promoted dendritic spine growth and synaptic
strength via a CaMKII-dependent mechanism in vitro and
in vivo (Ciani et al., 2011). Wnt7a increased the density and
maturity of dendritic spines, whereas Wnt7a-Dvll deficient

Frontiers in Physiology | www.frontiersin.org

September 2020 | Volume 11 | Article 565667


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Menet et al.

Whnt Pathway in Brain Injury and Therapy

mice exhibited several defects in spine morphogenesis and
mossy fiber CA3 synaptic transmission in the hippocampus
(Ciani et al., 2011). Furthermore, Wnt5a induced short-
term changes in the clustering of PSD95 and modulated
glutamatergic synaptic transmission (Farias et al., 2009). In
cultured hippocampal neurons, the tyrosine-protein kinase
transmembrane receptors, receptor tyrosine kinase-like orphan
receptor-1/2 (Rorl/2), have been demonstrated to play an
important role in synapse formation by interacting with Wnt5a
to increase synapse formation (Paganoni et al, 2010). The
length and number of synapses significantly decreased when
Ror1/2 were depleted (Paganoni et al,, 2010). Overexpression
of Fzdl receptor increased the pre-synaptic clustering (Varela-
Nallar et al,, 2009). Interestingly, it has been shown that the
astrocytic layers in the DG play an essential role in triggering
neuronal differentiation of hippocampal neural stem cells (NSCs)
(Kuwabara et al, 2009). Astrocyte-derived Wnt3 has been
shown to promote NSC differentiation in a paracrine manner
by increasing the expression of synapsin-I and tubulin-III
(Okamoto et al.,, 2011). Wnt3 overexpression in aged primary
astrocytes using lentivirus (LV)-expressing Wnt3 significantly
improved neurogenesis (Okamoto et al., 2011). Furthermore,
GSK3p overexpression has been shown to alter dendritic
branching and reducing the number of functional synapses of
granule cells in DG (Llorens-Martin et al., 2013). In contrast,
GSK3f depletion in the cortex and hippocampus of mice
potently reduced spine density associated to loss of persistent
spines and destabilization of the new spines (Ochs et al,
2015). These changes were accompanied with an impaired -
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor-dependent excitatory post-synaptic currents (Ochs
et al., 2015). Finally, TAT-TI-JIP, a JNK inhibitor, prevented the
increase in the number of PSD95 clusters induced by Wnt5a
(Farias et al., 2009).

Implication in Angiogenesis

The Wnt pathway has been shown to play an important
role in angiogenesis. Indeed, cadherin-5 (Cdh5)(PAC)-
CrePRT2,Ctnnb1f%d or  Ctnnb1'2FC  transgenic mice, in
which B-catenin depletion is specifically induced in endothelial
cells, showed low vessel area and reduced number of vascular
branch points (Martowicz et al., 2019). In addition, Wnt7a
and Wnt7b have been identified as key regulator of normal
angiogenesis in the ventral region of the brain, as the combined
inactivation of both ligands caused severe defects in brain
angiogenesis (Engelhardt, 2003). Indeed, Wnt7a and Wnt7b
depletion caused vascular malformations in mice (Daneman
et al., 2009). For instance, in Wnt7a™/ ~;Wnt7b~/~ mice, which
are deficient in Wnt7b, a thickened vascular plexus was observed,
whereas in Wnt7a~/~;Wnt7b~/~ mice, which are deficient for
both Wnt7a and Wnt7b, large vascular plexus dilations were
observed (Daneman et al., 2009). Wnt3a also plays a major role
in angiogenesis but has a moderate effect compared to the two
others Wnt7 ligands. Treatment of the human endothelial cell
line EAhy926 with Wnt3a up-regulated the nuclear levels of
nuclear B-catenin, accompanied by an enhanced transcriptional
activity of LEF1, which induced matrix metalloproteinase-2

(MMP2) expression, an effect that was completely abrogated
in the presence of LEF1 siRNA (Planutiene et al, 2011). In
Fzd7ECKO mice, which are deficient in Fzd7 in endothelial
cells, a reduced level of the activated form of P-catenin was
observed, and accompanied by a downregulation of Axin2 and
LEF1 gene expression (Peghaire et al, 2016). In these mice,
the spreading and the percentage of vascularization showed
a strong delay in vascular formation in the retina (Peghaire
et al, 2016). In Fzd4~/~ mice, the neuronal degeneration
observed in the brain was essentially caused by vascular
dysfunction, due to misshapen capillaries and protrusions
of the endothelial processes into the vessel lumen (Ye et al,
2009). Interestingly, the canonical Wnt pathway has been
shown to suppress early sphingosine-1-phosphate receptor
(S1PR) signaling during angiogenesis to enable the dynamic
cell-cell junction formation during anastomosis (Hiibner et al.,
2018). However, at later stages S1PR signaling regulated BBB
maturation and VE-cadherin stabilization (Hiibner et al., 2018).
Interesting, the E3 ubiquitin ligase PDZ domain-containing
ring finger 3 (Pdzrn3), which regulates DvI3 ubiquitinylation,
regulated endothelial intercellular junction integrity. Endothelial
cell-specific overexpression of Pdzrn3 led to early embryonic
lethality with severe hemorrhaging and altered organization
of endothelial intercellular junctions (Sewduth et al., 2017).
Treatment of the human umbilical vein endothelial cells
(HUVEC) with Wnt3a, significantly increased the level of
B-catenin and this upregulation was higher when Pdzrn3 was
depleted by siRNA and reduced in Pdzrn3 lentiviral-transduced
endothelial cells (Sewduth et al, 2014). Very interestingly,
treatment of HUVEC with Wnt5a increased the level of p-c-jun
which was impaired in Pdzrn3-depleted cells. In addition,
Whnt5a treatment induced AP1 response in HUVEC and this
induction was repressed by siPdzrn3-treatment and induced in
Pdzrn3 lentiviral-transduced endothelial cells (Sewduth et al,
2014). These results outline the regulatory role of Wnt pathway
in temporally linking angiogenesis to BBB formation and in
anastomosis (Hiibner et al., 2018).

Implication in BBB Formation

The canonical Wnt pathway was shown to act as master
regulator of BBB formation and maturation during ontogeny
(Liebner et al., 2008). Initial reports showed that p-catenin in
human cerebral microvascular endothelial cells (hCMEC/D3)
was capable of binding directly to the promoter region of
the multidrug resistance protein-1 (MDRI; i.e., ATP-binding
cassette sub-family B member-1, ABCB1) gene, a marker of
BBB functionality (Pinzon-Daza et al, 2014). In Ctnnb1iAEC
transgenic mice, expression of the tight junction protein claudin-
5, glucose transporter-1 (GLUT1), and the major facilitator
superfamily domain-containing protein 2 (MFSD2A) a key lipid
transporter expressed in brain endothelial cells that is vital for
brain lipid uptake, were all significantly decreased, associated
to defective BBB structural and functional integrity (Martowicz
et al., 2019). The stimulation of hCMEC/D3 endothelial cells
with Wnt activators increased the gene expression of the
multidrug resistance-associated protein-1 (MRP1; ATP-binding
cassette sub-family C member-1, ABCC1), as well as ROCK,
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whereas Dkk1 induced opposite effects, thus suggesting that the
biological activities of the canonical and non-canonical Wnt
pathways vary in response to Wnt activators and inhibitors
(Pinzén-Daza et al., 2014). Administration of Wnt3aCM in the
brain of mice upregulated the expression of the tight junction
protein claudin-3, whereas it downregulated the expression
of plasmalemma vesicle associated protein (PLVAP), which
is involved in endothelial cell fenestration and permeability
(Liebner et al., 2008). Furthermore, Wnt7a has been shown to
regulate the expression of the BBB-specific GLUT1 in purified
endothelial cells in vitro, and that B-catenin was required to
mediate GLUT1 expression in vivo (Engelhardt, 2003). The
conditional activation or deactivation of endothelial B-catenin in
vivo confirmed latter’s requirement in regulating the expression
of ABCBI, claudin-3, and PLVAP at the BBB (Liebner et al,
2008). The results showed that the transcriptional activity of B-
catenin is necessary and sufficient to upregulate the expression of
claudin-3, ABCB1 and downregulate PLVAP in brain endothelial
cells, thus inducing the structural and functional properties
of the BBB (Liebner et al.,, 2008). Interestingly, the canonical
Wnt pathway is essential for maintaining BBB integrity in
adulthood as well. Indeed, using a transgenic mouse model
with tamoxifen-inducible endothelial cell-restricted disruption
of Ctnnbl (iCKO), it has been shown that f-catenin depletion
in endothelial cells caused neuronal damage and multiple intra-
cerebral petechial hemorrhages associated to a downregulation of
the tight junction proteins claudin-1 and -3 in the adult brain
endothelial cells (Yi et al., 2015).

Implication in Immunity

Several findings have outlined the role of Wnt pathway in
regulating different immune functions. In cultured human aortic
endothelial cells (HAEC), exposure to Wnt5a has been shown
to increase the level of cyclooxygenase-2 (COX2) (Kim et al.,
2010). Wnt3a ligand was reported to exert an anti-inflammatory
effects in murine mycobacteria-infected macrophages, and
mycobacterium tuberculosis-infected macrophages, notably by
regulating the expression of tumor necrosis factor (TNF)
(Neumann et al., 2010). Wnt pathway plays an important role
in dendritic cells (DCs) differentiation (Zhou et al., 2009). More
precisely, p-catenin-TCF/LEF signaling has been demonstrated
to interact with Notch signaling to promote the differentiation
of DCs (Zhou et al., 2009). Interestingly, activation of the non-
canonical Wnt pathway mediated by Wnt5a attenuated DCs
differentiation (Zhou et al., 2009). Wnt pathway has been shown
to promote as well immune tolerance in DCs (Swafford and
Manicassamy, 2016). DCs play an important role in regulating
the balance between inflammatory and regulatory responses
in the periphery. In LRP5/6'2P€ mice, in which LRP5 and
LRP6 are specifically depleted in DCs, the mRNA levels of
interleukin (IL)17A, IL22, TNFa increased, whereas the mRNA
levels of IL10 and TNFP were reduced (Suryawanshi et al,
2015). In B-cat®P€ mice, which specifically lack B-catenin
expression in DCs, a higher frequency of T helper 1 (Thl),
Th17, TNFa™;CD4% T cells, and TNFa™;CD8" T cells was
observed (Manicassamy et al., 2010). The stimulation of DCs

with Wnt3a has been shown to limit the expression of pro-
inflammatory cytokines and to increase the expression of anti-
inflammatory factors in response to M. tuberculosis (Suryawanshi
et al., 2015). The Wnt pathway could modulate the immune
response through the interaction with other signaling pathways.
Indeed, a cross-regulation between the Wnt and nuclear factor-
kappa B (NF-kB) signaling cascades has been demonstrated,
showing that B-catenin exerted an anti-inflammatory effect by
physically inhibiting the NF-kB-mediated transcription of pro-
inflammatory genes (Ma and Hottiger, 2016). Wnt5a seems to
elicit pro-inflammatory responses via Fzd5, whereas Wnt3a-
Fzdl signaling elicited anti-inflammatory responses (Schaale
et al., 2011). Nonetheless, in cultured mouse microglial cells
that express the Fzd4/5/7/8 receptors as well as LRP5/6,
Wnt3a stimulation activated p-catenin signaling, increasing the
expression of pro-inflammatory mediators such as IL6, IL12,
and TNFa (Halleskog et al., 2011). However, recent findings
have demonstrated that deactivation of the p-catenin signaling
induced a pro-inflammatory phenotype in microglial cells (Van
Steenwinckel et al., 2019). Interestingly, delivery into the brain
of a Wnt agonist that mediates canonical pathway activation
specifically in microglia by using a microglia-specific targeting
nano-carrier, microglial cell pro-inflammatory phenotype was
attenuated (Van Steenwinckel et al., 2019). More investigations
are required to clearly address the complex role of Wnt pathway
in regulating microglial cell activation.

THE Wnt PATHWAY IN ISCHEMIC
STROKE

Stroke constitutes a leading cause of death and long-term
disability in adults in the industrialized world. Ischemic stroke
accounts for the majority of cases, approximately 85%, and occurs
when the cerebral blood flow (CBF) is interrupted due to the
sudden obstruction of a cerebral artery caused by an embolus
or thrombus (Dirnagl et al, 1999; Moskowitz et al., 2010).
The disruption of the regional cerebral blood supply initiates
a cascade of events that evolve following three major phases
(Dirnagl et al., 1999; Moskowitz et al., 2010). The acute phase,
which takes place minutes upon occlusion, is characterized by
BBB disruption caused by MMPs activation, oxidative stress,
and excitotoxicity, leading to neuronal dysfunction and death
(Dirnagl et al., 1999; Moskowitz et al., 2010; EIAli, 2016).
The second phase, which takes place hours and days upon
occlusion, is characterized by apoptosis, neuroinflammation and
exacerbation of BBB breakdown, contributing to the secondary
progression of injury (Dirnagl et al., 1999; Moskowitz et al.,
2010; EIAli, 2016). The third phase, which takes place days
and weeks following upon occlusion, is characterized by the
activation of various reparative and regenerative processes
that include neuronal plasticity, neurogenesis, angiogenesis and
tissue scarring (Dirnagl et al., 1999; Moskowitz et al., 2010;
EIAli, 2016). The severity of the early pathological events
decelerates brain recovery in the chronic phase, thus significantly
worsening outcomes (Dirnagl et al., 1999; Moskowitz et al.,
2010). Importantly, ischemic stroke results in two major zones
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of injury, the infarct core associated to a dramatic reduction
of the CBF causing immediate cell death by necrosis, and
the peri-infarct penumbra associated to a moderately reduced
CBF causing neuronal paralysis that could evolve to cell death
(Lo, 2008). Currently, recombinant tissue-plasminogen activator
(rtPA)-induced thrombolysis constitutes the only food and drug
administration (FDA) approved approach used in clinics to
restore CBF (Lo, 2008). The recent evidence is suggesting that
Wnt pathway is implicated in ischemic stroke pathobiology,
outlining its potential as novel target for the development of new
therapeutic interventions.

Implication in Ischemic Stroke
Pathobiology

Several studies have suggested that Wnt pathway is regulated in
ischemic stroke patients. The Ischemic Stroke Genetics Study
(ISGS) has identified some genetic variants in LRP6 to play
a role in determining the risk of ischemic stroke (Harriott
et al., 2015). Furthermore, the levels of Dkkl in the plasma
of patients with acute ischemic stroke have been reported to
significantly increase in comparison to healthy individuals, as
well as patients with stable cerebrovascular disease (Seifert-Held
et al,, 2011). Interestingly, Dkk1 plasma levels were higher in
patients with stable cerebrovascular disease when compared to
healthy individuals (Seifert-Held et al., 2011). These findings
were confirmed in another independent study showing that the
serum levels Scl and Dkk1 were significantly higher in patients
with ischemic stroke caused by large artery atherosclerotic (LAA)
or small-artery occlusion (SAO) stroke (He et al, 2016) in
comparison to healthy individuals. However, no difference in
the serum levels of Scl and Dkkl were detected between the
stroke sub-types (He et al., 2016). Both studies did not detect
any correlation between Scl or DkkI levels and stroke severity
or outcome. Nonetheless, recent evidence is suggesting that the
elevated levels of serum Dkk1 at baseline were associated with
poor prognosis 1 year after ischemic stroke, suggesting that
initial Dkk1 levels in the serum could constitute a biomarker for
ischemic stroke prognosis (Zhu Z. et al., 2019). In a recent study,
miR-150-5p, a regulator of B-catenin and thereby the canonical
Wnt pathway, was shown to be upregulated in the blood plasma
of hospitalized patient with cerebral infarction (Sun et al., 2020).

The overwhelming experimental findings are indicating that
the Wnt pathway is potently and dynamically regulated upon
ischemic stroke and is critically involved in disease’s pathogenesis.
For instance, Wntl levels have been reported to significantly
increase 1 to 6 h within the penumbra of rodents subjected
to middle artery occlusion (MCAo) (Chong et al, 2010).
The re-emergence of the canonical Wnt pathway activity was
interpreted as an intrinsic compensatory mechanism to preserve
brain homeostasis upon injury (Chong et al.,, 2010). Indeed,
our group has recently demonstrated that f-catenin levels
significantly increased in the brain endothelial cells as early
as 3 h after MCAo (Jean LeBlanc et al., 2019). Importantly,
the early deactivation of the pathway using the potent Wnt
inhibitor XAV939 exacerbated BBB breakdown and edema
formation, indicating that the pathway re-emerged to preserve

BBB structure and function upon injury (Jean LeBlanc et al,
2019). Following the early activation of the pathway, a tendency
toward deactivation has been reported and was associated to
an upregulation of GSK3f (Jean LeBlanc et al, 2019), and a
downregulation of B-catenin and Dvl (Xing et al, 2012) as
well as Wnt3a (Wei et al., 2018) within the infarct region.
Furthermore, Dkk1 expression was detected within the ischemic
region as early as 3 h after MCAo and continued to steadily
increase during the following hours (Mastroiacovo et al., 2009).
Dkk1-induced expression was correlated with reduced levels
of B-catenin in ischemic neurons, outlining Dkkl potency
in modulating canonical Wnt pathway (Mastroiacovo et al,
2009). In the SVZ, B-catenin and Wnt3a expression was shown
to decrease during the sub-acute phase after ischemic stroke
(Wei et al., 2018). In LRP61/~ mice, which are LRP6 haplo-
insufficient, a larger infarct and severe motor deficits as well
as increased inflammatory gene expression were reported after
MCAo (Abe et al., 2013). Interestingly, Gpr1241°%/~ mice, which
are deficient for the endothelial-specific G-protein-coupled
receptor (GPCR) Gpr124, exposed to MCAo exhibited rapid BBB
breakdown accompanied by hemorrhagic transformation (Chang
et al,, 2017). Importantly, BBB breakdown following MCAo
was potently rescued in Gpr12419%/~Ctnnb1°X(e3)/+;Cdh5-
CrePRT2 mice in which PB-catenin signaling is specifically
activated in endothelial cells (Chang et al, 2017). The
induced activation of B-catenin signaling in Gpr12471°%/~
mice attenuated hemorrhagic transformation and restored
the pericyte-endothelial cell crosstalk (Chang et al, 2017).
Interestingly, Wnt7a/b, two of the most potent factors implicated
in physiological angiogenesis are not activated during post-stroke
angiogenesis, suggesting that the latter does not constitute a
simple recapitulation of developmental angiogenesis (Buga et al.,
2014). Transcriptomic studies have shown that the proliferation
of vascular smooth muscle cells (VSMCs), which contribute to
post-stroke angiogenesis, is modulated by LEF1 and Wnt4a, and
that this modulation was more important in young animals
compared to aged animals after MCAo, whereas Wnt5 was
specifically increased in the brain of aged animals (Buga et al,,
2014). Furthermore, the deposition of the extracellular matrix
proteins (ECM) limits the plasticity and remodeling capability
of the microvasculature within the scarring zone upon MCAo,
was exacerbated in aged animals (Johnson and DiPietro, 2013),
accompanied by an increased expression of Wnt5b gene in the
peri-lesional region in the cortex (Buga et al, 2014). DKkl is
induced in neurons within the infarct core and the penumbra
and was associated to a reduced expression of P-catenin
(Mastroiacovo et al., 2009). Treatment with lithium ions rescued
canonical Wnt pathway activity and was highly protective against
ischemia (Mastroiacovo et al., 2009). Importantly, doubleridge
mice, which have a reduced basal expression of Dkk1, showed an
attenuated reduction of B-catenin and a reduced infarct volume
following MCAo, providing a direct proof that Dkk1 contributes
to the injury progression in ischemic stroke (Mastroiacovo et al.,
2009). It is well established that 17B-estradiol (i.e., E2, estrogen)
exerts neuroprotective effects following cerebral ischemia (Zhang
et al., 2008). E2 mediates its neuroprotective effects, at least
partly, by attenuating the post-ischemic induction of Dkkl
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(Zhang et al., 2008). Indeed, E2 reduced ischemia-induced Dkk1
expression, which correlated with elevated levels of nuclear B-
catenin, and enhanced the expression of Wnt3 at the lesion site
(Zhang et al., 2008). These effects were associated as well to the
modulation of JNK/c-Jun signaling (Zhang et al., 2008). It is well
known that the pre-menopausal women are somehow protected
against ischemic stroke in comparison to age-matching men
(Roquer et al., 2003). This tendency is drastically inverted after
menopause, and aged women have worse stroke outcomes when
compared with men (Di Carlo et al., 2003). The functional link
between E2 and Wnt pathway via Dkk1 is highly interesting, as
it might accounts for the sex-dependent disparities observed in
ischemic stroke recovery, thereby constituting a novel target for
the development of therapeutic interventions that are tailored for
the biological sex.

The accumulating evidence is indicating that the non-
canonical Wnt pathway is deregulated in ischemic stroke (Wang
and Liao, 2012). Among the various signaling components,
ROCK pathway seems to play a particularly important role.
Indeed, in global hemizygous ROCK2*/~ and endothelial-
specific (EC-ROCK2)~/~ mice, endothelial nitric oxide synthase
(eNOS) mRNA stability and expression were increased after
MCAo (Hiroi et al., 2018). This was correlated with an enhanced
endothelium-dependent relaxation and neuroprotection (Hiroi
et al.,, 2018). The neuroprotective effects observed in ROCK2%/~
were totally abolished upon eNOS depletion (Hiroi et al., 2018).
These findings indicate that ROCK2 plays important role in
regulating eNOS expression and NO-mediated maintenance
of the neurovascular functions after ischemic stroke (Hiroi
et al, 2018). In a recent study, the depletion of profilin-
1 (Pfnl), which is an actin-binding protein involved in the
dynamic transformation and reorganization of cytoskeleton,
attenuated damage upon cerebral ischemia via modulation
of microglial cell function associated with the RHOA/ROCK
pathway (Lu et al, 2020). Furthermore, it has been shown
that JNK and c-Jun phosphorylation is increased very early
within the infarct core and peri-lesional region in the brain of
rats after MCAo (Ferrer et al., 2003). Moreover, in JNK1~/~
mice the infarct size is exacerbated following MCAo (Brecht
et al., 2005). The expression of TNF receptor-associated factor-
6 (TRAF6) was markedly increased after cerebral ischemia in
mice (Li T. et al., 2017). TRAF6 induced RAC1 activation and
consequently exacerbated ischemic injury by directly binding
and ubiquitinating RACI1 (Li T. et al.,, 2017). TRAF6 depletion
reduced the infarct volume and ameliorated the neurological
functions following MCAo (Li T. et al., 2017). TRAF6 depletion
attenuated the pro-inflammatory response, oxidative stress,
and neuronal death (Li T. et al, 2017). More investigations
are still needed to decipher and fully address the complex
role of the non-canonical Wnt pathway in ischemic stroke
pathobiology (Figure 1).

Implication in Ischemic Stroke Therapy

In anticipation of its potential as a major therapeutic target, there
is currently a growing interest in investigating the impact of
Wnt pathway modulation on structural and functional recovery
after ischemic stroke. Ischemic stroke induces neurogenesis in

the SVZ where stem/progenitor cells shift from asymmetric to
symmetric cell division, and migrate toward the peri-lesional
zone in attempt to integrate and replace the lost neurons
(Marchetti and Pluchino, 2013). Moreover, NPCs have been
shown to use the vasculature as scaffold to migrate to the lesion
site within specialized neurovascular niches (Ohab et al., 2006;
Hermann and Chopp, 2012; ElAli et al., 2014). Ischemic stroke
induces as well angiogenesis within the lesion site as an attempt
to ameliorate cerebral blood perfusion, enhance the uptake of
nutrients, and promote the secretion of neurotrophic factors
(Ohab et al., 2006; Hermann and Chopp, 2012). Unfortunately,
these responses do not improve recovery after stroke, as NPCs
have slow proliferation rate, newborn neurons do not survive
the ischemic “milieu,” and density of the new microvasculature
is not sufficient to adequately perfuse the injured tissue (Ohab
et al., 2006; Wu et al., 2017). These processes are associated
to an activation of the canonical Wnt pathway, translating an
intrinsic attempt from the brain to repair itself via re-emergence
of specialized developmental mechanisms (Piccin and Morshead,
2011; Hermann and EIAli, 2012). It has been proposed that
amplification of the Wnt pathway activity would allow boosting
the endogenous protective and restorative processes. Indeed, the
exogenous delivery of recombinant Wnt3a into the brain of mice
improved short- and long-term tissue repair and regeneration
following MCAo (Wei et al, 2018). This was attributed to
an upregulation of the brain-derived growth factor (BDNF),
and stimulation of the proliferation and migration of NPCs
from the SVZ toward the peri-lesional zone, thus increasing
the number of newborn neurons at the injured site (Wei
et al., 2018). Additionally, Wnt3a administration enhanced the
regional CBF within the peri-lesional zone (Wei et al., 2018).
Importantly, Dkk1 abolished most of the beneficial effects of
Wnt3a administration (Wei et al., 2018). MiRNA-148b has been
reported to be overexpressed in the SVZ of rats upon MCAo
(Wang et al., 2017). MiRNA-148b has been shown to suppress
the expression of Wntl and B-catenin, hence acting as negative
regulator of the canonical Wnt pathway (Wang et al., 2017).
Inhibition of miRNA-148b expression using a LV-miR-148b
inhibitor promoted the proliferation and differentiation of NSCs
into neurons and astrocytes, and improved functional recovery
(Wang et al., 2017). These effects were abolished upon depletion
of Wntl (Wang et al, 2017). The delivery of LV-Wnt3a-HA
directly into the striatum of mice enhanced long-term functional
recovery after cerebral ischemia, and increased the number of
bromodeoxyuridine (BrdU)™ cells that differentiated into mature
neurons in the ischemic striatum (Shruster et al., 2012). On the
other hand, delivery of LV-Wnt3a-HA into the SVZ enhanced
functional recovery early after cerebral ischemia and increased
the number of immature neurons in the striatum as well as SVZ,
accompanied by attenuation of neuronal injury (Shruster et al.,
2012). The delayed effects following intra-striatal LV-Wnt3a-HA
administration, up to 1 month after ischemia, suggest that the
observed functional recovery was not attributable to the rescuing
of pre-existing damaged neurons but rather to the improved
neurogenesis within the neurogenic niches (Shruster et al., 2012).
This might be attributed to Dkkl-induced expression within
the ischemic striatum, which prevented Wnt3a from binding
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FIGURE 1 | Proposed scheme for Wnt pathway regulation in ischemic stroke. A representation of canonical and non-canonical Wnt pathways temporal regulation
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to LRP5/6 (Shruster et al., 2012). Galangin, a natural flavonoid
isolated from the rhizome of Alpinia officinarum Hance, has been
shown as well to improve neurovascular functions after cerebral
ischemia, and to ameliorate neurological functions through
activation of the canonical Wnt pathway coupled with hypoxia-
inducible factor-la (HIFla) and vascular endothelial growth
factor (VEGF) (Wu et al., 2015). Interestingly, hypoxic post-
conditioning (HPC) increased the levels of nuclear B-catenin
and the expression of Wnt3a, while decreasing the expression
of DkKk1 after cerebral ischemia in rats (Zhan et al., 2019). The
effects of HPC were abolished by the LV-mediated overexpression
of DKkl in the brain (Zhan et al., 2019). HPC reduced the
activity of GSK3f, an effect that was recapitulated following
the pharmacological inhibition of GSK38 using SB216763 (Zhan
et al, 2019). These results suggest that activation of the
canonical Wnt pathway through Dkkl inhibition and GSK3p
deactivation jointly contribute to the neuroprotective effects of
HPC against ischemic injury (Zhan et al, 2019). Moreover,
the acute administration of 4,6-disubstituted pyrrolopyrimidine
(TWSI119), a specific inhibitor of GSK3p, has been shown to
provide neuroprotection by decreasing the infarct volume and
reducing BBB permeability after cerebral ischemia in rodents
(Wang W. et al, 2016). These effects were associated to
canonical Wnt signaling pathway activation, which increased
the expression of tight junction proteins claudin-3 and ZO1
(Wang W. et al,, 2016). In parallel, the delayed administration
of TWS119 has been shown to improve long-term neurological
functions associated to enhanced angiogenesis and neural
plasticity after ischemic stroke (Song et al., 2019). Furthermore,
pathway delayed activation enhanced the expression of PSD95,
the pre-synaptic marker synaptophysin, as well as the growth-
associated protein-43 (GAP43) (Song et al., 2019). Additionally,
canonical Wnt pathway delayed activation stimulated microglia
cell polarization toward a reparative phenotype in the sub-
acute phase translated by an increased expression of CD206,
Arginase-1 (Argl) and chitinase3-like 3 (YM1/2) (Song et al.,

2019). This was accompanied by an enhanced expression of
various anti-inflammatory mediators, including IL10 and TGFp
(Song et al,, 2019). Indeed, previous studies have shown that
Wnt3a induced an anti-inflammatory M2-like phenotype in
microglial cells via canonical Wnt pathway activation, which
increased the expression of Argl (Matias et al., 2019). In this
regard, the delivery of Wnt3a attenuated the inflammatory
response upon MCAo by modulating microglial cell activation
and phenotype (Zhang et al, 2019). Wnt3a administration
downregulated the expression of pro-inflammatory markers,
such as the inducible NOS (iNOS) and TNFoa, whereas
upregulated the expression of anti-inflammatory markers, such
as CD206 and Argl (Zhang et al., 2019). The immunomodulatory
potential of canonical Wnt pathway activation could be
associated to an activation of autophagy through Beclin-1 and
the microtubule-associated protein light chain-3 (LC3)-1I (Zhou
et al, 2011). Ischemic stroke strongly induces the activation
of astrocytes that contribute to scar formation, thus physically
separating the injured tissue from the intact region (Liu and
Chopp, 2016). Importantly, Wnt3a treatment was efficient in
decreasing the number of neurotoxic activated astrocytes (Al
phenotype) and to increase the number of neuroprotective
activated astrocytes (A2 phenotype), via reduction of glial
fibrillary acidic protein (GFAP) expression (Zhang et al., 2019).
This was accompanied by reducing the expression of IL15,
which induces neurotoxic glial activation, and by increasing
the expression of IL33, which promotes neuroprotective glial
activation (Zhang et al., 2019). In a previous study, it has been
reported that administration of Sulindac, a non-steroidal anti-
inflammatory drug, in rats after MCAo activated the canonical
Wnt pathway by inducing the expression of Dvl and B-catenin,
and provided anti-apoptotic effect by increasing the expression
of B-cell lymphoma-2 (BCL2) and decreasing the expression
of Bcl-2-associated X (BAX) in the ischemic brain (Xing
et al., 2012). Importantly, BCL2 has been shown to stimulate
neurogenesis in rats upon MCAo by inhibiting the function of
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bone morphogenetic protein-4 (BMP4), which has been shown to
negatively regulate adult brain neurogenesis and to direct neural
progenitors to a glial fate, via activation of p-catenin signaling
(Lei et al, 2012). In a recent study, it has been shown that
the transplantation of oligodendrocyte precursor cells (OPCs)
in the brain of mice after MCAo reduced the infarct and
edema volumes, and improved the neurological functions (Wang
et al., 2020). OPCs transplantation attenuated BBB breakdown
by increasing the expression of claudin-5 and occludin (Wang
et al., 2020). These effects were mediated via the activation of
the canonical Wnt pathway, as OPCs transplantation increased
the expression of B-catenin and Wnt7a in the ischemic brain
(Wang et al., 2020). Pharmacological inhibition of the canonical
Wnt pathway totally abolished the beneficial effects of OPCs
transplantation (Wang et al., 2020).

As mentioned earlier, ischemic stroke induces BBB
breakdown, which promotes complications such as edema
formation and inflammation (EIAli et al., 2011; Jean LeBlanc
et al,, 2019). Currently, thrombolysis via rtPA administration
constitutes the only existing approach approved by the FDA
to treat acute ischemic stroke (Jean LeBlanc et al., 2019). rtPA
significantly enhances stroke outcomes by restoring CBF to
the ischemic region (Wang et al, 2004; Jean LeBlanc et al,
2019). However, rtPA should be administered within a narrow
therapeutic window of 4.5 h after onset due to the elevated
risk of causing hemorrhagic transformation (HT), a life-
threatening post-stoke complication (Sussman and Connolly,
2013). Therefore, only around 5% of eligible stroke patients
could benefit from thrombolysis (Wang et al., 2004). It has
been demonstrated that HT associated to rtPA administration
is mediated via the activity of MMPs, namely MMP9, which
exacerbates BBB breakdown via excessive degradation of
the ECM and tight junction proteins (Wang et al., 2004).
Furthermore, our group has recently demonstrated that rtPA
increased the hypoxia-induced expression of PLVAP, increasing
vascular permeability and leakage (Jean LeBlanc et al.,, 2019).
Interestingly, the administration of the GSK3f inhibitor,
TWS1109, to activate the canonical Wnt pathway attenuated rtPA-
induced HT in rats upon MCAo. Indeed, TWS119 administration
reduced BBB breakdown and improved structural and functional
recovery by increasing the expression of claudin-3, and ZO1
(Wang W. et al,, 2016). These results suggest that pathway
activation could prevent tPA-induced HT after acute ischemic
stroke. However, in this study the pathway was activated 4 h
after MCAo, thus within the approved therapeutic window
for rtPA administration, limiting its clinical relevance. Our
group has recently demonstrated that canonical Wnt pathway
activation using a potent agonist, 6-bromoindirubin-3’-oxime
(6-BIO), attenuated BBB breakdown and reduced the incidence
of HT associated to delayed rtPA administration (Jean LeBlanc
et al, 2019). In this study, rtPA was administered 6 h after
MCAo, thus beyond the current therapeutic window. Canonical
pathway activation, which was translated by increased levels of
B-catenin restored the expression of claudin-3 and claudin-5,
and attenuated the basal endothelial permeability by repressing
PLVAP expression (Jean LeBlanc et al., 2019). These findings
suggest that activation of the canonical Wnt pathway could

extend the therapeutic window of rtPA via attenuation of BBB
breakdown (Jean LeBlanc et al., 2019).

Using a potent cell-penetrating peptide D-JNKI1, which
selectively block the access of JNK to c-Jun, it has been shown
that deactivation of JNK/c-Jun pathway significantly attenuated
NMDA receptor-mediated excitotoxicity and subsequent cell
death in the brain of rodents after MCAo (Borsello et al,
2003). In another study, D-JNKII has been demonstrated to
markedly prevent c-Jun phosphorylation after MCAo in rats,
in the core and the peri-lesional zone, resulting in a strong
inhibition of caspase-3 activation in the core (Repici et al., 2007).
The administration of JNK-IN-8, a potent JNK inhibitor with
high specificity, improved structural and functional recovery
through suppressing of neuroinflammation in the brain of rats
following MCAo (Zheng et al., 2020). JNK-IN-8 administration
exerted anti-inflammatory effects by attenuating the activation
of microglia and reducing expression of IL6, ILIf, and
TNFa expression (Zheng et al., 2020). Furthermore, JNK-IN-
8 suppressed the activation of NF-kB signaling, translated by
reduced levels of p65 (Zheng et al., 2020). These findings suggest
that deactivation of the non-canonical Wnt pathway provided
protection in the context of ischemic stroke. Indeed, it is well
established that ROCK, which is a main downstream effector
in the non-canonical Wnt pathway, plays a negative role in
ischemic stroke (Sladojevic et al, 2017). The administration
of fasudil and Y-27632, which are potent ROCK inhibitors,
has been shown to ameliorate the CBF to both ischemic and
non-ischemic brain of mice after MCAo, reduced infarct size
and improved neurological functions (Rikitake et al., 2005).
These observations were associated to a reduced ROCK activity
within the vasculature as well as brain parenchyma, and an
increased eNOS expression and activity (Rikitake et al., 2005).
The protective effects of ROCK inhibition were abolished upon
eNOS genetic depletion in mice (Rikitake et al., 2005). ROCK
inhibition using fasudil after MCAo in rats reduced infarct size,
neuronal apoptosis as well as caspase-3 activity, subsequently
improving neurological recovery (Wu J. et al., 2012). ROCK has
been shown to mediate inflammation, thrombosis formation, and
vasospasm by affecting the function of vascular and inflammatory
cells (Wang and Liao, 2012). For instance, peripheral leukocyte
ROCK activity was reported to increase in acute stroke patients
compared to healthy individuals with maximal activity occurring
about 48 h after stroke onset (Feske et al., 2009). ROCK
inhibition using Y-27632 after MCAo in rats decreased infarct
size, reduced oxidative stress and alleviated the inflammatory
response in the ischemic brain (Li and Liu, 2019). ROCK
inhibition attenuated neuronal apoptosis by modulating the
expression of caspase-3/8/9 as well as BAX/BCL2 ratio (Li and
Liu, 2019). Furthermore, ROCK inhibition attenuated as well
the activation of astrocytes and microglial cells at the lesion site
(Li and Liu, 2019). Importantly, inhibition of ROCK activity
was proposed to account for the pleiotropic non-cholesterol
protective effects of statins in ischemic stroke (Sacco and Liao,
2005). For example, some of the beneficial effects of statins in
ischemic stroke are attributed to the inhibition of geranylgeranyl
pyrophosphate formation required for the function of RHO-
GTPases, thus altering RHO/ROCK pathway (Wang and Liao,
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2012). Outlining the clinical relevance of ROCK inhibition in
ischemic stroke therapies, fasudil was assessed in clinical studies
and has been shown to improve the outcomes of ischemic stroke
patients when administered within 48 h after onset (Shibuya
et al., 2005). Sanggenon C (SC), a natural flavonoid extracted
from the Cortex Mori Sang Bai Pi, was reported to possess
anti-inflammatory and antioxidant properties under hypoxic
conditions (Zhao and Xu, 2020). SC administration in rats
after MCAo improved structural and functional recovery by
reducing inflammation, oxidative stress, and apoptosis (Zhao
and Xu, 2020). RHOA overexpression abolished SC properties,
indicating that SC mediated its protective effects by inhibiting
RHOA/ROCK pathway (Zhao and Xu, 2020).

The recent findings are suggesting that CaMKII activity,
which is another major component of the non-canonical Wnt
pathway, constitutes a potential target for neuroprotection after
ischemic stroke (Coultrap et al, 2011). CaMKII, which has
been shown to mediate major effects of physiological NMDA-
receptor stimulation, is implicated in the pathological glutamate
signaling after ischemic stroke (Vest et al, 2010). Indeed,
inhibition of stimulated and autonomous CaMKII activity in the
brain of mice after MCAo using tatCN21 attenuated glutamate-
mediated neuronal cell death in the ischemic brain (Vest
et al., 2010). However, another study has demonstrated that
the neuroprotection observed upon CaMKII inhibition could
be seen only acutely immediately, whereas a sustained CaMKII
inhibition associated to excitotoxicity could exacerbate neuronal
death by increasing neuronal vulnerability to glutamate (Ashpole
and Hudmon, 2011). Collectively, these findings highlight the
promises of targeting the non-canonical Wnt pathway in
ischemic stroke (Supplementary Table 1).

THE Wnt PATHWAY IN HEMORRHAGIC
STROKE

Hemorrhagic stroke, which comprises essentially intra-cerebral
hemorrhage (ICH) and subarachnoid hemorrhage (SAH),
accounts for approximately 15% of stroke cases (Qureshi
et al., 2009). Hemorrhagic stroke is a devastating pathological
condition as it is more likely to result in fatality or severe disability
in survivors (Morioka et al., 2017). During hemorrhagic stroke,
a rapid accumulation of blood within the brain parenchyma
leads to disruption of the normal anatomy, and increases
local pressure (Aronowski and Zhao, 2011). When hemorrhagic
volume exceeds 150 mL acutely, cerebral perfusion pressure
falls to zero and the patient dies. If the hemorrhagic volume
is smaller than 140 mL, most patients survive the initial insult
(Xi et al.,, 2006). ICH evolves within three distinct phases; (1)
initial hemorrhage, which is caused by the rupture of cerebral
arteries, (2) hematoma expansion, which occurs during the
first hours after initial hemorrhage onset and is implicated in
the increased intra-cranial pressure that disrupts local tissue
integrity and the BBB, and (3) the peri-hematomal edema,
which is formed around the hematoma causing secondary
insult (Magistris et al, 2013). During the secondary insult,
some biological modification appears such as cytotoxicity of

blood, hyper-metabolism, excitotoxicity, spreading depression,
oxidative stress, inflammation, and exacerbated BBB disruption
(Aronowski and Zhao, 2011). This peri-hematomal edema
is the primary etiology for neurological deterioration and
develops over days following the initial insult that itself can
lead to secondary brain injury resulting in severe neurological
deficits and sometimes delayed fatality (Xi et al, 2006).
Ultimately, this pathogenesis leads to irreversible disruption
of the components of the neurovascular unit, leading to
deadly brain edema with massive brain cell death. Whereas
inflammatory mediators generated locally in response to brain
tissue injury have the capacity to increase damage caused by
ICH, inflammatory cells are vital for the removal of cell debris
from hematoma (Aronowski and Zhao, 2011). In more than
40% of intra-cerebral hemorrhage cases, hemorrhage extends
into the cerebral ventricles causing intra-ventricular hemorrhage.
This is associated with acute obstructive hydrocephalus and
substantially worsening the prognosis (Magistris et al., 2013).
The recent evidence is suggesting that Wnt pathway is
implicated in hemorrhagic stroke pathobiology, thus outlining
its potential as novel target for the development of new
therapeutic interventions.

Implication in Hemorrhagic Stroke
Pathobiology

Several studies have suggested that Wnt pathway is deregulated in
hemorrhagic stroke. Indeed, in hemorrhagic stroke patients with
spontaneous non-traumatic ICH, a decreased level of nuclear
B-catenin in brain endothelial cells located near the bleeding
site was reported, suggesting a deactivation of the canonical
Wnt pathway at the BBB (Tran et al, 2016). Moreover, the
protein expression of APC was decreased in the brain of intra-
cranial aneurysm type of patients, independently of biological
sex and age, and was associated to the intra-cranial aneurysm
diameter (Lai et al.,, 2019). In addition, RHOA expression was
significantly increased in the peripheral blood mononuclear
cells (PBMCs) on days 0, 2, and 4 after aneurysmal SAH
patients (Gonzilez-Montelongo et al., 2018). Interestingly, a
strong correlation between RHOA expression/activity and injury
severity was observed in patients at days 2 and 4 (Gonzdlez-
Montelongo et al., 2018). There was no significant increase in
activated RHOA in patients who developed vasospasm versus
patients without vasospasm on day 0 as well as on day 2
whereas active RHOA was significantly increased on day 4
(Gonzalez-Montelongo et al., 2018).

The overwhelming experimental findings are indicating that
Wnt pathway is potently regulated upon hemorrhagic stroke, and
is critically involved in disease pathogenesis. Indeed, expression
of Norrin, a key protein implicated in BBB formation, which
activates Fzd4 receptor, has been shown to significantly increase
6 to 24 h after SAH, which was induced by endovascular
perforation in rats (Chen et al., 2015). Aldolase C, a positive
regulator of Wnt signaling that acts through destabilization of
Axin, significantly increased during early brain injury associated
to SAH, subsequently increasing the expression of Axin (Ruan
etal,, 2020). Following SAH, Wntl and Wnt3a levels significantly
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decreased 12 h after onset (Wang Y. et al., 2019; Ruan et al.,
2020), whereas the levels of B-catenin, Fzd1l decreased as early
as 6 h after onset (Wang Y. et al, 2019; Ruan et al., 2020).
Twenty-four hours after ICH and SAH, the ratio of p-tyrosine-
GSK3B/GSK3p (i.e., indicating an enhanced kinase activity)
(Krafft et al., 2012, 2013; Zuo et al,, 2017), and p-serine-f-
catenin/B-catenin were increased (Krafft et al., 2013; Zuo et al,,
2017; Li et al,, 2018), whereas the ratio p-serine-GSK38/GSK3p
(i.e., indicating a reduced kinase activity) was decreased (Li
et al.,, 2018). Interestingly, another study has reported that in
the peri-hematomal B-catenin expression in endothelial cells is
downregulated, whereas GSK3p expression and activity remained
unchanged (Zhao et al, 2017). On the other hand, Dkkl
expression in the basal ganglia and peri-hematomal remarkably
increased during early brain injury associated to ICH, whereas it
remains unchanged in the contralateral basal ganglia and in the
blood serum (Li Z. et al., 2017; Wang G. etal., 2019). Interestingly,
DKkl expression was found in the neuron and microglia but
not in astrocytes (Wang G. et al., 2019), and correlated with a
decreased level of Wntl in neurons (Wang Y. et al., 2019). GSK3p
was activated as well in early brain injury as well as in the second
phase of hemorrhagic stroke within the CAl, CA3, and DG
regions of the hippocampus (Liu et al., 2018). Early deactivation
of the canonical Wnt pathway using Wntl or Fzdl siRNA
worsened brain edema after SAH and exacerbated neurological
deficits (Ruan et al., 2020), outlining the importance of canonical
Wnt pathway after hemorrhagic stroke. In tamoxifen-inducible
endothelial cell-restricted disruption of ctnnbl (iCKO) mice in
which B-catenin is completely depleted, the expression of both
claudin-1 and claudin-3 were diminished in brain endothelial
cells (Tran et al., 2016). Loss of 60% of claudin-1 expression was
associated to an increased permeability of the BBB in iCKO mice,
leading to petechial hemorrhage in the brain of mutant mice
(Tran et al., 2016).

Recent studies have demonstrated an important role as well
of the non-canonical Wnt in hemorrhagic stroke. For instance,
the expression and activity of ROCK and RHOA significantly
increased 24 h after SAH (Fujii et al., 2012; Huang et al., 2012;
Zhao H. et al., 2016), whereas RACI1, which counteracts the
biological activity of RHOA, remained unchanged, correlating
with low levels of P-catenin within the adherent junctions
(Huang et al., 2012). Ephrin receptor-A4 (EphA4) activation has
been shown to induce the phosphorylation of Ephexinl, which
preferentially activates RHOA (Fan et al., 2017). Furthermore,
EphA4 has been shown to promote cell death and apoptosis
(Conover et al., 2000; Lemmens et al., 2013). EphA4 expression
increased as well as Ephexinl, RHOA and ROCK2 (Fan et al,
2017) in the brain of rats after SAH, and EphA4 was strongly
expressed in neurons, astrocytes, and microglia (Fan et al,
2017). Importantly, hemoglobin (Hb) extravasation after ICH
has been demonstrated to exacerbate BBB disruption as well as
edema formation within the peri-hematomal region as early as
24 h after onset (Koeppen et al., 1995). Six and 24 h following
Hb intra-cerebral injection, RHOA and ROCK2 activities were
significantly increased, and ROCK?2 activity positively correlated
with MMP9 expression levels (Fu et al., 2014). In addition, the
purinergic receptor P2X7, which is implicated in modulating BBB

integrity, was upregulated following hemorrhagic stroke via the
activity of RHOA (Zhao H. et al., 2016). RHOA/ROCK pathway
plays key role in mediating the contraction of the VSMCs of
the basilar arteries in SAH animals during the early brain injury
phase (Egea-Guerrero et al., 2015), as well as in the second
phase of hemorrhagic stroke (Naraoka et al., 2013). Moreover, it
has been shown that the Wnt/PCP pathway is regulated as well
following hemorrhagic stroke, translated by increased levels of
JNK and c-Jun phosphorylation at the early stages after onset
within the basal ganglia and cortical basal brain (Wan et al,
2009; Ling et al., 2019; Xu et al., 2020, p. 3), as well as within
the basilar arteries at least until day 7 after onset (Yatsushige
et al,, 2005, 2008). However, another study reported no changes
in JNK and c-Jun phosphorylation, as well as no correlation with
P2X7 upregulation (Wen et al., 2017). The expression of Dkk3,
which acts as a negative regulator for the canonical Wnt signaling
similarly to Dkkl, and Dvl were downregulated very early after
ICH, whereas JNK/AP1 signaling was induced (Xu et al., 2020,
p. 3). Interestingly, CaMKII, which is another component of
the non-canonical Wnt pathway, plays an important role in the
regulation of intracellular Ca** homeostasis VSMCs contraction
and vascular inflammation (House et al., 2008). It has been shown
that CaMKII phosphorylation increased 1 h after SAH in the
cerebral arteries whereas CaMKII protein expression increased
after 3 days within the same arteries (Edvinsson et al., 2014).
CaMKIlIa, which is one of the major isoforms of CaMKII, was
shown to modulate the inflammatory response of microglial cells
(Huang et al., 2015). Tyrosine phosphorylation of CaMKIla,
which modulate protein kinase activity, was shown to increase
immediately after SAH induction essentially in neurons and
microglia within the lesion site (Makino et al., 2015; Zhou et al,,
2018) (Figure 2).

Implication in Hemorrhagic Stroke
Therapy

In the recent years, several studies have evaluated the impact
of the Wnt pathway modulation on structural and functional
recovery after hemorrhagic stroke. It has been proposed that
amplifying the activity of the canonical Wnt pathway or
attenuating that of the non-canonical Wnt pathway could
promote the reparative and restorative processes. Indeed, the
exogenous intranasal delivery of Wnt3a into the brain of SAH
rats improved short-, mid- and long-term neuronal function
and reduced brain edema without influencing SAH severity
(Ruan et al., 2020). Administration of the Wnt inhibitor XAV939
counteracted most of the beneficial effect of Wnt3a after SAH
(Ruan et al,, 2020). On the other hand, the exogenous delivery
of recombinant human Wntl (rhWntl) into the ventricle of
SAH rats decreased brain edema and ameliorated neurological
functions (Wang Y. et al., 2019). Interestingly, these beneficial
effects were totally abolished after administration of Wntl siRNA
or a neutralizing monoclonal antibody anti-Fzdl (Wang Y.
et al, 2019). These results highlight the importance of the
canonical Wnt pathway as a therapeutic target to promote
neurovascular repair following hemorrhagic stroke. In both
studies, SAH was associated to a deactivation of the canonical
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Wnt pathway translated by reduced levels of Wntl, Wnt3a
and Fzdl. In this regard, the intraperitoneal delivery of 6-BIO,
a GSK3p inhibitor, improved neurological functions, reduced
brain hematoma volume, and stimulated regeneration after ICH
(Zhao et al., 2017). This was attributed to an upregulation
of BDNE which stimulates the proliferation and migration
of neuronal progenitors from the SVZ toward the injured
zone, thus increasing the number of newborn neurons within
in the peri-hematomal brain region (Zhao et al, 2017). 6-
BIO also improved angiogenesis by an increase number of
BrdUt/GLUT1™ cells in the peri-hematomal zone during the
second phase of hemorrhagic stroke (Zhao et al, 2017). As
mentioned, the expression Dkk1, a potent endogenous inhibitor
of the canonical Wnt pathway, increased in the basal ganglia
early after ICH (Li Z. et al, 2017), and was expressed
essentially in neurons, and microglia (Wang G. et al., 2019). The
administration of Dkk1 siRNA into the brain ventricles of rats
attenuated BBB disruption after ICH by increasing the expression
of ZO1, consequently decreasing brain edema and attenuating
neurological deficits (Li Z. et al., 2017). These results suggest
that Dkk1 neutralization is neuroprotective against the secondary
injury following ICH, and that the underlying mechanisms are
associated with an improved integrity of the BBB (Li Z. et al,,
2017). These observations might be associated with enhanced
biological activities of Wntl or Wnt3a, as Dkk1 prevents Wntl
and Wnt3a binding to LRP5/6 (Shruster et al., 2012). In this
regard, our group has recently demonstrated that deactivation
of the canonical Wnt pathway using XAV939 increased the
risk of spontaneous intra-cerebral HT following ischemic
stroke by exacerbating BBB permeability (Jean LeBlanc et al,
2019). Furthermore, minocycline, a semi-synthetic tetracycline
derivative, alleviated the severity of brain edema and BBB
disruption, thus ameliorating neurological functions, notably by
upregulating the expression of occludin in a rodent collagenase-
induced ICH model (Wang G. et al., 2019). Minocycline activated
the canonical Wnt pathway by increasing the abundance of

B-catenin and Wntl, and reducing the expression of DKkkI,
thereby inducing the expression of the tight junction occludin
(Wang G. et al., 2019). Interestingly, the administration Dkk1
siRNA amplified the protective effects of minocycline (Wang G.
etal,, 2019). These results suggest that reducing Dkk1 expression
constitutes an interesting strategy to attenuate brain damage
after hemorrhagic stroke (Wang G. et al., 2019). Norrin is
a secreted protein that plays an important role in regulating
angiogenesis via activation of the Fzd4, a receptor implicated
in canonical Wnt pathway (Chen et al., 2015). Exogenous
delivery of recombinant Norrin (rNorrin) into the ventricles
of rats after SAH has been shown to provide neuroprotection
by reducing brain edema and attenuating BBB permeability
via activation of the canonical Wnt pathway, translated by an
increased level of nuclear f-catenin (Chen et al., 2015). This was
associated to an increased expression of tight junction proteins,
namely occludin, ZO1, and VE-cadherin (Chen et al, 2015).
Interestingly, Fzd4 siRNA prophylactic treatment attenuated
the beneficial effects of rNorrin (Chen et al., 2015). The a7
nicotinic acetylcholine receptor (¢7nAChR) has been shown to
activate the phosphatidylinositol 3-kinase (PI3K)/Akt signaling
pathway, which mediates GSK3p inhibition and thus p-catenin
stabilization (Moccia et al, 2004). Importantly, functional
a7nAChR was detected in the cerebral microvasculature (Moccia
et al., 2004), and its activation attenuated BBB disruption after
hemorrhagic stroke (Krafft et al., 2013). Indeed, PHA-543613,
an agonist of a7nAChR, decreased GSK3f expression and
subsequently stabilized B-catenin, reducing the peri-hematomal
brain edema and improving the BBB functional integrity by
increasing the expression of claudin-3 and claudin-5 (Krafft
et al., 2013). On the other hand, administration of the GSK3f
inhibitors, lithium and TWSI119, attenuated the sensorimotor
deficits and reduced brain edema by increasing PB-catenin
nuclear expression, which upregulated claudin-1 and claudin-
3 expression, consequently improving BBB integrity after ICH
(Li et al., 2018). Moreover, lithium reduced the number of
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OX6-positive cells microglia in the peri-hematomal zone as well
as decreased the expression of the pro-inflammatory mediator
COX2 during the early brain injury phase (Kang et al., 2012). M1-
type microglia promote the inflammatory response by releasing
pro-inflammatory mediators, such as TNFa, IL1B, and IL6,
exacerbating tissue damage (Ueba et al., 2018), whereas M2-type
microglia exert protective effects by promoting the release of anti-
inflammatory mediators and trophic factors, and contribute to
tissue repair (Yang et al., 2018). Increasing the brain levels of
Wntl via the delivery of rhWntl alleviated early brain injury
associated to SAH in rats, which was accompanied by increased
expression of B-catenin (Wang Y. et al., 2019). Activation of the
canonical Wnt pathway via rhWnt1 delivery stimulated microglia
cell polarization toward a M2-type reparative phenotype during
the early brain injury phase by increasing the expression of
CD36, CD206 and peroxisome proliferator-activated receptor-y
(PPARY), and decreasing the protein levels of NF-kB (Wang Y.
et al,, 2019). Delivery of rhWntl reduced as well the release
of pro-inflammatory cytokines such as IL1B, IL6, and TNFa
(Wang Y. etal, 2019). In contrast, administration Wnt1 siRNA or
neutralizing monoclonal antibody anti-Fzd1 resulted in opposite
effects (Wang Y. et al., 2019). The intranasal injection of Wnt3a
in rats after SAH activated the canonical Wnt pathway translated
by the increased expression of B-catenin, Fzd1, aldolase C, PPAN,
and the decreased expression of Axin (Ruan et al., 2020). Wnt3a
in delivery into the brain via the intranasal route mediated
anti-apoptotic effects during the early brain injury phase by
increasing BCL2/BAX ratio and decreasing cleaved caspase-3
expression (Ruan et al., 2020). The anti-apoptotic effects of
Wnt3a were further evidenced by the reduced density of terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)*
neurons (Ruan et al., 2020). The administration of Fzdl or
aldolase C siRNA counteracted the beneficial effects of Wnt3a
intranasal delivery (Ruan et al., 2020). These results indicate that
Wnt3a exerted its neuroprotective effects by alleviating neuronal
apoptosis at the cellular and subcellular levels through canonical
Wnt pathway activation (Ruan et al., 2020). Interestingly, it
has been reported that the number of apoptotic cells positively
correlated with Wnt3a and f-catenin mRNA expression, whereas
the proliferating cell nuclear antigen (PCNA)™ cells negatively
correlated with Wnt3a and p-catenin mRNAs during the early
brain injury phase and the second phase of hemorrhagic stroke
(Zhou L. et al., 2014). Collectively these findings suggest that
the canonical Wnt pathway regulate the subtle balance between
cell apoptosis and survival within the damaged region after
hemorrhagic stroke (Zhou L. et al., 2014).

Using the potent cell-penetrating peptide D-JNKI-1, which
selectively blocks JNK and c-Jun interaction, it has been
shown that deactivation of the JNK/c-Jun pathway significantly
decreased the lesion volume, hemispheric swelling and improved
the neurological functions after ICH, correlating with an
increased expression of aquaporin-4 (AQP4) in astrocyte endfeet
(Michel-Monigadon et al., 2010). Iron contributes to ICH-
induced brain injury (Xi et al,, 2006), as free iron facilitates
free radical formation and oxidative brain damage via activation
of the JNK/c-Jun pathway (Wan et al., 2009). Administration
of deferoxamine (DFX), an iron chelator, decreased the level

of p-JNK in the basal ganglia of rats after SAH during the
early brain injury phase, reduced free iron contents in the
cerebral spinal fluid (CSF), and improved neurological recovery
(Wan et al., 2009). In addition, administration of SP600125, a
JNK inhibitor, in rats after SAH increased the density of NeuN™t
cells within the periphery of the hematoma, without affecting
the hematoma size and brain water content (Ohnishi et al.,
2007). Interestingly, attenuation of JNK activation via SP600125
administration increased microglial cell death (Ohnishi et al,
2007), and reduced the pro-inflammatory response following
SAH notably by decreasing the levels of IL6 in the CSF during
the early brain injury phase as well as the second phase of
hemorrhagic stroke in dogs (Yatsushige et al., 2005). In another
study, JNK inhibition using SP600125 has been shown to reduce
the levels of JNK and c-Jun phosphorylation, correlating with an
attenuation of the angiographic and morphological vasospasm of
the basilar artery in the brain of dogs after SAH (Yatsushige et al.,
2005, 2008). Furthermore, SP600125 administration significantly
attenuated the infiltration of leukocytes, namely T cells,
neutrophils, and macrophages, associated to a reduced apoptosis
(Yatsushige et al., 2005, 2008). The exogenous intranasal injection
of recombinant Dkk3 (rDkk3), also called SRP6268, decreased
JNK phosphorylation and AP1 expression, reduced the brain
water content during the early brain injury phase, and improved
long-term neurological functions after ICH (Xu et al., 2020).
In addition, rDkk3 exerted anti-inflammatory effects within
the peri-hematomal zone after ICH induction translated by
a reduced expression of TNFa and ILIB (Xu et al, 2020).
Interestingly, these beneficial effects were abolished following the
injection of Kremenl or Dvll siRNAs (Xu et al., 2020). The
early administration of JNK1 siRNA improved the neurological
recovery and survival rate after SAH, indicating that interruption
of the early brain injury process support neuronal survival
in the subsequent phases of SAH (Ling et al., 2019). Indeed,
JNKI siRNA attenuated neuronal apoptosis by decreasing p53
phosphorylation as well as mitochondrial apoptotic pathways
via the downregulation of BAX, upregulation of BCL2, and
downregulation of cleaved-caspase-3, thus preserving neurons
from undergoing apoptosis after SAH (Ling et al., 2019). These
findings suggest that deactivation of the non-canonical Wnt
pathway provides protection in the context of hemorrhagic
stroke. Indeed, it has been shown that the RHOA/ROCK pathway
was also activated after hemorrhagic stroke. Recent clinical
studies have reported a slight improvement in the clinical
outcomes of patients treated with the ROCK inhibitor fasudil
24 h following hemorrhagic stroke onset (Zhao et al., 2011, 2006).
In experimental studies, administration of fasudil or ROCK2
specific inhibitor KD025, did not affect the neurological outcome
or the size of hematoma after ICH (Akhter et al., 2018). It is
noteworthy to mention that KD025 was less potent than fasudil
in stopping intracerebral bleeding, whereas it was more potent
in reducing the hematoma size (Akhter et al., 2018). In another
study, fasudil alone did not inhibit the RHOA activity, whereas
pitavastatin attenuated RHOA activation in VSMCs following
SAH (Naraoka et al., 2013). The combination of fasudil and
pitavastatin strongly reduced RHOA activity in VSMCs, and
improved the cross-sectional area of basilar artery after SAH
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(Naraoka et al., 2013). Statins have already been shown to
prevent vasospasm via induction of eNOS (Sabri et al.,, 2011).
Pitavastatin alone or in combination with fasudil significantly
increased eNOS release, thus preventing cerebral vasospasm,
an effect that was absent in animals treated only with fasudil
(Wright et al., 1990). The administration of Y-27632, a ROCK
inhibitor, attenuated brain injury and ameliorated neurological
functions in the early brain injury phase after ICH, which
was accompanied with an increased expression of the adherens
junction proteins (Huang et al., 2012). However, another report
showed that Y-27632 reduced brain edema after SAH without
affecting neurological outcomes (Fujii et al., 2012). In this
study, the authors have compared the effects of Y-27632 with
hydrofasudil, and proposed that hydrofasudil is more potent
than Y-27632 in SAH, as it improved neurological recovery
(Fujii et al., 2012). Furthermore, hydrofasudil inhibited ROCK
activity, which correlated with a reduced BBB permeability
associated to an increased expression of occludin and ZO1 (Fujii
et al.,, 2012). Implication of RHOA activation in destabilizing
endothelial cell junctions and altering BBB integrity following
ICH model was validated using the RHOA inhibitor, transferase
C3 (Zhao H. et al, 2016). The intraperitoneal injection of
transferase C3 reduced BBB permeability by increasing the
expression of occludin, ZO1, and VE-cadherin, and improved the
neurological functions in rats after ICH (Zhao H. et al., 2016).
The P2X7 receptor, which is known for its cytotoxic activity
(Volonté et al., 2012), was activated very early within the peri-
hematomal zone after ICH (Zhao H. et al., 2016). Exogenous
intraperitoneal delivery of A-438079, a competitive antagonist of
P2X7, significantly decreased RHOA activation, and alleviated
the neurological deficits after ICH (Zhao H. et al, 2016). In
addition, P2X7 receptor was detected in endothelial cells and
astrocytes, and its deactivation using A-438079 significantly
improved BBB integrity by increasing the expression of occludin,
701, and VE-cadherin (Zhao H. et al., 2016). Administration of
P2X7 siRNA in mice replicated the effects of A-438079, validating
the implication of P2X7 (Zhao H. et al., 2016). Interestingly, these
beneficial effects were strongly attenuated when A-438079 was
administered in combination with BzATP, an agonist of P2X7
receptor (Zhao H. et al., 2016). Another study reported that
P2X7 receptor is expressed as well in neurons after ICH (Wen
et al,, 2017). The administration of BBG, a P2X7 antagonist,
reduced the expression of phosphorylated p38, extracellular
signal-regulated kinases (ERKs), and NF-«B; however, expression
and phosphorylation of JNK and c-Jun remained unchanged
(Wen et al, 2017), suggesting that P2X7 receptor activation
modulated essentially RHOA activity. The administration of
BBG decreased brain edema as well as the number of Fluoro-
Jade (FJB)™ cells, and reduced the level of cleaved-caspase-3
(Wen et al., 2017).

The recent findings are suggesting that CaMKII activity,
another main component of the non-canonical pathway, might
be implicated in artery contraction or vasospasm (House et al.,
2008), associated to poor prognosis after hemorrhagic stroke.
Indeed, CaMKII expression was reported to increase in the
arteries after SAH (Edvinsson et al., 2014). The administration
of KN93 attenuated the SAH-induced contractions mediated
by endothelin-1 (ET1) and 5-hydroxytryptamine (5-HT), a

contractile protein implicated in basilar and MCA arteries, and
ameliorated the sensorimotor function of rodents after SAH
(Edvinsson et al., 2014). Another report has demonstrated that
CaMKII phosphorylation is highly expressed in neurons and
microglia in the brain of rodents after SAH (Zhou et al., 2018).
The intraperitoneal injection of dihydrolipoic acid (DHLA), an
active form of the lipoic acid (LA), reduced CaMKII and JNK
activities, and improved the short- and long-term neurological
recovery after SAH (Zhou et al., 2018). DHLA administration
promoted as well the protective anti-inflammatory phenotype of
microglia (Zhou et al., 2018) (Supplementary Table 2).

THE Wnt PATHWAY IN TBI

TBI is defined as a brain damage resulting from an external
mechanical force, leading to temporary or permanent
impairment in cognitive, physical, and psychosocial functions
(Lambert et al., 2016). TBI constitutes the main cause of death
and disability in the young adults, and contributes to the
increasing costs of health care due to its high incidence rate
and often long-term sequelae (Hyder et al., 2007; Najem et al.,
2018). However, there is still no effective therapy available, in
part due to the poor understanding for the pathobiology of this
neurological condition (Hyder et al., 2007). TBI is characterized
by a complex pathogenesis comprising primary and secondary
injury mechanisms (Galgano et al.,, 2017). The primary injury
is the result of the immediate mechanical disruption of the
brain tissue that occurs at the time of exposure to the external
force and includes contusion, damage to blood vessels, and
axonal disorganization (Galgano et al,, 2017). The secondary
injury evolves over minutes to months after the primary injury,
and is the result of cascades of metabolic, molecular and
cellular events that ultimately lead to cell death, tissue damage,
and brain atrophy (Xiong et al, 2013; Galgano et al.,, 2017),
as well as altered cognitive functions (Lambert et al., 2016).
Activation of astrocytes and microglia constitutes an important
pathophysiological process after TBI. Indeed, astrocytes are
recruited to the lesion site and are quickly activated in response
to injury after TBI (Karve et al., 2016). Activated astrocytes have
been shown to play an important role in neuroprotection by
releasing various trophic factors after TBI (Karve et al., 2016).
Autophagy is activated under stress conditions to maintain
cell survival by allowing the recycling of macromolecules and
metabolites for new protein synthesis modulating (Zhang and
Wang, 2018). Autophagy has been shown to be dysfunctional
in TBI. Indeed, inhibition of autophagy following TBI reduced
cell loss and lesion volume, as well as ameliorated neurological
functions (Lipinski et al, 2015; Zhang and Wang, 2018).
Importantly, B-catenin negatively regulates autophagy via direct
inhibition of autophagosome formation (Zhang et al., 2018). LC3,
a key autophagosomal component that is usually upregulated
during autophagy, has been shown to form a complex with
B-catenin for autolysosomal degradation (Zhang et al., 2018).
Moreover, TBI constitutes a major risk factor for AD. Indeed,
amyloid-p (AP) deposition, which is one of the pathological
hallmarks of AD significantly increases following TBI in animal
models as well as in humans (Yu et al., 2012b). During the last
decade, the overwhelming emerging findings are suggesting that
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the Wnt pathway play important roles in TBI pathobiology,
thereby constituting a novel target for the development of novel
therapeutic interventions.

Implication in TBI Pathobiology

Investigations into the implication of the Wnt pathway in
humans with TBI conditions have recently started. In a recent
study, it was reported that the levels of Dkkl were elevated
in the serum of patients with severe TBI (Ke et al, 2020).
Importantly, Dkkl elevated levels in the serum were closely
associated with increasing severity of the trauma and higher risk
of short-term mortality (Ke et al., 2020). Furthermore another
study has reported that RHOA was upregulated as early as 24 h
after trauma, persisting for several months after TBI (Brabeck
et al.,, 2004). In this study, RHOA was upregulated in various
cell types including granulocytes, monocytes, macrophages, as
well as reactive astrocytes, and to a lesser extent in neurons
(Brabeck et al., 2004).

In the recent years, we began to get better insights into
the involvement of Wnt pathway in TBI from experimental
studies using different TBI animal models. Most of these studies
emphasized on the role of p-catenin, the main effector of the
canonical Wnt pathway. Indeed, it has been shown that B-catenin
expression was increased in the peri-lesional microvasculature
of mice at 1 and 7 days post-TBI, whereas it was reduced
in injury site 7 days post-TBI (Salehi et al., 2018). A similar
expression pattern was reported in a transgenic mouse line
reporter for the canonical Wnt pathway activity, TCF:LEF1:H2B-
GFP mice (Salehi et al, 2018). Indeed, B-catenin expression
increased 24 h after TBI, and was associated to an enhanced
angiogenesis within the peri-lesional zone (Salehi et al., 2018).
Importantly, the density and complexity of the microvasculature
increased at day 7 after TBI (Jullienne et al., 2018). The mRNA
levels of B-catenin and Wnt3a significantly increased following
TBI, peaking at day 3 post-TBI for B-catenin and at day 7
for Wnt3a (Wei et al,, 2020). Furthermore, several findings
have demonstrated that Akt/GSK3p pathway regulates as well
B-catenin expression (Zhao et al, 2012). Phosphorylated Akt
(p-Akt, i.e, activated) deactivates the kinase activity of GSK3p
kinase activity via phosphorylation on serine (Zhao et al,
2012). In the injured cortex of rats, p-Akt increased 4 h after
impact, decreasing 72 h later, and was accompanied by increased
levels of p-serine-GSK3p 4 h after impact, peaking 72 h later
after TBI (Zhao et al., 2012). P-Akt-mediated GSK3B kinase
inhibition promoted B-catenin stabilization and accumulation
as early as 4 h after the impact and remained constant for
7 days (Zhao et al, 2012). Similar findings were reported in
another independent study, which showed in addition that TBI
induced a rapid transient increase in LRP6 phosphorylation
followed by a slight decrease in P-catenin phosphorylation
mediated by GSK3p (Dash et al., 2011). Evidence is suggesting
that activated astrocytes limit damage expansion, stimulate
tissue repair, and promote synaptic remodeling after TBI
(Burda et al, 2016). Using a transgenic mouse line reporter
for P-catenin transcriptional activity, BATGAL mice, it has
been demonstrated that B-catenin signaling was associated to
an enhanced proliferation of neural/glial antigen-2 (NG2)*

progenitors and reactive astrocytes after TBI (White et al,
2010). Moreover, the expression of DIX domain-containing
protein-1 (DIXDC1), a positive regulator of the canonical Wnt
pathway that activates Wnt3a signaling through DvI2, was up-
regulated in neurons and astrocytes following TBI, and was
implicated in reactive astrocyte proliferation (Lu et al., 2017).
Interestingly, expression of the C-terminal-binding protein-2
(CtBP2), a protein involved in the transcriptional regulation
of Wnts, was induced at the peri-lesional zone after TBI
(Zou et al,, 2013). CtBP2 was highly expressed in proliferating
astrocytes, and was associated to an increased expression of BCL2
(Zou et al.,, 2013). TBI stressors have been shown to trigger
the intracellular accumulation of Ca?* and cyclic adenosine
monophosphate (cAMP), activating PKC, CaMKII and protein
kinase-A (PKA), which in turn phosphorylate the cAMP response
element binding factor (CREB) and serum response factor (SRF),
subsequently increasing c-Jun transcriptional activity and cell
death (Sheng and Greenberg, 1990; Morgan and Curran, 1991;
Raghupathi et al, 2000; Raghupathi, 2004). Interestingly, an
increased mRNA expression of c-Jun was observed 5 min after
TBI and was maximal 30 min later, persisting for 6 h post-
TBI (Raghupathi et al., 1995). Modulation of other components
of the non-canonical Wnt pathway was reported after TBI.
For instance, CAMKII} expression increased within the areas
surrounding the impact core, peaking 3 days later and then
returned to normal levels (Pan et al., 2014). CAMKIIa plays a
key role in regulating the formation of hippocampal-dependent
memory, and its activity was reported to increase in the CAl,
CA3 and DG regions as early as 30 min after trauma (Atkins
et al, 2006; Folkerts et al, 2007). Importantly, CAMKIIx
increased activity was accompanied by the phosphorylation and
activation of the AMPA-type glutamate receptor (GluR1), and the
cytoplasmic polyadenylation element-binding protein (CPEB) in
the hippocampus and cortex 1 h after TBI (Atkins et al., 2006).
These findings suggest that the biochemical cascades implicated
in memory formation are activated in non-selective manner
in neurons after TBI (Atkins et al., 2006). However, a proper
memory formation requires activation of the CAMKIIa signaling
in specific neuronal synapses, and the non-selective activation
of this signaling in all synapses may disrupt memory formation,
which may account for the memory loss after TBI (Atkins
et al., 2006). The recent findings have demonstrated that the
RHOA/ROCK pathway is regulated after TBI. RHOA activation
was observed from 24 h until 3 days after impact in the cortex, and
at 3 days in the hippocampus of the brain of a rat following TBI
(Dubreuil et al., 2006). In CamKIIa-Cre;RHOAY ! mice, RHOA
cKO mice, in which RHOA was specifically depleted in postnatal
neurons, motor and cognitive functions were persevered 14 days
after TBI without substantially influencing the lesion volume
(Mulherkar et al., 2017). These studies highlight an important
role of the Wnt pathway in TBI pathobiology, but more research
is still needed to fill-in the exiting gaps in the literature (Figure 3).

Implication in TBI Therapy

Similar to ischemic stroke, in response to TBI, the brain tries
to repair itself by regulating neurogenesis, angiogenesis, and
inflammation (Xiong et al., 2010; Russo and McGavern, 2016).
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After TBI, neurogenesis is stimulated in the SGZ of the DG of the
hippocampus and in the SVZ to replace the cells lost by apoptosis
or necrosis caused by the impact (Dash et al., 2001; Rice et al.,
2003; Sun et al., 2005). Indeed, TBI has been shown to promote
the migration of progenitors from the SVZ to the injured site
(Ramaswamy et al., 2005). In a rat model of TBI, cell proliferation
was reported in the SVZ, corpus callosum, around the cortex and
sub-cortical areas connected to the injured site but not inside the
lesion site (Kernie et al., 2001). These newborn cells originating
from the SVZ were shown to differentiate into neurons or glial
cells (Kernie et al., 2001). Cognitive recovery has been observed
2 weeks after TBI, strongly correlating with the integration
of newborn cells into the pre-existing network (Emery et al,
2005; Urrea et al., 2007). TBI occasions a serious damage to
the microvasculature, which has been shown to occur in both
hemispheres (Obenaus et al., 2017). Cerebral hypoperfusion,
hypoxia, ischemia, BBB disruption, hemorrhage, and edema
formation constitute the main consequences of microvascular
dysfunction associated to TBI (Salehi et al., 2017). Interestingly,
the endogenous microvascular repair processes were shown to
occur in a time course of 2 to 3 weeks starting 2 days post-
trauma (Morgan et al., 2007; Beck and Plate, 2009). Importantly,
the newly formed capillaries seem to originate from the peri-
lesional tissue to penetrate inside the lesion core (Skold et al.,
2005; Park et al., 2009; Hayward et al, 2011). An increased
frequency of endothelial progenitor cells (EPCs) has been
reported in the blood circulation following TBI, as well as in the
microvasculature located inside the lesion site, outlining an active
angiogenic response (Guo et al., 2009; Gong et al., 2011; Liu L.
et al., 2011). TBI also triggers a strong inflammation response
that has been shown, if remained uncontrolled to underlie the
chronic neurodegeneration associated to TBI (Johnson et al,
2013; Smith et al., 2013; Faden and Loane, 2015). The resident
and peripheral immune cells quickly respond to brain injury and
participate to the repair process as well after TBI (Das et al., 2012;

Finnie, 2013). Microglia and astrocytes are among the first cells
to respond and actively contribute in supporting the survival
of stressed neurons, removing of cell debris, releasing trophic
mediators, and participating in astroglial scar formation (Corps
et al,, 2015; Zhou et al,, 2020). As Wnt pathway activation after
TBI actively contribute in regulating neurogenesis, angiogenesis,
and inflammation, research in the field is attempting to anticipate
in targeting the pathway in order to promote structural and
functional repair after trauma (Marchetti and Pluchino, 2013; Wu
etal., 2013; Zhang et al., 2013).

Similar to ischemic and hemorrhagic stroke, several studies
were interested in assessing the effects of Wnt ligands in
developing TBI therapies, with an emphasis on Wnt3a. When
delivered intranasally after TBI, Wnt3a rescued motor function
and enhanced the number of NeuN™ cells without affecting
the reactivity of astrocytes (Zhang et al, 2018; Chang et al,
2020). Wnt3a exogenous administration efficaciously activated
the canonical Wnt pathway by increasing P-catenin nuclear
levels, promoted neurogenesis and reduced lesion volume
(Zhang et al., 2018; Chang et al., 2020). Similar results were
obtained with the intravenous injection of recombinant Wnt3a
as well as the intravenous injection of mesenchymal stem
cells (MSCs), which enhanced hippocampal neurogenesis by
stimulating Wnt3a release after TBI (Zhao Y. et al,, 2016). The
administration of simvastatin for 2 weeks following TBI increased
the expression of p-PKB, CREB, BDNF, and VEGF in the DG
(Wu et al,, 2008). The increased expression of these factors
positively correlated with NPCs proliferation and differentiation
into mature neurons in the DG, significantly attenuating
spatial learning deficits (Wu et al., 2008). These effects were
mediated by canonical Wnt pathway activation associated to
the inhibitory effects of simvastatin on GSK3f activity (Wu
et al, 2008). Furthermore, simvastatin therapy for 14 days
after TBI reduced axonal injury, enhanced neurite outgrowth,
and ameliorated neurological recovery (Wu H.etal, 2012).
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Interestingly, membrane depolarization plays a decisive role in
mediating the survival and maturation of newborn neurons in
the DG (Zhao et al, 2018). Optogenetic tools were applied
to stimulate the membrane depolarization of Dcx™ cells via
the injection of LV-Dcx-channelrhodopsin-2 (ChR2)-EGFP gene
into the brain of TBI mice (Zhao et al., 2018). Optical
depolarization of Dcx-EGFP™ cells between 3 and 12 days after
TBI attenuated cognitive deficits, accompanied by an enhanced
survival and maturation of the newly generated cells in the DG
(Zhao et al,, 2018). Importantly, these effects were abolished
upon DKkl administration, confirming that the survival and
maturation or newborn neurons were essentially mediated via
canonical Wnt pathway activation (Zhao et al, 2018). The
intranasal administration of Wnt3a has been shown as well to
increase GDNF and VEGF expression, subsequently enhancing
angiogenesis after TBI (Zhang et al., 2018). Furthermore, the
intranasal administration of Wnt3a reduced cell death and
improved functional recovery after TBI (Zhang et al.,, 2018).
Additionally, lithium application for 5 days after TBI improved
learning and memory capabilities of animals, associated to a
reduced neuronal loss in the CA3 region of the hippocampus
(Dash et al., 2011).

Activation of the canonical Wnt pathway via the
pharmacological inhibition of GSK3f to stabilize f-catenin
after TBI efficaciously reduced cell death, improved locomotor
coordination, attenuated depression and anxiety behaviors,
and ameliorated overall cognitive functions (Yu et al., 2012a;
Shim and Stutzmann, 2016). Indeed, lithium administration has
been reported to attenuate BBB disruption following TBI (Yu
et al., 2012a). Administration of lithium 15 min after cortical
contusion injury (CCI) followed by daily administration for 3
to 6 h or 2 weeks after CCI or once daily for 3 days reduced
the inflammatory responses translated by attenuated activation
of microglial cells and MMP9 expression (Yu et al, 2012a).
This was associated to a reduced lesion size and improved of
cognitive functions (Yu et al, 2012a). The authors proposed
that injection of lithium within 3 h after TBI provide the best
neuroprotective and anti-inflammatory effects (Yu et al., 2012a).
Furthermore, a single acute injection of valproic acid (VPA), a
potent GSK3p inhibitor, strongly reduced BBB breakdown and
diminished the lesion volume after CCI. When injected 5 days
after TBI, VPA improved motor function, spatial learning and
memory (Dash et al., 2010). Interestingly, the beneficial effects
of VPA were time and dose dependent, outlining its potency
in activating the canonical Wnt pathway (Dash et al., 2010).
As such, the authors suggested that an optimal beneficial effect
on structural and functional recovery could be achieved with
a first acute injection applied 30 min after TBI followed by
daily administration of VPA for at least 5 days (Dash et al,
2010). Since lithium and VPA exhibited beneficial effects in
TBI, a co-treatment with sub-effective doses was evaluated.
The co-treatment reduced brain lesion, BBB disruption and
drastically improved long-term functional recovery (Yu et al,
2013). The authors suggested that a regimen that comprises
sub-effective doses might reduce side effects and increase the
tolerance (Yu et al., 2013). The prolonged application of VPA
after TBI for 3 weeks reduced dendritic loss in the hippocampus

(Dash et al., 2010). Similar to lithium, simvastatin and VPA,
resveratrol, which is an antioxidant, has been shown to possess
inhibitory effects against GSK3p (Lin et al., 2014). Resveratrol
mitigated cell death in an in vitro model of TBI by suppressing
essentially GSK3P-mediated reactive oxygen species (ROS)
generation (Lin et al., 2014). Moreover, the co-treatment of
lithium and VPA attenuated neurodegeneration after TBI (Yu
et al,, 2013). Although more investigations are required, the
accumulating findings are indicating that GSK3f inhibitors
constitute indeed promising candidates for TBI treatment. TBI
is a condition that substantially increases the risk of developing
dementia-like pathologies, such as AD. For instance, lithium
administration 15 min then once daily for up to 3 weeks after
TBI attenuated AP accumulation, increased beta-site amyloid
precursor protein (APP)-cleaving enzyme-1 (BACE1) expression
in the hippocampus and the corpus callosum, accompanied
by reduced hyper-phosphorylation of tau in the thalamus (Yu
et al,, 2012b). Application of lithium for 20 days ameliorated
short-term memory and learning (Yu et al., 2012b).

Various non-chemical treatments have also been tested to
further activate the Wnt pathway after TBI for therapeutic
purposes. For instance, acupuncture in rats with TBI induced
the mRNA and protein expression of Wnt3a, p-catenin and
sex determining region Y-box 2 (SOX2), a transcription factor
implicated in the maintenance of NSCs (Zhang et al., 2016).
Indeed, this was associated to enhanced proliferation and
differentiation of NPCs (Zhang et al, 2016). Interestingly, it
has been shown that hyperbaric therapy could restore oxygen
supply after TBI, thereby increasing the expression of various
antioxidant genes that alleviate inflammation and apoptosis,
while promoting neurogenesis, and angiogenesis (Thom, 2009;
Godman et al.,, 2010; Liu W. et al.,, 2011). Mice in which TBI
was induced were placed in a hyperbaric chamber for 90 min.
This regimen reduced the number of apoptotic neurons, as well
as the mRNA expression of caspase-3 and the level of cleaved-
caspase-3 (He et al., 2019). These effects were associated to an
increased expression of P-catenin and decreased expression of
GSK3p (He et al., 2019).

The non-canonical pathway has also been shown to constitute
an interesting therapeutic target for TBI. Fasudil,a RHOA/ROCK
inhibitor, as well as RHA depletion prevented TBI-induced spine
remodeling and mature spine loss in hippocampal pyramidal
neurons, thus improving neurological recovery (Mulherkar et al.,
2017). Moreover, docosahexaenoic acid (DHA), which has been
shown to inhibit JNK, rescued TBI-mediated hippocampal long-
term potentiation (LTP) and improved hippocampus-dependent
learning and memory as well as enhanced motor function
(Zhu W. et al.,, 2019). These results are in line with previous
studies demonstrating that neuronal dysfunction was alleviated
by DHA (Zhu et al, 2017, 2018). A natural supplementation
of blueberry for 2 weeks showed mitigated loss of spatial
learning and memory performances and improved anxiety
(Krishna et al., 2019), associated to increased expression of
BDNF, which plays crucial role in neural maturation, and
activated CAMKII (Krishna et al., 2019). It is noteworthy
to mention that hemorrhage often occurs after TBI due
to BBB breakdown. Basic fibroblast growth factor (bFGF)
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TBI conditions (Wang Z.-G. et al., 2016). Inhibition of PI3K/Akt
pathway or RACI, using LY-294002 or RAC1 siRNA respectively,
abolished the protective effects of bFGF on BBB integrity (Wang
Z.-G. et al., 2016). The administration of saikosaponins, which
are triterpene saponins isolated from Bupleurum, decreased
the expression AQP4 expression that is implicated in swelling,
MMP9, mitogen-activated protein kinase (MAPK), JNK, TNFa,
and IL6 (Mao et al.,, 2016). Saikosaponins reduced brain edema,
BBB breakdown, and inflammation, as well as ameliorated
neurological recovery (Mao et al., 2016). Administration of the
JNK inhibitor, SP600125, for 7 days after TBI in mice decreased
the expression of NF-kB, which in turn reduced caspase3
expression in neurons (Rehman et al., 2018; Bhowmick et al,
2019). On the other hand, ROCK inhibition after TBI in mice
promoted acute neuroprotection and functional recovery with
only modest impact on neurogenesis, astrocytic reactivity and
macrophage/microglial activation (Bye et al., 2016). TBI triggers
a cascade of events that increase the concentration of intracellular
Ca?*, which is further exacerbated by the increased expression of
Wnt5a and Fzd2, a major component of the non-canonical Wnt
pathway (Niu et al., 2012). Inhibition of Wnt5a/Fzd2 interaction
using Box5, a Wnt5a-derived hexapeptide that antagonizes
Wnt5a-mediated cellular activities or Wnt5a siRNA, could
constitute a potential therapy to alleviate Ca?* increase and
protect neurons (Niu et al., 2012). As mentioned earlier, TBI
constitutes a high-risk factor for developing dementia. DHA
administration deceased JNK expression, subsequently reducing
TBI-mediated tau phosphorylation (Zhu W. et al, 2019).
Collectively, these studies suggest that Wnt pathway constitute
an important target for the development of efficacious protective
and restorative therapies for TBI (Supplementary Table 3).

CONCLUSION

The mechanisms underlying brain injury in ischemic and
hemorrhagic stroke as well as TBI are very complex and
multiphasic, thus constituting a major challenge in the
development of efficacious therapeutic interventions. Despite
efforts, still no disease-modifying therapy exit for these
neurological conditions. This void is frustrating as the emerging
findings are indicating that the injured brain tissue is not just
passively dying over time, but it is actively trying to recover.
Indeed, various developmental and ontogenic processes have
been shown to re-emerge upon injury, such as neurogenesis,
neural plasticity, angiogenesis, gliosis, and others (Lo, 2008;
Hermann and EIAli, 2012; Addington et al, 2015). These
processes clearly translate an attempt from the brain to self-
repair and regenerate, thus providing a new framework for the
development of novel therapeutic interventions. Yet the major
challenge remains in identifying a “drugable” target that could
be modulated to fine-tune the injury-induced developmental
and ontogenic processes. The Wnt pathway regulates crucial
biological aspects throughout lifespan. It is critically implicated in
regulating the intimate emergence and patterning of the nervous
and vascular systems (Hermann and EIAli, 2012; Noelanders and
Vleminckx, 2017). The experimental findings are convincingly

indicating that the canonical Wnt pathway is of particular
interest (Figure 4). Indeed, genetic alteration of the pathway
drastically impact injury progression, repair and regeneration.
Furthermore, pathway activation seems to potently stimulate
injured tissue protection and restoration as well as ameliorating
already FDA approved therapies, such as thrombolysis via rtPA
for ischemic stroke (Jean LeBlanc et al., 2019). Data from patients
are indicating that some component of the pathway could be
even used as biomarkers or prognostic tools, such as Dkkl
(Seifert-Held et al., 2011; Zhu Z. et al., 2019). The canonical
Wnt pathway is an attractive target from pharmacological point
of view, as several modulators have been developed in the past
decades for other medical conditions, namely neurodegenerative
disorders and cancer. The accumulating evidence is suggesting
that in order to achieve maximal effects, the implication of some
endogenous inhibitors such as Scl and Dkk1 should be taken into
consideration. Indeed, the elevated endogenous expression Dkk1
within the injured tissue was sufficient to abolish the biological
activity of potent ligands such as Wnt3a (Wei et al., 2018). Dkk1
expression is regulated in an age- and biological sex-dependent
manner, thus offering new directions in developing tailored
Wnt-dependent therapeutic interventions (Zhang et al., 2008;
Seib et al., 2013). On the other hand, the complexity of non-
canonical Wnt pathway’s intracellular signaling makes it difficult
to fully appreciate its exact role as several components of the
pathway are shared with Wnt-independent pathways. However,
the non-canonical Wnt pathway seems to counteract several
of the biological effects of the canonical pathway. Nonetheless,
ROCK seems to constitute a very promising target for the
therapeutic purposes. It is clear that more research is still needed
to fully elucidate with some specificity the implication of the
non-canonical Wnt pathway in brain injury and repair.
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Ischemic stroke causes cellular alterations in the “neurovascular unit” (NVU) comprising
neurons, glia, and the vasculature, and affects the blood-brain barrier (BBB) with adjacent
extracellular matrix (ECM). Limited data are available for the zone between the NVU and
ECM that has not yet considered for neuroprotective approaches. This study describes
ischemia-induced alterations for two main components of the neurovascular matrix
adhesion zone (NM2), i.e., collagen IV as basement membrane constituent and fibronectin
as crucial part of the ECM, in conjunction with traditional NVU elements. For spatio-
temporal characterization of these structures, multiple immunofluorescence labeling was
applied to tissues affected by focal cerebral ischemia using a filament-based model in
mice (4, 24, and 72 h of ischemia), a thromboembolic model in rats (24 h of ischemia), a
coagulation-based model in sheep (2 weeks of ischemia), and human autoptic stroke
tissue (3 weeks of ischemia). An increased fibronectin immunofluorescence signal
demarcated ischemia-affected areas in mice, along with an increased collagen IV signal
and BBB impairment indicated by serum albumin extravasation. Quantifications revealed
a region-specific pattern with highest collagen IV and fibronectin intensities in most severely
affected neocortical areas, followed by a gradual decline toward the border zone and
non-affected regions. Comparing 4 and 24 h of ischemia, the subcortical fibronectin signal
increased significantly over time, whereas neocortical areas displayed only a gradual
increase. Qualitative analyses confirmed increased fibronectin and collagen IV signals in
ischemic areas from all tissues and time points investigated. While the increased collagen
IV signal was restricted to vessels, fibronectin appeared diffusely arranged in the parenchyma
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with focal accumulations associated to the vasculature. Integrin as appeared enriched in
the vicinity of fibronectin and vascular elements, while most of the non-vascular NVU
elements showed complementary staining patterns referring to fibronectin. This spatio-
temporal characterization of ischemia-related alterations of collagen IV and fibronectin in
various stroke models and human autoptic tissue shows that ischemic consequences are
not limited to traditional NVU components and the ECM, but also involve the NMZ. Future
research should explore more components and the pathophysiological properties of the
NMZ as a possible target for novel neuroprotective approaches.

Keywords: stroke, fibronectin, collagen IV, basement membrane, blood-brain barrier, extracellular matrix

INTRODUCTION

Despite enormous efforts concerning a more detailed
understanding of pathophysiological mechanisms, ischemic stroke
often leads to long-term disability and is still ranging among
the three most common causes of death worldwide (Benjamin
et al, 2018; Campbell et al, 2019). On the cellular level,
excitotoxicity, apoptosis, and inflammation were identified as
mechanisms contributing to the ischemia-related tissue damage
in a complex time- and region-dependent manner (Dirnagl
et al,, 1999). Notwithstanding the emerging knowledge on stroke
pathophysiology, the development of neuroprotective approaches
is rather challenging (Young et al., 2007; Endres et al., 2008).
Especially in the era of modern techniques for the recanalization
of occluded brain vessels, i.e., intravenous thrombolysis (Hacke
et al., 2018) and endovascular treatment (Goyal et al., 2016),
additional neuroprotective approaches are needed to facilitate
neuronal survival and to reduce bleeding complications.

More than 10 years ago, a group of regionally and functionally
associated cells were termed as the “neurovascular unit” (NVU)
in order to learn more than their roles and interplay during
stroke evolution. Thus, the NVU consists of neurons, astrocytes,
oligodendrocytes, microglia, the vasculature with its endothelium,
and other cell types (Lo et al, 2003; del Zoppo, 2009, 2010;
Tadecola, 2017). Over time, multiple ischemia-associated affections
of NVU components were detected (e.g., Hartig et al., 2009;
Michalski et al., 2010, 2018; Aleithe et al., 2019; Mages et al.,
2019; Kestner et al., 2020). Furthermore, the blood-brain barrier
(BBB) attracted interest as a highly dynamic part of the NVU
(Yang et al., 2019). Away from the simplified perspective of a
layer separating the blood from the brains’ parenchyma, the
BBB rather represents a complex structure with endothelial cells
and basement membranes as its main components (Dyrna et al.,
2013). Especially in the setting of stroke, endothelial cells are
believed to have a pivotal role in BBB integrity as the leakage
of blood-sourced substances was found via a transendothelial
route together with morphological features like an endothelial
swelling (Krueger et al., 2013, 2015, 2019). Overall, abnormalities
within the NVU with a consecutive impairment of the BBB
integrity are known to increase the risk for secondary hemorrhage
associated with recanalizing therapies, and thus critically impact
the patients’ outcome (Yang and Rosenberg, 2011).

In addition to cellular alterations described in experimental
studies, ischemia also affects the extracellular matrix (ECM;
Hartig et al., 2017), which is known to have several properties
concerning local hemostasis and neuronal function (Soleman
et al., 2013). Among the subsumed non-cellular structures,
the basement membrane is of special interest because of its
close vicinity to the endothelial layer, leading to the assumption
of an involvement in regulatory processes within the NVU
and thus the BBB integrity (Reed et al,, 2019; Xu et al., 2019).
In addition to the proteins laminin, nidogen, and heparan
sulfate proteoglycans, especially collagen isoforms with
predominant collagen IV represent main components of the
basement membranes (Thomsen et al., 2017; Gatseva et al,
2019). In this context, integrins were identified as transmembrane
proteins with the two subunits « and f linking the endothelial
layer with the basement membrane (del Zoppo and Milner,
2006). Considering their special location, integrins can be seen
as a connection between the vascular part of the NVU and
the adjacent ECM, formerly described in terms of a vascular
matrix adhesion complex (del Zoppo et al, 2006). Not
surprisingly, integrins might have an important role in BBB
stabilization also in the setting of stroke (Guell and Bix, 2014;
Edwards and Bix, 2019). From the variety of ECM proteins,
especially fibronectin, which provides a fibrillar matrix around
cells (White et al., 2008; Singh et al., 2010), was perceived as
highly reactive against ischemic stimuli (Edwards and Bix,
2019). Based on a modular composition and different domains,
fibronectin interacts with other ECM proteins including other
fibronectin molecules and also cell surface receptors (Singh
et al,, 2010; Mezzenga and Mitsi, 2019). Regarding the dynamic
processes within the NVU and the associated ECM, fibronectin
appears unique as its complex arrangement is mediated by
integrins and other receptors located at the surface of for
instance endothelial cells (Mao and Schwarzbauer, 2005;
del Zoppo and Milner, 2006).

Overall, both the basement membrane and associated ECM
proteins represent structures outside the cell-based NVU
perspective that may sensitively react in the setting of ischemia.
The few available data in the field indicated alterations of
collagen IV and fibronectin after experimental stroke (Hamann
et al.,, 1995), while simultaneous reactions of fibronectin and
integrins were observed after focal (Huang et al, 2015) and
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global cerebral ischemia (Milner et al., 2008). Further, fibronectin
serum levels of stroke patients were associated with hemorrhage
as a typical complication following thrombolysis (Castellanos
et al, 2004, 2007), suggesting an involvement in BBB
dysregulations also in humans. However, additional data on
these structures, not necessarily captured by the traditional
NVU concept, are needed to generate a hypothesis regarding
their functional relevance.

Therefore, the present study aims to explore ischemic
consequences for the neurovascular matrix adhesion zone (NMZ)
with a special focus on collagen IV as part of the basement
membrane and adjacent fibronectin as part of the ECM. To
consider potential spatio-temporal effects, quantitative analyses
focused on diverse brain regions and different durations of
ischemia after experimental stroke in mice. For translational
issues, confirmatory analyses included experimental focal cerebral
ischemia in rats, sheep, and human stroke tissue.

MATERIALS AND METHODS
Study Design

Various combinations of fluorescence labeling were applied
to explore ischemic consequences to the basement membrane
and its regionally associated ECM including fibronectin and
integrin o in conjunction with diverse components of the NVU,
i.e., neurons, oligodendrocytes, micro- and astroglia as well
as the vasculature. Details on the used brain tissues and
models of focal cerebral ischemia are given below. Analyses
were primarily focused on an ischemia duration of 4 h (n = 6)
and 24 h (n = 8) in the mouse model, also used for quantification
of collagen IV and fibronectin (n = 6 for 4 h, n = 5 for
24 h). Confirmative and thus qualitative analyses include an
ischemia duration of 72 h in mice (n = 2), 24 h in rats
(n = 3), and 2 weeks in sheep (n = 6) as well as 3 weeks
in human stroke (n = 1). The reporting followed the ARRIVE
guidelines for experimental research including animals
(Kilkenny et al., 2010).

Animal experiments were carried out in accordance with
the European Union Directive 2010/63/EU and the German
guideline for care and use of laboratory animals. They had
been approved by the Regierungsprisidium Leipzig as local
authority (reference numbers: TVV 02/17 for mice and rats,
and TVV 56/15 for sheep). For the reporting of histopathological
findings in the human sections, prior consent was obtained
as described by Kattah et al. (2017).

Experimental Focal Cerebral Ischemia in
Rodents

Adult male C57Bl/6] mice with a bodyweight of about 25 g,
obtained by Charles River (Sulzfeld, Germany), underwent a
filament-based model for permanent right-sided middle cerebral
artery occlusion as originally described by Longa et al. (1989)
with minor modifications (Hawkes et al., 2013). In brief, right-
sided cervical arteries were carefully exposed while using an
operation microscope. A standardized silicon-coated 6-0
monofilament (Doccol Corporation, Redlands, CA, United States)

was inserted into the internal carotid artery and moved forward
until bending was observed or resistance was felt (approximately
9 mm from carotid bifurcation). To induce permanent ischemia,
the filament was left in place, and the skin was closed with
a surgical suture. Mice were sacrificed at the end of an
observation period of 4, 24, or 72 h after ischemia induction.

In adult male Wistar rats with a bodyweight of about
300 g, also provided by Charles River, a thromboembolic
model was applied to obtain right-sided middle cerebral artery
occlusion as originally described by Zhang et al. (1997) with
minor modifications (Michalski et al., 2010). In brief, following
the careful exposure of right-sided cervical arteries with an
operation microscope, a polyethylene tube with tapered end
was introduced into the external carotid artery and moved
forward through the internal carotid artery (approximately
16 mm from carotid bifurcation). At this position, a rat
blood-sourced clot was injected. Afterwards the catheter was
removed, and the skin was closed with a surgical suture.
Rats were sacrificed at the end of a 24-h observation period
from ischemia induction.

In general, for surgical procedures, mice and rats were
anesthetized using about 2-2.5% isoflurane (Isofluran Baxter,
Baxter, Unterschleiflheim, Germany; mixture 70% N,0/30%
0,) with a commercial vaporizer (VIP 3000, Matrix, New York,
United States) and received a complex pain medication. During
surgical procedures, a thermostatically controlled warming pad
with rectal probe (Fine Science Tools, Heidelberg, Germany)
was used to prevent anesthesia-associated cooling, and the
body temperature was kept stable at around 37°C. Sufficient
induction of focal cerebral ischemia was ensured by the evaluation
of individual neurobehavioral deficits, while animals had to
present a score of at least 2 on the Menzies score (Menzies
et al, 1992), ranging from 0 (no neuronal deficit) to 4
(spontaneous contralateral circling), which represents a
pre-defined study inclusion criterion.

Experimental Focal Cerebral Ischemia in
Sheep

In male adult sheep (hornless Merino) with a bodyweight about
70 kg, provided by the Veterinary Faculty of Leipzig University
(Lehr- und Versuchsgut Leipzig, Germany), middle cerebral
artery occlusion was surgically induced as described by Nitzsche
et al. (2016) and Boltze et al. (2008). Briefly, the left temporal
bone was carefully exposed, and here, a trepanation with a
6 mm barrel burr at 10,000 rpm (Aesculap microspeed uni,
Scil Animal Care Company GmbH, Viernheim, Germany) was
performed. The dura mater was incised, and the middle cerebral
artery was occluded at the distal M1 segment by electrosurgical
coagulation using neurosurgical bipolar forceps (ME 411, KLS
Martin, Tuttlingen, Germany). Finally, the dura mater was
repositioned while muscles and the skin were sewed with
surgical sutures. Sheep were sacrificed after an observation
period of 2 weeks from ischemia induction.

For surgical procedure, sheep were anesthetized by an
intravenous injection of ketamine (4 mg/kg body weight;
Ketamin, Medistar, Holzwicke, Germany), xylazine (0.1 mg/kg
body weight; Xylazin, Ceva Sante Animal GmbH, Diisseldorf,
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Germany), and diazepam (0.2 mg/kg body weight; Temmler
Pharma GmbH, Marburg, Germany). Mechanical ventilation
with 2% isoflurane and 40% oxygen (Primus, Driger AG,
Libeck, Germany) allowed anesthesia during surgery. At the
end of surgery, sheep were treated with the antibiotic enrofloxacin
(5% Baytril, Bayer AG, Leverkusen, Germany) and the analgesic
butorphanol (Alvegesic 1%; CP-pharm, Burgdorf, Germany).
The presence of cerebral infarctions was confirmed by MRL

Human Stroke Tissue

Post-mortem brain tissue affected by an ischemic stroke was
originally provided by Jorge C. Kattah (Department of
Neurology, University of Illinois, College of Medicine, Peoria,
IL, United States) in collaboration with Anja K.E. Horn
(Institute of Anatomy and Cell Biology I, University of Munich,
Germany). In detail, the autoptic brainstem sections contained
ischemia-affected areas of the lateral medulla from a 61-year-
old male who passed away 3 weeks after onset of stroke.
Further data on the analyzed brain tissue and stroke
characterization were summarized by Horn and co-workers

in Kattah et al. (2017).

Tissue Preparation

For fluorescence labeling, rodents were transcardially perfused
after the respective observation period with saline and 4%
phosphate-buffered paraformaldehyde
carefully removed from the skull and post-fixed in PFA overnight,
followed by equilibration with 30% phosphate-buffered sucrose
for a few days. Subsequently, forebrains from rodents were
serially cut with a freezing microtome (Leica SM 2000R, Leica
Biosystems, Wetzlar, Germany). Thereby, 10 series of 30 pm-thick

sections each were collected.

(PFA).

Brains

Brains from sacrificed sheep were divided by producing
about 10 mm thick slices. After their photo-documentation,
each slice was immersion-fixed by 4% buffered formaldehyde
for 14 days at 4°C and thereafter equilibrated in 30% phosphate-
buffered sucrose. The immersion-fixed tissue blocs were
consecutively cut at 40 pm thickness using a freezing microtome
(Microm HM 430, Thermo Fisher Scientific, Waltham, MA,
United States).

Until histochemical processing, sections from rodents and
sheep were stored at 4°C in vials filled with 0.1M Tris-buffered
saline (TBS), pH 7.4, containing sodium azide.

Human brain tissue was cut into 5 mm thick slices, fixed by
formaldehyde and embedded in paraffin, further sectioned at
5 pm thickness and mounted onto microscope slides. For
histochemistry, sections were deparaffinized in xylene and rehydrated
in graded alcohols. Antigen retrieval was performed with 0.1M
citrate buffer, pH 6, for 15 min in a water bath at 90°C.

Histochemistry

Prior to all histological procedures, free-floating sections were
extensively rinsed with TBS. All staining procedures started
by blocking non-specific binding sites for subsequently applied
immunoreagents with 5% normal donkey serum in TBS
containing 0.3% Triton X-100 (NDS-TBS-T) for 1 h. Sections
were then incubated for 20 h with mixtures of primary antibodies
and biotinylated lectins - diluted in the blocking solution - as
listed in Table 1. for all procedures, including goat-anti-collagen
IV and rabbit-anti-fibronectin. Thereafter, sections were rinsed
with TBS followed by incubation with mixtures of appropriate
fluorochromated secondary immunoreagents [20 pg/ml TBS
containing 2% bovine serum albumin (TBS-BSA); Dianova,
Hamburg, Germany] according to Table 1.

TABLE 1 | Triple fluorescence staining:

marker combinations concomitantly applied with Cy3-stained rabbit-anti-fioronectin®.

First primary antibodies

First visualizing immunoreagents Second primary antibodies or lectins

Second visualizing immunoreagents

sheep-anti-serum albumin (1:500;
Serotec)

goat-anti-collagen IV (1:100; Merck
Millipore, Billerica, CA, United States)
guinea pig-anti-NeuN (1:200; Synaptic
Systems; Géttingen, Germany)

guinea pig-anti-CNP (1:200; Synaptic
Systems)

guinea pig-anti-lba (1:100; Synaptic
Systems)

guinea pig-anti-GFAP (1:200; Synaptic
Systems)

guinea pig-anti-GFAP (1:300; Synaptic
Systems)

goat-anti-collagen IV (1:100; Merck
Millipore)

guinea pig-anti-AQP4 (1:100; Merck
Millipore)

Cy2-donkey-anti-goat IgG
Cy2-donkey-anti-goat IgG
Cy2-donkey-anti-guinea pig IgG
Cy2-donkey-anti-guinea pig 1gG
Cy2-donkey-anti-guinea pig IgG
Cy2-donkey-anti-guinea pig IgG
Cy2-donkey-anti-guinea pig IgG
Cy2-donkey-anti- goat-IlgG

Cy2-donkey-anti-guinea pig IgG

biotinylated LEA (20 ug/ml; Vector,
Burlingame, CA, United States)
biotinylated LEA (20 pg/ml; Vector)
biotinylated STL (20 pug/ml; Vector)
biotinylated STL (20 pg/ml; Vector)
biotinylated STL (20 pg/ml; Vector)
biotinylated STL (20 pg/ml; Vector)
biotinylated STL (20 pg/ml; Vector)
guinea pig-anti-GFAP (1:200; Synaptic
Systems)

goat-anti-collagen IV (1:100; Merck
Millipore)

Cy5-streptavidin
Cyb-streptavidin
Cyb-streptavidin
Cyb-streptavidin
Cy5-streptavidin
Cy5-streptavidin
Cy5-streptavidin
Cy5-donkey-anti-guinea pig 1gG

AlexaFluor647-donkey-anti-goat IgG

*Primary antibody: rabbit-anti-fibronectin (1:600, formerly AbD Serotec, Oxford, UK — now Bio-Rad, Munich, Germany); visualizing immunoreagent: Cy3-donkey-anti-rabbit IgG. All
fluorescent immunoreagents were obtained from Dianova (Hamburg, Germany) and used at 20 pg/ml. LEA, biotinylated Lycopersicon esculentum agglutinin (= tomato lectin); STL,
Solanum tuberosum agglutinin (= potato lectin); NeuN, neuronal nuclei; CNF, 2',3' cyclic nucleotide phosphodiesterase; Iba, ionized calcium binding adapter molecule-1; GFAR, glial

fibrillary acidic protein; AQP4, aquaporin-4.
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Additionally, sections from mice were blocked with
NDS-TBS-T and processed for 20 h with an antibody cocktail
consisting of sheep-anti-fibronectin (R&D Systems, Minneapolis,
MN, United States; AF 1918, 1:200 in NDS-TBS-T), rabbit-
anti-integrin as (Abcam, Cambridge, UK; ab221606, 1:100),
and guinea pig-anti-glial fibrillary acidic protein (GFAP; Synaptic
Systems, Gottingen, Germany; 1:200). After extensive rinses
with TBS tissues were incubated for 1 h with a cocktail of
Cy3-donkey-anti-goat IgG (highly cross-reacting with sheep
IgG), Cy2-donkey-anti-rabbit IgG, and Cy5-donkey-anti-guinea
pig IgG (all from Dianova; 20 pg/ml TBS-BSA).

In a first set of control experiments, the omission of primary
antibodies or biotinylated lectins resulted in the expected absence
of cellular labeling. Additional controls were the switch of
fluorophores related to the concomitantly detected markers
producing no alterations of their stainability. Moreover,
immunolabeling of fibronectin with rabbit-anti-fibronectin from
Serotec (4470-4339) that was used in the present study (and
is now available from Bio-Rad, Munich, Germany) produced
nearly the same staining patterns as sheep-anti-fibronectin
(R&D) and rabbit-anti-fibronectin from Abcam (ab2413).

Finally, all free-floating sections were extensively rinsed with
TBS and briefly with distilled water, mounted onto glass slides,
air-dried, and coverslipped with Entellan in toluene (Merck,
Darmstadt, Germany). In parallel, stained human paraffin
sections underwent a Sudan black B post-treatment for 10 min
to quench their autofluorescence. These sections were coverslipped
with glycerol gelatin (Sigma, Taufkirchen, Germany).

Microscopy, Image Processing, and
Quantification of Fluorescence Signals
For the subsequent imaging process of selected brain regions
with different magnifications, the microscope Biorevo BZ-9000
(Keyence, Neu-Isenburg, Germany) was used. Panels of micrographs
were generated with Microsoft PowerPoint (Office 365,
Version 2018; Microsoft Corp., Redmond, WA, United States).
If necessary, brightness and contrast of micrographs were slightly
adjusted without the deletion or creation of signals.
Quantitative analyses of the immunofluorescence signals
from collagen IV and fibronectin were based on five brain
sections from each mouse, while these sections were selected
concerning the following criteria: first, an unequivocal ischemic
affection as indicated by a regional change of the fluorescence
signal typically located in the right-sided neocortex and
subcortical areas as known from own earlier studies (e.g., Mages
et al, 2018), and second, the absence of tissue damage that
prevents immunofluorescence-based analyses in large parts of
the ischemia-affected hemisphere. This selection process allowed
the analysis of six mice with an ischemia duration of 4 h and
five mice with an ischemia duration of 24 h. As prerequisite
for the following quantification, in each of the selected brain
sections, seven regions of interests (ROIs) were arranged on
the ischemia-affected hemisphere including six neocortical ROIs
covering the ischemic border zone with most evident changes
of the collagen IV immunosignal between ROIs 3 and 4, and
a further ROI (number 7) in the subcortex, i.e., the striatum.

For control measurements, seven additional ROIs were mirrored
on the contralateral, non-affected hemisphere. This method
collectively results in 14 ROIs per brain section, while each
ROI was captured with a single image using a 40x objective
on the Biorevo microscope. The exposure time was routinely
adjusted at the level of each section to avoid overexposure,
and at the same time, to allow inter-hemispheric comparison.
This technique resulted in usually 70 images from each animal,
but due to porous infarct material in one mouse, only 60
images were available. Overall, 760 images from 11 mice were
included in quantitative analyses.

Immunofluorescence signals of fibronectin were captured
by mean values in the obtained images from each ROI using
Image] (National Institutes of Health, Bethesda, MD,
United States). As measuring method for collagen IV, the
maximum immunosignal intensity was used to consider the
strongly vessel-associated signal that was accompanied by a
visually darker background on the affected hemisphere compared
to the contralateral side. Finally, rounded mean values of the
obtained fluorescence signals of collagen IV and fibronectin
were calculated for every ROI of the five sections at the level
of each animal. Further calculations included both an inter-
hemispheric comparison with reference to ROIs along the
ischemic border zone in the neocortex and the striatum in
the overall sample, as well as differences between the ischemia-
and non-affected hemispheres used for analyses concerning
potential time-dependent effects in respective subgroups.

Statistical Analyses

The SPSS software package version 24 (IBM SPSS Statistics
for Windows, IBM Corp., Armonk, NY, United States) was
used for descriptive analyses and testing concerning statistical
significance between groups. Because of the relatively small
sample size, non-parametric tests were applied, i.e., the Wilcoxon
test and the Mann-Whitney U test. To consider multiple testing,
the Bonferroni-Holm correction was added to these tests.
Further, Pearson correlation coefficients (r) were used to explore
statistical relationships between parameters, added by a
calculation of the explained variance (r*). Generally, a value
of p < 0.05 (if applicable after correction for multiple testing)
was considered as statistically significant.

RESULTS

Ischemic Consequences to the Vascular
Integrity and Extracellular Matrix

Twenty-four hours of focal cerebral ischemia in mice resulted
in a critical affection of the BBB integrity as visualized by an
extravasation of serum albumin into the parenchyma in ischemic
areas (left upper part in Figure 1A), whereas no albumin
extravasation was visible in non-affected areas. Concerning the
vasculature, lectin-based staining with the tomato lectin
(Lycopersicon esculentum agglutinin, LEA) showed a homogeneous
pattern of vessels in ischemia- and non-affected areas
(Figures 1A"B'). While addressing collagen IV as a major
component of basement membranes, an increased and strongly
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FIGURE 1 | Fluorescence-based visualization of impaired blood-brain barrier
integrity with vascular elements as well as collagen IV and fibronectin in mice
subjected to 24 h of focal cerebral ischemia. Extravasation of (endogenous)
serum albumin (Alb, A) into brains’ parenchyma is visible in conjunction with
an increased immunosignal of fibronectin (FN, A') as a component of the
extracellular matrix (ECM). FN also appears in close vicinity to collagen IV (Coll
IV, B') as part of the basement membrane 24 h after ischemia onset. FN is
thereby visible in the striatum (A) and the hippocampus (B). In the area of
ischemia, immunosignals for Alb (A) and fibronectin (A',B) are associated with
endothelia, as detected by the lectin-staining with LEA (A",B"), and are visible
within the adjoining neuropil in a carpet-like manner. Ischemia-affected tissue
selectively exhibits a strong immunosignal for Coll IV (B'). The overlay of
staining patterns clearly reveals the border of ischemic affection (A™) and
different forms of vessel-associated focal condensation of FN. Scale bars: in
A" and B" = 100 pm, in A" (also valid for A and A") and B" (also valid for B
and B') = 100 pm.

vessel-associated immunosignal became evident in areas affected
by ischemia (Figures 1B',B"). Concerning fibronectin as part of
the ECM, an increased immunosignal was routinely observed
in ischemia-affected areas (Figures 1A',A™) with both a strongly
vessel-associated pattern and a diffuse appearance in close vicinity
to the vasculature not necessarily overlapping with cellular structures
(Figures 1A" B"). These fluorescence-based staining patterns of
collagen IV and fibronectin were consistently found in ischemia-
affected subcortical, i.e., the striatum, and hippocampal areas
(Figures 1A,B), as well as the ipsilateral neocortex (not shown).

To explore potential time-dependent alterations, analyses
were extended to ischemic tissues from mice subjected to 4
and 72 h of focal cerebral ischemia. In accordance to the
findings at 24 h, increased immunosignals of collagen IV and
fibronectin were found very early and also 3 days after ischemia
onset (Figure 2). Thereby, the ischemia-affected striatum
displayed an increased immunosignal of fibronectin that was

4 hours

72 hours

FIGURE 2 | Fluorescence-based detection of collagen IV and fibronectin
combined with vessel staining in mice subjected to 4 and 72 h of
experimental focal cerebral ischemia. Increased immunosignals of fibronectin
(FN) and collagen IV (Coll IV) are visible at both 4 (A) and 72 h (B) of ischemia
in affected areas. At both time points, FN consistently appears associated
with the vasculature (arrows in A" and B™) and in a diffuse manner with focal
accumulations (arrow head in A™) in close vicinity to vessels. Concomitantly,
increased Coll IV immunosignals precisely demarcate the area of ischemic
affection (B'), which becomes even clearer when merging the staining
patterns of FN and Coll IV (B™). Thereby, overlapping signals of FN and Coll IV
becomes visible by the purple color (A",B™). Lectin-based counterstaining
using LEA visualizes the vasculature also in ischemic areas (A",B"). Scale
bars: in A" and B" = 100 pm, in A" (also valid for A and A') and B" (also valid
for B and B) = 100 pm.

associated with the vasculature as indicated by an overlapping
lectin signal (arrows in Figures 2A",B"). The immunosignal
of fibronectin also appeared in a diffuse pattern with some
focal accumulations in close vicinity to the vasculature (arrowhead
in Figure 2A™). In a more general perspective, the increased
fibronectin signal robustly demarcated the area of ischemia
(left upper part in Figures 2B,B"™). As already demonstrated
at 24 h after ischemia onset, lectin-based staining robustly
visualized vessels also in areas not affected by ischemia
(right bottom in Figures 2B",B").

Alterations of Collagen IV and Fibronectin
Depending on Brain Region and Duration
of Ischemia

With the intention to verify the observed alterations in the
immunosignals of collagen IV and fibronectin, quantitative
analyses were focused on the ischemic border zone in the
neocortex and the ischemia-affected subcortex. For this purpose,
on the ischemia-affected hemisphere, six ROIs were used to
capture the ischemic border zone in the neocortex, and a
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further ROI was applied to capture the ischemic striatum,
whereby each of the ROIs was mirrored to the contralateral,
non-affected hemisphere for control issues (Figure 3A).

In the overall sample used for quantification of mice subjected
to 4 and 24 h of focal cerebral ischemia, a gradual decrease
was observed for the collagen IV immunoreactivity with a
maximum signal in the area of ischemia and the most considerable

step toward an immunosignal that is comparable with the
non-affected hemisphere in the ischemic border zone (Figure 3B).
Inter-hemispheric comparison led to significant differences in
the first three ROIs starting in the ischemic area with value of
p corrected for multiple testing between 0.021 and 0.025. When
compared to the non-affected hemisphere, a similar immunosignal
of collagen IV was found for the most medial ROIs, assumed
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to be non-altered by ischemia. Along the ischemia-affected
neocortex, the stepwise decline of collagen IV immunoreactivity
was found as significant between the first (lateral, and thus
most ischemia-affected) and the second ROI (p = 0.020), the
second and the third ROI (p = 0.020), as well as the third and
the fourth ROI (p = 0.015). Subcortically, a significantly increased
collagen IV immunosignal was identified in the striatum as
compared with the contralateral site (p = 0.021).

A quite similar pattern was observed for fibronectin with
a gradual decrease of the immunoreactivity, starting with its
maximum in the area of ischemia, and followed by a considerable
step in the ischemic border zone, ultimately resulting in signals
with good accordance to the non-affected hemisphere
(Figure 3C). Inter-hemispheric comparison revealed significant
differences in the first four ROIs completely covering the area
of ischemia and the ischemic border zone with value of p
ranging from 0.021 to 0.030. Along the ischemia-affected
neocortex, the immunosignal of fibronectin declined in a
stepwise manner from the first (most ischemia-affected) to
the second ROI (p = 0.028) as well as from the third to the
fourth ROI (p = 0.015). In the subcortical region, a significantly
increased fibronectin immunosignal was found as compared
to the non-affected site (p = 0.021).

Subsequent analyses addressed the correlation between
different regions within the ischemia-affected neocortex to
explore the statistical relationship, and thus simultaneously
occurring changes beyond a single region. For both collagen
IV (Figure 3D) and fibronectin (Figure 3E), a significant
correlation was observed between the most severely affected
ROI and the ischemic border zone, indicating commutated
alterations with an explained variance of 40.9% for collagen
IV and remarkable 93.7% for fibronectin.

To explore potential time-dependent effects, altered
immunosignals of collagen IV and fibronectin along the ischemia-
affected neocortex and the subcortex were separately analyzed
for 4 and 24 h of ischemia. Thereby, the inter-hemispheric
differences (/\) of the collagen IV immunosignals confirmed
the gradual decline from the most-affected toward the non-affected
neocortex without significant differences between the two time
points (Figure 4A). However, in most affected neocortical regions
and the subcortex, the collagen IV immunoreactivity appeared
at least numerically increased 24 h after ischemia when compared
to the earlier time point (value of p ranged between 0.378 and
0.568). A comparable pattern was observed for the immunosignal
of fibronectin that shows a gradual decline along the ischemia-
affected neocortex toward non-affected areas without a statistically
significant difference between the two time points (Figure 4B),
while a numeric increase became noticeable in areas of ischemic
affection (value of p ranged between 0.120 and 0.724). Remarkably,
in the ischemia-affected subcortex, the fibronectin
immunoreactivity was significantly increased after 24 h of
ischemia when compared to 4 h (p = 0.042).

Spatial Relationships Between Fibronectin
and the Neurovascular Unit

To explore spatial associations to classical components of the
NVU, qualitative analyses based on multiple fluorescence labeling
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FIGURE 4 | Quantification of collagen IV and fibronectin immunosignals in
mice depending on the duration (4 vs. 24 h) of experimental focal cerebral
ischemia. Inter-hemispheric differences covering the immunosignals of
collagen IV (A) and fibronectin (B) depending on the duration of ischemia
confirms the gradual decrease of the signals along the ischemia-affected
neocortex as evaluated in the overall sample. Statistically significant
differences are lacking between the 4 and 24 h of ischemia in the neocortex,
although a trend is visible for a pronounced signal at the later time point. In the
subcortex, the immunosignal of fibronectin increased at 24 h as compared
with the earlier time point. Bars represent means and added lines represent
the standard error of means. Level of statistical significance: *p < 0.05.

on tissues originating from mice subjected to 24 h of focal
cerebral ischemia were added (Figures 5, 6).

Starting with neurons, the immunosignal of neuronal nuclei
(NeuN) clearly diminished in the area of ischemic affection
(left upper part in Figure 5A"), while that of fibronectin became
visible in a diffuse manner with some focal accumulations
and vascular associations. In contrast to the area not affected
by ischemia with strong and regular labeling of NeuN (arrows
with dashed line in Figure 5A"), signs of neuronal degradation
(arrows) and ultimately shrunken NeuN became visible toward
the ischemic area (arrowheads in Figure 5A™). Concomitant
staining with Solanum tuberosum lectin (STL) enabled
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(like the tomato lectin LEA) a robust, nearly unaltered
visualization of the vasculature (Figures 5A",A™).

To address oligodendrocytes as part of the glia within the
NVU, multiple fluorescence labeling was used to detect the 2',3'
cyclic nucleotide phosphodiesterase (CNP) in conjunction with
fibronectin and STL. While fibronectin was again found to exhibit
a vessel-associated appearance as indicated by the overlapping
lectin signal (purple color in Figure 5B"), the ischemia-related
increase of the CNP immunoreactivity was observed somewhat
distant from fibronectin without evidence for overlapping structures.

As further parts of the glia network, microglia and astrocytes
were visualized using the ionized calcium binding adapter
molecule-1 (Iba) and GFAP concomitantly with fibronectin
immunolabeling. Thereby, microglia were found to be altered
with predominantly morphological features in terms of a rounded
appearance of GFAP-positive structures together with an overall
weakened signal in the ischemia-affected area (upper left part
of Figure 6A"). As expected, Iba-positive microglia were found
unaltered in the non-affected regions (bottom right of Figure 6A")

FIGURE 5 | Spatial relationships between fibronectin, the vasculature,
neurons, and oligodendroglia in mice subjected to 24 h of experimental focal
cerebral ischemia. Staining of fibronectin (FN, A,B) and striatal endothelia
visualized by a lectin-based technique using Solanum tuberosum lectin (STL,
A'",B") combined with the detection of neurons (NeuN, A') show a regular
configuration of NeuN in the non-affected area (arrows with dashed lines in
A"). Significant neuronal degeneration is visible toward the ischemic region
with a co-occurring increase of the FN signal, starting in the ischemic border
zone with shrunken NeuN (arrows in A") and passing over to the area of
maximum ischemic affection with only fragments of NeuN (arrowheads in A™).
The concomitant visualization of oligodendroglia in the ischemia-affected
neocortex reveals an increased immunosignal of the applied marker CNP (B'),
not overlapping with FN (B"). Scale bars: in A" and B" = 100 pm, in A" (also

valid for A and A') and B" (also valid for B and B') = 100 pm.

as indicated by their ramified appearance. Concerning astroglia,
more drastic changes became visible by a nearly disappearing
GFAP immunoreactivity in the area of maximum ischemic
affection (upper part of Figure 6B'), while morphological
alterations were evident in the ischemic border zone (arrowheads
in Figure 6B"), and the typically branched astroglia was visible
in the non-affected region (arrows in Figure 6B"). Remarkably,
an overlapping immunoreactivity for fibronectin as well as
microglia and astroglia was not evident (Figures 6A",B").

Ischemic Consequences to Collagen IV
and Fibronectin in Other Animal Species
With the intention to verify the identified regional arrangement
of collagen IV and fibronectin as well as elements of the
NVU in a translational perspective, further qualitative analyses
included multiple immunofluorescence labeling on tissues
originating from rats subjected to 24 h of an embolic-sourced
focal cerebral ischemia (Figures 7, 8) and sheep subjected to

FIGURE 6 | Spatial relationships between fibronectin, the vasculature,
microglia, and astrocytes in mice subjected to 24 h of experimental focal
cerebral ischemia. Staining of fibronectin (FN, A,B) together with the lectin-
based visualization of the endothelium by STL (A",B") and Iba (A') as marker
for microglia indicate a mainly morphological alteration of the latter one in the
ischemia-affected striatum. Toward the area of ischemia an increase of the FN
signal is visible (A) in addition to nearly unaltered detection of vessels (A").
GFAP immunolabeling displays a loss of astrocytes in the striatum as the
region of maximum ischemic affection (B') with a simultaneous increase of the
FN signal (B). In the ischemic border zone, astrocytes are morphologically
altered (arrow heads in B™) when compared to their regular appearance
(arrows in B"). Scale bars: in A" and B" = 100 pm, in A" (also valid for A and
A') and B" (also valid for B and B') = 100 pm.
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FIGURE 7 | Immunofluorescence-based visualization of fibronectin together
with vasculature elements and neurons in rats subjected to 24 h of
experimental focal cerebral ischemia. Detection of fibronectin (FN, A) in
conjunction with collagen IV (Coll IV, A') and neurons using NeuN (B') as well
as the vasculature as visualized by a lectin-based technique using LEA (A")
and STL (B") in the ischemia-affected striatum confirms concomitantly
increased immunosignals of FN and Coll IV (A™) also in the rat, and neuronal
degeneration due to ischemia by an altered NeuN staining in the affected area
(B"). Both LEA and STL robustly visualize vessels also in ischemic areas,
although STL leads to a somewhat thinner appearance of vessels in ischemic
regions (B"). Scale bars: in A" and B" = 100 pm, in A" (also valid for A and
A) and B" (also valid for B and B') = 100 pm.

2 weeks of surgically induced focal cerebral ischemia (Figure 9).
In general, the obtained data largely resembled the findings
observed in the filament-based mouse model of focal cerebral
ischemia as described above. They are exemplified for the
striatum, while the similar data of the neocortex are not shown.

In the ischemia-affected striatum of rats, a strong collagen
IV immunoreactivity was robustly found to demarcate the
ischemic area that is also characterized by an enhanced fibronectin
signal, appearing in a diffuse manner and some focal
accumulations (left part in Figures 7A,A'). In contrast, in the
area that is not affected by ischemia, the vasculature was
visualized by LEA (Figure 7A"), whereas collagen IV
immunoreactivity was widely lacking and fibronectin only
displayed a considerably weakened signal toward the ischemic
border zone (Figure 7A"). Labeling of NeuN revealed diminished
immunosignals and morphologically altered nuclei within the
area of ischemic affection that was characterized by an increased
fibronectin immunoreactivity (upper left part in Figures 7B,B").

For the visualization of microglia and astroglia in the rat,
the detection of Iba and GFAP was combined with fibronectin

FIGURE 8 | Immunofluorescence-based visualization of microglia and
astrocytes combined with fibronectin and vascular elements in rats subjected
to 24 h of experimental focal cerebral ischemia. Staining of fibronectin (FN,
A,B) and lectin-based visualization of vessels using STL (A",B") together with
microglial Iba (A") and astroglial GFAP (B') confirms for the rat striatum the
predominantly morphological alterations of microglia and the nearly
disappearing astrocytes in ischemic regions also seen in mice. FN robustly
demarcates the area of ischemia (A,B), while the merge with the staining
pattern originating from microglia displays an only occasional overlap with the
Iba signal (arrow in A™). In contrast, STL appears evenly distributed in
differently affected tissue as visualized by merging the staining patterns
(A",B"). Scale bars: in A" and B" = 100 pm, in A" (also valid for A and A)
and B" (also valid for B and B') = 100 pm.

immunolabeling. In line with the data originating from mice,
Iba immunoreactivity indicated morphologically altered microglia
in the area of ischemic affection, whereas fibronectin showed
increased  immunosignals ~ with  focal = accumulations
(Figures 8A,A"). Additionally, the ischemia-affected area also
displayed a few overlapping signals of fibronectin and Iba
(arrows in Figure 8A™). Concerning astroglia, a nearly abolished
immunosignal of GFAP was observed in the ischemic area
along with an increased signal for fibronectin (Figures 8B,B').
Thus, overlapping signals of GFAP and fibronectin were not
found (Figure 8B™).

To verify the observed alterations of fibronectin in a further
species and to gain insights into a later time point following
ischemia onset, multiple immunofluorescence labeling was
applied to the ischemia-affected neocortex of sheep. At lower
magnification, a strong GFAP immunoreactivity was observed
at the ischemic border zone probably representing a part of
the glia-based scar adjacent to the ischemic area devoid of
GFAP (bottom of Figure 9A). Remarkably, concomitant staining
of fibronectin revealed a strong immunosignal restricted to
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the area of ischemia (Figure 9A'), whereas the STL-based
staining of the vasculature - and in this case additional
cells - yielded a pronounced signal toward the ischemic region
and did not completely disappear in non-affected areas
(Figure 9A"). Triple immunofluorescence labeling further
showed the presence of morphologically changed ameboid
Iba-positive microglia as well as round cells assumed to
represent immigrated macrophages in the ischemia-affected
area. This tissue was devoid of GFAP-positive astroglia but
exhibited strong fibronectin immunoreactivity with both a
diffuse appearance and some focal accumulations (Figure 9B™).
Overall, in good accordance to the above described findings
in rodents, fibronectin and the GFAP-immunoreactive astroglia

FIGURE 9 | Immunofluorescence-based detection of fibronectin, micro- and
astroglia as well as the vasculature in sheep subjected to 14 days of
experimental focal cerebral ischemia. Numerous astrocytes as visualized by the
GFAP (A) with a condensation at the ischemic border zone probably indicate
the expected glia scar (A), which is strictly separated from the immunosignal of
fibronectin (FN, A) that appears in the ischemic area. As revealed by potato
lectin (STL, A"), this area also contains several cells presumably representing
macrophages in addition to endothelial structures. The overlay verifies the
complementary staining patterns of FN and the GFAP-positive astroglia (A").
At higher magnification, the FN immunoreactivity remains not restricted to
vessels but is also visible in the surrounding tissue (B); however, nearly
disappearing in the area covered by GFAP-positive astroglia (B'), which
becomes clearly visible in the overlay of staining patterns (B"). Concomitant
labeling with antibodies directed against Iba (B") visualizes microglia and mainly
infiltrated macrophages in the area of ischemia affection that is immunopositive
for FN (B,B"). Scale bars: in A" (also valid for A, A', and A") = 500 pm, in

B" =100 pm, in B" (also valid for B and B') = 100 pm.

were found to provide a complementary staining pattern in
sheep too (Figures 9A",B").

Ischemia-Related Alterations of Collagen
IV and Fibronectin in Human Stroke

Autoptic human stroke tissue was used to consider translational
aspects of the observed ischemia-related alterations of fibronectin
and collagen IV in rodents and sheep (Figure 10). In the ischemia-
affected area, fibronectin was found strongly associated to vessels
and their basement membranes as collagen IV immunoreactivity
was regularly found to be encircled by the fibronectin signal,
which became exemplarily visible in perpendicularly cut vessels
(Figures 10A,A"). Astroglia, visualized by GFAP, were arranged
farthest from the basement membrane (Figure 10A").

FIGURE 10 | Triple immunofluorescence labeling of fibronectin, collagen IV,
and astrocytes in human autoptic tissue affected by a stroke with a post-
ischemic period of 3 weeks. Staining of fibronectin (FN, A,B) and collagen IV
(Call IV, A',B") combined with astroglial components, i.e., GFAP (A") located in
cell bodies and AQP4 typically located in astroglial endfeet (AQP4, B'), reveals
a shell-like pattern of FN and Coll IV in the ischemia-affected brainstem, while
the FN signal is encircling Coll IV as obvious at perpendicularly cut vessels
(A™). In close vicinity to the vessels, diffusely labeled GFAP-containing
astroglial structures are visible (A",A™), not overlapping with FN or Coll IV. The
AQP4 immunoreactivity appears in an inhomogeneous manner not following
cellular compartments as a sign of significantly degenerated astroglial endfeet
in close regional association to the ischemia-related increase of FN signal
(B"). Scale bars: in A" (also valid for A, A, and A") = 100 pm, in

B" =100 pm, in B" (also valid for B and B") = 100 pm.
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As an approach to explore regional associations of astrocytes
as well as fibronectin and collagen IV in more detail, subsequent
triple immunofluorescence labeling included aquaporin 4 as
an established marker for astrocyte endfeet (Figure 10B). In
the area of ischemia, the immunosignal of fibronectin regularly
appeared in a diffuse manner with some focal accumulations
(Figure 10B). With reference to the immunosignal of fibronectin,
aquaporin-4 (AQP4)-positive astrocytic structures became visible
in close regional association in the ischemic area (Figure 10B"),
whereas their signal appeared in a disarranged pattern indicating
morphologically altered endfeet in terms of cellular degenerations.

Spatial Arrangement of Fibronectin and
Integrin o

Given the fact that integrins are seen as connecting proteins
between the endothelial layer and the ECM with its special
component fibronectin, an additional approach focused on their
spatial arrangement under ischemic conditions. For this purpose,
triple immunofluorescence labeling, also including astroglial
GFAP that has shown to demarcate the affected area, was applied
to the brain tissue of a mouse subjected to filament-based focal
cerebral ischemia with an observation period of 3 days
(Figure 11). Thereby, an increased fibronectin immunoreactivity
consistently appeared in the above described diffuse manner
with some focal accumulations in the area of ischemic affection,
whereas the GFAP-positive astroglia was mostly lacking (left
bottom part of Figure 11A). In the area of ischemic affection,
the integrin as immunoreactivity appeared in a weak and diffuse
pattern, while a regional accumulation was seen associated with
the vasculature (Figure 11A') that became even more visible
at a higher magnification (arrow in Figure 11A"™). This
magnification also confirmed the vessel-associated pattern of
the fibronectin immunosignal (arrowhead in Figure 11A").

DISCUSSION

This study addressed ischemic consequences beyond the
traditional cellular-based perspective with a special focus on
the NMZ, representing the composite of NVU elements, i.e.,
the vasculature with its endothelium and the adjoined basement
membrane, and the ECM (del Zoppo and Milner, 2006;
Reed et al, 2019; Xu et al, 2019). Due to limited knowledge
regarding the NMZ, neuroprotective approaches have not yet
considered this structure, although a strong relationship to the
integrity of the BBB with far reaching consequences is deducible
already from its physical composition (del Zoppo et al., 2006).

Using multiple immunofluorescence approaches to tissues
affected by different durations of focal cerebral ischemia, a
spatio-temporal characterization of collagen IV as the major
part of the basement membrane (Thomsen et al., 2017; Gatseva
et al, 2019), and fibronectin as a major component of the
ECM (Singh et al, 2010; Mezzenga and Mitsi, 2019) was
performed. To consider the phenomenon of a translational
roadblock in the field of stroke research that was at least
partially related to artificial models (Young et al., 2007; Endres
et al., 2008), efforts have been made to use different animal

Integrin a5

FIGURE 11 | Immunofluorescence labeling of fibronectin and associated
integrin as combined with the detection of astroglia in a mouse suffering from
72 h of experimental focal cerebral ischemia. Triple immunofluorescence
labeling of fibronectin (FN, A), integrin as (A'), and astroglia as identified by
GFAP (A") confirms the increased immunosignal of FN in the ischemia-
affected striatum in an expanded time window of 3 days after ischemia onset.
The immunosignal of GFAP-positive astrocytes is clearly diminished in the
area of ischemia (A"). FN and integrin as appear vessel-associated, which
becomes even clearer at a higher magnification (integrin as: arrow in A", FN:
arrowhead in A"). Scale bars: in A" = 100 pm, in A" (also valid for A

and A') = 100 pm.

models with individual strengths and weaknesses (Durukan
and Tatlisumak, 2007) as well as different species for this study.
Having in mind that some shortcomings naturally remain, i.e.,
concerning the comparability of animal and human stroke data
(Fisher et al., 2009; Sommer, 2017), also human tissue was
included in histochemical analyses.

Histomorphological Characterization of

Collagen IV and Fibronectin After Ischemia
In the present study, qualitative analyses including different
ischemia models and animal species consistently demonstrated
visually increased immunosignals of collagen IV and fibronectin
in areas affected by focal cerebral ischemia. As expected, collagen
IV was associated with the vasculature, whereas fibronectin
provided a diffuse staining pattern with focal accumulations in
close vicinity to vessels. This finding on collagen IV largely
confirms earlier reports describing an increased immunoreactivity
of collagen IV in comparable animal models of ischemia (e.g.,
Hawkes et al, 2013). In contrast, Hamann and co-workers
demonstrated in 1995 a decrease of collagen IV due to different
durations of ischemia in the non-human primate (Hamann
et al, 1995). This opposite finding is likely related to the
underlying measurement technique as the number of positive
vessels was used as readout, quite different from the signal
intensity applied in the present study. Concerning fibronectin,
the present study for the first time aims to characterize ischemic
consequences in a spatio-temporal manner and thus a comparison
to earlier reports is rather challenging. Referring to the few
available data, Milner et al. (2008) investigated mice subjected
to global hypoxia up to 14 days and reported an up-regulated
fibronectin on capillaries as assessed biochemically. Huang et al.
(2015) used a transient model of middle cerebral artery occlusion
in mice to investigate the angiogenic response after ischemia,
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also including an immunofluorescence-based detection of
fibronectin to count the number of positive vessels. They were
found to be increased over time in the ischemic border zone
(penumbra). The angiogenic response to ischemia was further
investigated by Li et al. (2012) using a transient model of middle
cerebral artery occlusion in mice, which led to significantly
augmented fibronectin-positive vessels in the ischemic border zone.

In the present study, added quantitative analyses of
immunosignals for collagen IV and fibronectin in mice revealed
a significantly increased signal due to focal cerebral ischemia.
With reference to regional aspects along the ischemia-affected
neocortex, maximum signals were observed in the area of
direct ischemia with a gradual decline toward the lesser affected
ischemic border zone and the adjoined non-affected area.
Significantly increased immunosignals for both collagen IV
and fibronectin were observed in the ischemia-affected subcortex,
i.e., the striatum. Remarkably, the ischemia-related increase in
the immunoreactivities of collagen IV and fibronectin was
found in a comparable manner between 4 and 24 h of ischemia,
although a trend toward a numerical increase at 24 h was
noted. Solely in the ischemia-affected subcortex, the
immunosignal of fibronectin increased statistically over time
when compared to the contralateral site.

Overall, this study identified significantly enhanced
immunosignals for collagen IV and fibronectin following focal
cerebral ischemia in mice, rats, sheep, and in human stroke
tissue. Derived from the observed close regional association
of collagen IV and fibronectin - and considering their primary
locations with reference to the basement membrane and the
adjoined ECM (del Zoppo and Milner, 2006; Singh et al., 2010;
Gatseva et al, 2019) - this study provides robust evidence
for an ischemia-induced critical affection of the NMZ. Given
the fact of the assumed highly dynamic situation at this site,
different patterns of the collagen IV and especially the fibronectin
immunosignal would have been expected over time. Although
a trend to an increasing immunoreactivity was noted toward
an ischemia duration of 24 h when compared to the earlier
time point of 4 h, this study revealed consistently increased
immunosignals of collagen IV and fibronectin up to 3 weeks
following the ischemic event as exemplarily shown by the
human stroke sections.

As the present study was designed rather descriptive, a
conclusion regarding the causal relationship of altered collagen IV
and fibronectin immunosignals remains to be elucidated.
However, some thoughts on the potential pathophysiological
background might be extracted from earlier reports. Yang
et al. (2007) applied a rat model of transient focal cerebral
ischemia together with the application of tissue-type
plasminogen activator (tPA) as a routinely used thrombolytic
substance in the clinical scenario. Thereby, a decreased number
of collagen IV-positive vessels were found due to ischemia,
and the addition of tPA resulted in a dose-dependent decrease
in the tissue content of collagen IV, fibronectin, and other
markers. The authors concluded that the observed reduction
of collagen IV and other basement membrane constituents
reflects the tPA-mediated BBB disruption (Yang et al., 2007).
This is very plausible as such BBB alterations are assumed

to have a pivotal role for tPA-related bleeding complications
(Ishrat et al., 2012; Zhang et al., 2012). With a special focus
on fibronectin, Nicosia and co-workers identified fibronectin
in cell culture experiments as a promotor for angiogenesis,
whereby especially the length of microvessels was found to
respond to fibronectin (Nicosia et al., 1993). Further evidence
for this perspective was provided from Wang and Milner
(2006) as the proliferation but not the survival of capillary
endothelia cells was promoted by fibronectin in cell cultures.
Consequently, based on the few available data, a role of
fibronectin in angiogenesis following hypoxia appears plausible.
However, the observation of the present study with an altered
immunosignal as early as 4 h after the ischemic event leads
to the assumption that properties of fibronectin are not limited
to angiogenesis, but may also include acute damaging and
long-lasting regenerative processes.

Notably, fibronectins’ functional role is still a matter of debate.
As for example regarding tissue regeneration, a diversity of
beliefs exists ranging from an initial beneficial effect toward
an impairment of regeneration in later phases (Stoffels et al.,
2013). The remaining difficulties in identifying a clear
pathophysiological role of fibronectin might be related to varying
properties in different tissues in addition to the brain, such
as the skin and the cartilage. Further, different proportions of
fibronectin exons like the extra domain A and B due to alternative
splicing result in up to 20 different protein variants in human
(White and Muro, 2011). In addition, the situation is complicated
by the fact that for fibronectin a circulating, soluble form in
the plasma has been identified, which is synthesized by
hepatocytes, in addition to the cellular-associated, i.e., insoluble
form as part of the ECM that is synthesized for instance by
endothelial cells (To and Midwood, 2011). Interestingly, Sakai
etal. (2001) reported different roles for the circulating fibronectin
as mice deficient for this type of fibronectin showed larger
infarct areas after a transient model of focal cerebral ischemia,
while dermal wound healing was not affected. In an in vitro
experiment, the soluble fibronectin was further found to impact
the formation of fibrin with more and more fibrin matrices
in case of increasing fibronectin concentrations (Ramanathan
and Karuri, 2014). Circulating fibronectin is thus believed to
have a pivotal role on clot formations (To and Midwood, 2011),
which is supported by detected fibronectin in proteomic analyses
of thrombi that were evacuated by endovascular treatment in
human stroke (Mufioz et al., 2018). Additional data on circulating
fibronectin recently emerged from an experimental study by
Dhanesha et al. (2019): by applying a filament- and clot-based
stroke model these authors were able to demonstrate that mice
deficient for the fibronectin containing the extra domain A
exhibited a decreased thrombo-inflammatory response. Such a
reaction is typically linked to secondary thrombosis due to
ischemia, which likely represent the key mechanism for the
also perceived smaller infarct sizes and improved neurobehavioral
deficits. Consistently, several inflammatory processes — as one
of the major mechanisms for stroke-related tissue damage
(Dirnagl et al., 1999) - were identified in an earlier study
applying genetically altered mice including an alternatively spliced
extra domain A (Khan et al., 2012). However, a variety of
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mainly in vitro experiments pointed out the complexity of
alternatively spliced isoforms of fibronectin, each of them with
distinct properties concerning chemokines and other signaling
molecules (White et al., 2008).

Although several studies have focused on fibronectin that
measured in the plasma of stroke patients, the currently available
data does not support their use for distinguishing between
ischemic and hemorrhagic stroke (Bustamante et al., 2017), nor
to identify patients for recanalizing treatments (Rodriguez-Yafez
et al., 2011). Basically, a more comprehensive perspective seems
reasonable understanding fibronectin as part of the brains’ ECM
embedded in a complex network of cells related to the NVU.
This perspective is supported by studies that identified serum
markers of the NVU like GFAP, allowing insights into local
processes of the ischemia-affected brain (e.g., Perry et al., 2019).

Spatial Relationships Between Collagen IV,
Fibronectin, and the Neurovascular Unit

In the present study, elements of the NVU were addressed
by multiple fluorescence labeling based on a variety of antibodies,
which have proved their usability in previous studies, in
conjunction with collagen IV and fibronectin to explore spatial
relationships. In detail, the vasculature was visualized by lectin-
histochemistry, while immunolabeling revealed neurons by
NeuN, oligodendrocytes by CNP, microglia by Iba, astrocytes
by GFAP as well as their endfeet by AQP4.

Overall, the ischemia-induced affections of the NVU elements
shown in this study largely confirmed earlier reports from the
own group (e.g., Michalski et al, 2010; Hartig et al, 2017;
Mages et al, 2019) and others (e.g., Mullen et al, 1992;
Matsumoto et al., 2007). With a special focus on collagen IV
and fibronectin, both were found without an overlapping signal
for astrocytes as indicated by the complementary staining
patterns with disappearing astrocytes toward the area of ischemia.
At the border zone, morphological features of astrocytes were
observed in good accordance to an astrocyte scar formation
known for several brain injuries (Anderson et al, 2016; Dias
and Goritz, 2018), which was also visible in our study after
2 weeks of focal cerebral ischemia in sheep. Such scar formations
are of great interest concerning regenerative aspects. Especially,
collagen IV was identified to be involved in the resulting
inhibition of for example axon growth (Stichel et al, 1999;
Hermanns et al., 2001). The present work revealed fibronectin
in the area of ischemia that was only occasionally associated
with microglia, whereas overlapping signals of fibronectin and
neuronal structures were not unequivocally evident.

Notably, the present study elucidated a close regional
association with vessels not only as expected for collagen IV
but also for fibronectin that was consistently observed in the
applied animal models and human stroke tissue. Qualitative
analyses at higher magnification showed that the collagen IV
immunoreactivity is encircled by the fibronectin signal in
excellent accordance to the concept of the here addressed NMZ.
With an additional focus on the regionally associated endothelial
cells that were discussed to have a pivotal role in BBB integrity
(Krueger et al., 2015), integrins as connecting elements of the
endothelial layer and the adjacent basement membrane as well

as ECM are of special interest (del Zoppo and Milner, 2006;
Edwards and Bix, 2019). In the present study, integrin os was
observed in close regional association to the vasculature together
with fibronectin. Referring to the time course of BBB opening
following focal cerebral ischemia, integrins associated with
endothelial cells were found to be also time-dependently expressed
(Huang et al., 2015). Thereby, the observed integrin as
immunoreactivity 3 days after ischemia in the present study
appears in good accordance with the described peak of integrin
as at day 4 (Guell and Bix, 2014). With regard to functional
consequences of changed integrin levels, the few available reports
indicated a relationship to angiogenesis. In detail, Li et al
(2010) applied a mouse model of chronic global hypoxia and
a cell culture experiment with endothelial cells to investigate
integrins by immunofluorescence labeling and western blot
analysis. They observed an increased integrin as expression on
angiogenic brain endothelial cells; whereas, the spatio-temporal
patterns were found to differ between the ligands associated
with the receptors with a clear relevance for as/fs, over a,/f5;
concerning the proliferation of brain endothelial cells (Li et al.,
2010). In a further study, Milner et al. (2008) used a mouse
model of chronic global hypoxia and demonstrated integrin
a5 being strongly upregulated on hypoxic capillaries. However,
as specific tools targeting integrins are currently lacking,
conclusions in terms of causal relationships remain impossible.

Methodological Considerations

This study has some limitations: First, the methodological
spectrum is limited to immunofluorescence labeling, which
was chosen to explore related signals in both a qualitative
and a quantitative manner and to allow comparative analyses
at different time points after ischemia onset and diverse animal
models or even autoptic human tissue. Consequently, future
studies are needed to add analyses comprising protein levels
from constituents of the NMZ, which might help to explore
functional properties of this special site.

Second, this study is a first attempt to provide a spatio-
temporal characterization at the site of the NMZ and thus
focused on collagen IV and fibronectin as two representatives.
Because collagens represent a large family consisting of several
types, as for instance type II, III, or VI, that might exhibit
different reactions in the setting of ischemia (Gatseva et al,
2019), further studies might try to cover more than the here
addressed collagen IV. Furthermore, other structures associated
with the NMZ like B-cadherin, located in close vicinity to
integrins, and dystroglycans, related to astrocyte endfeet at the
vasculatures’ abluminal side (del Zoppo and Milner, 2006),
would be of interest concerning their ischemic consequences,
and thus need to be addressed in future studies. Thereby,
confocal laser scanning microscopy might further help to explore
the regional, i.e., three-dimensional arrangement of these
structures and the vasculature in more detail.

Third, quantifications were limited to the mouse model with
ischemia duration of 4 and 24 h, which was due to the restricted
availability of tissues, especially from other species and the
human stroke case. Based on the consistent qualitative analyses
that emerged from tissues of rat, sheep, and a human stroke,
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there are no doubts that an increase of the immunosignals
from collagen IV und fibronectin due to focal cerebral ischemia
would be quantifiable in these species too. As differences among
species might be of relevance for the evaluation of therapeutic
approaches, further confirmatory analyses including human
brain tissue affected by ischemia seem reasonable. Notably,
longitudinal investigations are of special interest to explore
the temporal profile of increased fibronectin levels in the human
brain after focal cerebral ischemia. As already gradual changes
might be associated with different properties concerning the
ischemic tolerance, a comparison with imaging parameters that
visualize the tissue at risk could help to identify conditions
that allow neuroprotective interventions.

Fourth, given the complexity of fibronectin isoforms and
on the other hand, the antibodies used in this study, which
are considered as pan-fibronectin markers, future efforts should
include the detection of fibronectin isoforms in ischemic tissues.

Summary and Outlook

This study for the first time provides a spatio-temporal
characterization of ischemia-related alterations for collagen
IV and fibronectin as components of the NMZ in various
animal models and in human tissue. Because the immunosignals
from collagen IV as part of the basal membrane and from
fibronectin as a crucial component of the ECM increased
concomitantly and in a long-term range after the ischemic
event, this study robustly shows that ischemic consequences
are not limited to the traditional NVU components and the
ECM, but also involve the NMZ. There might be various
properties of this special zone including BBB regulations, of
which a significant impairment is known to cause severe
complications after stroke. As not yet considered for therapeutic
approaches in the setting of stroke, the NMZ qualifies for
further research to explore its pathophysiological role and
opportunities for pharmacological interventions.
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Blood brain barrier (BBB) damage is an important pathophysiological feature of ischemic
stroke which significantly contributes to development of severe brain injury and therefore
is an interesting target for therapeutic intervention. A popular permanent occlusion
model to study long term recovery following stroke is the photothrombotic model, which
so far has not been anatomically characterized for BBB leakage beyond the acute
phase. Here, we observed enhanced BBB permeability over a time course of 3 weeks in
peri-infarct and core regions of the ischemic cortex. Slight increases in BBB permeability
could also be seen in the contralesional cortex, hippocampus and the cerebellum
at different time points, regions where lesion-induced degeneration of pathways is
prominent. Severe damage of tight and adherens junctions and loss of pericytes was
observed within the peri-infarct region. Overall, the photothrombotic stroke model
reproduces a variety of features observed in human stroke and thus, represents a
suitable model to study BBB damage and therapeutic approaches interfering with
this process.

Keywords: photothrombotic stroke, BBB, ischemia, leakage, edema, pericytes, tight junctions

INTRODUCTION

Stroke is a leading cause of disability and death worldwide. There are over 13.7 million strokes
every year and one in four people over age 25 will experience a stroke in their lifetime (GBD
2016 Stroke Collaborators, 2019). A majority of stroke victims cannot profit from thrombolysis
or thrombectomy, and rehabilitation therapies have often only limited success in restoring
the lost functions. Stroke, therefore, remains a global substantial social and clinical burden
(Katan and Luft, 2018).

A hallmark of stroke pathology is the breakdown of the blood brain barrier (BBB) that can persist
for up to several weeks after stroke and is associated with poor patient outcomes (Kastrup et al.,
2008; Brouns et al., 2011). Anatomically, BBB breakdown is characterized by alterations of tight
junction protein complexes and damage to cellular components of the neurovascular unit, e.g.,
pericytes (Bell et al., 2010; Prakash and Carmichael, 2015; Abdullahi et al., 2018; Nation et al., 2019;
Montagne et al., 2020). As a result of enhanced BBB permeability, many secondary injury cascades
are activated including cytotoxic edema, a disruption in cellular water and ion homeostasis and
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vasogenic edema, fluid extravasation into the brain parenchyma
(Zhao et al., 2015). BBB integrity is also a safety measure
for novel experimental therapies aiming at revascularization of
the ischemic brain since newly formed blood vessels can lack
barrier functions and may exacerbate brain damage (Rust et al.,
2018, 2019¢). On the other hand, delivery of therapeutic drugs
may be facilitated by the improved accessibility of the brain
(Obermeier et al., 2013).

In pre-clinical research different rodent models are used to
study various aspects of stroke pathophysiology and to evaluate
novel treatment approaches (Carmichael, 2005; Dirnagl, 2010).
Apart from the frequently used model of middle cerebral artery
occlusion (MCAO), the photothrombotic stroke is an ever-
increasingly used model with well-characterized sensory-motor
deficits and long-term recovery. However, BBB injury has not yet
been studied beyond the acute stage of photothrombotic stroke
(Hoft et al., 2005).

Here, we provide a 3-week time course of BBB permeability
changes in mice subjected to a cortical photothrombotic stroke
within the stroke core and peri-infarct regions. We also assess
the permeability in neighboring and contralesional brain regions
including contralesional sensorimotor cortex, hippocampus,
cerebellum and visual cortex. Moreover, we quantify damage
to cellular and major junction protein components in ischemic
regions following the injury.

RESULTS

Blood Brain Barrier Leakage Is a
Hallmark of the Photothrombotic Stroke

Model

Breakdown of the BBB and the risk of hemorrhagic
transformation usually occurs within the first days in stroke
patients (Nadareishvili et al., 2019). Therefore, we first evaluated
the BBB integrity 24 h following the induction of the stroke.
Mice received a photothrombotic stroke with a size of 3 x
4 mm in the sensorimotor cortex and were systemically injected
with Evans blue (EB), a BBB permeability marker 24 h before
sacrifice (Figure 1A). EB has a high affinity for serum albumin,
which does not cross the intact BBB to the brain parenchyma.
1 day following injury, stroked mouse brains exhibited a strong
EB signal in the stroke core in the ipsilesional cortex and a
lower signal in the surrounding peri-infarct zone (Figure 1B).
The EB-positive core covered an area of 7.74 £ 3.52 mm?
with 11.55 £ 2.43 mm circumference, which was surrounded
by an EB-positive peri-infarct region with a total area of
4.08 + 1.46 mm? (core + peri-infarct: 11.82 4+ 4.98 mm?) and
13.756 + 2.356 mm circumference. In the intact brain no signal
of EB was detectable in any region (all p < 0.01, Figure 1C).

Spatiotemporal Profile of Blood Brain
Barrier Permeability Following

Photothrombotic Stroke

The spatiotemporal profile of the BBB opening following
human stroke is complex and may also occur beyond the

acute stage (Merali et al., 2017; Nadareishvili et al., 2019).
Re-openings of the BBB have been observed days to weeks
following the initial ischemic injury in clinical and pre-clinical
research (Huang et al., 1999; Kassner and Merali, 2015; Merali
et al, 2017). Moreover, enhanced permeability has also been
observed in regions not directly affected by the initial stroke
due to retrograde or anterograde pathway degeneration and the
associated inflammatory reaction (Ling et al., 2009; Li et al,
2011; Cao et al.,, 2020). Therefore, we aimed to characterize
the spatiotemporal profile of BBB permeability up to 3 weeks
following stroke.

Brain tissue was dissected and lysed at 1, 7, and 21 days
following a localized unilateral photothrombotic stroke to the
sensory-motor cortex. Evans blue was detected at a high
sensitivity with a limit of detection (LOD) of 0.006 ng and a limit
of quantification (LOQ) of 0.019 ng per mg brain lysate, when
administered either 4 or 24 h prior to perfusion (Figures 2A,B).
A successful stroke procedure was confirmed by severe reduction
in cerebral blood perfusion (CBF) of the sensorimotor cortex
(<40% of baseline CBF) at 1 dpi (Figures 2C,D) using Laser
Doppler Imaging (Figures 2C,D).

Interestingly, all mice showed up to 1,500-fold upregulation
of the EB signal in the ipsilesional cortex 24 h following stroke
[intact: 0.03 & 0.01, stroke(; gpj: 42.91 &+ 7.79] (Figure 2E).
At later time points, most of the animals (83-90%) still exhibit
enhanced leakage in the ischemic cortex [intact: 0.028, stroke(;
dpi) 34.01 £ 14.77; stroke(z1 dpi): 31.54 £ 16.06, all p < 0.01].
Other brain regions, which were not directly affected by the
initial stroke, also displayed enhanced although lower EB signals
in individual animals. Most of these EB signals at 24 h after
the stroke were detected in the contralesional cortex [intact:
0.05 % 0.02, stroke(; gpj): 17.05 £ 11.92, p = 0.002], in the
ipsilesional hippocampus [intact: 0.03 £ 0.01, stroke(; gpi:
8.98 + 5.49, p = 0.03] and contralesional hippocampus [intact:
0.02 £ 0.01, stroke(; dpi): 863 £ 3.09, p = 0.002] and, at the
latest time point, also in the cerebellum [intact: 0.06 % 0.02,
stroke(21 dpi): 8.29 & 5.59, p = 0.003] (Figure 2E). Importantly,
signal intensities were not altered to acute time points before 24 h
(Supplementary Figure S1).

In order to explore the spatial distribution of EB within the
brain and to distinguish between core and peri-infarct leakage
a histological analysis of vascular permeability in brain sections
was performed on the ipsi- and contralesional cortex at day
post injury 1, 7, and 21 (Figures 3A-C). EB signal strength
was measured at the stroke core, the peri-infarct regions, in
the contralesional cortex and in intact cortex by fluorescence
intensity (Figure 3C). The area of EB leakage at the stroke
core decreased slightly over time (1 dpi: 8.03 &+ 3.83 mm?,
7 dpi: 640 £ 220 mm?, 21 dpi: 565 + 2.80 mm?, all
p > 0.05), whereas the EB -positive area in the peri-infarct
regions steadily decreased from day 1 (5.79 £ 0.99 mm?) to
day 7 (3.06 & 1.13 mm?, p = 0.007), and day 21 (2.18 + 2.01
mm?, p = 0.001) (Figures 3D,E). The peri-infarct region was
defined by vascular density and ranged 300-600 pm from the
stroke core as previously described (Rust et al., 2019b). On the
contralesional side the area of EB leakage was 2.39 & 1.30 mm?
at day 1 and shrunk to very small dimensions from day 7 on
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FIGURE 1 | Disruption of the blood brain barrier 24 h following the photothrombotic stroke. (A) Schematic representation of photothrombotic stroke induction in the
sensorimotor cortex. (B) Macroscopic and pseudo-colored image in stroked and non-stroked animals showing the Evans blue (EB) extravasation in stroke core and
penumbra. Scale bar: 5 mm. (C) Quantitative assessment of area and circumference of EB signals. Each dot in the plots represents one animal and significance of
mean differences between the groups was assessed using Tukey’s HSD. Asterisks indicate significance: *P < 0.05, **P < 0.01, **P < 0.001.
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(Figure 3E). No EB signal was detectable in the cortex of intact
mice (Figure 3F), nor the corpus callosum and other subcortical
structures (data not shown).

In conclusion, most damage and vascular permeability in
the photothrombotic stroke is present at the site of injury and
it weakens gradually with distance to the stroke core. Non-
affected brain regions can also show low to moderate leakage at
different time points.

Disruption of Peri-Vascular Cells and
Junction Proteins Are a Feature of

Photothrombotic Stroke

The integrity of the BBB relies on tight and adherens junction
protein complexes including Claudin-5, ZO-1, and VE-Cadherin
(Jiao et al., 2011; Berndt et al., 2019) and cellular components
of the neurovascular unit, especially pericytes (Armulik et al.,
2010). Consequently, damage to any of these components
may contribute to enhanced vascular leakage and the risk of
hemorrhagic transformation. We histologically analyzed pericyte
coverage and components of the junction proteins in the ischemic
peri-infarct regions and intact animals at 1-21 days following
photothrombotic stroke (Figure 4A). We observe a considerable
~80% reduction of the pericyte fraction around blood vessels in
the peri-infarct areas (1 dpi: 0.08 £ 0.07, 21 dpi: 0.15 £ 0.08,
both p < 0.001) compared to intact cortex (0.62 =+ 0.11)
(Figure 4B). The surface ratio of blood vessels covered by
tight/adherens junction components also significantly decreased
in the peri-infarct region compared to the intact cortex. In
particular, there was a decrease of 13% (1 dpi) and 59% (21
dpi) of Claudin-5 (1dpi: 0.069 £ 0.012, p = 0.832, 21 dpi:
0.033 £ 0.02 p = 0.013), a decrease of 68% (1 dpi) and 41%
(21 dpi) of VE-Cadherin (1 dpi: 0.073 £ 0.006, p < 0.001; 21
dpi: 0.136 &+ 0.05, p = 0.003), and a decrease of 85% (1 dpi)

and 90% (21 dpi) of ZO-1 (1 dpi: 0.015 £ 0.020, p < 0.001;
21 dpi: 0.011 £+ 0.007, p < 0.001) compared to the intact
sensorimotor cortex (Claudin-5: 0.079 % 0.026, VE-Cadherin:
0.232 4+ 0.025, ZO1: 0.096 £ 0.023 (Figures 4C,D). Overall, these
data indicated a considerable damage to the BBB anatomy also
beyond the acute phase.

DISCUSSION

The blood brain barrier (BBB) has a central role in the
pathogenesis of stroke. Disruption of the BBB occurs in the acute
and subacute phases following stroke and is a precursor to serious
clinical consequences such as brain edema and hemorrhagic
transformation. Improving the BBB integrity following stroke
has recently emerged as a focus for new therapeutic strategies
(Sifat et al., 2017). Here, we characterize the spatiotemporal
evolution of the BBB breakdown in a photothrombotic stroke
model, a popular rodent model of ischemic stroke. While the
BBB remained open in the stroke core, permeability decreased
over the 3 weeks in the infarcted region. Anatomically, the
enhanced permeability was correlated with a decrease of several
major membrane constituents of the endothelial tight junctions,
and with a reduction in the pericyte-to-blood vessel ratio.
A subset of mice also exhibited low to moderate leakage in the
contralesional cortex, the ipsi- and contralesional hippocampus
and the cerebellum.

In stroke patients the disruption of the BBB was visualized
in vivo by positron emission tomography (PET) (Okada et al,,
2015), dynamic contrast-enhanced (DCE) magnetic resonance
imaging (MRI) (Sourbron et al., 2009) and DCE computed
tomography (CT) (Hom et al., 2011; Ozkul-Wermester et al.,
2014). The dynamics of BBB permeability seem to vary somewhat
between the studies. All reports show an acute opening of the
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FIGURE 2 | Spatiotemporal leakage following photothrombotic stroke. (A) Schematic representation of time course at baseline (N = 5), day 1 (N = 5-10), day 7
(N =5-7), and day 21 (N = 2-10) following stroke. (B) Limit of detection and quantification of Evans blue in brain tissue. (C) Representative images of images of
cerebral blood perfusion at 10, 30 min, 1 and 21 days following stroke. (D) Quantification of cerebral blood perfusion relative to baseline. (E) Quantitative assessment
of Evans blue signal across different brain regions and time points. Data are represented as mean + SD. Each dot in the plots represents one animal and significance
of mean differences between the groups was assessed using Tukey’s HSD. Asterisks indicate significance: *P < 0.05, **P < 0.01, ***P < 0.001 isch cx; ischemic
cortex, contra cx; contralesional cortex, hp; hippocampus, cb; cerebellum, vex, visual cortex. EB; Evans Blue, bl; brain lysates.

BBB, and many report a bi-phasic or a continuous opening
beyond the acute period with a maximum around day 2 and a
second peak around day 7 (Merali et al., 2017). Similar results
have been observed in animal models with well controlled
experimental parameters. BBB openings have been observed in
models of middle cerebral artery occlusion to follow bi-phasic
course (Belayev et al., 1996; Rosenberg et al, 1998; Huang
et al., 1999) or as a continuous opening (Nagel et al., 2004;
Strbian et al., 2008).

Although various MCAO models of stroke are sufficiently
documented with regard to BBB opening, there is insufficient
knowledge in the time course of the photothrombotic stroke.
Since the photothrombotic stroke is minimally invasive and

reproducibly causes limb use deficits in mice for more than 16
weeks after the infarct, it is an interesting model for assessing
long-term functional recovery (Allred et al., 2008). Consequently,
efficacy of potential drugs interfering with BBB disruption can be
evaluated using the photothrombotic stroke.

In our study, we observed a high variability within the
experimental groups: Littermates undergoing the same surgical
procedures and without obvious differences in stroke size showed
considerable differences in BBB opening. In particular, leakage
was clearly reduced in the peri-infarct region already at day 7
after the stroke, comparable to results from previous studies
in a transient middle cerebral artery occlusion (MCAO) model
(Strbian et al., 2008). However, some leakage, at least in part
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FIGURE 3 | Histological assessment of BBB permeability following photothrombotic stroke. (A) Schematic representation of region of interest within the ischemic
core (red), the peri-infarct region (yellow), the contralesional cortex (green), and the intact cortex (gray). (B) Time course of the experimental pipeline of 1 day (N = 8),
7 days (N = 6), and 21 days (N = 5) following injury. (C) Spatial distribution of EB signal along the ischemic, contralesional and intact cortex at 21 dpi.

(D) Representative images of EB signal in the peri-infarct and contralesional region at 21 dpi. Scale bar: 100 wm. (E) Quantification of EB -positive area of the stroke
core, the peri-infarct cortex and the contralesional cortex at days 1, 7, and 21 post injury. (F) EB -positive area in intact mice (N = 4). Each dot in the plots represents
one animal and significance of mean differences between the groups was assessed using unpaired two-tailed one-sample Student’s t-test. Asterisks indicate
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of the animals, was still detectable at 21 days in the peri-infarct
zone. We found disruption of blood vessel pericytes coverage and
tight junction components within the peri-infarct region at 1-21
days following stroke. Pericytes have been previously described
to be an essential part of the BBB; pericyte-deficient mutant mice
show significantly impaired BBB function (Armulik et al., 2010).
Pericytes have also been described to be depleted in the peri-
infarct region of MCAO strokes (Ferndndez-Klett et al., 2013;
Nih et al., 2018). Although considerable sex differences have been
previously reported in clinical stroke pathology (Reeves et al.,

2008) as well as BBB permeability (Castellazzi et al., 2020), we
have not observed any differences in BBB disruption between the
sex in the photothrombotic stroke model.

Ischemia leads to the release of MMP9 by inflammatory cells
in the peri-infarct region which interrupts the tight junctions
and increases BBB leakage (Underly et al., 2017). Deficiencies
in multiple tight junction proteins are a common observation
in other ischemic rodent stroke models (Abdullahi et al., 2018).
We have previously observed that sprouted, newly formed
vessels in the peri-infarct region are initially immature and
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red). Scale bar: 20 um. (D) Quantitative evaluation of tight and adherens junction coverage of blood vessels in the intact and peri-infarct cortex at 1 and 21 dpi. Each
dot in the plots represents one animal and significance of mean differences between the groups was assessed using unpaired two-tailed one-sample Student’s
t-test. Asterisks indicate significance: *P < 0.05, **P < 0.01, **P < 0.001. CTX, cortex, H, histology.
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have less pericytes and tight junctions (Rust et al., 2019b,d).
Therefore, leakage from these immature vessels may be an
additional component of the BBB damage at the 7-21-day time
points. However, most likely both events (damaged pre-existing
vessels and newly formed immature vessels) contribute to the
overall BBB disruption and it requires longitudinal in vivo
experiments to identify the share of both processes. Moreover,
since we performed end-point experiments in the study we have
no information about levels of BBB damage outside of our
measurements. Dissecting these mechanisms might be addressed
in future studies with advancements in genetic models and two-
photon microscopy.

An interesting observation in the photothrombotic model
was the leakage in several brain regions remote from the
stroke at different time points. This has also been observed

in patients and other rodent stroke models and was mainly
linked to degeneration and subsequent microglia activation and
inflammation in projection areas or input systems to the stroke
region with retrograde degeneration (lizuka et al., 1990; Cao et al.,
2017; Baumgartner et al., 2018; Jiang et al., 2018). mechanisms
are especially known in the secondary thalamic injury affecting
thalamus and hippocampus (Holmberg et al., 2009) but have
been also observed in the cerebellum in our study. Further
studies may address mechanistic basis for this effect in the
photothrombotic or MCAO model.

Onset and duration of secondary injury-induced BBB leakage
can vary between 3 days after stroke and may be detectable up to
6 months in rodents and 12 months in patients (Cao et al., 2020).

Taken together, the photothrombotic stroke model shows
many features of BBB disruption that have been previously
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observed in stroke patients and other rodent stroke models. It
therefore represents a suitable model to study BBB pathology and
to develop therapies to improve BBB integrity following stroke.

MATERIALS AND METHODS

Experimental Design

While BBB dysfunction has been implicated in stroke, the time-
course of post-stroke BBB permeability changes is not well
known for the photothrombotic stroke model. The present
study aims to characterize the long-term temporal evolution
of BBB opening following ischemic injury. We histologically
and spectrophotometrically analyzed the loss of BBB integrity
in different brain regions (affected and non-affected) at 1 days,
7, and 21 after photothrombotic stroke using Evans Blue (EB)
dye to measure vascular leakage. To further investigate potential
mechanisms underlying BBB damage, pericyte coverage and loss
of major tight and adherens junction protein components in
ischemic regions were quantified. For the time course experiment
mortality rate was 0%. All animals are presented in the study; no
statistical outliers were excluded. Data was acquired blinded.

Animals

All animal experiments were performed in accordance with
governmental, institutional (University of Zurich), and ARRIVE
guidelines and had been approved by the Cantonal Veterinary
Office of Zurich. Adult male and female wild type mice (10-14
weeks) of the C57BL/6 strain (16-25 g) were used. No sex-
specific differences were observed in any of the experimental
readouts. Mice were housed in standard Type II/III cages at
least in pairs in a temperature and humidity controlled room
with a constant 12/12 h light/dark cycle (light on from 6:00 a.m.
until 6:00 p.m.).

Surgical Procedure

Mice were anesthetized using isoflurane (3% induction, 1.5%
maintenance; Attane, Provet AG). Analgesic (Novalgin, Sanofi)
was administered 24 h prior to the start of the procedure via
drinking water. A photothrombotic stroke to unilaterally lesion
the sensorimotor cortex was induced on the right hemisphere, as
previously described (Labat-gest and Tomasi, 2013; Rust et al.,
2019b). Briefly, animals were placed in a stereotactic frame
(David Kopf Instruments), the surgical area was sanitized and the
skull was exposed through a midline skin incision. A cold light
source (Olympus KL 1,500LCS, 150W, 3,000K) was positioned
over the right forebrain cortex (anterior/posterior: —1.5-+1.5
mm and medial/lateral 0 -+2 mm relative to Bregma). 5 min
prior to illumination, Rose Bengal (10 mg/ml, in 0.9% NaCl,
Sigma) was injected intraperitoneally 5 min prior to illumination
and the region of interest was subsequently illuminated through
the intact skull for 8.5 min. To restrict the illuminated area,
an opaque template with an opening of 3 x 4 mm was placed
directly on the skull. The wound was closed using a 6/0 silk
suture and animals were allowed to recover. For postoperative
care, all animals received analgesics (Novalgin, Sanof) for at least
3 days after surgery.

Blood Perfusion by Laser Doppler

Imaging

The blood perfusion was measured using Laser Doppler Imaging
(Moor Instruments, MOORLDI2-IR). Animals were placed in
a stereotactic frame, the surgical area was sanitized and the
skull was exposed through a midline skin incision. The brain
was scanned using the repeat image measurement mode. All
data were exported and quantified in terms of flux in the ROI
using Fiji (Image]).

Tissue Processing

To characterize the loss of BBB integrity after stroke,
ischemic brain tissue was analyzed (1) histologically and
(2) spectrophotometrically at day post injury 1, 7, and 21. EB,
which was prepared as a 2% solution in saline, was injected
intraperitoneally either 4 or 24 h prior to perfusion (6 pg/g
body weight, Sigma). For histological analysis, animals were
euthanized by intraperitoneal application of pentobarbital
(150 mg/kg body weight, Streuli Pharma AG) and perfused with
Ringer solution (containing 5 ml/l Heparin, B. Braun) followed
by paraformaldehyde (PFA, 4%, in 0.2 M phosphate buffer, pH
7) to wash out intravascular EB. Brains were rapidly harvested
and post-fixed for approximately 4 h by exposure to 4% PFA,
then transferred to 30% sucrose for cryoprotection and stored
at 4°C. Coronal sections with a thickness of 40 pwm were cut
using a sliding microtome (Microm HM430, Leica), collected
and stored as free-floating sections in cryoprotectant solution
at —20°C until further processing. For spectrophotometric
analysis, animals were perfused with Ringer solution, CNS tissue
was isolated (as described before) and stored at —20°C before
further processing.

Immunofluorescence

Brain sections were washed with 0.1M phosphate buffer (PB)
and incubated with blocking solution containing donkey serum
(10%) in PB for 30 min at room temperature. For detection of
vascular endothelial cells, sections were incubated overnight at
4°C with monoclonal rat anti-CD31 antibody (BD Biosciences,
1:50). The localization of tight/adherens junction proteins was
assessed using the following antibodies: mouse anti-Claudin-
5 antibody (1:200, Thermo Fisher Scientific); rat anti-VE-
Cadherin antibody (1:100, Thermo Fisher Scientific), and rabbit
anti-ZO-1 antibody (1:100, Thermo Fisher Scientific). Pericyte
coverage was visualized with goat anti-CD13 (1:200; R&D
Systems). The primary antibody incubation was followed by 2 h
incubation at room temperature with corresponding fluorescent
secondary antibodies (1:500, Thermo Fisher Scientific). Nuclei
were counterstained with DAPI (1:2,000 in 0.1 M PB, Sigma).
Sections were mounted in 0.1 M PB on Superfrost PlusTM
microscope slides and coverslipped using Mowiol.

Spectrophotometric Evans Blue

Quantification

Evans Blue dye is an inert tracer frequently used in BBB studies.
EB binds rapidly and exclusively to plasma albumin (Yen et al.,
2013) when injected peripherally into circulation. Since serum

Frontiers in Physiology | www.frontiersin.org

November 2020 | Volume 11 | Article 586226


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Weber et al.

BBB Disruption Following Stroke

albumin does not cross the BBB to the brain parenchyma if the
barrier is structurally and functionally intact, spectrophotometric
determination of EB dye accumulation in brain tissue outside
blood vessels reflects the extent of vascular leakage. The isolated
CNS tissue samples were homogenized in a lysis buffer (250
nl/mg tissue weight; Tris-HCI, EDTA, NP-40, NaCl, protease
inhibitor cocktail) and incubated for 2 h at 4°C, shacking. The
mixture was centrifuged to sediment the non-dissolved tissue
parts (25 min, 15,000 g, 4°C) and the extracted supernatant
was collected in a 96-well plate. Based on a standard curve,
EB concentrations could be quantified from their absorbance
readings (620 nm) using a standard microplate reader (Spark,
Tecan). The results were expressed as micrograms of EB per
milligram of brain tissue.

Fluorescence Microscopy and

Quantification

Imaging of brain sections was performed 1, 7, and 21 days
after stroke with an Olympus FV1000 or Leica SP8 laser
scanning confocal microscope equipped with 10x, 20x, and 40 x
objectives. Images were processed using Fiji (Image]), Adobe
Photoshop CC and Adobe Illustrator CC. Evans blue signal area
in ischemic brain sections was quantified by thresholding at
fivefold background signal intensity of the intact sensorimotor
cortex (perfused with EB). Pericyte and tight junction coverage
of blood vessels was calculated as previously described with an
automated Fiji (Image]) script (Rust et al., 2019a, 2020) and
normalized to the intact cortex. Briefly, 4-6 random ROIs were
selected. Area covered by blood vessels was enlarged by 3 um and
pericyte or tight junction signals within this mask were binarized
and presented as a ratio. We defined the stroke core region as
the region with no surviving neurons that is surrounding by the
glial scar. From this region, we defined tissue up to 300 pm
distal along the cortex as the ischemic border zone as previously
described (Rust et al., 2019b).

Statistical Analysis

Statistical analysis was performed using RStudio and GraphPad
Prism 7. Sample sizes were designed with adequate power
according to our previous studies (Rust et al, 2019b,d) and
to the literature. All data were tested for normal distribution
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The Role of Basement Membranes in
Cerebral Amyloid Angiopathy

Matthew D. Howe', Louise D. McCullough and Akihiko Urayama*

Department of Neurology, McGovern Medical School, The University of Texas Health Science Center at Houston, Houston,
TX, United States

Dementia is a neuropsychiatric syndrome characterized by cognitive decline in multiple
domains, often leading to functional impairment in activities of daily living, disability,
and death. The most common causes of age-related progressive dementia include
Alzheimer’s disease (AD) and vascular cognitive impairment (VCI), however, mixed
disease pathologies commonly occur, as epitomized by a type of small vessel pathology
called cerebral amyloid angiopathy (CAA). In CAA patients, the small vessels of the
brain become hardened and vulnerable to rupture, leading to impaired neurovascular
coupling, multiple microhemorrhage, microinfarction, neurological emergencies, and
cognitive decline across multiple functional domains. While the pathogenesis of CAA
is not well understood, it has long been thought to be initiated in thickened basement
membrane (BM) segments, which contain abnormal protein deposits and amyloid-p
(AB). Recent advances in our understanding of CAA pathogenesis link BM remodeling
to functional impairment of perivascular transport pathways that are key to removing
Ap from the brain. Dysregulation of this process may drive CAA pathogenesis and
provides an important link between vascular risk factors and disease phenotype.
The present review summarizes how the structure and composition of the BM
allows for perivascular transport pathways to operate in the healthy brain, and then
outlines multiple mechanisms by which specific dementia risk factors may promote
dysfunction of perivascular transport pathways and increase AB deposition during
CAA pathogenesis. A better understanding of how BM remodeling alters perivascular
transport could lead to novel diagnostic and therapeutic strategies for CAA patients.

Keywords: CAA, basement membrane, amyloid-beta, perivascular transport, dementia

INTRODUCTION

Alzheimer’s disease (AD) and vascular cognitive impairment (VCI) nominally represent the most
common forms of age-related progressive dementia, and multiple studies have demonstrated that
mixed vascular and AD-type amyloid-f (AB) pathology is a common finding on autopsy in elderly
dementia patients (Jellinger, 2002; White et al., 2005; Schneider et al., 2007). This may be partially
explained by epidemiological studies which show that the majority of risk factors for both types
of dementia are related to cerebrovascular disease and include APOE-¢e4 genotype, advanced age,
hypertension, hyperlipidemia, diabetes, obesity, and smoking (Corder et al., 1993; Kivipelto et al.,
2006; Gorelick et al., 2011; Viticchi et al., 2015; Santos et al., 2017; Vos et al., 2017; Deckers et al.,
2019). These shared risk factors suggest that an interaction between cerebrovascular disease and
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AP deposition exists, and may help to explain the relatively high
incidence of mixed dementia (Deramecourt et al., 2012). While a
causal link has yet to be established, a growing body of clinical
and pre-clinical evidence suggests that cerebrovascular disease
can be a major driver of AP deposition and cognitive decline
in patients suffering from age-related progressive dementia
(Santos et al., 2017).

Cerebral amyloid angiopathy (CAA), which refers to the
presence of AP plaques in the walls of cerebral vessels, is
associated with significant morbidity and mortality in afflicted
individuals (Vonsattel et al., 1991; Greenberg and Vonsattel,
1997; Greenberg et al., 2020). CAA affects approximately 82-98%
of AD patients on autopsy and is associated with an increased
burden of cerebrovascular insults (Jellinger, 2002; Attems and
Jellinger, 2014). Neuropathological studies demonstrate that
CAA preferentially affects the outer leptomeningeal vessels on
the surface of the brain, and can also spread to involve more
distal intraparenchymal arteries, arterioles, and capillaries in
some patients (Thal et al, 2002; Yamada, 2015; Greenberg
et al,, 2020). CAA pathology is identified by the formation
of small AB deposits within the basement membrane (BM),
which is a thin perivascular layer of extracellular matrix (ECM)
that plays an important role in maintaining the integrity of
the blood-brain barrier (Yamaguchi et al., 1992; Reed et al,
2019; Gireud-Goss et al, 2020). As BM remodeling and
AB deposition progress, CAA impairs cognitive function via
multiple mechanisms, including reduced neurovascular coupling,
progressive vasculopathy as well as neurological emergencies
such as lobar intracerebral hemorrhage.

The pathophysiology of sporadic, age-related CAA is
multifactorial and may be driven, in part, by disruption of
perivascular Af transport along with the remodeled BM. Recent
advances in the field have shed light on how specific, early
changes in BM morphology and composition may impair the
perivascular transport of AB. In the present review, we will first
describe the anatomy, morphology, molecular composition,
and physiology that support perivascular transport through
healthy BM. We will then explore how these processes are
altered in individuals at-risk of or affected by CAA. Finally,
we will highlight multiple potential mechanisms for how BM
remodeling could impair perivascular transport and drive CAA
pathogenesis. Our hope is that this review will highlight the
common molecular pathophysiology of conditions that lead to
impaired perivascular transport and early AB deposition, which
could have major implications for the prevention, early detection
and treatment of CAA.

CHANGES IN BM MORPHOLOGY AND
COMPOSITION DURING CAA
PATHOGENESIS

Anatomical Overview of the Healthy

Perivascular Space
The brain contains a dense network of blood vessels and
perivascular spaces that act in concert to deliver oxygen

and nutrients to the parenchymal tissue, as well as remove
waste products. This network can be conceptualized as the
cerebrovascular tree (Chandra et al., 2017; Kirst et al., 2020;
Figure 1). Briefly, the internal carotid and vertebral arteries
converge upon the Circle of Willis within the cerebrospinal fluid
(CSF)-containing subarachnoid space (SAS) at the base of the
skull (Chandra et al., 2017; Kirst et al., 2020). These vessels, along
with the SAS, further subdivide and extend around the brain,
creating a tortuous network of surface vessels surrounded by large
perivascular spaces, called cisterns, that bathe the outside of the
brainstem, cerebellum, and cerebral cortex in CSF (Adeeb et al.,
2013). These large and medium-sized surface vessels eventually
subdivide into smaller leptomeningeal arteries that penetrate the
pia mater through Virchow-Robin space, which is a CSF-filled
perivascular invagination of cortical tissue that is continuous
with the surface cisterns (Shih et al., 2015; Morris et al., 2016;
Nakada et al., 2017; Hannocks et al., 2018; Pizzo et al., 2018). As
the leptomeningeal arteries pass through Virchow-Robin space,
they branch into penetrating arterioles and capillary beds, which
subsequently drain into venules, veins, and venous sinuses (Kili¢
and Akakin, 2008; Marin-Padilla and Knopman, 2011; Shih
et al., 2015). The perivascular space (PVS) continues alongside
leptomeningeal arteries and penetrating arterioles, providing an
important channel that bathes the cerebral vasculature in CSF
and promotes the perivascular clearance of waste products from
the brain parenchyma (Alcolado et al., 1988; Zhang et al., 1990;
Tliff et al., 2012, 2013a,b; Xie et al., 2013). While the nature of
the PVS at the capillary vasculature remains elusive, compelling
evidence suggests that the vascular BM serves as a canal for
solute clearance (Morris et al., 2016). These important clearance
pathways are dependent on a complex interplay between the cells,
extracellular BM proteins, and the associated PVSs that together
form a unique microenvironment.

Under normal conditions, the healthy PVS consists of three
distinct cellular layers that are associated with BM proteins
(Figure 1, inset). In terms of cellular components, the astrocytic
endfeet surround the intracerebral vessels and define the
outermost layer of the perivascular tissue, with an additional
contribution of microglial processes (Mathiisen et al., 2010;
Joost et al., 2019). Additional cell types, including mural cells
[referring to vascular smooth muscle cells (VSMCs), pericytes
and fibroblasts] as well as perivascular macrophages, comprise
the loosely defined middle cellular layer and are embedded
within the BM (Goldmann et al., 2016; Nikolakopoulou et al.,
2017; Chasseigneaux et al., 2018; Vanlandewijck et al., 2018).
Finally, the endothelial cells form a continuous barrier, yet the
interface between the CNS and the periphery, which comprises
the innermost layer of the perivascular tissue (Ben-Zvi et al,
2014; Banks, 2016). In addition to these separate cellular layers,
the PVS includes two major, extracellular components: the
protein-rich BM, and the fluid-filled PVS. The composition
of the BM is dependent on the cell types contained within
each region of the perivasculature and can be divided into
anatomically and functionally distinct endothelial, pial, and
glial layers (Hannocks et al., 2018). The innermost endothelial
layer of the BM is directly apposed to the abluminal surface
of the endothelial cell, and extends outward to the PVS
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FIGURE 1 | Gross and microscopic anatomy of the perivascular space. Top: Gross anatomy of meninges, cortical vessels and associated perivascular networks.
Bottom: Microscopic anatomy of the perivascular space surrounding a penetrating arteriole in normal cortex. There is debate as to whether the perivascular space is
truly distinct from the glial/pial and endothelial BMs, however it has been drawn separately to facilitate understanding of the various models of perivascular transport.
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(Sapsford et al., 1983; Abbott et al., 2018). On the opposite side
of the PVS, the outer BM is further subdivided into pial and
glial layers. The pial layer of the BM is present along the
outer surface of the PVS of leptomeningeal arteries and is
produced by meningeal epithelial cells and highly attenuated
layers of astrocytic endfoot forming the glia limitans (Alcolado
et al., 1988; Zhang et al., 1990; Sofroniew, 2015). The glial
layer of the BM replaces the pial layer along penetrating
arteries and arterioles. This layer is secreted by the perivascular
endfeet of astrocytes and forms the prominent outer border
of the PVS in arterioles, which eventually merges with the
endothelial layer to form a thin capillary BM (Hauw et al,
1975; Watanabe et al,, 2010). This separation of layers re-
emerges in the post-capillary venule and continues to form a
paravenous/extramural perivascular drainage system (Iliff et al.,
2012; Hladky and Barrand, 2018).

Composition and Function of the
Healthy BM

During development, endothelial cells, astrocytes, and pericytes
produce the major components of their respective BM partitions
(Chouchkov et al, 1987). In the healthy adult brain, the

BM is comprised of large complexes of ECM molecules,
including collagen IV, nidogen-1 and -2, various heparan sulfate
proteoglycans (HSPGs), and region-dependent laminin isoforms
(Engelhardt and Sorokin, 2009; Table 1). The BM plays an
important role in providing structural support and regulating
the activity of the cellular components in the PVS (Thomsen
etal., 2017b). The BM regulates local cellular function by binding
to integrin receptors, which are a family of cell membrane
receptors that contain both a and f subunits. Different classes
of integrins are expressed by endothelial cells (a1p1, a3f, a6p1,
avpl) (Paulus et al, 1993; Milner and Campbell, 2002, 2006;
Engelhardt and Sorokin, 2009), pericytes (a4p1) (Grazioli et al.,
2006) and astrocytes (a1p1, a581, a6B1) (Milner and Campbell,
2006). In addition to their role in maintaining the structure of
the PVS, many integrins also transduce signals from surrounding
BM proteins, alerting cells to changes in their extracellular
environment. For example, a5p1 integrin, which is expressed on
the outer surface of astrocytic endfeet, binds to fibronectin within
the BM and regulates downstream signaling pathways to promote
cellular adhesion and angiogenesis during tissue development
and after injury (Wang and Milner, 2006; Yanqing et al., 20065
Mahalingam et al., 2007; Huveneers et al., 2008; Wang et al., 2010;
Hielscher et al., 2016; Lee et al., 2019).
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TABLE 1 | BM proteins expressed in mature intraparenchymal and meningeal vessels.

Perivascular Localization

Cellular source

Collagens
Collagen IV e Brain microvessels (Urabe et al., 2002)

e Choroid plexus (Urabe et al., 2002)

o Leptomeningeal arteries (Keable et al., 2016)
Fibulins
Fibulin-1 e Brain microvessels (Rauch et al., 2005)

e Choroid plexus (Rauch et al., 2005)
Fibulin-2 o Larger intraparenchymal vessels (Rauch et al., 2005)
Fibulin-5 e Brain microvessels (Guo et al., 2016)

Heparan sulfate proteoglycans

Perlecan e Brain microvessels (Endothelial > Glial BM) (Agrawal et al., 2006; Gustafsson
etal., 2013)

Agrin e Brain microvessels (Glial > Endothelial BM) (Barber and Lieth, 1997; Agrawal
et al., 2006; Wolburg-Buchholz et al., 2009)

Collagen XVIII e Brain microvessels (Utriainen et al., 2004)

e Choroid plexus (Utriainen et al., 2004)
o Leptomeningeal arteries (Utriainen et al., 2004)

Laminins

Laminin 111 e Brain microvessels (parenchymal BM) (Jucker et al., 1996; Sixt et al., 2001;
Halder et al., 2018; Hannocks et al., 2018)

Laminin 211 e Brain microvessels (parenchymal BM) (Jucker et al., 1996; Sixt et al., 2001;
Hannocks et al., 2018)

Laminin 411 e Brain microvessels (endothelial BM) (Sixt et al., 2001; Halder et al., 2018)

Laminin 421 e Brain microvessels (endothelial BM) (Sixt et al., 2001; Ljubimova et al., 2006)

Laminin 511 e Brain microvessels (endothelial BM) (Sixt et al., 2001)

Nidogens

Nidogen-1 e Brain microvessels (Niquet and Represa, 1996)

Nidogen-2 e Brain microvessels (Keable et al., 2016)

Other glycoproteins

Fibronectin e Brain microvessels (Keable et al., 2016; Andrews et al., 2018; Howe et al.,

2018a, 2019)

e Endothelial cells (Jeanne et al., 2015)
e Meningeal cells (Sievers et al., 1994)
o Pericytes (Jeanne et al., 2015)

e Endothelial cells (Thomsen et al., 2017a)

e Endothelial cells (Thomsen et al., 2017a)

e Astrocytes (Howe et al., 2019)
e Endothelial cells (Albig and Schiemann, 2004)

o Astrocytes (Howe et al., 2019)
e Endothelial cells (Thomsen et al., 2017a)

o Astrocytes (Howe et al., 2019; Noél et al., 2019)
e Endothelial cells (Thomsen et al., 2017a)

o Astrocytes (Howe et al., 2019)
e Endothelial cells (Thomsen et al., 2017a)

e Astrocytes (Sixt et al., 2001)

e Astrocytes (Menezes et al., 2014)

e Endothelial cells (Frieser et al., 1997; Thomsen et al., 2017a)
e Endothelial cells (Ljubimova et al., 2006)
e Endothelial cells (Thomsen et al., 2017a)

e Astrocytes (Grimpe et al., 1999)
e Endothelial cells (Thomsen et al., 2017a)
o Meningeal cells (Sievers et al., 1994)

e Endothelial cells (Thomsen et al., 2017a)

o Astrocytes (Howe et al., 2019)

e Endothelial cells (Thomsen et al., 2017a; Andrews et al., 2018)
o Meningeal cells (Sievers et al., 1994)

e VSMCs (Andrews et al., 2018)

Together, the ECM molecules and cellular components at the
PVS support tissue homeostasis via a variety of functions in the
healthy brain, including maintaining the structural integrity of
vessels and permitting the exchange of fluids and solutes between
the PVS and the brain parenchyma. In the next section, we will
take a detailed look at the molecular and cellular changes that
occur within the BM during CAA pathogenesis.

BM Remodeling During CAA

Pathogenesis

The pathogenesis of sporadic CAA and AD overlap each other
(Greenberg et al., 2020), and this interaction between these two
diseases may be centered at the PVS. CAA is associated with
profound changes in BM morphology and composition (Okoye
and Watanabe, 1982; Snow et al., 1988, 1994; Perlmutter et al,,
1990, 1991; Su et al.,, 1992; Shimizu et al,, 2009), which may
predispose vessels to the development of AP deposits. Table 2
summarizes the changes in BM protein composition in AD

patients as a clinically relevant proxy to CAA as well as APP
overexpression animal models which exhibit CAA pathology.
Multiple neuropathological studies in human patients and animal
models support the hypothesis that BM remodeling sensitizes
the perivascular tissue to the development of CAA. Yamaguchi
et al. (1992) identified the pial BM layer of large leptomeningeal
arteries, as well as the glial BM of small leptomeningeal arteries
and penetrating cortical arterioles, as the initial sites of amyloid
deposition (Figures 1, 2). The study found that, in sites with
more advanced pathology, larger amyloid deposits were found to
extend into the endothelial BM, and were associated with mural
cell degeneration. Smaller amyloid deposits were also identified
in the capillary beds of some patients, and were associated with
abnormal thickening of the capillary BM (Yamaguchi et al,
1992). Similar findings were reported in a subsequent study,
which identified two distinct subtypes of CAA with and without
capillary involvement (Thal et al, 2002). BM thickening and
degeneration, abnormal HSPG deposits, and irregular vessel
thickness have been noted in multiple studies of AD and CAA
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(Okoye and Watanabe, 1982; Snow et al., 1988, 1994; Perlmutter
et al., 1990, 1991; Su et al., 1992; Shimizu et al., 2009). Specific
changes in BM composition generally include increased collagen
IV, fibronectin, agrin, and perlecan expression (Table 2). In
addition to these molecular changes in BM composition and
morphology, multiple cell types associated with the cerebral
vasculature exhibit altered morphology and function in CAA.
Several studies have found that AP pathology was associated with
loss of endothelial cells and disruption of blood-brain barrier
integrity (De Jager et al., 2013; Magaki et al., 2018), degeneration
of mural cells (Yamaguchi et al, 1992; Tian et al, 2006),
impairment of pericyte function by oligomeric A (Nortley et al.,
2019), as well as increased reactive astrocytosis with dystrophic
endfeet surrounding BM amyloid deposits (Giannoni et al., 20165
Yang et al., 2017). Overall, these studies support the claim that
CAA is associated with widespread changes to the PVS, including
BM composition and cellular morphology.

The pathophysiologic relationship between BM remodeling
and AP deposition is becoming clearer, as recent advances
in our understanding of perivascular amyloid transport have
identified fundamental links between these two processes. In the
following section, we will explore the evidence for the existence
of a perivascular fluid transport system in the brain, and how
dysregulation of this system contributes to CAA. With this
knowledge in hand, we will then conclude by revisiting how
the above changes in BM composition could regulate changes in
perivascular transport during CAA pathogenesis.

PERIVASCULAR TRANSPORT
NETWORKS IN THE HEALTHY AND
DISEASED BRAIN

Perivascular Transport of Solutes in the

Brain

The brain extracellular space (ECS) is filled with extracellular
matrix components attached to the cellular geometry, forming
a multitude of channels where interstitial fluid (ISF) and
solutes are transported. The ISF contains secreted AP;_40
and provides a route for its removal, which is potentially
subject to a collection of hydrostatic forces that are generally
referred to as “bulk flow,” however, it seems such directional
flow is confined to the PVSs in the brain (Sykovd and
Nicholson, 2008). Compelling evidence suggests that brain
parenchymal solute distribution is predominantly mediated by
the thermodynamic free diffusion process through the ECS.
In vivo visualization of the free diffusion process was established
by a series of studies by Nicholson and colleagues (Nicholson
and Tao, 1993; Thorne et al., 2004, 2008; Thorne and Nicholson,
2006), which recorded the symmetric diffusion pattern of
tracers in the brain.

Earlier studies found that bulk flow may depend on
hydrostatic pressure gradients within the brain parenchyma that
drive the removal of solutes along with ISF movement. Bulk flow
of ISF has been estimated to be relatively fast, occurring at a rate
of ~10.5 pm/min in healthy brain tissue (Rosenberg et al., 1980).

Through these studies, the directional fluid movement and
the diffusive ECS transport in the brain parenchyma may be
controversial, yet the existence of bulk flow was clearly visible
in the PVS in an early experiment as well as a recent particle
tracking study (Ichimura et al, 1991; Mestre et al., 2018b).
While these differing mechanisms for solute translocation require
further study, the consensus is that parenchymal solute clearance
occurs. Such clearance pathways may be grouped into two general
models of perivascular transport, as described below.

The first model, which we will refer to as “peri-arterial
drainage,” proposes that ISF transport occurs along the outer BM
of cerebral arteries (Morris et al., 2014; Figure 2). This model
is based on a series of studies showing that intraparenchymally
injected fluorescent tracers rapidly migrate to the glial BM
of capillaries and arterioles, and were transported opposite
blood flow to the pial BM surrounding leptomeningeal arteries
(Carare et al., 2008; Arbel-Ornath et al., 2013). Additional work
found that intraparenchymally injected fluorescent AB;_4¢ also
distributed along with the BM of capillaries, arterioles, and
leptomeningeal arteries, depositing within the vessel wall in
a distribution similar to that seen in CAA patients (Hawkes
et al., 2011, 2012, 2013, 2015; Morris et al., 2016). A recent
study found that, in healthy brain tissue, CSF influx is
proposed to take place along the pial/glial BM while ISF efflux
occurs along with the smooth muscle BM (tunica media)
(Albargothy et al., 2018).

The second model, sometimes referred to as “glial-lymphatic
(glymphatic) circulation,” posits the existence of circulation of
CSF within the PVS surrounding cerebral blood vessels, which
we will specifically refer to as para-vascular influx/efflux. In
this model, para-arterial CSF influx is postulated to drive the
clearance of AB;_40 and other solutes along para-venous routes
(ILiff et al., 2012; Jessen et al., 2015), where it is returned to
the SAS for transport along multiple pathways, including the
recently described meningeal lymphatics (Louveau et al., 2015,
2017; Plog et al., 2015).

Regardless of the driving kinetic model, perivascular AB;_4¢
transport provides an intriguing explanation for the arterial
distribution of amyloid plaque pathology and also explains why
pathology first occurs within the BM (Yamaguchi et al., 1992;
Thal et al., 2002; Morris et al., 2014; Keable et al., 2016). In
terms of understanding the pathogenesis of CAA, both peri-
arterial drainage and glymphatic circulation describe potential
mechanisms by which AB;_4¢ deposition occurs on the vascular
wall. This deposition may be conceptualized as occurring both
“directly” and “indirectly.” The peri-arterial drainage model
provides a “direct” pathway by which AP;_49 produced by
neurons is rapidly deposited within the arterial BM during
CAA pathogenesis as a result of impaired clearance from the
brain (Morris et al., 2014; Keable et al.,, 2016). On the other
hand, a novel meningeal contribution to the pathogenesis of
CAA may be derived from the glymphatic circulation model,
in which CSF APj_40 may pathologically re-enter the brain
along para-arterial influx routes and become deposited along
with a similar distribution in an “indirect” manner. In support
of the latter model, Peng et al. (2016) found that CSF-derived
AB1_40 colocalizes with existing CAA, and that high levels
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TABLE 2 | Changes in BM composition in AD patients and transgenic mouse models compared to age-matched controls.

References Subjects Collagen IV Fibronectin Agrin Perlecan Laminin Nidogen-2
Kalaria and Pax (1995) AD patients 4 - - - - _
Berzin et al. (2000) AD patients - - 1 - - —
Farkas et al. (2000) AD patients 1 - - - — _
Keable et al. (2016) AD patients < < - - - 1
Lepelletier et al. (2017) AD Patients 4 1 - 4 - -
Magaki et al. (2018) AD patients* 4 - - - - —
Singh-Bains et al. (2019) AD patients <~ 1 - - — —
Bourasset et al. (2009) Transgenic mice (3xTg) 1 - - - - -
Gama Sosa et al. (2010) Transgenic mice (P117L)** < < - - < -
Kurata et al. (2011) Transgenic mice (Tg2576) N - - - - -
Merlini et al. (2011) Transgenic mice (Tg-ArcAp) - - - - 4 -
Mehta et al. (2013) Transgenic mice (3xTQ) 1 - - - - -

Arrows denote increased, decreased or no significant difference in brain expression relative to controls.
*Significantly increased collagen IV was observed in AD patients without CAA, with a trending increase in AD patients with CAA.
**P117L mice did not exhibit amyloid pathology.

Route of Perivascular Transport

'Peri-Arterial Drainage’

‘Glymphatic Circulation’

Route of Amyloid-f3 Deposition
‘Direct’ Route

‘Indirect’ Route

Artery

Vein

Key
E Parenchyma

- Subarachnoid
Space

— Fluid flow

4+ Amyloid-B

FIGURE 2 | Routes of perivascular fluid transport and AB deposition. Top: Diagram of perivascular fluid transport under the peri-arterial drainage and glymphatic
circulation models, respectively. Bottom: Both direct and indirect routes of A deposition may contribute to CAA pathology.
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of CSF ABj_40 can slow the rate of perivascular transport.
The importance of this route may further increase in the aged
brain, as meningeal drainage pathways become less efficient
and could theoretically favor re-circulation of CSF AB;_40
(Louveau et al.,, 2015, 2017; Plog et al., 2015; Da Mesquita et al,,
2018; Ma et al, 2019). This indirect route of deposition may
explain why lower CSF A _4¢ levels have been found to be a
biomarker of CAA, as declining CSF AB; 40 levels may reflect a
disequilibrium between para-venous clearance and para-arterial
deposition (Charidimou et al., 2018).

In addition to the above experimental work, both peri-
arterial drainage and glymphatic clearance system are equipped
with theoretical considerations. The feasibility of the peri-
arterial drainage model was estimated by mathematical models,
showing that cerebral arterial pulsations, generated by VSMCs,
may produce sufficient reflected waves within the BM that
drive bulk flow along periarterial vascular routes (Schley
et al., 2006; Wang and Olbricht, 2011; Coloma et al., 2016;
Aldea et al., 2019). However, several computational studies
predicted that the high degree of hydraulic resistances within
the BM theoretically limits the distance of ISF transport
(Asgari et al, 2015; Faghih and Sharp, 2018; Ray et al,
2019). Also, there is a possibility that that CSF tracer
translocation to BM might be associated with spreading
depolarizations and tissue processing artifacts as opposed to
physiological transport (Bakker et al., 2016; Schain et al., 2017;
Mestre et al., 2018b, 2020).

While Faghih and Sharp (2018) also suggested the glymphatic
circulation is implausible, this has been rebutted by another
study finding that the degree of hydraulic resistance may be
overestimated in some models (Tithof et al., 2019), as well
as another study that found the diameter of the PVS may
be underestimated in other studies due to shrinkage that
occurs with tissue fixation (Mestre et al, 2018b). Overall,
while mathematical models provide a conflicting picture,
the experimental data support a role for glymphatic flow
in driving waste clearance under a variety of physiological
conditions. Importantly, both peri-arterial efflux and glymphatic
circulation may contribute to the pathophysiology of
CAA, and these pathways are likely not mutually exclusive
from one another.

PERIVASCULAR TRANSPORT IS
ALTERED BY AGING AND OTHER
DISEASE STATES

Multiple vascular risk factors are associated with CAA,
including aging, ApoE-e4 genotype, cerebrovascular disease,
hyperlipidemia, and hypertension. These factors involve changes
in the BM which may affect perivascular transport and amyloid
clearance as summarized in Table 3.

The incidence of CAA increases with aging, affecting 12-100%
of patients over the age of 80 (Jellinger, 2002). Interestingly,
multiple animal studies also support reductions in perivascular
transport in aging. The thickness of the cerebrovascular BM
increases with aging, doubling in size by 24 months of age

(Ceafalan et al., 2019). Hawkes et al. (2011) found reduced peri-
arterial drainage in aged wild-type mice, and Hawkes et al. (2013)
reported reduced peri-arterial ABj_49 drainage. Additionally,
Kress et al. (2014) identified reduced para-arterial CSF influx in
aged wild-type animals, as well as reduced ISF efflux and AB;_40
clearance. A recent paper by Da Mesquita et al. (2018) identified
impaired meningeal lymphatic outflow in the aging brain as a
contributor to reduced CSF influx and ISF efflux.

ApoE genotype is a heritable risk factor for the development of
CAA (Yamada, 2002). ApoE isoforms may affect the interaction
of AP to the BM components, including laminin which facilitates
the clearance of AR (Thal et al., 2007; Zekonyte et al., 2016). In
fact, ApoE-e4/Af complex has been shown to exhibit reduced
binding to laminin-511, which may increase the deposition of
AP (Castillo et al., 2000; Zekonyte et al., 2016). Hawkes et al.
(2012) found that humanized ApoE-e4 mice by the targeted
gene replacement exhibited lower levels of laminin and collagen
IV in the BM, and increased deposition of intrahippocampally
injected AB;_40 within the walls of leptomeningeal arteries.
Finally, Achariyar et al. (2016) found that the para-arterial
distribution of ApoE had an isoform specificity, showing
that ApoE-e4 distribution was reduced compared to ApoE-
€2 and ApoE-e3. These studies point to ApoE/AP/laminin
interactions as an important regulator of AB;_4¢ transport
through the BM and PVS.

Cerebrovascular insults and CAA commonly co-occur, with
one study reporting that nearly 70% of patients with severe CAA
pathology exhibited evidence of either infarction or hemorrhage
on autopsy (Jellinger, 2002). Wang et al. (2017) found that stroke
increased focal CSF solute trapping within the area of infarction.
Venkat et al. (2017) showed that multiple microinfarctions
decreased Aquaporin-4 (AQP4) levels resulted in glymphatic
dysfunction. Furthermore, Howe et al. (2018a, 2019) reported
BM remodeling increased peri-infarct deposition of CSF AR} _4¢
in aged animals with stroke. These studies also show a consistent
effect of acute stroke on inhibiting perivascular transport and
promoting the sequestration of CSF solutes, including AB;_ 40,
within infarcted brain regions.

Hyperlipidemia may also remodel the cerebrovascular BM
through the reduction of collagen IV and other components
(de Aquino et al., 2019), which has been shown to also
impact perivascular transport pathways. Hawkes et al. (2015)
found mice that were first exposed to a maternal diet high
in saturated fats, and then subsequently fed a high-fat diet
themselves, exhibited impaired perivascular drainage of AB;_40
in adulthood. Furthermore, Ren et al. (2017) found that fat-1
transgenic mice, which have higher circulating levels of beneficial
polyunsaturated fatty acids, exhibited increased rates of both
CSF influx and ISF efflux, and that supplementation with
fish oil in wild-type mice had a protective effect against CSF
AB1_40 induced injury.

Chronic hypertension causes cerebrovascular BM thickening
which may impair perivascular transport mechanisms (Held
et al,, 2017). Mestre et al. (2018b) found that acute hypertension
by angiotensin-2 treatment reduced the efficiency of peri-arterial
CSF influx due to increased backflow of solutes within the PVS.
The recent studies by Mortensen etal. (2019) and Xue et al. (2020)
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TABLE 3 | Studies of perivascular transport in animal models of AD and related dementia risk factors.

References Subjects Experimental group Control group Tracer influx  Tracer efflux AB deposition A clearance
CAA

Hawkes et al. (2011) Transgenic mice Tg2576 Wild-type - I - -
Peng et al. (2016) Transgenic mice APP/PS1 Wild-type N 1 4 N
van Veluw et al. (2019) Transgenic mice APP/PS1 Wild-type - 1 - -
Aging

Hawkes et al. (2011) Wild-type mice Aged (22 months-old) Young (3 months-old) - \ - -
Hawkes et al. (2013) Wild-type mice Aged (22 months-old) Young (2 months-old) - - - N
Kress et al. (2014) Wild-type mice Aged (18 months-old) Young (2 months-old) 1 1 - I
Da Mesquita et al. (2018)  Wild-type mice Aged (22 months-old) Young (2 months-old) N 1 - -
ApoE-¢4 genotype

Hawkes et al. (2012) Transgenic mice Hu-APOE4 Hu-APOE2 = . 4 -
Achariyar et al. (2016) Wild-type mice CSF Hu-APOE4** CSF Hu-APOE2/3 N - - -
Cerebrovascular disease

Gaberel et al. (2014) Wild-type mice Stroke (SAH, tMCAQO) Sham 1 - - -
Wang et al. (2017) Wild-type mice Stroke (MMI) Sham N - - -
Howe et al. (2018a) Wild-type mice Aged stroke (0 DMCAO)  Aged sham N - 4 -
Howe et al. (2019) Wild-type mice Stroke (PDMCAQ) Sham b - - -
Hyperlipidemia

Hawkes et al. (2015) Wild-type mice High-fat diet Standard diet - - 4 N
Ren et al. (2017) Transgenic mice Fat-1 Wild-type 4 1 J 4
Hypertension

Mestre et al. (2018b) Wild-type mice Angiotensin-2 Vehicle I - - -
Mortensen et al. (2019) Hypertensive rats ~ SHR Wild-type I 1 - -

Tracers refer to injected fluorescent/radiolabeled particles, including dextran, inulin, and/or ovalbumin, unless otherwise noted. The distribution of these tracers is generally
taken as a surrogate marker for fluid movement within or between tissue compartments. Tracer influx denotes the movement of intracisternally injected molecules into
brain tissue, while tracer efflux denotes the movement of intraparenchymally injected molecules out of brain tissue. The results of fluorescent/radiolabeled Ap distribution

studies are reported in the adjacent columns.

*Decreased peri-arterial dextran efflux with partial compensatory increase in peri-venous efflux noted in aged Tg2576 mice.

**Fluorescently labeled recombinant ApoE proteins were infused into the CSF and distribution of isoforms was compared (not fluid movement).

CCl, controlled cortical impact; MMI, multiple microinfarction; pPDMCAQ, permanent distal middle cerebral artery occlusion;, SAH, subarachnoid hemorrhage; SHR,
spontaneously hypertensive rats; TBI, traumatic brain injury; tMCAQO, transient middle cerebral artery occlusion.

showed that decreased CSF influx in spontaneous hypertensive
rats (SHRs), an animal model of chronic hypertension. In
addition, Koundal et al. (2020) found reduced glymphatic flow
rate and extent in stroke-prone SHRs. The detrimental role
of chronic hypertension on perivascular AP clearance merits
further study, as chronic increases in systemic blood pressure
worsens AP deposition (Gentile et al., 2009; Carnevale et al.,
2012), which may also produce additional changes in the
BM in cerebral small vessels that could contribute to altered
CSF flow dynamics.

BM REMODELING IMPAIRS
PERIVASCULAR SOLUTE TRANSPORT
BY MULTIPLE MECHANISMS

In this section, we will summarize the evidence that BM
remodeling contributes to the pathogenesis of CAA by
impacting at least five distinct physiological parameters
that have been demonstrated in the literature to modulate
perivascular solute transport (Figure 3). BM remodeling
may slow the perivascular transport of Ap;_49 and promote

CAA via multiple pathophysiologic mechanisms, including
(1) specific binding of ECM proteins to soluble AP;_40,
(2) increased tortuosity of the PVS to ISF solute diffusion,
reduced vascular reactivity due to, (3) reduced vessel compliance,
and (4) impaired contractility of mural cells, as well as
(5) altered polarization of AQP4 leading to reduced CSF-ISF
exchange. In an attempt to provide a clearer picture of the
pathogenesis of CAA, this section will review each of these
potential contributions to impaired perivascular flow, with
an emphasis on the importance of BM remodeling in driving
these processes.

BM Remodeling May Increase Specific
Binding of Amyloid Species

BM remodeling may favor amyloid deposition due to changes
in BM protein composition that promote the binding of BM
proteins to amyloid species (Figure 3). CAA is associated with
a number of changes in BM composition that may favor the
binding of amyloid species to the remodeled BM (Table 2).
Neuropathological studies in human AD patients consistently
report colocalization of amyloid plaques with abnormal deposits
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FIGURE 3 | Potential mechanisms of perivascular transport impairment in CAA pathogenesis. (1) Increased expression of fibronectin may specifically favor Ag
deposition within the basement membrane, (2) alterations in the cellular and molecular geometry of the perivascular space may non-specifically trap Ag and other
solutes within areas of reduced flow, (3) increased collagen IV expression may reduce the compliance and alter the pulsatility of vessels, impairing paravascular flow
through the PVS, (4) increased laminin expression may pathologically increase vasoconstriction of vessels and reduce peri-arterial BM drainage, and (5) altered
laminin and agrin distribution may impair AQP4 polarization along astrocytic endfeet, reducing water permeability and impairing CSF-ISF exchange. Dashed lines
indicate reduced rates of CSF flow.
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of BM components in the vicinity of brain microvessels;
amyloid plaques have been shown to colocalize with staining
for HSPGs (Snow et al.,, 1988; Perlmutter et al., 1991), agrin
(Verbeek et al., 1999), perlecan (Lepelletier et al., 2017), collagen
IV (Perlmutter et al, 1991; Lepelletier et al., 2017), laminin
(Perlmutter et al., 1991), and fibronectin (De Jager et al,
2013; Lepelletier et al., 2017), although colocalization of plaques
with fibronectin and perlecan has not always been observed
(Koike et al., 1988; Verbeek et al., 1999). Moreover, multiple
biochemical studies using C-truncated APP have confirmed
specific roles for each of these BM proteins in binding to
amyloid species in vitro (Narindrasorasak et al,, 1991, 1992,
1995). It has also been shown that perlecan and laminin directly
bind AP (Snow et al, 1995; Castillo et al, 2000). Recent
work by our laboratory elucidated a potential pathophysiologic
relationship between elevated fibronectin levels and AP;_40
deposition in vivo, finding that intracisternally infused CSF
AB1_40 deposited within thickened, fibronectin-rich segments
of the BM in aged mice with stroke, and that fibronectin-
AB1_40 conjugation increased its deposition within the BM of
pial vessels (Howe et al., 2018a). Taken together, these studies
indicate that deposits containing fibronectin and other BM
proteins may create a “trap” for AP;_4¢ circulating through
the PVS due to specific molecular interactions. However,
such binding does not always favor aggregation as laminin
binding may inhibit Af fibril formation (Castillo et al,
2000). Future work in both wild-type and transgenic models
are needed to confirm that changes in BM composition
lead to amyloid plaque formation in CAA by a specific
binding mechanism.

BM Remodeling May Increase the
Tortuosity of the PVS

BM remodeling may also increase the overall tortuosity of
the PVS via multiple mechanisms (Figure 3). Tortuosity is
an experimentally determined variable that reflects the rate
of distribution of ISF solutes through the brain ECS, and it
has been shown to increase in a variety of pathological states
(Sykova and Nicholson, 2008). Tortuosity has been shown to
correlate with increased geometric path length around cells,
increased dead spaces between cells, alterations in the electrical
charge of the ECS, and general increases in viscosity due to
weak interactions (Sykovd and Nicholson, 2008). In addition
to their impact on diffusional forces, recent mathematical
modeling indicates that arterial processes in the PVS are near-
optimally located to reduce the hydraulic resistance resulting
in an efficient bulk flow (Tithof et al, 2019), although the
relative contribution of free diffusion and convective flux of
ISF containing parenchymal solutes on their transport remains
elusive, and has not been directly confirmed in experimental
studies (Nicholson and Hrabitovd, 2017; Faghih and Sharp,
2018). With that said, there is evidence that the projection
of cerebral vasculature is altered in CAA, including increased
branching of microvessels and regional changes in capillary
density. These changes could modify ECS geometry and
increase the transit time of solutes contained within the BM,

contributing to impairment of solute diffusion and bulk flow
(Perlmutter et al., 1990; Yamaguchi et al, 1992; Shimizu
et al., 2009; Hawkes et al., 2011; Lepelletier et al., 2017; Hase
et al, 2019). One recent experimental study examined the
impact of CAA on the geometry of brain microvessels using
AD-model TgCRND8 mice. The study found that cortical
arterioles exhibited increased branching and decreased diameter
with amyloid pathology, which was associated with higher
dispersion and elongation of microvascular network transit times
of intravenous fluorescent tracers, although perivascular fluid
movement through the brain ECS was not measured (Dorr
et al., 2012). More directly examining changes in the diffusional
properties of the brain ECS in AD-model APP23 mice, Sykova
et al. (2005) found that aged APP23 mice exhibited increased
amyloid pathology, increased ECS volume fraction and decreased
apparent diffusion coefficients compared to young controls, all
of which is consistent with increased tortuosity (Sykovd and
Nicholson, 2008). More work is needed to determine the impact
that increased tortuosity has on the perivascular transport of
soluble AR.

During CAA pathogenesis, BM remodeling may contribute
to these observed increases in tortuosity. Regions of BM
thickening have been shown to contain large deposits of
collagen IV and HSPGs in human subjects with AD (Perlmutter
et al., 1990; Claudio, 1995). Abnormal deposition of these
ECM components has been hypothesized to increase tortuosity,
but data examining the relationship between specific BM
constituents and tortuosity in CAA are limited (Sykova and
Nicholson, 2008; Nicholson and Hrabitovd, 2017). In a study
of human astrocytic tumors, Zdmecnik et al. (2004) compared
ECM composition with tumor grade and then measured
the tortuosity of the tissue using tetramethylammonium
iontophoresis. They reported that increases in tortuosity
positively correlated expression of ECM components, including
type IV collagen, laminin, and fibronectin, that localized to
the BM. While this study is consistent with the hypothesis
that BM remodeling may lead to reduced solute diffusion,
further work is needed to assess these relationships in
CAA. There is also a need to establish the degree to
which solute movement through the BM as well as through
the parenchymal ECS is dependent on free diffusion and
convective bulk flow, respectively, and whether these change
in disease states.

BM Remodeling May Diminish Pulsation

Due to Reduced Vessel Compliance

BM remodeling may also act to reduce bulk flow by disrupting
the pulsation of brain microvessels (Figure 3). Under normal
conditions, the ability of pulsatile forces to propagate from
the aortic root to the small vessels of the brain is dependent
on the compliance of the vascular tree. During aging, reduced
compliance of the peripheral vasculature transmits increased
pulsatile forces to the cerebral vasculature, which is hypothesized
to cause compensatory vasoconstriction and fibrosis that reduces
the compliance and pulsation of small vessels (Mitchell et al.,
2011; Muhire et al, 2019). The following several studies
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have examined the association of cerebrovascular compliance
with cognitive function and imaging biomarkers of CAA in
human subjects, including white matter hyperintensities and
dilation of PVSs. Webb et al. (2012) found that white matter
hyperintensities are associated with increased pulsatility of the
middle cerebral artery, however, the specific impact on small
vessel compliance was not examined. Subsequently, Cooper
et al. (2016) found that aortic stiffness was associated with
increased resistance of intraparenchymal vessels, white matter
hyperintensities, and cognitive impairment. Thomas et al. (2019)
found that increased aortic stiffness correlated with dilation
of PVSs and decreased small vessel compliance in elderly
individuals; cognitive status was not assessed. Finally, Rajna
et al. (2019) found that cardiac pulse propagation to the CSF
was significantly altered in the lateral ventricles of AD patients,
characterized by reduced entropy and increased variance
compared to age-matched controls, providing a potential link
between reduced pulsation and impairment of CSF flow in
human subjects. Overall, these studies point to changes in the
pulsation of cerebral vessels in patients with CAA, but more
work is needed that specifically examines changes in small
vessel pulsatility.

There are limited data available on how brain microvessels
respond to increased pulsatility of proximal cerebral arteries,
however, there is some evidence that BM remodeling can reduce
the compliance of brain microvessels. The majority of studies
in AD patients and animal models have identified elevated BM
collagen IV levels in the brain (Table 2). Studies in collagen
IV mutant mice found that loss-of-function mutations increased
vessel compliance, leading to distended vessels that are prone to
hemorrhage in the perinatal period (Jeanne et al., 2015; Magaki
et al.,, 2018; Ratelade et al., 2018; Hase et al., 2019). Further
work in TgAPP mice, an animal model of AD, found increased
collagen IV expression in the aorta was associated with reduced
aortic responses to pharmacologic treatment with vasodilators
(Navarro-Dorado et al., 2016). While the study did report
increased collagen IV surrounding brain microvessels, direct
physiologic measurements of brain microvessel compliance were
not reported in this study. Finally, Iliff et al. (2013b) examined the
relationship between the pulsation of intracortical penetrating
arterioles and CSF-ISF exchange of fluorescent dextran with two-
photon microscopy in anesthetized wild-type mice. The study
reported that unilateral carotid ligation reduced the pulsatility
of arterioles and limited CSF-ISF exchange, while conversely,
acute treatment with the f;-adrenergic agonist dobutamine
increased pulsatility and enhanced CSF-ISF exchange. While
compliance was not directly measured, this study provides an
important link between altered cerebrovascular pulsation and
impairment of CSF-ISF exchange, which may also contribute
to CAA pathogenesis. Overall, preclinical work suggests an
important role for changes in cerebrovascular pulsation in
modulating perivascular CSF-ISF exchange in animal models.
While evidence suggests that vessel compliance and pulsatility
play an important role in facilitating CSF-ISF exchange, further
experiments are required to better establish how increases in
collagen IV impact CSF-ISF exchange of AP in various stages of
CAA pathogenesis.

BM Remodeling May Impair Mural Cell
Function and Vasomotion-Assisted

Transport Mechanisms

There is emerging evidence showing the activity of mural
cells (including pericytes and SMCs), could play an important
role in facilitating the transport of solutes through both the
PVS and the BM (Schley et al, 2006; Coloma et al., 2016;
van Veluw et al, 2019; Figure 3). Mathematical modeling
suggests that intrinsic vasomotion produces sufficient reflected
waves to promote peri-arterial drainage of solutes through the
normal BM (Schley et al., 2006; Coloma et al., 2016). During
CAA pathogenesis, reduced intrinsic vasomotion of arteries
and arterioles might occur in relation to vascular damage
(Kisler et al, 2017). These AP-related changes may include
degeneration of mural cells, which contributes to constriction,
hypoperfusion, and BBB breakdown (Kisler et al., 2017), as
seen in impaired responses in the neurons and the vasculature
in CAA patients (Dumas et al, 2012; Peca et al, 2013;
Williams et al., 2017) and in animal models (van Veluw et al.,
2019). This is evidenced by Dumas et al. (2012), which found
that CAA patients exhibited impaired BOLD responses to
visual stimulation, characterized by reduced response amplitude,
prolonged time to peak, and prolonged time to baseline, which
correlated with white matter hyperintensities and is consistent
with impaired neurovascular coupling. Peca et al. (2013) found
similar reductions in occipital cortical responses to repetitive
visual stimulation in CAA patients, which also correlated
with increased white matter hyperintensities and microbleeds.
Williams et al. (2017) specifically examined hemodynamic
response function (HRF), an integrated measure of neurovascular
coupling, and found that multiple parameters of the HRF were
associated with CAA and microbleeds. Importantly, emerging
research suggests that both neuronal and vascular activities
influence perivascular clearance. In a recent study, van Veluw
et al. (2019) examined the effect of visual stimulation on the
paravascular solute clearance in wild-type and APP/PS1 mice.
In this study, fluorescent dextran was first introduced into
the PVS of awake animals by the focal laser ablation of a
blood vessel, who were subsequently exposed to repetitive visual
stimulation. The study identified reduced vascular reactivity in
mice with CAA, which correlated with reductions in paravascular
clearance and loss of SMC coverage. In summary, the above
studies suggest that neurovascular coupling is impaired in
both animal models and human subjects with CAA, and
play a potentially significant role in modulating perivascular
waste clearance.

Reduced cerebrovascular reactivity in CAA may be related to
decreased pericyte (Giannoni et al., 2016; Halliday et al., 2016)
and SMC (Tian et al., 2006; Miners et al., 2011; Han et al,,
2015; Keable et al., 2016; van Veluw et al., 2019) coverage.
Multiple studies support a role for the healthy BM in supporting
mural cell development, survival, and function under normal
conditions. Chen et al. (2013) examined SMC function in
astrocyte-specific laminin knockout mice, and found that SMC
differentiation and the expression of contractile proteins were
reduced in the knockout animals, leading to vasodilation and

Frontiers in Physiology | www.frontiersin.org

November 2020 | Volume 11 | Article 601320


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Howe et al.

Basement Membranes in CAA

hemorrhagic stroke (Chen et al., 2013). In contrast, a subsequent
study in pericytes found that inhibition of astrocytic laminin-
111 binding to integrin a2 increased pericyte differentiation and
contractile protein expression (Yao et al., 2014). Finally, Merlini
et al. (2011) found that CAA pathology in AD-model Tg-ArcAf
mice was associated with laminin overexpression, SMC loss, and
neuropathological signs of neurovascular decoupling. Laminin
expression was found to be highest in vessels impacted by CAA,
further suggesting a potential negative effect of laminin on SMC
function (Merlini et al., 2011). Taken together, these studies
suggest that increased levels of laminin may reduce vasomotion
during CAA pathogenesis, although more work is needed to
decipher potentially divergent effects of laminin on pericyte and
SMC activity and survival, respectively.

BM Remodeling May Impair Perivascular
AQP4 Polarization

BM remodeling may also influence para-vascular amyloid
transport via indirect effects on AQP4 (Mestre et al., 2018a), a
water channel that is expressed on astrocyte endfeet (Figure 3). In
healthy brain tissue, AQP4 is polarized to the BM-facing surface
of astrocytic endfeet (Nakada et al., 2017). Knockout of AQP4 has
been shown to inhibit both CSF influx and para-venous efflux
in animal models, leading to a reduction in the clearance of
AB1_40 from the brain parenchyma (Iliff et al., 2012). Multiple
studies report increased astrocyte reactivity and impaired AQP4
polarization in CAA (Wilcock et al., 2009; Merlini et al., 2011;
Zeppenfeld et al., 2017; Boespflug et al., 2018). Yang et al. (2017)
found that AQP4 polarization is decreased in AD-model Tg-
ArcSwe mice, in part, due to increased expression levels on
reactive astrocytes surrounding amyloid plaques. Furthermore,
Xu et al. (2015) reported that AQP4 deletion worsened CAA
pathology and cognitive deficits in APP/PS1 mice. Zeppenfeld
et al. (2017) showed that the degree of AQP4 polarization
inversely correlated with amyloid burden in AD brains, and
individuals with cognitive impairment had lower levels of AQP4
polarization than age-matched controls on autopsy. Burfeind
et al. (2017) identified four single nucleotide polymorphisms in
the AQP4 gene that were associated with altered rates of cognitive
decline in AD patients. These findings support an important
role for dysregulated astrocytic responses and altered AQP4
polarization in CAA.

BM remodeling may impair AQP4 polarization due to altered
receptor binding at the astrocytic endfoot. The healthy BM
regulates the expression of AQP4. Studies indicate a significant
role for multiple BM proteins, including laminin isoforms
111 and 211, as well as agrin and astrocytic B;_integrin in
maintaining AQP4 polarization (Noell et al., 2009; Robel et al.,
2009; Fallier-Becker et al., 2011; Menezes et al., 2014; Yao et al,,
2014; Gautam et al., 2016; Noél et al., 2019, 2020). Laminins
have been shown to promote AQP4 polarization via binding
to the dystroglycan associated complex on the cell membrane
(Noél et al., 2020), which has been shown to bind AQP4 via
a-syntrophin and locally modulate its expression on astrocytic
endfeet (Noell et al, 2011; Tham et al, 2016). Interestingly,
this process may be disrupted in CAA, as recent transcriptional
network analysis of human astrocytic endfoot genes showed

reduced levels of dystroglycan, dystrobrevin, and a-syntrophin
in AD patients (Simon et al., 2018). In addition to disruption
of the dystroglycan pathway, abnormal focal deposits of agrin
and laminin could promote the mislocalization of AQP4 to
locations outside of the PVS, reducing the polarization of AQP4
to astrocyte endfeet (Noell et al., 2009; Fallier-Becker et al.,
2011; Menezes et al., 2014; Yao et al., 2014; Gautam et al.,
2016; Noél et al., 2019; Table 2). This provides an important
link between alterations in BM components, loss of AQP4
polarization and impaired perivascular transport of ABj_4o
observed in CAA.

DISCUSSION AND CLINICAL
SIGNIFICANCE

The present review of the literature supports the hypothesis
that BM remodeling contributes to the pathogenesis of CAA,
in part, by altering the perivascular transport of soluble
AB1_40 from the brain. Perivascular transport is mediated
by a complex microenvironment that requires the concerted
activity of multiple cell types to maintain effective transport of
waste products. BM remodeling, characterized by changes in
morphology and composition, occurs early in CAA development
and may be an important driver of AP deposition due to its
effects on perivascular transport pathways relevant to ABj_40
clearance. The BM provides an important route for perivascular
transport, which occurs along multiple pathways, including
para-vascular influx and efflux through the PVS, as well
as peri-arterial influx and drainage along with the glial/pial
BM (influx) and smooth muscle BM (efflux), respectively
(Albargothy et al, 2018). Each of these processes may be
disrupted in CAA as well as related risk factors and provides
a potential explanation for the perivascular distribution of
amyloid aggregates. Finally, emerging research indicates that BM
remodeling produces changes in multiple parameters relevant to
perivascular transport, including increased A affinity, increased
tortuosity, altered pulsatility, impaired vasomotor responses, and
decreased water permeability.

In addition to perivascular transport, there are numerous
other factors that also play a role in CAA pathogenesis that
are beyond the scope of this review. Neurodegeneration may be
associated with increased APP metabolism and production of AP
isoforms by neurons and endothelial cells, which is thought to
contribute to perivascular amyloid plaques (Kalaria et al., 1996;
Bhadbhade and Cheng, 2012). Additionally, microglia and other
immune cells have been shown to provoke a neuroinflammatory
response and assist with the clearance of amyloid plaques
via phagocytosis (Fang et al., 2010; Tarasoff-Conway et al.,
2015). Furthermore, alterations in the intracellular degradation
of AB1_40 by endo-lysosomal compartments, which involves
the ubiquitin-E3 ligase pathway, may also be affected in AD
patients (Tarasoff-Conway et al., 2015; Harris et al., 2020).
Alternatively, AP may be transported between the ISF and
the systemic circulation by transendothelial active transport,
assisted by various mediators including p-glycoprotein 1, LRP1,
RAGE, alpha2-macroglobulin, clusterin, and apolipoprotein ]
(Tarasoff-Conway et al., 2015; Reed et al., 2019). Finally,
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multiple mutations in the APP gene that increase misfolding
and aggregation can predispose individuals to develop hereditary
cerebral hemorrhage with amyloidosis (HCHWA), a heritable
form of CAA that is associated with early and severe disease
onset (Luyendijk et al., 1988; Van Broeckhoven et al., 1990;
van Nostrand et al., 1992, 2001; Davis et al., 2004). These
factors contribute to disease pathogenesis and have the potential
to be integrated into the perivascular transport hypothesis
with further study.

The perivascular transport mechanisms have the potential
to revolutionize the prevention and early detection of CAA
pathology. A recent meta-analysis found that the CSF
levels of ABi_40 and AP;_42 were significantly lower in
symptomatic, sporadic CAA patients compared to healthy
controls, which could be related to impaired perivascular
clearance or increased re-circulation of waste products along
perivascular transport pathways (Charidimou et al, 2018).
Furthermore, in a recent study of HCHWA patients, young
pre-symptomatic carriers were found to exhibit significantly
lower levels of CSF APj_40 and APj_42 compared to age-
matched non-carriers, raising the possibility that declining
perivascular AP transport could occur decades before the
development of symptomatic CAA in affected individuals (van
Etten et al.,, 2017). In addition to direct measurement of CSF
proteins, the rapid development of new imaging modalities
may soon provide more direct biomarkers of impairment in
perivascular transport, potentially improving the detection
of pre-symptomatic disease in human patients (Taoka et al.,
2017; Ringstad et al., 2018; Rajna et al, 2019). Still more
techniques could be used to measure BM remodeling, with
specific PET imaging ligands available that provide biomarkers
of fibrosis (Beziere et al., 2019), AQP4 levels (Nakamura
et al., 2011), and reactive astrogliosis (Cavaliere et al., 2020)
that may precede impairment in perivascular transport.
Even blood biomarkers could prove useful in diagnosing
CAA, as our laboratory has identified serum markers of BM
remodeling that may distinguish between CAA and hypertensive
intracerebral hemorrhage etiologies (Howe et al., 2018b).
Overall, the perivascular transport process may provide a
useful model with which to develop novel biomarkers of
CAA. When identified, these new biomarkers may help to
reduce the burden of dementia in vulnerable populations by
identifying patients prior to the development of significant
amyloid pathology.

The perivascular transport mechanisms also suggest several
therapeutic avenues that may be used to prevent or slow
cognitive decline in the elderly. Numerous clinical trials have
tested anti-amyloid therapies in human dementia patients,
which have shown little improvement in cognitive function
despite significant reductions in total brain amyloid levels
(van Dyck, 2018). This suggests that targeting amyloid
plaques directly may be a suboptimal treatment strategy
for age-related dementia. Reversing BM remodeling and
boosting perivascular transport via lifestyle modification or
pharmacologic treatment could provide an alternative strategy
for treating dementia before amyloid accumulation occurs.
For example, studies have found that exercise is protective

against dementia in humans (Karssemeijer et al., 2017), which
may be partially explained by improvements in perivascular
transport processes (He et al, 2017; von Holstein-Rathlou
et al, 2018). Similarly, treatment with fish oil has been
shown to protect against dementia in humans (Zhang et al,
2016), and supplementation has also been shown to boost
perivascular transport and protect against CSF amyloid-
induced neuroinflammation in mice (Ren et al., 2017). Staying
mentally active has been shown to stave off dementia in
humans (Bahar-Fuchs et al., 2019), which could be related to
neurovascular coupling and perivascular transport (van Veluw
et al., 2019). Finally, cerebrovascular disease is a major driver of
cognitive impairment in the elderly (Ivan et al., 2004; Mahon
et al., 2017), and recently published work by our laboratory
found that treatment with a transforming growth factor-B
(TGF-B) receptor antagonist reversed BM remodeling and
improved perivascular CSF influx in an aged mouse model
of stroke, providing a potential tool to mitigate the negative
effects of cerebrovascular disease on perivascular transport
(Howe et al., 2019). Overall, the above studies showcase the
ability of these perivascular transport mechanisms to explain
the benefits of lifestyle modification in slowing age-related
cognitive decline, as well as identify new potential therapeutic
avenues that may prove useful in the primary and secondary
prevention of dementia.

In conclusion, the impact of BM remodeling on perivascular
transport pathways remains an area of highly active research,
with significant potential for improving our understanding
of the pathogenesis of CAA. It also provides an important
link between cardiovascular risk factors and amyloid
accumulation in age-related dementia. While this model
represents just a single facet of a complex disease process,
it holds promise in guiding future research in two key
areas: (1) early detection of individuals who are at-risk of
developing CAA, as well as, (2) the development of potential
treatments that modify disease-associated BM remodeling
before significant neurodegeneration occurs. Accomplishing
these two goals could significantly reduce the burden of CAA
on our society, and provide improved quality of life to our
aging population.
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The cerebrovasculature is essential to brain health and is tasked with ensuring adequate
delivery of oxygen and metabolic precursors to ensure normal neurologic function. This
is coordinated through a dynamic, multi-directional cellular interplay between vascular,
neuronal, and glial cells. Molecular exchanges across the blood-brain barrier or the
close matching of regional blood flow with brain activation are not uniformly assigned
to arteries, capillaries, and veins. Evidence has supported functional segmentation of
the brain vasculature. This is achieved in part through morphologic or transcriptional
heterogeneity of brain vascular cells—including endothelium, pericytes, and vascular
smooth muscle. Advances with single cell genomic technologies have shown increasing
cell complexity of the brain vasculature identifying previously unknown cell types and
further subclassifying transcriptional diversity in cardinal vascular cell types. Cell-type
specific molecular transitions or zonations have been identified. In this review, we
summarize emerging evidence for the expanding vascular cell diversity in the brain
and how this may provide a cellular basis for functional segmentation along the
arterial-venous axis.

Keywords: neurovascular unit, single cell sequencing, endothelial cells, pericytes and vascular smooth muscle
cells, perivascular macrophages, perivascular fibroblasts, astrocytes, blood brain barrier

INTRODUCTION

Continued expansion and sophistication of the mammalian brain has resulted in an astonishing
level of cell diversity (Zeisel et al., 2015, 2018; Neubauer et al., 2018; Saunders et al., 2018; Tasic
et al., 2018; Cadwell et al., 2019; Hodge et al., 2019). It is believed that this cell diversity helps
provide the sub-specialization of cellular function required to face the everchanging contexts of
life—such as brain development, aging, and responses to injury or environmental insults. Despite
this sophistication, the brain remains vitally dependent on the cerebrovasculature for metabolic
exchange with circulating blood—including the delivery of oxygen, glucose, and other metabolites
and clearance of toxic metabolic by-products (Winkler et al., 2014a, 2015; Iadecola, 2017; Sweeney
etal., 2018). Disruption of the cerebral circulation for even minutes may have profound neurologic
implications (Campbell et al., 2019). To meet dynamic metabolic needs, the cerebrovasculature
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has developed a highly evolved blood-brain barrier (BBB) to
permit regulated molecular transport while preventing influx of
circulating blood cells or potentially toxic pathogens or plasma
proteins (Zhao et al., 2015; Sweeney et al., 2019). Coordinated
communication between neurons, glial, and vascular cells
facilitates local regulation of cerebral blood flow (CBF) to ensure
blood supply is tightly matched with metabolic demand—a
process known as “neurovascular coupling” (Uhlirova et al., 2016;
Tadecola, 2017).

Over the past two decades, increased recognition that
interconnection between multiple cell types is essential for brain
vascular function and has resulted in advancement of the concept
of the “neurovascular unit” (Iadecola, 2017; Sweeney et al.,
2018). Much of this work, however, has focused on cardinal
cell types without acknowledgment of further sub-specialization
or vascular cellular diversity. Development of single cell RNA
sequencing (scRNAseq) technologies have now allowed unbiased
characterization of transcriptional heterogeneity in brain vascular
cells (Zeisel et al.,, 2015, 2018; Sabbagh et al., 2018; Saunders
et al, 2018; Vanlandewijck et al., 2018). While heterogeneity
in glial and neurons have been reviewed elsewhere (Miller,
2018; Cembrowski and Spruston, 2019; Masuda et al., 2020), we
summarize the emerging evidence of added cell diversity within
brain vascular cells highlighting how cellular sub-specialization
contributes to regionalized vascular function along the arterial-
venous axis.

Cardinal Cell Types of the

Cerebrovasculature

The cerebrovasculature consists of multiple cell types—including
endothelial cells (ECs), pericytes (PCs), and vascular smooth
muscle cells (vSMCs) (Winkler et al., 2011, 2019; Zhao et al., 2015;
Tadecola, 2017; Sweeney et al., 2018; Figure 1). Newly defined
perivascular macrophages (PVMs) and perivascular fibroblast-
like cells (PVFBs) also reside along the vascular wall (Zeisel et al.,
2015; Saunders et al., 2018; Vanlandewijck et al., 2018). Astrocyte
foot processes wrap around the vessel wall and create the Virchow
Robin space—a perivascular space important for brain interstitial
fluid and cerebrospinal fluid exchange known as the “glymphatic
system” (Wardlaw et al., 2020). Parenchymal glial or neuronal
cell bodies are closely apposed to the brain vasculature and rarely
exceed > 15 wm from each vessel (Tsai et al., 2009). Here, we
summarize established characteristics of vascular cells and briefly
highlight their brain-specific features and functions.

Endothelial Cells

Blood vessels are made up of a single layer of ECs that form
a tubular structure (Zhao et al, 2015; Sweeney et al., 2019).
The blood facing surface, or luminal surface, is covered by
the glycocalyx—a gel-like covering comprised of glycoproteins,
proteoglycans, and glycosaminoglycans (Ando et al, 2018;
Kutuzov et al., 2018). Most brain ECs have a continuous cell
membrane which lacks pores or fenestrations. Adjacent ECs
are securely connected to one another by adherens junctional
protein complexes and tight junction protein complexes occludes
the intercellular cleft. Brain ECs have a high density of tight
junction proteins which precludes significant paracellular flow

and is a key feature regulating size-restricted transcellular passage
of molecules (Zhao et al.,, 2015; Sweeney et al., 2019). Unlike
other organs, ECs also display lower rates of pinocytosis or
non-specific bulk-flow vesicular transport (Ben-Zvi et al., 2014;
Andreone et al., 2017; Chow and Gu, 2017). The brain-facing or
abluminal EC membrane is embedded in a protein-rich basement
membrane (BM) serving as a cellular scaffolding essential for
interactions with neighboring cells (Thomsen et al., 2017).

Low rates of pinocytosis and membrane permeability make
brain ECs the anatomic site of the BBB. The BBB permits
gases, e.g., carbon dioxide and oxygen, and lipophilic and
small molecules (< 400 Da) to freely enter the brain, but
limits circulating cells and other molecules from crossing the
endothelium without regulated transport systems (Banks, 2009;
Sweeney et al,, 2019). ECs contain a number of different
transmembrane transporters to regulate influx of circulating
nutrients and proteins—including carrier-mediated, receptor-
mediated, and active transporter proteins (Sweeney et al., 2019;
Tjakra et al., 2019). Active efflux transporters or other transport
proteins also help remove potentially toxic waste products from
brain into the blood (Hladky and Barrand, 2018). ECs sense shear
stress from blood flow or receive signaling cues from neurons or
glia to secrete vasoactive substances to help modulate vasomotor
responses in adjacent mural cells and titrate local blood flow
(Chen et al., 2014; Tadecola, 2017; Chow et al., 2020).

Pericytes

In the microvasculature, e.g., capillaries, venules, and select
arterioles, PCs are embedded in the shared BM and extend
foot processes which cover much of the vessel wall (Winkler
et al., 2012, 2014a; Grant et al., 2019). Unlike vSMCs which
surround blood vessels circumferentially, PCs generally extend
thin longitudinal processes with further delicate elaborations to
cover more of the vascular surface. Interestingly, PCs cover the
vasculature in a mutually exclusive pattern and do not overlap;
upon experimental ablation of one pericyte, the neighboring
pericytes will then grow their surface area to take over the
newly absent territory (Berthiaume et al, 2018). Pericytes
contribute to endothelial BBB properties through upregulation
of tight junctional protein complexes and/or downregulation of
transcytotic pathways—such as those mediated by plasmalemma
vesicle associated protein (Plvap) or caveolin-1 (Hellstrom et al.,
2001; Armulik et al., 2010; Bell et al., 2010; Daneman et al., 2010).
They also secrete BM proteins to stabilize vessels (Thomsen et al.,
2017). To further regulate brain molecular exchanges, PCs are
enriched in multiple carrier- and receptor-mediated transporters,
active transporter proteins, or ion channels (He et al, 2016;
Vanlandewijck et al., 2018; Sweeney et al., 2019).

PCs modulate capillary diameter in response to neuronal
or astrocytic cues (Peppiatt et al.,, 2006; Hall et al., 2014; Cai
et al., 2018), but the functional significance of this is unclear.
Some have shown that PCs regulate local CBF regulation and
neurovascular coupling (Kisler et al., 2017b, 2020). Others have
found this is principally the role of vSMCs, such as those in
arterioles, or pre-capillary sphincters (Fernandez-Klett et al,
2010; Hill et al., 2015; Grubb et al., 2020). This discrepancy likely
stems from a lack of clarity in regards to the exact definition
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FIGURE 1 | Brain vascular cell diversity along the arterial-venous axis. (A) Large arteries (red) and cortical veins (blue) course within the subarachnoid space (gray
mesh) inside the dura mater (gray). Cerebral arteries course along the brain’s pial surface and within sulci giving rise to pial and penetrating arterioles which pierce the
brain parenchyma. (B) Arterioles progressively branch to form capillaries. Capillaries then converge to form venules which converge further to form veins. Each vessel
segment along the arterial-venous axis are comprised of different cell types —including endothelium (shown in red, gray, and blue to denote transcriptional
zonations), vascular smooth muscle cells (dark gray, vSMCs), pericytes (green), perivascular fibroblasts (yellow), and perivascular macrophages (light blue). Pericytes

further adopt different morphologic configurations along the arteriovenous axis, such as ensheathing pericytes (pre-capillary arterioles) and mesh-like and stellate
pericytes in more distal arterioles, capillaries, and venules. vSMCs form concentric rings in arteries but are discrete and stellate shaped in veins. Perivascular
fibroblasts and macrophages are found in arteries, arterioles, venules, and veins, but not capillaries. (C-E) Cross section of cellular components of artery (C),
capillary (D), and veins (E). Endothelium depicted in artery, capillary, and vein are shown in red, light gray, and blue, respectively, to denote transcriptional differences
or molecular zonations defined and validated by independent groups with single cell RNA-sequencing. Dark gray, vascular smooth muscle cells; Navy blue, internal
elastic lamina; Green, pericytes; Orange, perivascular fibroblasts; Light blue, perivascular macrophages; Yellow, basement membrane; Purple, astrocyte end feet.

of vSMCs vs. PCs. PCs supply trophic support to neurons and
also modulate immune responses (Rustenhoven et al., 2017;
Nikolakopoulou et al., 2019; Uemura et al., 2020). For example,
PCs modulate expression of endothelial cell adhesion molecules,
such as intercellular adhesion molecule-1 (Icam1), and may also
play a direct role in the phagocytosis of extracellular proteins (Bell
et al., 2010; Sagare et al., 2013; Ma et al., 2018). This has been
suggested to increase after brain injury, such as ischemic stroke,
and pericytes may assume a microglial-like phenotype (Ozen
etal., 2014; Sakuma et al., 2016). Others have suggested pericytes
may serve as multi-potent stem cells in vitro (Dore-Dufty et al.,
2006; Crisan et al., 2008; Karow et al., 2018). However, lineage
tracing has shown that pericytes do not significantly contribute to
other cell lineages in vivo and do not differentiate into microglia
following acute brain injuries (Guimaraes-Camboa et al., 2017;
Huang et al., 2020).

Vascular Smooth Muscle Cells
vSMC:s from concentric rings in larger arteries and become less
layered and more sparse as vessels progressively branch to form
pial and penetrating arterioles (Iadecola, 2017; Frosen and Joutel,
2018). In veins, vSMCs remain as discrete cells. Due to their
location and composition, vSMCs contribute much of structural
stability to the vessel wall and mediate synthesis and turnover
of extracellular matrix proteins, such as collagen and elastin
(Tadecola, 2017; Frosen and Joutel, 2018).

vSMCs serve as contractile cells and express a number of
contractile proteins or associated regulatory proteins, such as
smooth muscle alpha actin (ACTA2), and receptors to numerous
vasoactive molecules, including adenosine, prostaglandins, or
catecholamines, and to myogenic or flow-related stimuli
(Koller and Toth, 2012; He et al., 2016; Kisler et al., 2017a;
Chasseigneaux et al., 2018). Through these contractile properties,
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vSMCs contribute to regulation of cerebral blood flow and
autoregulation (Fernandez-Klett et al., 2010; Hill et al., 2015;
Iadecola, 2017). Arterial pulsations and/or oscillations in
relaxation or contraction of vSMCs contribute to perivascular
fluid flow via the glymphatic system (Iliff et al., 2013; Aldea et al.,
2019; Wardlaw et al., 2020). Studies have supported that arteriolar
vSMC:s are the predominate site of regional CBF regulation (Hill
et al,, 2015; Grutzendler and Nedergaard, 2019), but the relative
contributions of vSMCs and PCs to neurovascular coupling
continues to be debated (Hamilton et al., 2010; Hall et al., 2014;
Hill et al., 2015; Kisler et al., 2017b; Winkler et al., 2017).

Perivascular Fibroblast-Like Cells

A recent constellation of unbiased scRNAseq studies have
identified PVFBs on all vessels except capillaries (Marques et al.,
2016; Saunders et al., 2018; Vanlandewijck et al., 2018; Zeisel et al.,
2018). PVFBs are located within the Virchow-Robin space and
loosely adhere to vessels through small, fine cellular processes
(Soderblom et al., 2013; Vanlandewijck et al., 2018; Rajan et al,,
2020). PVFBs express platelet-derived growth factor receptor-
a (Pdgfra) and a number of extracellular matrix proteins—
including fibrillar and non-fibrillar collagens, collagen-modifying
enzymes, and small leucin-rich proteoglycans, such as lumican
(lum) and decorin (Dcn) (Vanlandewijck et al., 2018; Rajan
et al., 2020). The function of these new-defined cells has
not been completely characterized. Emerging evidence early
in zebrafish development in other vascular beds, such as
intersegmental vessels, has suggested that PVFBs stabilize the
vasculature prior to appearance of PCs, and lineage tracing
has suggested a subpopulation of PVFBs may serve as PC
progenitor cells (Rajan et al., 2020). In the mouse brain,
however, collagen type 1 alpha 1 chain (Collal)-positive PVFBs
are not detected until after the birth (Kelly et al, 2016).
Therefore, it is presently unclear as to the role if any PVFBs
play in the developing or adult mammalian brain vasculature
under physiologic conditions. In response to traumatic injury,
PVFBs have been suggested to contribute to scar formation
(Soderblom et al., 2013). Others have ascribed scar formation
to a subpopulation of PCs which may highlight difficulties
in distinguishing perivascular cell types (Goritz et al., 2011;
Dias et al., 2018).

Perivascular Macrophages

PVMs are myeloid cells distinct from microglia that reside in
the Virchow-Robin space surrounding arterioles and venules
(Lapenna et al, 2018; Yang et al., 2019). PVMs serve a vital
role in the phagocytosis of blood-borne pathogens and antigen
presentation to induce protective immune responses (Lapenna
et al,, 2018; Kierdorf et al., 2019). They also limit EC production
of pro-inflammatory mediators suggesting a dual regulatory role
in immune response (Serrats et al., 2010). PVMs promote EC
BBB properties and tight junction protein expression (Zenker
et al,, 2003). Others have shown that PVMS modulate EC
expression of nutrient receptors—such as solute carrier family
2 member 1 (Slc2a)—playing a homeostatic role in cerebral
glucose metabolism (Jais et al., 2016). In brain regions devoid
of a BBB, such as the circumventricular organs, PVM uptake

restricts influx of blood-borne proteins and macromolecules
providing a size selective barrier (Willis et al., 2007). Phagocytic
properties are not limited to blood-borne molecules and may
help clear other extracellular proteins, such as amyloid-B
(Hawkes and McLaurin, 2009).

Astrocytes

Brain vascular cells are ensheathed by astrocyte end feet which
form the outer limit of the perivascular Virchow-Robin space
(Ilift et al., 2012; Rasmussen et al., 2018). Adjacent astrocyte
end feet are connected via both tight and gap junctions which
create a semi-permeable barrier—known as the glia limitans
(Horng et al., 2017; Kutuzov et al., 2018). This secondary barrier
further restricts radial diffusion of large solutes and circulating
inflammatory cells (Nuriya et al., 2013; Horng et al, 2017;
Kutuzov et al., 2018). Expression of transmembrane pores within
astrocyte end feet, e.g., aquaporin-4, or ion pumps, e.g., Kir
4.1 potassium channels, regulate molecular exchanges between
cerebrospinal fluid (CSF) within the perivascular space and brain
interstitial fluid underlying the “glymphatic system” (Iliff et al.,
2012; Rasmussen et al., 2018; Wardlaw et al., 2020). Interactions
with adjacent PCs help maintain astrocyte end foot polarity
and transport systems (Armulik et al., 2010; Gundersen et al.,
2014). Astrocytes also contribute directly to EC BBB properties
and secrete BM proteins, such as laminin (Abbott et al., 20065
Yao et al., 2014).

Astrocytes express metabotropic glutamate receptors
(mGluR) and purinergic receptors (P2YR) which detect neuronal
by-products of neuronal activation, such as glutamate or
adenosine triphosphate, which help trigger section of vasoactive
molecules—including arachidonic acid, associated derivatives,
and prostaglandin E2 (Abbott et al., 2006; Iadecola, 2017;
Kisler et al., 2017a). Low frequency stimuli or resting state
fluctuations in neuronal activity have been shown to not provoke
calcium signaling in astrocytes (Gu et al., 2018). Thus, it has
been hypothesized that slow hemodynamic fluctuations in
blood flow are driven largely by neurons and astrocytes play a
modulating, but not triggering role in neurovascular coupling
(Guetal., 2018).

Variations in Cytoarchitecture and Cell
Morphology

Large muscular arteries, such as the internal carotid arteries
and vertebral arteries which coalesce to form the basilar artery,
enter the subarachnoid space and form a complex anastomotic
loop known as the “circle of Willis.